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Preface

It is hard to imagine an ecosystem more controversial and misunderstood than wetlands.
Although wetlands provide numerous services to humans, people usually view them as wastelands
or even places where disease-carrying mosquitoes thrive and threaten residents. Despite all the
knowledge about wetlands, the negative connotation and distrust associated with wetlands still
seems to be stronger than the awareness of their benefits. From this, we can conclude that articles,
books, and other publications that educate people about wetlands are needed. Perhaps the ongoing
problems with floods and droughts that we face as consequences of climate change are also an
opportunity to change our mindset and change attitudes toward wetlands and stop their decline.
After all, wetlands offer many sustainable and cheap solutions to mitigate these impacts such as
floods, droughts, water supply, and biodiversity decline.

Our Special Issue, “Diversity of Inland Wetlands: Important Roles in Mitigation of Human
Impacts”, with three reviews and fourteen articles, is an attempt to achieve the aforementioned
goal. Open access to all articles in this relatively extensive Special Issue for everyone increases the
opportunity to share knowledge about wetlands with the public around the world. The collection
of fourteen original articles from four continents documenting research in study areas in twelve
countries confirms this. We would like to take this opportunity to thank the authors for their
contributions, the reviewers for their time and improvement of the manuscripts, and the editors for

their generous support.

Mateja Germ, Igor Zelnik, and Matthew Simpson
Editors
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1. Introduction

Inland wetlands are one of the most vulnerable ecosystems on Earth and have one
of the highest rates of decline in surface and biodiversity. They were often considered as
wasted land for agriculture, infrastructure, and a source of disease for people. Several
local and national governments have launched huge projects for their extermination, and
permanent endeavors have been focused on their conversion to something more neat and
obviously useful for humans. There has been a fast rate of wetland loss in the last 120 years,
with a loss of 64-71% of wetlands since 1900 AD [1]. Losses have been larger and faster for
inland than coastal natural wetlands. Moreover, between 1970 and 2015, inland wetlands
declined by approximately 35%, three times the rate of forest loss [2].

However, wetlands are vital for human survival and include some of the world’s most
productive ecosystems, providing ecosystem services leading to countless benefits [3]. They
provide ecosystem services like water purification, runoff and river discharge mitigation,
and the production of food and fiber. It was not a coincidence that thousands of years
ago, wetlands along large rivers, with their fertile land and high productivity, helped
ancient cultures like China along the Yellow river, Egypt along the Nile, or Mesopotamia
along the Euphrates and Tigris emerge. These civilizations were constantly supplied with
water, food, and building materials. Wetlands served as shelter from enemies as well as
transport routes.

Over the centuries, these roles have been forgotten, and wetlands have been often
treated as wastelands. It has become apparent that climate changes and their consequences
will continue to take their toll, and adaptation to these changes is urgent. Loss of biodiver-
sity, eutrophication of aquatic ecosystems, extinction of rare species, increasing flood risk,
and adverse climatic conditions are issues which can be mitigated with proper management
and maintenance of various wetlands, from marshes, swamps, bogs, fens, shallow lakes,
and ponds to anthropogenic wetlands which need human interventions like wet-meadows,
storm-ponds and constructed wetlands.

We use the definition and classification of wetlands of Davidson and Finlayson [4], who
defined two classes of inland wetlands according to their origin, which are further divided
to types according to the environmental conditions: (a) Inland natural wetlands: rivers
and streams, natural lakes and pools, peatlands (bogs, mires, fens), marshes and swamps,
and groundwater-dependent wetlands (karst and cave systems, springs); (b) Human-made
wetlands: reservoirs, ponds, wet grasslands, and constructed wetlands for wastewater
treatment. This classification is very broad, inclusive, and similar to the definition used by
the Ramsar Convention.

The Ramsar Convention is the only international legal treaty with a primary focus
on wetlands, signed in 1971 in Ramsar and which came into force in 1975 [2]. Over the
years, 170 countries have joined as Contracting Parties. According to Davidson et al. [5],
the network of 2301 Ramsar sites covers 18.6% of the global wetland area, which represents
one of the major successes of the convention.

Diversity 2023, 15, 1050. https://doi.org/10.3390/d15101050 https:/ /www.mdpi.com/journal/diversity
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This Special Issue aims to emphasize the importance of different types of wetlands in
our environment to maintain ecological balance and reduce the vulnerability of aquatic
systems to various environmental and meteorological conditions. We received many
contributions from experts studying a plethora of wetland types and the communities
thriving in them. Three review articles were gathered in the first part of the Special
Issue, presenting an introduction to the topic with a review of wetlands’ most typical
species; a review of one of the adaptations to these specific abiotic conditions; and another
review showing proof that wetlands host a great number of threatened species, making
another argument for preserving these ecosystems. The Special Issue continues with
14 original articles coming from four continents and documenting research in study areas
in 12 countries, namely Italy, Slovenia, Croatia, Serbia, Bosnia and Herzegovina, Poland,
Lithuania, Kazakhstan, Morocco, China, Thailand, and the United States of America. The
list of countries where contributing authors live and work is even longer, as it also includes
France, Germany, Sweden, Czechia, Slovakia, Ukraine, Greece, and Israel. This embeds the
Special Issue in an international context, and we expect it will reach an audience around
the globe.

2. Main Messages of the Special Issue and the Book

The common reed is probably the most characteristic plant species for wetlands. It
can be found all around the globe in inland as well as coastal wetlands. Its successful
strategy and high productivity also make this species invasive in some vulnerable wetland
types. On the other hand, the common reed is also the most common species planted in
constructed wetlands in Europe and elsewhere [6]. The review article by Cizkova et al. [7]
thoroughly presents the important role of the common reed in wetlands throughout Europe.
One of the most important adaptations in the common reed and other wetland species to
aquatic environments are their ventilation systems, enabling them to thrive in permanently
or temporarily flooded soils. Ventilation systems, which offer a solution to hypoxic or even
anoxic conditions in the substrata where they are rooted, are thoroughly discussed in Bjorn
et al.’s paper [8].

The review by Cizkova et al. [7] presents Phragmites australis as the most common
and dominant species in European wetlands. Reed stands provide habitats for vulnerable
bird species to nest, feed, or roost. On the other hand, it is the most frequently used
plant species in constructed wetlands. However, its performance may vary in response to
different combinations of environmental factors. Conservation measures aim to prevent
or halt the decline of P. australis populations, known as “reed decline”, and increase their
microhabitat heterogeneity. Service-oriented actions aiming to create suitable conditions
for the use of Phragmites australis include its use as roofing, as a renewable energy crop,
or the use of reed-dominated habitats for waterfowl hunting and livestock grazing. In
situations involving multiple uses, a modelling approach that considers the participation
of all affected stakeholders can be a useful tool for resolving conflicts and developing a
shared vision of the socioeconomic ecosystem in question.

Permanently or temporarily flooded areas require specific adaptations in plants to
survive these special conditions. Even waterlogged soils and the absence of air in soil
pores makes the thriving of plant root systems an issue that most plants cannot cope with.
Molecular oxygen and carbon dioxide may be limited for wetland plants, but they have
several mechanisms to obtain these gases from the atmosphere, soil, or through metabolic
processes. Among the most common adaptations of partially or entirely submerged plants
are various structures that allow the flow of gasses, which are thoroughly discussed by Bjorn
etal. [8]. In emergent plants, gases can be transferred via molecular diffusion, pressurized
gas flow, and Venturi-induced convection. In submerged species, direct exchange of
gases occurs between submerged tissues and water, as well as the transfer of gases via
aerenchyma. Photosynthetic O, flows into the rhizosphere, while CO, flows from the soil
to the leaves, where it can be used for photosynthesis. Two strategies have emerged for
plants with floating leaves anchored in anoxic sediment. In water lilies, for instance, air
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enters through the stomata of young leaves and flows through channels to the rhizomes
and roots and back through the older leaves.

Wetlands are important habitats for hundreds of endangered species. The survival of
numerous orchids in Europe largely depends on wetlands and their suitable management.
The study by Djordjevi¢ et al. [9] provides an overview of the current knowledge on orchids
of wetland vegetation in the Central Balkans. The orchids were analyzed from taxonomic,
phytogeographical, ecological, and conservation perspectives. The most important taxa
include the two Balkan endemics (Dactylorhiza cordigera subsp. bosniaca and D. kalopissi
subsp. macedonica) and the three subendemics of the Balkans and the Carpathians (Dacty-
lorhiza cordigera subsp. cordigera, D. maculata subsp. transsilvanica, and Gymnadenia frivaldii),
as well as a number of Central European, Eurasian, and boreal species. Several orchid
taxa found in the wet meadows and fens of the Central Balkans have a southern limit of
their distribution in this part of Europe, suggesting that wetlands are important refuges
for them. A total of 33 orchid taxa were recorded in different wetland plant communities.
Most orchid taxa grow in the following wetland vegetation types: wet meadows (especially
in order Molinietalia caeruleae); fens (in order Caricetalia fuscae); tall-herb vegetation
along mountain streams and springs; and marshes and herbaceous vegetation of freshwater
or brackish water bodies. In addition, detailed taxonomic, ecological, and chorological
studies of wetland orchids need to be conducted in order to develop a successful plan for
their conservation.

Diatoms are among the most important primary producers on Earth. It is estimated
that they contribute up to a quarter of organic matter production on a global level. How-
ever, their role as primary producers in wetlands is rarely of great importance, and they
have often been neglected. Cantonati et al. [10] found three new diatom species in two
contrasting spring types in the northern Apennines (Italy). They describe three species
new to science, belonging to the genera Eunotia Ehrenb., Planothidium Round and L. Bukht.
and Delicatophycus M.J. Wynne. These species differ morphologically from the most similar
species, but the authors were also able to refine the knowledge of the ecological profiles
of these species. Eunotia crassiminor sp. nov. appears to live in colder inland waters with
a circumneutral pH and a strict oligotrophy, even with respect to nitrogen, compared to
Eunotia minor. The typical habitat of Planothidium angustilanceolatum sp. nov. appears to be
oligotrophic flowing springs with low conductivity. Delicatophycus crassiminutus sp. nov. is
probably restricted to hard water springs and similar habitats where CO, degassing results
in carbonate precipitation. Springs are a unique but highly threatened wetland type. Thus,
in-depth knowledge of the taxonomy and ecology of the characteristic diatom species is
important because diatoms are excellent indicators of the quality and integrity of these
particular ecosystems in the face of direct and indirect human impacts.

Novak and Zelnik [11] investigated the relations between benthic diatom communities
and characteristics of karst ponds in the alpine region of Slovenia. Their objective was to
examine the structure of the benthic diatom community and its relationships with selected
environmental parameters. Since the predominant substrate in these ponds was clay, the
epipelic community was analyzed. Hydromorphological characteristics and physical and
chemical conditions were also measured at each site. They found 105 diatom species be-
longing to 32 genera. The most common taxa were Gomphonema parvulum Kiitzing, Navicula
cryptocephala Kutzing, Sellaphora pupula Mereschkowsky, and Achnanthidium pyrenaicum
Kobayasi. The pond with the lowest diversity was located at the highest elevation, while
the pond with the highest species richness was located at the lowest elevation. As for
ecological types, the most common were motile diatom species. They calculated a positive
correlation between the species number and oxygen saturation of water, while the corre-
lation between species richness and NH4-N was negative. The concentrations of NO3-N
and NH4-N explained around 20% of the variability in the epipelic diatom community.
Contrary to our expectations, we calculated a negative correlation between macroinverte-
brate diversity and diatom diversity, which is probably a result of different responses to
environmental conditions.
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In wetlands where open water habitats are found, as well as sufficient water retention
time and low content of inorganic suspended solids, phytoplanktonic communities can
also develop. The study by Barinova et al. [12] presents the spatial distribution of the
taxonomic diversity of phytoplankton of the shallow Lake Borovoe in the Burabay National
Natural Park (Kazakhstan), which is found in the middle of the steppe and is frequently
visited by tourists. The phytoplankton of the protected lake was studied in summer of
2019. They found 72 algal and cyanobacterial species in the phytoplankton. The most
species rich group were diatoms, followed by green algae and cyanobacteria. They also
assessed the ecological status of the lake using species richness, abundance, biomass, and
organic pollution and toxic impact indices. Statistical mapping, community similarity, and
correlation analyses identified zones impacted by human activities. These were located
in the lake shores and in low-alkaline water with a saprobic index of 1.63-2.00, which
indicates the oligotrophic-to-mesotrophic status of the lake. Multivariate analysis enabled
the assessment of the ecological status of the lake, which may be the result of the interaction
of many external environmental factors, such as climatic conditions, the accumulation of
organic matter, anthropogenic pressure, and internal processes in the lake. Their results
indicate that the eutrophication of Lake Borovoe tends to increase due to pollution from
the human-impacted zones on the shores of the lake.

The plant community structure in wetland ecosystems is often influenced by several
environmental factors. In wetlands with temporary aquatic periods, most studies focus
on the variation resulting from inundation and desiccation patterns. The responses of
plant functional groups can provide insights into patterns of cover and richness. Rios
et al. [13] studied these relationships in vernal pools of California, which have an intermit-
tent character. The objective of their study was to evaluate how algae and plant functional
groups respond to variations in hydro-regime (stable and unstable), nutrient addition
(none and added), and straw addition (none, native plants, alien plants). They measured
algal cover, total species richness, and functional group cover over two years. Algal cover
increased with unstable hydroperiods and nutrient addition. Algae were also negatively
related to aquatic plant cover. Aquatic plant cover increased with a stable hydro-regime
and decreased with increased thatch. Terrestrial plant cover increased with an unstable
hydro-regime and decreased with the addition of straw. Thatch accumulation and excess
nutrients may be associated with human activities that directly and indirectly alter plant
community composition. The interactions of these factors with the hydro-regime should be
considered when evaluating the response of a plant community to changing environmental
conditions. Overall, these results are necessary for the conservation and management of
essential wetland functions and services.

Thermally abnormal waters are safe sites for alien invasive plants that require warmer
conditions than ambient temperatures in the temperate zone. The mentioned sites are often
colonized by tropical and subtropical plants. gajna etal. [14] studied a case of Pistia stratiotes,
which occurs in southeastern Slovenia. Based on a literature review, they found that at
least 55 alien aquatic plant taxa from 21 families have been found in thermally abnormal
waters in Europe. Most of these taxa are submerged or rooted macrophytes. Among them
is Pistia stratiotes, which occurs in seven European countries, with most evidence of its
occurrence being recent. Authors studied the growth of P. stratiotes in a thermally abnormal
stream, where a persistent population could survive harsh winters. Models showed that
the optimal temperature for this species biomass was 28.8 & 3.5 °C. Here, they show that
air temperatures had a greater influence on the photosynthetic efficiency of P. stratiotes,
estimated using chlorophyll fluorescence measurements, than water temperatures. In
general, the growth and, consequently, surface cover of free-floating plants cannot be
explained by thermally abnormal water temperatures alone. The authors conclude that
although the majority of thermophilic alien plants have occurred through intentional
introductions, thermally abnormal waters pose an invasion risk for further deliberate,
accidental, or spontaneous dispersal, which is more likely for free-floating macrophytes.
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Wetland forests and scrub (WFS) are conditioned by the strong influence of water.
They consist of different types of vegetation depending on many factors, such as the type
and duration of flooding, the height of the water table and its fluctuations, the velocity
of the river current, and the capacity of the substrate to retain water. Koljanin et al. [15]
used numerical classification and classified the WES of the Western Balkans at the level of
alliances. Their aim was also the identification of the most important ecological gradients
influencing the variation in floristic composition. A large set of all published and available
unpublished relevés from Slovenia, Croatia, and Bosnia and Herzegovina was classified
using the EuroVegChecklist Expert System. In the second step, each of the four classes
(Alno glutinosae-Populetea albae, Salicetea purpureae, Alnetea glutinosae, and Franguletea)
were analyzed separately, which revealed eight alliances, namely Salicion albae, Salicion
triandrae, Salicion eleagno-daphnoidis, Alno-Quercion, Alnion incanae, Alnion glutinosae,
Betulion pubescentis, and Salicion cinereae. Edaphic factors were the most important in
determining the species composition and differentiation of the studied WFS.

Vukov et al. [16] studied the influence of environmental factors on the functional
diversity of aquatic macrophyte communities. They focused on altered waterbodies and
included data from 46 sites, which hosted 59 macrophyte species. They calculated seven
functional diversity indices and used a set of multivariate analyses to examine the relations
between environmental factors, functional diversity indices, and plant traits. The redun-
dancy analysis showed that the environmental factors explained 47.4% of the variability in
the functional diversity. The elevation, hemeroby (a measure of the human intervention
influence) of riparian land, and water conductivity were the most important factors. Their
research also revealed that floating and emergent plant characteristics are a strategy to
increase light absorption efficiency at high nutrient concentrations in lowland waters, while
submerged plants dominate in more nutrient-poor waters at higher elevations.

The European Habitats Directive has become an important measure for biodiversity
protection in the European Union. Three aquatic macrophyte species protected by the
mentioned Directive have been found in Lithuania, such as Aldrovanda vesiculosa, Caldesia
parnassifolia, and Najas flexilis. Sinkevi¢ieneé et al. [17] studied the past and present distribu-
tions of these target species, as well as their conservation status. Surveys were conducted
from 2015 to 2021 in 73 natural lakes in Lithuania. They confirmed extant populations of
Aldrovanda vesiculosa in four lakes, Caldesia parnassifolia in two, and Najas flexilis in four
lakes in the northeastern part of Lithuania. The populations of A. vesiculosa were surveyed
three times. Population densities of Aldrovanda vesiculosa ranged from 193.4 & 159.7 to
224.0 4 211.0 individuals/m?. The number of generative individuals of Caldesia parnassi-
folia varied greatly between years. All populations of Najas flexilis were small, although
the potential habitats in the studied lakes cover relatively large areas. The authors pro-
posed that all lakes with populations of Aldrovanda vesiculosa, Caldesia parnassifolia, and
Najas flexilis should be designated as special protection areas and that action plans for the
conservation of these species and their habitats be developed and implemented.

Zelnik et al. [18] surveyed macrophyte communities in natural and human-made
waterbodies in the active floodplain of the Drava River in northeastern Slovenia. At the
same locations, they also measured selected environmental parameters. The main question
of their study was whether the presence of alien invasive species Elodea canadensis and
E. nuttallii affected the diversity of macrophyte communities, which were considered as
harbors for a great number of native aquatic species. The number of macrophytes in the
surveyed water bodies varied from 1 to 23. In addition, Elodea nuttallii and E. canadensis
were present in 19 out of 32 sample sites, with E. nuttallii predominating. The less invasive
E. canadensis was abundant in side-channels but absent from ponds and oxbows, while
E. nuttallii was dominant in ponds and present in all types. Correlation analyses showed
no negative effect of the invasive alien species Elodea nuttallii or E. canadensis on the species
richness and diversity of native aquatic vegetation. A positive correlation was found
between the abundance of E. nuttallii and water temperature, which could facilitate its
spread in the future.
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Li et al. [19] analyzed the effects of different types of sediments on the distribution and
diversity of plant communities in the Poyang Lake wetlands. Lake Poyang was designated
as a Ramsar Wetland more than 30 years ago. It is the largest freshwater lake in China, but
the extent of its water surface varies dramatically due to the changeable hydrological regime
of its tributaries. At small scales, sediment types mediate hydrologic changes that influence
the wetland vegetation’s distribution patterns and species diversity. They divided the soil
into three types, namely lacustrine, fluvio-lacustrine, and fluvial sediments, and analyzed
the distribution and diversity of plants. They discovered that plant communities with Carex
cinerascens, Carex cinerascens—Polygonum criopolitanum, Polygonum criopolitanum, and Phalaris
arundinacea exist within the elevation range. The multivariate analyses performed showed
that soil texture and flood duration in 2017 resulted in a different distribution of wetland
plant communities under the conditions of the three sediment types along the littoral zones.
They also revealed that plant communities on lacustrine sediments had the highest species
diversity among the studied vegetation types.

The Yellow River is the sixth longest river on Earth and is considered the mother river
of China. Fertile wetlands along the Yellow River supported the rise of Chinese civilization
and culture thousands of years ago. Nowadays, the conservation of biodiversity in the
middle and lower reaches of the Yellow River is an urgent concern due to the effects
of sediment deposition and, above all, human activities. Yuan et al. [20] analyzed over
800 plots that were established in seven nature reserves. The aim of their study was to
survey the diversity of plant communities in wetlands along the mentioned reaches from
the perspective of the natural environment and human disturbance. A total of 184 plant
species belonging to 135 genera and 52 families were recorded. Variation partitioning
analysis showed that the effects of environmental factors, such as elevation, precipitation,
evaporation, and temperature on wetland plants’ beta diversity were the strongest (15.5%
and 17.1%, respectively), followed by the effects of human disturbance factors, expressed
as population density, industrial output value, and agricultural output value (15.13% and
16.71%, respectively). The wetland species showed strong associations with the nature
reserves protecting the Yellow River wetlands in Henan Province. The results shed light on
the conservation of plant diversity in wetlands along the river.

Malinowska and Novak [21] present the results of a study of barium, lithium, and
titanium content in six plant species and from the soils sampled in wet mid-field depres-
sions. These occasionally flooded depressions were in fact temporary wetlands surrounded
by cropland, permanent grassland, and shrubland. The study area was located in east-
central Poland. The following plant species were used in the experiment: Mentha arvensis L.,
Comarum palustre L., Potentilla anserina L., Achillea millefolium L., Lysimachia vulgaris L., and
Lycopus europaeus L. The content of Li, Ba, and Ti in plants, bottom sediment, and soil was
determined using the ICP-AES method after dry mineralization. Mentha arvensis has the
greatest accumulation potential for these chemical elements among the studied species.
However, no excessive Ba, Li, or Ti content was found in plants growing at different
distances from cropland, permanent grassland, and shrub vegetation. The highest Ba
content was found in periodically flooded soil, while the highest contents of Li and Ti were
measured in non-flooded soils.

Ruengsawang et al. [22] analyzed sponge-dwelling aquatic insects in the Lower
Mekong Basin in eastern Thailand. For the purpose of this study, they established a
group of shallow-water sponges attached to a raft in the Pong River, which is a tributary of
the Mekong River. They investigated the aquatic insect metacommunity in habitat-forming
sponges Corvospongilla siamensis (Demospongiae: Spongillidae), which is endemic to South-
east Asia. The model sponges harbored four orders of insects belonging to 10 families and
19 genera/species, capable of living in water-bearing channels, at the body surface, or in
the extracellular matrix. Trichoptera and Diptera were the predominant orders. In the
studied river, dominated by soft bottoms, sponges play a functional role, since the insects
use them as a substrate, nursery, food source, and as shelter from predators and harsh
environmental conditions. The feeding behavior of these insects indicates the adaptive
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trait of recycling sponge siliceous spicules as a source of exogenous material to strengthen
larval and pupal cases and the digestive system. These results, together with the global
inventory, focus on sponges as key habitat-forming species and ecosystem engineers for
river/lake/wetland insect communities and as promising candidates for tropical freshwater
ecosystem restoration projects through bioremediation.

Taybi et al. [23] aimed to provide an updated list of alien species, their main pathways
of introduction, and their possible threats to native species. Their dataset was based on an
extensive literature review, amended by their research work. The main areas where alien
animal species occur in Moroccan freshwaters correspond to protected areas (e.g., Ramsar
Site). These areas currently host 41 confirmed ASs, belonging to different taxonomic
groups. Fishes are the most abundant taxonomic group, with 21 species, followed by
7 species of mollusks, as well as 7 species of arthropods. Almost half of the ASs were
intentionally introduced. They correspond to restocking programs and are probably the
greatest threat to native species diversity through predation, competition, and hybridization.
Commercial activities around aquariums and ornamental fish species appear as the second
source encouraging colonization by AS. The introduction and implementation of protective
regulations for the import of exotic species in Morocco seems urgently needed to protect
native diversity. In addition, detecting and monitoring the expansion of ASs in colonized
areas and studies to improve biological and ecological knowledge seem crucial to mitigate
their potential impact on native communities.

3. Conclusions

Wetlands, in all of their forms and sizes, could offer a solution to mitigating the
consequences of climate change, which seems to be a major threat to our welfare and
an issue hard to address. One of the most crucial mitigation measures is to increase the
retention time of water in landscapes. Wetlands retain water and prevent excessive runoff,
which affects microclimatic conditions and reduces the probability and magnitude of floods.
The water which is stored in wetlands can have beneficial effects on various aspects, such
as the local climate and water discharge management. In this respect, wetlands help
us adapting to climate changes. The evapotranspiration from wetlands could mitigate
the increasing temperatures, especially in urban landscapes/areas, where it could have a
cooling effect. The water entering the landscape in the form of watercourses or precipitation
could be stored in wetlands and provide the water supplies during dry periods and
prevent extreme drops in the groundwater table. But what is even more important is that
wetlands could serve as buffers to compensate for flood waves threatening populated areas
and infrastructure.

Another major role of wetlands in their broadest sense is biodiversity conservation.
Different types of wetlands host numerous vulnerable or threatened species, which can
survive only if their habitats—wetlands—remain healthy, or in other words, in good
ecological status. Our Special Issue and the contributions within it discuss many problems
connected to biodiversity conservation, but also give advice on how to manage specific
types of wetlands to prevent further loss of biodiversity.
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Abstract: The common reed (Phragmites australis) is a frequent dominant species in European wet-
lands. Yet, its performance can vary in response to different combinations of environmental factors.
This accounts for P. australis decline on deep-water sites, its stable performance in constructed wet-
lands with subsurface horizontal flow and its expansion in wet meadows. Reed stands provide
habitats for nesting, feeding or roosting of vulnerable bird species. Conservation measures aim at
preventing or stopping the decline of P. australis stands, increasing their micro-habitat heterogeneity
and reducing the reed penetration into wet meadows. Service-oriented measures aim at providing
suitable conditions for direct use of reed stalks for roof thatching or as a renewable energy crop or the
use of the reed-dominated habitats for waterfowl hunting, cattle grazing or fishing. The compati-
bility between nature conservation and different socioeconomic uses can be promoted by collective
agreements, agri-environmental contracts or payments for ecosystem services of the reedbeds. In
situations with multiple uses, a modelling approach considering the participation of all the stake-
holders concerned can be a useful tool for resolving conflicts and developing a shared vision of the
respective socio-ecosystem.

Keywords: biodiversity; conservation measures; Europe; habitats; multiple uses; Phragmites australis;

socioeconomic uses; wetland

1. Introduction

The common reed (Phragmites australis [Cav.] Trin. ex Steud.) is a common wetland
plant species with a nearly cosmopolitan distribution, forming monodominant and produc-
tive stands under optimal conditions [1]. In its native range, local populations of P. australis
have formed an integral part of wetland vegetation. Wetlands dominated by P. australis
have for long provided local human communities with food (waterfowl, venison, fish),
fodder and otherwise useful plant materials [2,3].

The current controversy in the perception of P. australis on a global scale is linked to
its expansion to ecosystems with less competitive dominants and, above all, its invasion
outside its native range. The invasion of genotypes of European origin in North American
wetlands has stimulated research of the genetic diversity within the species and the whole
genus worldwide [4,5], the ecophysiological behaviour of the invasive as compared to
native genotypes (e.g., [6,7]), the ecological background of invasiveness of this species
(e.g., [8,9]) and the methods of controlling its expansion ([10] and references therein). Such
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studies partly overshadowed the research progress dealing with its more balanced role and
management practices in its native range.

The aim of this paper is, therefore, to give an overview of various uses and ways of
managing the P. australis-dominated wetlands in Europe, where it is native and its use has
a long tradition. In the largely drained European continent, such wetlands still occupy
vast areas in northern, southeastern and southwestern parts, and scattered fragments
occur in the whole territory. They fulfil regulation, habitat, production, and information
functions, as listed by de Groot et al. [11], and provide related ecosystem services [3,12-16].
In response to the continuing wetland drainage, support of biodiversity of wetland biota
has increased in priority in the last 50 years. The management goals then reflect human
preferences based on the perception of the ecosystem (Figure 1).

Reedbed perception

l

Management goal

Sheltered & nutrient-rich wetlands used by Managementto refrain reed
various birds (and arthropods) during regression in dry or wet habitats

e
breedingand migration, including reed-
specific vulnerable species
Managementto increase reedbed
heterogen eityfor biodiversity
—

Management conciliating nature
conservation andhuman uses

\ Managementto increase value and

yield of socio-economic activities

Habitat providing various provisioning
and cultural services

Reed as an invasive plantthreatening

endangered species or recreation activities | —— | Managementto refrain reed dominance
{meadows) or progression {lakes)

Figure 1. Typical management goals associated with each of the three main perceptions of reedbeds
in Europe.

In the following text, we first give a brief overview of the ecological requirements and
natural vegetation types with P. australis occurring in Europe, as background knowledge
needed for their successful management. Then we focus on various uses of the P. australis-
dominated wetlands and related management measures.

2. The Genetic Delineation and Ecological Niche of P. australis in Europe

Recent genetic studies have delimited five species of the genus Phragmites [5], of which
Phragmites australis (Cav.) Trin ex Steudel is the most widely distributed. Within this species,
Lambertini et al. [17] identified two genetically distinct groups of populations occurring
in Europe: one inhabiting temperate Europe (European P. australis) and the other found
in the Mediterranean region (Mediterranean P. australis). These two genetically delimited
groups probably correspond to two respective subspecies: P. australis ssp. australis (also
including the invasive populations of European origin in North America) and P. australis ssp.
altissimus, proposed by Clayton [18]. Because the ecological literature scarcely distinguishes
between the lower taxa of P. australis, only the species name (P. australis sensu lato) is used
in this paper, except where the lower taxa are explicitly mentioned in the studies cited.

The response of P. australis to its habitats has been treated in detail by at least three
monographs [16,19,20], two successive reviews in the series “The Biological Flora of
the British Isles” [21,22] and several other review articles on the biology and ecology
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of P. australis worldwide [23,24]. Worthy of special attention is also the conceptual article
by Eller et al. [9], focused primarily on the ecological genetics of reed.

Briefly, P. australis is a robust perennial grass species with a nearly cosmopolitan
distribution and a great capacity to acclimate to a wide range of environmental conditions
regarding latitude (up to 70° north), altitude (in Europe up to 1900 m in the Alps), climate
(oceanic to continental), water table (more than 2 m depth in European lakes with a great
light transparency), substrate (mineral to organic), trophic conditions (oligotrophic to
eutrophic), pH (2.5 to 9.8) and salinity (up to 65%. over short periods). On the other hand,
P. australis stands do not tolerate a sudden high rise of the water table, avoid strongly
reducing organic substrates and are highly sensitive to mechanical damage of any type.
Coincidence of marginal values of more factors is even more destructive.

There is also a distinct clinal variation across latitudes. European P. australis popula-
tions from lower latitudes tend to allocate less aboveground biomass to leaves and more to
stems as compared to those from higher latitudes; they also produce fewer shoots. In the
Mediterranean region P. australis can reach heights of up to 5 m, while in temperate Europe
P. australis usually reaches maximum stem heights of 2-3.5 m. This relationship, however,
is not linear, which is partly due to genetic differences between the temperate and Mediter-
ranean groups of P. australis and is further complicated by the existence of several ploidy
levels, which are not clearly related to the production and growth characteristics [9,17].

3. Vegetation with Phragmites australis
3.1. General Overview

P. australis-dominated communities represent an important long-term stage in succes-
sional seres and form important azonal wetland habitats, especially on shores of standing
and slowly flowing meso- to eutrophic waters with bottom sediments and/or soils ranging
between nutrient-rich and nutrient-poor ones [25]. P. australis is a frequent dominant or
co-dominant species in communities extending along fresh and brackish running waters
from their upper reaches (Figure 2A) downstream and cover large areas in river floodplains
(Figure 2B-E). The largest stands of P. australis occur in inundated freshwater and brack-
ish reed marshes in deltas of the main European rivers, such as the Rhine, Ebro, Rhone,
Danube, Dnipro and Volga [26]. P. australis also forms monodominant stands in littoral
zones of both natural and artificial shallow lakes (Figure 3). It is a co-dominant or dominant
species of marshy fens (Figure 4A-D) and can form patches on temporarily wet hilly slopes
(Figure 4E). P. australis is a common species in the understory of alder (Figure 2A) and
willow carrs or wet pine forests [27]. It also forms an important vegetation component of
wetlands significantly altered by humans and novel ecosystems ecosystems in the sense
of [28], emerging in response to human activities (Figure 5). They include permanently or
temporarily wet landscape elements such as constructed wetlands used for wastewater
treatment (Figure 5A), drainage canals and ditches (Figure 5B), abandoned wet meadows,
wet parts of spoil heaps and brownfields, and also littoral zones of artificial water bodies
serving various purposes (Figure 5C,D).

Based on the phytosociological approach predominantly used in continental Europe,
P. australis-dominated communities are included in the class Phragmito-Magnocaricetea Klika
et Novak 1941. This class comprises vegetation types commonly occurring all over Europe
and Asian Russia [29]. The class Phragmito-Magnocaricetea consists of 11 alliances with a
total of 90 associations, out of which P. australis is dominant in three, constant in 34 and
present in 70 ([30], Table 1). The most common is the alliance Phragmition australis Koch
1926, which includes associations dominated by tall helophytes, 11 of them dominated by a
single tall helophyte species common in Europe. These plant stands are sometimes referred
to as reedbeds sensu lato in ecological literature. The association Phragmitetum australis is
the most widely spread one and often forms a mosaic with associations dominated by other
common tall helophytes such as Typha latifolia, T. angustifolia or Schoenoplectus lacustris, and
with various sedges (Carex spp.) near the reedbeds’ landward boundaries.
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Figure 2. Habitats with P. australis along flowing waters. (A)—Alder carr on the upper course
of the Rudava River, western Slovakia. (B)—vegetation zonation with P. australis in a eutrophic
riverine habitat: the Danube, southern Slovakia. (C)—P. australis dominated non-tidal riverine
wetlands: Biebrza River, eastern Poland. (D)—Fenéki lake, a restored P. australis-domianted wetland
in the Kis-Balaton water protection system, Hungary. (E)—P. australis dominated tidal brackish
wetlands: the Danube delta, Romania. Photographs by Hana Cizkové (A,B), Aat Barendregt (C,D),
Josef Rajchard (E).
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Figure 3. P. australis-dominated littoral wetlands. (A)—Lake Ladoga, Russia. (B)—declining reed
stands of Lake Trasimeno, Italy. (C)—P. australis-dominated littoral zone of the saline lake Gal-
locanta, Spain. (D,E)—stable and declining reed stands of Lake Fertt/Neusiedlersee, Hungary.
(F)—regenerating P. australis stand of Retabinec fishpond, Czech Republic. Photographs by Galina A.
Elina (A), Aat Barendregt (B), Jifi Dusek (C), Maria Dinka (D,E), Hana Cizkova (F).
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A

Figure 4. P. australis-dominated terrestrial habitats. (A)—Upper limit of occurrence of P. australis in
the Krkonose mountains, Czech Republic. (B)—P. australis in a non-tidal acid fen Ilperveld north
of Amsterdam, the Netherlands. (C)—P. australis-dominated fen (nature reserve , U Vomacku”),
Czech Republic. (D)—expansion of P. australis in a floating fen, Rzeczin. Poland. (E)—Expansion
of P. australis in a littoral sedge marsh: Starikovsky lake, Czech Republic. Photographs by Michaela
Cepkové (A), Aat Barendregt (B), Hana Cizkova (C-E).
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Figure 5. P. australis dominated habitats created or strongly altered by human activities:
(A)—constructed wetland used for wastewater tratment of Slavosovice village, Czech Republic.
(B)—drainage canal below the Gab¢ikovo reservoir, Slovakia. (C)—P. australis domianted littoral of
a sand-pit lake, Czech Republic. (D)—P. australis domianted littoral zone of a small village pond,
Czech Republic. Photographs by Hana Cizkova.

Table 1. Occurrence of P. australis in the alliances of the class Phragmito-Magnocaricetea based on the
synpotic table published by Chytry et al. [30].

No. of Occurrence of P. australis No. of
Sub-Class Alliance Associations Dominant Constant Present Relevés
Phragmitetalia Phragmition communis 19 1 5 18 12,690
Bolboschoenetalia Scirpion maritimi 7 1 7 7 1682
Bolboschoeno
maritimi-Schoenoplection 6 1 6 3 1796
tabernaemontani
Magnocaricetalia Magnocaricion elatae 17 0 9 17 4452
Magnocaricion gracilis 6 0 3 6 5181
Carici-Rumicion hydrolapathi 3 0 3 2 983
GII\;@ZZZZIZ Glycerio-Sparganion 9 0 0 0 3177
Caricion broterianae 3 0 0 0 367
Ot nd  Hearlo i Soitrin R
Alopecuro-Glycerion spicatae 1 0 0 0 30
Arctophilion fulvae 1 0 0 0 19
Total 11 90 3 34 70 35,333
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3.2. Regional Survey

In northwestern Europe, characterized by the Atlantic climate, P. australis grows mostly
in shallowly inundated or permanently waterlogged habitats, especially in the communities
of the alliance Phragmition communis. An overview of the vegetation with P. australis on the
British Isles has recently been published by Rodwell [31] and Packer et al. [22]. Briefly, it is
dominant in four types of wet habitats (Table 2):

1.  Freshwater reedbeds usually hosting species-poor plant communities including
P. australis, other marsh dominants such as Typha latifolia, T. angustifolia, Schoenoplectus
lacustris, Bolboschoenus maritimus and tall sedges.

2. Tall-herb species-rich fens with Cladium mariscus and Calamagrostis canescens or some
other species (Juncus subnodulosus, Carex elata, C. acutifomis, C. appropinquata, C. lasio-
carpa, C. diandra) as co-dominants.

3. Saline brackish marshes in which more halophlous species such as Atriplex prostrata,
Juncus gerardii, and Aster tripolium co-occur with P. australis.

4. A tall-herb vegetation of abandoned moist-to-wet meadows, including tall herbaceous
dicotyledons such as Eupatorium cannabinum, Angelica sylvestris, Lythrum salicaria,
Cirsium palustre, Filipendula ulmaria, and Epilobium hirsutum.

Additionally, P. australis grows sparsely in some other habitats such as salt marshes
and dune slack communities on peaty mineral soils with Salix repens. It also frequently
outcompetes sedges in fen and wet meadow vegetation in lowland regions. It occurs also
in the Atlantic wet heath vegetation in the underlayer of Hippophaee rhamnoides scrubs on
moving coastal dunes, in the understory of willow carrs, alder and willow woodlands,
and birch and pine open-bog woodlands. In vegetation affected by human activities,
P. australis occurs in tall-herb “nitrophilous” stands with Urtica dioica, Cirsium arvense and
Epilobium hirsutum [31].

Table 2. Synopsis of vegetation with dominant P. australis in Europe: survey of habitats based on the
regional vegetation monographs.

Tall-Herb Fens and Moist

Region/Country Freshwater Reed Beds Brackish Swamps Meadows
N and NW Europe
Scandinavia [32] Schoenoplecto-Phragmitetum Bolboschoenetum maritimi Magnocaricion

Great Britain [22,31]

Netherlands [33]

Phragmites australis-Peucedanum

Halo-Scirpion
palustre comm.

Phragmites australis comm.

Typho-Phragmitetum

Elymion pycnanthi
Ammophilion arenariae

Phragmition

Phragmites australis-Eupatorium
cannabinum comm.
In more communities

Central Europe

Germany [34]
Poland [35]

Czech Republic [36]

Austria [37]

Scirpo-Phragmitetum
Phragmiti-Euphorbietum palustris
Phragmitetum australis

Phragmitetum australis
Phragmition australis

Phragmitetum vulgaris
Phragmiti-Euphorbietum palustris

In more communities

Phragmition

Astero pannonici-Bolboschoenetum compacti
Schoenoplectetum tabernaemontani

Bolboschoeno-Phragmitetum communis
(inland salt marshes)

Thelypterido-Phragmitetum
Phragmiti-Caricetum lasiocarpae
Thelypteridi-Phragmitetum
Thelypterido palustris-
Phragmitetum australis
Magno-Caricion elatae
Cladietum marisci

Caricion lasiocarpae

SE Europe
Phragmitetum communis
Hungary [38,39] Scirpo-Phragmitetum - -
Romania [20,40] Scirpo-Phragmitetum Phragmition -

Croatia [41]

Phragmition

Caricetum vesicariae
Phalaridetum arundinaceae
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Table 2. Cont.

Tall-Herb Fens and Moist

Region/Country Freshwater Reed Beds Brackish Swamps Meadows
E Europe
Ukraine [42] Phragmitetum communis Phragmiti-Juncetum maritimi th?::;f;z;lséh[i%emm
Russia [44-46] Phragmition communis Puccinellio-Phragmition Phragmiti-Magnocaricion
(Volga [29]) Calystegio-Phragmitetum Argusio-Phragmitetum -
S and SW Europe
France [47] ) Phragmztzqn I"hmgmztels conlmuﬂ1§-]14ncus B
(Scirpo-Phragmitetum) maritimus-Scirpus maritimus comm.
Ttaly [48] Phragmitetum australis Botboschoenus maritius agg. community Magno-Caricion elatae
Schoenoplectetum tabernaemontani
Typho angustifoliae-
Spain [47] Phragmitetum australis Scirpo compacti-Phragmitetum australis -

Scirpo lacustris-Phragmitetum

Notes: Phragmites communis and P. australis are synonyms; we use the community name in the original form as used
in the regional vegetation survey without any correction according to the Code of phytosociological nomenclature.
Other synonyms: Scirpus lacustris = Schoenoplectus lacustris, Scirpus maritimus and S. compactus = Bolboschoenus
maritimus (syn. B. compactus). The more detailed a regional vegetation survey is, the greater number of associations
is distinguished. The negative information (-) means that either the community is not present in the region, or if
present, has not been recognized and classified.

In the Netherlands, phytosociologists report P. australis from nearly all the habitat
types described for the British Isles. In addition, they mention its occurrence in pioneer
vegetation on strandlines of sand beaches and ephemeral vegetation on salt mud and
sand flats [32].

In northeastern and central Europe, characterized by sub-Atlantic climate, P. australis
grows in much the same habitats as described for northwestern Europe.Dense monodom-
inant stands in mesotrophic to eutrophic shallow or standing water bodies are typical,
alternating with other communities of tall helophytes, such as T. angustifolia, T. latifolia
and Schoenoplectus lacustris (Table 2). Such stands occupy the transition (ecotone) between
the terrestrial and aquatic zone (eulittoral to infralittoral in the sense of Hutchinson [49]).
Towards open water, P. australis is successively replaced by diverse floating-leaved and
submerged species such as Nuphar lutea, Potamogeton sp. div., Hydrocharis morsus-ranae,
Ceratophyllum demersum and duckweeds (Lemna spp.) ([45], Figure 2B). Towards the ter-
restrial end of the zonation, the P. australis-dominated communities typically change to
vegetation dominated by sedges species such as Carex elata, C. acuta or C. riparia ([45,50],
Figure 4E). It occurs also in swamps dominated by alder (Alnus) and ash (Fraxinus), as
well as in willow (Salix spp.) and alder carrs (stands; Figure 2A). It is a co-dominant
of a variety of minerotrophic peat habitats, together with sedges such as Carex nigra or
C. rostrata ([36,43,45], Figure 2C). Throughout central Europe, P. australis forms successional
stages in abandoned meadows ([25], Figure 3E) and invades Carex-dominated marshes and
fens in response to eutrophication ([51], Figure 4E).

In European regions with continental or Mediterranean climate (much of southern,
southeastern, and eastern Europe), extensive reedbeds are associated with standing or
slowly flowing fresh waters and brackish estuaries (Figure 2E), where P. australis can
be as tall as 9 m. Floating islands dominated by P. australis, first described from the
Danube delta [20,52], are a characteristic phenomenon in the lower reaches of large eastern
European rivers [52,53]. P. australis is also present in inland salt marshes dominated by tall
herb vegetation and on stabilized sand dunes along the sea coast (Figures 3C and 6) [54].
P. australis is present in all communities of the Phragmition alliance of the Volga River
floodplain as well as in alluvial salt meadows, where it occurs together with Argusia
sibirica, Suaeda confusa, Atriplex calotheca, Lepidium latifolium, Crypsis schoenoides, C. aculeata,
Bolboschoenus maritimus agg., Althaea officinalis, and Aeluropus prudens [44].
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Figure 6. Local variability of Phragmites australis salt wetlands near Ravenna, Italy: (A,B)—salt
marshes in back dunes with Tamarix, Juncus maritimus, Bolboschoenus maritimus agg. and Limonia [55].
(C,D)—Valle di Comacchio, brackish marshes in a coastal basin separated from the sea by a sandbank,
the colony of flamingo can be seen in the middle of (C). (D)—the zonation of bank salt marsh
vegetation (Salicornia, Spartina and Sarcocornia zones below the Phragmites zone. (E)—Lido di Dante,
resprouting of P. australis stems five weeks after a forest fire, occurring in small local depressions
with Sallix in Pinus pinaster stands in Pineta Ramazzoti (August 2012) (see also [56]). Photographs by
Tomas Kucera.

This overview indicates that P. australis dominates mesotrophic to eutrophic habitats
subjected to long-term waterlogging or flooding, where it has its ecological optimum. From
such habitats it spreads to marginal ones, suboptimal with respect to water or nutrient
supply. According to the information available, its occurrence in marginal habitats is
common in areas with an oceanic climate, where it is found in almost all types of wetlands,
also including vegetation affected by former or current human activities (fens, abandoned
wet meadows). In contrast, in areas of Europe with a continental climate, P. australis seems
to be largely confined to habitats with sufficient water and nutrient supply.

4. Use and Management of P. australis Habitats for Biodiversity
4.1. P. australis Stands as Habitats of Birds and Invertebrates

Due to its vigorous growth and effective vegetative spreading, P. australis forms
dense stands providing sheltered and nutrient-rich habitats suiting various birds and
invertebrates [2,57-76]. They serve as breeding or overwintering habitats or migration
stopover areas for numerous bird species including rare and endangered ones [77]. Some
bird species almost exclusively use reedbeds for these purposes. They include several
species of Acrocephalus warblers (A. melanopogon, A. arundinaceus, A. scirpaceus, A. schobaneus)
and, notably, the aquatic warbler (A. paludicola) which is vulnerable at the global level, as
well as various heron species of which many populations are depleted or still declining [77],
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such as the little bittern (Ixobrychus minutus), the Eurasian bittern (Botaurus stellaris), and
the purple heron (Ardea purpurea). Reedbeds are also extensively used as night roosts
by passerines [58,78,79] and provide foraging and nesting sites to ducks and coots, the
abundance of which is correlated with the reedbed area [80].

The value of P. australis stands as biotopes of waterfowl and other animals has been
increasingly appreciated in Europe during recent decades. The restoration, or even creation,
of P. australis-dominated wetlands has taken place mainly in western Europe, where large
reedbeds have disappeared [81]. Most of the European large reed stands are now included
in the inventory of Ramsar wetlands of international importance or Special Protection
Areas under the European Union Bird Directive. Examples of highly valuable Ramsar
sites are the Broadlands in eastern England [82], Lake Constance in Germany, Austria
and Switzerland [83], Lake Neusiedlersee/Fert6 in Austria and Hungary [84-86], the
Lednice and Tiebori fishponds in the Czech Republic [87,88], the Rhone delta (Camargue)
in France [89], and the Danube delta in Romania and the Ukraine [90]. Also, the largescale
semi-natural treatment wetland, the Kis-Balaton Water Protection System in Hungary, is
protected as a Ramsar wetland [91] because of its well-developed zonation of local wetland
vegetation [92], supporting rich wildlife. In addition, there are numerous smaller sites
protected by the legislation of individual countries.

4.2. Management to Stop P. australis Regression in Dry Habitats

If left unmanaged, moist areas overgrown with P. australis tend to change into terres-
trial habitats (woodlands or grasslands depending on the regional climate) in a natural
hydroseral succession process of wetland terrestrialization (landfilling). The terrestrializa-
tion of reed-dominated wetlands is primarily caused by their high net primary production.
The annual production of both above- and belowground biomass of P. australis is usually
greater than its decomposition and export [93-96]. As a result, dead biomass at different
stages of decomposition accumulates on the site, and a substantial part of it is transformed
into the reed peat [16].

Habitat maintenance at a reed-dominated successional stage is the basic approach
to reedbed management [58]. The most common management practices are preventive
and consist of reducing the biomass accumulation by removing the reed biomass by its
mowing, burning or by litter removal in winter [59,94,97,98], ideally according to a short-
term rotational scheme to reduce unfavourable impacts of such operations on birds and
invertebrates [15]. At a more advanced successional stage, cutting or burning have only a
small impact [99] and restoration through scrub grubbing and bed lowering may become
necessary [100]. Stripping the topsoil followed by reed establishment through rhizome
transfer, planting seedlings, and natural regeneration by raising water levels has been
tested experimentally at several sites in the United Kingdom [101,102]. The management
works have returned the reedbeds to an early successional stage to which Eurasian bitterns
have responded rapidly [102].

4.3. Management to Revert the Regression of Reed in Wet Habitats

The causes of P. australis decline in aquatic habitats can be separated into three groups:
(1) eutrophication, (2) high water levels, and (3) mechanical damage by various agents
(see [103] for a review of case studies). In many instances, they operate simultaneously,
and all have a joint hidden effect (Figure 7): insufficient aeration of belowground parts
(roots and rhizomes), which ultimately leads to their death. Due to a lack of oxygen in
the rooting substrate, an increasing amount of organic matter is decomposed by anaerobic
bacteria, which is associated with the production of toxic metabolites such as organic acids,
reduced forms of iron and manganese and hydrogen sulphide. These processes can form a
self-perpetuating cycle, which can proceed long after the primary causes faded away.

19



Diversity 2023, 15, 629

eutrophication {} vegetative - mechanical damage
(increased load of regeneration (by insects, pathogens,
N, P) T / fish, waterfowl,
| recreation, summer
1 ety d plant mowing, ice)
; ; amage
rimary production | . .
| il yp (especially apical
meristems)

4{» organic matter
accumulation

4{} phytotoxin high water level

4} anaerobic =p/ production
decomposition

(summer flood,
/ increased and stabilised
water level)

'y
v

|G internal aeration |

/ :
v
tive
carbohydrate G genera
1> oxygen gt

depletion v reserves regeneration

Figure 7. Conceptual model of factors affecting P. australis decline. Grey rectangles denote key
environmental factors. Black arrows indicate the links between a cause and its effect. Open rectangles
and open arrows indicate the processes involved and their direction, respectively.

A variety of measures have been used to reduce the nutrient load to aquatic habitats:

1. More efficient purification of wastewater discharged into the lake [104];

Reduction of nutrient input from neighbouring agricultural areas [105];

3. Increased nutrient stripping in the inflowing water by enhancing the mineral nutrient
uptake by a dense water and bank vegetation upstream; its thereby enhanced cumula-
tive nutrient uptake deprives the reeds growing downstream of a part of their mineral
nutrient supply [106];

4. Removal of accumulated nutrient-rich mud by suction dredging [102].

N

The last measure can have a most rapid effect, visible within the same vegetation
season, but needs to be combined with reduction of nutrient input to make the effect
long-lasting.

The detrimental effects of eutrophication or of high water levels can be alleviated
by winter or summer drawdown [107]. A severe summer drawdown with the water
table reaching 0.5 m below ground surface during at least one month appears as the most
sustainable and efficient way to reverse anaerobic conditions, especially strong in nutrient
rich organic sediments. Temporary drawdown brings oxygen into the soil and thus reverses
the toxicity of reduced compounds [108,109], which in turn supports the stability of the reed
stands [110-113]. Experiments have shown that such a deep drying of the sediment rapidly
stimulates recolonization of reeds [107]. This management is recommended at least every
5-10 years in southern France to prevent reed regression in marshes flooded permanently
in order to attract waterfowl and, especially, stimulate the formation of colonies of nesting
purple herons.

P. australis stands can also be destroyed by mechanical damage caused by human
recreational activities, boat transport or mechanical effects of waves. Mechanical damage is
also caused by insect infestation [22,114,115]), grazing by geese or swans, extremely dense
fish stocks in fishponds, or proliferation of exotic mammals such as the muskrat (Ondatra
zibethicus) and coypu (Myocastor coypus). These mammals can destroy significant amounts
of reed and will severely limit its vegetative regrowth [116]. For instance, a breeding pair
of muskrats can destroy nearly 1000 kg of reed per hectare to satisfy their food and shelter
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demands [117]. Control programmes to limit their proliferation are often part of reedbed
management [102,118].

4.4. Management to Increase Reedbed Heterogeneity

Ecological requirements in terms of hydrology and vegetation structure differ among
reed bird species, especially during the breeding season [58,66,76,119-123]. Habitat het-
erogeneity is hence the most important factor influencing reed birds, next to reedbed
size [59,64,124,125]. Management practices aimed at increasing the habitat heterogeneity
for wildlife commonly involve:

1.  Water control to provide diverse hydrological conditions over the seasons, including
spring/summer flooding for nesting birds [126,127].

2. Winter reed cutting or burning according to a rotational scheme to provide reed
patches of different ‘ages’, offering a vegetation structure that complies with the needs
of all species in the long term [15,67,128,129].

3. Creation and reprofiling of gently sloping ditches and pools to provide bird forag-
ing habitat [69,101].

4. Hydraulic works to increase habitat connectivity for migrating fish species that use
reedbeds as spawning areas [130,131].

Small reed areas offer limited possibilities for spatial heterogeneity. In such situations,
priorities must be set regarding which species could be favoured based on the initial state
of a site and the management options available.

4.5. Management to Stop the Spread of Reed in Wet Grasslands

While substantial effort has been spent on protecting or restoring P. australis vegeta-
tion in some deep-water littoral habitats, P. australis is considered a nuisance because of
its expansive behaviour in some originally nutrient-poor wet grasslands [13], protected
because of their floristic diversity or as habitats of vulnerable birds [132]. This happens
on sites subjected recently to human-induced eutrophication. The competitive success of
P. australis under such conditions is ascribed to its ability to make better use of surplus
nutrients than the sedge species can.

Common practices to reduce reed dominance in these habitats are cattle grazing at
different times of year, as well as summer, autumn or winter mowing [133,134]. A 6-year
field experiment carried out in Swiss fen meadows showed that P. australis plants retreated
from the community as a result of mowing twice a year, namely in June and September [51].

Reed progression in freshwater ecosystems is best controlled by maintaining deep ver-
tical slopes that prevent reed colonization or by mechanically damaging the reed rhizomes.
The use of a cage-wheel tractor is a common practice in the Camargue, which has been
successful for 10 years. Cutting of reeds several times during the growing season exhausts
the rhizome reserves. Even more effective is the multiple cutting of reeds below the water
surface during the growing season, which deprives the rhizomes of oxygen [135].

5. Use and Management for Direct Economic Benefits
5.1. Overview of Economic Benefits

In the past, P. australis was used as a resource of material for various crafts and as
a technological resource. P. australis-dominated wetlands also served as environments
providing food such as birds and fish [3,16,136]. Some of the historical uses have lasted till
now, some others have been modified or abandoned. A new impetus for P. australis use
has been given by paludiculture, i.e., the agricultural management of peaty soils, aimed at
preventing carbon loss resulting from their drainage [137-139].

The use of dry reed has a long-lasting tradition for roof thatching, fabrication of mats
and production of building materials [20,122,136]. Although roof thatching declined at the
end of the 19th century, it has gained in popularity over the last few decades, especially
in the U.K,, Ireland, Denmark, Belgium, Germany, and the Netherlands. In these regions,
local reed is predominantly processed by small local producers. Much of the thatching
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material for western Europe, however, comes nowadays from southeastern Europe because
of its higher quality and cheaper labour [140,141].

Common reed was also an important forage crop for cattle before the agricultural
revolution [122] and, locally, still is. Summer harvest has become rare, but extensive grazing
remains a common practice, especially in the Mediterranean area [142].

After World War II, P. australis was used in pulp manufacturing in some countries
of the former Soviet bloc, namely the former USSR (Krotkevich 1970 in [136]), Roma-
nia [20], Bulgaria (G. Georgiev, pers. comm.), and the former German Democratic Republic
(J. Kébbing, pers. comm). However, this industry was closed after the shift of these coun-
tries to the free-market economy in the 1990s, mainly owing to high harvesting costs [3].
Sustainable harvesting is also limited by a low regeneration ability of reed stands, whose
terminal buds get easily damaged by the harvesting machines unless special precautions
are taken [20]. Reed harvesting is now limited also by warmer winters preventing the
formation of sufficiently thick ice that would support the cutting machines, or persons
carrying out the reed harvest manually.

The interest in alternative energy sources has promoted the study of P. australis
biomass yield [143-146]) and its applicability for combustion [147-151] or biomethane
production [152]. An economic evaluation revealed that profitable use of harvested reed is
confined to areas with relatively cheap labour and lacking long-distance energy supply or
where reed is harvested as part of habitat management [153,154]).

P. australis cultivation also constituted the basis of the so-called biological drainage
of wet areas. It was widely employed in the conversion of drained Dutch polders to
agricultural land. After the polder drawdown, reed caryopses were sown (from the air) on
the bare wet sediments. Within 2 to 3 years, it became completely overgrown with dense
P. australis stands which were then left intact for several years until they were burned (as
dead shoots in winter) and afterwards ploughed into the new organic-rich soil. Afterwards,
rape (Raphanus sativus) was cultivated there, usually for two successive seasons, gradually
suppressing the remaining viable reed shoots. Agricultural use of this newly gained land
could start only after this stage, and the subsequent crop rotation was adjusted to eliminate
almost all remaining sparsely occurring viable reed plants (e.g., [155,156].

In many European countries, (Czech Republic, France, Lithuania, Poland, Ukraine,
Hungary, Serbia, etc.) fishponds were constructed for fish farming several centuries ago.
Many of them, especially large ones with extensive littoral reed stands, provide habitats of
great importance for the conservation of waterfowl [157-161]. Nevertheless, those without
a legal conservation status are increasingly used for waterfowl hunting [157,160,162].

Sport fishing and ecotourism are also associated with the reedbeds and littoral belts as
important structural elements of the landscape. This role of the reedbeds is additional to
their importance as spawning areas for fish and as sites suitable for birdwatching. These
provisioning services of the reedbeds have facilitated the conservation of several large
reedbed areas.

5.2. Management for Reed Harvesting

Reed harvesting is a specific, sustainable and socially valued economic use of reedbeds.
However, cutting all dry stalks in winter deprives wintering animal species of their habitat,
as well as many migratory bird species of a sufficient reed cover for breeding after their
return in spring, especially in continental and northern areas [63,67]. Several management
options have been proposed to counteract the negative effects of reed harvesting on wildlife.
A predominance of reed harvested every other year, coupled with the retention of patches
harvested on a longer rotation, is considered as an effective compromise between con-
servation and commercial interests in the U.K. [163]. Because dry one-year stalks protect
emerging next season’s green shoots from late frost, biennial cutting has been shown to
produce 50-75% more reed than annual cutting in the U.K. [60]. The situation, however, is
different in countries such as France, where harvesting has locally remained an important
commercial activity.
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As two-year stalks are considered as waste material, biennial cutting requires sorting
out first- from second-year stalks, therefore being no longer economically profitable. Like-
wise, maintaining a mosaic of reed patches of different ages with unmanaged fragments
is not commercially feasible, although it is optimal for biodiversity [15,98,125]. A 5-year
experiment conducted in southern France has demonstrated that optimal dry-reed density
for Eurasian bitterns is obtained one year after reed cutting, especially in marshes with a
homogeneous reed cover (Figure 3). Based on these results, management recommendations
to reed harvesters consist of leaving 10% of uncut reed on a rotational basis (Mediterranean
region) or 20% on fixed areas (northern region). It is also recommended to maintain a dry
reed fringe around water bodies to preserve important bird foraging areas and reduce local
damage to the rhizomes by reed-harvesting machines. Implementation of these measures
has been encouraged through Natura 2000 contracts and agro-environmental schemes but
could also be promoted through ecological marketing (eco-labels).

Reed harvesters need dense homogeneous stands of current-year shoots. Water man-
agement resulting in favourable conditions for reed harvest generally consists of (1) fresh-
water input in spring to favour reed growth, (2) summer drawdown to improve reedbed
health and ground hardness (in the Mediterranean region) and prevent rhizome buds from
their growing close to or above the ground surface [20], (3) low water levels in winter to
increase the length of harvested stalks and facilitate access of cutting engines. Dry and
leafless reed is cut before emergence of new shoots in spring and above the water (or ice) to
allow dry stalks to pursue their role of rhizome oxygenation (Venturi effect).

5.3. Management for Waterfowl Hunting

Presence of water is essential to ducks, but permanent flooding of ponds with little
water renewal often results in eutrophication and subsequent degradation of emergent
and submerged macrophytes over time [163]. Periodically exposed soil is recommended
to maintain appropriate conditions for sustainable management of duck populations in
standing waters (J.-B. Mouronval, pers. comm.). For instance, drying of reed beds from
March to September every 2-3 years will favour the dominance of annual hydrophytes
and development of graminoid and amphibious plants at the marsh edge, ensuring a good
seed bank for granivorous species. A short drawdown in February-March every year or
at least every 3—4 years will favour the maintenance of perennial hydrophytes that are an
important food source to herbivorous birds during the winter months while reducing the
eutrophication rate.

Water management associated with waterfowl hunting obviously requires flooding
during (and shortly before) the hunting season. However, the most common management
practices involve permanent flooding or semipermanent flooding with drawdown after
the hunting season (February-March). Another important aspect of the management is the
creation and maintenance of large open-water areas in the vegetation to attract ducks.

5.4. Sustainable Grazing

Shoots of P. australis, especially their youngest parts, represent a favourable source
of food for both domestic and wild herbivores. Wetlands provide a valuable forage crop
especially in hot and dry areas such as the Mediterranean region, where the growth of
terrestrial vegetation is reduced by lack of soil water from early summer.

Grazing of reedbeds by cattle is only possible when water levels are well below the
soil surface. Even so, stocking rates should be less than one animal unit per hectare to be
sustainable. Flooding after grazing should be avoided in order to ensure soil oxygenation
necessary for rhizome recovery [164]. With one animal per hectare from June to September,
the consumption of aboveground reed biomass can reach 42%, with up to 98% of biomass
loss due to trampling and additional damage [165].

In view of its deleterious effect on reeds, the compatibility of grazing and nature
conservation mostly consists in reed control with respect to the reed dominance and
progression. Low grazing pressures on reedbeds or adjacent habitats can contribute to
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their floristic diversity and provision of habitats suitable for the aquatic warbler [166] or
waders [165]. The duration and periodicity of grazing (or mowing) depend on the trade-offs
between the aims of vegetation control and the resulting degree of disturbance on breeding
birds, sometimes translating into a rotational scheme, insuring the provision of adequate
bird habitats on a long-term basis [133].

5.5. Compatibility with Fish Farming

The traditional fish farming in ponds takes place in 2-3-year long cycles supporting
the growth of fish from fingerlings to the market size. After the end of each cycle, the
fishponds are emptied for the fish harvest. Before the agricultural revolution, they were
typically dried and sowed with a summer crop every 3 to 7 years to aerate the bottom
sediments and thus mineralize a large proportion of organic components of the pond mud,
which becomes a sink of oxygen when it is saturated with water. Relatively high amounts of
mineral nutrients are exported from each fishpond during its drawdown preceding the fish
harvest. Nowadays, intensification of practices aimed at increasing the fish yields include
scraping of shallow littoral areas to augment the water volume for fish (at the expense of
littoral vegetation), fertilization, supply of fish feed and also water oxygenation [167-170].

Compeatibility between fish farming and nature conservation involves mostly the
maintenance of gently sloping shores to permit the development of the littoral belt of
common reed and other helophytes so that they represent at least 15% of pond area [169,170].
Intensive management practices involving the use of fertilizers, predominance of carps
with less than 10% of carnivorous species and yields above 200 kg per hectare have also
been shown to decrease the conservation value of the fishponds [169,171].

6. Restoration and Construction of P. australis-Dominated Wetlands
6.1. Rewetting of Agricultural Peat Soils

In many lowland areas in Europe, peatlands in river floodplains, as well as along the
shores of lakes and seas, were drained and converted to arable land. After the soil profiles
were aerated, the organic matter accumulated during previous flooding began to decom-
pose and the soil surface began to sink. Keeping the water table low required damming
of the area and continuous pumping, which is expensive and economically unfeasible in
less fertile areas. Some such areas in northern Europe were therefore rewetted and then left
unmaintained. The aim of these measures was first to halt peat loss [172] and then to restore
spontaneously developing ecosystems accumulating peat. As the sites were usually heavily
eutrophicated as a result of mineral fertiliser application during previous agricultural use,
it was usually not possible to restore the original species composition, adapted to oligo-
to mesotrophic conditions. The intention was therefore to create a mosaic of helophyte
communities (i.e., tall sedges and reeds) and open habitats for waterfowl [173,174]. This
approach has been used, for example, in northeastern Germany in the Peene River flood-
plain and in northwestern Hungary in the Hansag area (which was part of Lake Neusiedl
until the 18th century) [175].

6.2. Constructed Wetlands for Wastewater Treatment

Use of constructed wetlands for wastewater treatment has gained in popularity over
the last few decades [176-178]. Most constructed wetlands in Europe are planted with
P. australis. In the 1980s and 1990s, P. australis was the most frequent species planted in
constructed wetlands designed with continuous subsurface horizontal flow that were used
to treat wastewater in small settlements and communities [179]. Much attention was also
devoted to the assessment of various functions of the plants in the treatment process.
To date there is much agreement that P. australis affects the wetland functions positively
by thermally insulating the bed surface in winter, protecting it against water erosion as
well as preventing clogging, and creating microhabitats for microorganisms present in the
treatment bed [180,181]. In addition, P. australis provides a source of organic carbon for
microbial processes [182,183].
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Following the finding that oxygen supply to the bed by internal ventilation systems of
plants is too low as to fully meet the oxygen demand for the treatment process [184-186],
attention has been devoted to systems with vertical flow in which oxygen transfer to the bed
is promoted by vertical percolation of the wastewater [181,187,188]. The next technological
stage, i.e., hybrid systems combining the positives of both the horizontal and vertical
flow [189], have retained P. australis as a suitable plant species.

P. australis is also a common plant species of surface-flow constructed wetlands, aimed
mainly at nutrient removal from nonpoint sources (e.g., [190,191]). The problem of nitrogen
abatement is vital especially in marine coastal areas, where nitrogen appears to be the
limiting nutrient in many situations [192,193]. The main management practice associated
with this use consists of cutting and removal of aboveground reed biomass. The amounts
of nutrients trapped change during the growing season, with maxima attained at the peak
of the aboveground biomass in the summer months [87,194].

Besides small- to medium-scale constructed wetlands, P. australis-dominated vege-
tation covers an area of about 10 km? of Fenéki Lake, forming part of one of the largest
constructed wetlands of the world, the Kis-Balaton Water Protection System, Hungary. This
system of a total area of about 70 km? has been constructed on the place of former natural
wetlands in the mouth of the Zala River in order to trap nutrients and suspended solids
carried by its waters before they are discharged to Lake Balaton [195].

7. Multiple Uses

Preference for particular uses of P. australis stands leads to conflicts of interest among
groups of various stakeholders. Problems occur mainly in harmonising the management of
reed for biodiversity on the one hand and its uses for direct economic benefits on the other
hand. The timing and amplitude of water-level fluctuations represent the most important
complex abiotic factor. Water requirements of many breeding birds are compatible with
hydrological conditions that favour reed growth in spring and support the overall stability
of the plant stands. On the other hand, P. australis stands can retreat as a result of permanent
flooding required to attract ducks for hunting or stabilized high water tables in fishponds
aimed at maximising fish production. High stocks of cyprinid fish also compete with ducks
for food such as zooplankton or benthos.

Many of the conflicts can, however, be prevented or overcome with management
actions considering multiple benefits. Implementation of a collective agreement regarding
water management rules can be necessary to favour diversity of uses and avoid ecosys-
tem degradation. The plastic morphology of reeds, as well as the rapid yet reversible
responses of reedbed structure to environmental conditions, makes it an ideal system for
implementing evidence-based, adaptive co-management approaches by their users.

In situations of multiple uses with potential negative impact on ecosystem health, a
companion modelling approach involving scientists and stakeholders can be useful to solve
conflicts and build a shared vision of the socio-ecosystem [196,197]. The simple ecological
functioning of reedbeds makes this ecosystem particularly suited for modelling [123]. An
agent-based model called REEDSIM was developed in the Camargue [198] for testing
long-term effects of various management schemes, climatic scenarios and market contexts
on the health, biodiversity and economic yield of reedbeds (Figure 8). It comprises three
sub-modules: (a) a topographical and hydrological module that defines the structural
properties of a virtual wetland flooded by seasonal water levels, (b) an ecological module
that sets reedbed and bird population dynamics, and (c) a decision module specific to each
kind of activity, defined through semidirective interviews with each type of users (farmers,
reed harvesters, hunters, and naturalists). A simplified version of the model has further
been developed into a role-playing game (RPG), called BUTORSTAR, which simulates
the impacts of reedbed management resulting from decisions made by the farmers, reed
harvesters, hunters, and naturalists [199]. This RPG is based on an archetypal wetland
made of a virtual landscape. Four different water regimes are proposed, each one adapted
to a particular wetland use. Land-use and water management decisions are made by
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the players at both estate and management-unit levels. These decisions are entered into
the model each year as the results of the negotiation process between the players. This
RPG creates a continuum of learning that crosses the traditional boundaries between
disciplines and allows the players to conduct multipurpose experiments that contribute to
their comprehensive understanding of the socio-ecosystem. Typically, a hunter is asked to
play the role of a reed harvester and so forth, facilitating dialogue among users in situations
of conflict and providing a transdisciplinary knowledge-based tool to support collective
thinking and decision processes.

Scenario 4,‘ - ’< ,,,,,,
Agri-environmental Policy Reed & Fish markets

» Land and water management

Climate

—» Reedbed perception & harvest
______ » Supply and demand
<«— [Inter-agent communications

»»»»»»»» » Impacts on wildlife

Figure 8. Conceptual frame of the REEDSIM agent-based simulation, (adapted with permission from
Mathevet et al. [124]). This model comprises three sub-modules: the physical environment, bird
population dynamics and socioeconomic decisions of stakeholders.

8. Future Prospects of P. australis in Europe

The present intensive land-use and search for adaptation measures to climate change
represent new drivers of ecological development of European landscapes. If incautiously
applied, they may inflict negative effects on all types of wetlands [200]. A holistic approach
needs to be developed in order to counteract or, at least, minimise them.

The information reviewed in this paper clearly documents the diversity of P. australis
habitats and human uses. This knowledge may help us predict possible changes in its
status in Europe in connection with the ongoing climate change. Cizkova et al. [200] have
considered the likely changes to wetland biotopes. The following impacts may specifically
concern P. australis biotopes: (1) In coastal areas, sea level rise might result in a reduction of
the area of P. australis-dominated wetlands in estuaries of large rivers. (2) In continental
areas of southeastern Europe, littoral wetlands dominated by P. australis may be negatively
affected by anticipated water shortages. (3) In central and western Europe, the anticipated
increase in the frequency and duration of flooding are likely to become a continuous
threat to P. australis stands in lakes. (4) In northern Europe, the predicted increase in
temperature might favour the expansion of P. australis in two ways: directly by stimulating
P. australis growth and indirectly by increasing nutrient availability as a result of accelerated
decomposition of soil organic matter. These mechanisms may be important especially in
littorals of oligotrophic lakes and in wet grasslands.
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As an opportunistic species of a highly competitive potential, P. australis will continue
to occupy wet unmanaged biotopes in agricultural landscapes and occur in wet succession
seres on abandoned land such as spoil heaps.

Lefebvre et al. [201] simulated the future evolution of water balance, wetland condition
and water volumes necessary to maintain P. australis habitats at mid- and late- 21st century
at 135 localities in Mediterranean Europe under two scenarios assuming a stabilization
(RCP 4.5) or increase (RCP 8.5) of greenhouse gases emissions. The simulations performed
under current conditions show that wetland habitats would remain in good condition
at 97% of localities. However, by 2050 this proportion would decrease to 87% and 66%
under the RCP 4.5 and RCP 8.5 scenarios, and even further to 78% and 36% by 2100. The
simulations suggest that wetlands could persist with up to a 400 mm decrease of annual
precipitation. Such resilience to climate change was attributed to the semipermanent
character of wetlands (lower evaporation on dry ground) and their capacity to act as water
reservoirs (higher precipitation expected in some countries during winter). The countries
at highest risk of wetland degradation and loss were Portugal and Spain. Degradation of
P. australis stands due to climate change will negatively affect their biodiversity and the
services they provide as animal refuges and primary resources for industry and tourism.
Preservation of their catchment areas and proactive management to reduce nonclimate
stressors is urgently needed to preserve these wetlands.

As follows from previous sections, human preferences in landscape management
may be equally important as environmental determinants for the further fate of P. aus-
tralis-dominated wetlands. As pointed out by Cizkova et al. [200], this holds for the future
condition of European wetlands in general. Focusing on P. australis-dominated wetlands,
the role of the species as a habitat former is particularly important in wetlands of interna-
tional importance [202] and in constructed wetlands. The knowledge of ecophysiological
mechanisms underlying P. australis performance forms a useful theoretical background for
effective management of such P. australis wetlands. The use of P. australis as potential raw
material and alternative energy resource appears to benefit from association of the uses
with biotope care (e.g., [203]).

9. Conclusions

1. This review of knowledge on European P. australis populations indicates that it is a
plastic and versatile species, forming part of varied plant communities all over Europe.

2. The analysis of the ecophysiological response to multiple stressors is used as a tool for
understanding the population dynamics of P. australis in the main habitat types in Eu-
rope. Its decline at deep-water sites, stable performance in constructed wetlands with
subsurface horizontal flow and expansion in wet grasslands are given as examples.

3. Ofvarious human uses, the role of P. australis as a habitat former has gained an increas-
ing value. Vulnerable birds are major drivers of reedbed management, especially in
northwestern Europe, where large reedbeds have deteriorated or disappeared, which
was followed by intensive habitat management (‘gardening’), restoration and creation.
Traditional socioeconomic uses are being abandoned, intensified or replaced by more
lucrative activities (e.g., waterfowl hunting). Uses of common reed as energy crop
and renewable eco-material for green buildings are limited but promising.

4. Each of the uses should be based on management practices that include both natural
and human-driven processes. Nevertheless, the long-term maintenance or intensi-
fication of the economic uses often leads to practices that are not sustainable and
get into conflict with nature conservation. Harmonisation of multiple uses with the
help of innovative approaches (modelling) can assure a more sustainable future of
P. australis wetlands.

Generally, P. australis will continue to be an important wetland species both in the
ecological and social contexts in Europe, owing to its importance in both natural and
human-altered vegetation, as well as its other ecosystem and economic values.
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Abstract: Molecular oxygen and carbon dioxide may be limited for aquatic plants, but they have
various mechanisms for acquiring these gases from the atmosphere, soil, or metabolic processes. The
most common adaptations of aquatic plants involve various aerenchymatic structures, which occur
in various organs, and enable the throughflow of gases. These gases can be transferred in emergent
plants by molecular diffusion, pressurized gas flow, and Venturi-induced convection. In submerged
species, the direct exchange of gases between submerged above-ground tissues and water occurs, as
well as the transfer of gases via aerenchyma. Photosynthetic O, streams to the rhizosphere, while
soil CO, streams towards leaves where it may be used for photosynthesis. In floating-leaved plants
anchored in the anoxic sediment, two strategies have developed. In water lilies, air enters through
the stomata of young leaves, and streams through channels towards rhizomes and roots, and back
through older leaves, while in lotus, two-way flow in separate air canals in the petioles occurs. In
Nypa Steck palm, aeration takes place via leaf bases with lenticels. Mangroves solve the problem
of oxygen shortage with root structures such as pneumatophores, knee roots, and stilt roots. Some
grasses have layers of air on hydrophobic leaf surfaces, which can improve the exchange of gases
during submergence. Air spaces in wetland species also facilitate the release of greenhouse gases,
with CHy and N O released from anoxic soil, which has important implications for global warming.

Keywords: metabolic gases; greenhouse gases; aerenchyma; anoxic soil

1. Introduction

The aquatic environment holds special challenges for plant survival. The diffusion
of gases in water is about 10*-fold slower than in air, so that aquatic plants must per-
form photosynthesis in water, and maintain aerobic respiration in flooded conditions [1,2].
Herbaceous wetland plants differ significantly, according to the accessibility of gases for
their metabolism regarding their position in the water column. Researchers define various
functional groups, namely, (1) emergent macrophytes or helophytes that are rooted in
water-saturated soil, with foliage extending into the air (e.g., Typha latifolia, Phragmites
australis); (2) floating-leaved macrophytes that are living in water rooted in hypoxic or
anoxic sediment, with leaves floating on the water surface (e.g., Nuphar luteun, Nymphaea
alba); (3) submerged macrophytes that grow completely submerged under the water, with
roots or rhizoids attached to the substrate (e.g., Myriophyllum spicatum, Potamogeton cris-
pus); and (4) free-floating macrophytes that float on or under the water surface, and are
usually not rooted in the sediment (e.g., Ceratophyllum demersum) [3]. In addition, wetlands
also host many different woody plants that are permanently or occasionally rooted in
water-saturated sediment [4]. These species, belonging to different groups, often possess
adaptations to overcome oxygen and carbon dioxide deficiencies, in order to maintain opti-
mal conditions for photosynthesis and respiration. Emergent and floating-leaved species
have an advantage over submerged species because their above-ground parts are fully
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or partly exposed to air. Aerial leaves have stomata in their epidermis, which can be
adjusted to optimize exposure of internal tissues to the atmosphere and the exchange of
gases. Thus, aerial plant parts are well supplied with oxygen, but for roots and rhizomes
anchored in water-saturated soils, oxygen for respiration can be limited. Therefore, efficient
ventilation systems are crucial for their survival. Ventilation systems rely on a passive
molecular diffusion process, on pressurized gas flow, or Venturi-induced convection [5];
however, in submerged plant tissue, the direct exchange of gases between these tissues
and water also occurs [6]. In most aquatic species, ventilation is enabled by an extended
system of air canals and intercellular spaces called aerenchyma, which develop in different
plant organs from roots, to stems and leaves. [7,8]. Gases in aerenchyma can originate
from the atmosphere, rhizosphere, or plant metabolism [9]. Laing [10] shows a strong
relationship between the leaf area and the extent of changes of oxygen and carbon dioxide
concentrations in aerenchyma during periods of illumination; thus, the contribution of
metabolic gases may vary significantly among species.

Aquatic plants mainly form aerenchyma constitutively in different organs, namely,
roots, leaves, and stems, while some amphibious and terrestrial plants produce aerenchyma
in response to an oxygen shortage [7]. The presence of aerenchyma may differ among
species. Independent of habitat, aerenchyma patterns are stable at the genus level, and the
consistency of pattern is stronger in the roots than in the shoots [11]. In addition to the at-
mosphere, gases in aerenchyma can originate from the rhizosphere or plant metabolism [9].
The formation of aerenchyma may not depend on environmental conditions, or be induced
by flooding [1]. Aerenchyma cells are formed lysigenously by programmed cell death,
as is the case of rice roots; schizogenously by the expansion of intercellular spaces [11];
and expansigenously (secondary aerenchyma) by cell division or enlargement, without
cell separation or death [12]. These enlarged spaces may develop either in primary tissues
(primary aerenchyma), or in secondary tissues (secondary aerenchyma) [13]. According
to Dolezal et al. [14], lysigenous aerenchyma are mostly produced by submerged plants,
schizogenous aerenchyma by terrestrial and perennial wetland plants, and expansigenous
honeycomb aerenchyma by aquatic floating-leaved plants. The amount of intercellular
spaces varies significantly among species. In aquatic species, these intercellular spaces
contribute up to 60% of the leaf volume [15], while in mesophytes, their volumes range
from 2-7% [16]. Thus, in non-tolerant species, flooding may result in the demise of the
plant.

Beyond ventilation, aerenchyma cells have other important ecological functions,
including acting to store gases and increasing their internal conductance to roots and
shoots [7]. The transfer of oxygen to underground organs, via aerenchyma during soil
flooding, may prevent the suffocation of plants. Oxygen can also be transferred from roots
to the rhizosphere, via aerenchyma. This critically important oxygen to oxidize and detoxify
toxic chemicals formed in sediments in environments with low redox potential [17,18],
noting that a lack of oxygen is associated with reduced forms of sulfur, manganese, and
iron that may reach toxic levels in the soil [6].

In wetland soils, gas concentrations of several gases, such as carbon dioxide and
methane, exceed atmospheric concentrations. Thus, aerenchyma can also be a path for
greenhouse gas emissions from the plant, as methane and nitrous dioxide are released via
plants from waterlogged sediments to the atmosphere [19,20].

Some photosynthetic O, produced by submerged plants oxygenates the water column,
while natant plants can prevent oxygen diffusion from the atmosphere to water [21-24].
Aerenchyma cells lend buoyancy and mechanical resistance to breakage, with a relatively
small investment in biomass by aquatic plants [25].

The ventilation in wetland plants takes place via various plant structures, and is
enabled by the presence of aerenchyma in these structures. The source of gases and influx
and efflux locations may differ significantly among different species and plant groups. In
this review, we summarize the outcomes of research, and point out the similarity, diversity,
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and functional features of ventilation systems in various functional groups of wetland
plants, and point out their potential effects on the wider environment.

2. Ventilation Mechanisms in Various Wetland Plant Groups
2.1. Submerged Species

In submerged aquatic species, the ventilation system is especially important since
these have no direct connection with the atmosphere [26]. Extensive aerenchyma in the
stems of all submerged plants that may be lysigenous and schizogenous (Figure 1) en-
able buoyancy for their flexible stems in water; however, this may limit the distribution
of aquatic vascular plants to the depth where hydrostatic pressure does not compress
stems [27]. Gases in submerged species come from plant metabolism, water, and sediment.
The aerenchyma function as a reservoir for metabolic gases. Hartman and Brown [28],
studying gas dynamics in Elodea canadensis Michx. and Ceratophyllum demersum L., detect a
lag between peak values for dissolved oxygen in the surrounding water, and oxygen in the
internal atmosphere. This situation is also true of the representatives of the genus Lobelia
L., Lilaeopsis Greene, and Vallisneria L., which obtain more than 75% of their CO; needs
from the sediment [29,30]. However, photosynthesis is important for internal O, status
and aeration of anoxic sediments [31-33]. Sand-Jensen et al. [34] show that submerged
macrophytes release oxygen from their roots during illumination, and at lower rates during
darkness. The amounts of oxygen released varies among species from 0.04 to 3.12 ug
O,/mgDM/h; the species Lobelia dortmanna is the most effective. This involvement of
photosynthesis enables aerobic metabolism of roots, sediment oxygenation due to radial
oxygen loss, and improves nutrient uptake from the sediment [26].

Figure 1. Transection of stems of two submerged species showing different types of aerenchyma;
(a) lysigenous in Myriophyllum spicatum and (b) schizogenous in Potamogeton crispus. Photo: Matej Holcar.

A few outstanding representatives of submergent species include quillworts, Isoétes
L., which are the only surviving genus of a large plant group, distantly related to the
clubmosses. This group emerged about 300 million years ago in ephemeral pools and
oligotrophic lakes, and later radiated into terrestrial habitats [35]. Species in this group
are well-adapted to cold environments, and limited light and carbon dioxide supply [36].
This genus represents the oldest lineage of plants with Crassulacean acid metabolism
(CAM) [33].

At least some of species of the genus Isoétes have air canals from the leaves through
the periderm to the cortex aerenchyma in the stem [37]. Green [38] compares the air canals
and aerenchyma in Isoétes with the corresponding structures in Carboniferous—Permian
arborescent lycopsids, such as Lepidodendron Stern. spp. The extinct lycopsid swamp trees
called Stigmaria Stern. have similar air channels in their roots [39].

Most modern species of Isoétes grow in wet environments, and use CAM to fix car-
bon. Due to the mineralization of organic matter, the CO, concentration in sediment is
10-250 times higher than atmospheric equilibrium [40]. Thus, these species uptake sedi-
mentary CO, that is transferred via the large gas channels [38], which are present in various
Isoétes organs [41] (Figure 2). CO, leakage from gas spaces is prevented by the extremely
high diffusional resistance of water. However, some Isoétes species have an amphibious
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character, and may develop leaves with stomata and switch to C3 photosynthesis if plant
parts emerge into the air from the water [35]. In addition, Pedersen et al. [42,43] show
that various isoetids (small, aquatic plants with thick, stiff leaves or stems that form basal
rosettes [42]), seagrasses, and rosette-bearing wetland species may have leaves buried in
sediments, and their achlorophyllous bases may function as an exit for O, to the sedi-
ment, and entrance for CO; from the sediment [42,43]. This system may also affect the
concentrations of gases in aerenchyma and photosynthesis [44].

Figure 2. The root (a) and leaf (b) cross-section of Isoétes L. sp. with large central air spaces. Drawings:
Alenka Gaberscik.

2.2. Species with Natant Leaves

The advantage for these species is a direct connection with the atmosphere via natant
leaves; however, since some of them grow in water as deep as 3 m [27,45], they need also
effective aeration of the anoxic sediment.

Water lilies of the genus Nymphaea L. and Nuphar Sm. possess well-developed venti-
lation systems (Figure 3). Air enters through the stomata of young leaves that have just
reached the water surface, streams through the channels of long petioles, through rhi-
zomes and roots, and back to the external air through older leaves (Figure 4). This system
accelerates O, flow from the atmosphere to the roots, and CO, and CHy flow from the
roots to the atmosphere. This remarkable ventilation system has significant physiological
and ecological consequences [46]. Laing [10] measures the daily dynamics of internal gas
composition in various tissues of Nuphar advena (Aiton) W.T. Aiton, and finds a decrease
in carbon dioxide and an increase in oxygen during the day, while the opposite is true at
night. These findings show the important role of the metabolic process in influencing gas
concentrations in various tissues.

Figure 3. Transection of (a) natant leaf and (b) petiole of Nuphar luteum. Photo: Matej Holcar.

The ventilation is driven by the pressurization of the gas in air spaces of young natant
leaves, due to thermo-osmosis of gases during cooling by transpiration [45,46]. Cooling
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by transpiration of the upper leaf surface enables a steeper temperature gradient within
the leaf, intensifying internal aeration [47]. The leaves are warmed by the sun during the
day, and by water in the surrounding environment at night, which enables ventilation at
night [48]. This process is also supported by specific morphological features that may differ
among species [49]. One important feature is that gas transport through a small opening
varies with the dimensions of the opening, depending on whether the gas transport takes
place by diffusion or by mass flow. The rate of gas transport by diffusion is proportional
to the diameter (or some other linear dimension if the opening or aperture is not circular),
and to the difference in concentration of the gas on the two sides of the opening, with the
slower movement of heavy vs. light gas molecules.

The rate of mass flow follows Poiseuille’s law. The flow rate is proportional to the total
pressure gradient between younger and older leaves [5], and the diameter (or corresponding
measure) is raised to the fourth power. Therefore, diffusion often dominates in plant parts
with small openings, and mass flow when the openings are large [46]. The openings in
young leaves are narrow. According to Grosse and Schroder [50], the important openings,
in this case, are not the stomata (=5.6 pm x 2.4 pm), but narrow passages (intercellulars)
(=1 um) between cells inside the leaves. The oxygen concentration outside the leaves is
higher than in the airspaces inside the leaves. This situation is partly because the air inside
is diluted by water vapor, and is almost saturated in the intercellular spaces. Therefore,
oxygen diffuses into the young leaves, and the total gas pressure there exceeds that of
the external air. As the passages to the higher-oxygen external air are so narrow, little
air escapes from the young leaves to the external atmosphere. It is easier for air to flow
through the wider “pipes” in the petioles down to the rhizomes and roots, where oxygen is
consumed by respiration. The rest of the air streams out to the atmosphere through the
older leaves, where the passages are wider than in the younger leaves.

The streaming of air in the yellow water lily, Nuphar luteum (L.) Sm. is described not
only by Schroder et al. [51], but also in a series of articles by John Dacey and coworkers,
and the results are summarized by Dacey [46]. Richards et al. [45] perform similar studies
on Nymphaea odorata Aiton. In the case of N. luteum, the network of internal gas spaces
enables a pressurized flow-through system, that directs air rich with oxygen from young
leaves to the underground organs, and with air rich in carbon dioxide back via the older
emergent leaves to the atmosphere [46]. Konnerup et al. [52] compare pressure differences
and convective gas flow in twenty species of tropical angiosperms (Table 1). The highest
flow rates are found for Nymphaea rubra Roxb. and Nelumbo nucifera Gaertn.. Some species
achieving large pressure differences have low flow rates. The two Eleocharis R. Br. species
differ remarkably with respect to the pressure differences produced.

Table 1. Comparison of pressure differences and convective gas flow in twenty species of tropical
angiosperms (adapted from Konnerup et al. [52]).

Air Flow

Plant AP(Pa) . Plant AP(Pa) Air Flow (mL/min)
(mL/min)
Monocotyledons Dicotyledons
Cyperaceae Nymphaeaceae
Cyperus compactus Retz. 20 0.60 Nymphaea rubra Roxb. 236 140
Cyperus digitatus Roxb. 14 1.29 Nymphaea nouchali Burm. f. 116 152
Eleocharis dulcis (Burm. f.) Trin. ex 628 1.9 Nelumbonaceae
Hensch
Eleocharis acutangula Schultes 15 0.10 Nelumbo nucifera Gaertn. 295 288
Scirpus grossus L. f. 3 0.22 Menyanthaceae
Scirpus littoralis Shrad. 83 0.39 Nymphoides indica (L.) 485 36
Kuntze
Scleria poaeformis Retz. 22 111 Convolvulaceae
Poaceae Ipomoea aquatica Forssk. 3 0.18
Phragmites vallatoria (L.) Veldkamp 482 1.59
Urochloa mutica (Forsk T.Q. Nguyen 11 0.09
Hymenachne acutigluma (Steud.) 141 055

Gilliland
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Table 1. Cont.
Air Flow . .
Plant AP(Pa) . Plant AP(Pa) Air Flow (mL/min)
(mL/min)
Monocotyledons Dicotyledons
Oryza rufipogon Griff. 23 0.32
Leersia hexandra Swartz. 62 0.15
Pontederiaceae
Eichhornia crassipes (Mart.) Solms 8 0.12
Araceae
Colocasia esculenta (L.) Schott 3 0.10 i
Limnocharitaceae
Limnocharis flava (L.) Buchenau 6 0.81

Lotus (N. nucifera) is not closely related to water lilies, but has a similar growth form,
and ventilates its organs in oxygen-deficient sediment by streaming air. The thermo-osmotic
gas transport depends on a temperature differential between the air in the aerenchyma of
the leaves and the surrounding atmosphere [53]. Stomata located in the central parts of
leaves have an important function in the active regulation of airflow [54]. These central
stomata are three times larger than stomata of the other part of the leaf lamina, and control
the gas release by opening and closing [55]. Lotus differs from other groups because
each petiole has separate channels for descending and ascending air [53,56]. Air is, thus,
transferred from leaves, down through petioles, rhizomes, and then back to the atmosphere
through large stomata [54] (Figure 4).

Older leaf

Atmosphere Atmosphere
b Efflux d Influx op
AR via stomata
Influx astomata
via stomata Efflux
via stomata
/ C = 2 Central part with
" Young leaf Leaf lamina with Aol ik
N Older leaf \WQ
Water = I|e s
. From leaf Water
EFOm ST towards rhizomes
chanels of long
petioles to Pelmlehwllh
rhizomes aerenchima
FHTTHE
N o2 B
From rhizomes
via petioles to
older leaf

HH »
From rhizomes towards leaf

Figure 4. Ventilation system in Nuphar luteum (a,b) Nelumbo nucifera (b,c). (a) N. luteum young and
older leaves; (b) the scheme of ventilation system where arrows shows that air from atmosphere
enters via young leaves through stems with aerenchyma to rhizomes, and via older leaves back to
the atmosphere; (c) N. nucifera leaves with visible central part with denser stomata; (d) the scheme
of ventilation system with arrows indicating the direction of flow (blue—influx from atmosphere
via stomata in leaf lamina through aerenchyma in leaf and petiole to aerenchyma in rhizomes; light
grey—efflux from rhizomes through aerenchyma in petiole to the central part of the lamina, and
finally to atmosphere). Photos and drawings: Alenka Gabers¢ik.
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Polygonum amphibium L. is an amphibious plant with natant leaves. and thrives in
water up to 2 m, with its hollow stems that enable the aeration of underground organs
(Figure 5). However, gases trapped in the aerenchyma may also benefit the photosynthesis
and lower photorespiration rate [57], due to changes in the ratio of internal CO,/O;
concentrations.

Figure 5. Polygonum amphibium L. f. natans; (a) natant leaves and (b) section of a hollow stem. Photo:
Matej Holcar.

2.3. Helophytes

Helophytes live anchored in water-saturated sediment, while their above-ground organs
are usually in air. Most of them have well-developed aerenchyma [1]. When leaves of
different helophytes are submerged, they produce gas films at the leaf surface to improve
photosynthesis. Colmer and Pedersen [58] show that Phalaris arundinacea, Phragmites australis,
and Typha latifolia form gas films on both leaf sides, Glyceria maxima form gas films on the
adaxial only, and Acorus calamus and S. emersum do not form gas films.

Rhizomes and stems of wetland representatives of horsetail (Equisetunt) have large canals [59].
Internal ventilation systems differ among Equisetum species, and are best developed in the great
horsetail, E. telmateia Ehrh. In this species, an airflow of 120 mL/min and a wind speed of 10 cm/s
were measured [60], and this flow may be evaporation-driven. Air enters via stomata on branches,
passes to substomatal cavities, and then via intercellulars to aerenchyma channels in branches, to
the main stem, thizome, and cortical intercellular spaces of roots [61].

Methane release from E. fluviatile L. stands suggests that this species lacks a pressurized
ventilation system because no diurnal changes are detected [59]. In addition, no or very low
airflow is measured in this species, even though it thrives in deep water [62]. The power for
the airflow comes from the evaporation of water inside the plant. If the air surrounding the
plant is saturated with water vapor, the flow stops, and it is sped up by wind that evaporates
water vapor from the plant surface [61]. For example, E. palustre L. maintains an inner mass
flow of up to 13 mL/min (Figure 6). No flow is found in E. sylvaticum L. or E. arvense L.,
perhaps because these species lack air channels in the branches [60]. These species only
rely on diffusion for oxygen provision to their below-ground parts, which is facilitated in
environments of well-aerated soil.

Figure 6. The cross-section of marsh horsetail (Equisetum palustre L.) stem. Photo Matej Holcar.
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Common reed and other Phragmites species frequently grow in water-saturated anoxic
soil. Phragmites are ventilated by “compressed air” in a similar way to water lilies and
lotus [63,64], but additional aeration may be obtained by suction from old broken reeds
when the wind is blowing over them, a Venturi-effect [65], and also by oxygen from
photosynthesis. The oxygen pressure in the rhizomes rises rapidly in the morning, peaks
near midday, and declines slowly to a minimum at 6 am [66]. Three factors probably
contribute to the midday peak including light (photosynthesis), temperature, and the
difference in water vapor pressure between the external air and the intercellulars. External
humidity is at its lowest in the early afternoon, when humidity in leaf intercellulars (due
to insolation) is highest. Oxygen from roots is released in the nearby rhizosphere, which
is known as radial oxygen loss [67], and oxidizes different toxic substances produced in
anoxic soils that can harm soil biocenosis. This situation is also the case in Phragmites
australis (Cav.) Trin. ex Steud, where the aeration system increases rhizosphere oxygenation
and lowers toxic sulfide concentrations [68]. Some species prevent excessive oxygen loss
from roots by forming a barrier in their epidermis, exodermis, or subepidermal layers [69].

Konnerup et al. [52] also find convective ventilation in P. vallatoria (L.) Veldkamp, and
eight other wetland plant species. The only other monocotyledon species for which a similar
pressure difference is found is Eleocharis dulcis (Burm. f.) Trin. ex Hensch (Cyperaceae), but
the flow rate is lower.

In Scirpus lacustris (L.), sediment-derived CO, in aerenchyma (Figure 7) presents an
important source of inorganic carbon used for photosynthesis in submerged green stems,
especially before they reach the water surface [70]. In this species, leaves are usually
reduced, however, leaf blades up to 100 cm long can develop under water [71].

Figure 7. (a) Leafless Schoenus lacustris stems; (b) transection of stem with lacunae filled with thin-
wall aerenchymal parenchyma. The magnification of parenchymatic cells is shown in the magnified
circular insert. Photo: Matej Holcar.

In plants with reduced pressurized ventilation, the growth rate is diminished, possibly
due to reduced mineral uptake and availability, a poorly developed root system, or impaired
root function [63]. Studies in the USA reveal differences in function between native and non-
native P. australis types. Ventilation efficiency is 300% higher per unit area for non-native
types in comparison to native types, due to the increased oxidation of the rhizosphere [72].

The cattails (Typha L., Figure 8) are phylogenetically related to reeds. Typhaceae and
reeds ventilate their below-ground parts in similar ways. An air stream of 8 mL/min per
leaf is observed for T. latifolia, and 3.5 mL/min for T. angustifolia L. [73]; however, some
leaves can function with influx or efflux in changing environments. A flux of 11 mL/min
is observed, compared to a maximum of 60 mL/min through a water lily petiole [46].
Contrary to the situation in lotus, for Typha, the stomata constitute the pressure-generating
pores [74]. The stomata are most effective for creating an inner pressure when they are
partially closed, and provide almost no pressure when they are open to 0.3 pm wide. Air
enters through middle-aged leaves, and exits through the oldest ones [73].
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Figure 8. Cattail, Typha L. sp. Top left, shoots seen from below. Top right, a cross-section of a leaf
with large air spaces, which are connected to air spaces throughout the plant. Bottom, rhizomes.
Reproduced with permission from Bansal et al. [75].

Duarte et al. [76] claim that oxygen in the root area is not obtained exclusively from
the atmosphere or photosynthesis in the leaves, but, in addition, oxygen in the root is
supplemented by the decomposition of hydrogen peroxide by catalase. The study of
Laing [10] reveals that the shading of T. latifolia has little effect on gas composition in air
spaces of the submerged stolon; however, a slight decrease in oxygen concentration is
observed in leaves. In hypoxic growth conditions, various Typha species behave in diverse
ways; T. angustifolia increases its root porosity and root mass ratio, while T. latifolia increases
its root diameter [77].

Rice (Oryza sativa L.) can grow in deep water ([78]). Under complete submergence, rice
leaves and stems elongate significantly to reach the air-water interface; however, this may
exhaust its energy reserves, and cause death if deep water persists for a long time [79]. Rice
mitigates waterlogging stress by forming lysigenous aerenchyma and a barrier to prevent
radial O; loss from roots, in order to supply O, to the root tip [80]. However, it differs
from the species described above in the transport of air. Air is partly transported through a
layer of air on the surface of the leaves. At least in the majority of rice cultivars, the leaves
are water-repellent on both sides. A layer of air is formed on these leaves, up to 25 um
thick [81], and with a volume that is 44% of that of the leaf (Figure 9). Gas molecules in the
thin layer are transported forward by diffusion at a greater pace than if they could move
in all directions, but there may also be some mass flow. A layer of air at the leaf surface
also contributes to the tolerance against submergence in the case of Spartina anglica C.E.
Hubb. [44]. The floating leaves of the grass Glyceria fluitans (L.) R. Br. have a lower cuticle
resistance for dark O, uptake on the wettable abaxial side, compared to the hydrophobic
adaxial side [82].
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Figure 9. Rice (Oryza longistaminata A. Chev. & Roehr.) leaves protrude through the water surface,
covered below the water surface by a layer of air. Photo by Ole Pedersen, University of Copenhagen.
Cf. the cover of Science Vol. 228, No. 4697, 19 April 1985.

Rice also has large air spaces inside both leaves and roots, while the transition be-
tween shoot and root provides greater resistance to flow [83]. In rice, aerenchyma forms
constitutively under aerobic conditions, while their formation is further induced under
oxygen-deficient conditions [84]. Aerenchyma formation is promoted by ethylene produc-
tion in adventitious roots [8] and in internodes, and this aerenchyma formation is mediated
by reactive oxygen species (ROS) [85]. Little is known about the signaling and molecular
regulatory mechanisms of ROS during plant-programmed cell death [86]. In the case of the
fast-elongating ‘Arborio Precoce’ variety, ethylene controls aerenchyma formation, while in
the variety ‘FR13A’, ROS accumulation plays an important role [87]. The study shows that
the SNORKEL1 and SNORKEL2 genes that promote internode elongation are exclusively
present in the genomes of deep-water rice [88].

Under O, deficiency, the porosity of adventitious roots enhances O, diffusion towards
the root tip [89]. Flow takes place because the respiring plant replaces oxygen with carbon
dioxide, which at pH =7 and 25 °C has a solubility in water that is 140 times that of
oxygen [78]. The study of Colmer and Pedersen [90] reveals that the dynamics in pO;
within shoots and roots of submerged plants are related to periods of darkness and light,
which supports the connection of underwater photosynthesis and internal aeration.

In Pontederia cordata L., the innermost layer of ground meristem in adventitious roots
forms the endodermis and aerenchymatous cortex [91]. The comparison of pO, in sub-
merged roots of Rumex palustris Sm. (flood-tolerant) and R. acetosa L. (flood-intolerant)
reveals that roots of the former remain oxic, while in the latter, root pO, drops significantly
(to 4.6 and 0.8 kPa, respectively) [92].

2.4. Mangrove Forest

Ferns of the genus Acrostichum L. (closely related to Ceratopteris) live rooted in man-
grove vegetation and other settings [93]. All parts of these plants have large air spaces,
including the roots. Aerenchyma are found in the roots of Acrostichum fossils, which sug-
gests a coastal paleoenvironment [94]. Fonini et al. [95] also report large aerenchyma in the
leaves of species A. danaeifolium Langsd. & Fisch., which is a feature endemic to mangrove.
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A species of palm, Nypa fruticans Wurmb. or “snorkeling palm” adapted to life in
mangrove forests; usually only the leaves appear above the water surface. These leaves
eventually abscise when aging, but the leaf bases remain, and function as air inlets by
developing a network of lenticels covering the leaf base [96]. These lenticels are connected
with expansigenous aerenchyma [96]. The lenticels allow gases through, but prevent the
entry of fluid water. The air spaces of the lenticels are connected to air spaces via the
underwater stem to the roots. The first- and second-order roots have a small central stele
surrounded by a wide zone of cortex with very spacious air channels, which develop after
the separation and dissolution of cells. The mature crown may contain 6 to 8 living leaves,
and 12 to 15 bulbous leaf bases at a time [97]. These leaf bases can function for up to 4 years
after leaf abscission [96].

The main constituent of mangrove forests includes various types of mangrove species,
which are not all closely related. Various mangrove species developed a variety of unique
adaptations [98]. Most species possess structures, such as pneumatophores, knee roots, or
stilt roots, which provide ventilation during low tides [99]. Studies by Scholander et al. [100]
reveal that high oxygen pressure in the roots of Rhizophora L. is maintained via ventilation
through the lenticels of the stilt roots. The cortex of Rhizophora roots have interconnected
schizogenous intercellular spaces, extending to within 150 pm of the tip [101].

Pneumatophores act as “snorkels” from the roots of Sonneratia apetala Banks (Figure 10).
Pneumatophores have numerous lenticels connected with aerenchyma; however, the pneu-
matophore development phase significantly affects the volume of gas spaces, since young
pneumatophores have a less-developed lacunose cortex, in comparison to mature pneu-
matophores [98]. In S. alba Sm., root porosity in different root types ranges from 0 to
60%. Cable roots and pneumatophores have the highest ratio of aerenchyma per area
(50-60%) [101]. The changes in cortex cells with developing gas spaces suggests schizoge-
nous and lyzogenous formation of aerenchyma [102].

Figure 10. Pneumatophores of the mangrove tree Sonneratia apetala Buch. Ham. From Zhang et al. [103].
Creative Attribution license.

Comparing mangrove species belonging to various orders, Cheng et al. [104,105] find
that the more air spaces the roots possesses, the greater the flooding tolerance. Curran
et al. [106] conclude that Avicennia marina (Forsk.) Vierh. does not need airflow because the
diffusion of oxygen satisfies the oxygen requirement. Oxygen enters the pneumatophores
of this species through lenticels and “horizontal structures” on the pneumatophores [107].
The volume of gas spaces determined in the roots of this species is 40-50% [108].
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2.5. Other Wetland Species

Baldcypress (Taxodium distichum (L.) Rich) is a conifer in the south—east of the USA,
which can grow under both very wet and dry conditions. Growing in water, T. distichum
develops “knees” emerging from the roots, which may be involved in oxygen transfer
(Figure 11) and carbohydrate storage [109]. Under root and knee submergence, internal
O, concentrations are significantly higher than during drawdown [110]. The knees do not
possess gas conduits, so Rogers [109] concludes that knees serve to aerate the phloem in
the inner bark for the oxygen requirements of the phloem, and downward conduction
of oxygen dissolved in the phloem sap. Wang and Cao [111] report that flooding in T.
distichum increases the porosity of the roots, stems, and leaves and, consequently, enhances
O, diffusion to roots.

Figure 11. “Knees” emerging from the roots of baldcypress, Taxodium distichum (L.) Rich. in Arkansas,
USA. From Middleton [112]. CC BY 4.0 license.

Some tree species in wetlands develop adventitious roots from the trunk during
the rainy season, as an adaptation to the flooded environment. In Syzygium kunstleri
(King) Bahadur and R.C. Gaur that is native to Borneo and Malaya, oxygen transportation
occurs through aerenchyma in the root tips, periderm near the root base, and secondary
aerenchyma between layers of phellem [113].

The roots of species colonizing flood forests and riparian zones are often subjected
to water-saturated soil. Schroder [51] and Grosse and Schroder [4,50] find a thermo-
osmotically driven gas flow in Alnus glutinosa (L.) Gaertn. from the external air, through the
stems to the roots. A temperature difference of up to 3.6 degrees exists in other Alnus Mill.
species between the intercellular spaces and the external air [114]. As the temperature dif-
ference increases from 0.6 to 3.6 °C, due to increasing light (from 50 to 200 wmol m~2 sh,
the pressure difference between the external air and the intercellular spaces in the stem
increases from 5 to 17 Pa. An efficient thermo-osmosis process needs a narrow passage,
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comparable in width to the mean free path lengths of the gas molecules (ca. 0.1 pum),
between two compartments of different temperatures. However, some pressurization
is possible with larger pores [115]. Details of thermo-osmosis of gases are provided by
Denbigh [116], and Denbigh and Raumann [117]. In short, the pressures p1 and p2, which
can develop in two compartments (designated 1 and 2), are determined by the equation:

PN _ (L1
ln(pZ) - K*<T1 iV

where T1 and T2 are the absolute temperatures of the two compartments, and K a constant.

The constrictions in the pathway that are needed for the development of thermo-
osmotic gas flow in alder are related to the lenticels in the bark of the stem [118,119]. Gas
flows from the colder external atmosphere to the warmer intercellular spaces.

In contrast, Armstrong and Armstrong [120] use A. glutinosa as an experimental species,
and find that the thermo-osmotic gas flow is incompatible with the species plant anatomy,
and so claim that roots are supplied with oxygen produced by chlorophyll-containing
stems. The apparent discrepancy in the results of Armstrong and Armstrong vs. Grosse’s
group may be due to a difference in the age of the plants used by the two research groups,
or to differences in submergence times. But the experiments by Dittert et al. [119] offer
another explanation. They find that under experimental conditions, when the temperature
of the trunk is kept above the temperature of the air, thermo-osmotic gas transport takes
place, while under natural conditions (in Germany), there is only transport by diffusion,
at all times of the year. Batzli and Dawson [121] find that in Alnus rubra Bong., lenticels
develop (in this case on roots and root nodules) after 50 days of flooding.

3. Diversity of Ventilation Systems

Similar physical processes of ventilation occur in different taxonomical and functional
plant groups that thrive in oxygen-deficient sediment; however, their morphological adap-
tations differ significantly (Table 2). Functional traits of these plants are not only the species’
response to specific environmental conditions, but they also depend on their phylogeny.
Jung et al. [11] find specific trends of aerenchyma patterns in several taxa of higher plants,
and show that these patterns partially coincide with their phylogeny. The study of Cape
reeds reveals that the presence of aerenchyma correlates with the eco-hydrological niche at
the population and species level, indicating that waterlogging presents an environmental
filter that excludes species without aerenchyma [122]. Bedoya and Madrinan [123], study-
ing the evolution of the aquatic habit in genus Ludwigia L., find a convergence towards
the absence of secondary growth in roots, smaller proportion of lignified tissue area in
underground organs, and the presence of primary aerenchyma. However, there are also
studies that are not consistent with these results. For example, the study of different Carex L.
species in a phylogenetic context, with an even sampling across the different clades, shows
that the size of the aerenchyma has only a weak relation to soil moisture [124]. Carex species
with poorly developed aerenchyma have low performance in flooded soil, while partial
submergence may even affect species with a larger amount of root aerenchyma [125].

Table 2. Ventilation mechanisms in different taxonomical and functional plant groups that thrive in
oxygen-deficient sediment.

Plant Group Taxonomic Group Source of Gasses Ventilation Principle Special Features Reference
Wat tabolis Diffusion,
Submerged Isoetids ater, metabolism, aeration of rhizosphere Aerenchyma, CAM [38,44]

Sediment via buried leaves

Angiosperms

Water, metabolism, Diffusion Metabolic gasses

Sediment trapped in aerenchyma [29,31]
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Table 2. Cont.

Plant Group Taxonomic Group Source of Gasses Ventilation Principle Special Features Reference
‘Heat pump’ drives
gasses from the
Nuphar s Air, metabolism Pressurized ventilation, atmosphere via young
Floating P PP/ o 4 thermo-osmotic gas natant leaves, petioles e.g., [4548,51]
Nymphaea spp. Sediment )
transport, to roots and back, via
older leaves to the
atmosphere
Pressurized ventilation,
influx via laminal Leaf lamina with fewer
stomata of natant leaves and smaller stomata,
. . through aerenchyma to leaf central part with
. Air, metabolism, . -
Nelumbo nucifera . rhizomes; back from larger and denser [53-55]
Sediment R . .
rhizomes through stomata, which actively
aerenchyma in petiole regulate the airflow by
through stomata in leaf opening and closing
central part
Air moves through
stomata through
branches, via
Equiscturt spp.—4 Air, possibly also Pressurized ventilation, interconnecting
out of 9 have . e aerenchyma channels
Helophytes metabolism, humidity-induced ) . [60,61]
through-flow . X . in stem and rhizomes,
. sediment diffusion, . .
convection with venting through
the previous year’s
stubble or damaged
shoot.
Pressurized ventilation, Via leaves, stems to
Air, possibly also suction via old broken root system, partly to
Phragmites spp. metabolism, stems (Venturi-effect), sediment (ROL), and [58,63-65,126]
sediment air films on leaves when back to stems, leaves,
submerged and atmosphere
Air, sediment,
possibly me'tabohsm, Pressurized ventilation, .
oxygen in the . Air enters through
. leaf stomata create inner .
Typha spp rhizosphere may be pressure middle-aged leaves, [58,73,74,76]
w ’ obtained from the . ! and exits through the e
o air films on leaves when
decomposition of oldest ones
. submerged
hydrogen peroxide
by catalase
Water-repellent leaf
surface; air layer up to
Flow from above-ground 2 > hm large air spaces
Air films on leaves parts via roots by inside leaves and roots,
Oryza sativa o ? the porosity of [81,83,89]
when submerged diffusion, and possibly "
adventitious roots, a
also by mass flow L
barrier in roots to
prevent radial O, loss
from roots
Species of mangrove Acrostichum spp. All plant.parts have [94,95]
forest large air spaces
Bases of abscised leaves
function as air inlets, by “snorkeling palm”
Nypa fruticans developing a network of leaf bases function up [96]
P lenticels covering the leaf to 4 years after leaf
base connected to abscission
aerenchyma
High oxygen pressure in Special structures, i.e.,
the roots is maintained pneumatophores, knee
Mangroves via ventilation through roots, stilt roots, or [99]

the lenticels on different
root structures connected
with aerenchyma

plant roots, provide
ventilation during low
tides
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Table 2. Cont.

Plant Group Taxonomic Group Source of Gasses Ventilation Principle Special Features Reference
In Alnus glutinosa, the i:};fdrrr;(;-orsrﬁ(t)tg tﬂ oﬂv;/
Other wetland Thermo-osmotically ~ flow is from the external der s re.ated to the
. Alnus spp. X lenticels in the bark of [4,51,120,127]
species driven gas flow atmosphere through the

stems to the roots

the stem,

stem photosynthesis

Taxodium distichum

“knees” emerging from
the roots to the surface of
the water, flooding
increases the porosity of
roots, stems, and leaves,
and enhanced O,
diffusion to roots.

Snorkeling [109]

Syzygium kunstleri

Oxygen transportation
occurs through
aerenchyma in the root
tips, periderm near the [113]
root base, and secondary
aerenchyma between
layers of phellem

Most species use aerenchyma as a ventilation path, and as a reservoir for gases originat-
ing from the atmosphere, soil, and metabolic processes (e.g., respiration, photorespiration,
and photosynthesis). The differences among groups are related either to specific environ-
mental conditions (e.g., emergence, submergence), to specific species anatomy, as is the
case for the lotus, or to metabolic processes and properties related to their growth form
(e.g., emergent, submerged, floating-leaved, rosette, woody plants).

4. Plant Role in Emission of Greenhouse Gases

Ventilation systems are also important in the emission of greenhouse gases. We
concentrate on methane (CHy), although nitrous oxide (N,O) is also important. Although
the global warming potential (GWP) of methane is much greater than that of nitrous oxide
over brief time intervals, nitrous oxide has about twice the warming potential of methane
at a time horizon of 100 years (IPPC 2013), because it persists longer in the atmosphere.
This section focuses on the role of plants rooted in water-saturated soils in the emission of
greenhouse gases. The production of CHy in wetlands depends on carbon availability, soil
redox potential, availability of O,, pH, and temperature, and it is released from wetland
soils by ebullition, convection, diffusion, and ventilation [128,129]. Thus, CH4 emissions
depend on the plant species present, and their abundance [130-132].

A key role in greenhouse gas emission is also played by different growth forms of plants.
On one hand, Kosten et al. [133] find that free-floating plants may reduce methane emissions.
On the other hand, some floating-leaved species contribute significantly to methane emission,
including N. odorata [20], N. nucifera [19], and N. luteum L. [20], and helophytes such as
Juncus effusus L. [134], Spartina anglica and P. australis [135,136], P. mauritianus Kunth [137], T.
latifolia [137], Typha spp. [20,130], and Cyperus papyrus L. [137,138]. In areas colonized by P.
australis and S. lacustris, methane is emitted exclusively by plant-mediated transport, with the
highest emission rates at daytime, and emission peaks following sunrise [139].

The effects of aquatic plants on methane emission are complex [140]. Their dead and
decaying remains provide the raw material for methane production, and their aerenchyma
and gas canals facilitate the transport of methane to the atmosphere. At the same time,
the aeration of their rhizospheres, and their methane-oxidizing microorganisms, decrease
the amount of methane that escapes into the atmosphere [141]. In rice, two mutants with
decreased root aerenchyma cause 70% less methane emission to the atmosphere than the
wild type, while the oxygen transport is only reduced by 50% [142]. However, it is unlikely
that such mutants will be a practical solution to the very high contribution of rice paddies
to the greenhouse gas budget.
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Wetland trees contribute to methane emission, while rainforest trees may function as
sinks [143], except when flooded [144,145]. In Phragmites spp. [136], pressurized gas flow is
important in emission; in the case of these species, the population of methane-producing
microbes in the rhizosphere may be the most crucial factor. The relative importance of these
factors is discussed by Laanbroek [146].

5. Conclusions

Ventilation in different groups of wetland plants that thrive in oxygen-deficient soils
is related to aerenchyma as a ventilation path; however, the mechanisms may differ sig-
nificantly. This diversity is a consequence of (1) phylogeny, as waterlogging presents an
environmental filter that excludes certain species; (2) specific environmental conditions in
plant/species habitat; (3) specific morphological adaptations at plant/species level (as is the
case for water lily and lotus); (4) growth form (e.g., emergent, submerged, floating-leaved,
rosette, woody plants) is related to plant medium (air, water, or both); and (5) metabolic
processes (photosynthesis, respiration, photorespiration) that may act as a source or a
sink of gases. These diverse structures and processes are related to ventilation support,
photosynthesis, and respiration processes. Along with plant ventilation, they contribute to
the oxygenation of otherwise anoxic wetland soils by radial oxygen loss from roots to the
rhizosphere, and, thus, its detoxification, and also facilitate the release of greenhouse gases
from these soils, which sets off a cascade of environmental consequences.
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Abstract: Wetland ecosystems are important habitats for the growth and survival of numerous
terrestrial orchids in Europe. This study reviews the current knowledge on the orchids of wetland
vegetation in the Central Balkans. The orchid flora was analyzed from taxonomic, phytogeographical,
ecological and conservation aspects. The most important taxa include the two Balkan endemics
(Dactylorhiza cordigera subsp. bosniaca and D. kalopissi subsp. macedonica) and the three subendemics
of the Balkans and the Carpathians (Dactylorhiza cordigera subsp. cordigera, D. maculata subsp. transsil-
vanica and Gymnadenia frivaldii), as well as a considerable number of Central European, Eurasian
and boreal orchid representatives. Several orchid taxa occurring in the wet meadows and fens of the
Central Balkans have a southern limit of their distribution in this part of Europe, suggesting that
wetlands are important refuges for them. In total, 33 orchid taxa were recorded in plant communities
from five classes, 10 orders and 17 alliances. Most orchid taxa grow in the following wetland vegeta-
tion types: wet meadows (class Molinio-Arrhenatheretea, order Molinietalia caeruleae, alliances Molinion
caeruleae, Deschampsion cespitosae and Calthion palustris); fens (class Scheuchzerio palustris-Caricetea
fuscae, order Caricetalia fuscae, alliance Caricion fuscae); tall-herb vegetation along mountain streams
and springs (class Mulgedio-Aconitetea); marshes and herb-land vegetation of freshwater or brackish
water bodies (class Phragmito-Magnocaricetea). This study highlights the importance of serpentine
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The orchid family (Orchidaceae) is one of the largest and most diverse families in the
plant kingdom, with approximately 28,000 species and 880 genera [1]. Because of their

Published: 23 December 2022 germination limitation, mycorrhizal specificity and pollinator specialization, orchids are

particularly vulnerable to changes in ecosystem balance, especially changes in moisture

content, light regime, nutrient availability and competition levels [2,3]. Habitat changes
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or their complete destruction have led to the extinction or decline in abundance and
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sent or less abundant in extremely dry deserts, salt marshes and agricultural lands [5,6].
Terrestrial orchids in Europe occur in forests and scrubs, grasslands, meadows, heaths,
tall-herb vegetation as well as in mires, bogs, fens, marshlands and even in anthropogenic
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vegetation [7]. Studies have often pointed out that orchid species occur in different vege-
tation types in different geographic regions and that the greatest differences occur when
comparing the center and the edge of their range [8,9]. According to the “abundant-centre
hypothesis”, species at the edges of their range occur primarily in a limited number of
plant communities, while species at the center of their range usually inhabit a wide variety
of vegetation types [10].

Wetland ecosystems are important habitats for the growth and survival of numerous
orchid species in Europe [6,7]. Due to climate change and global warming, these habitats
are expected to decline or disappear in certain areas, especially near the Mediterranean.
Therefore, the unique orchid flora of these areas can also be expected to decline or disappear.
Knowledge of their spatial distribution and ecological characteristics is of great importance
for conservation. So far, these habitats have been the main topic of several scientific papers.
Some of them summarize the knowledge of habitats and phytocoenological affiliations of
wetland orchids [11-16]. However, recent studies have examined the importance of wet-
land vegetation types as factors affecting the distribution and abundance of orchids [17,18].
In addition, over the past decades, numerous ecological studies have focused on the ef-
fects of wetland management (e.g., mowing) on orchid performance [19,20]. According
to recent studies, orchids inhabiting wetlands in western and central Europe are most
threatened [21-23]. On the other hand, knowledge about which wetland vegetation types
are particularly rich in orchids, which orchids are specialists and which are generalists in
wetland habitats, the impact of geological substrates as factors affecting the abundance and
composition of orchids and the importance of these habitats for conservation in specific
regions of Europe is still limited. Detailed insight into the preferences of wetland orchids
will lead to a better understanding of conservation priorities and the application of conser-
vation plans. In addition, this knowledge will allow predictions of species distribution and
abundance in response to future changes in land cover and climate.

The Balkan Peninsula is an important center of orchid diversity, with the highest
number of recorded species in the Mediterranean region, especially in the Aegean part
of Greece [24,25]. Moreover, the Balkan Peninsula represents one of the most important
centers of diversity of the genus Dactylorhiza, known for its numerous water-demanding
representatives [26]. Although the area of the Central Balkans is insufficiently studied in
terms of orchids, recent research indicates that wetland habitats in this area are important
for many terrestrial orchids [15,18]. The orchids of the wetland vegetation in the Central
Balkans have been studied mostly within the framework of extensive phytocoenological
studies, which include a list of species with information on their abundance and social-
ity [27,28]. Given the strong influence of the humid climate in western Serbia, northern
Montenegro, eastern Bosnia and Herzegovina, northern Albania and the northwestern part
of North Macedonia, the significant presence of wet meadows, bogs, fens and marshes is un-
derstandable. In the Central Balkans, wetland vegetation can be divided into the following
types: (a) submerged rooted herbaceous vegetation of brackish waters (Ruppietea maritimae);
(b) salt marshes within the classes Therosalicornietea and Festuco-Puccinellietea; (c) freshwater
aquatic vegetation (Lemnetea, Charetea intermediae and Potamogetonetea); (d) vegetation of
freshwater springs, shorelines and marshes (Montio-Cardaminetea, Isoéto-Nanojuncetea and
Phragmito-Magnocaricetea); (e) bogs and fens (Oxycocco-Sphagnetea and Scheuchzerio palustris-
Caricetea fuscae); (f) wet meadows (some alliances within the class Molinio-Arrhenathereten);
and (g) tall-herb vegetation along mountain streams and water springs (some alliances
within the class Mulgedio-Aconitetea) [27-32].

The present study represents a synthesis of knowledge on the orchids of the wetland
vegetation of the Central Balkans, based on long-term personal field investigations, check-
ing and revision of herbarium material and published sources. The study is based mainly
on knowledge from Serbia, but also on some data from Bosnia, Montenegro and North
Macedonia. The main objectives were: (i) to analyze the orchid flora of wetland vegetation
from taxonomic, phytogeographical and life-form perspectives; (ii) to provide an overview
of the classes, orders and associations of wetland vegetation in which orchids occur; (iii) to
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determine the richness of orchid taxa in relation to wetland vegetation; (iv) to demonstrate
the importance of geological substrates as factors affecting the distribution, abundance and
composition of orchids; and (v) to identify the main threats to orchids of wetland vegetation
and to draw basic conclusions for orchid conservation.

2. Overview of the Orchid Flora of Wetland Vegetation in the Central Balkans

The overall survey of orchid taxa occurring in the wetland vegetation of the Central
Balkans given here (Table 1) is based on long-term personal field investigations, herbarium
material and relevant published sources. The material in the herbarium of the University
of Belgrade (BEOU) and in that of the Museum of Natural History in Belgrade (BEO)
was reviewed and revised. The nomenclature and taxonomy in this study follow Djordje-
vi¢ et al. [33] and Euro+Med [34].

Table 1. Overview of orchid taxa of wetland vegetation in the Central Balkans with indication of their
degree of representation and chorological groups and life forms. BOR—boreal, CE—Central Euro-
pean, CEM—Central European mountainous, CE-EUX-CAUC—Central European-Euxine-Caucasian,
EAS—Eurasian, MED-SUBMED—Mediterranean-Submediterranean; R—rhizomatous orchids,
I—intermediate type of orchids, T—tuberous orchids.

Taxon Degree Df. Chorological Group Life Form
Representation
Anacamptis coriophora (L.) RM.Bateman, Pridgeon & 3 CE T
M.W.Chase subsp. coriophora
Anacamptis laxiflora (Lam.) R.M.Bateman, Pridgeon g
& M.W.Chase subsp. laxiflora ! MED-SUBMED T
Anacamptis morio (L.) R.M.Bateman, Pridgeon & 4 CE T
M.W.Chase subsp. morio
Anacamptis palustris (Jacq.) RM.Bateman, Pridgeon 1 EAS T
& M.W.Chase subsp. palustris
Anacamptis palustris subsp. elegans (Heuff.) 1 EAS T
R.M.Bateman, Pridgeon & M.W.Chase
Anacamptis pyramidalis (L.) Rich. 4 MED-SUBMED T
Coeloglossum viride (L.) Hartm. 3 BOR I
Dactylorhiza cordigera (Fr.) So6 subsp. cordigera 2 CEM I
Dactylorhiza cordigera subsp. bosniaca (Beck) So6 2 CEM I
Dactylorhiza fuchsii (Druce) So6 subsp. fuchsii 3 BOR I
Dactylorhiza incarnata (L.) So6 subsp. incarnata 1 BOR 1
Dactylorhiza kalopissii subsp. macedonica (J.Holzinger g
& Kiinkele) Kreutz 1 MED-SUBMED I
Dactylorhiza maculata (L.) So6 subsp. maculata 2 BOR 1
Dactylorhiza maculata subsp. transsilvanica (Schur)
h 2 CE I
So6
Dactylorhiza majalis (Rchb.) PEHunt & Summerh.
) 1 CE I
subsp. majalis
Dactylorhiza saccifera (Brongn.) So6 subsp. saccifera 3 MED-SUBMED I
Dactylorhiza sambucina (L.) Soé 4 CE 1
Epipactis palustris (L.) Crantz 1 EAS R
Gymnadenia conopsea (L.) R.Br. 3 EAS I
Gymmnadenia densiflora (Wahlenb.) A.Dietr. 2 EAS I
Gymnadenia frivaldii Hampe ex Griseb. 1 CEM I
Gymmnadenia odoratissima (L.) Rich. 4 CE I
Herminium monorchis (L.) R.Br. 2 EAS T
Neotinea ustulata (L.) R.M.Bateman, Pridgeon & 3 CE T
M.W.Chase
Neottia ovata (L.) Bluff & Fingerh. 3 EAS R
Nigritella rhellicani Teppner & E.Klein 4 CEM I
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Table 1. Cont.

Degree of

Taxon Representation Chorological Group Life Form
Orchis mascula subsp. speciosa (Mutel) Hegi 4 CE-EUX-CAUC T
Orchis militaris L. subsp. militaris 4 EAS T
Platanthera bifolia (L.) Rich. 3 EAS 1
Platanthera chlorantha (Custer) Rchb. 3 CE I
Pseudorchis albida (L.) A.Love & D.Love subsp. albida 3 BOR I
Spiranthes spiralis (L.) Chevall. 4 CE T
Traunsteinera globosa (L.) Rchb. 3 CEM T

In the overview of the orchid flora of wetland vegetation in the Central Balkans, we
have particularly emphasized the degree of orchid presence in wetland vegetation types
(Table 1):

1. species occurs exclusively in wetland vegetation types (at 100% of its sites, it is found
in wetland vegetation types);

2. species grows mainly in wetland vegetation types and rarely occurs in other vegetation
types (at 50-100% of its sites, it is found in wetland vegetation types);

3. species occurs in wetland vegetation types but mostly inhabits other vegetation types
(at 10-50% of its sites, it is found in wetland vegetation types);

4. species rarely occurs in wetland vegetation types and mostly inhabits other vegetation
types (at < 10% of its sites, it is found in wetland vegetation types).

2.1. Richness of Orchid Taxa and Taxonomic Analysis

The floristic composition of the orchid flora of wetland vegetation in the Central
Balkans includes 33 species and subspecies classified in 14 genera (Table 1). Eight taxa occur
exclusively in these vegetation types, while six taxa grow mainly in wetland vegetation
types and rarely occur in other vegetation types (Table 1). On the other hand, there
are 11 taxa that grow in wetland vegetation types but occur more frequently and with
greater abundance in other vegetation types, while eight taxa very rarely occur in wetland
vegetation types (Table 1). The most taxon-rich genera are Dactylorhiza (ten taxa), Anacamptis
(six taxa) and Gymnadenia (four taxa). The genera Orchis and Platanthera are represented by
two taxa, while nine genera (Coeloglossum, Epipactis, Herminium, Neotinea, Neottia, Nigritella,
Pseudorchis, Spiranthes and Traunsteinera) are represented by a single taxon (Table 1).

The genus Dactylorhiza has the highest number of taxa within the total orchid flora
of wetland vegetation in the Central Balkans (Figure 1), which is not surprising consid-
ering that wet habitats (fens, bogs, marshes and wet meadows) are typical habitats for
representatives of this genus [26,35]. The occurrence of a large number of Dactylorhiza
taxa can also be explained by the significant presence of silicate geological substrates in
the study area, known for their high water-storage capacity, which is favorable for the
growth and survival of numerous representatives of this genus [36]. The presence of the
two Balkan endemics (D. cordigera subsp. bosniaca and D. kalopissi subsp. macedonica) and
two Carpathian-Balkan subendemics (D. cordigera subsp. cordigera and D. maculata subsp.
transsilvanica) is particularly important (Figure 1). Dactylorhiza x serbica (H.Fleischm.) So6,
a natural hybrid between D. incarnata subsp. incarnata and D. saccifera subsp. saccifera,
which also inhabits the wetlands, was described in Serbia [33]. In addition, D. maculata
subsp. maculata, D. maculata subsp. trassilvanica, D. cordigera subsp. bosniaca and D. majalis
have a southern limit of their distribution in the Central Balkans [33], making their habitats
of high conservation value in this region. The area of the Central Balkans is also a contact
zone where D. fuchsii and D. maculata subsp. maculata from the west, north and northwest
and D. saccifera from the south and southeast meet [37,38], so there is potential for their
future taxonomic and phylogeographic research. Due to their complicated taxonomy, the D.
maculata and D. majalis groups require detailed taxonomic and phylogeographic research in
the Central Balkans.
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Figure 1. Some representatives of the genus Dactylorhiza of wetland vegetation in the Central Balkans:
(a) Dactylorhiza cordigera subsp. cordigera, (b) Dactylorhiza maculata subsp. maculata, (c) Dactylorhiza
maculata subsp. transsilvanica, (d) Dactylorhiza incarnata subsp. incarnata, (e) Dactylorhiza saccifera
subsp. saccifera, (f) Dactylorhiza sambucina (photos V. Djordjevic).

Three Anacamptis taxa that occur exclusively in wetland vegetation types are Anacamp-
tis laxiflora, A. palustris subsp. palustris and A. palustris subsp. elegans (Figure 2). However,
knowledge on the distribution of these taxa in the Central Balkans is insufficient, as these
taxa are usually presented in the literature under their species rank for the flora of Serbia,
i.e., as Orchis laxiflora Lam. [33]. Therefore, published data on the distribution and habi-
tat preferences of these taxa in Serbia cannot be considered with any degree of certainty.
Recent studies have shown that A. palustris subsp. elegans is the most widespread taxon,
while A. palustris subsp. palustris is a rarer taxon, distributed mainly in the southern part
of the Pannonian plain and very rarely in other parts of the Central Balkans [33,39-41].
Although A. coriophora subsp. coriophora, A. morio subsp. morio and A. pyramidalis occur in
wet habitats, they are more common in other habitat types (mesophilous and xerophilous
grasslands) [15].

Figure 2. Some representatives of the genus Anacamptis of wetland vegetation in the Central Balkans:
(a) Anacamptis palustris subsp. palustris, (b) Anacamptis palustris subsp. elegans, (c) Anacamptis laxiflora
((a) photo I. Stevanoski; (b,c) photo S. Tsiftsis).

Among the Gymnadenia taxa, the Carpathian-Balkan subendemic Gymnadenia frivaldii
(Figure 3a), which occurs exclusively in wetland vegetation types, should be emphasized.
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The center of its distribution is on the mountains of the southeastern Dinaric Alps and
on the mountains of the Scardo-Pindhian province, with a disjunction in the southeastern
Carpathians [42—44]. This species has the southern and western limits of its distribution in
the Central Balkans. Although G. conopsea is very common in wetland vegetation types in
the Central Balkans, where it is often very abundant, this species also grows in other habitats
such as mesophilous and xero-mesophilous meadows, as well as open woodlands [15].

Figure 3. Some representatives of orchids of wetland vegetation in the Central Balkans:
(a) Gymmnadenia frivaldii, (b) Epipactis palustris, (c) Orchis mascula subsp. speciosa, (d) Platanthera bifolia,
(e) Pseudorchis albida, (f) Traunsteinera globosa (photos V. Djordjevic).

The orchid flora of the wetland vegetation of the Central Balkans includes a small
number of representatives of the genera Epipactis and Neottia, known for their typical forest
representatives. The species Epipactis palustris (Figure 3b), which occurs exclusively in
wetland vegetation, is widespread throughout the Central Balkans [43]. Neottia ovata, on the
other hand, is an ecologically very plastic species that grows in wetland vegetation as well
as in other vegetation types, including forests [6,41,45]. The genus Orchis is also represented
by only a few representatives, which is not surprising knowing that the species of this
genus tend to grow in xerophilous and mesophilous habitats and often in forest ecosystems.
Among the representatives of orchids, Pseudorchis albida (Figure 3e) and Traunsteinera globosa
(Figure 3f) are of great importance, because these species have the southern limit of their
distribution in the Central Balkans.

2.2. Phytogeographical Analysis

Chorological analysis of the orchid flora of wetland vegetation in the Central Balkans
revealed the presence of six chorological groups (Figure 4). The chorological types for
phytogeographical analysis were determined according to the principles defined by Meusel
etal. [46,47], Meusel and Jager [48], Stevanovi¢ [49] and Djordjevi¢ et al. [33]. The occurrence
of orchids from different chorological groups can be explained by the fact that the Central
Balkans is located in an area influenced by different floristic-vegetation regions due to
historical, geological, geomorphological and climatic reasons and the considerable altitude
differences in the study area.
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Figure 4. Spectrum of basic chorological groups of the orchid flora of wetland vegetation in the
Central Balkans. CE—Central European; EAS—Eurasian; CEM—Central European mountainous;
BOR—Boreal;, MED-SUBMED—Mediterranean-Submediterranean; CE-EUX-CAUC—Central
European-Euxine-Caucasian.

The chorological analysis of the orchid flora of wetland vegetation in Serbia indicates
a pronounced dominance of orchids belonging to the Central European and Eurasian
chorological groups (Figure 4). The Central European chorological group includes nine taxa
from six genera (Anacamptis, Dactylorhiza, Gymnadenia, Neotinea, Platanthera and Spiranthes).
The significant representation of Central European orchids is not surprising, considering
that a large part of the Central Balkans has a temperate-continental climate and many
different types of habitats where the majority of orchids of this chorological group occur.
The Central European mountainous group is represented by five taxa from four genera
(Dactylorhiza, Gymnadenia, Nigritella and Traunsteinera). Considering the numerous high-
mountain areas in the Central Balkans, orchid representatives from this chorological group
are expected.

The Eurasian chorological group includes nine taxa from seven genera (Anacamptis,
Epipactis, Gymnadenia, Herminium, Neottia, Orchis and Platanthera) (Table 1). Many orchids of
this chorological group are characterized by great ecological plasticity, which allows them
to grow and survive in different habitats. Gymnadenia conopsea, Neottia ovata and Platanthera
bifolia are among the least specialized and most widespread species [6,15,18].

The boreal chorological group has a significant presence—five orchid taxa from three
genera (Coeloglossum, Dactylorhiza and Pseudorchis). Their occurrence in the Central Balkans
can be explained not only by historical factors but also by favorable climatic conditions,
adequate habitats as well as by the widespread presence of siliceous geological substrates.
The fact is that most siliceous substrates, especially acidic and intermediate igneous rocks,
have a high water-holding capacity, and siliceous substrates occupy large areas at higher
altitudes suitable for many representatives of boreal orchids [36].

The Mediterranean-Submediterranean chorological group includes four taxa from two
genera (Anacamptis and Dactylorhiza). While A. laxiflora is distributed mainly in the Mediter-
ranean and Submediterranean regions and is less common in continental areas, A. pyrami-
dalis and D. saccifera are species widely distributed throughout the Central Balkans [41].
However, the localities of D. kalopissi subsp. macedonica and D. saccifera in the Central
Balkans represent their northern distribution limits in this part of Europe. In addition,
D. kalopissi subsp. macedonica occurs in the Central Balkans only in North Macedonia but is
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also distributed in Albania, Greece and Bulgaria [50]. Orchis mascula subsp. speciosa is the
only taxon belonging to the Central European-Euxine-Caucasian chorological group.

2.3. Life Forms

The orchid representatives of wetland vegetation in the Central Balkans are terres-
trial orchids that display characteristics of the geophyte life form [51,52]. However, we
classified orchids according to the concept presented by Tsiftsis et al. [24], Averyanov [26],
Stipkova et al. [53] and Djordjevié et al. [54]: (1) rhizomatous orchids; (2) “intermediate
orchids” (intermediate in evolutionary history between rhizomatous orchids and orchids
with spheroid tubers), i.e., orchids with palmate, fusiform, or stoloniferous tubers; and
(3) tuberous orchids, i.e., orchids with spheroid tubers. The structure of life forms of orchids
of wetland vegetation in the Central Balkans is shown in Figure 5.

20
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Number of orchid species and subspecies
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Rhizomatous orchids Orchids with palmately Orchids with ovoid and
lobed and fusiform tubers spindle-shaped tubers

Figure 5. Structure of life forms of orchids of wetland vegetation in the Central Balkans.

The orchid flora of wetland vegetation in the Central Balkans is dominated by "inter-
mediate orchids" (orchids with palmately lobed and fusiform tubers) (Figure 5). This group
includes 19 orchid taxa from six genera (Coeloglossum, Dactylorhiza, Gymnadenia, Nigritella,
Platanthera and Pseudorchis). Among these orchids, taxa of the genera Coeloglossumni, Dacty-
lorhiza, Nigritella and Gymnadenia have palmately lobed (finger-like) tubers, whereas species
of the genus Platanthera are characterized by fusiform tubers. The significant presence of
these orchids in the wetland vegetation of the Central Balkans is not surprising considering
the origin and evolutionary development of orchids of this life form. The first occurrences
of “intermediate orchids” have been associated with Alpine orogeny, i.e., the emergence
of lower-temperature mountain habitats [26]. These orchids significantly expanded their
range as a result of cooling at the end of the Neogene and in the Pleistocene and were able
to colonize areas with plains where the degradation of the Tertiary thermophilic flora took
place [26]. Therefore, they can be considered to have well-developed adaptations to the
cold and wet conditions of the habitats.

The group having ovoid and spindle-shaped tubers includes 12 orchid species and
subspecies classified into six genera (Anacamptis, Herminium, Neotinea, Orchis, Spiranthes and
Traunsteinera). A lower proportion of orchids with spherical tubers in wetland vegetation is
to be expected since these orchids usually inhabit dry and semi-dry habitats. Their tubers
represent the final stage in the development of the underground organs of orchids, which
enable many representatives to survive in habitats with dry and warm conditions [24].
However, A. laxiflora, A. palustris subsp. palustris and A. palustris subsp. elegans are taxa
that represent exceptions to the rule and grow exclusively in wetland vegetation types.
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There are only two orchids with rhizomes (Epipactis palustris and Neottia ovata). The smaller
number of representatives of rhizomatous orchids is understandable because it is known
that these orchids occur mainly in forest ecosystems [6,15].

3. Wetland Vegetation

Terrestrial orchids are widely represented in various types of wetland vegetation,
including wet meadows, as well as bogs, fens and marshes [15,18,55,56]. In this section,
an overview of the main wetland vegetation types with terrestrial orchids and literature
sources is presented (Table 2). A total of 33 orchid species and subspecies were recorded in
plant communities from five classes, 10 orders and 17 alliances (Table 2). The syntaxonomic
nomenclature follows Mucina et al. [57] and Peterka et al. [58].

Table 2. Overview of wetland vegetation types with terrestrial orchids in the Central Balkans.

Vegetation Vegetation Order Vege.talmn Orchid Species and Subspecies Literature Sources
Class Alliance
Anacamptis palustris subsp. elegans, Anacamptis morio subsp. morio,
. P Dactylorhiza incarnata subsp. incarnata, Dactylorhiza maculata subsp.
Molinio- Molinietalia . . . . : - .
Calthion palustris maculata, Dactylorhiza maculata subsp. transsilvanica, Dactylorhiza cordigera )
Arrhenatheretea caeruleae Koch . y ; . . [15,18,41,59-62]
Tx. 1937 subsp. cordigera, Dactylorhiza cordigera subsp. bosniaca, Dactylorhiza
Tx. 1937 1926 . ¢ i . . .
saccifera, Epipactis palustris, Gymnadenia conopsea, Neottia ovata, Platanthera
bifolia, Traunsteinera globosa
Anacamptis coriophora subsp. coriophora, Anacamptis morio subsp. morio,
Anacamptis palustris subsp. palustris, Anacamptis palustris subsp. elegans,
Anacamptis pyramidalis, Dactylorhiza fuchsii, Dactylorhiza incarnata subsp.
Molinio- Molinietalia Molinion caeruleae incarnata, Dactylorhiza maculata subsp. maculata, Dactylorhiza maculata
Arrhenatheretea caeruleae Koch Koch 1926 subsp. transsilvanica, Dactylorhiza majalis subsp. majalis, Dactylorhiza [15,18,41,60,63-70]
Tx. 1937 1926 saccifera, Dactylorhiza sambucina, Epipactis palustris, Gymnadenia conopsea,
Herminium monorchis, Neotinea ustulata, Neottia ovata, Orchis mascula subsp.
speciosa, Orchis militaris, Platanthera bifolia, Platanthera chlorantha,
Pseudorchis albida, Spiranthes spiralis, Traunsteinera globosa
Anacamptis coriophora subsp. coriophora, Anacamptis morio subsp. morio,
Anacamptis palustris subsp. palustris, Anacamptis palustris subsp. elegans,
Molinio- Molinietali Deschampsi Dactylorhiza cordigera subsp. cordigera, Dactylorhiza incarnata subsp. [15,18,40,41,60,62,66
Arrhenatheretea caeruleae Koch cespitosae Horvati¢ incarnata, Dactylorhiza maculata subsp. maculata, Dactylorhiza maculata 71:74]r 41,00,62,06,
Tx. 1937 1926 1930 subsp. transsilvanica, Dactylorhiza saccifera, Epipactis palustris, Gymnadenia
conopsea, Neotinea ustulata, Neottia ovata, Platanthera bifolia,
Traunsteinera globosa
Molinio- Filipendulo ;\U/I;;i[fﬁ’;me—hmcion
Arthenatheretea ulfqunae_—Loterulm inflexi T. Miiller et Dacfyla_rhzza mcaznufﬂ subsp. mcmmlru,J Da_cfylnrl(tzu saccifera, Epipnc_tzs_ [15,18,41,75]
uliginosi Passarge ” palustris, G c , G densiflora, Platanthera bifolia
Tx. 1937 1975 Gors ex de r
Foucault 2009
Molinio- Trifolio-Hordeetalia Trifolion pallidi Anacamptis morio subsp. morio, Anacamptis palustris subsp. palustris
Arrhenatheretea . liianic P PiL 1 L % I ’ PHs p P- P! ’ [15,18,41,76-78]
Tx. 1937 Horvatic¢ 1963 Tlijani¢ 1969 Anacamptis palustris subsp. elegans
Molinio- Trifolio-Hordeetalia Trifolion resupinati Anacamptis Corwp}xom subsp. gormphnrq, Anacamptis laxiflora, Anacamptis
Arrhenatheretea i ! . morio subsp. morio, Anacamptis palustris subsp. elegans, [74,79-86]
Horvati¢ 1963 Micevski 1957 2
Tx. 1937 Gymnadenia conopsea
Molinio- s . Molinio-Hordeion
Arrhenatheretea gﬁ’gg;{g‘;’gg;mha secalini Horvati¢ Anacamptis laxiflora [87]
Tx. 1937 1934
Molinio- Potentillo- o Anacamptis coriophora subsp. coriophora, Anacamptis palustris subsp.
. Potentillion . . ; L
Arrhenatheretea Polygonetalia anseringe Tx. 1947 palustris, Anacamptis palustris subsp. elegans, Dactylorhiza incarnata subsp. [68,71,88]
Tx. 1937 avicularis Tx. 1947 . incarnata, Orchis militaris
Mulgedio-
Aconitetea . o . . . .
Hadag et Klika Adgngstyletalm Czrsum' ) Dac{ylorhzza maculata‘ subsp. maculal“a, Ductylorhzza sambucz‘na, Dactylorhzza
in Klika et alliariae Br.-Bl. appendiculati cordigera subsp. cordigera, Dactylorhiza saccifera, Gymnadenia frivaldii, [74,89,90]
1930 Horvat et al. 1937 Gymmnadenia odoratissima, Gymnadenia conopsea, Nigritella rhellicani

Hadac 1944c
1944

Phragmito-

Magnocaricetea
Klika in Klika
et Novak 1941

Phragmitetalia
Koch 1926

Phragmition Anacamptis palustris subsp. palustris, Anacamptis palustris subsp. elegans,
communis Koch Dactylorhiza incarnata subsp. incarnata, Dactylorhiza kalopissii subsp. [15,18,41,60,91-93]
1926 macedonica, Epipactis palustris, Gymnadenia conopsea
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Table 2. Cont.

Vegetation Vegetation

Class Vegetation Order Alliance Orchid Species and Subspecies Literature Sources
Phragmito- . . . . . .
Moot Mooy Magnoricon s il s, aipln, sosempts i sibsp oo
Klika in Klika Pignatti 1953 elatae Koch 1926 G T R
et Novak 1941 Y psea, Lrauns 8
Phragmito-
Magnocaricetea Magnocaricetalia Magnocaricion . .
Kiita inKika  Pignatt 1953 graclis Gehu 1061 Anacamptis palustris subsp. elegans (86,951
et Novak 1941
Scheuchzerio Caricetalia Caricion
palustris- davallianae Br-Bl davallianae Klika Dactylorhiza cordigera subsp cordigera, Dactylorhiza cordigera subsp. bosniaca, [15,27,41,69]
Caricetea fuscae 1950 o 1934 Epipactis palustris, Gymnadenia frivaldii e
Tx. 1937
Anacamptis coriophora subsp. coriophora, Anacamptis morio subsp. morio,
Dactylorhiza cordigera subsp. bosniaca, Dactylorhiza cordigera subsp.
Scheuchzerio cordigera, Dactylorhiza incarnata subsp. incarnata, Dactylorhiza kalopissii
palustris- Caricetalia fuscae Caricion fuscae subsp. macedonica, Dactylorhiza maculata subsp. maculata, Dactylorhiza [15,18,27,41,59,62,74,
Caricetea fuscae Koch 1926 Koch 1926 maculata subsp. transsilvanica, Dactylorhiza majalis subsp. majalis, 89,93,96-103]
Tx. 1937 Dactylorhiza saccifera, Epipactis palustris, G denia conopsea, G deni
frivaldii, Herminium monorchis, Neottia ovata, Nigritella rhellicani, Platanthera
bifolia, Pseudorchis albida, Traunsteinera globosa
Scheuchzerio Narthecion scardici
palustris- Caricetalia fuscae Horvat ex Lakugic G denia frivaldii, G denia conopsea, Dactylorhiza cordigera subsp. [27,90,102,104]
Caricetea fuscae Koch 1926 1968 cordigera, Dactylorhiza cordigera subsp. bosniaca, Pseudorchis albida e
Tx. 1937
Scheuc}}zerw . . Sp hagnu—Canczon Dactylorhiza cordigera subsp. cordigera, Dactylorhiza incarnata subsp.
palustris- Caricetalia fuscae canescentis . ta. Dactylorhi lata sub: lata. Dactylorhi It [15,27,41,103]
Caricetea fuscae Koch 1926 Passarge (1964) incarnata, Dactylorhiza maculata subsp. maculata, Dactylorhiza maculata ,27,41,
subsp. transsilvanica, Epipactis palustris
Tx. 1937 1978
Montio- .
Cardaminetea gﬁzt:;-inemlia Cardamino-
Br.-Bl. et Tx. ex Pawlowski et al Montion Br.-Bl. Dactylorhiza cordigera subsp. cordigera [89]
Klika et awlowskietal — ygpq
1928
Hadac 1944

Orchid richness in relation to vegetation classes, orders and alliances in the Central
Balkans is presented in Figures 6-8. The greatest number of orchids was recorded in the
class Molinio-Arrhenatheretea (28 taxa or 84.9% of the total analyzed orchid flora), followed
by Scheuchzerio palustris-Caricetea fuscae (19 taxa), Phragmito-Magnocaricetea (nine taxa),
Mulgedio-Aconitetea (eight taxa) and Montio-Cardaminetea (one taxon) (Figure 6).

Molinio-Arrhenatheretea
Mulgedio-Aconitetea

Phragmito-Magnocaricetea

l| 1I 1
©

Scheuchzerio palustris-Caricetea fuscae ———— (G

Montio-Cardaminetea

1
0 5 10 15 20 25 30
= Number of orchid species and subspecies

Figure 6. Richness of orchid species and subspecies in relation to vegetation classes.
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Molinietalia caeruleae

Filipendulo ulmariae-Lotetalia uliginosi
Trifolio-Hordeetalia
Potentillo-Polygonetalia avicularis
Adenostyletalia alliariae
Phragmitetalia

Magnocaricetalia

Caricetalia davallianae

Caricetalia fuscae

Montio-Cardaminetalia

0 5 10 15 20 25 30
= Number of orchid species and subspecies

Figure 7. Richness of orchid species and subspecies in relation to vegetation orders.

Calthion palustris

Molinion caeruleae
Deschampsion cespitosae
Mentho longifoliae-Juncion inflexi
Trifolion pallidi
Trifolion resupinati
Molinio-Hordeion secalini
Potentillion anserinae

Cirsion appendiculati
Phragmition communis
Magnocaricion elatae
Magnocaricion gracilis
Caricion davallianae

Caricion fuscae

Narthecion scardici
Sphagno-Caricion canescentis

Cardamino-Montion

0 10 20 30
= Number of orchid species and subspecies

Figure 8. Richness of orchid species and subspecies in relation to vegetation alliances.

Concerning vegetation orders, the greatest number of orchids was recorded in the
Molinietalia caeruleae (26 taxa or 78.8% of the total analyzed orchid flora), followed by
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Caricetalia fuscae (19 taxa), Adenostyletalia alliariae (eight taxa), Filipendulo ulmariae-Lotetalia
uliginosi, Trifolio-Hordeetalia, Phragmitetalia, Magnocaricetalia (six taxa each) and Potentillo-
Polygonetalia avicularis (five taxa) (Figure 7). The smallest number of orchid taxa was found
in the orders Caricetalia davallianae and Montio-Cardaminetalia (Figure 7).

Regarding the affiliation to vegetation alliances, the greatest number of orchid taxa
was recorded in the Molinion caeruleae (24 taxa or 72.7%), followed by Caricion fuscae
(19 taxa), Deschampsion cespitosae (15 taxa), Calthion palustris (13 taxa), Cirsion appendiculati
(eight taxa), Mentho longifoliae-Juncion inflexi, Phragmition communis (six taxa each), and
Trifolion resupinati, Potentillion anserinae, Magnocaricion elatae, Narthecion scardici and Sphagno-
Caricion canescentis (five taxa each). The smallest number of orchid taxa was found in the
alliances Trifolion pallidi, Molinio-Hordeion secalini, Magnocaricion gracilis, Caricion davallianae
and Cardamino-Montion (Figure 8).

3.1. Wet Meadows

Orchids of the Central Balkans, which require hygrophilous and hygro-mesophilous
habitat conditions, are particularly abundant in communities of the vegetation class Molinio-
Arrhenatheretea. Many orchid taxa, including numerous taxa of the genus Dactylorhiza, were
found in communities of the order Molinietalia caeruleae (mown meadows on mineral
and peaty soils), especially in the alliances Molinion caeruleae, Deschampsion cespitosae and
Calthion palustris (Table 2).

Recent studies from Serbia have shown that in the case of the alliance Molinion caeruleae,
orchids are most abundant in stands of the communities Molinietum caeruleae W. Koch 1926
(Figure 9), Molinio caeruleae-Deschampsietum cespitosae Pavlovi¢ 1951 and Lathyro pannonici-
Molinietum caeruleae Tati¢ et al. ex Aci¢ et al. 2013 [41]. Moreover, it has been shown
that the composition of orchids in this vegetation type largely depends on the bedrock
types. For example, Molinion caeruleae communities in Serbia on Quaternary sediments and
carbonate clastites are particularly suitable for Dactylorhiza incarnata and Anacamptis palustris
subsp. elegans, while Molinion caeruleae communities on serpentine support significant
populations of Platanthera bifolia and Dactylorhiza maculata subsp. transsilvanica [18,105]. The
importance of the order Molinietalia caeruleae as an important vegetation type for orchids
has also been recognized in other European regions. The following orchid taxa have been
recorded in Molinion caerulae communities in Europe: Epipactis palustris, Dactylorhiza majalis,
D. maculata subsp. maculata, Neotinea ustulata, Gymnadenia conopsea, G. densiflora and Neottia
ovata [11,13,45,106].

Figure 9. The association Molinietum caeruleae W. Koch 1926 (Serbia, photos V. Djordjevi¢).
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In the Central Balkans, a significant occurrence of orchids has been noted within the
alliance Calthion palustris, which represents wet grasslands and tall herb communities that
are often unmanaged and found on flat lands along streams or on saturated soils near
headwaters. Orchids are most frequently recorded in communities of Equiseto palustris-
Eriophoretum latifolii Petkovi¢ ex Aci¢ et al. 2013, Scirpetum sylvatici Ralski 1931 (Figure 10),
Calthaetum palustris s.1. and Cirsietum rivularis Nowiriski 1927 (Figure 11). Previous studies
in Europe have shown that Dactylorhiza incarnata, D. maculata, D. majalis, D. praetermissa,
D. saccifera, D. cordigera, Epipactis palustris, Gymnadenia conopsea and Neottia ovata have
significant populations in Calthion palustris communities [11,13,19,45,107-109].

Figure 11. The association Cirsietum rivularis Nowinski 1927 (Serbia, photo V. Djordjevi¢).

In addition, many orchids occur in the Central Balkans in communities of the alliance
Deschampsion cespitosae, which are mown temporarily wet meadows on heavy soils on
floodplains in the forest and forest-steppe zones of (sub)continental Central and East-
ern Europe. The orchids were most frequently recorded in the Central Balkans within
the following communities: Deschampsietum cespitosae Horvati¢ 1930, Agrostio stoloniferae-
Juncetum effusi Cincovié¢ 1959, Junco articulati-Deschampsietum cespitosae Petkovi¢ ex Aci¢ et al.
2013 and Rhinantho borbasii-Festucetum pratensis Gaji¢ ex A¢i¢ et al. 2013 (Table 2). According
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to earlier published data from Europe, Dactylorhiza incarnata, D. saccifera, Epipactis palustris,
Gymnadenia conopsea and Platanthera bifolia are orchids commonly found in communities of
this alliance [11,13,107].

Some orchids in the Central Balkans have significant representation within the vegeta-
tion order Filipendulo ulmariae-Lotetalia uliginosi (tall-herb wet meadow fringe vegetation on
mineral soils) (Table 2). Within this order, Epipactis palustris and Dactylorhiza incarnata are
among the most common species, especially abundant in Mentho longifoliae-Juncion inflexi
communities [18,41].

Orchids are less prevalent in communities of the vegetation order Trifolio-Hordeetalia
(Table 2). This vegetation type represents the wet meadows of the humid continental
regions of the north-central Balkans, occurring on clayey, mesotrophic to eutrophic soils on
riverside terraces and gentle slopes along the rivers [32,57,110]. Anacamptis palustris subsp.
elegans is one of the most common taxa that have been recorded both in communities of the
alliance Trifolion resupinati (vegetation of wet meadows of the subarid continental regions
of the Southern Balkans) and in communities of the alliance Trifolion pallidi (vegetation of
wet meadows of the humid continental regions of the north-central Balkans). Anacamptis
laxiflora is especially common in communities of the alliances Trifolion resupinati (Cynosuro-
Caricetum hirtae K. Micevski 1957, Hordeo-Caricetum distantis K. Micevski 1957 and Trifolietum
nigrescentis-subterranei K. Micevski 1957) and Molinio-Hordeion secalini [79].

Some orchid taxa in the Central Balkans have been recorded in communities of the
order Potentillo-Polygonetalia avicularis Tx. 1947 and the alliance Potentillion anserinae Tx.
1947 (Table 2). These are temporarily flooded and heavily grazed nutrient-rich pastures
experiencing variable wet-dry or brackish-freshwater alternating conditions of temperate
Europe [57,110,111].

3.2. Tall-Herb Vegetation along Mountain Streams and Springs

Representatives of the family Orchidaceae are less abundant in communities of the veg-
etation class Mulgedio-Aconitetea in the Central Balkans (Table 2). This vegetation represents
tall-herb vegetation in nutrient-rich habitats moistened and fertilized by percolating water
at high altitudes in Europe, Siberia and Greenland [57]. Within this vegetation class, certain
orchid species were recorded in communities of the order Adenostyletalia alliariae (tall-herb
vegetation on fertile soils at high altitudes of temperate and Mediterranean Europe) and the
alliance Cirsion appendiculati (tall-herb vegetation on acidic soils along mountain streams
and springs at high altitudes of the Eastern and Central Balkans) (Table 2).

3.3. Marshland Vegetation

In the Central Balkans, orchids also inhabit marsh communities of the class Phragmito-
Magnocaricetea (reed, sedge bed and herb-land vegetation of freshwater or brackish water
bodies and streams of Eurasia) (Table 2). Based on recent studies in the Central Balkans, it
can be stated that especially Dactylorhiza incarnata and Epipactis palustris are significantly
represented in the communities of Magnocaricion elatae (Magnocaricetalia) and Phragmition
communis (Phragmitetalia) (Figure 12), whereas Anacamptis palustris subsp. elegans is recorded
in the community of Magnocaricion gracilis (Magnocaricetalia). In Germany, E. palustris has
also been recorded in communities of Magnocaricion elatae (marsh vegetation on oligotrophic
to mesotrophic organic sediments of temperate Europe) [107]. In addition, Dactylorhiza
incarnata, D. majalis, Epipactis palustris, Hammarbya paludosa and Liparis loeselii were found
in the Czech Republic, Hungary and Germany in communities with Phragmites australis as
a strongly represented species [109,112].
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Figure 12. The association Phragmitetum australis Savi¢ 1926 (Serbia, photo V. Djordjevic).

3.4. Vegetation of Bogs and Fens

The vegetation class Scheuchzerio palustris-Caricetea fuscae (fens, transitional mires
and bog hollows in the temperate, boreal and Arctic zones of the Northern Hemisphere)
represents important vegetation types for many moisture-demanding orchid taxa in the
Central Balkans (Table 2). This vegetation type has been estimated to occupy less than
0.001% of the total Serbian territory [18], so the existence of 19 orchid taxa in these wetland
communities in the Central Balkans indicates its great conservation value. Moreover,
recent studies in western Serbia indicated that four orchids (Dactylorhiza cordigera subsp.
cordigera, D. maculata subsp. maculata, D. saccifera and Gymnadenia frivaldii) were significantly
correlated with this vegetation class [18]. Orchids in the Central Balkans were recorded
in communities of the order Caricetalia fuscae (sedge-moss vegetation of acidic fens in the
boreal and temperate zones and in the supra-Mediterranean belt of mountains in Southern
Europe) (Table 2). Within the order Caricetalia fuscae, orchids are significantly represented
in the following communities: Carici-Sphagno-Eriophoretum R. Jovanovi¢ 1978, Eriophoro-
Caricetum paniculatae R. Jov. 1983 (Figure 13), Eriophoro-Caricetum echinatae V. Randjelovié
1998 (within the alliance Caricion fuscae), and Sphagno-Caricetum nigrae P. Lazarevi¢ 2016,
Molinio-Sphagnetum fusci P. Lazarevié¢ 2016, Sphagno-Caricetum rostratae P. Lazarevié 2016
(within the alliance Sphagno-Caricion canescentis) (Table 2).

Orchids belonging to the alliance Carici-Nardion V. Randelovi¢ 1998 at the national level
are assigned to the alliance Caricion fuscae [57,58]. These are wet communities dominated
by Nardus stricta, which are not well defined and for which research is still needed, not
only in ecological terms but also in terms of nomenclature and classification. Some of
the typical orchid taxa in these communities are Anacamptis coriophora subsp. coriophora,
Dactylorhiza sambucina, D. maculata subsp. maculata, D. maculata subsp. transsilvanica,
D. cordigera subsp. bosniaca, D. cordigera subsp. cordigera, Gymnadenia conopsea, Platanthera
bifolia and Traunsteinera globosa. In addition, it should be noted that the separation of the
alliances Sphagno-Caricion canescentis and Caricion fuscae in the area of the Central Balkans
requires additional studies.
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Figure 13. The association Eriophoro-Caricetum paniculatae R. Jov. 1983 (Serbia, photo V. Djordjevic).

The specificity of the Central Balkans is the presence of orchids in the alliance Narthe-
cion scardici, which represents relic oro-Mediterranean moderately-rich fens of the Balkans.
Within this alliance, orchids are significantly represented in the community Carici-Narthecietum
scardici Ht. 1953 [102]. The communities of this alliance have great conservation value,
hosting significant populations of Gymnadenia frivaldii, Dactylorhiza cordigera subsp. cordi-
gera, D. cordigera subsp. bosniaca and Pseudorchis albida. Orchids in the Central Balkans
are less prevalent in communities of the vegetation alliance Caricion davallianae (sedge-
moss calcareous mineral-rich fen vegetation of Europe and Western Asia) within the order
Caricetalia davallianae (Table 2).

Communities of the class Scheuchzerio palustris-Caricetea fuscae are considered impor-
tant for the growth and survival of numerous orchids in Europe. The following orchids
have significant representation within this vegetation class in other European countries:
Anacamptis palustris subsp. palustris, Liparis loeselii, Dactylorhiza cordigera, D. maculata,
D. majalis, D. fuchsii, D. incarnata, D. lapponica, D. russowii, D. traunsteineri, Epipactis palustris,
Gymnadenia densiflora, G. frivaldii, G. conopsea, Malaxis monophyllos, Herminium monorchis,
Hammarbya paludosa, Neottia ovata, Platanthera bifolia, Pseudorchis albida, Spiranthes aestivalis
and S. sinensis [11-13,19,45,57,112-117].

3.5. Vegetation of Springs

In the Central Balkans, orchids are less common in communities of the vegetation
class Montio-Cardaminetea (vegetation of springs of Europe, the European Arctic archipela-
gos and Greenland) (Table 2). Within this vegetation class, only Dactylorhiza cordigera
subsp. cordigera was found in communities of the order Montio-Cardaminetalia and the
alliance Cardamino-Montion (vegetation of springs with cold and nutrient-poor water in the
subalpine and alpine belts of mountains of central and southwestern Europe).
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4. Geological Substrates

The geological substrates and soil properties represent important factors influencing
the diversity patterns of terrestrial orchids [7,17,118,119]. Recent studies in the Central
Balkans have shown that the bedrock type significantly affects the distribution, abun-
dance and composition of orchids of wetland vegetation and that the greatest differ-
ences occur when comparing orchids in habitats on serpentine, carbonate and silicate
bedrocks [18,36,105]. These studies underline the important role of bedrock types in sep-
arating niches of orchid taxa. Differences in the chemical and physical composition of
geological substrates and soils also affect the size of orchid populations [105].

The carbonate geological substrates and soils are the most important for the growth
and development of orchids in Central Europe [6,36,120,121]. The great representation
of orchid taxa on carbonates in the Central Balkans is explained not only by the physical
and chemical properties of the substrate but also by the considerable surface area of
this substrate, considering that carbonate substrates are represented from lowlands to
high-mountain areas [36]. However, many orchids, known to be characteristic species
of carbonate habitats, have also been found on non-carbonate geological substrates in
the study area. For example, Epipactis palustris, Dactylorhiza fuchsii, Gymnadenia conopsea,
Nigritella rhellicani and Neotinea ustulata were found to grow in the Central Balkans on
limestone-dolomite and carbonate clastites, as well as on various types of silicate substrates,
whereas previous studies indicated that these species occur mainly or exclusively on
carbonate substrates [6,11,13,122].

Recent studies on orchid ecological preferences suggest that wet habitats on serpen-
tines are particularly important to the survival of numerous orchid species [18,36,105].
Orchids with large population sizes that are common in wet habitats on serpentines in
the Central Balkans include Gymnadenia conopsea, Platanthera bifolia, Dactylorhiza maculata
subsp. transsilvanica, D. maculata subsp. maculata, D. sambucina, D. incarnata, Anacamptis
coriophora and A. morio, whereas Coeloglossum viride, Traunsteinera globosa, Spiranthes spiralis,
D. saccifera and A. pyramidalis occur somewhat less frequently on these substrates [36,41].
The surprisingly large number of orchid taxa found in wet habitats can be explained by the
physical and chemical properties of serpentine soils, especially their low nutrient content, as
most orchid species are sensitive to increased phosphorus, nitrogen and potassium content
in the soil [118,123-126]. It is known that serpentine substrates allow the development of
open habitats with a generally low level of competition between plants, which enables
the survival of low-competitive orchid taxa that have high light requirements [105]. In
addition, mycorrhizal fungi are thought to play a key role in increasing tolerance to high
levels of heavy metals in serpentine soils. Although serpentine soils are characterized by
high concentrations of Ni, Cr and Co, an unfavorable ratio of Ca to Mg, and low content
of macronutrients (N, P and K) [127], the impact of these specific characteristics is much
lower when soils are moist and well developed, which is usually the case in wetlands
on serpentine bedrock. This is one possible reason why many species characteristic of
carbonate substrates are abundant in serpentine wetlands.

Orchids growing in wetland vegetation in the Central Balkans are very common on
ophiolitic mélanges and sandstones from the Carboniferous and Permian periods, which
include diabase, gabbro, spilite, cherts, sandstones, shales and marls of the Jurassic period,
and sandstones from the Carboniferous and Permian periods. The great abundance of
orchids on these geological substrates is due to their heterogeneous composition since these
volcanogenic-sedimentary formations (the old name is "diabase-chert formation") usually
contain diabase and cherts [128-130]. Orchids highly represented on ophiolitic mélanges
and sandstones from the Carboniferous and Permian periods include the Carpathian-Balkan
subendemics (Dactylorhiza cordigera subsp. cordigera, D. maculata subsp. transsilvanica,
Gymnadenia frivaldii), as well as Anacamptis morio, A. coriophora, A. pyramidalis, Epipactis
palustris, Traunsteinera globosa, Neotinea ustulata, Platanthera bifolia, Pseudorchis albida, Dacty-
lorhiza incarnata, D. maculata subsp. maculata, D. fuchsii and D. saccifera. On the Stara planina
mountain (eastern Serbia), on the substrate of the "red sandstone formation": conglom-
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erates, sandstones and siltstones from the Permian period, significant populations of the
following orchids were found in wetland vegetation: Gymnadenia frivaldii, G. conopsea,
Pseudorchis albida, Dactylorhiza cordigera subsp. cordigera, Dactylorhiza saccifera and Traun-
steinera globosa [131].

Many species inhabiting wetland vegetation in the Central Balkans have been found
on metamorphic rocks (schists, gneisses and phyllites) [18,36]. Among them, those that
occur mainly in high-altitude areas and are rare in the study area stand out. For exam-
ple, Gymnadenia frivaldii and Nigritella rhellicani are very common on phyllites on Golija
Mountain in western Serbia [41]. A recent study revealed that these two orchids are indi-
cator species of schists, gneisses and phyllites [18]. Orchids are found very often on this
bedrock type in western Serbia and on Kopaonik mountain, Mts Sar-Planina and Vlasina
Plateau [62,99,132]. Other orchid taxa that have a large presence on schists, gneisses and
phyllites in the Central Balkans are Dactylorhiza maculata subsp. maculata, D. incarnata,
D. saccifera, Gymnadenia conopsea, Anacamptis morio, Platanthera bifolia, Traunsteinera globosa
and Epipactis palustris [18,36,41,62,99,132].

Some orchid taxa of wetland vegetation in the Central Balkans have been recorded on
acidic igneous rocks [18,36,41]. Orchids that occur to a considerable extent on quartz latites are
Dactylorhiza incarnata, D. maculata subsp. maculata, D. saccifera, D. sambucina, Nigritella rhellicani,
Gymnadenia conopsea, Coeloglossum viride and Traunsteinera globosa, while the orchids that are
particularly abundant on granodiorites are D. cordigera subsp. cordigera, D. cordigera subsp.
bosniaca, D. saccifera, G. conopsea, G. frivaldii and T. globosa [18,36,41,62,99,132]. Furthermore,
orchid taxa of herbaceous wetlands were found growing on intermediate igneous rocks
(andesite, dacite and porphyrite) [18,36,41]. Among these species, the following should be
highlighted: Anacamptis morio, A. laxiflora, Dactylorhiza incarnata, Epipactis palustris, Gymnadenia
conopsea, Platanthera bifolia and Traunsteinera globosa.

In the Central Balkans, numerous water-demanding orchids have been found on
Quaternary sediments that include proluvial and alluvial deposits, eluvial-deluvial sed-
iments and fluvial terraces. Anacamptis palustris subsp. palustris, Anacamptis palustris
subsp. elegans, A. morio, A. pyramidalis, Dactylorhiza incarnata, D. saccifera, Epipactis palustris,
Gymnadenia conopsea, Neottia ovata, Orchis militaris and Traunsteinera globosa grow on this
type of substrate [18,36,41]. The lowest number of orchid species in the wetlands of the
Central Balkans was recorded on flysch, which is a series of sedimentary rocks where marls,
clay shales, sandstones, conglomerates and limestones are the most common [133]. Among
the species that occur on this type of substrate, the following are noteworthy: Dactylorhiza
maculata subsp. maculata, Anacamptis morio, Gymnadenia conopsea, Platanthera bifolia and
Traunsteinera globosa [18,36,41].

5. Threat Factors and Conservation Priorities
5.1. Threat Factors

Factors threatening orchids of wetland vegetation in the Central Balkans can be classi-
fied into several groups: (a) hydrologic regime alteration; (b) pollution; (c) uncontrolled
urbanization, industrialization and construction of transport infrastructures; (d) grazing in-
tensity, mowing time and frequency; (e) agriculture; (f) tourism; (g) invasive and non-native
species; (h) collection of orchids; and (i) climate change.

Hydromelioration works, soil drainage, creation of hydroaccumulations, capture of
springs, channelization of natural runoff, deepening and straightening of river courses
and other forms of hydrologic regime alterations are the main factors threatening water-
demanding orchids in the Central Balkans. In Pestersko polje (southwestern Serbia),
significant changes in the hydrological regime were made when a system of canals, dams
and levees was built to divert the water basin into the Uvac hydropower system [27]. It is
assumed that due to the drainage of the central part of Pestersko polje, the groundwater
level has decreased and the vegetation has developed from fen communities of the class
Scheuchzerio palustris-Caricetea fuscae to wet and mesophilous meadows [27,41]. It is impor-
tant to emphasize that uncontrolled water use at springs and in the headwaters of rivers,
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especially in mountainous regions, affects the water balance of entire regions and poses a
potential threat to many orchid species.

Various forms of physical, chemical and biological pollution, directly and indirectly,
threaten orchids of wetland vegetation in the Central Balkans. A direct negative impact can
be seen in the vicinity of agricultural land, rural households, transport routes, industrial
plants and tourist facilities. Orchids are particularly threatened by wastewater discharge,
municipal waste disposal and soil nitrification. Since orchids are particularly sensitive to
increased levels of nitrogen and phosphorus in the soil [118], their lower occurrence has
been observed in wet meadows and fens near farms that use artificial or natural fertilizers
and pesticides. One of the examples is Div¢ibare (northwestern Serbia), where waste oil,
fuel oil and fecal water are occasionally discharged into the upper reaches of the river
from restaurants and hotels. This polluted the soil, surface and groundwater and directly
affected the degradation of this part of the mire area [41].

Uncontrolled urbanization, industrialization and construction of transport infrastruc-
tures without ecologically oriented spatial planning pose a significant threat to orchids
of the Central Balkans. Urbanization and road construction have destroyed many wet
habitats of orchids, especially in lowland areas and near tourist centers. Roads cut through
natural ecosystems, disrupt or prevent communication between coenobionts, increase
the erosion process and affect water and soil pollution, threatening orchids directly and
indirectly. Incidentally, based on studies that included over 8,000 plant species, it was
found that representatives of the family Orchidaceae have the highest risk of disappearing
from the immediate vicinity of cities [134]. Among the many negative consequences of
urbanization, the above authors pointed out in particular the decline of orchid populations
and competition with invasive species. A particularly sharp decline in orchid populations
due to a high degree of urbanization was observed in the northern areas of Western Europe
(northern France, Belgium and Luxembourg) [5,22].

Intesive grazing and mowing in lowland, mountain and high-mountain areas of the
Central Balkans negatively affect orchid taxa in wetland vegetation. Extensive animal
husbandry leads to the intensification of erosion processes, damage to soil structure and
quality, and thus to negative zoo-anthropogenic selection of plant cover. Grazing by cattle
and sheep leads to the spread of the species Nardus stricta L. and the degradation of many
mires and wet meadow ecosystems. Livestock management is the greatest threat to the
survival of endangered plant species in Europe [135]. The negative consequences are not
only due to direct grazing, but the impoverishment of the floristic composition of plant
species is mainly due to nitrification and soil compaction. Early mowing of wet meadows
has a negative impact, especially, on orchids that complete their reproductive phase (seed
formation) by the time of mowing. The negative effects of this factor are mainly seen in
the reduction of cross-pollination. It is important to note that the complete abandonment
of traditional activities such as mowing or grazing would threaten the survival of many
orchid species, as open habitats would thus be threatened by the development of forest and
shrub vegetation [135]. Without the above-mentioned traditional activities, mires and wet
meadows are particularly at risk due to the establishment of forest vegetation [27]. Previous
studies have shown that mowing to some extent reduces competition between plants in the
habitat and thus has a beneficial effect on the development of orchid populations. Regular
annual mowing, when carried out in seasons when orchids do not appear above ground,
has been shown to be beneficial to the optimal development of many species of the genus
Dactylorhiza [19,20].

The spreading of arable land at the expense of natural ecosystems (wet meadows, fens
and marshes) threatens orchids in the Central Balkans. In addition to the direct loss of
natural habitats where orchids grow, the negative effects of the formation of agroecosystems
can be seen in the fragmentation of habitats, fertilization of the soil and pollution of the soil
with chemical substances, especially pesticides.

Uncontrolled tourism development is another important factor threatening orchids
in the wetlands of the Central Balkans. Tourism has a negative impact on the status
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of orchid populations, especially in the mountain tourist areas of the Central Balkans.
The negative effects of this factor are manifested in the fragmentation and destruction
of wet habitats where orchids grow, disruption of the water balance, ruderalization of
ecosystems and pollution of air, water and soil [136]. The most severe impacts of tourism
have been found in the mountains of Zlatibor and Kopaonik (Serbia), where many wet
habitats have been destroyed or degraded. Previous research has shown that orchids in
tourist areas are threatened primarily by habitat loss, picking by individuals, trampling
of areas and ecosystem disturbance by motor vehicles and bicycles, as well as horseback
riding [136-138].

Invasive and non-native species also threaten orchids in the Central Balkans. The
negative impacts due to the disruption of cenotic relationships and reduction of biodiversity
are most evident in lowland areas, near roads, agricultural lands, rural households and
tourist centers, where many wet meadows are ruderalized and under the strong influence of
invasive and non-native species (Erigeron annuus, Conyza canadensis, Ambrosia artemisiifolia,
Ailanthus altissima, Robinia pseudoacacia and others) [41]. However, the negative impacts of
non-native and invasive species in high-altitude areas have not been observed. In North
America, invasive and non-native species threaten especially orchids of mire habitats [5].

Although orchid collecting is the most important threat to orchids on the global IUCN
Red List [139], this factor does not pose a significant threat to wetland orchids in the
Central Balkans. The consequence of picking orchids is a decrease in reproductive success,
considering that they are prevented from cross-pollination and reproduction by seed [139].
The aboveground parts of orchids are harvested for their decorative flowers, especially in
tourist areas. The use of orchid tubers for the production of the drink salep has been noted
in the PeSter region (southwestern Serbia) and North Macedonia [140]. From a survey in
the Pester area, it appears that the locals use mainly Anacamptis morio and Gymnadenia
conopsea for the production of the drink salep [41]. The production of salep threatens the
survival of many orchid species, especially in the eastern Mediterranean countries, where
salep is traditionally used as a food, tonic and aphrodisiac [141].

Climate change is another factor threatening the survival of orchids of wetland vegeta-
tion in the Central Balkans. Considering that the global temperature has increased in the
last century (1.1 °C warming since 1850-1900) and that an average warming of 1.5 °C or
more is expected in the next 20 years [142], drought is expected to lead to a decrease in the
distribution of wetlands and consequently of orchids, and many species will be restricted
altitudes. Thus, orchids in lowland and mid-altitude areas are more at risk than at higher
altitudes due to higher temperatures. Orchids that grow exclusively in wetland vegetation
types are most at risk, while orchids that are generalists, i.e., orchids that inhabit other
habitats (dry and semi-dry grasslands and forest habitats), are less at risk. From a recent
study on the effects of climate change on the distribution of Traunsteinera globosa and its
pollinators, it appears that the distribution of T. globosa may decline significantly as a result
of global warming, and pollinators of this orchid will also face a loss of habitat [143]. As a
warmer climate makes growing seasons longer and warmer, increases productivity and
decreases water levels, these effects increase the duration and intensity of interspecific
competition, encourage competing species and force the niches of specialized wetland
species towards narrower pH ranges [144]. This means that orchids known to be weakly
competitive will face stronger competition, and the question for future research is how
climate change will affect orchids with different ecological preferences for soil pH.

In addition to the factors already mentioned, the internal factors affecting the distribu-
tion and abundance of orchids are natural factors that operate during the belowground
(need for mycorrhizal association) and aboveground (need for successful pollination) stages
of orchid development [2,3]. It is important to emphasize that for most terrestrial orchids,
the presence and effectiveness of mycorrhizae in the soil have a greater influence on survival
than other factors.

78



Diversity 2023, 15, 26

5.2. Conservation Priorities

The conservation priorities defined in this study are based on the degree of representa-
tion of orchids of wetland vegetation (Table 1), the marginality and breadth of the species’
niches [18], the size of their populations, the rarity and conservation status of their habitats,
as well as the extent of their geographical distribution.

Special attention should be paid to orchid taxa that occur exclusively or mainly in wet
habitats (Table 1). These orchids have the highest level of habitat specialization [18], the
highest requirements for soil moisture, and their habitats (especially the fens) are the rarest
and most threatened habitats in the study area [27,41]. Moreover, both the study area and the
entire Balkan Peninsula represent one of the most important centers of evolution, diversity
and endemicity of the genus Dactylorhiza, to which most specialists belong [17,18,26,35].
Conservation of these orchids requires ensuring adequate water supply in wet meadows, fens
and marshes, while the optimal performance of many Dactylorhiza taxa can be achieved by
regular annual mowing [19,20].

Special priority should be given to orchids whose southernmost range falls within the
study area (e.g., Dactylorhiza maculata subsp. maculata, D. maculata subsp. transsilvanica,
D. cordigera subsp. bosniaca, D. fuchsii, D. majalis and Traunsteinera globosa). Biomonitoring
of these taxa in light of global warming is necessary because they are expected to respond
rapidly to climatic changes [35].

One of the conservation priorities relates to wet habitats occurring on serpentine in
the study area. Because the wet serpentine habitats of the Central Balkans are less used for
agriculture, they could be considered as potential orchid reserves, especially considering
that orchids are very common in these habitats and have large population sizes. In addition,
wetland vegetation types at higher altitudes, occurring on silicate rocks known for their
water-holding capacity, harbor numerous representatives of orchids and can be considered
the most important habitats for specialized orchids, including an endemic taxon of the
Balkans (Dactylorhiza cordigera subsp. bosniaca) and subendemic taxa of the Balkans and
Carpathians (Dactylorhiza cordigera subsp. cordigera, D. maculata subsp. transsilvanica and
Gymnadenia frivaldir).

6. Conclusions

The presence of 33 orchid species and subspecies was established in the wetland
vegetation types of the Central Balkans. Dactylorhiza is the most taxon-rich genus (with ten
taxa), followed by Anacamptis (six taxa) and Gymnadenia (four taxa). The phytogeographical
analysis shows that representatives of the Central European and Eurasian chorological
groups dominate, followed by orchids of the Central European mountainous and boreal
groups. The analysis of life forms revealed that representatives with palmately lobed and
fusiform tubers are dominant, followed by orchids with ovoid and spindle-shaped tubers
and orchids with rhizomes.

According to the degree of occurrence in wetland vegetation types, eight taxa were
found to occur exclusively in these vegetation types, six taxa grow mainly in wetland
vegetation types and rarely occur in other vegetation types, 11 taxa grow in wetland
vegetation types but occur more frequently in other vegetation types, while eight taxa occur
very rarely in wetland vegetation types. Most of the orchid taxa were found in communities
of the classes Molinio-Arrhenatheretea and Scheuchzerio palustris-Caricetea fuscae; the orders
Molinietalia caeruleae and Caricetalia fuscae and the alliances Molinion caeruleae, Caricion fuscae,
Deschampsion cespitosae and Calthion palustris.

Serpentine and silicate bedrock types and their wet habitats in the Central Balkans are
important for many orchids, suggesting that they may play an important role in orchid
conservation. The study highlights the importance of establishing biomonitoring for orchids
that have southern limits of their distribution in the Central Balkans, in the face of global
warming. Future detailed taxonomic, chorological and ecological studies of orchids of wetland
vegetation in the Central Balkans are necessary to conduct their successful conservation.
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Abstract: Using light (LM, including plastid characterization on fresh material) and scanning elec-
tron microscopy (SEM), as well as a thorough morphological, physical, chemical, and biological
characterization of the habitats, the present study aims at describing three species new to science.
They belong to the genera Eunotia Ehrenb., Planothidium Round and L. Bukht., and Delicatophycus
M.]J. Wynne, and were found in two contrasting spring types in the northern Apennines. The three
new species described differ morphologically from the most similar species by: less dense striae
and areolae, and the absence of a ridge at the valve face-mantle transition (SEM feature) [Eunotia
crassiminor Lange-Bert. et Cantonati sp. nov.; closest established species: Eunotia minor (Kiitz.)
Grunow]; narrower and shorter cells [Planothidium angustilanceolatum Lange-Bert. et Cantonati sp.
nov.; most similar species: Planothidium lanceolatum (Bréb. ex Kiitz.) Lange-Bert.]; barely-dorsiventral
symmetry, set off ends, and lower density of the central dorsal striae [Delicatophycus crassiminutus
Lange-Bert. et Cantonati sp. nov.; most similar species: Delicatophycus minutus M.J.Wynne]. Two of
the three species we described are separated from the closest species by dimensions. Their description
improved knowledge on two taxa (Eunotia minor s.1. and Planothidium lanceolatum s.1.) likely to be
only partially resolved species complexes. We could also refine knowledge on the ecological profiles
of the three newly-described species. Eunotia crassiminor sp. nov., as compared to Eunotia minor,
appears to occur in colder inland waters with a circumneutral pH and a strict oligotrophy as well
with respect to nitrogen. The typical habitat of Planothidium angustilanceolatum sp. nov. appears to
be oligotrophic mountain flowing springs with low conductivity. Delicatophycus crassiminutus sp.
nov. was observed only in limestone-precipitating springs, and is therefore likely to be restricted to
hard water springs and comparable habitats where CO, degassing leads to carbonate precipitation.
Springs are a unique but severely threatened wetland type. Therefore, the in-depth knowledge of the
taxonomy and ecology of characteristic diatom species is important, because diatoms are excellent
indicators of the quality and integrity of these peculiar ecosystems in the face of direct and indirect
human impacts.

Keywords: diatom; springs; size; Eunotia; Planothidium; Delicatophycus; taxonomy; ecology; plastids

1. Introduction

Springs are characterized by rich species pools at the landscape level (y diversity, [1]).
They are unique habitats: multiple ecotones and extremely heterogeneous environments,
offering to the sheltered organisms a wide range of environmental conditions [2]. They are
also the systems where the utility of a deep integration of hydrogeological and ecological
approaches becomes obvious (ecohydrogeology, [3]). However, these ecosystems are
menaced by many threats, the main ones being the water-resource exploitation, and the
reduction of precipitation and recharge due to climate change [4].
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Springs have been classified in many ways, and a number of spring types have
been recognized (e.g., [3]). Those relevant for the present paper are the two following,
contrasting spring types: rheocrenic mountain springs with low conductivity, and limestone
precipitating springs.

Rheocrenic mountain springs with low conductivity are typically high-ecological-
integrity, oligotrophic systems with relevant discharge and current velocity. They provide
a habitat to many threatened-Red-List and recently discovered species (e.g., [5]), but they
are sensitive to disturbance from human activities and climate and environmental change
(e.g., [6,7]).

Limestone precipitating springs (LPS) are a very peculiar kind of spring where hard
water and CO, degassing lead to the precipitation of carbonates. They host relatively
low-diversity assemblages that however include many highly-adapted and characteristic
taxa. This is the only widespread spring type clearly recognized by nature-protection
legislation in the EU, but these springs are nevertheless often affected by many impacts
(e.g., [8]).

Diatoms are the most diverse groups of algae in springs, where they can be excellent
indicators of environmental features and ecosystem integrity [2,9]. Many rare and Red
List diatom species occur in springs. Many diatom species were described from springs,
and it is easy to provide examples also with reference to one of the genera discussed in the
present paper, namely Eunotia: E. arcofallax Lange-Bert., E. braendlei Lange-Bert. et Werum,
E. kruegeri Lange-Bert., E. palatina Lange-Bert. et W. Kriiger, and E. pexii Lange-Bert. [10],
E. glacialispinosa Lange-Bert. et Cantonati [11], E. cisalpina Lange-Bert. and Cantonati, E.
fallacoides Lange-Bert. and Cantonati, and E. insubrica Lange-Bert. and Cantonati [12].

The importance of size in diatom species delimitation has been stressed in classical
diatom literature (e.g., [13]) and current articles combining molecular and morphological
approaches (e.g., [14]). Krammer [13] proposes the ratio of maximal and minimal width as
a reliable means to test the quality of taxa: if >1.5, this ratio would point to an unresolved
species complex whilst it is <1.5 in well-defined species. In this context, Krammer [13]
also recalls Geitler’s [15] first rule on life-cycle form changes: over the population devel-
opmental cycle the apical axis is shortened not only absolutely but also relatively more
strongly than the transapical axis, leading to smaller specimens that are comparatively
wider than larger specimens. Many diatom species were separated from the most similar
species mainly on the basis of dimensions, and it is easy to provide examples as well with
reference to one of the genera discussed in the present paper, namely Eunotia: E. nanopapilio
Lange-Bert., and E. superpaludosa Lange-Bert. [16].

The great biogeographic and conservation importance of the Apennines is confirmed
by the uniqueness of subalpine and alpine belts forming these mountains, peculiar climatic
characteristics, and complex paleogeographic and paleoclimatic history of the region,
combined with high geodiversity [1]. The Northern Apennines differ from the central
and southern ones historically, geographically, and morphologically. They have some
scattered stands of alpine vegetation, dominated by the orophilous central-European,
boreal and Eurasiatic species, as well as a few limited endemics. Owing to its floristic
similarity to the Alps, the summit area of the Northern Apennines has been considered
as the southernmost part of a larger phytogeographic unit that also includes the main
central-European massifs [17]. The described factors formed the autonomy of the Apennine
communities from the Alps and central European mountains. This situation might also
have favoured the discovery of new diatom species in this geographic area [6,18]. The focus
of this paper is on the uniqueness of some representatives from three genera found in the
Northern Apennines: Eunotia Ehrenb., Planothidium Round et L. Bukht., and Delicatophycus
M.].Wynne.

Eunotia Ehrenb. [19] is one of the most diverse diatom genera, consisting of more than
800 species [20] and more than 150 taxa known for Europe [16]. The morphology of the
Eunotia species is characterized by dorsiventral outline, and at least one rimoportula at one
apex. The species in the genus have striae which are punctate externally and interrupted
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near the ventral portion of the valve, and most representatives are characterized by a
“rudimentary” raphe system [16,21]. Although some fossil Eunotia have been described
from New Zealand marine sediments [20], the extant species of the genus are restricted
to freshwater environments [16,22]. The genus includes many species from tropical and
subtropical areas as well, inhabiting mainly oligotrophic waterbodies in the epiphyton
and metaphyton [22-25]. The large majority of the Eunotia species have an ecological
optimum in acidic, low conductivity, and oligo-dystrophic conditions [12,25-27]. New
species of Eunotia are continuously described. Recent examples are Ruwer et al. [28]; E.
nupeliana D.T.Ruwer, L.Rodrigues), and Luo et al. [21]; E. mugecuo F. Luo, Q.-M.You and
Q.-X.Wang, E. filiformis F. Luo, Q.-M.You and G.-X.Wang), who worked on high elevation
aquatic habitats.

The genus Planothidium F.E. Round and L. Bukhtiyarova [29] includes more than
110 names flagged as accepted taxonomically on the basis of the literature listed under the
species name, according to Guiry and Guiry [30]. A search in DiatomBase [31] yielded
142 matching extant records, 67 of which have been verified by a taxonomic editor. The
species of the genus have heterovalvar frustules that are usually solitary, with elliptic to
lanceolate valves. Planothidium taxa are characterized by slightly concave raphe valves and
have an asymmetrical central area and convex rapheless sternum valves with continuous
(‘delicatulum’ type) or interrupted striae on one side showing a clear space in the central
area [32,33]. Along with other morphological characteristics, the central area serves as a
distinguishing feature for the taxa of the genus presenting a shallow depression (named
sinus), a hood (also known as cavum), or the lack of both of these structures [34]. The
genus is formed of species with a wide geographical distribution, from South and North
America [33,35,36], Africa [37,38], Europe [39,40], Asia [34,41], to the Antarctic region
(e.g., [42]). Most species are known from freshwater environments, although there are
some representatives reported from brackish and marine environments, and also from
aerial environments (e.g., [43,44]). The species belonging to this genus are predominantly
epilithic, epipsammic, and epiphytic on aquatic plants and algae [33,34]. The species inhabit
flowing and standing waters, with low to high conductivity, occur from circumneutral to
alkaline waters, and seem to be tolerant up to mesotrophic conditions [33,34,45]. Examples
of recently described Planothidium species are: Planothidium hinzianum C.E.Wetzel, Van de
Vijver and L.Ector [34], P. potapovae C.E.Wetzel and L.Ector [34], P. sheathii Stancheva [33], P.
tujii C.E.Wetzel and L.Ector [34], P. californicum Stancheva and N. Kristan [46], P. nanum
Bak, Kryk et Halabowski [47,48], and P. marganaiensis Lai, L.Ector and C.E.Wetzel [40].

Delicatophycus M.].Wynne [49] is the correct name for the genus known as Delicata
Krammer [50]. This name was invalid because it is a technical term and was amended
by Wynne [49], who also noted that names ending in -phycus (@ikog, phykos), ought
to be neutral, but were treated as masculine in accordance with tradition (International
Code of Nomenclature for algae, fungi, and plants, Shenzhen Code) [51]. The current
circumscription of the genus accounts for eight accepted species names [31], and 28 have
been flagged as accepted taxonomically on the basis of the literature listed under the species
name by Guiry and Guiry [30]. The morphology of the taxa belonging to Delicatophycus is
characterized by dorsiventral valves with a lateral structure of the raphe, the presence of
pseudosigmoids, the absence of apical pore fields and of stigmata, and foramina with a
tendency to form undulated transapical structures externally. The species have strongly
ventrally curved proximal raphe branches, distal raphe fissures deflected dorsally, with
combination of the partly zig-zag shaped striae [50,52]. The representatives of the genus are
found across a large climatic and geographical range: Europe [50], Asia [53,54], Africa [50],
and South and North America [55,56]. The ecological preferences of the genus are still
insufficiently known. However, common species of the genus are found in aerial habitats
(dripping wet moss, wet rocks) and in the littoral of oligotrophic lakes [50]. Even within
this relatively small genus new species are continuously described, a very recent example
being Delicatophycus liuweii Y.-L. Li [57].
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Using light microscopy (LM, both fresh and prepared materials) and scanning electron
microscopy (SEM) observations, as well as a thorough morphological, physical, chemical,
and biological characterization of the habitats, the present study aims to describe in detail
three new species from the genera Eunotia, Planothidium and Delicatophycus found in two
contrasting spring types in the Northern Apennines.

2. Materials and Methods

The samples on which this study is based were collected during surveys for the EBERs
(Exploring the Biodiversity of Emilia-Romagna springs, 2011-2013) project [1]. Samples
were collected by scraping 8-10 stones, and by collecting specimens of the dominant
bryophyte species in three points of the spring area [9], and then digested using hydrogen
peroxide (EN 13,946 2003 [58]). The cleaned material was mounted in Naphrax (refractive
index of 1.74). Relative abundances were determined by identifying and counting a total of
at least 450 valves using a Zeiss Axioskop 2 (Zeiss, Jena, Germany) and x1000 magnification.

Materials (slides, prepared material, and aliquots of the original samples), including
the holotype of the new species, are held at the Diatom Collection of the MUSE—Museo
delle Scienze of Trento (TR) (Northern Italy). Isotype slides and aliquots of prepared
material from the same locality and substratum were deposited at the Diatom Collection of
the Botanical Garden and Botanical Museum of the Freie University of Berlin (B) (Germany)
and at the Diatom Collection of the Academy of Natural Sciences of Drexel University (PH)
(PA, USA).

If not otherwise stated, measurements on 30 different specimens representative of the
size-diminution series were made to obtain ranges and averages of the morphological and
ultrastructural features.

SEM observations were carried out at the University of Frankfurt using a Hitachi
S-4500 (Hitachi Ltd., Tokyo, Japan) and at the MUSE—Museo delle Scienze (Trento) using
a Zeiss-EVO40XVP, Carl Zeiss SMT Ltd., Cambridge, UK at high vacuum on gold-coated
stubs.

Plastid characteristics and type were assessed using Cox [59]. Terminology to describe
valve morphology is based on Round et al. [22].

As concerns the typification of the new species, we chose to use the entire slide as the
holotype following article 8.2 of the International Code for Botanical Nomenclature [51].
The choice for the entire population on the slide is, in our opinion, more consistent with
the fact that most diatom species show an extensive variability during their population cell
cycle.

In an attempt to increase data on the distribution of the three new species, both diatom
and environmental data of selected springs from a comprehensive dataset of the south-
eastern Alps (CRENODAT Project, Biodiversity assessment and integrity evaluation of
springs of Trentino—Italian Alps—and long-term ecological research, 2004-2008 [9]) were
used. We looked for Planothidium angustilanceolatum sp. nov. in the epibryon samples from
ten CRENODAT springs that were selected because counts included at least 100 valves of .
lanceolatum s.1. and because they had an ecomorphology /hydrochemistry consistent with
the type locality of this species. We also looked for Delicatophycus crassiminutus sp. nov. in
the epibryon slides from the five LPS included in the CRENODAT Project.

All the statistical analyses were performed within the R statistical environment [60]. To
find out more about the ecological preferences of Eunotia crassiminor sp. nov. as compared
to Eunotia minor (Kiitz.) Grunow, we considered the 12 CRENODAT sites and the 4 EBERs
sites in which both species occur. If necessary, by revisiting the slide, we carefully checked
the relative abundances of the two species in each site. We then calculated weighted
average, mode, percentiles, minimum, and maximum for each environmental parameter,
tested differences between the two species for statistical significance using t-tests, and
illustrated the preferences of the two species for each factor for which there was a significant
difference with box plots (Figure 3a-1). The R packages used for these Eunotia analyses were
corrplot, weights, and ENmisc. For the biometry part of the study, all relevant morphological
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parameters listed in Table 2 were measured on 100 raphe-valves and 100 rapheless-valves
of Planothidium angustilanceolatum sp. nov. and P. lanceolatum (Bréb. ex Kiitz.) Lange-Bert.,
respectively. The R package plotrix was used for this Planothidium analysis.

3. Results

Eunotia crassiminor Lange-Bert. et Cantonati sp. nov. (Figures 1 and 2)
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Figure 1. LM morphology of Eunotia crassiminor Lange-Bert. et Cantonati sp. nov. (a—gk-q): valve views. (h-j): girdle

views. (a): initial cell. (jk): Chromoplast morphology. (i,m-q): Eunotia minor specimens shown for comparison. All
micrographs bright field, with the exception of 12 which is based on chlorophyll autofluorescence. Scale bar 10 pm.
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Figure 2. (a—g). SEM images of Eunotia crassiminor Lange-Bert. et Cantonati sp. nov. (a—e): External views. (f,g): internal
views. Scale bars 10 um (a—c,e,f), 4 pm (g), 3 um (a—ce f).

Synonymy. Eunotia minor sensu Lange-Bert. et al. [16], Figure 159: 1-7.

To exclude from synonymy: Eunotia minor sensu Lange-Bert. et al. [16], Figure 159:
12-27.

Differential diagnosis versus Eunotia minor (Kiitz.) Grunow [referred to Himanthidium
minus Kiitz., 1844, Material Kiitzing N. 30 from Jever, leg. Koch (=B.M. 17863), see [16],
Figure 158: 14-17. Frustule morphology as in E. minor but specimens on average larger,
appearing more strongly silicified. (Figure 1h,i provides a comparison for the girdle view,
and Figure 1m,n for the valve view). Valve outline and shape variability during the cell
cycle barely different. Length 28-63 (vs. 14-44) um, breadth 6.0-8.0 (vs. 3.5-5.0) pm. Raphe
course with terminal fissures not different. Transapical striae proximally 6-10 (vs. 10-17)
in 10 um, becoming rather abruptly much more densely spaced at the ends, 16-20 (vs.
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becoming gradually denser up to 18-20) in 10 um. Areolae precisely to count only with
electron microscopical techniques.

As is typical for the genus, two elongate chromoplasts lying on the ventral side of the
cell and extending onto the valve faces (Figure 1jk).

SEM (Figure 2)

External view: Areolae 33-36 (vs. 39-41) in 10 um. Sternum (=ventral area) broader
in comparison. Most remarkable distinguishing character a delicate ridge on both valve
margins at the junction between face and ventral/dorsal mantles (e.g., Figure 2a,b,d).
Ridges lacking in E. minor (e.g., Figure 160: 1-2 in Lange-Bertalot et al. [16]) but present
even in small cell-cycle stages of E. crassiminor (Figure 19).

Only one valve pole with a rimoportula in both taxa (Figure 2d,g). A faint pseudosep-
tum sometimes developed at the poles (Figures 23 and 24).

Other characters seen with light microscopy (e.g., striae becoming abruptly much
denser towards the poles, e.g., Figure 2b) could be confirmed.

Type material. HOLOTYPE. Diatom collection of the MUSE—Museo delle Scienze,
Trento, Italy, TR, slide cLIM007 DIAT 1971 (Mt. Penna spring, bryophytes). Collected by M.
Cantonati on the 25th of July 2011. The holotype material is shown in Figure 1a—h,j—m and
Figure 2a-g.

ISOTYPES. Diatom Collection of the Academy of Natural Sciences of Drexel University,
Philadelphia, PA, USA: ANSP GC14462 (slide), ANSP GCM15149 (cleaned material), ANSP
GCM15150 (raw material); -Botanical Museum of the University of Berlin, Germany: B 40
0,041,535 (slide), B 40 0,041,536 (cleaned material), B 40 0,041,537 (raw material).

REGISTRATION.—http:/ /phycobank.org /102929

Type locality. Monte Penna spring (EBERs Project code: MtPe_ShFS-Hi, [1]). Shaded
(Sh) Flowing Spring (FS) with the crustose red alga Hildenbrandia (Hi). Coordinates:
Longitude: 9°30'29.493” E, Latitude 44°29’6.029” N. 1324 m a.s.l. Lithology: ophiolite
(basalts) hard rock aquifer.

Etymology. Resembles E. minor but is larger and with a more robust structure.

Distribution. As yet critically observed with SEM and distinguished from E. minor in
several springs with low conductivity in the south-eastern Alps and in the Northern Apen-
nine but probably occurring elsewhere under appropriate conditions, waiting for critical
differentiation from other morphodemes of E. minor sensu lato. At the type locality, the
new species was more abundant in the epibryon than in the epilithon (relative abundance:
4.9 vs. 2.3%, respectively).

Ecology, co-occurring diatom species, and associated photoautotrophs. Environ-
mental conditions at the type locality: Discharge (L s~1): 3.5, Temperature (°C): 5.3, conduc-
tivity (uS cm™1): 62, alkalinity (neq L™1): 311, pH: 6.6, nitrate (mg L~1): 1.2, TP (ug L™1):
7 (see [1] for more details). As concerns photoautotrophs, in this very shaded source the
competitive balance between large groups (algae, lichens, bryophytes, and vascular plants)
is clearly favorable to the mosses, which cover almost all the lithic substrata [dominance
of Brachythecium rivulare W.P. Schimper, both submerged and, in large portions, emerged,
and a certain relevance of Plagiomnium undulatum (Hedw.) T.J. Kop. and Rhizomnium
punctatum (Hook.) T.J. Kop.]. Vascular plants are not abundant (as cover), and Adenostyles
glabra (Miller) DC. and Saxifraga rotundifolia L. can be mentioned among them. In terms
of cover, bryophytes are followed by lichens. These include two species which are rarely
reported in Italy: Verrucaria madida Orange, an amphibious species in frequently flooded
sites on siliceous rocks, often in association with other aquatic lichens and bryophytes, and
Verrucaria aquatilis Mudd., common both in springs and along streams, in conditions of
perennial/frequent submersion. Benthic macroalgae are rare and mainly represented by
the red freshwater alga Hildenbrandia rivularis (Liebmann) J. Agardh, which is characteristic
of shaded springs with well-buffered waters and medium-high conductivity.

The main co-occurring diatom species at the type locality (at least 5% relative abun-
dance in one of the slides): Achnanthidium minutissimum sp. gr., Amphora inariensis Krammer,
Amphora indistincta Levkov, Brachysira exilis (Kiitz.) Round and D.G.Mann Cocconeis pseu-
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dolineata (Geitler) Lange-Bert., Gomphonema elegantissimum E.Reichardt and Lange-Bert.,
Humidophila perpusilla (Grunow) Lowe, Kociolek, J.R.Johansen, Van de Vijver, Lange-Bert.
and Kopalova, Planothidium angustilanceolatum sp. nov., P. frequentissimum (Lange-Bert.)
Lange-Bert., P. lanceolatum, Psammothidium grischunum Bukht. and Round.

Ecology (Table 1, Figure 3a-1). With reference to temperature, E. crassiminor has a
lower optimum weighted average than E. minor (Table 1); consistently, E. crassiminor also
seems to prefer sites which are more shaded (Figure 3b). As concerns pH (Figure 3e),
interestingly, E. crassiminor appears to prefer circumneutral values whilst E. minor occurs
at slightly acidic ones. E. crassiminor has a higher weighted average for sulphates whilst
E. minor has a higher optimum for manganese (Table 1). In particular, with reference to
nitrogen, E. crassiminor appears to be associated with more strict oligotrophy than E. minor.
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Figure 3. (a-1). Box and whisker plots showing the ecological preferences of Eunotia crassiminor as compared to E. minor.
Only environmental factors/parameters for which statistically significant differences could be found are shown.
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Table 1. Ecological preferences of Eunotia crassiminor as compared to E. minor. Only environmental factors/parameters for
which statistically significant differences could be found are shown.

Eunotia crassiminor Eunotia minor t-Tests

Factor Weighted Average Min Max Weighted Average Min Max t-Value p-Value
Temperature (°C) 5.6 45 9.8 7.8 45 8.7 7.58 5.99 x 10~11
Shading (1-5 scale) 3 1 4 2 2 2 —9.08 1.20 x 10714
Discharge (Ls™!) 2.0 0.0 5.0 43 0.0 20.0 2.0 4.85x 1072
Current velocity (1-5 scale) 3 1 4 2 1 3 —6.07 233 x 1078
pH 6.8 6.4 75 7.0 6.4 6.9 2.8 6.11 x 1073
Ca?* (mg L7 1) 49 2.0 10.3 85 2.0 6.9 2.20 3.11 x 1072
Sulphates (mg L) 5.1 14 115 22 14 43 -7.39 1.45 x 10~ 1
Cl™! (mgL1) 0.4 0.2 1.7 0.8 0.2 0.8 453 228 x 102
TN (ug L1 340 0 1272 649 0 1272 429 7.69 x 1075
SRP (ug L7 2 0 6 2 0 3 —2.25 2.69 x 1072
Mn (ug L1 0.6 0.2 0.2 9.8 7.5 7.5 4.95 259 x 1075
Zn (ng L7 101 0 40 37 0 107 —2.12 3.56 x 102

Taxonomic comments. The obvious heterogeneity of various morphodemes and
problems of identity concerning type and typification of Eunotia minor (Kiitz.) Grunow
have been discussed at length by Lange-Bertalot et al. ([16], pp. 157-160, Figure captions
of plates 158-164). Whilst the true identity of Himanthidium minus Kiitz. is not yet quite
clear, E. crassiminor from the south-eastern Alps can be defined taxonomically and is well
characterized from the morphological and ecological standpoints. It was possible to find
associated in a single sample from a helocrenic spring in the Apennines (Elocrena Lago
Scuro) E. minor and E. crassiminor, both never converging and easy to distinguish with
the light microscope. E. crassiminor roughly resembles E. pomeranica Lange-Bert., Bak et
Witkowski [16] from peat bogs in north-western Poland. However, the latter differs by
almost evenly spaced striae in the proximal and distal parts of the valve, 11-15 and 16-18
in 10 um, respectively. The amount of areolae and striae in the new described species is
less than in similarly compared species. Marginal ridges in SEM view are missing.

Planothidium angustilanceolatum Lange-Bert. et Cantonati sp. nov. (Figures 4 and 5)

Differential diagnosis compared with an associated population of Planothidium lance-
olatum (Bréb. ex Kiitz.) Lange-Bert. Specimens with conspicuously narrower valves,
concerning in particular medium-sized and smaller cell-cycle stages. Valves linear-elliptic
with rounded ends (vs. broadly elliptic to elliptic-lanceolate with broadly rounded ends).
Largest stages rhombic-lanceolate). Length 5-24 um, breadth 2.5-4 um (vs. 13-32 and
5-7.5 um, respectively). Length-to-breadth ratio 2.8-5.8 (vs. 1.6-4.7). Areae, raphe, and
striae are barely different in both taxa, stria density 12-16 in 10 um, considerably variable
in both taxa.

As is typical for the genus, one chromoplast, in girdle view lying against the more
convexly curved valve but extending under the other one; only moderate indentation
between the two shorter lobes (Figure 4m—o; Planothidium lanceolatum plastid shown for
comparison in Figure 4a’,b’).
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Figure 4. (a—h). LM morphology of Planothidium angustilanceolatum sp. nov. (a—o) as compared to a population of
Planothidium lanceolatum co-occurring at the type locality (p-b’). All bright-field micrographs with the exception of (o,b")
which are based on chlorophyll autofluorescence. All valve views, with the exception of (m,n) that are girdle views.
(a—h,p—w): Raphe valves. (i-k,x-z): Rapheless valves. (1-0,a’,b"): Chromoplast morphology. Scale bar 10 um.

Figure 5. (a-i). SEM images of Planothidium angustilanceolatum Lange-Bert. et Cantonati sp. nov.
(a-h), and of P. lanceolatum for comparison (i). (a—e): External views. (f-i): Internal views. (a—c,f,g,i):
Raphe valves. (d,eh): Rapheless valves. Scale bar 1 pum.
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SEM (Figure 5).

Externally the areae of raphid valves are smooth (Figure 5b), whereas the araphid
valves are covered by shallow irregular grooves on both the axial and the central area
(Figure 5d,e), the latter more extended but not restricted unilaterally. The pluriseriate
areolae (3-5 series) extend more or less clearly over the valve face margins onto the mantle.
More in rapheless (Figure 5d) and less in raphid (Figure 5¢) valves. The characteristic uni-
lateral depression, “sinus”, of rapheless valves is very shallow comparatively (Figure 5d,e).

Type material. HOLOTYPE. Diatom collection of the MUSE—Museo delle Scienze,
Trento, Italy, TR, slide cLIM007 DIAT 1971. The holotype material is shown in Figures 4a-o
and 5a-h.

ISOTYPES. Diatom Collection of the Academy of Natural Sciences of Drexel University,
Philadelphia, PA, USA: ANSP GC14463 (slide), ANSP GCM15151 (cleaned material), ANSP
GCM15152 (raw material); Botanical Museum of the University of Berlin, Germany: B 40
0,041,538 (slide), B 40 0,041,539 (cleaned material), B 40 0,041,540 (raw material).

REGISTRATION. http://phycobank.org /102930

Type locality. Monte Penna spring (EBERs Project code: MtPe_ShFS-Hi, [1]). Shaded
(Sh) Flowing Spring (FS) with the crustose red alga Hildenbrandia (Hi) (see the description
of Eunotia crassiminor for complete information).

Etymology. Resembles P. lanceolatum but is narrower.

Distribution. As yet critically observed exclusively at the type location in the North-
ern Apennines and in a spring with very similar hydrochemistry in the southeastern Alps
(Belvedere spring epibryon: 3.7% Planothidium angustilanceolatum sp. nov., 15.6% Planothid-
ium lanceolatum). At the type locality, the new species was clearly more abundant in the
epibryon than in the epilithon (relative abundance: 13.6% vs. 5.4%, respectively).

Ecology, co-occurring diatom species, and associated photoautotrophs. See the de-
scription of Eunotia crassiminor sp. nov. for complete information.

The search for this new species in ten comparable CRENODAT springs allowed us to
find it in the low-conductivity high-mountain (2056 m a.s.1.) spring Belvedere (CRENODAT
Project code: OC2056). Environmental conditions at Belvedere spring: Discharge (L s1):2,
Temperature (°C): 4.5, conductivity (1S cm™1): 60, alkalinity (neq L™1): 360, pH: 6.9, nitrate
(mgL™'): 0.48, TP (ug L™'): 5.

Taxonomic comments. Obviously Planothidium lanceolatum sensu stricto is the closest
related taxon. A population, probably identical with the P. lanceolatum type, is associated in
the samples from the type locality. Geitler [15] described the entire cell cycle of Achnanthes
lanceolata (syn. Planothidium lanceolatum): length of the auxospores (apical axis) 32-36, rarely
up to 40 um; copulating cells (gametes) 11-16, rarely up to 20 pm; smallest cells length:
7 um; breadth, transapical axis, of post-initial cells 8-10 um, of copulating cells 5-7 um,
of smallest specimens 4.5-5 pm, resulting in a length-to-breadth ratio of 4.1, 2.5, and 1.6,
respectively. The cultured clones originate from the calcium-carbonate-rich, oligotrophic
Lake Lunz in the Austrian northern Alps. The valve outlines documented by line drawings
are broadly elliptical in smallest stages and elliptic-lanceolate to rhombic-lanceolate. All
with broadly rounded ends. Valve outlines conforming to P. angustilanceolatum do not occur.
Stria density 13-14 in 10 pm. On the other hand, various photographically documented
specimens from all continents conform to Geitler’s description as far as P. lanceolatum sensu
stricto is concerned, excluding many misidentified similar taxa. Examples are given by
Rumrich et al. ([61], Figure 28: 11-16) from the Andes in Chile, 4000 m a.s.l., Sonneman
etal. ([62], p. 15, Figure 10a—d) from Australia, Dorofeyuk and Kulikovskiy ([63], Figure 41:
1-8, 14-29, Figure 45: 14, 46: 1-6 from Mongolia, Metzelin et al. ([64], Figure 28: 1-8) from
Mongolia, Blanco ([65], Figure 44: 1-22) from Spain, Wojtal ([66], Figure 138: 11-22) from
Poland, Van de Vijner et al. ([67], Figure 23: 7-14, 24: 8-a) from the Ile Crozet Archipelago,
Sub Antarctica.

Other, just roughly similar taxa with comparable size and outlines are: P. frequentissi-
mum (Lange-Bert.) Lange-Bert. in Metzelin et al. ([64], Figure 28: 9-11), P. aff. fragilarioides
sensu Lange-Bert. et Krammer ([68], Figure 88: 16-21), both distinguished mainly by the
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presence of a horseshoe-shaped “cavum”, P. aueri (Krasske) Lange-Bert. distinguished by
striae consisting of biseriate areolae and a “cavum”.

Geitler ([15], p.41, Figure 64a—d) mentioned and displayed by line drawings smaller
specimens that occurred together with P. lanceolatun, 810 pm long, 4 pm broad, resembling
but not identical with P. angustilanceolatum sp. nov. Later on, [69] validly established
Achnanthes lanceolata var. minor (Schulz) Lange-Bert. as an infraspecific taxon, with a type
originating from the Botanical Garden of Vienna, Austria, distinguished by conspicuously
lower dimensions. Length was 6.5-21 um, breadth 3.2-6 pum; copulating cells (gametes)
were 6.5-9.5 um long, ca. 3.9 um broad, primary (initial) cells 18.5-21 um long and 5.5 um
broad. Very likely this taxon is not a synonym of P. angustilanceolatum sp. nov. The valves
of primary cells possessed rhombic outlines, i.e., inflated in the central part, whereas
22 um long stages of P. angustilanceolatum sp. nov. are distinguished by non-inflated
linear to slightly linear-lanceolate outlines. Moreover, the distinctly contoured “horseshoe”-
shaped depressions of the rapheless valves of A. lanceolata var. minor point to a covered
“cavum” rather than to a shallow open depression (“sinus”). Photographically documented
specimens identified by Reichard ([70], Figure 7: 13-15) as Geitler’s taxon display that
character clearly. Thus, it appears to be more closely related to P. frequentissimum and P.
frequentissimum var. minus (Shulz) Lange-Bert. rather than to P. lanceolatum sensu stricto.

Biometry of Planothidium angustilanceolatum sp. nov. at the type locality, compared
with a co-occurring population of P. lanceolatum (Table 2, Figure 6a—e). By means of
the biometry part of the study we could confirm that width (Table 2, Figure 6b) and
length (Table 2, Figure 6a) differ in a statistically significant way between the Planothidium
angustilanceolatum sp. nov. and P. lanceolatum population, being larger in the latter species.
This is underlined also by the length—width relationships plotted in Figure 6e.

Delicatophycus crassiminutus Lange-Bert. et Cantonati sp. nov. (Figures 7 and 8)

Light microscopy. Valves rather weakly dorsiventral, lanceolate, ends distinctly pro-
tracted rostrate-subcapitate (Figure 7a—i). Length 18-27 pum, breadth 3.5-5 um proximally,
becoming ca. 2 pm below the expanded ends, maximum length-to-breadth ratio 6.2. Axial
area narrow, curved, extended gradually to the valve centre, slightly displaced to the ven-
tral side. No set off central area developed, since dorsal striae commonly not, occasionally
very little shortened gradually, never abruptly and barely wider spaced than the subproxi-
mal striae (Figure 7d—g). Occasionally the area system even appears slightly constricted
in the centre. Raphe strongly reverse-lateral towards proximal ends. Terminal fissures
comma-shaped and dorsally bent (see SEM). Dorsal striae radiate throughout, 15-16 in
10 um. Ventral striae are distinctly more narrowly spaced, 18-21 in 10 um, the median ones
at most very little radiate. Areolation of the striae is indistinctly resolvable in LM.

As is typical for the genus, one highly-lobed chromoplast lying with its centre against
the ventral side of the girdle but extending under each valve with longitudinal indentations
(H-shaped); pyrenoid on the dorsal side of the cell (Figure 7k1).

SEM. External and internal views see Figure 8a,b. Basic pattern of the fine structures
is principally the same as in other taxa of the genus, particularly D. minutus M.].Wynne.
However, the wavy appearance of fusing areolae externally is less expressed in our materi-
als probably due to corrosion effects, see likewise Figure 8c for D. minutus. Areola density
3544 in 10 um. Proximal raphe ends deflected to the ventral side, distal ends strongly bent
onto the dorsal mantle, sickle-shaped. Striae in the subcapitate ends become subparallel on
the dorsal side, even convergent on the ventral side.
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Figure 6. (a—e) Morphological characteristics of Planothidium angustilanceolatum sp. nov. at the type locality, compared with
a co-occurring population of P. lanceolatum.
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Figure 7. (a-1). LM morphology of Delicatophycus crassiminutus Lange-Bert. et Cantonati sp. nov. (a-i k1), and of D. minutus

(j) for comparison. All bright-field micrographs with the exception of (1) which is based on chlorophyll autofluorescence.
(k,1): Chromoplast morphology. Scale bar 10 pum.

(a)
Figure 8. (a—c). SEM images of Delicatophycus crassiminutus Lange-Bert. & Cantonati sp. nov. (a,b),
and of D. minutus for comparison (c). (a,c): External views. (b): Internal view. Scale bars 5 pm.
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Type material.

HOLOTYPE. Diatom collection of the MUSE—Museo delle Scienze, Trento, Italy, TR,
slide cLIM007 DIAT 1962 (Carameto spring, epilithon). Collected by M. Cantonati on the
28th of July 2011. The holotype material is shown in Figure 7a—i k1 and Figure 8a,b.

ISOTYPES. Diatom Collection of the Academy of Natural Sciences of Drexel University,
Philadelphia, PA, USA: ANSP GC14464 (slide), ANSP GCM15153 (cleaned material), ANSP
GCM15154 (raw material); -Botanical Museum of the University of Berlin, Germany: B 40
0,041,541 (slide), B 40 0,041,542 (cleaned material), B 40 0,041,543 (raw material).

REGISTRATION.—http:/ /phycobank.org /102931

Type locality. Carameto spring (EBERs Project code: Cara_LPS-sn, [1]). Small (s), near-
natural (n) limestone-precipitating spring (LPS). Coordinates: Longitude: 9°45'35.165" E,
Latitude 44°39'50.840"” N. 758 m a.s.l. Lithology: limestones, flyschs; calcarenites.

Distribution. At the type locality, the new species was found only in the epilithon
(relative abundance: 2.2%). Observations on CRENODAT materials confirmed that the
species is restricted to LPS springs.

Ecology, co-occurring diatom species, and associated photoautotrophs. Environ-
mental conditions at the type locality: Discharge (L sfl): 0.07, Temperature (°C): 12.8,
conductivity (1S ecm~1): 462, HCO;~ (mg L~ 1): 145, pH: 7.7, nitrate (mg L~1): 0.12, TP
(ug L~1): 6 (see [1] for more details). The vegetation occurring in the Carameto spring
belongs to the Adiantion alliance with dominance of the characteristic bryophyte species
Eucladium verticillatum Bruch and W.P. Schimper, Hymenostylium recurvirostrum (Hedw.)
Dixon, and Pellia endiviifolia (Dicks.) Dumort. Other taxa occurring at the type locality, but
all with low cover, were the bryophytes Bryum pseudotriquetrum (Hedw.) Gaertn., Meyer
and Scherb. and Palustriella commutata Ochyra, and the vascular plants Carex flacca Schreb.
and Molinia caerulea (L.) Moench. Species diversity was low (13 taxa), as expected in this
kind of community [71].

Main co-occurring diatom species at the type locality (at least 5% relative abundance in
one of the slides): Achnanthidium minutissimum sp. gr., Achnanthidium trinode Ralfs, Delicato-
phycus minutus, Denticula tenuis Kiitz., Encyonopsis lange-bertalotii Krammer, Gomphonema
tenoccultum E.Reichardt.

Taxonomic comments. Among the moderately few taxa of the genus, only D. minutus
is actually similar (see [50], summarizing table of the taxa with illustrations (pp. 112-113). It
differs mainly by more distinctly dorsiventral symmetry, missing set off ends, and presence
of a central area dorsally. In SEM, external view ([50], Figure 137: 16), striae are distinctly
radiate throughout; convergent striae on the dorsal side of the ends are lacking due to the
simply rounded, not subcapitate ends. Moreover, D. minutus has a higher density of the
central dorsal striae (16-21 vs. 15-16 in 10 um).

4. Discussion

Springs are a unique but severely threatened wetland type. Therefore, the in-depth
knowledge of the taxonomy and ecology of characteristic diatom species is important
because diatoms are excellent indicators of the quality and integrity of these peculiar
ecosystems in the face of direct and indirect human impacts.

The three new species described differ morphologically from the most similar existing
species by: less dense striae and areolae, and absence of a ridge at the valve face-mantle
transition (SEM feature) (Eunotia crassiminor Lange-Bert. et Cantonati sp. nov.; closest estab-
lished species: Eunotia minor); narrower and shorter cells (Planothidium angustilanceolatum
Lange-Bert. et Cantonati sp. nov.; closest established species: Planothidium lanceolatum);
barely-dorsiventral symmetry, set off ends, and lower density of the central dorsal striae
(Delicatophycus crassiminutus Lange-Bert. et Cantonati sp. nov.; closest established species:
Delicatophycus minutus).

Two of the three species we described are separated from the most similar established
species by dimensions. By applying Krammer’s [13] ratio of maximal and minimal width
as a reliable means to test the quality of taxa, we find that we have contributed to improve
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knowledge on two taxa (Eunotia minor s.1. and Planothidium lanceolatum s.1.), which are likely
to be only partially resolved complexes of species because they have a max-min width ratio
of 2 and 2.2, respectively (data of minimum and maximum width taken from [72].

We also could contribute to ameliorate knowledge on the ecological profiles of the
three newly described species. In the case of Eunotia crassiminor sp. nov. data were sufficient
to allow testing for statistical significance. Eunotia crassiminor sp. nov. as compared to
Eunotia minor, appears to occur in colder inland waters with circumneutral pH, and strict
oligotrophy also with respect to nitrogen. In the face of global warming, diffuse airborne
nitrate pollution, and acidification risk, this realized ecological niche singles out Eunotia
crassiminor sp. nov. as a species which is clearly more threatened than E. minor. This
information is very useful as well for the generation and updating of diatom Red Lists
that can provide excellent metrics for the conservation value of inland waters [5]. As far
as the other two newly described species are concerned, data gained on the distribution
were too few to allow for statistical treatment. However, they occur in spring types which
are so peculiar that some generalization, though with caution, can be made. Planothidium
angustilanceolatum sp. nov. was found only in two springs, one in the Northern Apennines
and one in the south-eastern Alps, that however have almost identical morphological,
physical, and chemical characteristics. It can thus be stated that the typical habitat of this
species is oligotrophic mountain flowing springs with low conductivity (approximately
60 uS ecm™1). Delicatophycus crassiminutus sp. nov. was observed only in LPS, and is
therefore likely to be restricted to hard water springs and comparable habitats where CO,
degassing leads to carbonate precipitation.

The correct knowledge of the taxonomy and ecology of the species occurring in
mountain aquatic habitats is of great importance to use diatoms as reliable indicators
of environmental and climate change. Mountain ecosystems are sensitive and reliable
indicators of climate change (e.g., [73]). There are many good reasons for protecting
these freshwater habitats [74]: they are relatively scarce, provide clean water for many
uses, harbour a large number of Red List taxa [compare [7,74], and they are sensitive to
disturbance from human activities [7,12].
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Abstract: The aim of this research was to investigate the structure of the benthic diatom community
and its relations to selected environmental parameters. We collected samples in 16 karst ponds in
the alpine region of Slovenia, where the Alpine karst is found. Since the predominating substrate in
these ponds was clay, the epipelic community was analyzed. Hydromorphological characteristics,
and physical and chemical conditions were also measured at each site. We found 105 species of
diatoms, which belonged to 32 genera. The most frequent taxa were Gomphonema parvulum (Kiitzing)
Kiitzing, Navicula cryptocephala Kiitzing, Sellaphora pupula (Kiitzing) Mereschkowsky (species group)
and Achnanthidium pyrenaicum (Hustedt) Kobayasi. The pond with the lowest diversity was found at
the highest altitude, while, on the other hand, the most species-rich pond was found at the lowest
altitude. Regarding the ecological types, the most common were motile species. We confirmed a
positive correlation between the number of diatom species and the saturation of water with oxygen,
while correlation between species richness and NH,-N was negative. The content of NO3-N and
NHj4-N explained almost 20% of the total variability of diatom community. Unlike our expectations,
we calculated a negative correlation between the diversity of macroinvertebrates and diatoms, which
is probably a consequence of different responses to environmental conditions.

Keywords: epipelon; diatoms; karst ponds; wetlands; southeast Alps

1. Introduction

Ponds are water bodies ranging from 1 m? to 2 hectares, of natural or anthropogenic
origin, with permanent or seasonal water [1]. Researchers used to treat them as lakes, but
ponds differ from lakes due to several characteristics [2]: (a) smaller surface area and depth,
(b) smaller ratio between the volume of water and the shore area, and therefore more
direct contact with the terrestrial environment making them more susceptible to various
influences; (c) smaller drainage basin and therefore bigger isolation [1]; (d) relatively small
volume and water intake, which increases the connection between the sediments and
water column and a more significant impact of sediment on the nutrient content in water,
(e) due to the low water depth, the surface of the entire waterbody could be covered with
macrophytes [3,4]. This is also the main reason why we consider ponds as a type of wetland.
It is characteristic that their conditions change faster than in larger water bodies [5], which
is reflected in large daily and seasonal fluctuations [1,5].

Ponds as a habitat have been neglected in ecological studies [6]. Today, we recognize
them as an important carbon sink, pollution filter, and source of biodiversity, hosting
several specialized and rare species [2,6]. For organisms living in the aquatic environment,
ponds are refuges in degraded and inhospitable areas [1,7].

Karst ponds were made in areas with no surface water bodies (e.g., Karst), where
people had problems with water supply [8]. Although they were used to water livestock
and gardens, they lost their importance when water pipelines were constructed. How-
ever, today they represent an important source of biodiversity, like all other types of
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ponds [1,7,9,10]. Smol and Stoermer [11] suggest that Karstic aquatic habitats are the most
interesting environments in which to study algae, especially diatoms.

With their distribution, they form a network of aquatic ecosystems, which increases
v diversity [1,8]. Biodiversity and abundance of the biota in Alpine ponds significantly
correlate with altitude—with it, the average air temperature decreases, the amount of
local precipitation increases, and UV radiation is more intense. In addition, the organisms
in these environments face high daily and annual temperature differences and have a
short period suitable for growth, which gives cold stenothermic species a better chance of
survival [12-14].

The substrate consisting of clay and silt mostly covers the entire bottom of these
ponds. On such a substrate, an epipelic biofilm develops, which is dominated by diatoms
constituting the basal trophic levels for extensive food webs [15]. Diatoms are present in
different aquatic environments and their sensitivity to various environmental factors, makes
them a good bioindicator of water quality [16]. Recent studies have highlighted the high
level of cryptic diversity of diatoms [17]. The diatom community is influenced by several
factors such as water chemistry (pH, nutrient concentration, and organic load), physical
(electrical conductivity, temperature, light) hydromorphological characteristics (substrate,
water regime), and biotic pressures such as grazing, competition, and parasitism [17-20].

Benthic diatoms are important primary producers in shallow waters where light
penetrates to the bottom [21]. On a fine substrate, a specific epipelic diatom community
usually forms, which is adapted to low light conditions, consisting mainly of motile taxa
that can move through interstitial waters to avoid newly deposited sediments [22]. Due
to their location between substrate and water, they play a fundamental role in various
biogeochemical cycles and dynamics of aquatic ecosystems [23].

The biological characteristics of diatoms, such as cell size class and ecological types,
give us information about the structure of the community [17,24], as well as environmental
conditions. Low-profile diatoms are well adapted to physical disturbances and are more
abundant in waters with low nutrient content [17,24,25]. For high-profile diatoms, the
formation of colonies allows exploiting nutrients that are not available to other groups but
are therefore more exposed to grazing [24,25]. Motile diatoms are fast-growing species.
Their abundance increases with a higher concentration of nutrients and organic load. They
are also well adapted to high physical disorders [24]. Planktic species are present in lentic
water, where they float in the water column [25], but due to sinking they can also be
abundant in phytobenthos [26].

Despite their import roles, karst ponds are disappearing due to the abandonment
of their original use. In addition to natural processes such as overgrowing with plants,
they are also threatened by anthropogenic factors, especially intensification of agriculture,
abandonment of livestock farming, backfilling, the input of non-native species and chemical
pollution [1-3]. Pollutants cannot be sufficiently diluted [27], and nutrients are retained and
potentially recycled by internal processes, which is difficult in the affected ecosystem [4].
All this can be significantly reflected in the structure of the diatom community.

However, we have not found any published work on the epipelic diatom community
in karst ponds. Even the studies of periphytic diatom communities in ponds are rare, which
had been discovered by Sumberova et al. [28]. In central Europe, we have found one paper
about epipelic diatoms in ponds [29], while in southern Europe there are some papers that
analyze epipelic diatoms (e.g., [16,30-33]).

We measured physical, hydromorphological, and chemical factors in 16 ponds at
various locations in the Alpine region and sampled the epipelon. In this paper, we focused
primarily on their response to various environmental characteristics. The study aimed to
determine the species composition of the benthic diatom community in the Alpine karst
ponds, determine the relationships between the structure of diatom community and the
studied parameters, and find out the significant correlation between them.

We hypothesized that: (a) the diatom’s species diversity correlates with the diversity
of macroinvertebrates; (b) the diversity of species will decline with altitude and declining
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of ponds size; (c) the species composition will be significantly affected by the pH and
electrical conductivity of the water and the land use in the drainage basin.

2. Materials and Methods
2.1. Study Sites and Sampling

We chose 16 karst ponds in the alpine region of Slovenia, which is a part of the South—
Eastern calcareous Alps. Since limestone and dolomite are predominating rocks in this
area, the Alpine karst is found there [34]. These water bodies are found in the area of the
Julian Alps (Pokljuka, Jelovica, Ratitovec) and the Kamnik Alps (Krvavec, Velika planina,
and Menina) (Figure 1). During the sample preparation we realized, that there were almost
no frustules in samples from four ponds.

Altitudes (meters a.s..):

I o-400 N
I 400 - 800

7] 800- 1200

[ 1200- 1600

[ 1600 - 2000

I 2000 - 2400
B avove 2400

Austria

Figure 1. Map of sampled karst ponds. The arrow-tips indicate the localities of the studied ponds. Gray
arrows represent ponds where samples contained low number of frustules. POK1, POK2—Pokljuka;
JEL1, JEL2—TJelovica; RAT1, RAT2—Ratitovec; KRV1, KRV2, KRV3—Krvavec; VP1, VP2, VP3—Velika
planina; MEN1, MEN2, MEN3, MEN4—Menina.

Mountain climate prevails in the area, where the average temperature of the coldest
month is lower than —3 °C, and the average temperature of the warmest month depends
on the altitude and location [35]. Macrophyte and macroinvertebrate communities were
studied before in the same ponds and results were published in Zelnik et al. [10].

Sampling took place in August of 2016, during the peak pasture season. Argilal and
clay, respectively, was the only type of substrate present in all sites, so we decided to
sample epipelon. Since we experienced difficulties with cleaning the samples from four
ponds as well as very poor presence of diatom frustules in them, the samples from 12 sites
were studied only (Table 1).

Basic physical and chemical factors were measured with a portable multimeter (EU-
TECH, PCD 650). For each pond, we measured the pH and T of water (°C), electrical
conductivity (uS/cm), total dissolved solids (mg/L), saturation with Oy (%), and O,
concentration (mg/L). For laboratory analyzes, a water sample (1 L) was taken at each site.

In the laboratory, the concentrations of NO3-N (LCK 339), NH4-N (LCK 304), TN
(LCK 138), and orthophosphates (LCK 349) were determined using HACH Lange cuvette
tests. Values were measured in individual samples with a HACH Lange LT 200 spectropho-
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tometer. Dry mass and total suspended solids content (TSS) were determined by filtration
and drying at 105 °C.

Table 1. Information about sampling sites.

Altitude _ GauB-Kriiger Coordinates  precipitation per Year

Code Karst Pond

[m] Y X [mm]

POK1 Pokljuka 1 1201 425202 134889 2200
POK2 Pokljuka 2 1302 424023 133737 2200
JEL1 Jelovica 1 1129 431399 125787 1900

JEL2 Jelovica 2 1138 430695 127923 1900

KRV1 Krvavec 1 1724 464378 128300 1650
Krvavec 2 1509 463564 128355 1600

KRV3 Krvavec 3 1445 464227 127589 1600
RAT1 Ratitovec 1 1577 430192 122130 2100
RAT2 Ratitovec 2 1620 430104 121849 2100
Velika planina 1 1434 475035 128689 1700

Velika planina 2 1481 474750 128275 1700

VEL3 Velika planina 3 1454 474958 128408 1700
MEN1 Menina 1 1318 488084 122280 1250
MEN2 Menina 2 1403 487335 123639 1500
Menina 3 1360 487473 123194 1500

MEN4 Menina 4 1419 487053 123695 1500

2.2. Biotic Analyses

Due to the absence of a firm substrate, diatom samples were taken from the surface
of the loamy substrate. We scraped the top layer of argilal with an area of approximately
2 em?, with a spoon, at a 20-25 cm water depth. The samples were placed into bottles and
37% formaldehyde was added for fixation, in a ratio of 1:9.

Each sample was first homogenized with magnetic stirrer at a rate of 1200 rpm. We
put 2 mL of the sample into a test tube and added 2.5 mL of 65% nitric (V) acid (HNO3).
The samples were heated over a fire until the smoke turned white to remove organic
matter from the sample. After cooling the tube contents were centrifuged with a SIGMA
2-16PK centrifuge, 4 min at 4000 rpm, and the supernatant was discarded. The sample was
further washed with distilled water. The resulting pellet was added to 2 mL of distilled
water and mixed. We put single drops onto slides, dried them, and fixed them with
Naphrax® mountant.

The prepared preparations were examined with an Olympus CX41 microscope under
1000 x magnification, and the first 400 frustules of each sample were determined. Identifi-
cation was performed using the keys of Hoffman et al. [36], Lange-Bertalot et al. [37], and
in some cases Krammer and Lange-Bertalot [38-41].

2.3. Data Analysis

Correlation analysis was performed with PAST program [42]. Some data (land use,
number of habitat types, turbidity) were of the interval type and thus not normally dis-
tributed, so we used Kendall correlation coefficients (tau).

Similarity in taxonomic composition of diatom community between the ponds was
calculated using Serensen similarity index. Diversity was calculated as Shannon-Wiener
diversity index (S-WI) and Margalef diversity index. The trophic index (TI) was calculated
according to Rott et al. [43].

The influence of individual factors on the composition of the diatom community was
checked by direct gradient analyzes. First, we performed a detrended correspondence
analysis (DCA) to determine whether the distribution of the diatom species along potential
gradients is unimodal or linear. We found that the mentioned distribution was unimodal
(Length of gradient: 9.7 S.D.), so we used Canonical Correspondence Analysis (CCA). All
analyzes were performed with the Canoco 4.5 software package [44].
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Environmental parameters were grouped into spatial variables (coordinates, altitude,
annual precipitation, a distance from the next pond or road), substrate (inorganic and
organic), chemical and physical variables, hydromorphological data, drainage basin etc.
We used the method of forward selection to check the effect of individual environmental
factors on the taxonomic composition. The program made 999 permutations in each round,
three rounds were performed. In each next round, we considered only factors with p less
than 0.1. In the last round, we considered the two most statistically significant factors,
that were in fact marginally significant (p = 0.06 and 0.07). Based on two factors that had
a marginally statistically significant effect on the structure of the diatom community, we
also created an ordination diagram in which the ponds are distributed along gradients of
environmental factors.

3. Results
3.1. Structure of the Benthic Diatom Community

A total of 105 species of diatoms were identified in 12 ponds (Table A1). Of these, most
species-rich was JEL1 (43 species) and POK1 (30 species) (Figure 2). The pond with the
lowest number of species was KRV1 (14 species). Dominant species and their proportions
vary significantly between ponds (Table 2). Navicula cryptocephala Kiitzing was the most
dominant in four ponds (POK1, JEL2 MEN2 and MEN4), and it was also present in a
large proportion in RAT1. The pioneer complex Achnanthidium minutissimum (Kiitzing)
Czarnecki was the most common taxon in three ponds (JEL1, RAT2 and MEN2). The
highest dominance index is in POK2 and KRV1, where two dominant taxa represent 77%
of the identified species (Table 2).
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Figure 2. Number of diatom species in individual karst ponds.

Table 2. Dominance index (proportion in %) of the two most common species (highlighted in gray) in studied ponds.
Diatoms that are not dominant in the sample but have a proportion >10% are also shown.

Species

POK1 POK2 JEL1 JEL2 KRV1l KRV3 RAT1 RAT2 VEL3 MEN1 MEN2 MEN4

Achnanthidium minutissimum
Achnanthidium pyrenaicum
Craticula accomoda
Eucoconeis alpestris
Eunotia bilunaris
Eunotia tenella
Gomphonema angustum

13 24 85
13 38 18
16
10
19
41
10 13
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Table 2. Cont.

Species

POK1 POK2 JEL1 JEL2 KRV1 KRV3 RAT1 RAT2 VEL3 MEN1 MEN2 MEN4

Gomphonema parvulum
Navicula cryptocephala
Navicula exilis
Nitzschia acicularis
Nitzschia adamata
Nitzschia palea
Nitzschia perminuta
Nitzschia supralitorea
Pinnularia interrupta
Sellaphora pseudopupula
Sellaphora pupula
Tabellaria flocculosa

11 13 19
26 40 14 19 14
45
58
16
16
19
36
10
28 17 10

15

Dominance index

53.3 77.3 27.5 52.5 71.5 32.4 61.3 62.7 23.1 34.9 53 32.6

Ponds with the highest similarity of diatom community are POK1 and VELS3, although
the huge distance between them (see Figure 1). On the other side there was POK2, which
stood out the most in rare species—with four ponds (KRV1, KRV3, MEN2, and MEN4) had
no species in common (Table 3).

Table 3. Similarity of diatom community between the studied ponds according to Serenson index. The similarity indices >0.5

are in bold.
POK1 POK2 JEL1 JEL2 KRV1 KRV3 RAT1 RAT2 VEL3 MEN1 MEN2 MEN4
0.29 0.44 0.46 0.23 0.30 0.26 0.40 0.62 0.43 0.47 0.44 POK1
0.13 0.11 0 0 0.06 0.05 0.23 0.18 0 0 POK2

0.33 0.25 0.27 0.24 0.41 0.44 0.32 0.40 0.31 JEL1
0.31 0.49 0.29 0.56 0.37 0.27 0.46 0.29 JEL2

0.22 0.27 0.26 0.15 0.20 0.39 0.33 KRV1

0.26 0.38 0.29 0.25 0.40 0.31 KRV3

0.39 0.34 0.19 0.30 0.31 RAT1

0.36 0.28 0.52 0.39 RAT2

0.55 0.52 0.44 VEL3

0.37 0.48 MENT1

0.55 MEN2

Figure 3 shows the proportion of diatoms according to their ecological type. Motile
and high-profile diatoms are present in all samples. Low-profile diatoms are absent in
one pond, while in four ponds (KRV3, RAT1, MEN1, and MEN4) they are very rare. Their
largest proportion is in RAT2 (68%) and MEN2 (52%). Planktic diatoms are present with a
negligible proportion (JEL1, KRV3, and RAT1), except for KRV1, representing half of the
specimens. The most common are motile diatoms. In POK1, JEL2, KRV3, RAT1, VEL3 and
MENY4, they represent the majority proportion of diatoms.

Figure 4 shows the size classes of diatoms. The most common size class is 3, followed
by 2 and 4. Members of size classes 1 and 5 are infrequent. Smaller diatoms (size classes 1
and 2) are dominant in RAT2, POK2, and MEN2. Data for POK2 are not representative,
as 77% of specimens were not determined a size class due to lack of data in the literature.
There is also a considerable proportion of unknown size classes in KRV1 and KRV3 (22%
and 28%).

3.2. Effects of Environmental Factors on the Diatom Community Composition

The concentration of NO3-N and NHy-N in water explains almost 20% of the total
variability of the diatom community in ponds (Table 4). The concentration of NO3-N
explains 10% of the variability, and the NH4-N concentration in water 9.6%. The content of
these two nutrients or nitrogen species is probably mainly due to the higher load in ponds
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and their basin area with livestock. The same shows the ordination diagram based on
CCA (Figure 5), where ponds are arranged according to the diatom taxonomic composition
along the gradients of NO3-N and NHy4-N concentration in water.
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Figure 3. Diatoms according to their ecological type [in %]. (PL—planktic, H-P—high-profile,
L-P—low-profile).

100% .
<4 o E
3 90% =
w =
.5 80% N
£ 70% = <unknown
o
= 5 60% 5
o X,
S » 50%
T a %4
S G 40%
© =3
E 30%
S 20% mz
a2 10% x1

0%

Figure 4. Diatoms according to their size class [%].

Table 4. Results of Canonical correspondence analysis (CCA) and forward selection. (% TVE-
proportion of the explained variability by specific variable).

Variable P % TVE
NO3-N 0.064 10.0
NH4-N 0.072 9.6

113



Diversity 2021, 13, 531

=2 o
KRVA
NH4-N
POK2
o
RAT1
; o)
0JEL2 o MEN1
5 ! POK1
KRV3 FZATZg OVEL3
JELA
OmEN2
©
e ;
-0.6 1.0

Figure 5. A CCA-based ordination diagram in which karst ponds are distributed along environmental

gradients.

According to the S-WI index (Figure 6), the highest diversity is in JEL1, VEL 3 is
next. The lowest diversity is in POK2, the lower diversity is also in KRV1 and RAT1. The
Margalef index (Figure 7) showed a different assessment of diversity than S-WI.

5 764

Shannon-Wiener diversity index

POK1 POK2 JEL1 JEL2 KRV1 KRV3 RAT1 RAT2 VEL3 MEN1MEN2MEN4

Figure 6. Shannon-Wiener diversity index values of diatoms in karst ponds.

JEL1 still has the highest diversity value (7.01), but the ponds with the lowest diversity
are RAT1 and MEN4.

3.3. Environmental Factors and Diversity of Diatom Community

Kendall correlation coefficients showed that the number of diatom species is in a
statistically significant positive correlation with oxygen saturation and a negative correla-
tion with the concentration of NH,-N (Table 5). The Margalef index was also positively
correlated with oxygen saturation and negatively with NH4-N concentration. A nega-
tive statistically significant correlation (p = 0.05) was calculated between altitude and the
Margalef index.
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Figure 7. Margalef index values of diatoms in karst ponds.
Table 5. Kendall (tau) correlation coefficients between environmental factors and diversity param-

eters of diatom communities in ponds. Only statistically significant correlations (*—p < 0.05) and
marginally statistically significant correlations (p = 0.05) are shown.

No. of Diatom Species Margalef Index
altitude [m] n.s. —0.431
O, saturation [%] 0.531 * 0.543 *
NH,-N [mg/L] —0.481 * —0.492*
SW_I h.taxa macoinvertebrates —0.481 * —0.492 *

We also found a negative correlation between the number of diatom species and S-WI
and the Margalef index calculated based on the composition of the invertebrate community,
which was contrary to our expectations.

Great differences in TI values were found between the ponds (Figure 8). The lowest TI
value was in POK1 (ultraoligotrophic) and the highest in JEL2, KRV3, KRV1, POK1, and
MEN4 (polytrophic).
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Figure 8. Trophic index values for sampled karst ponds.
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4. Discussion
4.1. Structure of the Benthic Diatom Community

In total, 105 diatom species belonging to 32 genera were identified. The most common
taxa were Gomphonema parvulum (Kutzing) Kiitzing, Navicula cryptocephala Kiitzing, species
group Sellaphora pupula (Kiitzing) Mereschkowsky (present in 10 sites). Almost half of the
species (52) were present in only one site, from which we can assume that the composition
of diatom communities differs much between the ponds. The genera with the highest
number of species were Nitzschia, Pinnularia, Navicula and Neidium. The highest number
of species was identified in the JEL1, whereas in KRV1, we found the lowest number of
species, of which Nitzschia acicularis (Kiitzing) W. Smith represented more than half of the
identified frustules. We expected lower diversity as well as variability of epipelic diatom
community, as karst ponds are small water bodies with frequent disturbances, which make
the conditions unfavorable. The number of species varied from 14 to 43, which is much
higher than 11-26 taxa from ponds in South-eastern Alps reported by Cantonati et al. [29].
However, the mentioned researchers studied different type of ponds in alpine region.

Among the ecological types, the motile diatoms were the most common. They
dominated in four ponds (POK1, KRV3, RAT1, and MEN4) and were codominant in
another four ponds (Figure 2). Sites where deposition occurs are advantageous for motile
diatoms [45-47] as well as nutrient-rich sites [48-50]. Typical representatives from genera
Navicula, Nitzschia, Sellaphora, and Surirella [24] were also present in our samples. However,
we did not calculate any significant correlation between environmental factors and the
share of motile species. In ponds with higher trophic index values motile species domi-
nated, which are well adapted to higher nutrient content. We expected that high-profile
(H-P) diatoms would also be present here with higher proportion. However, they were
probably not present in such high proportion due to physical disturbances.

High-profile diatoms, which are also common in nutrient-rich water but with fewer
disturbances [48] are less common in our samples. The proportion of H-P negatively
correlated with TSS (p = 0.009), which negatively influence light conditions with turbidity
and deposition. On the other hand, we calculated positive correlation between proportions
of H-P diatoms and argilal (p = 0.029). The typical genera of this group, which were also
present in our samples, were Eunotia, Fragilaria and Gomphonema. The proportions of H-P
diatoms were lower than motile, except POK2, where H-P represent two-thirds of the
community. Disturbances and grazing, made motile species more efficient than H-P ones.

Low-profile (L-P) diatoms were rare, but in two samples (RAT2 and MEN2) they
were dominant. Both ponds are fenced, so with no access of the cattle. Proportions of L-P
diatoms negatively correlated with NO3-N (p = 0.023) and positively with habitat diversity
in the catchment area (p = 0.039), which actually means low density of the cattle. Typical
representatives are from the genera Achnantes, Achnanthidium, Amphora, Cocconeis, and
Meridion [24]. Achnantidium minutissiumum (Kiitzing) Czarnecki was the most dominant
taxon in RAT2 and MEN2, as well as in JEL1. It seems that cattle cause problem for L-P
diatoms due to high input of nutrients to ponds, to which L-P species are not adapted [48].
In some samples (JEL1, KRV1, KRV3, and RAT1), planktic diatoms were also present.

In ponds with higher concentrations of orthophosphates, we find mainly motile and
H-P diatoms adapted to higher concentrations of nutrients [24,51,52] (Figure 3). In POK2
(0.3 mg/L of ortophosphate), MENT1 (0.92 mg/L) and VEL3 (0.23 mg/L) motile and H-P
diatoms represent almost the entire sample, L-P diatoms are almost absent. However,
the significant correlation between P and ecological types was not calculated. There was
also no correlation between P concentration and diatom size classes, which also report
Lavoie et al. [53].

The concentration of NO3-N and NH4-N in water explained almost 20% of the total
variability of diatom community (Table 4). The concentration of NO3-N explains 10% of
the variability of the diatom community, and the concentration of NH4-N 9.6% (Table 4,
Figure 5). The ponds are arranged according to the taxonomic composition of diatom
communities along the gradients of NO3-N and NHy4-N concentration in water.
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The results did not show statistically significant correlations between the composition
of diatom community and concentrations of either orthophosphate or TP as expected,
which is consistent with Soininen et al. [54]. This is probably because absorption rate for
phosphorus from the water column by epipelon is lower than in other groups of primary
producers [55].

Haubois et al. [56] report that large and small species do coexist within the epipelon.
We found that size-class three had the highest proportion in five ponds, while size-class 2
and 4 in three ponds each (Figure 4). However, most of the identified frustules belonged
to the middle-size class (3), which also report Lavoie et al. [53]. In ponds with higher
biodiversity (JEL1, KRV3, VEL3, MEN1, and MEN4), size-classes 4 and 3 dominated.

4.2. Diversity of Benthic Diatom Community and Environmental Factors

In general, altitude affects biota in ponds as it affects temperature, precipitation, and
radiation [12]. The results showed a negative correlation between altitude and the Margalef
index, which is in line with our hypothesis and with the general rules in ecology [57]. The
diatom species richness did not correlate with altitude, but pond at the highest altitude
(KRV1) had the lowest number of species, while pond at the lowest altitude (JEL1) had the
highest diversity. On the contrary for mountain ponds in Spain Blanco et al. [31] report
positive correlation of diatom diversity with altitude.

The water depth in these shallow ponds is important mainly because of poor light
conditions in turbid water. One of the dominant species was also Nitzschia perminuta
(Grunow) M. Peragallo, which dominates in low light conditions [58]. Due to shallowness,
there is no stratification during the summer [59].

We calculated no significant correlation between pH and diversity indices. The most
extreme values were measured at POK2 (pH = 3.8) and MEN1 (pH = 9.6) (Table A2). The
first is located in a coniferous forest and is a dystrophic system. Therefore, diatom species
in this pond differed from others the most (Table 3). As reported in DeNicola [60] and Della
Bella [16], we found there mainly species from the genera Neidium, Eunotia, Pinnularia,
Stauroneis, and Sellaphora, which occurred in small numbers or were absent in other ponds.
Diatom community from this pond had no species in common with four other ponds. This
pond was more similar to the shallow ponds on mires presented in [29,61]. The lowest
value of the electrical conductivity was also measured there (16 uS/cm), which coincides
with the trophic index, which defines it as ultraoligotrophic.

We found a positive correlation between the number of diatom species and water
saturation with oxygen and the Margalef index and water saturation with oxygen. The
highest oxygen saturation was in MEN1 (almost 250%) due to intense photosynthetic
activity of the phytoplankton, making the water very turbid.

In KRV1 and MEN4, a large proportion of N is in the form of NHy-N, which can be
explained by the high density of cattle in their catchments. Correlation coefficients showed
a negative correlation between the Margalef index and the NH4-N concentration. In ponds
with a higher concentration (KRV1 and MEN4), the diversity was lower, while it was higher
in ponds with lower NHy4-N concentrations (POK1, JEL1, RAT1, and VEL3). In contrast to
NH4-N concentrations, NO3-N concentrations did not differ much between ponds. Values
were 0.2-0.5 mg/L. NO3-N and NHy4-N concentrations classify our ponds as eutrophic
(POK2, JEL2, KRV3, RAT1), mesotrophic (POK1 and MENT1), or oligotrophic (JEL1, RAT2,
and MEN2) [54]. In KRV1 and MEN4, the values of NHy-H and NO3-N were so high that
they can be classified as hypereutrophic.

Cattle can have a substantial negative effect on the diversity of communities in
ponds [62]. Trampling the bottom and the shore presents physical disturbances. In ponds
with moderate intensity of trampling, the diatom diversity was higher than in those with-
out trampling, which is consistent with the intermediate-disturbance hypothesis [63]. More
important is the influence of the cattle as the source of nutrients and organic matter from
their excrements. Smaller water bodies in the agricultural landscape are highly exposed to
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influences from nearby agricultural areas, since they can be strongly affected by nutrient
accumulation [4].

Based on the trophic index (TI), ponds vary from ultraoligotrophic to polytrophic.
Della Bella et al. [30] report that trophic diatom index highly correlated with nutrient
content, especially orthophosphate and NO3-N in wetlands in central Italy. However, in
our case orthophosphate concentrations were the highest where the TI values were low
(POK2 and MENT1). According to TP concentrations and nutrient estimates for lakes [58],
both ponds were hypertrophic, but TI classified them as ultraoligotrophic (POK2) and
mesotrophic (MEN1). Due to the pH = 3.8, there were probably not enough basic ions in
POK2, despite the high concentration of TP and NO3 ™. Insufficient amount of HCO; ™~ was
present at pH = 9.6, which reduced primary production and thus nutrient uptake, which
was probably the explanation for the condition in the MENI.

4.3. Correlations between Diatoms and Macroinvertebrates

We found a negative correlation between the diatom species richness and the S-WI,
and Margalef index calculated on the base of the macroinvertebrate community, which was
contrary to our expectations. Similar findings report also Gascon et al. [64], which found
out that different aquatic communities respond differently to the environmental factors, so
we could not generalize relations between parameters and diversity patterns. Due to the
larger size of macroinvertebrates, they might be more susceptible to physical destruction
of the littoral zone, and loss of mesohabitats due to trampling of the bottom compared
to diatoms, whereas diatoms, as primary producers, are particularly sensitive to water
chemistry and light conditions [16,65]. Another reason is probably grazing [66]. We should
not neglect the fact that on the same substrate on which diatoms thrive, Chironomidae
dominate, which graze on epipelon.

5. Conclusions

We found a negative correlation between species-richness and diversity of the diatom
community and diversity of the macroinvertebrate community (S-WI, Margalef index).

Despite relatively small differences in altitude, the results showed a marginal statistical
correlation between altitude and Margalef Index. No effect of the pond size on the diversity
of diatom community was observed.

We did not calculate significant correlations between pH and diversity. Half of the
species in most acidic pond POK2 were present only in this pond. Correlations between
electrical conductivity, land use, and diversity of diatom community were not significant.

Motile diatoms were most common. They are adapted to high nutrient concentrations
and disturbances and can migrate to the site with sufficient light or nutrients when the
re-suspended substrate is depositing.

We found a positive correlation between the number of diatom species and O, satura-
tion and the Margalef index and O, saturation. The pond with the lowest oxygen saturation
value (KRV1) had the lowest species diversity.

The results also showed a negative correlation between the number of diatoms
and NHy-N concentration and the Margalef index and NH4-N concentration. NH-N
is probably present in the ponds due to the cattle grazing in the area in the summer. The
concentrations of NO3-N and NHy4-N explain almost 20% of the total variability of the
diatom community.
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Appendix A

Table A1l. The list of the names of diatom taxa found in studied karst ponds.

Achnanthidium pyrenaicum (Hustedt) Kobayasi
Achnanthidium minutissimum (Kutzing) Czarnecki
Adlafia minuscula (Grunow) Lange-Bertalot var. minuscula
Amphora copulata (Kiitzing) Schoeman et Archibald
Amphora pediculus (Kiitzing) Grunow
Brachysira neoexilis Lange-Bertalot
Caloneis tenuis (Gregory) Krammer
Chamaepinnularia mediocris (Krasske) Lange-Bertalot
Chamaepinnularia muscicola (Petersen) Kulikovskiy, Lange-Beralot et Witkowski
Chamaepinnularia soehrensis (Krasske) Lange-Bertalot et Krammer
Cocconeis pediculus Ehrenberg
Craticula accomoda (Hustedt) D.G. Mann
Craticula ambigua (Ehrenberg) D.G. Mann
Craticula halophila (Grunow) D.G. Mann
Craticula molestiformis (Hustedt) Lange-Bertalot
Cyclotella stelligera Cleve & Grunow
Cymbopleura amphicephala (Nageli) Krammer
Cymbopleura naviculiformis (Auerswald) Krammer
Diploneis krammeri Lange-Bertalot et Reichardt
Encyonema hebridicum Grunow ex Cleve
Encyonema minutum (Hilse) D.G. Mann
Encyonema silesiacum (Bleisch) D.G. Mann
Eucocconeis alpestris (Brun) Lange-Bertalot
Eunotia arcus Ehrenberg
Eunotia bilunaris (Ehrenberg) Schaarschmidt
Eunotia exigua (Brébisson) Rabenhorst
Eunotia minor (Kiitzing) Grunow
Eunotia paludosa Grunow
Eunotia pseudogroenlandica Lange-Bertalot et Tagliaventi
Eunotia subarcuatoides Alles, Norpel et Lange-Bertalot
Eunotia tenella (Grunow) Hustedt
Fragilaria radians (Kiitzing) Williams et Round
Fragilaria tenera (W. Smith) Lange-Bertalot
Frustulia crassinervia (Brébisson) Lange-Bertalot et Krammer
Gomphonema acuminatum Ehrenberg
Gomphonema angustum (Kiitzing) Rabenhorst
Gomphonema calcifugum Lange-Bertalot et Reichardt
Gomphonema exilissimum (Grunow) Lange-Bertalot et Reichardt
Gomphonema occultum Reichardt et Lange-Bertalot
Gomphonema parvulum (Kiitzing) Kiitzing
Gomphonema sarcophagus Gregory
Hantzschia abundans Lange-Bertalot
Luticola nivalis (Ehrenberg) D.G. Mann
Luticola mutica (Kiitzing) D.G. Mann
Meridion circulare (Gréville) C. Agardh
Navicula antonii Lange-Bertalot
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Table A1. Cont.

Navicula cryptocephala Kiitzing
Navicula cryptotenella Lange-Bertalot
Navicula exilis Kiitzing
Navicula menisculus Schumann
Navicula reichardtiana Lange-Bertalot
Navicula trivialis Lange-Bertalot
Navicula veneta Kiitzing
Navicula wildii Lange-Bertalot
Neidium affine (Ehrenberg) Pfitzer
Neidium alpinum Hustedt
Neidium ampliatum (Ehrenberg) Krammer
Neidium bergii (Cleve-Euler) Krammer
Neidium binodeforme Krammer
Neidium bisulcatum (Lagerstedt) Cleve var. bisulcatum
Neidium dubium (Ehrenberg) Cleve
Neidium iridis (Ehrenberg) Cleve
Neidium productum (W. Smith) Cleve
Nitzschia acicularis (Kiitzing) W. Smith
Nitzschia adamata Hustedt
Nitzschia angustata (W. Smith) Grunow
Nitzschia communis Rabenhorst
Nitzschia dissipata (Kiitzing) Grunow ssp. dissipata
Nitzschia fonticola Grunow
Nitzschia gisela Lange-Bertalot
Nitzschia palea (Ktitzing) W. Smith
Nitzschia perminuta (Grunow) M. Peragallo
Nitzschia pura Hustedt
Nitzschia pusilla Grunow
Nitzschia supralitorea Lange-Bertalot
Nitzschia umbonata (Ehrenberg) Lange-Bertalot
Pinnularia borealis Ehrenberg
Pinnularia gibba Ehrenberg
Pinnularia grunowii Krammer
Pinnularia interupta W. Smith
Pinnularia marchica 1. Schonfelder ex Krammer
Pinnularia microstauron (Ehrenberg) Cleve
Pinnularia rupestris Hantzsch
Pinnularia sinistra Krammer
Pinnularia subcapitata Gregory var. subcapitata
Pinnularia viridiformis Krammer
Placoneis ignorata (Schimanski) Lange-Bertalot
Placoneis paraelginensis Lange-Bertalot
Planothidium lanceolatum (Brébisson ex Kiitzing) Lange-Bertalot
Psammothidium grischunum (Wunthrich) Bukhtiyarova et Round
Psammothidium helveticum (Hustedt) Bukhtiyarova & Round
Sellaphora pseudopupula (Krasske) Lange-Bertalot
Sellaphora pupula (Kiitzing) Mereschkowsky (species group)
Sellaphora stroemii (Hustedt) D.G.Mann
Sellaphora verecundiae Lange-Bertalot
Stauroneis acidoclinata Lang-Bertalot et Werum
Stauroneis anceps Ehrenberg
Stauroneis gracilis Ehrenberg
Stauroneis kriegeri Patrick
Stauroneis smithii Grunow
Stauroneis thermicola (Petersen) Lund
Stephanodiscus alpinus Hustedt
Surirella angusta Kiitzing
Surirella minuta Brébisson ex Kiitzing
Tabellaria flocculosa (Roth) Kiitzing
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Table A2. Characteristics of karst ponds in the year 2016. * Secchi depth in most transparent ponds is the same as water
depth; the bottom of the pond MEN2 was covered with plastic layer on which fine substrate deposited. + represents
presence of substrate, cover <5%.

Sample POK1 POK2 JEL1 JEL2 KRV1 KRV3 RAT1 RAT2 VEL3 MEN1 MEN2 MEN4
date 238 238, 238, 238 198 198 238 238 198 188.  188. 188
pH 59 338 6.5 6.4 67 8.3 7.4 65 59 9.6 7.2 6.2
T[°C] 175 122 141 98 149 153 77 102 173 177 179 160
Conductivity 37 16 149 47 242 9”2 95 256 36 158 55 90
[uS/cm]
O saturation [%] 75 53 56 62 10 69 56 74 100 244 90 25
0, [mg/L] 6.6 47 5.0 6.0 09 59 49 7.5 8.1 19.4 7.3 2.0
Secchidepth [em] ~ 25*  30*  60*  55*  30* 130  20*  30* 35 10 56 36
depth [cm] 25 30 60 55 30 100 20 30 40 20 100 48
Turbidity [1-3] 1 1 1 3 3 3 1 1 3 3 1 3
Clay, silt [%] 100 100 100 90 80 5 100 100 100 95 - 100
Sand, gravel [%] 0 0 0 10 20 65 0 0 0 0 - 0
Pebbles [%] 0 0 0 + 0 30 0 0 0 5 - 0
Stones [%] 0 0 + 0 0 0 0 0 0 0 - 0
CPOM [%] 0 20 0 0 + 5 + + + 0 1 0
FPOM [%] 0 80 0 0 0 1 100 80 100 100 80 0
[%] of trampled 1 1 0 45 70 70 20 0 50 100 0 80
shore
Intensity of
trampled shores 1 1 0 3 5 2 3 0 4 5 0 4
(0-5)
TP [mg/L] 017 034 003 005 028 007 007 006 023 092 008 015
PO, [mg/L] 017 030 002 002 007 003 001l 0001 023 092 005 002
TN [mg/L] 135 082 059 084 591 121 162 056 153 656 095 160

NO3-N [mg/L] 0.39 0.52 0.30 0.34 0.42 0.26 0.41 0.30 0.32 0.40 0.21 0.42
NH4-N [mg/L] 0.08 0.14 0.03 0.51 4.0 0.73 0.28 0.07 0.06 0.21 0.03 3.08

TDS [mg/1] 72 70 96 50 120 78 94 58 80 226 74 92
TSS [mg/L] 3 8 17 58 151 98 49 93 30 201 257 39
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Abstract: The Burabay National Natural Park unites six lakes located among the steppe landscape,
with Lake Borovoe being the most visited among them. The phytoplankton of the protected Lake
Borovoe was examined in the summer season of 2019, at eight stations, which were defined for
the first time as the monitoring sites on the lake surface. Altogether, 72 algae and cyanobacteria
species from seven taxonomic phyla were found in the Lake Borovoe phytoplankton during the
study period. The most species-rich were three phyla: diatoms, green algae, and cyanobacteria. The
average phytoplankton abundance was 3012.6 cells L', and biomass was 2383.41 mg L~!. The
ecological status of the lake in 2019 was assessed based on the species richness, abundance, biomass,
and calculated indices of organic pollution and toxic impact. The statistical mapping, calculated
community similarity, correlation, and Redundancy Analysis (RDA) revealed zones affected by
human impact. These were located in the lake shores and low-alkaline water with the saprobity index
of 1.63-2.00. This is typical for naturally clean lakes, indicating the oligotrophic-to-mesotrophic status
of the lake during the study period. The increase in cyanobacteria species in coastal communities can
be associated with an increase in the biogenic load on the lake ecosystem in recent times. Therefore,
our multivariate analysis allowed us to assess the ecological state of Lake Borovoe, which can be
the result of the interaction of many external environmental factors, such as climatic conditions,
long-term accumulation of organic substances, the intensity and duration of anthropogenic press,
and internal lake processes such as the development of algae communities. The results suggest a
tendency for the eutrophication of Lake Borovoe to increase because of pollution coming from the
human impact zones on the lake shores.

Keywords: phytoplankton; species richness; abundance; biomass; bioindicators; statistics; ecological
mapping; Lake Borovoe; Burabay National Natural Park; Kazakhstan

1. Introduction

The shallow Lake Borovoe is located on the Schuchinsk-Borovsk resort area in North-
ern Kazakhstan as a part of the territory of the National Natural Park “Burabay” [1].
International Union for Conservation of Nature and Natural Resources, IUCN [2], classified
the Burabay wetlands as Category II—a national park that can be managed in a way that
may contribute to local economies through promoting to educational and recreational
tourism on a scale that will not reduce the effectiveness of conservation efforts. Lake
Borovoe is not only the site most visited by tourists; it is also occupied by a few balneo-
logical resorts. The enrichment of the lake water with nutrients has been going on since
the foundation of the first resort 100 years ago [3]. Increased anthropogenic pressure on
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the lake is causing serious problems in regard to the water quality. High abundances of
phytoplankton and zooplankton in the lake in the last decades have been documented,
along with the blooming of Cyanobacteria [4—6].

Phytoplankton and zooplankton communities in Lake Borovoe demonstrate high
heterogeneity, but the species richness has not been regularly studied. Nevertheless,
research into the algae in Lake Borovoe was started in 1947 by N. Voronikhin [7-9], and it
continued sporadically up until 2013; only a few species were mentioned in the previous
reports [6,10-15]. The monitoring of the protected waterbodies has started revealing the
species richness of its communities. All monitoring programs usually included the research
of biodiversity and quantitative variables of the biological part of ecosystem, as well
as the definition of major environmental variables [16,17]. Assessing the water quality
of the protected waterbody is also an important task to identify the main sources of its
pollution [18,19]. Floristic studies in aquatic systems are very important because the flora
are environmental indicators that can be used to infer the environmental impacts on the
natural, climatic, and economic conditions of the Burabay National Natural Park, as was
revealed during the hydrochemical and hydrobiological study of five other lakes in the
park territory [20]. Studies of algae are of special interest since the formation of their floras
occurs under conditions of water flowing from the catchment basin and thus represents
an accumulative result of natural and anthropogenic conditions throughout the entire
catchment area over many years. So, the first step for the monitoring program is the
screening of major chemical and biological variables on the net of sampling stations on the
lake surface. Despite the occasional hydrochemical and hydrobiological studies of Lake
Borovoe, a comprehensive assessment of its ecological status has not been performed yet.

Statistical data mapping is an effective tool for solving this application problem [21,22].
The effectiveness of this method in monitoring studies of water bodies in Kazakhstan has
been shown previously [23,24]. The mapping of environmental and biological variables
helps to reveal human impact zones in aquatic objects, as well as the ecosystem damage by
them.

The purpose of this work was to study the species composition, abundance, and
biomass of phytoplankton in Lake Borovoe in the protected area of the Burabay National
Natural Park. We hypothesized that the distribution of algae indicators over the surface
of the lake and the comparison of it to environmental variables, using statistical methods
can, for the first time for Northern Kazakhstan, show the zones and main factors of human
impact on the shallow lake.

2. Materials and Methods
2.1. Description of Study Site

Lake Borovoe is located at an altitude of 315.0 m above sea level. Borovoe is separated
from the nearby lakes by ridges 400-900 m high (Figure 1a). It has an almost circular shape.
The maximum length of the lake is about 4 km, with a width of 3.27 km. It is a shallow lake
with a maximum depth of about 5 m. Two bays are placed in the western part (Figure 1b).
The catchment area is 164.0 km?. The east coast is sandy, sloping. The banks are overgrown
with pine and birch. The Sary-Bulak River is inputted into the lake. The lake is fed by this
small river, temporary streams, and precipitation. Only one small river, Kyrkyruek, flows
from the lake. Sediments are represented by black silts. The coastal zone and northwestern
bays are overgrown with Potamogeton lucens L. Macrophyte overgrowth is no more than
35-40% of the lake’s surface and shoreline. The bottom is overgrown with Charophyta
algae, except for the central part of the lake [25]. The position of Northern Kazakhstan in
the depths of the mainland causes a sharp continental climate. Its characteristic features are
a long cold winter with strong winds and snowstorms, and a short but hot summer [20,26].
Average long-term temperatures of the coldest month of January are about —17.6 °C to
—18.5 °C, with a minimum of —45.0 °C. In July, the air temperature reaches an average
of +19.0 °C to +19.5 °C, with an absolute maximum of +41.0 °C. The average annual
precipitation varies from 290-295 to 425-435 mm. The snow cover lasts for about 5 months,
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from November to March. The Lake Borovoe area has been a resort of national importance
since 1920. The lake received conservation status in 2000 when the Burabay National
Natural Park was created. The Borovoye village is located on the eastern shore of the lake,
with numerous rest houses and balneological resorts. The two largest resorts are located on
the southeast and northwest shores of the lake.

’

sanatorium

Figure 1. Map of study site on Lake Borovoe, Northern Kazakhstan, in July of 2019. Position of
Lake Borovoe in Kazakhstan (a). Position of the phytoplankton sampling stations 1-8 on the lake
surface (b). Map creating in ESRI ArcGIS 10.8. USA program on the base of our measurements of GIS
coordinates and the lake depth on each sampling station.

2.2. Sampling and Laboratory Analysis

The Lake Borovoe was examined in the summer season (29 July of 2019). It was the first
trip with sampling and measurements that covered the entire lake’s surface as a screening
stage for preliminary assessment for the purpose of monitoring. A total of eight sampling
stations have been identified for the first time as monitoring sites on the surface of the
lake. Coordinate referencing of the stations was performed by Garmin eTrex GPS-navigator.
The temperature, Total Dissolved Solids (TDS), and pH values of the surface layers of
water were measured in parallel with sampling with HANNA HI 9813-0, and N-NOj3 with
HANNA HI 93728 (HANNA Instruments, Vensokit, RI, USA), with three repetitions. The
transparency of the water was measured by using a Secchi disk.

Phytoplankton samples were taken from the surface water layers about 0-0.5 m into
1 L plastic containers [27], fixed in 3% neutral formaldehyde, and transported to the lab
in an icebox. The sedimentary method was used to process phytoplankton samples, with
the final volume of the concentrated sample being 5-10 mL [28,29]. Fixed phytoplankton
samples were also studied in the lab in three repetitions, from wet and permanent slides [30],
under light microscopes A Nikon ECLIPSE E200 (Nikon Instruments Inc., Melville, N,
USA) was used, with a magnification of x100-x2000. Cells” abundance was calculated in
the Nageotte counting chamber (Hausser Scientific, Horsham, PA, USA). Wet biomass was
calculated from the volume of the cell in mg L. Species identification was performed by
using standard methods with relevant guides to the species identifications [31-36]. Modern
taxonomy was adopted with [37].

The Shannon Diversity Index [38] was calculated with the Primer 6 program, using
the following Formula (1):

n

H=—Y pixlog2p; 1
iz

where H is the Shannon Index (bits/ind.), p; is the share of the i-th species in the total
abundance, log2 is the logarithm to base 2, n is the number of species in the sample, and )
is the sum of values for the sample.
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Index saprobity S was calculated for each algal community, according to V. Sladecek [39],
as a function of the number of saprobic species and their relative abundances (2):

1=
=

S= . (Sl‘hz‘)/ (h,‘) (2)

1

Il
-

i=1

where S is the index of saprobity for algal community (unitless), s is species-specific
saprobity index [40,41], and / is the cell density of each species, 7 is the number of species
in the sample, and ) is the sum of values for the sample.

Bioindicator analysis was performed with species-specific ecological preferences of
planktonic algae found at each sampling station [40-42] for revealing influencing external
factors such as temperature, salinity, pH, oxygen conditions, organic pollution level, and
trophic status of a water body.

Statistical maps [22] that reflect the probability of mapped variable distribution over
the lake surface were built in the Statistica 12.0 Software based on the GPS coordinates
of sampling points for each measured biological and chemical variable. Cluster analysis
of the Bray—Curtis similarity of phytoplankton communities was carried out by using
the Biodiversity-Pro program. A correlation analysis of the revealed data was carried
out by using the JASP 0.16.4.0 program [43]. A heat map was constructed in the ExStatR
program [44]. The linear ordination method Redundancy Detrended Analysis (RDA) was
processed in the CANOCO 4.5 program in order to recognize the species—environment
relationships [45].

3. Results
3.1. Environmental Characteristics of the Lake Borovoe

The lake was shallow, as can be seen in Appendix Table Al and Figure 2c. During
the study period, the temperature of the surface water reached 22.0-22.86 °C (Appendix
Table Al) and was lowest in the central part of the lake (Figure 2b). The water was fresh,
with a TDS of about 200 mg L™}, and highest ionic content was found in the central
part of the lake (Figure 2a). The water was slightly alkaline, with a pH of about 8.3
and transparency of about 0.5-0.8 m (Figure 2d). So, major environmental variables can
demonstrate the uniform condition in two parts of the Lake Borovoe surface—northwestern
and southeastern parts—as represented in the maps in Figure 2a,b. The distribution of TDS
and water temperature was controversial (R = -0.93, p = 0.001), especially in the central
part with no correlations with the depth (p = 0.53) (Figure 2c). The water transparency was
not correlated with temperature (p = 0.39), but visually, we can see a similar distribution
near the wetlands of Station 3 and Borovoe village (Figure 2b,d).
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Figure 2. Distribution of major environmental variables in the sampling stations of Lake Borovoe’s
surface, 2019. TDS (a), water temperature (b), lake depth (c), and transparency by Secchi disk (d).

3.2. Phytoplankton in the Lake Borovoe

Altogether, 72 algae and cyanobacteria taxa from seven taxonomic phyla were found
in Lake Borovoe during the sampling period (Appendix Table A2). The diatom species was
the richest, with 29 taxa, followed green algae, with 18, and cyanobacteria, with 15 taxa
(Table 1). Species richness at sampling stations varies within a small range, from 21 to
29 taxa (Table 1). The lowermost species number was in Station 4, where water transparency
was maximal (Figure 2d).

Table 1. Species richness of phytoplanktonic algae and cyanobacteria in Lake Borovoe, summer 2019.

Phylum 1 2 3 4 5 6 7 8 Percent
Bacillariophyta 7 11 8 10 9 11 9 7 40
Chlorophyta 7 6 7 2 8 8 8 10 25
Cyanobacteria 8 4 7 5 5 7 6 5 21
Euglenozoa 0 0 1 1 2 0 1 1 3
Miozoa 1 2 3 1 1 1 2 3 7
Ochrophyta 1 1 1 1 1 1 1 1 1
Charophyta 2 1 1 1 1 1 1 1 3
Total 26 25 28 21 27 29 28 28 100

The Bray—Curtis similarity analysis divided the species richness into two clusters,
the first of which included the three most species-rich phyla—diatoms, green algae, and
cyanobacteria (Figure 3); the second cluster included four other phyla, which contained a
small number of species (Table 1).
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Bray-Curtis Cluster Analysis (Single Link)
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Figure 3. Cluster dendrogram of phytoplankton community species richness in the Lake Borovoe,
2019.

Phytoplankton species occupy the first level of the food pyramid and depend on the
concentration of essential nutrients such as nitrate and phosphate. Thus, phytoplankton
species are rich where nutrients can be available. We tried to reveal the relationship between
phytoplankton species richness in sampling stations by using statistical methods to reveal
some homogeneity of the lake environment. Figure 4 shows a graph of JASP analysis of the
correlation of phytoplankton species number at sampling stations. At a similarity level of
more than 50%, the graph divides the phytoplankton species richness into three groups.
The most similar communities are at Stations 1, 2, and 6 (Group 1); 3 and 7 (Group 2); and
4,5, and 8 (Group 3).

o Group 1
@ Group 2
@ Group 3

Figure 4. JASP correlation plot of the phytoplankton species richness in Lake Borovoe, 2019. Bold
line shows largest similarity on type of analysis, “Huge” correlation > 0.5.

The averages of the parameter values (Table 2) were calculated to indicate the differ-
ences in the stations grouped in Figure 4. Group 1 includes Stations 1, 3, and 6, where,
compared to other groups, there is less depth, transparency, TDS, and biomass, but higher
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water warming, which indicates not only the high ecosystem activity work of the lake, but
also greater stress for phytoplankton, when the WESI index decreases. The second group
of stations (Stations 3 and 7) is characterized by a higher abundance of phytoplankton,
mainly at Station 7. Both stations are located near actively visited or populated lake shores.
Group 3 consists of three stations (Stations 4, 5, and 8) that are deeper, transparent, cool,
mineralized, and alkaline, where there are fewer nitrates, and the WESI index was higher.
The stations of Group 3 are located closer to the middle of the lake and are the most remote
from anthropogenic influence.

Table 2. Distribution of averaged environmental and biological variables of phytoplankton over
groups of stations in Figure 4.

Station Group 1 2 3
Depth, m 4.13 4.22 4.21
Secchi, m 0.57 0.65 0.67

T, °C 22.44 22.43 22.00
pH 8.17 8.17 8.24
TDS, mg L1t 188.47 191.80 194.43
N-NO3, mg L1 0.56 0.58 0.04
Index S 1.81 1.89 1.81
Index WESI 1.11 1.17 3.33
Abundance, cells L™ 2516.5 4603.7 2448.0
Biomass mg L~ 2087.4 3237.2 2110.2
Shannon Index 0.751 0.530 0.738

Therefore, to understand the importance of species dynamics at the phylum level, we
constructed statistical maps for each taxa distribution in the sampling stations. Figure 5a
shows that the total number of species was minimal at Station 4, which had the highest
water transparency and temperature, as well as lower TDS values (Appendix Table Al).
Figure 5b shows that the total number of phytoplankton species was determined by the
number of green algae species that take a part of its composition. The distribution of
diatoms is inversely relative to the distribution of green algae (Figure 5¢). Cyanobacteria
are most represented offshore, where the water temperature and anthropogenic load were
higher, and the TDS was lower (Figure 5d). Euglenoids were mainly in the central part
(Figure 5e), but charophyte planktonic species were concentrated in the northwestern bay
of the lake (Figure 5f).

Spatial maps of phytoplankton abundance and biomass show an opposite distribution
(Figure 6a,b). The abundance of phytoplankton was greatest where an influx of nitrates
was found (Figure 6¢). At the same time, the distribution of the WESI index (Figure 6d),
which shows stress zones for algae, outlines the entire coast, including the points of nitrate
inflow, as vulnerable, and the middle of the lake as the most preferable.
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Figure 5. Statistical maps of distribution of phyla species richness in phytoplankton communities on
the sampling stations of the Lake Borovoe surface, 2019. Total species richness (a), Chlorophyta (b),
Bacillariophyta (c), Cyanobacteria (d), Euglenozoa (e), and Charophyta (f).
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Figure 6. Maps of the surface phytoplankton abundance (a), biomass (b), nitrates (c), and WESI index

(d) in Lake Borovoe, summer 2019.

3.3. Phytoplankton Indicators of Water Quality
The bioindication results on the basis of phytoplankton species” ecological preferences

(Appendix Table A2) are represented in Appendix Table A3 and visualized in Figure 7.

Even though the indicator values for stations represent a mosaic, it is possible to single out
the main characteristic groups: Bacillariophyta and Chlorophyta species, planktonic and
plankto-benthic inhabitants, and middle oxygenated water indicators of Class 3 of water

quality.
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Figure 7. Heat map for distribution of indicators in phytoplankton communities over the sampling
stations at Lake Borovoe, 2019. Abbreviations: Bacil, Bacillariophyta; Chlor, Chlorophyta; Cyano,
Cyanobacteria; Eugle, Euglenozoa; Mioz, Miozoa; Ochro, Ochrophyta; B, benthic; P-B, plankto-
benthic; P, planktonic; temp, inhabitants of temperate-temperature waters; eterm, eurythermic; str,
streaming well-oxygenated waters inhabitants; st-str, inhabitants of standing to streaming middle-
oxygenated waters; st, inhabitants of standing low-oxygenated waters; H,S, sulfides anoxia indicators;
acf, acidophilic; ind, pH indifferent; alf, alkaliphilic; alb, alkalibiontes; i, chlorides indifferent; hl,
halophiles; mh, mesohalobes; sx, saproxenes; es, eurysaprobes; sp, saprophiles; Classes 1-4 of
water-quality indicators according to Index S; o, oligotraphentes; o-m, oligo-mesotraphentes; m,
mesotraphentes; me, meso-eutraphentes; e, eutraphentes; o-e, oligotraphentes to eutraphentes; ats,
autotrophes-inhabited low-nitric-nitrogen waters; ate, autotrophes-inhabited high-nitric-nitrogen
waters; hne, facultative-heterotrophes-inhabited low organically enriched waters. In the x-axis are
station numbers, and in the y-axis are the same abbreviations as in Appendix Table A3. The color of
the cells varies from white to blue and then to red, according to the proportion of the number in the
entire distribution.

An RDA triplot was constructed on the base of environmental data (Appendix Table A1)
and species richness in phyla (Table 1). Figure 8 shows that nitrate-nitrogen-stimulated
Charophyta and Cyanobacteria grow in the waters of Stations 1 and 8 with less transparency
(Figure 2d) and depth (Figure 2c). Diatom, green algae, and euglenoids were diverse in
Stations 5, 6, and 7, where there was the highest TDS (Figure 2a) and total species richness
(Figure 5a,b). Miozoa species (Ceratium hirundinella) were richest in Stations 2 and 3, which
had highest temperature (Figure 2b) and lowest TDS (Figure 2a).
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Figure 8. RDA plot of the relationships between environmental variables: temperature, nitrates-
nitrogen concentration, TDS, depth, and species richness in phyla of phytoplankton in the Lake
Borovoe, 2019. Monte Carlo test summary for 945 permutations: eigenvalue = 0.421; p-value = 0.136.

4. Discussion

Northern Kazakhstan abounds in shallow lakes, most of which are objects of WWF
protection, as they are located on the migratory routes of birds [46]. Therefore, it is especially
important not only to identify the diversity of organisms at protected sites, but also to
determine the main influencing anthropogenic or natural factors. Algae, as the first level of
the trophic pyramid, are the first to respond to changes in the lake’s ecosystem, with the
most noticeable impact on the example of phytoplankton [47]. Phytoplankton in the lakes
of Northern Kazakhstan, including Lake Borovoe, has been studied sporadically [6-15].
In connection with the projects of the WWEF on the status of protection, we undertook a
large-scale study of phytoplankton during 1999-2000 in 34 North Kazakhstan lakes that
have a conservation status or are under preparation [48]; with the help of bioindication
and statistical analysis, it was possible to identify the main factor affecting the diversity of
communities in the lakes of this region, i.e., salinity [49]. A subsequent comparison with
lakes of similar size in the semi-arid climate zone in the Eastern Mediterranean not only
confirmed the conclusion made, but also expanded the understanding of the importance
of using bioindication to identify the main factors affecting phytoplankton [48]. The
mentioned studies on protected lakes have shown that salinity is a regional natural factor
related to climate. Our studies at Lake Borovoe also revealed a close inverse relationship
between temperature and TDS (p = 0.001). A study of phytoplankton in the nearby Lake
Zerenda showed that, for lakes whose shores are visited by tourists, the anthropogenic
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factor is the influx of nitrates [50]. At the same time, nitrates in all the studied lakes of
Northern Kazakhstan turned out to be a factor stimulating the diversity of algae, and in
Lake Borovoe, also its abundance and biomass. Thus, saprobity indices were higher where
nitrate concentrations were higher [48]. Lake Borovoe, where the saprobity indices were in
the range of 1.52-2.00, is comparable with freshwater lakes in terms of this indicator and
the number of species in the community.

Our calculations of the index toxicity WESI were comparable with its values in the
lakes of Northern Kazakhstan for those lakes where salinity (TDS) was higher, which
indicates a long history of evaporation and a small inflow of surface water, that is, the
natural state of the lakes [48]. For Lake Borovoe, the WESI index was higher (better
condition) in the center of the lake, away from coastal pollution, where TDS is higher and
water temperature is lower. This distribution shows that the phytoplankton of the lake was
affected by organic pollution coming from the shore zone, which does not reach the center
of the lake. Therefore, the lake retains sufficient self-purification capacity.

The spatial distribution of phytoplankton suggests that the lake water is influenced
by pollution of the communal services of the Borovoye village and two resorts (Figure 1).
The main contribution of the village is associated not only with wastewater discharges
but also with surface runoff from the beach area along all east coasts. As can be seen
from Figures 2d and 5, in the eastern and southeastern parts of the water surface, the
signs of eutrophication of the lake can be recognized. Here, the high species richness of
phytoplankton due to Chlorophyta taxa was recorded, as well as minimum values of water
transparency and maximal value of TDS show that phytoplankton communities are formed
under the conditions of a constant influx of fresh nutrients. As is known, the number of
phytoplankton species decreases with an increase in their abundance and biomass [16],
which we observe on spatial statistical maps for Lake Borovoe.

The spatial distribution of phytoplankton and environmental parameters in the lakes
of Northern Kazakhstan were studied for the first time on Lake Borovoe. However, for
more southerly lakes, this method has been applied with effective results. For a fairly large
regional lake Balkhash, the zones of influence of both climatic (salinity) and anthropogenic
(organic pollution) factors were clearly shown, using statistical mapping [51]. The phy-
toplankton of smaller lakes in Kazakhstan revealed the anthropogenic factor of organic
pollution coming with the tourist flow to the lakes of the Kolsay cascade [52] or with runoff
from fields and inflow to the Shardara reservoir [53]. Thus, statistical mapping, statistical
methods, and bioindication can serve together as effective tools for identifying factors and
zones of natural and anthropogenic impact in this region.

According to the results of the analysis of the main environmental variables in the
summer of 2019 (Table 1), the water of Lake Borovoe can be assessed as fresh and low
alkaline, corresponding to the level of clean, slightly polluted waters of Classes 2 and
3 of water quality [39]. This may be due to historically low nutrient content [4,6], even
during the period of fish mortality in 1974 [3]. It is known that the best period for studying
phytoplankton is the middle of summer, as in our case, when all processes in the lake give
the maximum diversity and biomass of plankton communities [52-54]. The total species
richness of phytoplankton in Lake Borovoe is currently determined mainly by the number
of Chlorophyta species. This and phytoplankton abundance and biomass are typical for
naturally clean lakes and may indicate the oligotrophic status of the lake during the study
period. At the same time, the increase in cyanobacteria species in coastal communities may
be associated with an increase in the biogenic load on the lake ecosystem in recent times [1].
The analysis shows that pollutants entering the lake water are associated with villages and
resort areas located on the coast. However, they are utilized by algae almost completely,
which can be seen in the distribution of pollution indices, showing cleaner water in the
middle of the lake.

The phytoplankton is a part of total autotrophic organisms that, together with macro-
phytes, settled the lake and therefore can use only part of the total value of nutrient inflow
to the lake. Since the IUCN protected Charophyte species [55] grow in the coastal area, it is
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important to monitor water quality and the state of their populations during monitoring,
since the disappearance of charophytes will indicate the loss of a protected object in the
IUCN system. The Lake Borovoe shores are inhabited by five species of Chara, Nitellopsis
obtusa, and Nitella flexilis [25]. There is a unique diversity of charophytes in this one lake.
Therefore, the role of macrophytes and charophytes in the trophic condition of the lake is
very important. The anthropogenic load may be one of the reasons for the eutrophication of
Lake Borovoe, leading to degradation of the macrophyte communities. The Lake Fund mon-
itoring showed that macrophytes occupied 65-80% of the bottom surface in 1964-2002 [3],
while their density had decreased to approximately 30-35% by 2019. Therefore, a decrease
in the role of macrophytes consuming nutrients [56] has created favorable conditions for
planktonic algae [19] and caused changes in the trophic conditions of the lake.

The differences in environmental and biological variables distribution were revealed
with the help of statistical mapping, even in the case of low amplitude of variables [21],
as in Lake Borovoe. The preliminary hydrochemical and hydrobiological assessment of
the lakes of the Shchuchinsko-Borovsk resort zone [20] confirm that this approach can be
recommended in the monitoring of different protected lakes’ sustainability.

5. Conclusions

Our study showed that the ecological state of Lake Borovoe can be the result of
the interaction of many environmental factors, such as climatic conditions, long-term
accumulation of organic matter, the intensity and duration of anthropogenic pressure,
as well as intralake processes, such as the development of a community of macrophytes,
algae, and invertebrates. An assessment of the phytoplankton communities showed a trend
towards an increase in eutrophication of the lake, as revealed during statistical mapping,
because of organic pollution from populated and resort areas. The assessment of water
quality by the bioindication of plankton species revealed weakly alkaline and slightly
organically polluted water of Classes 2 and 3. With the help of indications and statistics,
the salinity was determined as a climatic factor and organic pollution as an anthropogenic
factor affecting the ecosystem of Lake Borovoe. Thus, the indication of phytoplankton and
environmental parameters in Lake Borovoe reflect the state of the lake as oligotrophic with
a transition to the mesotrophic stage, subject to organic pollution in the coastal part, but
coping with anthropogenic impact.
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Appendix A

Table Al. Averaged environmental variables with standard deviation and coordinates of sampling
stations on the Lake Borovoe, 2019.

Station 1 2 3 4 5 6 7 8 Average
North 53.08152 53.08321 53.08186 53.07557 53.07467 53.07512 53.06748 53.06682
East 70.25613 70.26995 70.28529 70.26416 70.27596 70.29014 70.26864 70.28679
Depth, m 3924006 5.06+005 4554+006 425+006 4854004 34+£002 3.89+004 353002 418
Secchi, m 054009 06+£009 074008 08+006 064005 06+£005 064005  0.6=+0.06 0.63
T°C 2261+£06 2292+05 2286406 228+06  213+05 21.8+05 22403 219405 2227
pH 8174001 816+001 8184002 816+002 843+001 819+001 816+001 8I12+001 820
4 180.8 + 182.2 + 183.8 + 207.8 + 204.6 £ 2014 + 191.7 +
TDS, mg L 180+ 11.51 11.2 10.8 9.58 11.0 10.0 9.56 9.12 1915
N-NOj3, mg 0.816 + 0.599 + 0.700 0.090 £ 0272 + 0.466 + 0.039 +
Lt 0.32 0.12 0.24 0.01 0.000 +0.0 0.02 0.10 0.01 0.373
Index S 1.82£018 198+015 1774017 1944018 199+016 163+013 200+£020 1524011  1.83
Index WESI 1.00 1.00 1.00 2.00 4.00 133 133 4.00 1.96
Abundance, 2982.9 + 3026.5 & 32389 + 2642.7 + 22269 + 1540.2 + 5968.4 + UABE oo
cells L~ 193.3 220.7 2459 222.8 137.9 80.1 575.0 1415 .
Biomass mg 1403.2 + 4086.6 + 4087.5 + 20442 + 1732.5 + 7725 + 2386.8 + 2554 + 23834
Lt 78.4 270.0 215.0 95.6 101.6 38.8 129.9 149.0 i
hamnon Index 0753 % 0.614 + 0.659 £ 0.552 + 0.797 £ 0.885 £ 0.401 £ 0.864 £ 0601
0.17 0.15 0.14 0.11 0.17 0.18 0.10 0.16

Table A2. Diversity of algae and cyanobacteria on the sampling stations (1-8) of the Lake Borovoe,
2019. Abbreviations: Hab, substrate preferences: B, benthic; P-B, plankto-benthic; and P, planktonic. T,
temperature indicators: temp, inhabitants of temperate-temperature waters; and eterm, eurythermic.
Oxy, Dissolved oxygen and water mobility indicators: str, inhabitants of streaming well-oxygenated
waters; st-str, inhabitants of standing to streaming middle-oxygenated waters; st, inhabitants of
standing low-oxygenated waters; HjS, sulfides anoxia indicators. pH, water acidity indicators:
acf, acidophilic; ind, pH indifferent; alf, alkaliphilic; alb, alkalibiontes. Sal, salinity indicators: i,
chlorides indifferent; hl, halophiles; mh, mesohalobes; oh, broad spectrum oligohalobes. D, Watanabe
diatom indicators for organic pollution: sx, saproxenes; es, eurysaprobes; sp, saprophiles. Sap,
saprobity indicator categories with species-specific index S: b-a, 2.4-beta-alpha-mesosaprobiont;
b-o, 1.6-beta-oligosaprobiont; o, 1.0-oligosaprobiont; o-a, 1.8-oligo-alpha-mesosaprobiont; o-b, 1.4—
oligo-beta-mesosaprobiont; o-x, 0.6-oligo-xenosaprobiont; x, 0.0—xenosaprobiont; x-b, 0.8-xeno-
beta-mesosaprobiont; x-o, 0.4-xeno-oligosaprobiont. Index S, species-specific index saprobity S.
Tro, trophic-state indicators: o, oligotraphentes; o-m, oligo-mesotraphentes; m, mesotraphentes;
me, meso-eutraphentes; e, eutraphentes; o-e, oligotraphentes to eutraphentes. Aut-Het, indicators
of autotrophy-heterotrophy nutrition type: ats, autotrophes-inhabited low-nitric-nitrogen waters;
ate, autotrophes-inhabited high-nitric-nitrogen waters; hne, facultative-heterotrophes-inhabited low
organically enriched waters; “-”, no data.

Taxa 2 3 4 5 6 7 8 Hab T Oxy pH Sal D Sap Ingex Tro 1:11:;-
Cyanobacteria
Anabaena contorta Bachmann o 0 0 0 1 0 O P - st-str - - - - - - -
Anagnostidinema amphibium
(C. Agardh ex Gomont) P-B, B st-str, ) R - B
Strunecky, Bohunicka, J.R. 0.0 0 0 0 0 0 S H,S hl ao 26 m
Johansen and J. Komarek
Anathece clathrata (West and
G.S. West) Komarek, 11 1 1 1 1 1 P - - - hl - o-a 1.8 me -
Kastovsky and Jezberova
Aphanocapsa holsatica
(Lemmermann) G. Cronberg o 1 0 0 0 0 O P - - - i - o-b 14 me -

and Komarek
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Taxa 2 3 4 5 Hab T Oxy pH Sal D Sap M4 g, Aut
S Het
Cyanobacteria
Aphanocapsa incerta
(Lemmermann) G. Cronberg 0o 0 0 O P-B - - - i - b 22 me -
and Komarek
Aphanocapsa planctonica (G.M.
Smith) Komarek and 1 1 0 0 P - - - i - - - o -
Anagnostidis
Chroococcus minimus 0 0 0 o0 P-B B B ) h ) ) B o-m B
(Keissler) Lemmermann
Chroococcus minutus . .
(Kiitzing) Nageli 0o o0 1 1 P-B - - ind i - o-a 1.8 o-m -
Merismopedia tenuissima 0 0 0 o0 P-B . ) } hl } b-a 24 o .
Lemmermann
Microcystis aeruginosa
(Kitzing) Kiitzing 11 P B B ) hi . b 21 ¢ B
Planktolyngbya contorta
(Lemmermann) 0O 1 0 O P - - - - - o-a 1.8 me -
Anagnostidis and Komarek
Planktolyngbya limnetica
(Lemmermann) P-B, B - . } g B
Komarkova-Legnerova and oo S st-str hl ob 15 €
Cronberg
Radiocystis geminata Skuja 0 1 0 1 P - - - - - - - me -
Rhabdoderma lineare Schmidle 0 0 0 o0 P B B ) B ) b 29 B B
and Lauterborn
Snowella atomus Komarek
and Hindak o 11t L - - - ome -
Bacillariophyta
Achnaﬁ_f hu‘ilum minutlsszmum 0O 0 0 O P-B eterm st-str ind i es x-b 0.95 o-e ate
(Kiitzing) Czarnecki
Amphora o0 al{s (Katzing) 0 0 1 0 B temp  st-str alf i sx  o-b 15 me ate
Kiitzing
Aulacoseira granulata . .
(Ehrenberg) Simonsen 1 0 1 0 P-B  temp  st-str ind i es b 2 me ate
Caloneis bacillum (Grunow) 0o 0 1 1 B temp  st-str ind i es o 13 me ats
Cleve
Cy dOtdlﬂ.,’m.n eghiniana 1 1 0 1 P-B  temp st alf hl sp ao 2.8 e hne
Kiitzing
Cymbella czst%da (Ehrenberg) 0o 0 0 1 B - st-str alf i SX o 1.2 e ats
O. Kirchner
Cymbella helvetica Kiitzing 0 0 0 © B - str ind i - 0-X 0.6 o-m -
Diatoma vulgaris Bory 0o 1 0 0 P-B - st-str ind i SX b 22 me ate
Discostella stelligera (Cleve . .
and Grunow) Houk and Klee o1t r B B ind i - ob 14 om B
Epithemia afj f{litﬂ (Katzing) 0 0 0 ©0 B temp st alb i sX o 12 me ats
Brébisson
Eunotia arcus Ehrenberg 0o 0 1 0 B - st-str acf i - X-0 0.5 ot ats
Fragilaria capucina 1 0 0 0 PB - - ind i e bo 16 m -
Desmazieres
Fragilaria radians (Kiitzing) .
D.M Williams and Round 11 1 1 P-B - st-str alf i sx  b-o 1.7 o-m -
Gomphonella olivacea 1 1 1 1 B - st-str alf i es o-b 1.45 e ate

(Hornemann) Rabenhorst
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Taxa 2 3 4 5 Hab T Oxy pH Sal D Sap "o o AU
Bacillariophyta
Gomphonema acuminatunm 0o 0 0 © B - st ind i es ob 14 o-m ats
Ehrenberg :
Eunotia arcus Ehrenberg 0o 0 1 0 B - st-str acf i - X-0 0.5 ot ats
Fragilaria capucina 1 0 0 0 PB - - ind i e bo 16 m -
Desmazieres ’
Fragilaria radians (Kiitzing) g B . . : - B
D.M. Williams and Round 1 1 1 1 P-B st-str alf i sx  b-o 1.7 o-m
Gomphonella olivacea .
(Hornemann) Rabenhorst 1 1 1 1 B - st-str alf i es o-b 1.45 e ate
Gormphonema acuminatunm 0 0 0 0 B - st ind i es ob 14 o-m ats
Ehrenberg '
Gomphonema gracile 1 0 0 0 B temp st alf i es xb 0.8 m ats
Ehrenberg
Gyrosigma strigilis (W. Smith) B R : : ) B R B
J.W. Griffin and Henfrey o1 00 B mh
Halamphora veneta (Kiitzing) 0o 0 1 o0 B - st-str alf i es a-o 2.6 e ate
Levkov !
Lindavia comta (Kiitzing)
Nakov, Gullory, Julius, 1 0 0 0 P - st alf i SX o 1.2 o-m -
Theriot, and Alverson
Melosira varians C.Agardh 1 1 1 1 P-B  temp  st-str ind hl es b 21 me hne
Pauliella taeniata (Grunow)
Round and Basson 0o 0 0 1 B - - alf mh - b 2.0 - -
Pinnularia viridis (Nitzsch) o 0 0 O P-B temp  st-str ind i es X 0.3 o-e ate
Ehrenberg
Sellaphora pupula (Kiitzing) 0 0 0 © B eterm st ind hl sx o-a 19 me ate
Mereschkovsky
Staurosira leptostauron
(Ehrenberg) Kulikovskiy and 0 0 0 O - - - - - - 1.1 - -
Genkal
Stephanodiscus hantzschii 0o 1 1 1 P temp st alf i es a0 2.7 o-m  hne
Grunow
Surirella elegans Ehrenberg 1 0 0 O P-B - str alf i - o 1 me -
Ulnaria acus (Kiitzing) Aboal 0O 0 0 0 P-B - st-str alf i es o-a 1.85 o-m -
Ulnaria amphirhynchus
(Ehrenberg) Compeére and 1 0 0 O P-B - - alf i es b 2 o-m -
Bukhtiyarova
Ulnaria capitata (Ehrenberg) 0 0 0 O P-B - st-str alf i e ob 1.5 e ats
Compere ’
Euglenozoa
Lepocinclis ovum (Ehrenberg) 0 o0 1 1 P cterm st ind i R b-a 24 R B
Lemmermann !
Trachelomonas hispida (Perty) 0 1 0 1 P-B  eterm  ststr } i R b 20 R B
F.Stein i
Miozoa
Ceratium hirundinella (O.F. .
Miller) Dujardin 1 1 0 1 P - st-str - i - o 1.3 - -
Gymmnodinium variabile E.C.
Herdman 0 0 0 O P - - - - - o-b 1.5 - -
Naiadinium polonicum 11 1 o0 P B st ) ) } o 13 B B

(Woloszynska) Carty
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Taxa 2 3 4 5 Hab Oxy pH sal Sap I“ge" fut
Miozoa
Peridinium bipes F. Stein 0 0 0 © P st-str - oh o 1.3 -
Peridinium cinctum (O.F. .
Miiller) Ehrenberg 0o 1 0 O P-B st-str - i b-o 1.6 -
Ochrophyta
Dinobryon divergens O.E. 11 1 1 P ststr ind i ob 145 B
Imhof :
Chlorophyta
Binuclearia lauterbornii
(Schmidle) 0 0 0 © - - - - o-a 1.8
Proschkina-Lavrenko
Chlorella vulgaris Beyerinck P-B,
[Beijerinck] Lot pb,S B ) hi a 31
Desmodesmus brasiliensis
(Bohlin) E.Hegewald 0 0 01 P-B st-str . B b 2
Monoraphidium contortum
(Thuret) 0o 1 0 O P-B st-str - i b 22
Komarkova-Legnerova
Monoraphidium convolutum
(Corda) 0o 0 0 © P-B st-str - - b 2.3
Komarkova-Legnerova
Monoraphidium minutum
(Nageli) 0O 0 0 0 P-B st-str - i b-a 25
Komarkova-Legnerova
Mucidosphaerium pulchellum
(H.C. Wood) C.Bock, 0o 0 0 1 P-B st-str ind i b 2.3
Proschold and Krienitz
Myrmecia irregularis (J.B. R } } B
Petersen) Ettl and Gértner o1 01 P oh
Neglectella solitaria (Wittrock) . . :
Stenclova and Kastovsky o 1 01 P st ind ! b-o 17
Oocystis borgei ].W. Snow 1 0 0 O P-B st-str ind i o-a 19
Oocystis pusilla Hansgirg 0O 0 0 O P - - oh o-b 1.4
Pseudodidymocystis
planctonica (Korshikov) 1 0 0 0 - - - - o-a 1.8
E.Hegewald and Deason
Scenedesmus quadricauda ) .
(Turpin) Brébisson boo 11 P B ind i b 21
Schroederia setigera (Schroder) 0 0 0 o0 P st-str } i b-o 17
Lemmermann :
Tetradesmus obliquus (Turpin) P-B, .
M.J.Wynne 1 1 0 1 S st - i b-a 24
Tetraédron minimum (A. 11 1 o0 P-B stostr } i b 21
Braun) Hansgirg :
Tetraédron minutissimum .
Korshikov 0o 1 0 1 P-B st-str - i b 21
Tetrastrum staurogeniiforme .
(Schroder) Lemmermann 0.0 00 P-B st-str ) ! b 22
Charophyta
Cosmarium baileyi Wolle 1 1 1 1 B - - - o 1.2 -
Cosmarium undulatum Corda 0 0 0 o0 DB R acf i ) B B

ex Ralfs
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Table A3. Distribution of species richness in phyla, total species number in community, and ecological
properties of bioindicators for sampling stations on Lake Borovoe, 2019. Abbreviations: B, benthic; P-
B, plankto-benthic; P, planktonic; temp, inhabitants of temperate-temperature waters; eterm, euryther-
mig; str, inhabitants of streaming well-oxygenated waters; st-str, inhabitants of standing to streaming
middle-oxygenated waters; st, inhabitants of standing low oxygenated waters; H2S, sulfides anoxia
indicators; acf, acidophilic; ind, pH-indifferent; alf, alkaliphilic; alb, alkalibiontes; i, chlorides indiffer-
ents; hl, halophiles; mh, mesohalobes; sx, saproxenes; es, eurysaprobes; sp, saprophiles; Classes 1-4
of water-quality indicators according to Index S; o, oligotraphentes; o-m, oligo-mesotraphentes; m,
mesotraphentes; me, meso-eutraphentes; e, eutraphentes; o-e, oligotraphentes to eutraphentes; ats,
autotrophes-inhabited low-nitric-nitrogen waters; ate, autotrophes-inhabited high-nitric-nitrogen
waters; hne, facultative-heterotrophes-inhabited low organically enriched waters.

Station 1 2 3 4 5 6 7 8

Species richness in phyla

Bacillariophyta 7 11 8 10 9 11 9 7
Chlorophyta 7 6 7 2 8 8 8 10
Charophyta 2 1 1 1 1 1 1 1

Cyanobacteria 8 4 7 5 5 7 6 5
Euglenozoa 0 0 1 1 2 0 1 1

Miozoa 1 2 3 1 1 1 2 3
Ochrophyta 1 1 1 1 1 1 1 1
Total Species number 26 25 28 21 27 29 28 28
Substrate
B 2 3 3 6 5 4 3 4
P-B 12 12 9 6 10 9 10 9
P 11 9 14 9 12 13 14 15
Temperature
temp 3 4 3 5 4 2 4 3
eterm 0 0 1 1 2 1 1 2
Water moving and oxygenation
str 0 1 0 0 0 1 0 0
st-str 10 9 11 11 11 13 9 11
st 2 5 5 3 5 2 4 6
H,S 1 0 0 0 0 0 0 0
pH
acf 1 0 0 1 0 0 0 0
ind 6 7 5 8 9 6 6 6
alf 3 7 4 5 6 6 6 3
alb 0 0 0 0 0 0 0 1
Salinity
i 15 16 17 14 17 17 15 16
hl 8 6 5 4 5 4 5 5
mh 0 0 1 0 1 0 1 0
Watanabe
sX 1 2 2 2 2 2 1 3
es 5 6 3 6 4 6 5 3
sp 0 1 1 0 1 0 1 0
Class of water quality based on
species-specific index saprobity
Class 1 0 0 0 1 0 0 1 0
Class 2 6 10 7 8 7 9 8 9
Class 3 12 12 13 9 14 13 13 14
Class 4 3 2 2 3 3 3 3 2
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Table A3. Cont.

Station 1 2 3 4 5 6 7 8
Trophic state

o 1 1 1 1 0 1 0 0

o-m 6 4 3 4 4 6 3 3

m 2 2 0 0 0 0 0 0

me 4 4 7 6 5 4 5 6

e 3 4 3 4 4 3 4 2

o-e 0 0 0 0 0 1 1 0

Autotrophy-heterotrophy

ats 1 0 2 2 0 1 1

ate 1 2 2 4 1 3 2 2

hne 2 2 3 2 3 2 3 2
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Abstract: Plant community assembly can be influenced by many environmental factors. In seasonal
wetlands, most studies focus on the considerable variation that occurs from the hydro-regime
(patterns of inundation and desiccation). Other factors and their interactions also influence plants but
are seldom studied, including nutrient and thatch levels. Furthermore, the responses of aquatic and
terrestrial functional groups can provide important insights into patterns of cover and richness. The
aim of this study was to evaluate how algae and plant functional groups (aquatic and terrestrial plants)
respond to variation in hydro-regime (stable and unstable), nutrient addition (none and added),
and thatch (none, native plants, and exotic plants) addition. We measured algal cover, total species
richness, and the cover of the functional groups over two years. Algal cover increased with unstable
hydroperiods and the addition of nutrients. Algae were also negatively associated with aquatic plant
cover and positively associated with terrestrial plant cover. Aquatic plant cover increased with a
stable hydro-regime and decreased with increased thatch. Terrestrial plant cover increased with an
unstable hydro-regime and decreased with thatch addition. Thatch accumulation and excess nutrients
can be linked to human activities, which directly and indirectly alter plant community composition.
The interactions of these factors with the hydro-regime should be considered when evaluating a plant
community’s response to changing environmental conditions. Overall, these results are necessary for
the conservation and management of essential wetland functions and services.

Keywords: algae; California vernal pools; functional groups; macrophytes; mesocosms; seasonality;
species richness

1. Introduction

Plant recruitment and community assembly are commonly influenced by changes in
environmental conditions [1-3]. These effects can include direct or indirect abiotic (e.g.,
soil moisture, light) and biotic (e.g., competition and herbivory) interactions that can vary
in space and time [4]. Different environmental effects on individual species can also lead
to changes in plant species composition, richness, and cover [5,6]. These differences in
responses can stem from differences in life history traits (e.g., timing of germination and
growth) that interact with the environment to facilitate species coexistence [7]. Therefore,
plant functional groups may respond differently to the environment, which results in
observed patterns of cover and richness [5-8]. The presence of extreme conditions (natural
and human-mediated) provides an opportunity to examine questions related to species
traits that can affect species distributions [4,8]. This situation is found in many habitats
worldwide, including deserts, high-elevation locations, and wetlands.

In wetland habitats, the hydro-regime (inundation timing, duration, and frequency) is
the principal factor determining plant community structure [9-12]. Species traits (e.g., life
history, growth structure, and phenology of germination, growth, and flowering) all affect
how plants respond to the hydro-regime [4,8,11-16]. For example, individual species from
many taxonomic groups exhibited variation in germination and growth under different
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hydroperiod timings and lengths in greenhouse studies [8,17]. The variation in response
to the environment, combined with species interactions, results in what is observed in the
community composition [2,4,11,17]. These patterns also hold for seasonal wetland habitats,
including vernal pools found in California.

Seasonal wetland habitats, including California vernal pools, consist of species adapted
to wet and dry cycles [18-21]. Inundation timing and length affect plant germination and
growth [8,17] and result in the distribution of plants within a vernal pool basin along an
inundation gradient [4,18,22]. Further, long hydroperiods have been found to prevent
the establishment of competitively dominant introduced species, which are invasive in
California vernal pools [17]. Vernal pool plant communities exhibit patterns that include
annual flood-tolerant species near flood zones and competitive species along edge zones
of the vernal pool-grassland ecotone [20]. Changes in hydro-period can create a year-to-
year variation that can carry across aquatic and terrestrial phases and determine plant
community composition, richness, and cover [16,20,23,24].

Shifts in plant community composition can alter above-ground biomass and lead to
thatch deposition [25-27]. Plant thatch affects the germination of native forbs and grasses
by affecting light availability and soil temperature in vernal pools [25,27]. This results
in overall declines in species richness and diversity. Changes in nutrient cycling (e.g.,
decomposition rates) and decreased inundation periods and pool depths have also been
linked to increased thatch, making vernal pool habitats more susceptible to plant invasions,
drastically affecting existing communities [27,28].

Nutrient levels in vernal pools can greatly vary and depend on different factors, in-
cluding soil properties and human activities [24,29-31]. California vernal pools tend to
be oligotrophic (i.e., have low nutrient levels) but are commonly surrounded by human-
modified habitats, primarily urban and agricultural development. The modified habitats
export excessive nutrients into surrounding ecosystems [31], which are known to be detri-
mental to vernal pools [24,29,30]. For example, it can lead to algal blooms and decreased
richness of plants and invertebrates [24,29-31]

Many studies have investigated the individual effects of hydroperiod, thatch, and
nutrient concentrations but have not looked at the potential for additive or interactive
effects on plant community composition. Specifically, we conducted a two-year mesocosm
experiment that measured the cover and richness of aquatic and terrestrial plants in re-
sponse to different treatments of hydro-regime (stable and unstable), thatch (control, native,
or exotic plant addition), and nutrient (control or nitrogen and phosphorus addition), for a
total of 12 experimental treatments. We hypothesized that aquatic plants will respond more
to hydroperiod and nutrients [27,28,32] because they directly interact with these treatments,
while terrestrial plants will be more negatively affected by thatch and its shading effects
during desiccation [25,27,33,34].

2. Materials and Methods
2.1. Experimental Design

Soil from vernal pool complexes in the Elder Creek Watershed and Gill Ranch in
Sacramento County was used for the mesocosm experiment [20,24,29,30]. The top 6 cm
of soil was collected to ensure the presence of a viable seed bank [34]. Dry soil was
homogenized with a cement mixer to intersperse the seed bank.

The study occurred from December 2014 to May 2016. In December 2014, 48 meso-
cosms (plastic containers with volume = 151 L; mesocosm dimensions: diameter = 1.03 x 0.36 m,
height = 0.72 m, area = 0.37 m?) were established outdoors at the California State University,
Sacramento Arboretum. Approximately 7 kg of the homogenized soil was added, leaving an
approximately 2 cm depth of soil. Mesocosms were left uncovered over the course of the study:.
Well water was used to supplement natural rainfall to fill the entire mesocosm. This water was
used because it is easily accessible at the site and lacked any chlorinated treatment. Nutrient levels
were not measured but all treatments received approximately the same amount of supplemented
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water. Previous mesocosm studies using this water have found negligible nutrient increases in
control treatments [30]. The timing of the treatments and sampling was the same in both years.

Twelve treatments were randomly assigned to four blocks of mesocosms in a randomized
block design. The experimental design was a full factorial 2 x 2 x 3 that consisted of
hydroperiod (stable and unstable), nutrient addition (control and addition), and thatch (control,
native plant thatch, and exotic plant thatch). A stable hydroperiod treatment was inundated
for 20 weeks (December—May) and the unstable treatment was 2 short hydroperiods that
consisted of a 9-week inundation (December-March), which was desiccated and kept dry
for 2 weeks and then refilled for another 9 weeks (March-May). Desiccation at the end of
the experiment occurred naturally, but approximately 20 L was removed twice weekly over
the last 2 weeks. Removed water was poured through a net (0.2 mm mesh) and all filtered
individuals (e.g., seed and eggs) were returned to the mesocosm because we only wanted to
remove water to simulate the natural desiccation of vernal pools. To ensure the water removal
did not create an added disturbance, the long hydroperiod treatments had the same procedure
applied to them, but water was added to refill the mesocosm.

Nutrient addition treatments included nitrogen and phosphorus addition via an
aqueous solution of NaNO3z and KH,POj4. A 0.5 mg/L concentration was used for both
N and P and added every two weeks. Plant thatch treatments included control, exotic
plant thatch, and native plant thatch. Aboveground plant vegetation from vernal pools
and adjacent upland habitat was collected from Mather Field (Sacramento County, CA,
USA). Plants were haphazardly collected and included typical native and exotic plants
from vernal pools. Native species included Eleocharis macrostachya, Eryngium castrense,
and Plagiobothrys stipitatus, and exotics included Erodium botys, Avena spp., and Hordeum
spp. [35]. Fifty grams of dried vegetation (thatch) were added to the appropriate treatment
replicates prior to inundation.

2.2. Plant Sampling

Plant cover and richness were sampled at the end of the experiment. Percent cover
was measured as the percent of mesocosm area covered. The algal cover was measured
two weeks prior to the complete desiccation of mesocosms, while plant cover and richness
were measured following desiccation. This allowed plants to complete growth, flower, and
fruit. Nine macroalgae and two algal (multicellular) species were present (Table 1). Most
of the macroalgae were vernal pool endemic species. Species were categorized into their
hydro-phase affiliation (aquatic or terrestrial) based on when most of their growth and
flowering occurred (Table 1).

Table 1. Species list with each characteristic of habitat affiliation, growth form, and phase affiliation.

Species Habitat Distribution Hydro-Phase Affiliation
Cladophora sp. 1 Widespread Aquatic
Nitella sp. ! Widespread Aquatic
Eleocharis macrostachya Endemic Aquatic
Callitriche marginata Endemic Aquatic
Ranunculus aquatilis Widespread Aquatic
Marsilea vestita Widespread Aquatic
Plagiobothrys stipitatus Endemic Terrestrial
Downwingia bicornuta Endemic Terrestrial
Gratiola ebracteata Endemic Terrestrial
Navarretia leucocephala Endemic Terrestrial
Psilocarphus brevissimus Endemic Terrestrial
! Macroalgae.

2.3. Statistical Analysis

To assess the effects of treatments on the richness and cover (total) and functional group
cover (aquatic and terrestrial affiliated plants) of each of the species, the General Linearized
Model (GLMM) (gamma distribution with log link) was used with the year (random factor),
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hydro-regime, thatch addition, and nutrient addition as independent variables in a fully
factorial model. All richness and densities were In-transformed. Correlations among algal
cover, total cover and richness, and functional group cover were assessed using partial
correlations, which controlled for the year. These analyses were conducted using IBM SPSS,
version 24 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Macroalgae

Cladophora sp. dominated the first year, but Nitella sp. invaded during the second
year and dominated many of the treatments. Year, hydro-regime, and nutrients were all
significant main effects on the algal cover (Figure 1a, Table 2). On average, algal cover
in unstable hydroperiods increased by over 69% compared with stable hydroperiods,
and nutrients increased algae by 38% on average. Several interactions were also found,
including year-hydroperiod, year—thatch, and hydroperiod—nutrient. In the first year,
unstable hydro-regime and nutrient addition increased algae, and their coupling resulted
in the highest levels of algae. Significant year—hydroperiod—nutrient interactions resulted
in nutrient addition increasing algae in unstable hydro-regime treatments in the first year.

Table 2. Generalized linear models for each of the dependent variables.

Dependent Variable Independent Variable Wald Chi-Square df p
Algae
Year 54.313 1 <0.001
Hydroperiod 52.147 1 <0.001
Thatch 3.170 2 0.205
Nutrient 5.925 1 0.015
Year * Hydroperiod 40.840 1 <0.001
Year * Thatch 12.052 2 0.002
Year * Nutrient 2.023 1 0.155
Hydroperiod * Thatch 0.158 2 0.924
Hydroperiod * Nutrient 5.163 1 0.023
Thatch * Nutrient 1.985 2 0.371
Year * Hydroperiod * Thatch 3.295 2 0.193
Year * Hydroperiod * Nutrient 9.122 1 0.003
Year * Thatch * Nutrient 6.624 2 0.036
Hydroperiod * Thatch * Nutrient 3.089 2 0.213
Year * Hydroperiod * Thatch * Nutrient 8.485 1 0.004
Species richness
Year 17.856 1 <0.001
Hydroperiod 36.815 1 <0.001
Thatch 39.877 2 <0.001
Nutrient 13.598 1 <0.001
Year * Hydroperiod 0.802 1 0.370
Year * Thatch 2.906 2 0.234
Year * Nutrient 0.359 1 0.549
Hydroperiod * Thatch 3.998 2 0.135
Hydroperiod * Nutrient 0.941 1 0.332
Thatch * Nutrient 7.599 2 0.022
Year * Hydroperiod * Thatch 1.999 2 0.368
Year * Hydroperiod * Nutrient 3.287 1 0.070
Year * Thatch * Nutrient 1.205 2 0.548
Hydroperiod * Thatch * Nutrient 5.252 2 0.072
Year * Hydroperiod * Thatch * Nutrient 1.230 2 0.541
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Table 2. Cont.

Dependent Variable Independent Variable Wald Chi-Square df p
Total percent cover

Year 78.223 1 <0.001

Hydroperiod 8.152 1 0.004

Thatch 5.888 2 0.050

Nutrient 0.010 1 0.922

Year * Hydroperiod 1.893 1 0.169

Year * Thatch 0.729 2 0.694

Year * Nutrient 0.021 1 0.886
Hydroperiod * Thatch 6.671 2 0.036
Hydroperiod * Nutrient 2.629 1 0.105

Thatch * Nutrient 5.555 2 0.062

Year * Hydroperiod * Thatch 1.825 2 0.401

Year * Hydroperiod * Nutrient 2.014 1 0.156
Year * Thatch * Nutrient 3.353 2 0.187
Hydroperiod * Thatch * Nutrient 1.800 2 0.407
Year * Hydroperiod * Thatch * Nutrient 2.375 2 0.305

Aquatic plants

Year 1.300 1 0.254

Hydroperiod 5.561 1 0.018

Thatch 7.684 2 0.021

Nutrient 0.412 1 0.521

Year * Hydroperiod 0.192 1 0.661

Year * Thatch 6.134 2 0.047

Year * Nutrient 0.753 1 0.386
Hydroperiod * Thatch 4.378 2 0.112
Hydroperiod * Nutrient 2.008 1 0.156

Thatch * Nutrient 1.583 2 0.453

Year * Hydroperiod * Thatch 2324 2 0.313

Year * Hydroperiod * Nutrient 0.228 1 0.633
Year * Thatch * Nutrient 1.004 2 0.605
Hydroperiod * Thatch * Nutrient 1916 2 0.384
Year * Hydroperiod * Thatch * Nutrient 1.931 2 0.381

Terrestrial plants

Year 163.145 1 <0.001

Hydroperiod 0.446 1 0.504

Thatch 10.387 2 0.006

Nutrient 0.087 1 0.768

Year * Hydroperiod 0.016 1 0.898

Year * Thatch 8.300 2 0.016

Year * Nutrient 0.087 1 0.768
Hydroperiod * Thatch 4.703 2 0.095
Hydroperiod * Nutrient 0.042 1 0.837

Thatch * Nutrient 0.887 2 0.642

Year * Hydroperiod * Thatch 6.902 2 0.032

Year * Hydroperiod * Nutrient 0.111 1 0.739
Year * Thatch * Nutrient 1.930 2 0.381
Hydroperiod * Thatch * Nutrient 1.715 2 0.424
Year * Hydroperiod * Thatch * Nutrient 1.035 2 0.596
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Figure 1. Box plots of dependent variables ((a) algal cover, (b) plant species richness, (c) total plant

cover, (d) aquatic plant cover, and (e) terrestrial plant cover) in response to hydro-regime, nutrient
addition, and thatch addition over the two years of the study.

3.2. Plants

All main effects of year, hydro-regime, thatch, and nutrients affected total species
richness. Unstable hydro-regime increased, and nutrients decreased plant species richness,
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but thatch treatments had variable effects. Species richness increased with native thatch
addition and decreased or was neutral with exotic thatch addition (Figure 1b, Table 2).
Thatch-nutrient was the only significant interaction with thatch having variable effects
depending on nutrient addition. In contrast, year and hydro-regime and a hydro-regime-
thatch interaction affected total cover. Stable hydro-regimes alone increased total percent
cover, and native thatch increased cover while exotic thatch decreased cover (Figure 1c,
Table 2).

Aquatic plant cover was significantly affected by the main effects of hydroperiod and
thatch. Thatch effects also changed over the two years (Figure 1d, Table 2). In general,
aquatic plant cover increased with hydroperiod stability and decreased with thatch addition.
Furthermore, aquatic plant cover was negatively associated with algal cover (r = —0.59,
p <0.001). Terrestrial plant cover changed across years and responded to the main effects
of thatch and the year-hydroperiod-thatch interaction (Figure le, Table 2). Thatch effects
varied based on type; native thatch increased cover while exotic thatch did not affect cover
compared with the control treatment. The interaction resulted from increased terrestrial
cover with an unstable hydroperiod. This effect occurred in both years but was more
pronounced in the second year. Terrestrial plant cover and algal cover were positively
correlated (r = 0.48, p < 0.001).

4. Discussion

The California vernal pool plant community is a seasonal habitat that experiences
considerable environmental variation, including those influenced by human activities.
Climate change affects both temperature and precipitation patterns [36], which determine
the hydro-regime of seasonal wetlands. Nutrient inputs can indirectly increase following
regional fertilizer application [30,31], and thatch can increase following the introduction
of exotic plant species, all resulting in decreased plant productivity and diversity [37,38].
The present experiment examined how algae and plant species responded to manipulated
hydro-regime, thatch, and nutrients. Each of the functional groups (algae, aquatic plants,
and terrestrial plants) responded differently to the treatments and their interactions. There-
fore, these are important regulation factors of richness and cover that create the patterns of
species coexistence, species composition, and community structure.

As expected, algal cover increased with unstable hydroperiods and with nutrient addi-
tion, patterns commonly found in freshwater ecosystems [24,39—41]. Results were observed
after the first year and carried over into the second year. Furthermore, the increase in algae
was negatively associated with aquatic plant cover and positively with terrestrial plant cover.
Filamentous algae, Cladophora spp. and Nitella spp., became dominant across many of the
treatments after two years, likely reducing aquatic plant cover via competitive exclusion for
resources (e.g., light and space) [24,27,42—44]. This is often a result of the formation of algal
mats, which are associated with P retention and reduction in light attenuation [24,44-47].
During unstable hydroperiods, algae can increase in growth [40,48], which can also stabilize
the spatial distribution of nutrients and water fluctuations, promoting plant establishment
during the terrestrial hydro-phase [24,47]. Excess nutrients released from algal mats during
the terrestrial hydro-phase are directly associated with an increase in exotic plants, facilitating
increases in exotic thatch [24,25,27,29,47].

The aquatic plant functional group increased with increased hydroperiod and de-
creased with increased thatch. Hydro-regime is well-known for affecting plant germination
and growth, as the native plant community is specially adapted to environmental cues
from inundation and desiccation cycles [8-13]. The presence of a stable hydroperiod also
ensures the completion of the plant life cycle. Decreased cover in response to thatch, like
increased algae, was likely the result of light attenuation or creating a barrier to emerging
seedlings [24,42]. Many wetland plant seeds rely on light availability for germination
and are unable to germinate in unfavorable conditions (e.g., shaded, limited space), so
they remain dormant in the soil until those conditions are met [34,49-51]. Increased exotic
thatch in vernal pools has further been shown to inhibit native plant richness and cover in
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both hydro-phases by altering vernal pool inundation periods and depths (e.g., shortens
hydroperiod and lowers depth of water in pools) [27]. This also creates divergent plant
communities that favor invasive plant species [27]. The presence of exotic thatch, which
decomposes more slowly than native thatch, and its accumulation can further promote
invasive plants by adding to invasive seed banks, which readily germinate compared with
native seed banks [27,34]. Our seed bank did not support invasive plants and therefore we
could not assess a shift to an invasive-dominated community.

Terrestrial plants have a later phenology of germination, growth, and flowering during
the hydroperiod. They exhibited complex responses to the hydro-regime and thatch that
differed compared with the aquatic plants. Terrestrial plant cover increased with an
unstable hydro-regime, because of a direct effect on their phenology (e.g., an environmental
cue from desiccation) [8], or indirectly by decreasing the competitive advantage of aquatic
plant cover. Thatch addition effects differed among the types (native or exotic) and these
effects increased over the two years. Native plant thatch effects on plant cover were similar
or greater than controls, which was likely due to the contributed seeds to the mesocosms.
This has been shown to be effective for restoration in California vernal pools [2,51]. In
contrast, exotic plants decreased the cover of the plant functional groups. Exotic plants in
California are composed of mostly grasses and some forbs from the Mediterranean region
and are known to have high phenotypic plasticity that aids in their ability to colonize
various ecosystems [36,52,53]. Exotic plants have slower decomposition rates compared
with natives [28] and, as a result, can have many influences on hydrology, soil chemistry,
and plant species composition by altering inundation patterns, retaining more nutrients
such as phosphorus, and further promoting plant invasions [27,28,54-57]. Our findings
corroborate previous research that exotic plant thatch inhibits the growth of vernal pool
natives by reducing light, creating a structural barrier, and overall, not meeting favorable
environmental conditions needed for germination and growth [27,55].

Exotic thatch impacts the availability of nutrients and moisture in the soil, which impedes
native plants and decreases species richness [25,27,34,56,58,59]. Environmental variation
caused by the addition of exotic thatch combined with unstable hydro-regimes disrupts
ecosystem functions, further preventing the establishment of native plants [27,59,60]. Our
findings highlight the need for appropriate management of exotic species in vernal pool habits
to mitigate the impacts of exotic thatch. The effects of exotic thatch during the terrestrial phase
were shown to carry over into the aquatic phase and reduce cover and richness. Previous
research has found that exotic plants can be managed using grazing and fire, which are
commonly used in California vernal pool habitats [61,62]. Targeted, low-intensity grazing
and fire have been found to reduce the above-ground biomass of exotic thatch and promote
the recruitment of native forbs and grasses while facilitating stable hydroperiods [51,63-65].
Further investigations are needed to determine other appropriate management approaches in
addition to grazing and fire to keep up with projected climate change.

The current study was conducted in mesocosms with homogenized soil, which has
many advantages to understand environmental effects on biodiversity [66]. However,
there are disadvantages to this approach, including simplified treatment variation, limited
species pool, and smaller scales [66]. The treatment effects were largely consistent over
the two years with a couple of exceptions, which may have been the result of temperature
and precipitation differences or legacy effects of the first year [24]. Long-term effects of
prolonged environmental variation, in conjunction with spatial dynamics (i.e., dispersal),
should be further explored to better understand community changes in natural vernal
pools over different spatiotemporal scales.

Another limitation of this study was that we could not distinguish the treatment effects on
emergence, species interactions, and fitness. For example, we could not decipher whether algal
cover and exotic thatch prevented species emergence from the seed bank or prevented growth
once they germinated. All of the species present had an annual lifecycle with considerable
seed banks that can remain dormant in the soil for decades [20,34,48-50]. Distinguishing how
life history stages are affected by the relative effects of the treatments and species interactions
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(i.e., competition) is important for understanding community dynamics. Nevertheless, our
results and those of previous studies [7,34] point to the storage effect being an important
mechanism of species coexistence under environmental variation.

While our study showed that the hydro-regime played a dominant role, other factors
(nutrients and thatch) and their interactions also affected species composition in significant
ways. These results contribute to the knowledge gap regarding the high unexplained
variation commonly found in wetland communities beyond the hydro-regime [67]. Climate
change, habitat loss, invasive species, and pollution are the primary stressors threatening
wetland function globally [36], including California vernal pools. Understanding how
wetlands respond to interconnected environmental conditions [68] is critical for their
conservation. The effects of abiotic and biotic factors on functional groups and overall
biodiversity can provide insight for prioritization of management practices to mitigate
impacts from human activity and climate change [36].
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Abstract: Thermally abnormal waters represent safe sites for alien invasive plants requiring warmer
conditions than provided by the ambient temperatures in the temperate zone. Therefore, such
safe sites are frequently inhabited by tropical and sub-tropical plants. By performing a literature
review we assessed that at least 55 alien aquatic plant taxa from 21 families were found in thermally
abnormal waters in Europe. The majority of these taxa are submerged or rooted macrophytes.
Six taxa are listed as quarantine pests according to EPPO. Among these, Pistia stratiotes is present in
seven European countries, most of the records of this presence being recent. We studied P. stratiotes
in a thermally abnormal stream where a persistent population was able to survive harsh winters.
Models showed that the optimum temperature for P. stratiotes biomass was 28.8 &= 3.5 °C. Here, we
show that air temperatures had a higher influence on the photosynthetic efficiency of P. stratiotes,
estimated by chlorophyll fluorescence measurements, than did water temperatures. Generally,
growth, and consequently surface cover for free-floating plants, cannot be explained solely by
thermally abnormal water temperatures. We conclude that even though the majority of thermophile
alien plant occurrences resulted from deliberate introductions, thermally abnormal waters pose an
invasion risk for further deliberate, accidental, or spontaneous spread, which might be more likely
for free-floating macrophytes.

Keywords: macrophytes; alien invasive plants; chlorophyll fluorescence; plant mass; temperature
gradient

1. Introduction

Freshwater ecosystems cover less than 1% of the Earth’s surface but support around
10% of all known species, making them biodiversity hotspots [1]. However, they are
one of the most threatened ecosystems on the global scale, mainly because of land-use
change, hydrological system alterations, pollution, climate change, and invasive species
establishment [2,3].

Biological invasions of European freshwater ecosystems by alien invasive species
have a significant impact on biodiversity and ecosystem functions and cause economic
damage [4,5]. However, a small share of freshwater alien plants has a higher economic
and ecological impact in comparison to terrestrial plant species [4]. One of the most
severe impacts of alien aquatic plants is reducing biodiversity because of rapid vegetative
propagation and the ability to outcompete native flora [6,7].

The number of alien aquatic plants in Europe has doubled since 1980 and is still
increasing [8]. Hussner [9] reports 96 alien freshwater plant species found in European
countries. The majority of them originate from temperate regions similar to Europe (North-
ern America and Asia), while a smaller share is native to warmer parts of the world
(e.g., sub-tropical and tropical regions: Africa, Australia, and Southern America; [9]). The
latter group consists of frost-sensitive plants. Low temperatures during the coldest months
prevent their establishment, and in general only ephemeral populations are formed during
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the warmer part of the year [10]. However, thermally abnormal waters represent an op-
portunity for frost-sensitive macrophytes to establish and survive cold winters [6,9,11].
Therefore, systems with heated waters, either natural (e.g., geothermal waters) or anthro-
pogenic (e.g., thermal pollution), represent safe sites, which imitate tropical conditions [12].
Consequently, alien macrophyte communities in thermally abnormal waters differ from
those in freshwaters with local temperature regimes [13]. However, in light of global
warming, we can expect that at least some thermophilous alien macrophytes will increase
their introduced distribution range beyond the present restriction to thermally abnormal
waters [14]. In this regard, thermally abnormal waters might represent safe sites for poten-
tial sleeper invasive plants.

In the present study, we aim to assess a diversity of alien macrophytes recorded in
European thermally abnormal waters by performing a literature overview. Later, we focus
on a globally invasive pan-tropical macrophyte, Pistia stratiotes L. The species can survive
winter conditions in thermally abnormal waters [11] and can occasionally occur outside
safe sites with thermally abnormal waters during favorable climatic conditions [10]. What
is more, a substantial increase in new occurrences in Europe reported recently suggests
that deliberate releases might not be the only reason for the range expansion of P. stratiotes.
Since climate warming can promote the expansion of aquatic plants [15], this might also
be the case for P. stratiotes [11,16]. Therefore, P. stratiotes represents a suitable thermophile
macrophyte for investigating the effects of temperature as the most challenging climate
condition for tropical plants in the temperate zone. In the thermal backwater in Slovenia,
where P. stratiotes successfully survived winter for several years, we had an opportunity to
study the responses of plants to stress along a temperature gradient that included tempera-
tures that were both too low and too high for P. stratiotes survival. We aimed to define the
most suitable temperature range by studying the year-round surface cover, biomass, and
quantum yield of photosynthesis of P. stratiotes, using chlorophyll fluorescence.

2. Materials and Methods
2.1. Literature Review

The list of alien macrophytes occurring in European thermally abnormal waters was
made by reviewing the existing literature in Google Scholar and Web of Science. We used
the following combinations of words for alien aquatic plants and thermal inland waters:
“alien” OR “exotic” OR “invasive” OR “non-native” AND “thermal water” OR” thermally
polluted water” OR “thermally abnormal water” OR “heated water” OR “warm water”. We
further searched specifically for all records relating to P. stratiotes and referring to Europe
to obtain a list of countries where the species occurs.

2.2. Study Species

Pistia stratiotes L. (water lettuce) is a herbaceous perennial aquatic macrophyte. Its
hairy leaves form free-floating rosettes. It is a clonal plant with stolons that form new
rosettes, which eventually detach from the mother plant and start new colonies on their
own. Clonal growth is extremely successful, and plants can very rapidly overgrow an entire
water surface and form dense mats [17]. Pistia stratiotes is found in tropical areas around
the world, and its origin is uncertain, though it is likely to be from South America [17]. The
species has increased its distribution throughout the sub-tropical regions. It was recorded
first in South Africa [18,19] and later also in North Africa [19]. It has a wide distribution
in Asia, and it is recorded as invasive [19]. The same is true for the Northern Territory of
Australia and for the USA, where it occurs in several states [19]. Its rapid growth alters
aquatic ecosystems by decreasing oxygen and photosynthesis in the water underneath
mats [20,21]. It clogs waterways, hinders navigation, and damages fisheries. It also enables
the transmission in the tropics of certain human diseases spread by mosquitoes and snails.
In many countries, it is known as one of the worst pantropical aquatic weeds [22].
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2.3. Study Site

Our study site is a natural thermally abnormal backwater of the larger Sava River
named Topla struga in Prilipe near the village Catez (45°53' N, 15°37' E; Figure 1). A nat-
uralized P. stratiotes population was established there in 2001 and persisted until its
eradication by local authorities in the spring of 2022. The backwater is a 4 km long
stream beginning at a geothermal spring and flowing toward the Sava River. An ad-
ditional source of warm water is provided by a discharge of the thermal spa, which
joins the stream after passing through a water treatment plant (Figure 1B). The tem-
perature of the spring water is above 30 °C and cools downstream. The situation at
the study site represents a permanent continuously decreasing temperature gradient all
year round. We positioned 10 permanent sampling points along the stream for season-
long continuous monitoring (Figure 1B). The first five sampling points were 100 m apart
and the last five were 200 m apart. Data for the water temperatures of the Sava River
at the Jesenice na Dolenjskem recording location (5 km downstream of the study site)
and the air temperatures at the Novo Mesto meteorological station were obtained from
the national Slovenian Environment Agency (ARSO) [23]. For comparisons, we used
temperature data from known locations with P. stratiotes distribution in Corumba, Brazil
(https:/ /en.tutiempo.net/records/sbcr) (accessed on 7 November 2018) [24] and Eldoret,
Kenya (https://en.tutiempo.net/records/hkel) (accessed on 7 November 2018) [25].

December 2014 March 2015

Waste water
treatment plant 200 m

February 2015 July 2015

Figure 1. (A) Study site in Slovenia shown by the orange circle; (B) ten permanent sampling points
along the thermal stream Topla (the green square indicates the location of the wastewater treatment
plant); and (C) surface cover of P. stratiotes from December 2014 to July 2015 marked with color red.

2.4. Sampling Design
2.4.1. Abiotic Parameters

The following abiotic conditions were measured weekly between March and July 2015.
Measurements took place at some point between 9 a.m. and 2 p.m. At each sampling point,
the following were measured:

Air temperature and air humidity 1.5 m above the water surface, using an aspiration
psychrometer (Ahlborn FNAD 46, Holzkirchen, Germany);

—  Photosynthetically active radiation (PAR) on the water surface, using a quantum
sensor (Quantum Meter; Apogee Instruments, Roseville, CA, USA);

—  Water temperature at 10 cm depth, using a digital thermometer (HI 98501; Hanna
Instruments, Woonsocket, RI, USA);

—  Water temperature of the surface, using an infrared thermometer (572-2, Fluke, Wash-
ington, DC, USA).
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Simultaneously, water samples were collected to obtain the pH value (HI 98103; Hanna
Instruments, Woonsocket, RI, USA), the nitrate concentration (Visocolor®ECO Nitrate;
Macherey-Nagel, Diiren, Germany), and the phosphate concentration (Visocolor®ECO
Phosphate; Macherey-Nagel, Diiren, Germany). All data are included in the Supplementary
Material (Table S1). Initial multiple regression analysis showed that, among measured
temperatures, which significantly predicted fresh biomass and leaf length, air temperatures
showed the highest correlation with beta (f = 0.53, p < 0.001) and were therefore included
in models as well as water temperatures.

2.4.2. Seasonal Surface Cover

We monitored the surface cover of P. stratiotes in the stream Topla from December 2014
to July 2015. We marked distributional data for December, February, March, and July on
the map and digitized it using ArcView GIS 3.2. [26].

2.4.3. Ecophysiological Measurements In Situ

Five plants were sampled randomly at each sampling point for the following ecophys-
iological measurements (Table S2). The photochemical activity of the plant was detected
by measuring chlorophyll a (Chl-a) fluorescence of photosystem II (PS II) using a portable
fluorescence spectrometer (Handy PEA; Hansatech Instruments, Norfolk, UK) following
the manufacturer’s instructions. We recorded the Fy/Fp, value representing the maxi-
mum quantum yield of PS II, which is highly correlated with the quantum yield of net
photosynthesis, whereby Fy is the variable fluorescence (Fn—F,) and Fy, is the maximal
fluorescence value [27]. F,/Fp, in healthy plants is consistently around 0.83. The ratio
Fy/Fm is a measure of stress, if smaller than 0.8, especially if the value falls after dark-
adaptation measurement compared to ambient measurement. Chlorophyll fluorescence
measurements were performed immediately and after a 10 min period of dark adaptation to
obtain actual and dark-adapted fluorescence values, respectively. The dark-adaptation time
of 10 min was determined experimentally according to the device manual. Fluorescence
measurements were taken on healthy leaves without signs of damage to exclude the effect
of stress.

2.4.4. Biomass Studies

After ecophysiological measurements in the field, plants were collected and stored in
plastic bags in a refrigerator until measurements were taken of the rosette diameter and of the
longest leaf length (Table S2). Because of the strong correlation between these two variables
(Pearson’s r = 0.97), only leaf length was included in the generalized linear models (GLMs).
The plants’ fresh and dry biomass (after drying at 60 °C for 72 h) were weighed.

2.5. Data Analyses

In the observed range, we had sites with no living specimens on both sides of the
temperature gradient. To extract the water temperature range for P. stratiotes survival in
our site, we used nonlinear regression models for modeling the temperature dependence
of plant growth, which included the Gaussian functions of fresh plant mass and leaf length.
Nonlinear parameter estimates were obtained using the nonlinear least squares method.
We used zero values for cases where there was zero abundance. For the chlorophyll
fluorescence data, we used GLMs to analyze the influence of the air temperature and
sampling date (both as continuous variables) during the observation period. We applied
GLMs to the actual and dark-adapted values of the fluorescence data.

3. Results
3.1. Aquatic Plants Alien to Europe Associated with Thermally Abnormal Waters

European thermally abnormal waters include natural thermal waters, discharges of
thermal spas, industrially heated waters from power plants, and mining. Countries in
which aquatic plants alien to Europe were recorded in thermally abnormal waters include
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Austria, Germany, Hungary, Poland, Romania, Serbia, Slovakia, Slovenia, Ukraine, the
European part of Russia, and Iceland, while no reports from other European countries were
found (Appendix A, Table A1).

Altogether, 55 alien aquatic plant taxa from 21 families were found, each one having
been observed in thermally abnormal waters in at least one location. Among them, six taxa
are included in the EPPO A2 List (Appendix A, Table A1) [28]. The alien aquatic plants
found comprised the following growth forms: 18% free-floating (10 taxa, two of them ferns),
13% leaf floating (7 taxa), 33% submersed (18 taxa), and 36% emersed (18 taxa, one of them
a fern).

The most numerous were the Hydrocharitaceae family (8 taxa), followed by
Nymphaeaceae (6), Pontederiaceae (5), Plantaginaceae (4), Onagraceae (4), Araceae
(4), Acanthaceae (3), Haloragaceae (3) and Alismataceae (3). The remaining 12 families
had one or two alien representatives (Appendix A, Table Al). The vast majority
of alien aquatic plants associated with thermally abnormal waters originate from
subtropical and tropical climates.

The most common alien aquatic plant in warm waters are Pistia stratiotes and Vallisneria
spiralis, both found in seven European countries, followed by Egeria densa, which was
recorded in six countries. Cabomba caroliniana, Hygrophila polysperma, Monochoria korsakowii,
and Shinnersia rivularis were found in the warm waters of four European countries. Of the
55 alien aquatic plant taxa, 60% (33 taxa) were found in only one country, the majority of
them in Hungarian thermal waters (Appendix A, Table A1).

3.2. The Current Distribution Range of Tropical Macrophyte P. stratiotes in Europe

The literature review assessed the occurrence of P. stratiotes in 21 European countries
(Figure 2). The first record is dated 1966 [29]. In some locations, introductions happened
several times. For example, in Germany, the latest introductions resulted in persistent
populations (see discussion for the Erft River in Germany). In some countries P. stratiotes
was recorded in the past but is no longer present. In Spain, it was immediately eradicated
after it was found [30]. In Croatia, it was found once in the summer and completely died
during the following winter. Occurrences in the 1980s and 1990s (Table 1; Figure 2) were
recorded as ephemeral. Later records report increasing occurrences outside of thermally
abnormal waters.

Figure 2. European countries where Pistia stratiotes has already been recorded are in grey. For details
see Table 1.
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Table 1. Distribution of P. stratiotes within European countries and year of the first report.

Country The First Report (Location) Reference
Austria 1980 [31]
Belgium 2000 [32]
Croatia 2017 (River Sava) [10]
Czech Republic 1991 [33]
France 1992 (Auvergne) [34]
Germany 1981 (thermally polluted River Erft) [35]
Hungary 1966 [29]
Ttaly 1998 (Bodrio le Margherite) [36]
Netherlands 1973 [37]
Norway 1989 (Lake Stilla, Ak Skedsmo) [38]
Poland 2012 (Lake Stawiki in Sosnowiecu) [39]
Portugal 1990 [40]
Romania 2005 [41]
Russia 1989 (River Volga) [42]
Serbia 1994 (thermal spring Banjica) [43]
Slovakia 2007 [44]
Slovenia 2001 (thermal stream Topla) [11]
Spain 2001 (Guipuzcoa) [30]
Sweden 2006 [45]
United Kingdom 1983 (pond in London) [46]
Ukraine 2011 (River Seversky Donets) [47]

3.3. A Case Study from Thermal Stream Topla
3.3.1. Physical and Chemical Parameters of the Environment

The air humidity during the sampling period was between 40% and 64%, with an aver-
age of 53%. Photosynthetically active radiation varied at between 365 and 1249 umol/m?s
(average 765 umol/ m?s). The highest values were measured in June and July (Table S1).

The pH values varied at between 7.4 and 8.9 (average 8.1). The concentration of
nitrates in the water was between 0.50 and 3.75 mg/L, with the highest values measured in
April. The average nitrate content was 1.83 mg/L. The concentrations of phosphates in the
water varied at between 0 and 0.43 mg/L (average value of 0.15 mg/L; Table S1).

3.3.2. Thermal Conditions

The study site is located in a typical temperate climate, characterized by a harsh winter
lasting from 21st December until 21st March with temperatures well below 0 °C and snow-
fall. At the nearest meteorological station, the lowest average monthly air temperatures
for 2015 were measured in January and February, —1.7 and —1.6 °C, respectively. In 2015,
the lowest daily maximum of —15.4 °C was recorded in January. Summer lasts from June
21st until September 23rd. Temperatures can rise above 30 °C. In 2015 the highest monthly
average temperatures were recorded in July and exceeded 29 °C, with a daily maximum of
36.2 °C [23]. Comparison with the temperatures in the tropics, where P. stratiotes is native
(Corumbea, Brazil), and in the subtropics, where P. stratiotes is invasive (Eldoret, Kenya),
shows that from the beginning of April until the end of September the air temperatures in
our study site were as high as in the tropics and subtropics (Figure 3).
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Figure 3. Comparisons of daily mean air temperatures in 2015 at the Novo Mesto meteorological
station near CateZ (Slovenia), in Corumba (Brazil), and in Eldoret, (Kenya). Monthly mean water
temperatures at the Jesenice na Dolenjskem recording site on the Sava River, 5 km downstream of
the study site (Prilipe, Slovenia), obtained from the Slovenian Environment Agency are shown by
the dark grey area: average temperature (dark grey line) and minimum and maximum temperatures
(light grey lines).

The temperatures of the Sava River 5 km downstream of the study site (Figure 3) were
strongly correlated with the air temperatures; however, they never fell below 6 °C. The
highest average water temperatures were in July (24 °C) and August 2015 (23 °C), with the
warmest day peaks reaching as high as 29 °C.

In our study site, the mean water temperature at the source was 27 °C in March and
reached 33 °C in May, June, and July (Figure 4, Table S1). The last and also the coolest
sampling point on our gradient had a mean temperature in March of about 15 °C and
increased with the season to a mean of 27 °C in July. With the warming season, the
water temperatures increased with time, resulting in the shift of temperature gradient
downstream. In addition, the mean daytime air temperatures increased from 10 to 30 °C
during our observation period (Table S1). Water temperatures varied less in time; however,
they had a clear site dependency. Sites closer to the thermal source had 10 to 15 °C
higher temperatures (Figure 4, Table S1), a temperature difference that persisted during
our observations.

165



Diversity 2023, 15, 421

o
Y
-1
) -
.3 - -
+ 4 ’.:0:. :' 3
g4:8 B EEEE: ;ii-
. M M
-7 ¢ . ° ] ! * s : 8 H H i!
— .8 .0'0:-.0 ;""3 ¢
g |lss P ooy Lo fe e
by < 10| o s 2 o ¥ . ¥ t 3
=] « 3§ * @ * *
' &7 . *
H s 1 §
.
£ 3 M
= * ] 2
i :
a4
2 A | 5
6
7
8
9
10
< T T T T T
Mar Apr May Jun Jul

Date 2015

Figure 4. Air temperature 1.5 m above the water surface and water temperature at 10 cm depth at
10 permanent sampling points along thermal stream Topla measured weekly from March to July 2015.

3.3.3. Seasonal Surface Cover

The cover and spread of P. stratiotes were greatest at the end of the growing season
in December, which was then followed by die-offs caused by winter (Figure 1C). Plants
survived in the upper part of the stream and started to increase their cover again in March
and April, occupying the stream at sampling points 1 to 8. In May, plants were distributed
along all 10 sampling points on the gradient. In June and July, plants were missing at the
warmest locations (sampling points 1 to 3). In the winter it was too cold at the end of the
stream, while in the summer, with the increase in the air temperature, locations at the hot
source were too hot for P. stratiotes (Figure 5B).
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Figure 5. Effect of water temperature on fresh Pistia stratiotes biomass (A,B) and leaf length (C).
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3.3.4. Effect of Temperature on Biomass and Chlorophyll Fluorescence

Water temperatures at which plant biomass reached the highest values were slightly
higher than temperatures at which we observed plants with larger leaves (Figure 5A,C).
The nonlinear least-squares predictions were centered at 28.8 °C, with 1 sigma of 3.5 °C for
fresh plant mass and 27.2 °C with the same sigma for the leaf length (Table 2).

Table 2. Estimated regression parameters, standard errors, t-values, and p-values for the models
explaining the effect of water temperature on fresh plant mass and leaf length of Pistia stratiotes.
Model: x ~ a x exp(—(T — Tg)?>/(2 x sigma?).

Estimate Std. Error t-Value p-Value

Fresh mass

a 14.372 1.034 13.900 <0.0001
Ty 28.779 0.324 88.944 <0.0001
sigma 3,516 0.402 8.744 <0.0001
Leaf length

a 7.131 0.211 33.80 <0.0001
To 27.231 0.133 204.16 <0.0001
sigma 3.516 0.158 22.26 <0.0001

The photochemical efficiency, estimated by measuring actual chlorophyll fluorescence,
increased with the season. For the first few months (from March until May), the actual
chlorophyll fluorescence ratio Fy/Fp, was below 0.6 for the entire gradient (Figure 6A).
Chlorophyll fluorescence measured after a 10-minute-long dark adaptation, during which
reaction centers of photosystem II (PSII) were able to return to a relaxed state, showed some
increase. However, the values never exceeded 0.75 in March, April, and May (Figure 6B). In
June and July, the actual as well as the dark-adapted Fy /Fy, increased (Figure 6), particularly
at the last two sampling points of the gradient. The difference between actual and dark-
adapted values was the smallest in July. At the same time, at more than half of the sampling
points, plants had Fy /Fp, above 0.8 on average. The outcome of the GLM shows that
actual chlorophyll fluorescence was significantly dependent on the sampling date and air
temperature (Table 3).

Table 3. Estimated regression parameters, standard errors, t-values, and p-values for the actual
chlorophyll fluorescence and after-dark adaptation of Pistia stratiotes leaves.

Estimate Std. Error t-Value p-Value
Chl Fluorescence F, /Fy—actual (GLM, Gaussian)
Intercept 0.464 0.020 22.873 <0.0001
Sampling date 0.019 0.001 14.213 <0.0001
Temperature —0.004 0.001 —3.509 <0.001
Chl Fluorescence Fy /Fn—dark adapted; Fy /Fr, (GLM, Gaussian)
Intercept 0.702 0.015 45.845 <0.0001
Sampling date 0.009 0.001 8.729 <0.0001
Temperature —0.002 0.001 —2.198 0.028
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Figure 6. (A) Actual and (B) dark-adapted chlorophyll a fluorescence measured as Fy /Fp.

4. Discussion
4.1. Macrophytes in Thermally Abnormal European Waters

Fifty-five alien macrophytes were associated with thermally abnormal waters in Eu-
rope, which corresponds to about half of all alien macrophyte species recorded in Europe [9].
Lukdcs et al. [29] reported that, in Hungary, 80% of alien macrophytes were restricted to
thermal waters. However, the frequency of these macrophytes was relatively low, pointing
to their invasive potential being restricted by habitat availability, when compared to alien
macrophytes that prefer cold waters.

The vast majority of alien macrophytes found in thermal waters originate from delib-
erate releases (93%), i.e., they are used as ornamental plants either in aquaria or outdoors
(e.g., pond plants). Therefore, emersed or leaf-floating macrophytes with prominent flowers
(e.g., Nymphaea) and/ or free-floating macrophytes with large leaves (e.g., Pistia stratiotes)
are overrepresented in the literature assessed. The significant role of aquarists and the
trade in ornamental alien macrophytes in freshwater-ecosystem invasions is already well
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recognized and addressed in several studies [29,48,49]. The group of alien plants likely to
have originated from aquaria was mainly represented by fast-growing submerged plants
(e.g., Vallisneria). Alien plants introduced unintentionally were rare and included small
free-floating plants (e.g., Wollfia globosa) or submerged plants (e.g., Myriophyllum heterophyl-
lum). It is worth mentioning that, in European thermally abnormal waters, two of the most
problematic aquatic plants worldwide were present: Eichhornia crassipes and Pistia stratiotes.

Only a smaller proportion of macrophytes found in thermally abnormal waters orig-
inate from climates similar to Europe, while approximately 80% of them have natural
distribution in subtropical and tropical areas. For alien macrophytes originating from the
temperate zone, European thermally abnormal waters are a habitat where the growing sea-
son is extended, while their survival is also possible at ambient conditions. For the invasive
species that are native to warmer conditions, the current distribution range in Europe is
likely to expand in the Mediterranean and Atlantic regions, and possibly also in continental
parts, because of milder winters indicative of global warming. Further expansion in all
regions can be expected because of increasing waterbodies changes: thermal pollution,
channeling, urban spread incorporating waterbodies, gravel pits, shallow artificial lakes, or
ponds [11,16,50]. Shallow low-velocity aquatic habitats might be particularly suitable for
ephemeral colonization during summers. What is more, analysis of the field data for the
Netherlands’ ditches showed that milder winters enhanced eutrophication by increasing
the total phosphorus concentrations, and favored evergreen submerged and, especially,
free-floating macrophytes—the latter because of their ability to obtain nutrients from the
water column [51,52]. This is of concern, given that some alien macrophytes recorded
have a reputation as extremely problematic and costly weeds in subtropical regions (e.g.,
Pistia stratiotes and Eichhornia crassipes) [53]). According to our study, locations reported
in the literature often contained several co-occurring invasive alien plants. One of the
reasons—besides deliberate introduction—might be that the invaded habitat was altered
by invasive macrophytes in a way that favors the establishment of other invasive species
more than native species [54].

4.2. Pistia Stratiotes Is Expanding Introduced Distribution

We assessed Pistia stratiotes to be the most recorded alien invasive plant in thermally
abnormal waters. Although the data could be biased, since the species is easily recognized,
and smaller or submerged macrophytes can be easily overlooked, there is no doubt that Pis-
tia stratiotes is a popular aquatic macrophyte for aquaria and outdoors. Its mass cultivation
is increasing the probability of irresponsible releases into nature, which provide the main
opportunity for ephemeral population establishment and naturalization possibilities across
Europe. Especially worrying is the recent increase in records of established populations,
and of populations consistently present for a longer time, in the southern part of Europe.

It is generally accepted that the first introduction to Europe happened in 1973 in the
Netherlands [37]; however, there is also an earlier notation from Hungary in 1966 [29].
Early introductions are believed to have been deliberate releases of aquaria plants, espe-
cially since several of the first recordings were from ponds (e.g., 1983 in London, UK [46]);
thermal springs (e.g., 1994 in Banjica, Serbia [43]), or thermally polluted waters (e.g., 1981 in
Erft, Germany [6] and 1989 in Astrakhan, Russia [42]). Ephemeral occurrences sometimes
resulted in expansions during summers in the 1980s and 1990s [55,56]. In 2001, the first
overwintering of Pistia stratiotes in the temperate zone with winter temperatures well below
0 °C was recorded for a population in a thermal water location [11]. After that, the num-
ber of ephemeral observations in the temperate zone increased, including those outside
thermally abnormal waters. In some locations, P. stratiotes was successfully eradicated
(e.g., in Spain [30]), while in some countries the number of observations increased consid-
erably after the year 2000 (Figure 7), e.g., from 49 to 200 in the Netherlands [57] and to
36 in the UK. In Somerset (UK), besides more frequent sightings, beginning with several
records in 2004, the populations changed also in their abundance. In 2010, P. stratiotes
was already well established in the Bridgewater and Taunton Canal [58]. In six European
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Figure 7. Increase in Pistia stratiotes records in the database GBIF since the year 1980 for selected
European countries: (A) the Netherlands, (B) France, (C) Belgium, (D) Germany, (E) Italy, (F) Ukraine.

The majority of recent recordings remain ephemeral occurrences in normal waters
during summers. However, in the last two decades, several established populations have
been recorded in various habitats. Since its introduction, Pistia stratiotes has remained
present in natural thermally abnormal waters in Hungary [29], and it was present until 2022
in Slovenia. Since 2008, it has been established in the thermally polluted River Erft in Ger-
many [6], where it was previously introduced in 1981, but failed to survive [35]. Persisting
populations are found in the Mediterranean area. According to the database SI Observation
Flore [34], water lettuce was observed in France as early as 1992, in Auvergne. Two more
locations were recorded in 1998 and 1999. After that, it occurred abundantly in the River
Moselle between 2002 and 2015. In summer, it has been spotted in 31 locations throughout
France, with dense, persisting populations in the canals along the River Rhone [59]. Pistia
stratiotes was also recorded in Italy, where mass reproduction was reported in 1998 in
Lombardy [36] and in 2007 in Toscana [60]. Recent distribution ranges include, additionally,
the Campania, Emilia-Romagna, and Veneto regions [16,61]. In Spain, P. stratiotes was first
observed in the province of Gipuzkoa in 2001. In 2004, a population was recorded in the
vicinity of Doflana National Park in Andalusia [30]. The information was communicated
rapidly to the environmental authorities, and the plant was removed from the continental
part of Spain according to the EPPO [19], although it is invasive on the Canary Islands. In
Portugal, the first reported naturalization of water lettuce was in 1990 [40].

The mild climate has also enabled persistently recurring populations for more than five
years in the South of England and Belgium (since 2000) [32] and Slovakia (since 2007) [44,62].
Increases in population numbers have been reported from less favorable climatic regions
as well, e.g., 15 populations in the Czech Republic since the first observation in 1999 [33],
while mass reproduction was recorded in 2013 in Ukraine (near Ekshar) [47]. Persisting
populations have been reported from the European part of Russia [63]. Habitats invaded
by persistent P. stratiotes populations in Europe are very similar and are characterized
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by slow-flowing, shallow waters, often in canals, experiencing strong human influence.
Plants in natural waters form smaller rosettes with smaller leaves than plants in thermally
abnormal waters [62].

Additionally, new records became more frequent in regions with a more pronounced
temperate climate. P. stratiotes was found in 2005 in Romania [41] and in 2012 in Poland [39],
and in 2017 it was observed for the first time in a natural river in Vojvodina, Serbia, near the
Romanian border [64]. It was also recorded as far north as Sweden (in 2006 and 2011) [45]
and Norway, where it managed to form a dense population during the summer of 1989.
However, it did not survive winters [19,38].

In several locations, thermally abnormal waters pose an invasion risk for further P.
stratiotes spread. Spontaneous P. stratiotes spread from a thermal safe site was recorded for
the first time in 2017, when plants were flushed from the thermal stream Topla in Slovenia
into the Sava River and managed to colonize a natural reserve area in Croatia—the Sava-
Strmec, 15 km downstream—during the summer [10]. A similar spread can be expected
from the thermally polluted Erft River in Germany, because of the high number of plants
and seeds drifting downstream into the River Rhine [65,66].

Similar to EU countries, the increase in P. stratiotes records in Japan was noted around
the year 2000. Until then, P. stratiotes had been present, since the 1930s, only on the Okinawa
Islands, while the expansion to many sites, including an overwintering population in
thermally abnormal water in Japan’s temperate zone, began after the late 1990s ([67] and
references therein). This might be an indication that additional P. stratiotes expansion is
occurring globally. Additionally, the spread of P. stratiotes in Europe recently might be
attributed to global warming [16,17], which might also be the case globally because the
spread of P. stratiotes into subtropical and tropical regions is enhanced [68].

4.3. Effect of Temperature on P. stratiotes Performance

Temperature and photoperiod are abiotic variables that directly influence P. stra-
tiotes [69]. This is shown in our study. Even though in our study site winter air temperatures
fell below 0 °C, plants survived in the warmer part of the gradient. The suitability of the
thermal gradient for P. stratiotes growth changed during the season, since parts close to
the thermal source became too warm in June and July, while the lower part warmed up as
summer approached and turned out to be the most suitable for high photosynthetic yield
from May onwards. The wider tolerance of free-floating freshwater macrophytes for low
sub-optimal temperatures than for high sub-optimal temperatures [70] is also confirmed for
P. stratiotes in our study. However, because one can measure more extreme temperature tol-
erance values if such temperature is applied for only a short time [71], we need to measure
the response of plants which are under long-term exposure or have had the opportunity
to adapt to an environment with periods of sub-optimal temperatures. In Brazil and in
our study site, similar high water temperatures (24 to 28 °C) were most favorable for P.
stratiotes growth. These water temperatures were present in Brazil in August [69] and in
our study site in July. According to our study’s regression models, the water temperatures
at which maximum plant biomass was reached were 28.8 4= 3.5 °C.

Such mean temperatures were present in the lower part of the thermal gradient in
July, which was also the part of the gradient that was closest and most similar to the
natural Sava River. This poses the threat of a spillover of plants [10,65] or their seeds [7,11]
from the thermal safe site into natural waters during the warm summer. If we take into
consideration the sigma range of 3.5 °C, favorable temperatures above 25.3 °C were already
present along the entire gradient in May. However, at that time, plants had a low F, /Fn,
ratio, indicating a low quantum yield of PSII, which increased after dark adaptation to 0.72
on average. The dark-adapted fluorescence parameters reflect the degree of acclimation
to local environmental conditions, and we can assume that in favorable environmental
conditions the plants can express their best potential photosynthetic performance [72].
Therefore, the failure of the dark-adapted Fy /Fn to reach the critical value of 0.8 in May
showed that plants were under stress. In June, the mean dark-adapted F /Fy, reached 0.8
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at the very end of our temperature gradient. In July, the mean dark-adapted F, /F, was
higher than 0.8 for the last three sampling points.

In comparison, the water temperature gradient in May ranged from 33 °C to 25 °C,
while the mean air temperature was between 22 and 23 °C. In June and July, the water
temperature gradient (from 33 °C to 26 °C) did not change considerably compared to
May, while the mean air temperatures rose along the entire gradient to 25-27 °C in July
and to 26-28 °C in August. According to our results, we can conclude that increased
air temperatures in June and July had an important role in the increased F, /Fy, ratio
indicating that plants were not under stress. At the same time, dark-adapted F /Fy, above
0.8 reflected a high quantum yield of PSII and therefore photosynthetic efficiency, which
is shown also by increased plant biomass in June and particularly for the last sampling
points in July. The importance of air temperature was also stressed in the tropics, where
winter air temperatures (16 °C at rosette height) were unfavorable [69]. According to our
results in the temperate zone with pronounced winters, the projected global warming will
not enable P. stratiotes to overwinter in the form of rosettes outside thermally abnormal
waters, because the average winter temperature would need to increase significantly, which
is unlikely to happen.

5. Conclusions

According to the presented literature review, we can conclude that in thermally ab-
normal waters submerged thermophile macrophytes have a higher probability of survival.
Submerged plants are surrounded by warm water with more or less stable temperatures.
On the other hand, free-floating thermophile macrophytes depend also on air temperatures.
This is also the reason why almost 50% of non-native macrophytes in European thermally
abnormal waters are submerged or rooted, and free-floating macrophytes represent only
18% of species. Here we have shown that we should pay attention to free-floating macro-
phytes, which can survive in thermally abnormal waters and which, at the same time, can
tolerate low air temperatures and even considerable frost damage to their leaves. Addition-
ally, there might be an indication that free-floating plants such as P. stratiotes have a slightly
higher possibility of dispersal compared to rooted macrophytes. Increased water flow or
elevated water levels caused by rain or changed discharges can enable easier spillover of
free-floating plants than of rooted, submerged plants. What is more, waterfowl, pet dogs,
and water equipment constitute additional possible vectors of dispersal. Free-floating
macrophytes originating from warmer regions, particularly those plants that do not have
leaves close to the water surface, are very interesting subjects for investigation of their
temperature tolerance when air temperatures are limited.
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sampling plots along thermal stream Topla.
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Appendix A

Table A1. List of alien aquatic plant taxa associated with thermally abnormal waters in Europe,
including family, pathway, growth form, and EPPO A2 categorization. For each taxon, the year of
the first record in a particular country and the native distribution are provided. Source of thermal
abnormality (if the information was provided in the reference): G = natural geothermal spring,
TP = thermal pollution, D = discharge of a thermal spa.

Introduced Range (Year of the

Taxon First Observation) Native Distribution Reference
Azolla filiculoides Lam. (Azollaceae); Germany (1991, River Erft—TP) North, Central, and 6,29,73]
aquarium plant; free-floating fern Hungary (1940) South America [9] e

Bacopa caroliniana (Walt.) B.L. Robins Southern parts of

(Plantaginaceae); aquarium Hungary (2005) North America [74] [29]
plant; emersed
Bacopa monnieri (L.) Wettst. Australia, Africa, Asia, South
(Plantaginaceae); aquarium Hungary (2005) America, and southern parts of [29]
plant; emersed North America [74]
Hungary (several localities; 1937,
Héviz—G)
Cabomba caroliniana A. Gray European Russia (1990, backwater
(Cabombaceae); aquarium of the Moskva River—TP) South America [9] [29,75-78]
plant; submersed Austria (2010 (20. cent.), thermal

stream Warmbad Villach—D, G)
Romania (2014 Peta Lake—G)

Hungary (1968)
Austria (2013, thermal stream
Warmbad Villach—D, G)
Romania (2014, Peta Lake—G)

Ceratopteris thalictroides (L.) Brongn.
(Pteridaceae); aquarium plant;
emersed fern

Widespread in tropical regions [9] [29,77,78]

Cryptocoryne crispatula subsp. balansae Austria (2013, thermal stream

(GagneP.) N.Jacobsen (Araceae); Warmbad Villach—D, G) N Vietnam, Thailand [77] [77]
aquarium plant; submersed
Cryptocoryne wendtii de Wit (Araceae); Austria (2013, thermal stream .
aquarium plant; submersed Warmbad Villach—D, G) Thailand [74] (771
Germany (1980, River Erft—TP)
Slovakia (1993)
Hungary (1960)
Egeria densa Planch. Russia (1983, Pekhorka [6,29,44,73
(Hydrocharitaceae); aquarium River—TP) South America [9] 7,6 7’7 7’9] ’
plant; submersed Iceland (2013, pond in Y

Husavik—G; 2004, Opnur—G)
Austria (1910, thermal stream
Warmbad Villach—D, G)
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Taxon First Observation) Native Distribution Reference
Eichhornia crassipes (Mart.) Solms
(Pontederiaceae); ornamental plant; GermanHéI(‘)%ESir}li{Exllzf(])E)r f—TP) South America [9] [6,29]
free-floating; EPPO A2 y ’
Eichhornia diversifolia (Vahl) Urb.
(Pontederiaceae); aquarium plant; Hungary (2005) South America [74] [29]
free-floating
Gymnocoronis spilanthoides DC.
(Asteraceae); aquarium and aquatic Hungary (1988, Lake Héviz—G) South America [74] [29]
ornamental plant; emersed; EPPO A2
Heteranthera zosterifolia Mart. Serbia (2016, Niska Banja—G)
(Pontederiaceae); aquarium Austria (2013, thermal stream South America [74] [77,80]
plant; submersed Warmbad Villach—D, G)
Houttuynia cordata Thumb.
(Saururaceae); ornamental Hungary (2005) Southeast Asia [74] [29]
plant; emersed
Hydrilla verticillata (L. £) Royle Hungary (1980)
(Hydrocharitaceae); aquarium Slovakia (1995) Asia [44] [29,44,77]
lant: subme,rse d Austria (1907, thermal stream Y
plant Warmbad Villach—D, G)
.Hy drocotyle ranunculoides Lf. Germany (2003, River Erft—TP) North, Central, and
(Apiaceae); ornamental pond plant; Hungary (2005) South America [9] [6,29]
free-floating; EPPO A2 gary
Hygrophila corymbosa Lindau.
(Acanthaceae); aquarium Hungary (2005) Southeast Asia [9] [29]
plant; emersed
Hygrophila difformis Blume Hungary (2005, thermal pond and
(Acanthaceae); aquarium parts of the Danube near the S Asia and SE Asia [9] [29,81]
plant; emersed Lukacs Budapest—G)
Hungary (1958, thermal pond and
parts of the Danube near the
. Lukacs Budapest—G)
A rﬁygrrozﬁu(lzp Oilyt;p erima )(.R"Xb‘)riT'm Germany (2005, River Erft—TP) India and Malaysia [9] [6,29,77,81,
€rso lacr?t' erii:izg d’ aquariu Poland (2008, lakes of the Konin aa alaysia 82]
plant Valley area—TP)
Austria (2005, thermal stream
Warmbad Villach—D, G)
Lagarosiphon major (Ridl.) Moss Hungary (2005)
(Hydrocharitaceae); aquarium Austria (1966, thermal stream S Africa [9] [29,77]
plant; submersed Warmbad Villach—D, G)
Lemna minuta Kunth (Lemnaceae); Germany (198.1 , River Erft—TP)
unintentional introduction; Serbia (2016) North, Central, and [6,73,76,80]
. ! Russia (2008, Pekhorka South America [9] e
free-floating :
River—TP)
Lemna aequinoctialis Welw.
(Lemnaceae); unintentional Germany (1982, River Erft—TP) E Asia, southern hemisphere [74] [35]
introduction; free-floating
Limnophila heterophylla (Roxb.) Benth. legn;arm?zg)zl(;;lzsz;a%al;engfr)l d
(Plantaginaceae); aquarium sary ’ P India, SE China, Philippines [74] [78,81]

plant; submersed

parts of the Danube near the
Lukacs, Budapest—G)
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Taxon First Observation) Native Distribution Reference
Limnophila sessiliflora Blume
. . . Hungary (1940) .
(Plantaginaceae); aquarium Slovakia (1993, Bojnice) Asia [44] [29,44]
plant; submersed
e . . Hungary (2018, thermal pond and
Ludw;g zzasg;lmhylb; i:l ((Ziigzzceae)’ parts of the Danube near the / [81]
q plante Lukacs, Budapest—G)
Ludwigia alternifolia L. (Onagraceae); .
omamental pond plart; emersed Hungary (1940) E North America [74] [29]
Ludwigia grandiflora (Michx.) Greuter South America, parts of North
& Burdet (Onagraceae); ornamental Hungary (2005) America [74] [29]
pond plant; emersed; EPPO A2
Luduwigia repens J.R. Forst. Hungary (1924)
(Onagraceae); aquarium Serbia (2011, Niska Banja—G) North and Central America [74] [29,44,83]
plant; emersed Slovakia (2017)
Mimulus guttatus Fisch. ex DC.
(Scrophulariaceae); ornamental pond Hungary (1994) North America [74] [29]
plant; emersed
Monochoria korsakowii Regel & Maack . .
. Ukraine, Caucasus, India,
(Pontederiaceae); ornamental pond Hungary (1988) . [29]
East Asia [74]
plant; emersed
Hungary (1968)
Myriophyllum aquaticum (Vell.) Verdc. ~ Germany (2003, River Erft—TP) [6,29,73.77
(Haloragaceae); aquarium Romania (2014, Peta Lake—G) South America [74] ’ 7’8] r
plant; submersed Austria (1988, thermal stream
Warmbad Villach—G, D)
Myriophyllum heterophyllum Michx.
(Haloragaceae); aquarium plant, E-North America,
ornamental pond plant; submersed; Hungary (2006) Central America [74] (2]
EPPO A2
Myriophyllum tuberculutum Roxb. Hungary (2018, thermal pond and India to China, N
(Haloragaceae); aquarium parts of the Danube near the Peninsula Malaysia [74] [81]
plant; submersed Lukacs, Budapest—G) Y
Najas gracillima (A. Braun ex Engelm.)
Magnus (Hydrocharitaceae); Australasia, China, Eastern Asia,
unintentional Hungary (2012) North America [74] (2]
introduction; submersed
Najas guadalupensis (Spreng.) Magnus Slovakia (1986)
(Hydrocharitaceae); aquarium Hungary (2005) America [74] [29,44,78]
plant; submersed Romania (2014, Peta Lake—G)
(Nel gglu:zbo m;gfir:: ?naertl':nl. nd Hungary (1955) Ukraine to north Iran, Russian Far [29]
clumbonaceae); ornamentat po ungary East to Tropical Asia, Australia [74]
plant; leaf floating
Nuphar advena (Aiton) W.T. Aiton
(Nymphaeaceae); ornamental pond Hungary (1920) North America [74] [29]
plant; leaf floating
Nymphaea “Blue Bird” (N. micrantha
x N. capensis) (Nymphaeaceae); Hungary (1900) / [29]
ornamental pond plant; leaf floating
Nymphaea lotus var. thermalis L. .
(Nymphaeaceae); ornamental pond Hungary (1842) Endemic to the thermal water of the [29]

plant; leaf floating

Peta River in Romania [84]
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Nymphaea nouchali var. caerulea Hungary (1891, thermal pond and

(Savigny) Verdc. (Nymphaeaceae); parts of the Danube near the E Africa [74] [29,81]
ornamental pond plant; leaf floating Lukacs, Budapest—G)

Nymphaea rubra Roxb. ex Andrews

(Nymphaeaceae); ornamental pond Hungary (1891) Tropical Asia [74] [29]

plant; leaf floating
Hungary (1966)

Pistia stratiotes L. (Araceae); aquarium

Germany (1981, River Erft—TP)
Russia (1989, Volga—TP; 1998
Pekhorka River—TP)
Serbia (1994, a thermal spring
“Banjica”—G; 2005,

Pantropical distribution, probably

[6,11,29,35,

plant, ornamental pond plant; N . . L . 42,44,47,76,
free-floating; EPPO A2 Rgossllzzi/ lsiir;]z} 2Sé:)oa1 G) originating from South America [17] 80]
stream Topla—G, D)
Slovakia (2007)
Ukraine (2011, Seversky
Donets—TP)
Pontederia cordata L. (Pontederiaceae); Hungary (2005) North America, South America [74] [29]
ornamental pond plant; emersed
Rotala rotundifolia (Buch.-Ham. ex
Roxb.) Koehne (Lythraceae); Serbia (I;(;llr;ga]\]rél((l:]giiljafc) Tropical Asia [74] [29,80]
ornamental pond plant; emersed !
( :ﬁgﬁ:{;ﬁéﬁ:{?gﬂ ZZi‘llljm Austria (1951, thermal stream North America, Central America, N (7]
s aq Warmbad Villach—D, G South America [74]
plant; emersed
Sugztta?'zu platyphylla (Eng.elm.) JG. Russia (2002, Pekhorka S North America,
Sm. (Alismataceae); aquarium plant, River—TP) Central America [74] [76]
ornamental pond plant; emersed v
L Hungary (1965
Sagittaria subulata (L) Buchenau Slovikiz ((1995)) SE North America
(AIISIDT:;?'C:SE)&z?;jmm Germany (1984, Warme N South America [74] [29,44,85]
! Wuhle—TP)
Salvinia auriculata Aubl.
(Salviniaceae); aquarium plant; Hungary (1964) Central and South America [74] [29]
free-floating fern
Saururus cernuus L. (Saururaceae); .
ornamental plant; emersed Hungary (2005) E North America [74] [29]
Germany (1992, River Erft—TPp,)
Slovakia (1998, 2002, a waste
canal discharging thermal water
Shinnersia rivularis (A.Gray) RM.King ~ from the bath house “Kalinka”,
& H.Rob. (Asteraceae); aquarium Bojnice—D, G) Central America [9] [29,44,86]
plant; emersed Hungary (1998, a thermal lake
Héviz—G)
Austria (2000, thermal streams in
Warmbad Villach—G)
Utricularia gibba L. (Lentibulariaceae); Hungary (1936) . . .
aquarium plant; free-floating Slovakia (1993) America, Africa, Asia [74] [29,44]
Vallisneria ‘amerzcana Mld’}x' Russia (2010, Pekhorka North America, Central America, N
(Hydrocharitaceae); aquarium [76]

plant; submersed

River—TP)

South America [74]
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Vallisneria gigantea Graebn.
(Hydrocharitaceae); aquarium Hungary (1891) SE Asia, Australia [74] [29]
plant; submersed
Hungary (1808)
Russia (1999, Desnogorsk
Reservoir—TP; 1972, Belovskoe
Reservoir—TP)
Vallisneria spiralis L. Germany (2003, River Erft—TP; [6,29,73,77,
(Hydrocharitaceae); aquarium 2017, Reden—TP) N Africa, Asia, S Europe [9] 79,83,87—-
plant; submersed Serbia (2011, Niska Banja—G) 91]
Poland (1993, Konin Lakes—TP)
Iceland (2013, pond Husavik—G)
Austria (1880, thermal streams in
Warmbad Villach—D, G)
Victoria amazonica Sowerby
(Nymphaeaceae); ornamental pond Slovakia (1998) South America [74] [44]
plant; leaf floating
Wolffia globosa (Roxb.) Hartog & Plas .
(AraJZleag) ; unintentional introgduction; Russt(ii(i(zZ, l;;l;horka Pakistan to Japan, Malaysia [74] [76]

free-floating
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