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Preface




The world’s food production will need to increase dramatically to match the predicted population growth. Achieving this goal will be very challenging because of the decreased availability of arable land, resulting from urbanization and land degradation caused by salinity (Panta et al., 2014). The economic impact of soil salinity on agricultural crop production exceeds US$27 billion p.a. (Qadir et al., 2014) and is expected to rise, given present trends in climate change. Currently, soil salinity is claiming about 3 ha of arable land from conventional crop farming every minute (Shabala et al., 2014), forcing agricultural production into marginal areas and making the use of traditional staple crops more and more challenging and less efficient. The physiological and genetic complexity of the salt tolerance trait means that real progress in crop breeding for higher salinity stress tolerance may be achieved only by a painfully slow pyramiding of essential physiological traits (Shabala, 2013; Flowers and Colmer, 2015). Given the time constraints, a safer solution to meet the 2050 challenge may be to find alternative crop and forage species for farming in salt-affected conditions and to restore salt-affected areas (Rozema and Schat, 2013; Panta et al., 2014). In this context, halophytes ‘tick all the boxes’ and promise to become important components of 21st-century farming systems.

The term ‘halophyte’ entered plant biology literature at the beginning of the 18th century, and these plants have been fascinating generations of scientists ever since. Halophytes thrive in conditions that kill 99% of conventional crops and, over the course of evolution, have developed highly efficient mechanisms to cope with the salt load. What are these mechanisms? Are they unique to the halophytes, or are they simply underutilized by conventional crops? Can we make the latter more efficient? Some answers to these questions are given in this volume. The range of topics covered includes the patterns of ion accumulation in halophytes; specific anatomical traits such as leaf or stem succulence or secretory glands/salt bladders, conferring their superior salinity tolerance; and mechanisms of reactive oxygen species (ROS) detoxification. Several chapters also investigate specific features of interaction between halophytes and soil microorganisms.

While the number of halophytic species is relatively low (< 1%), they are present in about half of the higher plant families (Flowers and Colmer, 2008; Flowers et al., 2010). Some orders contain many species of halophytes, but many orders only have a few (Flowers et al., 2010; Shabala and Mackay, 2011). A similarly uneven distribution is also characteristic of the presence of specific physiological traits between orders (e.g. salt secretion through the glands; Dassanayake and Larkin, 2017). Why? How does the habitat affect mechanisms employed by halophytes to deal with the salt load? Several chapters in this volume address this question, dealing with various aspects of halophyte ecophysiology.

In addition to their potential use as a ‘deciphering tool’ to understand mechanisms of salinity stress tolerance to boost current breeding programmes for this trait, halophytes are already being used directly for human food, for forage and animal feeds, as oilseed and energy crops, and for desalination and phytoremediation purposes. Other chapters provide a comprehensive update on these topics.

The rapid progress in molecular biology and the recent genome sequencing of several halophyte species (Oh et al., 2012; Wu et al., 2012; Yang et al., 2013; Zou et al., 2017) will undoubtedly provide an additional boost to halophyte research. However, plant organisms are not merely a number of genes put together. Further progress in the field may only be achieved when various omics tools are intrinsically interspersed with the understanding of plant function and put into an environmental context. We hope this volume will contribute to this purpose. Happy reading!

Mirza Hasanuzzaman, Sergey Shabala and Masayuki Fujita1 January 2019
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Section I

Ecophysiology







1    Defining Halophytes: a Conceptual and Historical Approach in an Ecological Frame



 Marius-Nicuşor  Grigore
*


Alexandru Ioan Cuza University, Iaşi, Romania
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Abstract

Halophytes have certainly been recognized since the beginning of the 18th century, but subtle earlier allusions to salt-tolerant plants can be found back to 1500. By the time of the French Encyclopédie (1751–1765), and Goethe (1786), consistent data about halophytes had already been accumulated. Halophytes were brought to scientific attention through the classic and iconic papers of the German botanist Schimper, and especially those of the Danish plant ecologist Warming. However, their definitions remain controversial; the lack of a unique definition is related mainly to the complex features of this ecological group of plants. There are many definitions of halophytes, and some reflect the scientific background of the researchers who defined them. The ‘historical’ evolution of a definition can be delineated, and it especially reflects the progress of accumulating knowledge about halophyte biology. The definition of halophytes is thus manifold. The criteria and the historical context in which their definitions occurred and developed are discussed in detail in this chapter. Special attention is given to textual analysis that reveals the convergent approaches of researchers who used different languages. Ecological perspectives in defining halophytes suggest that, although they in fact represent a large ecological group of plants, their common xeromorphic nature must be universally recognized.




Keywords: Ecology; Halophytes; Saline environments; Xerophytes



1.1 Historical and Semantic Evolution of Terms

Many definitions of halophytes now exist. Halophytes are so diverse from taxonomical and ecological points of view that there is no consensus on a unique definition of the concept of ‘halophyte’ (Grigore, 2008, 2012; Grigore et al., 2010; Grigore and Toma, 2017). Several studies deal with this issue (Grigore et al., 2010, 2014; Grigore, 2012) and in Table 1.1 new definitions are mentioned and discussed in a conceptual frame, with emphasis on the historical and linguistic evolution of basic terms.




Table 1.1. A review of halophyte definitions (adapted from Grigore et al., 2010, 2014; Grigore, 2012).




	Definition or descriptions related to halophytes
	References
	Comments





	Plants of the seashore
	Willdenow (1805)
	First observations of halophytes were made of plants from seashore – regarded as the ‘absolute’ case of plants growing in saline environments. Later, plants from inland saline habitats were also recognized as halophytes; some botanists referred sometimes to ‘maritime’ and ‘terrestrial’ forms of the same species



	Plants that vegetate in saline soils
	Bischoff (1833)
	An ecological definition



	Saline plants are those found in maritime situations, or near salt lakes, and which seem to require much soda in their composition, and which have been called Halophytes
	Balfour (1862)
	The ‘obligatory’ character of halophytes is suggested



	Plants which inhabit salt marshes, and by burning yield barilla
	Fowler (1875)
	An ecological definition



	A plant containing a large quantity of common salt in its composition, and which thrives best in salty places
	Crozier (1892)
	Despite its earlier character, this definition is interesting because it suggests the capacity of halophytes to accumulate salt in large amounts. We now know that this is a group of halophytes accumulating salts, in contrast to those secreting it



	Salt-loving plants (are in the most of their characters, strikingly similar to the xerophytes)
	Barnes (1898)
	Many plant ecologists consider halophytes a particular case of xerophytes (see further comments in this table)



	Species of saline and alkaline soils (salt plants)
	Clements (1907)
	Saline and/or alkaline soils are terms more precise than other words designating saline environments



	A certain amount of soluble salts must be present before halophytic vegetation is called into existence
	Warming (1909)
	How precise is the term ‘certain’?



	Plants which grow where the water contains salt; the effect upon them is seen in their fleshy habit
	Bower (1911)
	In fact, the soil solution always contains ‘salt’; the issue is concentration. Not all halophytes display a fleshy tissue



	Strand plants, or Halophytes, living along the margin of salt water, and therefore condensed and otherwise adapted to the difficult absorption thereof
	Ganong (1913)
	We must discriminate that not all halophytes are strand plants; they can also appear in inland salt marshes/areas



	Halo-philous/phytes, plants of sea-coasts and salt-steppes, where the presence of salt, by checking absorption, compels a reduction of transpiration
	Willis (1919)
	Here we can notice the introduction of ‘physiological drought’ hypothesis characterizing saline soils. This is ‘famous’ for a certain period of plant ecology (see Grigore and Toma, 2010)



	Plants which at any stage of their life are subjected to a concentration of salt, which is more than ‘normal’ glycophytic plants can bear without dying
	Stocker (1928)
	The salt concept is an ambiguous one (see the discussions above). It is difficult to establish if the plants are exposed all the time to salt, at any stage of their life cycle



	Salt plants; Typical halophytes; true halophytes; absolute halophytes
*

; the obligate halophytes are plants which for their normal development need certain ions of the alkali metals and halogens, and which, therefore, can exist and bear seed only in soils containing salt
	Braun-Blanquet (1932)
	A good definition of obligate halophytes



	Plants that grow in saline soil or in salty water are called halophytes and they are strikingly xeric
	McDougall (1941)
	An interesting definition stating that halophytes are a peculiar case of xerophytes (for extensive comments, see Grigore and Toma, 2010)



	All plants that are capable of growing in an environment where there is more than 0.5 per cent sodium chloride
	Chapman (1942)
	Chapman’s comments: ‘its use [i.e. the definition of ‘halophytes’] will not imply that the species is either common or rare in such habitats nor will the term involve the assumption that a plant cannot grow under any other conditions’. Salinity is a very changeable ecological factor: choosing a number for drawing a line between two different plant groups could be hazardous



	Plants that can tolerate the concentrations of salts found in saline soils are termed halophytes
	Oosting (1948)
	



	Plants tolerant of various mineral salt in the soil solution, usually sodium chloride
	Lawrence (1951)
	



	Plants growing on salinized media
	Bucur et al. (1957)
	



	Plant that grow exclusively on salt soil
	Dansereau (1957)
	‘Exclusively’ could also suggest that Dansereau was thinking only of euhalophytes



	Plants growing in saline soils
	Fernald (1950)
	



	Salt-tolerant plants
	Chapman (1960)
	Neither salt nor tolerant are well defined



	[..] the extremely saline soils which are inhabited only by specially adapted plants (halophytes); plants which habitually grow in very salty soils – halophytes, or at least can grow in such soils (facultative halophytes); Halophytes are plants which can tolerate a considerable degree of salinity
	Polunin (1960)
	A good definition of euhalophytes; however, growing does not necessarily imply plant reproducing



	Plants of salty or alkaline soils
	Correl and Johnston (1970)
	



	1. Plants which grow and complete their life cycle in habitats with a high salt content 2. Usually, the term is reserved only for plants which appear in salty habitats constantly and specifically
	Waisel (1972)
	Very difficult to say precisely what ‘high salt content’ represents. This remark of Waisel suggests that the term be applied only to euhalophytes (‘true halophytes’)



	Plants that can tolerate sea water, pure or diluted
	Duncan (1974)
	The sea water concentration is not a universal standard, so ‘pure’ or ‘diluted’ could be regarded as relative terms



	Plants of salty environments; plants adapted to live in a saline environment, be it seawater, a salt-water marsh, or a salt-desert. Plants found growing under naturally saline conditions; for terrestrial plants, this means a minimum salt concentration of about 100 mM in the soil solution. Plants adapted to complete their life cycles in salinities about that of seawater
	Flowers et al. (1986)
	This is perhaps among the first physiological definition of halophytes



	The term halophyte literally means salt plants, but is used specifically for plants that can grow in the presence of high concentrations of Na salts
	Sharma and Gupta (1986)
	Perhaps referring also to the character of euhalophytes



	Those species for which salt marsh is a major and, in many cases, only habitat.
	Adam (1990)
	A good ecological definition



	Plants that grow in saline conditions
	Ingrouille (1992)
	



	Plant species with a set of ecological and physiological characteristics allowing growth and reproduction in a saline environment. Arbitrarily a salinity of 0.5% NaCl in soil water should be tolerated by halophytic plants
	Gorham (1995) [cited by Rozema, 1996]
	Some authors are aware of this arbitrariness



	Halophytes are defined as those plants which grow and complete their entire life-cycle in saline habitats. Coping with salinity needs adaptations on all levels from the autecological, the tissue and cellular level to subcellular and biochemical adaptations
	Breckle (1995)
	‘Entire’ means inclusively producing seeds to assur plant survival, colonization and stabilization in any habitat
A holistic definition



	Plants that occur naturally on soils or in water too salty for the average plants are usually designated as halophytes
	Dagar (1995)
	



	[The growth] of halophytes is optimal at relatively high levels of NaCl, a response which can be explained only in part by the role of sodium as a mineral nutrient in these species
	Marschner (1995)
	This is an example of an indirect definition of euhalophytes



	Halophytes are adapted to survive in a range of saline environments
	Weber (1995)
	



	Halophyte species are those occurring in naturally saline conditions only

	Aronson and Le Floc’h (1996)
	Also suggesting the ‘obligate’ character of (some) halophytes



	The vegetation of saline habitats is designated ‘halophytic’
	Poljakkoff-Mayber and Lerner (1999)
	Saline habitats are defined by these authors as those whose soils contain a high percentage of soluble salts, and one or more of these salt components is usually in excess



	Salt tolerant plants (halophytes, including salt marsh and mangrove plants) are highly evolved and specialized organisms with well-adapted morphological and physiological characteristics allowing them to proliferate in the soils possessing high salt concentrations
	Khan and Duke (2001)
	A good holistic definition



	Plants that can grow on soils with a high salt content are termed halophytes
	Fitter and Hay (2002)
	



	Plants that can survive in or benefit from an environment with a high level of salt (i.e. sodium chloride), as in saline soils and seawater
	Mooney and Canadell (2002)
	



	Halophytes are salt-resistant or salt-tolerant plants that thrive and complete their life cycles in soils or waters containing high salt concentration
	Ness (2003)
	



	Halophytes are able to adapt faster and to tolerate extreme salinity
	Schulze et al. (2005)
	A deeper physiological definition



	Plants that are able to grow on mildly to strongly saline soils (halobiomes). Halophytes which tolerate or endure high levels of salt are known as euhalophytes
	Ingrouille and Eddie (2006)
	‘Mildly’, ‘strongly’, ‘high levels’ are not well-defined terms. However, these authors are among the only ones distinguishing between ‘halophytes and salt-tolerant plants’, a very subtle but pertinent remark in the context of our previous discussions on semantics



	Plants that survive to reproduce in environments where the salt concentration is around 200 mM NaCl or more
	Flowers and Colmer (2008)
	



	Halophytes grow naturally in very salty soils; they still have not lost their resistance mechanisms to salt-stress conditions
	Koyro et al. (2008)
	



	Plants of saline habitats
	Holzapfel (2009)
	



	Plants able to complete their life cycle on saline substrates
	Koyro et al. (2009)
	



	Plants that are tolerant of excess salt
	Quinn (2009)
	






*The term absolute halophytes was solely found in Braun-Blanquet (1932).





It is well known that the history of botany is a part of the history of science and reflects the cultural evolution of humanity (Von Sachs, 1890; Green, 1914; Arber, 1953; Isley, 1994; Stevens, 1994; Grigore, 2016; Hardy and Totelin, 2016). Table 1.2 shows a list of terms, extracted from the languages most used in relation to halophyte semantics, with special attention to Latin, which was a rooting language for French and Romanian. Latin was the universal 

language for natural sciences from the time of ancient history, during the Middle Ages and towards the beginning of the 19th century. In parallel, however, some people started to use their national languages in scientific works from the 17th century.




Table 1.2. Terms used in different languages in relation to halophytes – an historical overview.



[image: image]
[image: image]




1.2 Halophytes: Starting to Define Them as an Ecological Group of Plants


Table 1.2 shows the earlier references to halophytes in Latin language, which may be further 


found in the specific etymology of several modern languages. Thus, plantae (herbae) salsae literally means salt(y) plants, and the ecological affinity of this group is clearly correlated with saline environments. This is because the references to halophytes were to plants that grow in locis salsuginosis (salty habitats), a description of habitats largely widespread in the 18–19th centuries. Many salt plants (plantae salsae, as they are called) also taste salty, and this purely sensorial observation is of great importance in the 18th century, since it is also related to succulence and maritime habitats. This simple but striking finding most likely led to major research in the chemistry of salt – typical in the context of the increasing modernity of chemical and mineral sciences from the Age of Enlightenment (Hutchings, 1969; Conlon, 1991). Halophytes were recognized from that time as natural resources of salt – soda (English), sel de soude (soude) (French). An extensive literature is dedicated to this issue, and especially to the tradition and practice of obtaining salts to be used in manufacturing, especially that of glass. However, most likely, saline environments were recognized much earlier than the plants living on them. This is a simple but important aspect, because it can explain how a particular type of habitat was delineated in relation to a dominant (ecological) factor such as the salt. For instance, early foreign travellers in the Romanian Principalities mentioned salty environments within their observations: Paul de Alep (1637–1667) referred to sărătura (salty area) and noticed that all the surface area of this land (‘this land’ refers to Ocnele Mari) is salty (Alexandrescu-Dersca Bulgaru, 1976).

The monumental French work, L’Encyclopédie (17 volumes, 1751–1765) contains many references about or related to halophytes as a salt resource. Thus, the contributor Jaucourt dealt with the terms Salicornia, Statice, Kali and soude (sel de soude) (1765); and Venel with sel marin (sea salt) (1765). Soude is defined as ‘the ash of many plants that contain marine salt and which grow mostly on seashores – despite some of them are also found in the interior (saltmarshes)’ (Jaucourt, 1765). This is a good implicit definition of halophytes. The French language uses the term soude for the ash of halophytes and for species of the actual genus Salsola. The fact that halophytes can also grow in inland saline environments is also a good observation from an ecological point of view and for the French language, which also used the term plantes maritimes for halophytes. Detailed information about the tradition of extracting this soude is also given, particularly in two iconic works from that period: de Jussieu (1717) and Henckel (1760). The French author de Jussieu gave an account of a halophyte species, Kali d’Alicante, which is most likely a species of Salsola (kali). He offers much accurate information about this species (having ‘cylindrical and succulent leaves’) in respect of the extraction of salt and its use; and, finally, he concludes that ‘the history of other species that provide these types of salt, the particular and physical observation of each species of Salsola [soude, in the original French] … are so extended, that they would offer material for another work’ (de Jussieu, 1717: p. 78).

Henckel (1760) elaborated a massive treatise on mineralogy (Pyritologia, 1725; 1755, German editions) and a curious, interesting work – Flora Saturnizans (1722). The 1760 French edition of the latter includes an explanation of this title, ‘where the author shows the alliance between plants and minerals’, and he added two long chapters to its supplement. These chapters are very well documented: ‘Historical description and chemical analysis of Kali geniculatum and Chemical analysis of Kali geniculatum’. These chapters may be regarded as genuine parts of a modern treatise on plant biochemistry, and particularly on the ‘mineral nutrition’ of halophytes.

The French contributor Venel (1765), who was responsible for the sel marin (marine salt) entry in the Encyclopédie, underlines the point that plants from seashores represent a natural resource for salt: ‘some plants contain perfect (pure) marine salt, while others, potassium’. Finally, a simple circuit of marine salt is recognized. Salt passes through plants that are nourished by it and, with their decomposition, salt moves through the soil.

However, we found a much earlier record, most likely in a relation to a salt plant, in a Latin translation of the medical works of the famous Persian Muhammad al-Rāzī (Rhazes, Rasis – Latinized names, 854–925), from 1500 (Rhazis et al., 1500). In a section of this translated work, Synonima Rafis, there is an entry on cali cinis cribellatus (filtered ash of c(k)ali) with herba salsa within its short explanation.

Pallas’s iconic work from 1803 is an important moment in the evolution of concepts related to halophytes. His contribution, Illustrationes plantarum imperfect vel nondum cognitarum, cum centuria iconum. De halophytis, seu plantis apetalis kalicis generatim, is perhaps the first that introduces the term Halophyta. Despite his work being written in Latin, Pallas preferred the Greek-based term Halophyta. His choice could have been motivated by the fact that he included under this concept a distinct botanical family, in order to deal with these problematic species. He says that ‘[I] understand under this family species gathered based on natural affinity: Salicornia, Anabasis, Salsola, Suaeda, Polycnemum, Camphorosma which correspond today to Chenopodiaceae (or Amaranthaceae)’. The indissoluble relationship with the salinity factor is clearly delineated and underlined in the context of defining halophytes: ‘plants that prefer salinity […], living in salty and maritime environments, which are preferentially loved by these plants’. Therefore, Pallas created the term Halophyta for these striking halophytic chenopod species, mostly for taxonomic purposes, but also from an ecological perspective. Since the use of terms derived from halophyta had not been recorded in any modern languages before his work, we may consider that it was a starting point for creating halophyta-derived terms in French (halophytes), English (halophytes), German (halophyten), Romanian (halofite) and Danish (halofyt). However, the Greek etymology is clear and logical and we cannot exclude the possibility that it will have been foreseen by botanists before 1800. Pallas’s contribution has been extensively discussed and commented on (Schrader, 1810) and, in this context, some authors refined the definition of halophyta. Schrader (1810) said in a footnote ‘better to nominate this family as Halophyta, where to include all the plants that love the salt or soda’.

Before using actual names (derived from halophyta – as described by Pallas or elsewhere), other relevant terms have been used in different languages (Table 1.2); most suggest the influence of maritime (marine) salt on plants and, consequently, on their origin. As already underlined, even from the time of the French Encyclopédie, botanists realized that halophytes also grow in inland saline environments.

Therefore, the origin of the first references to halophytes and their subsequent refinements and extensions are of an ecological nature. This observation is very important because it can explain the logical evolution of concepts and the associated fields of research to be conducted by future botanists. Actually, this explains why many studies from the 19th century – especially conducted in the frame of German, Danish and French botany schools – emphasized the xeromorphic nature of many halophytes and its close correlation with the action of salt water or salt spray upon these plants.

Goethe made an interesting observation during his stay in Italy, in 1786. He later wrote:


On the sea-coast I found also several plants whose characters similar to others I already knew, enabled me to recognize pretty well their properties. They are all alike, fat and strong-full of sap and clammy,- and it is evident that the old salt of the sandy soil, but still more the saline atmosphere gives them these properties. Like aquatic plants they abound in sap and are fleshy and tough like mountainous ones: those whose leaves shew a tendency to put forth prickles after the manlier of thistles have them extremely sharp and strong.

(Goethe, 1885)







Goethe thus recognized the xeromorphic nature of halophyte adaptations and clearly indicated that salinity is responsible for characteristics like succulence.

Poiret (1820) described plantes maritimes or salines as plants that – without growing immersed in salt water and without floating on its surface – need to live near to salt water so they can absorb the necessary amount in their nutrition. They, like Salicornia species, grow in salt marshes and seem to absorb saline compounds through their roots and leaves. Others, like Eryngium campestre, do not require (need) salt water but live on seashore like others because they are robust enough to withstand the action of salt water. Poiret clearly suggested that some halophytic species are ‘obligatory’; he foresaw that these kinds of species uptake salt water and it is necessary for their growth, while others are ‘accidental’: they do not need salt, but simply resist its action.

1.3 Halophytes and Physiological Drought in Soil

Halophytes have been perceived as a heterogeneous ecological group of plants, and are recognized and discussed as such today (Grigore, 2008, 2012; Grigore and Toma, 2010, 2011, 2017). The works of Battandier (1887) and Contejean (1855, 1874), Brick (1888 and references therein) demonstrate that this ecological vision of halophytes will have been delineating within plants, especially those growing on the seashore. However, under the great influence of Thurmann’s work (1849) on the dispersion of plants under the influence of adjacent rocks, many botanists felt that – in relation to maritime flora – an ecological approach is logically needed in order to consider also the chemical nature of the soil with respect to halophyte distribution. Thus, Contejean (1874) first distinguished between flore maritime (terrestrial species that grow in free-air spaces and shores) and flore marine (species that grow exclusively immersed under saline waters – mostly the case of algae). He then emphasized that all halophytes contain consistent amounts of sodic salts and their existence is closely related to the presence of NaCl in the interior of continents, next to the sea and around salty efflorescences and saline sources. Further, he realized that within halophytes (maritime flora) the hygrophytes and xerophytes must be recognized. The first seek humidity and deep soils and the second seek drought and, consequently, superficial soils. He also subdivided hygrophytes into péliques (growing on a clay soil), psammiques (preferring sandy soils) and pélopsammiques (species growing in both clay and sandy environments).

Nevertheless, with respect to this point, we can consider that the halophytes have been clearly defined as an ecological group of plants, and plant ecologists such as Schimper and Warming have consequently refined this vision in terms of the adopted physiological drought concept (see Grigore and Toma, 2011).

This is the moment when halophytes – based on their anatomical and morphological features and characteristics of saline environments – started to be considered as a (special) type of xerophyte.

Schimper (1898, 1903) emphasized that, apart from the structural features of halophytes or xerophytes, environmental characteristics (especially of the water and soil) are also of great importance for establishing the nature of adaptations in plants. A distinction should, therefore, be made between physical and physiological dryness and between physical and physiological moistness. He pointed out that only the physiological characteristics need to be considered in plant life and in geographical botany. Hygrophilous vegetation corresponds to physiological moistness, and xerophylous vegetation to physiological dryness.

Schimper (1903) concluded that physiological drought is caused by external factors that either reduce water uptake or favour transpiration; frequently, there is a combination of these influences (Grigore and Toma, 2011, 2017; Grigore et al., 2014). Among the factors that reduce water uptake, an abundance of soluble salts in the soil must be mentioned for the halophytes. As Schimper shows, a small quantity of salt favours absorption, while a large quantity impedes it. The degree of concentration at which the retardation commences varies with the species of plant, but rarely exceeds 0.5%. Mixtures of salts impede absorption more than pure salts, and certain types (for example NaCl) act more energetically than others.

The most important natural regions and habitats where physiological dryness prevails and only xerophytes therefore thrive are grouped according to their physical characters:


1. Deserts, steppes, and other districts with a dry substratum and dry air, occasional or persistent great heat, and intense illumination [Fig. 1.1];


2. The bark of trees, rocks where there is rapid drying up of the substratum, owing to deficient depth [Fig. 1.2];

3. Sandy soil, gravel, and the like, on account of the rapid drying up of the substratum owing to its great permeability;

4. Sea-shores, solfataras, which have an abundance of soluble salts in the soil [Fig. 1.3];

5. Peat-bogs, because of the humic acids in the soil;

6. Polar zones, vicinity of glaciers in high mountains, where the temperature of the soil is low;

7. Alpine highlands, which are under rarefied air and strong insolation characteristic of the alpine climate.

(Schimper, 1903)
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Fig. 1.1.
Zygophyllum cornutum; xerophilous structure; hot, dry, desert climate (Engler, 1896).
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Fig. 1.2. Xerophilous structure – dry substratum of tree bark and rocks. Octomeria ssp. (left) and Cattleya bicolor (right) (Schimper, 1903).
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Fig. 1.3.
Batis maritima; xerophilous structure; wet, saline soil of tropical shores. Plant with succulent leaves (Dammer, 1893).



All these types of habitats have been mentioned to better understand how one common factor (physiological drought) found in various environments can induce similar xeromorphic traits in plants growing in habitats that seem to be so different (Grigore et al., 2014). Based on these details, together with some experiments aimed to show plant behaviour in saline conditions, Schimper concluded that the morphological characteristics of halophytes are consistent with those of xerophytes.

Therefore, it would be correct to consider a halophyte to be a special form of xerophyte (Wiesner, 1889; Warming, 1909; Grigore and Toma, 2010, 2011). This statement is supported both by analysis of habitat characteristics (physiological drought-affected), and especially by histo-anatomical features of halophytes. In this context, it seems that considering halophytes as a distinct ecological group (in relation to xerophytes and hydrophytes) can be questioned (Kearney, 1904). Kearney (1904) believed that even halophytes should be regarded as a subdivision of xerophytes (referring especially to succulence, Kearney considered that, in halophytes, this feature is of a xerophytic nature). He stated that, in using the term ‘halophyte’, it should not be forgotten that halophytes do not constitute an ecological class coordinated with hydrophytes and xerophytes, but are properly only a subdivision of the xerophytes. Like other xerophytes, they are generally characterized by having various adaptations for reducing transpiration, as promoters of physiological drought (Warming 1895, 1897; Schimper, 1903) have pointed out. Kearney (1904) underlined that halophytes are xerophytes owing to their need for a reduction in transpiration largely owing to the presence in the soil of an excessive amount of readily soluble salts. Despite Kearney believing that the character of the soil is the final criterion governing whether the vegetation should be called halophytic or non-halophytic, halophytes and xerophytes may actually occupy similar habitats. According to Kearney (1904), no ecological characters can be cited as exclusively halophytic, although halophytes seem to show a more marked tendency than other xerophytes towards development of water-storage tissue. The well-marked succulence in halophytes has been discussed in detail in their ecological context (Grigore, 2008; Grigore et al., 2014; Grigore and Toma, 2017). In halophytes, the xerophytic habit is often developed to an extreme; this may be explained by the fact that, in saline environments, a combination of stressing factors occur, and drought and high salinity in the soil are synergic factors that induce the xeromorphic character of anatomical adaptations in halophytes.

Henslow (1895), in his important work on plant adaptations to living environments, also stressed the similarities between the anatomical characteristics of halophytes and xerophytes. Particularly taking into account plant succulence and pubescence, he concluded that there are certain peculiarities in common between desert plants and alpine and sub-alpine species. Henslow (1895) believed that resemblances in plants from widely different localities such as seashores, alpine regions and desert areas can be explained by the fact that certain elements in the environments are found to excess. Through the simplest deduction, he stated that these elements act upon the plants, and they respond accordingly, so that much the same results occur. For instance, the succulence of desert plants, especially where the soil is saline, arises from identically the same cause as that of plants from seashores. He concluded correctly that, since the moisture of the air and soil is charged with saline matter in maritime regions and salt marshes, the presence of salts is to some extent responsible for succulence in many halophytes.

This concept of physiological dryness (drought) was further adopted by several researchers who studied plant ecology. McDougall (1941) described halophytes as ‘plants of habitats that are physiologically dry’. Plants that grow in saline soil or in salty water are called halophytes, and they are strikingly xeric. Perhaps the most characteristic feature of halophytes as a group is their succulence, which is accompanied by very high osmotic pressure. Oosting (1948) defined halophytes as plants that can tolerate the concentrations of salts found in saline soils. If not actually dry, these saline habitats may be termed ‘physiologically dry’ because of the high concentrations of salts, which limit osmotic activity and, consequently, absorption of water by ordinary plants.


The introduction and operational use of physiological drought complicated the ecological classification of plants, and especially of halophytes, to some extent (Warming, 1895, 1909), Schimper (1898, 1903) and Clements (1920).

A typical example relates to the iconic works of the Danish pioneer of plant ecology, Warming, who in 1895 published a book on plant ecology in Danish. This was subsequently translated into other languages: German (1896, 1902, 1914) and English (1909). These translations are also revised editions of the original book. This is a very important point, because the evolution of ecological classifications of plants can be observed during the period. The ‘volatile’ position of halophytes is also noticeable within these editions. Thus, until the 1909 English edition, the classification system in ecological classes (vereinsklasse, formationklasse in German; (o)ecological class or classes in English – terms used here to mean an ecological group of plants – contained the following plant communities: hydrophytes, xerophytes, halophytes and mesophytes. Schimper (1903) divided the plants into terrestrial and aquatic, with terrestrial plants including xerophytes, hygrophytes and tropophytes.

In the English (and comprehensively revised) edition, Warming (1909) emphasized the role of physiological drought when choosing the place of halophytes within the xerophyte group. The soil is physiologically dry when it contains a considerable amount of water which, nevertheless, is available to the plant only to a slight extent or can be absorbed only with difficulty, either because the soil holds firmly to a large quantity of water or because the osmotic force of the root is inadequate to overcome that of the concentrated salt solution in the soil. This may be the case when:


1.  The soil is rich in free humic acids, or in chemical bodies that by their peculiar action on the plant evoke xerophily; there result those formations that grow on acid soil;

2.  The soil is rich in soluble salts, usually common salt, which brings into existence the form of xerophily we see in halophilous formations. Consequently, a halophyte is, in fact, a special form of xerophyte.



Based on these considerations, Warming (1909) included halophytes in the class subordinated to formations where the soil is physiologically dry (the soil contains water which is available to the plant only to a slight extent). This class is, therefore, composed of xerophilous species. Next to the halophytes he placed oxylophytes (formations on acid soil) and psychrophytes (formations on cold soil).

The soil can be also physically dry, and its slight power of retaining water determines the vegetation, the climate being of secondary import; the formations are therefore likewise xerophilous.

It can be seen, as emphasized in the paragraphs above, that in contrast to previous editions of Warming’s work, halophytes are not still treated as a principal group of the plant in the English translation (1909). This distinction in plant classification into ecological groups was motivated explicitly by Warming, in the foreword to the English edition (1909), having taken into account the soil and climatic differences involved in shaping plant adaptations.

Clements (1907) included halophytes in the category of xerophytes growing in conditions where the chresard is low, the soil is physically or physiologically dry, the climate is usually dry or variable and transpiration is low. Halophytes grow in environments where the chresard is low because of an excess of soil salts.

1.4 Conclusion

Semantic analysis of the works consulted revealed the natural etymology of terms related to halophytes. Many of the associated terms have origins in Latin and Greek. Halophytes have been correctly defined and described as an ecological group of plants since the early years of their formal study. The specific characteristic of saline environments – those affected by physiological drought – was a fair criterion for considering halophytes as a special set of xerophytes. Further investigation and critical analysis of literature will contribute to identifying new criteria for the definition (and especially the classification) of halophytes; biochemical and molecular investigations should clarify if there is the possibility of clustering them according to their ability to synthesize and accumulate specific biochemical compounds in relation to soil salinity. In parallel, literature surveys and textual analysis are expected to bring new and challenging data about cultural and historical implications of salt from an ecological perspective.
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Abstract

Salt-tolerant plants occur all over the world in a number of different ecosystems, ranging from pristine alkaline semi-deserts and mangrove forests; through semi-natural meadows and pastures; to man-made habitats such as the environs of graduation towers; over irrigated arable lands with poor drainage in the tropics; and to city lawns in the boreo-temperate zone polluted with NaCl and CaCl2 during deicing. Natural habitats disappear because of urbanization, tourism and agriculture intensification. Since 1980 one-fifth of the Earth’s mangrove biome has disappeared as well as more than one-half of alkaline steppes and nearly all Earth’s coastal and inland salt meadows, glassworts and other annual communities of muds and sands, Mediterranean and warm Atlantic halophilous scrubs, vegetated sea cliffs and machairs. At the same time halophytes colonize new, man-made habitats, becoming dominant or even the sole species there. Some salt-resistant species, such as Rhizophora mangle in Hawaii and Spartina anglica in the UK, become dangerous invasive species. Mangrove swamps deserve more efficient conservation and restoration efforts since they shelter coasts from erosion, tsunami and storm surge; trap a wide variety of heavy metals; and provide habitats for juvenile fish, oysters and crustaceans. In the temperate and boreal zones the traditional land use of saline meadows and pastures needs to be maintained to preserve the original biodiversity and ecosystem services. Further halophyte domestication will lead to establishment of completely new, artificial agro-ecosystems to yield food, fodder and fuel, as well as fibre and phytoremediation, for rapidly expanding human populations. A range of halophyte crop cultivation systems can help to reduce damage caused by salinization of soils and freshwater, increase food production up to 70% by 2050 and combat coastal erosion in the era of climate change and global pollinator crisis. At the same time we need to eradicate some monospecific thickets built by invasive, alien halophytes to restore primeval, species-rich communities in areas of naturally high salinity.
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I can only compare these great aquatic forests…with the terrestrial ones in the intertropical regions. Yet if in any country a forest was destroyed, I do not believe so nearly so many species of animals would perish as would here, from the destruction of kelp. Amidst the leaves of this plant numerous species of fish live, which nowhere else could find food or shelter; with their destruction the many cormorants and other fishing birds, the otters, seals and porpoise, would soon perish also; and lastly, the Fuegian…would…decrease in numbers and perhaps cease to exist.

(Darwin, c. 1909)



2.1 Introduction

Halophytes occur all over the world, often possessing pantropical or cosmopolitan distribution, in a number of different ecosystems ranging from pristine alkaline semi-deserts, steppes and mangrove forests; through half-natural pastures and meadows; to man-made habitats such as the environs of graduation towers. A good example of a halophyte with an extremely wide ecological niche is Spartina anglica. It dominates marshes, grows in irrigated arable lands with poor drainage in the tropics, and in city lawns in the boreo-temperate zone that are contaminated by salts during periods when the roads are cleared of ice and snow.

In the 20th century kelp forests, mangroves, salt marshes and alkali steppes – previously treated like wasteland, a kind of no-man’s-land – have attracted some attention and respect due to their ability to stabilize shorelines and protect coastal communities. Although this paradigm has recently been called into question by small-scale experiments, the shoreline safeguarding theory still stands, but gaps still remain in our knowledge of the context-dependent aspects of coastline protection mentioned above (Gedan et al., 2011; Millennium Ecosystem Assessment, 2005).

2.1.1 Mangroves

The mangrove forest (mangal) is a distinct environment found in tropical and subtropical tidal areas (shorelines and estuaries) chiefly between latitudes 25° N and 25° S, in nearly 120 countries and territories. It is found where fine, usually organic sediments gather and plants developed special adaptations to the stressful marine conditions: root anoxia, fluctuating but high salinity (from 1% up to 9%) and intertidal growth (Teas, 1983; Giri et al., 2011; Spalding et al., 2010; Tomlinson, 2016; Fig. 2.1). Such evolutionary traits remain uncommon in tropical flora, thus mangrove forests are dominated by only a few tree species, even in New Guinea, Malaysia or the Caribbean. This contrasts with inland rainforests composed of thousands of woody species from hundreds of families (Hogarth, 1999). True mangroves (species from Table 2.1 and around 50 other species in 20 genera from 16 families) originated in the Paleogene from inland ancestors (Plaziat, 2001; Ricklefs et al., 2006) and are good examples of convergent evolution to solve the same ecophysiological challenges (for more details see Table 2.2). True mangrove forests occupy two distinct, hemispheric regions: ‘the Old World’/eastern hemisphere including South-east Asia, India, eastern Africa and Australia; and the ‘New World’/western hemisphere including western Africa, the Caribbean, Florida and Central America, as well as the Pacific coasts of North and South America. Mangroves are more abundant and diverse in the Old World than in the New World (Tomlinson, 2016).



[image: image]




Fig. 2.1. Mangrove forests on the eastern coast of Australia (photo courtesy of B. Sudnik-Wójcikowska).






Table 2.1. Major components of mangrove forests.


[image: image]







Table 2.2. Mangrove ecophysiological adaptations to extreme conditions.




	Extreme condition
	Adaptation





	Salt intake
	Suberized roots, storing salt in vacuoles



	Low oxygen availability
	Pneumatophore roots



	Fresh water loss
	Closing stomata, changing the orientation of the leaves, growing new leaves after rainstorm



	Limited nutrient uptake
	Pneumatophore roots



	Threats to offspring
	Vivipary within the fruit (Avicennia, Aegialitis) or through the fruit (Nypa, Rhizophora, Ceriops)







Mangroves protect the coast from tsunami, storm surge and erosion (Dahdouh-Guebas et al., 2005). They form indispensable shelter for algae and animals, especially those requiring a hard surface for anchoring (Skov and Hartnoll, 2002). Mangrove trees themselves have numerous uses in the traditional economy and medicine (Węglarski and Węglarska, 2008). Nearly 35% of the world’s mangrove swamps have disappeared through man-made habitat loss, chiefly shrimp farming and extension of tourist infrastructure (Bowen et al., 2001; Hamilton, 2013). Fortunately, the swift rate of this loss has decreased since 2000 (Hamilton, 2013).

2.1.2 Sand and cliff shorelines in the tropics

Tropical beaches subjected to tidal waves, with a sandy, weakly compact and very unstable substrate, grow by ‘pes-caprae’ formation, and plants often form vast mats on dunes just above the highest tide line (Fig. 2.2). Its main components are perennial herbs and non-woody, trailing vines, chiefly Ipomoea pes-caprae (which gives its name to the entire ecosystem, and incidentally is a famous antidote to jellyfish, sea urchins and fish venoms), Vignea and Canavalia, as well as the succulent halophyte Sesuvium portulacastrum and thorny, hedgehog-like Spinifex grasses. All these plant species have pantropical (nearly cosmopolitan) ranges, and are widely dispersed by waves, sea currents, birds and fish (Devall, 1992). Most of these species are not only halophytes but also calcium tolerant, because tropical sands are from corals, coral-like red algae and seashells, not from the siliceous rocks like the sands in boreal and Atlantic zones (Węglarski and Węglarska, 2008).
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Fig. 2.2.
The Ipomoea pes-caprae community in Laguna de Cayuca, west coast of Mexico (photo courtesy of B. Sudnik-Wójcikowska).



More stabilized, ‘grey’ dunes and rocky cliffs have more diverse vegetation, composed of lianas (wood vines), epilithic forbs and small trees with small epiphytes. Most of them are adapted to extremely dry and barren soils and have many features of succulents including narrow, leathery, evergreen leaves (e.g. Cycas, Dracaena, Pandanus, etc.), reduced leaves and photosynthesis carried by stems (e.g. Casuarina; succulent, cacti-like spurges).

The above plant communities are not as important and well studied as mangals but carry out similar ecologic services, protect the beach from erosion, and have many uses in traditional medicine and economies (Węglarski and Węglarska, 2008).

2.1.3 Salt deserts and semi-deserts

Deserts are defined as barren areas of landscape where little or no precipitation occurs, and they have limited or no vegetation. About one-third of the land surface of the world is arid or semi-arid, often in the form of salted deserts and semi-deserts. Many former prairies, evergreen oakwoods in the USA and savannah in the Sahel zone changed into semi-deserts as a result of bad irrigation. Both in North America and in Central Asia the alcaline sunk vegetation is composed mostly of woody Chenopodiaceae such as:


•  Shadscale (Atriplex confertifolia)

•  Four-wing salt bush (A. canescens)

•  All-scale (A. polycarpa)



in the Mojave Desert (the saltbush scrub). At higher elevations than the saltbush scrub, another similar community occurs: the shadscale scrub. This shares many plant species from the Goosefoot family, dominated by A. confertifolia and accompanied by:


•  Hop-sage (Grayia spinosa)

•  Winter-fat (Krascheninnikovia lanata)

•  Inyo County star tulip (Calochortus excavatus)



While a dry lake is itself typically devoid of vegetation, it is commonly ringed by shadscale, saltbush and other salt-tolerant plants that provide critical winter fodder for livestock and other herbivores (Knapp, 1965).

2.1.4 Sargasso Sea

The Sargasso Sea is the only sea not adjacent to any land. It is bounded by four currents (the North Atlantic Current in the north, the Canary Current in the east, the North Atlantic Equatorial Current in the south and the Gulf Stream in the west). Its unique littoral-like flora and fauna floating in pelagic waters can be called one of the weirdest, but hence most well-studied regions of the global ocean (Kingsford, 1995; Friedland et al., 2007). It is named after the brown algae Sargassum natans and S. fluitans, which cover its surface and shelter numerous turtles, fish and invertebrates. The vast, sustained biomass of pelagic Sargassum was observed by early seafarers such as Himilco the Navigator (late 6th century BC) and Columbus (1492) (Murray, 1893; Cunliffe, 2017). It forms a ‘floating, golden rainforest’ in nutrient-poor waters and has been one of the most fascinating puzzles in world oceanography and ecology (Ryther, 1956). Very poor productivity and low growth rates of both S. fluitans and S. natans have been associated with high C:P and C:N ratios in oceanic populations in the oligotrophic gyre of the Sargasso Sea. These findings suggest that new production of Sargassum can occur in the littoral Gulf of Mexico, as well as in the north-west Atlantic, where mutualistic relationships with fishes contribute to significant N and P supplies (Lapointe et al., 2014). Economically, the most important species are the larvae of American and European eels hatching in the sea and later migrating to estuaries and inland waters (Bonhommeau et al., 2008). Another key animal spawning there is the loggerhead sea turtle (Putman et al., 2012). The previously unknown, ‘hidden’ biodiversity of Sargasso Sea bacterioflora has been studied by Venter et al. (2004). The Sargasso Sea is threatened by a range of adverse human impacts. As an open ocean, it is part of the High Seas and beyond the jurisdiction of any national government, hence almost without protection. It has become more and more polluted and overfished. To secure its unique biodiversity, especially eel and turtle hatching places, the Sargasso Sea Alliance (under the leadership of the Government of Bermuda) was established in 2010 (Laffoley et al., 2011).

2.1.5 Temperate and boreal zones

2.1.5.1 Mudflats (tidal and wind flats) and salt marshes

Mudflats (wind flats and tidal flats) are low grasslands growing on muds (marine algae and animal detritus, estuarine/river clays and silts) accumulated by sea tide and/or rivers, typical of sheltered areas (estuaries and lagoons) in boreal, temperate and subtropical climates. As mudflats occur within the intertidal zone, they are exposed and submerged around twice a day. In the past, tidal flats were considered unhealthy (malaria, tuberculosis, fluke infections), and economically unimportant ‘wastelands’. This is why wind and tidal flats have been dredged and changed into agricultural land (polders). In fact the agriculture revolution, leading to the development of the modern crop rotation (which followed the earlier three-field system), began in the Wadden Sea, Netherlands (Roding and van Voss, 1996). Intertidal salt marshes (Fig. 2.3) and mudflats (tidal and wind flats; Fig. 2.4) are overgrown in Europe by Salicornia europaea, Suaeda maritima, Spartina anglica, Juncus balticus spp. littoralis, Glaux maritima, Puccinellia fasciculata, Triglochin maritima. At the Atlantic coasts of Northern America we find Salicornia bigelovii, Aster tenuifolius, Puccinellia pumila, Plantago eriopoda, Solidago sempervirens. Collectively, these are indispensable feeding and resting sites for myriads of migratory shorebirds travelling each year from their breeding sites in the northern hemisphere to moulting areas in the south (Knapp, 1965; Burger et al., 1997). Although tidal flats and salt marshes are necessary to prevent coastal erosion and to safeguard the populations of fish, molluscs, crabs and birds, they are still disappearing worldwide because of dredging (for shipping purposes), land reclamation for development and chemical pollution (Murray et al., 2014; Lazarus and Wszałek-Rożek, 2016). Recently, botanists have discovered the previously overlooked diversity of neoendemic, cryptic species that have recently evolved in these salt-affected habitats (Kadereit et al., 2012; Bosiacka et al., 2016).
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Fig. 2.3. Marshes on the North Sea coast, showing an Artemisia maritima–Statice–Limonium community (photo courtesy of B. Sudnik-Wójcikowska).
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Fig. 2.4. Intertidal mudflats (‘watts’) on the shore of the North Sea, Netherlands (photo courtesy of B. Sudnik-Wójcikowska).



2.1.5.2 Kelp forests and beds

Underwater areas of shallow, nutrient-rich sea water near the shore with a high density of kelp are known as kelp forests (larger areas) and kelp beds (smaller areas). Aside from coral reefs, the Sargasso Sea and mangrove kelp forests are the most productive and dynamic marine ecosystems on Earth. Large kelps occur in dense ‘stands’, resembling forests on land. They also provide food and shelter for a vast diversity of molluscs, crustaceans, fish, turtles, marine birds and mammal species. Dense canopies of brown algae depend on cool, nearshore waters where high levels of both nutrients and light are available. Kelp forests can change rapidly over time (Jackson and Winant, 1983; Dayton, 1985). Kelp forests not only provide many ecosystem services, but for more than 120 years have been recognized as ‘natural laboratories’ where we have learned about numerous ecological processes, mostly in trophic ecology. Those unique ‘sea forests’ still provoke important ideas (Steneck et al., 2002). The architecture of kelp forests and beds, based on their physical structure, is very complicated. It can include as many as three guilds of kelp, and two additional guilds occupied by green and red algae:


1.  Sparsely aggregated, canopy kelps with the largest, dominant species extending up to the sea surface (chiefly Alaria and Macrocystis).

2.  Densely aggregated, stipitate brown algae extending only few metres above the ocean floor (mostly Ecklonia and Eisenia).

3.  Prostrate kelps lying along the ocean floor, such as Laminaria.

4.  Layers 2 and 3 together form the understory canopy. Foliose and filamentous brown, red and green algae and coral-like red algae known as corallines, as well as sessile animals bryozoans, sea anemones, sea lilies).

5.  Coralline red algae directly covering the floor substrate (Knapp, 1965).



Overfishing in nearshore waters can cause a sudden kelp decline, when invertebrate herbivores become released from the regulation of their normal population and overgraze the brown and red algae. The next step is a sudden transition into barren ‘desert’ where relatively few ubiquitous species remain (Nordenhaug and Christie, 2009).

2.1.5.3 Salt lakes and salt steppes of the Pannonian Region (Hungarian: Puszta (Pannonian Steppe), Alföld (Great Hungarian Plain))

In Europe, salt-tolerant species and salt-dependent ecosystems can be found not only on the seashore but also in the Pannonian Biogeographic Region (Puszta, the Pannonian Steppe), covering the Great Hungarian Plain in present-day Hungary and the neighbouring regions of Slovakia, Serbia, Romania, Bulgaria and Austria (Valko et al., 2014; Török et al., 2016). Salt lakes (e.g. Neusiedler See, Kelemen; Fig. 2.5) and the salt steppes of Puszta, spanning a south–north gradient of at least 4° latitude, formed after the total, irreversible drying of a vast, landlocked water body (the Central Paratethys Sea or Great Pannonian Lake, a northern appendage of the Miocene Tethys Sea – the early Mediterranean Sea plus Sargasso Sea) (Magyar et al., 1999; Harzhauser and Piller, 2007). The Pannon landscape is now anthropogenic, with intensively cultivated arable fields, vineyards and pastures, and the primeval landscape of ancient Puszta survives only locally in a few nature sanctuaries such as the Hortobágy National Park (Hungary) and Čenkovská Steppe near Mužla (Slovakia) (Zlinszky et al., 2015). Pannonian endemics are safeguarded ex situ in the Pannon Seed Bank (Török et al., 2016). The Pannonic salt marshes and salt steppes (Natura 2000 habitat code 1530) (European Commission, 1992) are dominated by specialist salt-tolerant herbs, sedges and grasses that are adapted to alkaline soils and the extreme continental climate with hot, dry summers and cold winters. The key driver of the Puszta vegetation pattern is the general availability of seasonal water. Microtopography decides local water levels and salt accumulation, explaining why the Pannonian Puszta is a mosaic of numerous vegetation types. The drought-tolerant Pannonian Steppe is short grassland occurring in moderately alkaline soils dominated by Festuca pseudovina. Alkali meadows (flower steppes) are tall grasslands located in the lower depressions, also on slightly salty soils. The Pannonian Salt Marshes and Pannonian Salt Steppes, an isolated ‘Steppe Island’ in forested and urbanized Europe, host a number of endemic species (e.g. Artemisia pancicii, Crepis pannonica, Ferula sadleriana, Thlaspi kovatsii) and endemic habitats, unique among mostly cosmopolitan halophytic ecosystems (Deak et al., 2014). They are, therefore, listed as priority habitats in Annex 1 of the Habitats Directive (Council Directive 92/43/EEC) (European Commission, 1992). Major threats to these grasslands are: soil disturbance, fragmentation, improper grazing and – most threatening – the decrease in the water table, which is causing significant, irreversible loss of salinity and invasion of generalist, glycophytic competitors (Kelemen et al., 2013; Zlinszky et al., 2015).
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Fig. 2.5. Plant communities on the shore of Kelemen-szék salt lake, Kiskunsag National Park (Hungarian: Kiskunsági Nemzeti Park), Pannonian Biogeographic Region, Hungary. (Photo courtesy of B. Sudnik-Wójcikowska.)



2.1.5.4 Wash fringes (wash fringe or wash margin; German: Spülsaum, Strandline; Polish: kidzina)

These are floristically meagre but zoologically plenteous – often Natura 2000 Bird areas (European Commission 1979) – areas of the seashore where washed material is deposited or washed up from the sandy beach, and from the front of white dunes, running along the water margin. In Europe such communities are highly endangered, even in national parks and nature reserves, because of growing tourist activities (and in the Baltic region also from amber collecting). Washed material is formed mostly from seaweed remains from the kelp forests and Zostera–Characeae sea meadows, often enriched with dead jellyfish, fish, crustaceans, shells, inland trash and – in the Baltic – also amber. Due to its stressful marine conditions, it can be colonized only by a few specialized plant species. These are nitrophilous, psammophilous and halophilous. Atriplex calotheca, A. littoralis, A. prostrata var. salina, Cakile maritima, Matricaria maritima ssp. maritima and Salsola kali ssp. kali form the wash fringe communities in nutrient-rich places near to the sea. Honckenya peploides at the Baltic shore and Elymus farctus at the North Sea form another community, in nutrient-poor white dunes, a bit further from the sea than the aforementioned A. calotheca, C. maritima, S. kali wash fringe community. Although wash fringes on sandy coasts are natural habitats included in the Natura 2000 network, on recreational beaches seaweed debris forming this habitat is treated as ‘waste’, and removed. Consequently, the number of wintering birds has decreased and 40–50 vascular plant species strongly associated with wash margins have become extinct or become critically endangered (Sudnik-Wójcikowska and Krzyk, 2015).

2.1.5.5 Isolated inland saline grasslands outside the Pannon and Pontic regions

Small patches of halophilous and subhalophilous grasslands, floristically resembling alkali steppes and semi-deserts, can be found outside the Pannonian, Pontic and Tropic regions. They form ‘ecological islands’ surrounded by an ‘ocean’ of deciduous or taiga forests, ‘glycophytic’ steppes, farms, roads and urbanized areas. Good examples are the Beka, Owczary and Ciechocinek nature reserves in Poland, central Europe (a deciduous forest ecozone). Beka Nature Reserve is a bird sanctuary established in 1988. It covers an area of ​​193 ha on Puck Bay at the mouth of the Reda River, which flows into the Baltic Sea. Increased water levels and soil salinity result not only from the proximity of the sea, but also from local topography: organic soils accumulating salt. The reserve secures salt meadows, non-salt wetland meadows and white dunes. There are numerous halophilous species there, which are rare, protected or endangered throughout the Baltic region: Glaux maritima, Aster tripolium, Juncus gerardii and Triglochin maritima (Figs 2.6 and 2.7). The Beka area is home to many rare bird species which are protected by an EU Bird Directive. Until recently there was also one of the largest populations of Calidris alpina ssp. schinzii (up to 50 breeding pairs). However, as a result of the culling of cattle in the reserve, vast areas of salty meadows have been dominated by densely growing glycophytes, mostly the reed Phragmites australis, resulting in the almost complete disappearance of this bird species in the local breeding grounds. In 1999 there were only 1–2 nesting pairs and now only single, wandering individuals are generally seen. Philomachus pugnax has also ceased nesting (Piotrowska, 1974, 1976; Rąkowski et al., 2005; Skóra, 2014). The Owczary nature reserve, in the village of Owczary (central–southern Poland), is the only salt reserve in central Poland and one of only a few in continental Europe outside the Pannonian Biogeographic Region. In its north-western corner there is a distinctive salty precipice beneath a steep slope, with Zostera beds and mud flat-like vegetation, around 600 km from the Baltic Sea and 1200 km from the Black Sea. Species found there include Ruppia maritima, Zannichellia palustris ssp. pedicellata and Spergularia salina. Rare fauna is represented by the beetle Pogonus persicus; this site, isolated from the Pannonian region, is the only record of its species in central–eastern Europe (Piernik, 2005; Rąkowski et al., 2007). The Ciechocinek nature reserve (covering 188 ha) has an anthropogenic, but unique, salt vegetation, formed at a retrograde shaft near graduation tower no. 3 in Ciechocinek Spa. The local environment is continuously enriched in NaCl in two ways: through its settling from the air in fine crystals around the graduation tower, and through the brining process. One can observe characteristic zonation of vegetation along watercourses from the one-species aggregations of obligatory halophytes like Salicornia europaea sensu lato and Spergularia salina to salt meadows with Glaux maritima, Salsola kali (recently not observed in Ciechocinek), Aster tripolium, Melilotus dentatus, etc. (Rąkowski et al., 2005; Fig. 2.8).
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Fig. 2.6. Halophilous grasslands in Beka reserve, Poland (photo courtesy of B. Sudnik-Wójcikowska).
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Fig. 2.7. Education board near the entrance to the Beka reserve, Poland (photo courtesy of B. Sudnik-Wójcikowska).
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Fig. 2.8. Ciechocinek inland halophyte reserve, Poland (photo courtesy of B. Sudnik-Wójcikowska).
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