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Abstract: Research on biosaline agriculture has been increasing worldwide in recent years. In this
respect, the Iberian halophyte diversity present a high-value ecological solution to be implemented
for biosaline-based agroecosystems. The research on these halophytic species has been increasing
worldwide and, in the recent years, especially in terms saline agriculture adaptation, osmophysiology
and nutraceutical potential, highlighting the importance and potential of these species in terms
of agrosolutions. The Mediterranean area has high biodiversity in terms of endemic halophytic
vegetation (ca. 62 species), providing an alternative pool of potential new agricultural products to be
cultivated in adverse conditions. Besides being highly diverse, most of these species are endemic
and present a perennial life cycle with several applications in terms of food, forage, nutraceutical,
feedstock and remediation. More specifically, the Iberian halophytic flora shows potential as resources
of essential fatty acids, minerals and antioxidants—all very important for human and animal nutrition.
Alongside the establishment of halophyte agroecological solutions is the provision of key ecosystem
services, such as carbon sequestration and soil rehabilitation. Moreover, halophyte-based ecosystems
provide additional recognized ecosystem services, beyond the final product production, by improving
soil health, ecosystem biodiversity and storing large amounts of carbon, thereby increasing the
ecosystem resilience to climate change and offering a green solution against climate change.

Keywords: biosaline agriculture; halophytes; agroecosystems; alternative cash crops

1. Halophyte Sustainable Agriculture: An Emerging Topic

Halophytes are defined as species that grow and complete their life cycle in envi-
ronments with NaCl concentrations above 200 mM [1]. The nutritional and nutraceutical
value of halophytes has been widely explored in several countries in biosaline agricultural
schemes [2–5]. These species have shown to be important healthy mineral sources, with
several anti-oxidant compounds and essential nutrients for human consumption [2,3,6–8].
Among others, halophytes have shown to be a good source of anti-oxidant molecules [9],
essential fatty acids [6,8], carotenoids and polysaccharides [10] and essential micronutri-
ents [11]. As mentioned above, in the last decades, halophytes have been regarded as
potential alternative sources for human consumption. The increasing global changes and
reduction in freshwater resource availability have increased soil salinization and land
degradation [12]. On the other hand, the human population is increasing at an unprece-
dented rate, with population growth estimations pointing out to an increase from 7.8 billion
(2020) to 10.9 billion at the end of the century [13]. This fact inevitably increases the demand
for food sources and, by 2050, it is estimated that crop production must increase by 70% to
100% to meet global food demand [14]. Considering the actual annual yield increase for
major crops is estimated to be from 1% to 1.5%, agricultural food sustainability is at risk [15].
It becomes clear that the combination of these demographic and climatic factors, especially
in arid and semi-arid regions, are intrinsically connected and based on problems such as
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poverty, social insecurity and environmental refugee situations [16]. The transversal effects
of these rapid changes and increasing food demand have led to an increase in scientific
research in this area in both low- and high-income countries [17]. Some of the first studies
on halophyte salinity tolerance and its potential application for saline agriculture and
degraded lands go back to the 1970s [18]. This long-lasting research led to the formation
of a group of experts on halophyte physiology and agriculture, gathered around a COST
action (FA0901—Putting Halophytes to Work—From Genes to Ecosystems), which had as a
major outcome the creation of the Institute of Sustainable Halophyte Utilization in Karachi,
Pakistan. Another important outcome of this scientific group was the production of the
eHaloph [19], a database of the world’s halophytes, gathering information on plant type,
life form, ecotypes, maximum salinity tolerated, the presence or absence of salt glands,
photosynthetic pathway, antioxidants, secondary metabolites, compatible solutes, habitat,
economic use and whether there are publications on their germination, microbial interac-
tions and mycorrhizal status, bioremediation and molecular data [19]. This cooperation
and increasing need to investigate these natural communities as a potential solution for
human global needs led to an exponential increase in scientific research in this area world-
wide (Figure 1). Although high-income countries lead the investigation on this subject,
it is worth noticing the already high number of scientific outputs focusing on halophyte
agriculture practices and applications in low-income countries.

Figure 1. Worldwide distribution of the scientific production on halophyte agriculture, according to
the Web of Science (search string: ALL FIELDS: (halophytes) AND ALL FIELDS: (food) OR TOPIC:
(halophytes) AND TOPIC: (agriculture). Timespan: All years. Indexes: SCI-EXPANDED, SSCI, A&HCI,
CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC.) core collection records from 1988 to the present day.
Color bar intensity denotes the number of papers obtained using this search string, ranging from 1 (light
blue) to 68 (dark blue).

It is also worth noticing the increasing collaboration between the leading countries and
the less developed countries, aiming to produce scientific data to solve the food problems
in these less developed countries (Figure 2). Again, this increasing collaboration reinforces
the global interest on alternative and sustainable solutions for food production, which
although more severely felt in low-income countries, have inevitable impacts worldwide.
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Figure 2. VOSviewer cluster analysis between the countries with a higher publication record, according to the Web of Science
(search string: ALL FIELDS: (halophytes) AND ALL FIELDS: (food) OR TOPIC: (halophytes) AND TOPIC: (agriculture).
Timespan: All years. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC.) records
from 1988 to the present day.

These scientific records are now composed by approximately 566 scientific outputs
that have increased exponentially in the last years (539 publications since the year 2000), in
several scientific areas, ranging from Plant Sciences (31%), Environmental Sciences (15%),
Food Science and Technology (13%), Agronomy (12%), Ecology (6%), Soil Science (5%),
Applied Biotechnology (5%), Biochemistry and Molecular Biology (5%), Applied Chemistry
(4%) and Microbiology (3%). Considering the applied sciences, it is noticeable that 34%
of the total publications are found in this area, reinforcing that this agricultural and food
sciences application is a priority area for the scientific community. In fact, and regarding
the keyword distribution of this publication record, some clusters highlight the scientific
objectives’ distribution (Figure 3). Six major keyword clusters are evident. A first cluster
(red cluster with 109 items) gathered publications with keywords focusing on metabolite
research, with potential nutraceutical applications of the halophyte species for human
consumptions. A second cluster (green cluster with 81 items) adds another dimension to
halophyte cultivation, focusing mainly in the ecosystem services provided by these sustain-
able agricultural solutions in terms of ecosystem remediation and restoration and being
biomass source for industrial applications. The third major cluster (dark blue cluster with
66 items) formed is composed of publications focusing on halophyte distribution, ecology,
biogeography and domestication. The yellow cluster (gathering 55 items) represents the
works focusing on the halophytes’ osmophysiology and molecular basis and is composed
of fundamental research publications. A fifth cluster (purple cluster composed by 52 items)
is intrinsically connected with the latter cluster, clustering publications focusing on the
biochemical basis of salt tolerance in halophytes. The last major cluster detected (light
blue cluster composed by 46 items) is intrinsically connected with the last two clusters,
gathering publications focusing on the metabolic changes that halophytes undergo and
its comparison and application in glycophyte species. Although these groups can be
distinguished in the clustering analysis, it is also evident in the intricate network of connec-
tions between the publication keywords, highlighting the application of the physiological,
metabolic and molecular approaches, aiming for a more applied scientific perspective to
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develop biosaline agricultural and cultivation practices, to ultimately produce nutritionally
valuable vegetable foods without disregarding the ecological services and importance of
these species.

Figure 3. VOSviewer cluster analysis between the keywords found in the Web of Science publication record (search string:
ALL FIELDS: (halophytes) AND ALL FIELDS: (food) OR TOPIC: (halophytes) AND TOPIC: (agriculture). Timespan: All
years. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC.) records from 1988 to the
present day.

2. Halophyte Ecology and Physiology

If we consider halophytes as species that can thrive and tolerate at salinity concentra-
tions of 80 mM [20], the global halophyte plant community appears composed by more
than 2600 species distributed on all the world’s continents except Antarctica [20,21]. These
comprise halophytes present in several types of ecosystems, ranging from salt deserts to
mangroves, coastal dunes and salt marshes. The success of these plants in colonizing such
different environments, from arid to flooded landscapes, results from their polyphyletic
origin, and thus is a recent mechanism, such as the appearance of other complex traits
such as the C4 and crassulacean acid metabolism photosynthesis pathways; this origin
resulted in multiple and independent events where salt tolerance evolved in different
angiosperm families [21]. This resulted in a multitude of physiological mechanisms, such
as ion compartmentation, K/Na selectivity, development of salt glands and production
of osmocompatible solutes, among others, ultimately resulting in salt-tolerance traits [21].
Moreover, the ability of these plants to colonize both flooded and arid environments results
from the same physiological tolerance basis. Both saline and desert environments induce
osmotic stress in plants, and thus the basic mechanisms underlying tolerance to both
conditions are the same [8,22]. As a trait, salt tolerance has been recognized for the past
200 years [21]. Nevertheless, this scientific area advanced greatly and thus the halophyte
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definition was revised and is now accepted as “plants that survive to complete their life
cycle in at least 200 mM salt” [1]; this group of plants was reduced down to 350 species,
mainly from the order Caryophyllales (including the typical succulent chenopods) and
Alismatales (including seagrasses) [21]. Based on these tolerance traits are several biochem-
ical adaptations, especially in terms of specific molecules in response to the exposure to
permanently stressful conditions, such as those observed in their natural habitats [9,23,24].
For example, fatty acid membrane remodeling is a common strategy of these species
to overcome the osmotic stress imposed by the excessive salt concentrations observed
in the sediments colonized by halophytes. Additionally, these species produce several
anti-oxidant molecules (phenolics and flavonoids and ROS-quenching carotenoids) [25] to
maintain cellular functioning under oxidative stress conditions, such as the ones triggered
by high ionic contents and waterlogging and submersion [9,25]. Moreover, the exposure of
high irradiances, to which these species are subjected in the Mediterranean, led these halo-
phytes to develop carotenoid-based mechanisms to overcome this excessive sun-energy
that reaches they photosynthetic organs [9,25]. All these physiological characteristics con-
fer to halophytes remarkable nutritional characteristics, both in terms of an alternative
sustainable food source for humans and also for animal feed.

In Europe, these species are mainly present in salt marsh ecosystems, occupying
an area of approximately 451,652 ha, occurring in almost all estuarine, lagoon and bay
ecosystem and providing an available living resource, spread almost all over the Atlantic
and Mediterranean coasts [26,27]. Analyzing the species lists available in public databases
for the Iberian Peninsula (https://flora-on.pt) and crossing this information with the data
from the eHaloph database [19], regarding the physiological and application data of the
Iberian halophytes, it becomes evident that this is a highly biodiverse pool of endemic
plants with a large spectrum of applications (Table 1). The definition of halophyte was
based in the presence of the species in eHaloph, and thus “Halophytes are defined as
species that grow and complete their life cycle in environments with NaCl concentrations
above 200 mM” [1]. This list was cross listed with the coastal flora inventories and floristic
data available from the Flora-on database and the species selected according to the presence
in both databases.

Table 1. List of Iberian halophytes and their physiological and ecological traits and applications.

Family Species Name
IUCN Con-
servation
Status 1

Origin 2 Photosynthetic
Metabolism Life Cycle Raunkiær Life

Form 3
Potential

Utilization 4

Aizoaceae Disphyma crassifolium NE NIS * C3 Perennial Ca Fi, O, Br

Amaranthaceae Arthrocnemum
macrostachyum NE Native C3 Perennial Ca/Hydro M

Amaranthaceae Atriplex glauca NE Native C4 Perennial Ca O
Amaranthaceae Atriplex halimus NE Native C4 Perennial Ca/Pha Fo, O, Fr, Br, Fu
Amaranthaceae Atriplex portulacoides NE Native C3 Perennial Ca/Pha/Hydro Fo, Fr, Br
Amaranthaceae Salsola vermiculata NE Native C3 Perennial Ca
Amaranthaceae Halopeplis amplexicaulis NE Native C3 Perennial Te Fo, M
Amaranthaceae Sarcocornia fruticosa NE Native C3 Perennial Ca/Pha/Hydro Fo, O
Amaranthaceae Salicornia ramosissima NE Native C3 Annual Te/Hydro Fo
Amaranthaceae Salsola soda NE Native C4 Annual Te/Hydro Fo, D

Amaranthaceae Sarcocornia perennis
subsp. alpini NE Native C3 Perennial Ca Fo, M

Amaranthaceae Sarcocornia perennis
subsp. perennis NE Native C3 Perennial Ca/Pha Fo, M

Amaranthaceae Suaeda maritima NE Native C3 Annual Te/Hydro Fo, D, M, Br
Amaranthaceae Suaeda splendens NE Native C4 Annual Te Fo, Fr
Amaranthaceae Suaeda vera NE Native C3 Annual Ca/Pha/Hydro Fo, D, S, O
Amaranthaceae Chenopodium album NE Native C3 Annual Te Fo, M
Amaranthaceae Atriplex patula NE Native C3 Annual Te Fr, Br

https://flora-on.pt
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Table 1. Cont.

Family Species Name
IUCN Con-
servation
Status 1

Origin 2 Photosynthetic
Metabolism Life Cycle Raunkiær Life

Form 3
Potential

Utilization 4

Amaranthaceae Salicornia nitens NE Native C3 Annual Hydro/Te Fo

Asteraceae Artemisia caerulescens
subsp. caerulescens NE Native C3 Perennial Ca

Asteraceae Aster squamatus NE NIS C3 Perennial Hem/Te Fo

Asteraceae Aster tripolium subsp.
pannonicus NE Native C3 Perennial He/Te/Hem Fo, M, O, Br

Asteraceae Cotula coronopifolia NE NIS C3 Perennial Te M, O
Asteraceae Inula crithmoides NE Native C3 Perennial Ca Fo, M, O

Asteraceae Sonchus maritimus
subsp. maritimus NE Native CAM Perennial Geo M

Boraginaceae Heliotropium
curassavicum NE Nis C4 Perennial Hem B, M

Caryophyllaceae Spergularia australis NE Native C3 Annual Ca M
Caryophyllaceae Spergularia heldreichii NE Native C3 Annual Te
Caryophyllaceae Spergularia marina NE Native C3 Annual Hem/Te M
Caryophyllaceae Spergularia media NE Native C3 Annual Ca/He Fo
Convolvulaceae Cressa cretica NE Native C3 Perennial Te C, M

Cyperaceae Bolboschoenus maritimus NE Native C3 Perennial Geo B, O, Br

Cyperaceae Schoenoplectus lacustris
subsp. glaucus NE Native C3 Perennial He O

Frankeniaceae Frankenia boissieri NE Native C3 Perennial Ca Fu
Frankeniaceae Frankenia laevis NE Native C3 Perennial Ca B, O
Frankeniaceae Frankenia pulverulenta NE Native C3 Perennial Te O

Juncaceae Juncus maritimus NE Native C3 Perennial Hem Fe, Fi, Br
Juncaceae Juncus effusus NE Native C3 Perennial Hem Fe, Fi, Br
Juncaceae Juncus acutus NE Native C3 Perennial Hem Fe, Fi, Br

Juncaginaceae Triglochin barrelieri NE Native C3 Perennial He/Hem Fo
Juncaginaceae Triglochin maritimum NE Native C3 Perennial He/Hem Fo
Orobanchaceae Cistanche phelypaea NE Native C3 Parasite Epi/Geo
Plantaginaceae Plantago macrorhiza NE Native C3 Perennial Ca M

Plantaginaceae Plantago maritima subsp.
maritima NE Native C3 Perennial Hem Fe, M

Plumbaginaceae Armeria maritima subsp.
maritima NE Native C3 Perennial Ca O, Fr, Br

Plumbaginaceae Limoniastrum
monopetalum NE Native C3 Perennial Pha Fo, M, Br

Plumbaginaceae Limonium diffusum EN Native C3 Perennial Ca Fo, M
Plumbaginaceae Limonium lanceolatum LC Native C3 Perennial Ca M
Plumbaginaceae Limonium ovalifolium NE Native C3 Perennial Ca Fo, M
Plumbaginaceae Limonium vulgare NE Native C3 Perennial Ca M, O
Plumbaginaceae Limonium ferulaceum LC Native C3 Perennial Ca O

Poaceae Elymus athericus NE Native C3 Perennial Proth M
Poaceae Elymus elongatus NE Native C3 Perennial Hem Fr, Br
Poaceae Parapholis filiformis NE Native C3 Perennial Te
Poaceae Parapholis incurva NE Native C3 Annual Te
Poaceae Puccinellia iberica NE Native C3 Perennial Hem
Poaceae Puccinellia maritima NE Native C3 Perennial He/Hem Fr, Br
Poaceae Spartina maritima NE Native C4 Perennial Epi/Geo/Proth Fr, Br
Poaceae Spartina patens NE NIS C4 Perennial Hydro S, Fr
Poaceae Spartina densiflora NE NIS C4 Perennial Hydro Fe, Fi, Fr

Polygonaceae Polygonum equisetiforme NE Native C3 Perennial Ca M, O
Zosteraceae Zostera marina VU Native C4 Perennial Hydro S
Zosteraceae Zostera noltii NT Native C4 Perennial Hydro

1 Conservation status according to the International Union for Conservation of Nature: NE—Not Evaluated; LC—Least Concern; NT—Near
Threatened; VU—Vulnerable; EN—Endangered; CR—Critically Endangered; EW—Extinct in the Wild; EX—Extinct.; 2 According to the
Flora-on database (https://flora-on.pt); 3 Ca—Chamaephyte; Epi—Epiphyte; Pha—Phanerophyte; Geo—Geophyte; He—Helophyte;
Hem—Hemiphyte; Hydro—Hydrophyte; Protho—Prothohemicriptophyte; Te—Therophytes; 4 Based in eHaloph database; Fo—Food;
Fe—Feedstock; C—Cosmetic; D—Detergent; S—Soil Stabilization; Fi—Fiber; B—Biocide; M—Medicinal; O—Ornamental; Fr—Forage;
Br—Bioremediation; Fu—Fuel; * Non-indigenous species.

Half the halophyte species present in Iberian salt marsh ecosystems are from the Ama-
ranthaceae, Asteraceae and Poaceae (Figure 4a), with the remaining species belonging to a wide
variety of taxonomic families (Aizoaceae, Boraginaceae, Caryophyllaceae, Convolvulaceae, Cyper-
aceae, Frankeniaceae, Juncaceae, Juncaginaceae, Orobanchaceae, Plantaginaceae, Plumbaginaceae,

https://flora-on.pt
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Poaceae, Polygonaceae and Zosteraceae). From this, the majority of the species are endemic
to the Iberian Peninsula, reinforcing the importance of this natural resource (Figure 4b).
According to the Raunkiær system, the majority of these species are included in the classifi-
cation of chamaephyte, therophyte, hydrophyte and hemiphyte (73%) (Figure 4c). The vast
majority of the species are perennial (77%), increasing these species’ potential as agronomic
solutions, providing biomass throughout the year (Figure 4d).

Figure 4. Iberian halophyte families (a); origin status (b) (non-indigenous species (NIS) and native species of the Iberian
Peninsula); Raunkiær Life Form (c); and life cycle type (d).

3. Economical Applications

Halophytes are extremely versatile plants with a high tolerance to a wide range of
adverse cultivation conditions [8,15,25]. Additionally, they have shown in the past to be
important sources of nutrients for human consumption [3,6,8]. The Mediterranean area has
high biodiversity in terms of endemic halophytic vegetation [28], providing a remarkable
pool of potential new agricultural products to be cultivated in adverse conditions. In terms
of utilizations, there is a wide array of possible uses of halophytes (Figure 5).
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Figure 5. Potential utilization of the listed Iberian halophytes (source: eHaloph database).

Some species have been cultivated as food (alternative vegetables) and forage for
animal consumption (20% and 9% of the Iberian halophytes, respectively). Seeds are also
one of the parts that have been explored in halophytes, as they do not generally accumu-
late salts in their seed, enhancing their potential for immediate use without additional
treatment [29]. Although halophyte seeds are rather small, which could be seen as a disad-
vantage, this is largely surpassed by the relatively high yields per hectare [29]. Additionally,
it is known that, in adapting to adverse conditions, plants suffer some lipid remodeling
to maintain membrane stability and the efficiency of the metabolic processes associated
with these systems [6]. Linolenic acid and linoleic acid are very abundant fatty acids in
halophytes, being part of the omega-3 and omega-6 categories, respectively, and thus
essential PUFAs for human health [6]. In this regard, S. fruticosa, A. tripolium, S. maritima
and S. vera appear as some of the most promising Iberian halophytes, presenting very
high PUFA/SFA and low n-6/n-3 PUFA ratios, suitable for potential applications in the
food and/or feed industry [6,22,30–32]. Halophytes are also promising protein-rich food
sources [33–35]. With the rapid growth in the world’s population, food security is seen as
one of the challenges for the agri-food industry. The shift towards a more sustainable diet
necessitates less reliance on foods of animal origin, increasing the plant protein human
intake [36]. If we take into account that to produce the same amount of plant proteins
directly for human consumption, less than 10% of land will be required in comparison to
animal production, adding to this the advantage that halophyte species can be cultivated
in degraded lands, the potential of these marine plants increases greatly [37]. Some of
the most abundant species in the Iberian Peninsula, such as H. portulacoides, S.maritima
and S. fruticosa [29], show very high protein contents (up to 4 mg g−1 FW) in their ed-
ible parts [9]. During evolution, halophytes acquired a variety of adaptations to cope
with an osmotically stressful environment, namely the production of osmocompatible
solutes [38–40]. Among the production of several molecules, halophytes use sucrose, glu-
cose and fructose to, among other functions, maintain its osmotic balance towards the
external medium [38,41]. In developing countries, 50–75% of total dietary energy comes
from carbohydrates (starch and sugars) and, quantitatively, starch is the most abundant (80–
90%) of all plant polysaccharides eaten [42]. Phenolic and flavonoid compounds are known
as good radical scavengers, playing an important role in human health, by minimizing
the deleterious effects of oxidative stress. Phenolic compounds, including flavonoids, are
secondary metabolites that play different roles in the physiology and cellular mechanisms
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of plants, including pigmentation as well as resistance to pests, predators and oxidative
stress. Halophytes live in extremely harsh environments, with high salinities and UV radi-
ation, and these stressful conditions often lead to the production of radical oxygen species.
Because they often display antioxidant properties, halophyte plants most likely produce
phenolic compounds as additional components of their response to oxidative stress [43].
Previous studies with Iberian halophytes showed that these plants have an elevated concen-
tration of total phenolics and flavonoids in their tissues [3,9], similar to those already used
as anti-oxidant sources, such as M. crystallinum and M. nodiflorum [10,44,45]. Some other
Iberian species’ (P. maritima, S. maritima and S. patens) polyphenolic extracts have shown
the relevant antioxidant, anti-acetylcholinesterase, antibacterial and antifungal activities,
reinforcing the nutritional and medicinal potential of these halophytic grasses [46]. Al-
though not documented, several species of halophytes, including Saliconia spp., Sarcocornia
spp. (both sold as sea asparagus) and Aster tripolium (sea-spinach), are sold in Portuguese
markets. There are no currently available statistics on the daily usage of these vegetables,
but the growing number of enterprises selling these kind of vegetables indicate that there
is also an increasing consumption and acceptance from the general public.

Independently of their high nutritional value, the success of halophytes as agroecolog-
ical solutions as well as their commercial success in the near future will depend largely on
consumer acceptance of new tastes and textures in their diet. At present, certain halophytes
(like the sea aster A. tripolium) are being cultivated as vegetables, due to its morphological
similarity with conventional vegetables that have a high degree of public acceptance (e.g.,
the sea aster is often commercialized as sea spinach).

Besides their role as essential fatty acid sources [32,47], halophytes seeds have also
been considered for biofuel production [48]. In this regard, 2% of the Iberian halophytes
have been described as potential sources for biofuel, produced from the seeds and the
lignocellulosic biomass [29]. In this regard, A. tripolium and S. fruticosa seeds appear as
good candidates for biofuel production, presenting a high triglycerides yield and rich in
saturated fatty acids, the most adequate for biofuel production [6].

In the past, halophytic grasses, shrubs and trees, containing digestible protein lev-
els comparable to conventional livestock feed, were planted as forage or harvested for
fodder [49–51]. Despite their recent decline, forage and fodder supplements still account
for the bulk of commercial halophyte cultivation around the world: these include grasses
(like Puccinellia, Spartina and Sporobolus) and shrubs (Atriplex, Salsola and Suaeda) [49–51].
Due to the relatively high salt content in their tissue (between 10 and 50% of their dry
weight), the potential is greatest when interplanted with native forage or used in mixed
feeding regimes, such as a dry season browse and fodder supplement [52]. Many of these
salt-tolerant plants have also demonstrated promise in the extraction and production of
leaf protein concentrates that are being increasingly used in animal feeds [52].

As ornamentals, halophytes also provide an alternative solution. The cut flower industry
is economically important in several countries; nevertheless, growers require high-quality
water to irrigate cut flower crops [53]. Flowering and ornamental halophytes can grow using
alternative water sources for irrigation (such as wastewaters) [53]. Several plant families con-
tain halophytic species, which are potentially useful as cut flowers, e.g., Asteraceae (Inula spp.),
Plumbaginaceae (Limonium spp.) and Portulacaceae (Portulaca spp.). The identification of
halophytic species that are both salt-tolerant and have potential commercial relevance would
permit the reuse of degraded, often saline wastewaters for floriculture production. Thus, this
way the reuse of saline wastewaters provides a viable option for the irrigation of salt-tolerant
floral crops, increasing the value of halophytic agroecosystems [53].

4. Soil Remediation, Restoration and Ecosystem Services

Halophytic polycultures for fuel, timber, and conservation offer an extremely valuable
asset in the creation of sustainable agroforestry schemes, the stabilization and rehabilitation
of degraded environments and the deceleration of deforestation and desertification [54].
The replanting of salt marsh ecosystems in estuarine coasts represents another immediate
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low-cost opportunity for both environmental restoration and sustainable commercial
production.

Soil salinization affects approximately one billion hectares of land globally, affecting
landscape components including landform, soil and plant communities [55]. Thus, the
rehabilitation of salt-affected lands is necessary to make these ecosystems suitable to be
reused for agricultural resources, such as grazing or production of traditional crops [55].
Land rehabilitation is also advantageous as it increases biodiversity and limits soil erosion
and land degradation [55]. The tolerance to high saline concentrations exhibited by several
halophytes makes these species suitable for rehabilitation of salinized soils. Arthrocnemum
macrostachyum is a halophyte of great interest for desalinization purposes, but also as
co-culture [56]. The presence of this species decreased the salinity of the soil by 31% after
30 days [56]. Additionally, when cultivated as a co-culture with barley and wheat, the
halophyte presence reduced the negative effects of salt on the emergence of both barley
and wheat [56].

Soil contamination with toxic compounds is additionally a major problem affecting
soils worldwide, either due to industrial pollution or to agricultural misconducts [57].
The growing contamination by heavy metals in the environment leads to an increase in
global risk to human and ecological health, resulting in the degradation or loss of some
soil functions globally [57]. In this regard, several Iberian halophytes (e.g., H. portulacoides,
Sarcocornia spp., S. maritima, J. accutus and S. ramosissima) have been investigated for its
ability to remediate soil by extracting the heavy metals from soils to their aboveground
organs and by improving the soils with organic acids and growth-promoting bacteria,
beneficial for traditional crop establishment [58–63].

Landscape transformation due to agriculture impacts more than 40% of the planet’s
land area and is the most important driver of biodiversity and ecosystem services losses
worldwide [64]. Ecological restoration through the establishment of agroecosystems may
significantly reduce these losses and has shown to increase the overall biodiversity of all
organism types by an average of 68% [64]. Previous works point out that agroecosystem
ecological restoration is largely effective and can be advocated as a way to improve bio-
diversity and ecosystem services [64]. In terms of ecosystem services, halophyte-based
agroecosystems would provide essential and similar services to that verified in natural salt
marsh ecosystems. As a source of forage, reports show that these ecosystems can drive
an annual net income from grazing of £15.27 ha−1 year−1 [65]. Regarding their ability to
remediate wastewater and wastelands, marsh swamps achieved capitalized cost savings of
US$785 to US$15,000/acre compared to conventional municipal treatment [66]. If these
agroecosystems are located in coastal areas and estuarine systems, they can additionally
enhance side activities, such as fisheries, by boosting the production of economically im-
portant fishery species, such as shrimp, oysters, clams and fishes [67,68]. Reports from
the Gulf Coast show that the contribution per acre of added salt marsh area to the value
of the Gulf Coast blue crab fishery increases up to US$1.89/acre [69]. Moreover, and
considering the increasing climate change concerns and the demands for reducing the
human carbon footprint, halophyte-based ecosystems play a very important role in terms
of the so-called blue carbon storage [70]. These ecosystems are more effective carbon sinks
(approximately 3.9 kg C m−2 year−1), both in the short- and long-term storage of carbon,
than typical terrestrial ecosystems, playing a critical role in the global sequestration of
atmospheric carbon [70]. In a meter of topsoil, carbon storage in marsh ecosystems has
been estimated at approximately 259 Mg of carbon per hectare [70]. Using as reference
the value of 2.1 Mg C/ha (permanent carbon sequestration) [71], and applying the Car-
bon Emission Reduction (CER) price of the European Emission Trading System (ETS) of
€12.38/Mg, the estimated value of these agroecosystems in terms of carbon value could
be estimated at €26.00 ha−1 year−1 [72]. Aside from the agronomical benefits obtained
with the production of alternative halophytic crops, these ecosystem services highlight the
relevance of these agroecosystems.
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5. Conclusions

Research on biosaline agriculture and halophyte-based ecosystems has been growing
worldwide, focusing on their application in metabolite research, with potential nutraceuti-
cal applications; halophyte cultivation, focusing mainly on the ecosystem services in terms
of ecosystem remediation and restoration and as a biomass source for industrial applica-
tions; halophyte distribution, ecology, biogeography and domestication; osmophysiology;
and the biochemical basis of salt tolerance in halophytes, and its comparison to and appli-
cation in glycophyte species. Iberian coastal areas present a wide diversity of halophytes
species (62), being mostly endemic species, including some of the most investigated species
worldwide. The wide range of applications of these species as food, forage and source of
nutraceutical molecules, as well as for ornamental or bioremediation purposes, highlights
the potential of this biodiversity bank for agroecosystem solutions. Allied to this is the
widely recognized ecosystem values provided by halophyte-based environments, which
increase the added-value of these ecosystems, beyond the final product production, by
improving soil health, ecosystem biodiversity and storing large amounts of carbon, thereby
increasing the ecosystem resilience to climate change and offering a green solution against
climate change.
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