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Abstract

Gypsum soils are some of the most restrictive environments for plant life on Earth,

yet these atypical substrates host singular ecosystems that are home to unique vascular

and cryptogamic floras worldwide. The analysis of the mechanisms displayed by plants

to survive the limiting conditions of gypsum can help improve crops and management

of some of the most vulnerable regions of the planet. It can also inform on the best

practices for the management and conservation of these remarkable ecosystems. This

review is an invitation to discover gypsum ecosystems, with a special focus on the

most recent advances on the plant diversity they host, the mechanisms displayed by

plants to cope with the main limitations of these environments and the current global

threats that make these ecosystems extremer than ever.
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Plant life in extreme environments

What are the limits for plant life? Extreme environments have restrictive conditions that
pose challenges to the life of most plants (Boyd et al., 2016). Among extreme environments
for plant life we find, for example, those in which extreme temperatures, water, light or
nutrient availability, or the presence of toxic substances, limit the metabolism and, conse-
quently, the life of plants. Examples of this type of environments are polar regions, alpine
areas, deserts or atypical soils (such as saline soils, serpentines or soils rich in gypsum).

Despite the limiting conditions that prevail in extreme environments, many plant species
have been able to develop, throughout evolution, different biochemical, physiological,
anatomical and ecological solutions to survive in them. The analysis of these mechanisms
constitutes one of the priority fields of plant science. Since its origins, plant scientists have
tried to identify the mechanisms that allow plants from extreme or highly stressful envi-
ronments to cope with environmental limitations (Lambers et al., 2008). These analyses
have been decisive for the advancement of agronomy and the selection of traits in cultivated
species (Lambers et al., 2008). They also have important applications in ecological restora-
tion and decontamination (Boyd et al., 2016). On the other hand, extreme environments
are usually rich in endemic species, with low tolerance to environmental changes (Doi and
Kikuchi, 2009; Verboom et al., 2017). These species are increasingly threatened by the
effect of global change (Doi and Kikuchi, 2009). The study of the mechanisms that make
plant life possible in extreme environments helps to better understand the limits for plant
life and is a key aspect for the conservation of these unique plants.

Gypsum soils are extreme environments

Gypsum is a hydrated salt formed by calcium sulphate and water (i.e. CaSO4·2H2O). This
rock-forming mineral can also be present in soils when arid conditions prevail. Gypsum
soils extend over 200 million Ha worldwide (Eswaran and Gong, 1991; Casby-Horton, 2015).
They are present in 112 countries (Pérez-García et al., 2017), being prevalent in arid and
semi-arid areas of the planet (Watson, 1999). For example, they affect ca. 40%, 75% and
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25% of the total surface of Africa, Western and Central Asia, respectively (Escudero et al.,
2015). Within Europe, gypsum soils occur mainly in Spain (where they are widespread
throughout the Eastern side of the country) and, with minor extent, in Italy, Cyprus and
Turkey (FAO, 1990). Gypsum is also a key water-holding mineral of Mars (Langevin et al.,
2005) and, as such, has been extensively studied as a Martian analogue.

Owing to the restrictive conditions they impose on plant life, gypsum soils are considered
extreme environments (Cera et al., 2022a). This is due to the atypical physico-chemical
features of gypsum, but also to the dry conditions that unavoidably surround gypsum soils.
The formation of gypsum soils from gypsum bedrock requires dry conditions, since gypsum
is easily leached off the soil. From the Mediterranean conditions of gypsum soils in Spain,
Turkey or Western Australia, to the hyper-arid climate of gypsum-rich deserts like the
Namib, Atacama or Lut, and including monsoon-like weather conditions like those in the
Chihuahuan Desert, plants living on gypsum soils face dry conditions during part of the
year (Pérez-García et al., 2018). Consequently, water is, unavoidably, a limiting resource
for plants growing on gypsum soils.

In addition to the arid conditions that prevail on gypsum soils, this type of substrates have
special physico-chemical properties that make them particularly restrictive for plant life
and agriculture. One of the most distinct features of gypsum soils is the remarkably high
calcium (Ca) and sulphate concentrations in the soil solution (FAO, 1990; Guerrero Campo
et al., 1999). Even when compared to other alkaline soils with high Ca content such as
calcareous soils, gypsum soils have higher Ca cation activity, due to the higher solubility
of gypsum and the relatively lower pH of gypsum soils (FAO, 1990). Both excess Ca and
sulphate ions in the soil solution can be toxic for plants (Ernst, 1998; Nakata, 2003). In
addition to these toxicity issues, the saturation of the soil cation exchange complex with
Ca drastically decreases nutrient availability for plants (FAO, 1990). Therefore, gypsum
soils are inherently nutrient poor for essential elements like P, N and, to a minor extent,
K. Available P levels in gypsum soils often fall below the detection limit of standard soil
analytical procedures, e.g. (Muller et al., 2017). Gypsum-rich soils have a moderate salinity,
which is not considered to lead to strong osmotic issues in plants (Herrero and Porta, 2000).
However, gypsum soils are often mixed with other salts, like halite, which may increase the
osmotic stress on plants.
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On top of these chemical features, gypsum soils show also specific physical properties that
limit plant life. One of them is the development of extremely hard surface physical crusts,
which may restrict the establishment of plant seedlings (Meyer, 1986; Romao and Escudero,
2005). Gypsum soils are also mechanically unstable, due to a lack of plasticity, cohesion
and aggregation (Bridges and Burnham, 1980). Finally, in certain areas, gypsum soils show
low porosity, which may limit the growth of certain plant roots (Guerrero Campo et al.,
1999).

As a result of the above restrictive conditions, gypsum soils frequently host open landscapes,
with sparse vegetation patches that show a remarkable similar appearance across the world
(Fig. 1). The present review will address current knowledge on the mechanisms displayed
by plants to cope with the restrictive conditions of gypsum soils, with a special focus on two
of its most remarkable features: the strong nutrient imbalance and the scarcity of water.

Gypsum ecosystems as singular habitats

Despite the restrictive conditions of gypsum soils, these substrates host singular ecosys-
tems, home to a unique and highly diversified flora, rich in endemic and rare species. A
preliminary assessment of the global plant checklist of gypsum soils indicates over 1200
plant taxa across the world seem to have high affinity for gypsum soils (Rudov, Palacio
et al., un published data), most of them being restricted to this type of substrate. Many
of these species have narrow distribution areas, being local endemics and rare plants. For
example, in the Chihuahuan Desert, where the gypsum flora is particularly diverse, gyp-
sum endemics comprise over 300 taxa, which account for 7.5% of the total endemic flora
of the region (Flores Olvera et al., 2018). Gypsum endemic species occur in all continents
and belong to distantly related floras that have evolved independently, often under differ-
ent climatic conditions (Pérez-García et al., 2018). Accordingly, the restriction to gypsum
soils seems to have emerged several times in the evolution of plants, although some plant
lineages are especially rich in gypsum endemic species (Moore et al., 2014). Preliminary
data indicate the plant species with high affinity for gypsum detected worldwide belong to
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Figure 1: Gypsum ecosystems from different regions of the world. A) Zaragoza, Cohauila, Mexico; B)
Central Anatolia, Turkey; C) Lake Mollerin, Western Australia, Australia; D) Villamayor de Gállego,
Zaragoza, Spain. Foto credits by Sara Palacio.

88 different taxonomic families, with Asteraceæ, Fabaceæ, Chenopodiaceæ and Brassicaceæ
being the most prominent plant families, each belonging to a different plant order (Rudov,
Palacio et al., un published data).

In addition to vascular plants, gypsum soils are also home to a highly diversified cryp-
togamic flora. These organisms make part of extensive biological soil crusts (BSCs), small
scale ecosystems formed by lichens, mosses, and free living algae, fungi and bacteria (Belnap
et al., 2016), which cover extensive areas amongst plant patches in gypsum ecosystems
(Escudero et al., 2015). BSCs are key components of the ecosystem (Bowker et al., 2008,
2013). They regulate most biogeochemical cycles (including those of water, carbon and
nitrogen) and affect plant emergence and establishment, mediating plant community com-
position (Bowker et al., 2013; Sánchez et al., 2022). The biodiversity behind BSCs on
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gypsum is largely unexplored, but they are likely to host a remarkable “hidden” diversity.
A recent survey on the lichen diversity on gypsum ecosystems collected over 6000 records
of lichen species occurring on gypsum worldwide (Prieto, Personal Communication). Just
in Spain, ca. 160 species of lichens, 7 of them being exclusive to these substrates, and
more than 100 species of liverworts and mosses have been found on gypsum (Mota et al.,
2011). Knowledge on the cryptogamic component of gypsum ecosystems in other parts of
the world is largely unexplored, even though BSCs can have a dominant role in the ecosys-
tem. For example, a recent expedition to the hyperarid gypsum deposits of the Namib
Desert, where lichen fields often dominate gypsum landscapes, found 47 lichen species from
21 different families (Siebert et al., Submitted). The numbers of cryptogamic taxa linked to
gypsum soils are likely to increase in the future. In the case of lichens, many of the groups
occurring on gypsum have taxonomic issues that are difficult to solve by morphological
traits. New species are likely to be described with the incorporation of molecular tools and
novel prospections of poorly explored gypsum areas of the world.

Owing to their singularity, gypsum ecosystems have been identified as an international
conservation priority. In Spain, 77 taxa are gypsum endemic and half of them are protected
under local, regional or national regulations (Mota et al., 2011). In the European Union, the
Habitats 2000 Directive specifically listed gypsum ecosystems as of “community interest”
(European Community, 1992), underpinning the singularity of gypsum habitats as a whole.
Indeed, a recent analysis on the conservation status of the world gypsophilic flora indicated
that almost one third of the plants included in the preliminary global gypsum checklist
had been listed in red lists or scientific conservation reports (Bueno et al., 2022). The
study also showed that one out of every four gypsum-loving species were under a certain
degree of protection (as threatened, rare or protected) (Bueno et al., 2022). These figures
are remarkable, particularly if we take into account that most gypsum regions of the world
have been poorly explored from a botanical perspective. Accordingly, large areas rich in
gypsum and with highly diversified floras, like central Asia, Southern America or Southern
Africa are mostly unexplored for gypsum plants. In some cases, this oblivion comes from
a lack of interaction between soil and plant sciences. For example, in the whole Flora of
China, there is only mention to three plants potentially linked to gypsum soils (Pérez-
García et al., 2017). A surprisingly low amount of plants if we consider the richness and
diversification of the Chinese flora and the extent of the gypsum deposits of this country.
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Certainly, the global figures of taxa restricted to gypsum are likely to increase as scientific
interest on these special substrates arises within the scientific community. Similarly, the
degree of vulnerability of the world gypsum flora is expected to be largely underestimated
at present, owing to the remarkably high number of narrow endemics and recently described
taxa that compose the world gypsophilic flora.

Plant ecological strategies on gypsum

Depending on their specificity for gypsum soils, plants can be grouped into gypsum en-
demics, also named gypsophiles, i.e. plants that only grow on gypsum; and non-endemics,
also named gypsovags, which can grow both on and off gypsum soils (Meyer, 1986). Some
authors further consider two groups within gypsophiles owing to the extent of their dis-
tribution area: wide gypsophiles (i.e. those plants restricted to gypsum with a broad
distribution area within a given region), and narrow gypsophiles (i.e. plants restricted to
gypsum but with a very limited distribution area) (Palacio et al., 2007). This catego-
rization within gypsum endemics is supported by the observation that widely distributed
gypsophiles show distinct traits typical of plants specialized to atypical soils, such as a dis-
tinct elemental composition similar to that of gypsum soils (Palacio et al., 2007; Cera et al.,
2022c). Wide gypsum endemics from different geographical origins have remarkably high
Ca, S and Mg foliar concentrations, sometimes more than one order of magnitude higher
than those of gypsovags or narrowly distributed gypsophiles (Muller et al., 2017; Palacio
et al., 2022). Contrastingly, the foliar elemental composition of narrow gypsum endemics
is closer to that of gypsovags (Palacio et al., 2007, 2022). This group of plants may include
species with different ecological strategies, ranging from young lineages recently evolving
towards a specialization on gypsum, to stress tolerant plants, not specifically adapted to
gypsum soils, which find refuge from competition from other faster growing species on
these extreme environments. Finally, gypsovags frequently include plants with broad eco-
logical amplitudes, commonly stress tolerant species, more or less widely distributed within
a given region, although narrowly distributed gypsovags also occur. Gypsovag species of-
ten are taxa adapted to xeric conditions, like desert or Mediterranean species, and to soil
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nutrient unbalances, like halophytic or calcareous plants (Mota et al., 2011). Despite not
being specialized to gypsum soils, gypsovag species can be quite prevalent on gypsum, and
sometimes dominate gypsum plant communities.

Plant nutrition on gypsum soils: how do plants cope with excess S and Ca in

the soil?

One of the most distinct features of gypsum soils is their remarkable sulphate, Mg and
Ca concentrations. In the case of Ca, the cation (Ca2+) activity of gypsum soils is even
higher than in other calcareous substrates, such as those derived from carbonates (FAO,
1990). Consequently, plants growing on gypsum face abnormally high Ca2+ and sulphate
concentrations, but also remarkably low availability of key elements such as P, N and K.

Calcium is an essential element for plant life (White and Broadley, 2003). As a key sec-
ond messenger, the Ca ion (Ca2+) takes part in a huge variety of cell signaling processes,
affecting all stages of cell life and several key metabolic processes (Xu et al., 2022). Ex-
cess intracellular Ca levels can also lead to P deficiency through the formation of calcium
phosphate precipitates (Hayes et al., 2019). Consequently, excess Ca in the soil can lead
to toxicity problems in plants and intracellular Ca concentrations have to be kept low at
all times to avoid cell damage (Lux et al., 2021). Similarly, excess sulphate in the soil
can become toxic for some plants (Ernst, 1998). Plants growing on gypsum soils show
different mechanisms to cope with the high soil Ca and S concentrations typical of gypsum.
Gypsovag species block S uptake at the fine root level (Cera et al., 2022c), likely by the
presence of apoplastic and/or symplastic barriers to the movement of ions (Sattelmacher,
2001; Davidian and Kopriva, 2010; Hawkesford et al., 2012). Contrastingly, widely dis-
tributed gypsophiles accumulate remarkable concentrations of Ca, S and Mg throughout
the plant (Cera et al., 2022c), even when cultivated off gypsum soils (Cera et al., 2022b).
Recent studies indicate the increased accumulation of S, Mg and, to a minor extent, Ca,
of wide gypsophiles is a convergent trait across different plant lineages linked to plant spe-
cialization to gypsum soils (Palacio et al., 2022). However, how do these plants manage
such high elemental concentrations without interfering with the normal cell metabolism?
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Plants show various mechanisms to accumulate excess elements without interfering with
the normal cell metabolism. One of the most widespread is compartmentalization, i.e.
accumulating excess elements in organelles such as the vacuole. Ca accumulation inside
the cell vacuole has been repeatedly described in plants (Kinzel, 1989), and most plants
accumulate S as sulphate in the cell vacuole (Rennenberg, 1984). In gypsum plants, re-
cent studies show most S accumulation is in the form of sulphates, likely inside the cell
vacuole (Cera et al., 2022c). Plants may also detoxify excess elements by including them
in molecules or compounds that do not interfere with cell functioning. For example plants
belonging to lineages with oxalic acid metabolism, like Caryophylaceæ or Lamiaceæ, can
detoxify excess Ca2+ through the formation of calcium oxalate crystals, by the combination
of Ca cations with oxalic acid (Nakata, 2003), a process that has been described in gypsum
plants (Palacio et al., 2014a). Plants belonging to the Brassicaceæ may also incorporate
excess S in organic compounds (Ruiz et al., 2003) such as glucosinolates, which have been
shown to increase in plants growing on gypsum soils (Tuominen et al., 2019) Other S-rich
compounds with detoxifying potential are thiosulfinates (typical of Allium sp.) or flavone
sulfates (Ernst, 1998).

Previous studies also highlighted the presence of gypsum crystals inside the cells of
widespread gypsum endemics, which was suggested as evidence of a potential de-toxifying
mechanisms by the compartmentalization of excess Ca and S inside the cell vacuole leading
to the precipitation of crystals due to oversaturation (Palacio et al., 2014a). Nevertheless,
a recent study evaluating the presence of gypsum crystals by XR-diffraction in wide gyp-
sophile species revealed no presence of gypsum crystals in intact fresh leaves (Cera et al., In
prep.). Interestingly, gypsum crystals appeared fast and progressively in leaves processed
for standard biomineral analyses, e.g. sliced fresh similar to processing for microscopic
analyses, and dried similar to processing for FTIR spectroscopy. These results seem to in-
dicate previous observations of gypsum crystals in widespread gypsophiles were the result
of the fast precipitation of dissolved gypsum when the osmotic conditions inside leaf cells
were altered by sample processing. The fast formation of gypsum crystals points at this
salt being accumulated at over-saturation, likely compartmentalized inside the cell vacuole.
What mechanism may prevent the precipitation of such over-saturated gypsum solutions?
Gypsum plants are remarkable Mg accumulators (Palacio et al., 2022), and the Mg cation
is a strong inhibitor of the nucleation and growth kinetics of calcium sulphate crystals,
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even at low concentrations (Rabizadeh et al., 2017). Consequently, gypsophiles may be
detoxifying excess Ca by combining it with excess sulfates to form gypsum that would be
stored at over-saturation by the anti-crystalizing effect of Mg.

High cytosolic Ca2+ concentrations may precipitate with phosphate, decreasing P assimila-
tion by plants. Consequently, the increased ability of wide gypsophiles to detoxify excess Ca
may also have benefits for their P assimilation, being P one of the most limiting nutrients
in gypsum soils (Muller et al., 2017; Cera et al., 2021a). Accordingly, wide gypsophiles have
a lower reliance on arbuscular mycorrhizal fungi (AMF), one of the best-known symbiotic
associations by plants promoting P uptake, than gypsovags (Palacio et al., 2012; Cera et
al., 2021a). Taken together, these results indicate differential nutritional strategies between
gypsophiles and gypsovags. Wide gypsophiles seem to rely on an intensive nutrient uptake
by roots, showing mechanisms to deal with excess Ca and S through detoxification by the
formation of gypsum, compartmentalization inside the cell vacuole, and anti-crystallization
by high Mg contents. Contrastingly, gypsovags may have more difficulties for root nutrient
uptake on gypsum, since the blockage of Ca and S uptake may also interfere with other
nutrients uptake, which may render them more dependent on symbionts, like AMF (Cera
Rull, 2021).

Other than contributing to detoxify excess Ca and S in the soil, the increased S accumu-
lation of wide gypsophiles may also play an ecological role. Several S-rich compounds are
known to have a potential anti-herbivore role (Ernst, 1990). Gypsum ecosystems are open
landscapes where herbivores frequently graze and gypsum plants may have evolved under
moderate grazing pressures. Accordingly, recent studies have shown that grazing increased
gypsophile presence in gypsum plant communities (Cera et al., 2022b), and wide gyp-
sophiles were more resilient to grazing that gypsovags (Cera et al., 2022a). Moreover, foliar
S concentrations of gypsum plants increased with higher grazing, pointing at a potential
anti-herbivore role of S accumulation in these species (Cera et al., 2022b).
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Water use by gypsum plants: how do plants cope with water scarcity in gypsum

soils?

Water is one of the most limiting resources for plants growing on gypsum soils. Accordingly,
plants show a variety of mechanisms to uptake water, often leading to a segregation of
hydrological niches during the dry periods, which promotes plant coexistence and diversity
(Palacio et al., 2017; de la Puente et al., 2021, submitted). Such segregation is frequently
related to root depth and access to different water sources, so that plants with deeper root
systems have access to more reliable water sources like the water table, whereas shallow
rooted species rely on more superficial and also ephemeral water sources (Palacio et al.,
2017; de la Puente et al., submitted). Noteworthy, some plants from gypsum ecosystems
have been described to have remarkably deep root systems, sometimes exceeding several
meters depth (Mota et al., 2011).

Gypsum landscapes are often covered by soft hills intermingled by flatlands and saline
depressions (Fig. 1), where plant communities may show a sharp zonation linked to water,
salts and nutrient availability (Braun-Blanquet and Bolòs, 1957; Guerrero Campo et al.,
1999). Plants dominating these communities have been shown to use different water sources
depending on their root depth and their position along the topographic gradient (Palacio
et al., 2017). For example, plant communities from the top and high slope of gypsum hills
do not have access to the water table, feeding mainly on superficial sources. Contrastingly,
plants from lower slope areas, flatlands or depressions show an increasing use of the water
table during dry periods. In the case of low slope areas and flatlands, access to the water
table is restricted to deep root plants, whereas plants growing in saline depressions feed on
underground water throughout the year, irrespectively of their root depth (Palacio et al.,
2017).

The differential use of water sources has important consequences for plant access to nu-
trients and salts. Plants feeding from superficial water sources rely on comparatively less
stable water, but have access to increased nutrient availability than plants tapping from the
water table (Querejeta et al., 2021). Similarly, plants growing on saline depressions have
good water availability throughout the year, by the up flow of underground water (Palacio
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et al., 2017). However, the intense evaporation at gypsum soils leads to a remarkable con-
centration of dissolved salts in such up flowing water, leading to increased salinity, toxic for
most plants (Guerrero Campo et al., 1999). Consequently, plants thriving on these saline
depressions are frequently halophytes or gypso-halophytes, suited with specific mechanisms
to cope with high salt concentrations (Braun-Blanquet and Bolòs, 1957; Guerrero Campo
et al., 1999).

In addition to free water, gypsum, as a hydrated salt, holds water in its crystalline structure.
Every gypsum molecule has two molecules of water that may be released under natural
conditions, depending on the temperature, pressure, and dissolved electrolytes or organics
(Freyer and Voight, 2003; Carbone et al., 2008). The crystallization water can account for
up to 20.8% of gypsum weight (Bock, 1962), and gypsum de-hydration has been recorded
at temperatures above 40◦C (Freyer and Voight, 2003), which are often reached in gypsum
soils worldwide (Grande López et al., 1967; Berstein, 1979; Herrero and Porta, 2000).
Studies analyzing the stable isotope composition of the xylem sap of gypsum plants indicate
that the crystalline water of gypsum can be a significant water source for plants during
summer (Palacio et al., 2014b). This is not restricted to gypsophile species, but seems
to be widespread across shallow-rooted plants growing on gypsum soils, irrespectively of
their affinity for gypsum soils (de la Puente et al., 2021). Similarly, cyanobacteria growing
in gypsum crystals in the Atacama Desert have been reported to use gypsum crystalline
water to survive the extreme hyperarid conditions (Huang et al., 2020). Although the
mechanisms behind the use of gypsum crystalline water by plants remain elusive, all these
findings point at the existence of a new water source for plants, with crucial implications
for the search of life in other planets (Palacio et al., 2014b).

Conservation threats for gypsum ecosystems

Despite the relevance ofg gypsum ecosystems for their widespread occurrence, the unique
biodiversity they host and the exceptional mechanisms displayed by the organisms that
thrive on them, gypsum ecosystems are severely threatened. Today, the pervasive effects
of global change drivers make life on gypsum soils extremer than ever. Around the world,
gypsum ecosystems face intensive degradation through increased habitat destruction by
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mining, urban development, cropping and over-grazing. In Europe, the acknowledgement
of the need to preserve gypsum habitats by the European Commission by their inclusion
in the Habitat 2000 directive (European Community, 1992), contrasts with the intensive
destruction of vast gypsum flatlands subsidized by the same organism through Common
Agricultural Policy (CAP) aids to promote cropping. Gypsum mining is also a widespread
activity worldwide and, despite the proved efficiency of relatively inexpensive restoration
practices (Mota et al., 2004; Ballesteros et al., 2012, 2014), habitat restoration is not
undertaken in most gypsum mining countries. In countries where gypsum soils are home
to highly populated rural communities, like in Iran and certain areas of central Anatolia,
overgrazing by livestock is a serious threat to the conservation of these ecosystems (Akhani,
2015). Contrastingly, gypsum ecosystems in depopulated areas of Spain face degradation by
shrub encroachment after grazing abandonment (Cera et al., 2022b). The damaging effects
of habitat destruction may be exacerbated by climate change. Temperatures and drought
events are forecasted to increase remarkably in future decades in drylands, including gypsum
soils (IPCC, 2014).

Recent studies indicate gypsum plants are able to adapt to changing conditions, including
increased drought and warmer temperatures (Luzuriaga et al., 2020; Blanco-Sánchez et al.,
2022). However, studies on the effect of fragmentation through habitat destruction shed
worrying forecasts on the conservation of gypsum plants. Gypsum plants from small habitat
fragments are more vulnerable to climate change effects than those from large fragments
(Matesanz et al., 2009), and such vulnerability is inherited from generation to generation,
so that plants grown from seeds from mother plants from smaller fragments are weaker
than those from plants from larger fragments (Pias et al., 2010).

However, probably the largest current threat to gypsum ecosystem across the world is their
perception by local populations as “degraded” areas or “wastelands”. Alike other open land-
scapes deprived from trees (Bond et al., 2019; Silveira et al., 2020), gypsum ecosystems
are frequently perceived as of “low value” by society, especially when compared to forests
or woodlands (Palacio, 2022). Consequently, the extent of gypsum ecosystems subjected
to any degree of protection is remarkably low. This perception is far from reality since, as
indicated before, gypsum ecosystems are singular habitats that host a unique biodiversity.
Unfortunately, open habitats perceived as “degraded” are key targets for current climate
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change mitigation policies based in large-scale afforestation programs. Similar to other
naturally open landscapes, a new threat looms over gypsum ecosystems: that of massive
tree plantations. While of high importance for the recovery of truly degraded areas previ-
ously occupied by woodlands, massive afforestation programs can be a severe threat for the
conservation of naturally open ecosystems, like gypsum soils (Bond et al., 2019; Silveira et
al., 2020; Palacio, 2022). Tree plantation implies ploughing, altering the soil profile and
destroying BSCs. It also involves the plantation of tree species, often exotic, which may out-
compete shade-intolerant gypsum plants. It is, hence, urgent to understand the differences
between naturally open areas and those that are truly degraded and require afforestation
(Bond et al., 2019; Silveira et al., 2020), so that climate change mitigation policies do not
interfere with the conservation of unique ecosystems like gypsum soils (Palacio, 2022).

Conclusions

Gypsum soils are widespread extreme environments that host unique ecosystems of global
conservation concern. Despite being open landscapes with low plant cover, these ecosystems
harbor remarkable arrays of specialized plant, fungi and cryptogam taxa. These species
show unique eco-physiological mechanisms to cope with the extreme conditions typical of
gypsum environments. Plants specialized to gypsum soils accumulate large amounts of Ca,
S and Mg across their tissues through compartmentalization inside the cell vacuole, and
detoxification with different compounds. Gypsum plants show also remarkable strategies
to obtain water, including the use of gypsum crystallization water. Notwithstanding the
relevance of gypsum ecosystems, these habitats are severely threatened across the world.
Particularly because they are often perceived as “degraded” ecosystems of low natural value.
There is, consequently, a pressing need to make different sectors of the society aware of the
huge ecological value of gypsum ecosystems worldwide. Only then, will the conservation of
these unique habitats and the remarkable biodiversity they host be guaranteed.

20



Acknowledgements

Andreu Cera provided useful comments to an earlier version of this manuscript. SP
greatly acknowledges funding from Fundación San Valero as part of the Research Prize
from the Royal Sciences Academy of Zaragoza. Her research was also funded by the Eu-
ropean Union’s Horizon 2020 research and innovation program (Project H2020-MSCA-
RISE-GYPWORLD GA No. 777803), the Spanish Ministry of Science and Innovation
(MICINN, PID2019-111159GB-C31), the Spanish Ministry of Economy and competitive-
ness (MINECO, CGL2015-71360-P) and CSIC (projects: I-LINK1110, I-COOPB20231,
I-COOPB20464, COOPB22018 and 202230I206).

References
Akhani, H. 2015. Iran’s environment under siege. Science 350:392.

Ballesteros, M., E. M. Cañadas, A. Foronda, E. Fernández-Ondoño, J. Peñas, and J. Lorite. 2012.

Vegetation recovery of gypsum quarries: Short-term sowing response to different soil treatments.

Applied Vegetation Science 15:187-197.

Ballesteros, M., E. M. Cañadas, A. Foronda, J. Peñas, F. Valle, and J. Lorite. 2014. Central role of

bedding materials for gypsum-quarry restoration: An experimental planting of gypsophile species.

Ecological Engineering 70:470-476.

Belnap, J., B. Weber, and B. Büdel. 2016. Biological Soil Crusts as an Organizing Principle in

Drylands. Pages 3-13 in B. Weber, B. Büdel, and J. Belnap, editors. Biological Soil Crusts: An

Organizing Principle in Drylands. Springer International Publishing, Cham.

Berstein, R. A. 1979. Schedules of foraging activity in species of ants. Journal of Animal Ecology

48:921–930.

Blanco-Sánchez, M., M. Ramos-Muñoz, B. Pías, J. A. Ramírez-Valiente, L. Díaz-Guerra, A. Escud-

ero, and S. Matesanz. 2022. Natural selection favours drought escape and an acquisitive resource-

use strategy in semi-arid Mediterranean shrubs. Functional Ecology 36:2289-2302.

Bock, E. 1962. On the solubility of anhydrous calcium sulphate and of gypsum in concentrated

solutions of sodium chloride at 25° C, 30° C, 40° C, and 50° C. Canadian Journal of Chemistry

39:1746-1751.

21



Bond, W. J., N. Stevens, G. F. Midgley, and C. E. R. Lehmann. 2019. The Trouble with Trees:

Afforestation Plans for Africa. Trends in Ecology & Evolution 34:963-965.

Bowker, M. A., J. Belnap, V. Bala Chaudhary, and N. C. Johnson. 2008. Revisiting classic water

erosion models in drylands: The strong impact of biological soil crusts. Soil Science Society of

America 40:2309-2316.

Bowker, M. A., F. T. Maestre, and R. L. Mau. 2013. Diversity and Patch-Size Distributions of

Biological Soil Crusts Regulate Dryland Ecosystem Multifunctionality. Ecosystems 16:923-933.

Boyd, R. S., N. Krell, and N. Rajakaruna. 2016. Extreme Environments. D. Gibson, Oxford Bib-

liographies in Ecology :1-28.

Braun-Blanquet, J., and O. Bolòs. 1957. Les groupements végétaux du Bassin Moyen de l’Ebre et

leur dynamisme. Anales de la Estación Experimental de Aula Dei 5:1-266.

Bridges, E. M., and C. P. Burnham. 1980. Soils of the state of Bahrain. Journal of Soil Science

31:689-707.

Bueno, S., A. Rudov, F. Pérez-García, M. J. Moore, M. H. Flores, H. Ochoterena, J. F. Mota, P.

Tejero, L. Kurt, G. A. Lazkov, M. N. Lyons, E. Ozdeniz, A. V. Pavlenko, A. Prina, K. Shaltout,

K. F. Shomurodov, S. Siebert, M. Thulin, H. Akhani, A. Cera, G. Chrysostomou, A. Escudero,

F. Martínez-Hernández, F. Memariani, A. Mendoza-Fernández, E. Merlo, C. M. Musarella, E.

Salmerón-Sánchez, G. Spampinato, I. Vogiatziakis, and S. Palacio. 2022. Global assessment of the

conservation status of gypsum plants. In 3rd International GYPWORLD Workshop Abstract Book,

Almeria, Spain.

Carbone, M., P. Ballirano, and R. Caminiti. 2008. Kinetics of gypsum dehydration at reduced

pressure: An energy dispersive x-ray diffraction study. European Journal of Mineralogy 20:621-

627.

Casby-Horton, S., J. Herrero, and N. A. Rolong. 2015. Chapter Four - Gypsum Soils—Their

Morphology, Classification, Function, and Landscapes. Pages 231-290 in D. L. Sparks, editor.

Advances in Agronomy. Academic Press.

Cera, A., E. Duplat, G. Montserrat-Martí, A. Gómez-Bolea, S. Rodríguez-Echeverría, and S.

Palacio. 2021a. Seasonal variation in AMF colonisation, soil and plant nutrient content in gypsum

specialist and generalist species growing in P-poor soils. Plant and soil 468:509-524.

22



Cera, A., G. Montserrat-Martí, J. P. Ferrio, R. Drenovsky, and S. Palacio. 2021b. Gypsum-

exclusive plants accumulate more leaf S than non-exclusive species both in and off gypsum. Envi-

ronmental and experimental botany 182:104294.

Cera, A., G. Montserrat-Martí, A. L. Luzuriaga, Y. Pueyo, and S. Palacio. 2022a. Plant affinity

to extreme soils and foliar sulphur mediate species-specific responses to sheep grazing in gypsum

systems. Plant Ecology & Diversity 15:253-263.

Cera, A., G. Montserrat-Martí, A. L. Luzuriaga, Y. Pueyo, and S. Palacio. 2022b. When distur-

bances favour species adapted to stressful soils: grazing may benefit soil specialists in gypsum

plant communities. PeerJ 10:e14222.

Cera, A., G. Montserrat-Martí, R. E. Drenovsky, A. Ourry, S. Brunel-Muguet, and S. Palacio.

2022c. Gypsum endemics accumulate excess nutrients in leaves as a potential constitutive strategy

to grow in grazed extreme soils. Physiologia Plantarum 174:e13738.

Cera, A., Verdugo-Escamilla, C., Marín, J., Arbeloa, A., Palacio, S. (In prep. for New Phytologist)

Calcium sulphate biomineralisation in leaves is a methodological artefact.

Cera Rull, A. 2021. The ecological significance of nutritional strategies in gypsum plant commu-

nities.

Davidian, J.-C., and S. Kopriva. 2010. Regulation of Sulfate Uptake and Assimilation – the Same

or Not the Same? Molecular Plant 3:314-325.

de la Puente, L., J. Pedro Ferrio, and S. Palacio. 2021. Disentangling water sources in a gypsum

plant community. Gypsum crystallization water is a key source of water for shallow-rooted plants.

Annals of botany 129:87-100.

de la Puente, L., A. Rudov, S. Palacio, A. Sharifi, J. I. Querejeta, J. P. Ferrio, and H. Akhani. Sub-

mitted. Ecohydrological niche segregation among desert shrubs in a gypsum-calcareous formation

(NW Iran). Plant Ecology and Diversity.

Doi, H., and E. Kikuchi. 2009. Conservation and research in extreme environments. Frontiers in

Ecology and the Environment 7:239-239.

Ernst, W. H. O. 1990. Ecological aspects of sulfur metabolism. Pages 131–144 in H. Rennenberg

and C. Brunold, editors. Sulfur nutrition and sulfur assimilation in higher plants. SPB Academic

Publishing bv, The Hague, The Netherlands.

Ernst, W. H. O. 1998. Sulfur metabolism in higher plants: potential for phytoremediation.

Biodegradation 9:311-318.

23



Escudero, A., S. Palacio, F. T. Maestre, and A. L. Luzuriaga. 2015. Plant life on gypsum: an

overview of its multiple facets. Biological Reviews 90:1-18.

Eswaran, H., and Z. T. Gong. 1991. Properties, Genesis, Classification, and Distribution of Soils

with Gypsum. Pages 89-119 in W. D. Nettleton, editor. Occurrence, characteristics, and genesis of

carbonate, gypsum, and silica accumulations in soils. Soil Science Society of America, Madison.

European Community. 1992. Council Directive 92/43/EEC of 21 May 1992 on the Conservation

of Natural Habitats and of Wild Fauna and Flora. European Community, Brussels, Belgium.

FAO, editor. 1990. Management of Gypsiferous Soils. Soil Resources, Management and Conserva-

tion Service. FAO Land and Water Development Division, Rome.

Flores Olvera, H., M. J. Moore, N. A. Douglas, and H. Ochoterena. 2018. Gypsum ecosystems

as biodiversity hotspots: The case of North America. Page 28 in Abstract book: 1st Gypsum

Ecosystem Research Conference: Gypsum ecosystems as biodiversity hotspots, Ankara.

Freyer, D., and W. Voigt. 2003. Crystallization and phase stability of CaSO4 and CaSO4-based

salts. Monatshefte Fur Chemie 134:693-719.

Grande López, R., E. Hernández Xolocotzi, N. Aguilera Herrera, and J. Boulaine. 1967. Morfología

y génesis de suelos yesíferos de Matehuala, S.L.P. Agrociencia 1:130-146.

Guerrero Campo, J., F. Alberto, M. Maestro Martínez, J. Hodgson, and G. Montserrat Martí.

1999. Plant community patterns in a gypsum area of NE Spain. II.- Effects of ion washing on

topographic distribution of vegetation. Journal of arid environments 41:411-419.

Hawkesford, M., W. Horst, T. Kichey, H. Lambers, J. Schjoerring, I. S. Møller, and P. White.

2012. Chapter 6 - Functions of Macronutrients. Pages 135-189 in P. Marschner, editor.Marschner’s

Mineral Nutrition of Higher Plants (Third Edition). Academic Press, San Diego.

Hayes, P. E., P. L. Clode, C. Guilherme Pereira, and H. Lambers. 2019. Calcium modulates

leaf cell-specific phosphorus allocation in Proteaceae from south-western Australia. Journal of

Experimental Botany 70:3995-4009.

Herrero, J., and J. Porta. 2000. The terminology and the concepts of gypsum-rich soils. Geoderma

96:47-61.

Huang, W., E. Ertekin, T. Wang, L. Cruz, M. Dailey, J. DiRuggiero, and D. Kisailus. 2020.

Mechanism of water extraction from gypsum rock by desert colonizing microorganisms. Proceedings

of the National Academy of Sciences 117:10681-10687.

24



IPCC. 2014. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and

Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergov-

ernmental Panel on Climate Change Cambridge University Press, Cambridge, United Kingdom

and New York, NY, USA.

Kinzel, H. 1989. Calcium in the Vacuoles and Cell Walls of Plant Tissue. Flora 182:99-125.

Lambers, H., F. S. Chapin, and T. L. Pons. 2008. Plant physiological ecology. Springer.

Langevin, Y., F. Poulet, J. P. Bibring, and B. Gondet. 2005. Sulfates in the north polar region of

Mars detected by OMEGA/Mars express. Science 307:1584-1586.

Lux, A., J. Kohanová, and P. J. White. 2021. The secrets of calcicole species revealed. Journal of

Experimental Botany 72:968-970.

Luzuriaga, A. L., P. Ferrandis, J. Flores, and A. Escudero. 2020. Effect of aridity on species

assembly in gypsum drylands: a response mediated by the soil affinity of species. AoB PLANTS

12.

Matesanz, S., A. Escudero, and F. Valladares. 2009. Impact of three global change drivers on a

mediterranean shrub. Ecology 90:2609-2621.

Meyer, S. E. 1986. The ecology of gypsophile endemism in the Eastern Mojave desert. Ecology

67:1303-1313.

Moore, M. J., J. F. Mota, N. A. Douglas, H. Flores Olvera, and H. Ochoterena. 2014. The Ecology,

Assembly, and Evolution of Gypsophilic Floras. Pages 97-128 in N. Rajakaruna, R. Boyd, and T.

Harris, editors. Plant Ecology and Evolution in Harsh Environments. Nova Science Publishers,

Hauppauge, NY.

Mota, J. F., P. Sánchez-Gómez, and J. S. Guirado, editors. 2011. Diversidad vegetal de las yeseras

ibéricas. El reto de los archipiélagos edáficos para la biología de la conservación. ADIF- Mediter-

ráneo Asesores Consultores, Almería.

Mota, J. F., A. J. Sola, M. L. Jiménez-Sánchez, F. Pérez-García, and M. E. Merlo. 2004. Gyp-

sicolous flora, conservation and restoration of quarries in the southeast of the Iberian Peninsula.

Biodiversity and Conservation 13:1797-1808.

Muller, C. T., M. J. Moore, Z. Feder, H. Tiley, and R. E. Drenovsky. 2017. Phylogenetic patterns

of foliar mineral nutrient accumulation among gypsophiles and their relatives in the chihuahuan

desert. American Journal of Botany 104:1442-1450.

25



Nakata, P. A. 2003. Advances in our understanding of calcium oxalate crystal formation and

function in plants. Plant Science 164:901-909.

Palacio, S. 2022. En defensa de los ecosistemas abiertos. Ecologista 111:34-36.

Palacio, S., M. Aitkenhead, A. Escudero, G. Montserrat-Martí, M. Maestro, and A. H. J. Robert-

son. 2014a. Gypsophile chemistry unveiled: Fourier transform infrared (FTIR) spectroscopy pro-

vides new insight into plant adaptations to gypsum soils. PLoS ONE 9:e107285.

Palacio, S., J. Azorín, G. Montserrat-Martí, and J. P. Ferrio. 2014b. The crystallization water of

gypsum rocks is a relevant water source for plants. Nature Communications 5:4660.

Palacio, S., A. Cera, A. Escudero, A. L. Luzuriaga, A. M. Sánchez, J. F. Mota, M. Pérez-Serrano

Serrano, M. E. Merlo, F. Martínez-Hernández, and E. Salmerón-Sánchez. 2022. Recent and ancient

evolutionary events shaped plant elemental composition of edaphic endemics: a phylogeny-wide

analysis of Iberian gypsum plants. New Phytologist 235:2406-2423.

Palacio, S., A. Escudero, G. Montserrat-Marti, M. Maestro, R. Milla, and M. J. Albert. 2007.

Plants living on gypsum: beyond the specialist model. Annals of botany 99:333-343.

Palacio, S., D. Johnson, A. Escudero, and G. Montserrat-Martí. 2012. Root colonisation by AM

fungi differs between gypsum specialist and non-specialist plants: Links to the gypsophile be-

haviour. Journal of arid environments 76:128-132.

Palacio, S., G. Montserrat Martí, and J. P. Ferrio. 2017. Water use segregation among plants

with contrasting root depth and distribution along gypsum hills. Journal of Vegetation Science

28:1107-1117.

Pérez-García, F. J., H. Akhani, R. F. Parsons, J. L. Silcock, L. Kurt, E. Özdeniz, G. Spamp-

inato, C. M. Musarella, E. Salmerón-Sánchez, F. Sola, M. E. Merlo, F. Martínez-Hernández, A.

J. Mendoza-Fernández, J. A. Garrido-Becerra, and J. F. Mota. 2018. A first inventory of gypsum

flora in the palearctic and Australia. Mediterranean Botany 39:35-49.

Pérez-García, F. J., F. Martínez-Hernández, A. J. Mendoza-Fernández, M. E. Merlo, F. Sola, E.

Salmerón-Sánchez, J. A. Garrido-Becerra, and J. F. Mota. 2017. Towards a global checklist of the

world gypsophytes: a qualitative approach. Plant Sociology 54:61-76.

Pías, B., S. Matesanz, A. Herrero, T. E. Gimeno, A. Escudero, and F. Valladares. 2010. Trans-

generational effects of three global change drivers on an endemic Mediterranean plant. Oikos

119:1435-1444.

M. Prieto, URJC, Personal Communication.

26



Querejeta, J. I., W. Ren, and I. Prieto. 2021. Vertical decoupling of soil nutrients and water under

climate warming reduces plant cumulative nutrient uptake, water-use efficiency and productivity.

New Phytologist 230:1378-1393.

Rabizadeh, T., T. M. Stawski, D. J. Morgan, C. L. Peacock, and L. G. Benning. 2017. The Effects of

Inorganic Additives on the Nucleation and Growth Kinetics of Calcium Sulfate Dihydrate Crystals.

Crystal Growth & Design 17:582-589.

Rennenberg, H. 1984. The Fate of Excess Sulfur in Higher Plants. Annual Review of Plant Physi-

ology 35:121-153.

Romao, R. L., and A. Escudero. 2005. Gypsum physical soil crusts and the existence of gypsophytes

in semi-arid central Spain. Plant Ecology 181:127-137.

Ruiz, J. M., I. López-Cantarero, R. M. Rivero, and L. Romero. 2003. Sulphur phytoaccumulation

in plant species characteristic of gypsipherous soils. International Journal of Phytoremediation

5:203-210.

Sánchez, A. M., A. M. Peralta, A. L. Luzuriaga, M. Prieto, and A. Escudero. 2022. Climate

change and biocrust disturbance synergistically decreased taxonomic, functional and phylogenetic

diversity in annual communities on gypsiferous soils. Oikos 2022:e08809.

Sattelmacher, B. 2001. The apoplast and its significance for plant mineral nutrition. New Phytol-

ogist 149:167-192.

Siebert, S. J., A. L. Luzuriaga, G. Maggs-Kölling, E. Marais, S. Matesanz, S. Palacio, Y. Pueyo,

N. Rajakaruna, A. M. Sánchez, and S. Claassens. Submitted. GYPWORLD Africa: Setting an

agenda for gypsum ecosystem research in southern Africa. South African Journal of Botany.

Silveira, F. A. O., A. J. Arruda, W. Bond, G. Durigan, A. Fidelis, K. Kirkman, R. S. Oliveira,

G. E. Overbeck, J. B. B. Sansevero, F. Siebert, S. J. Siebert, T. P. Young, and E. Buisson. 2020.

Myth-busting tropical grassy biome restoration. Restoration Ecology 28:1067-1073.

Tuominen, L. K., R. Reicholf, M. Morcio, A. Quinones, M. J. Moore, S. Palacio, and R. E.

Drenovsky. 2019. Adaptation or plasticity? Glucosinolate accumulation in gypsum endemic Bras-

sicaceae across edaphic conditions. In ESA Annual Meeting, Louisville.

Verboom, G. A., W. D. Stock, and M. D. Cramer. 2017. Specialization to extremely low-nutrient

soils limits the nutritional adaptability of plant lineages. The American Naturalist 189:684-699.

Watson, A. 1979. Gypsum crusts in deserts. Journal of arid environments 2:3-20.

White, P. J., and M. R. Broadley. 2003. Calcium in Plants. Annals of botany 92:487-511.

27



Xu, T., J. Niu, and Z. Jiang. 2022. Sensing Mechanisms: Calcium Signaling Mediated Abiotic

Stress in Plants. Frontiers in Plant Science 13.

28


	References

