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Portugal, 2 Departamento de Biologia \egetal e Departamento de Geologia, Faculdade de Ciéncias, Universidade de Lisboa,
Lisbon, Portugal

Reviewing the ecological studies on the endangered endemic Plantago almogravensis
Franco, an Al-hyperaccumulator plant, and combining these with morphological,
physiological, biochemical, and molecular data, significant knowledge on the limiting
factors that cause its narrow geographical distribution and rarity status is achieved,
which can contribute to suited conservation guidelines. Emphasis was given on (i)
the major factors limiting P almogravensis’ ecological niche (biotic and abiotic); (ii)
phases of the life cycle and population dynamics; and (i) and the phylogenetically
close taxa (Plantago subulata aggregate) in order to fill the knowledge gaps in the
uniqueness of B almogravensis ecology, its phylogeny, and conservation status. The
identification of relevant ecological data and using plant functional (morphological and
physiological) traits, as well as genetic attributes, substantiate into a powerful tool to
guide protection and conservation measures, usable toward this and other endangered
hyperaccumulator plant species. Knowledge of the limitations of this strongly narrowly
distributed plant allows for better design of conservation measures and to guide
value and investment strategies in order to secure the species’ current area (habitat
conservation and reclamation), direct the expansion of the existing population (assisting
in populational densification and colonization), and/or grant ex situ conservation (genetic
resources conservation).

Keywords: aluminum, ecological niche, geochemical islands, hyperaccumulation, Mediterranean, phylogeny,
Plantago almogravensis

INTRODUCTION

Plantago almogravensis Franco (Plantaginaceae) is an extremely rare Portuguese endemic plant
species only found naturally in a 3 ha area, in the southwest coast, scattered in several small
subpopulations (generally < 25 individuals) (Serrano, 2015). The plant is a dwarf woody
hemicryptophyte with leaf rosettes forming a cushion less than 15 cm wide and 7 cm high that
inhabits an unusual metalliferous environment (Serrano et al., 2015), in which it has the ability to
thrive while hyperaccumulating Al (Branquinho et al., 2007; Serrano et al., 2011, 2017).
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The genus Plantago L. is considered to be monophyletic,
supported by morphological, embryological, and chemical data
(Rahn, 1996) as well as molecular phylogenetic studies (Ronsted
et al,, 2002; Hoggard et al., 2003; Albach et al., 2005). According
to these authors, the genus is divided into four or five
subgenera including Coronopus (Lam. & DC.) Rahn, represented
by two sections, one being sect. Maritima H. Dietr., mostly
composed of Mediterranean taxa whose nomenclature has been
of difficult resolution and agreement among taxonomists because
of variations in morphology due to ecological conditions, as
the frequent revisions indicate, e.g., in Flora Europaea (Moore
et al., 1976), Flora de Portugal (Franco, 1984), in Flora Iberica
(Pedrol, 2009), and taxonomy notes on the Plantago subulata
group by Hassemer et al. (2017), Hassemer (2018), Iamonico
et al. (2017), or Hopke et al. (2019). For Portugal (continental),
those floras described two to seven taxa belonging to two groups:
P. subulata group (Plantago algarbiensis Samp., P. almogravensis
Franco, Plantago holosteum Forssk., P. subulata L., Plantago
radicata Hoffmans & Link., and Plantago penyalarensis Pau.) and
Plantago maritima group [Plantago alpina L., P. maritima subsp.
maritima L., and P. maritima subsp. serpentina (All.) Arcang.].
In this article, we follow Franco’s (1984) nomenclature, for
P. almogravensis, as there are still doubts about its classification
at the species or infraspecific level in relation to P. algarbiensis
(Pedrol, 2009; Carapeto et al., 2020).

These two taxa are present in the Mediterranean
biogeographical region and occupy the southwest coast of
the Iberian Peninsula. Populations related to P. algarbiensis and
P. almogravensis sensu Franco (1984) are allopatric (>75 km),
the former occupying a different inland habitat and under
more divergent Mediterranean climate (Serrano et al., 2017).
Both are coastal species (<30 km from the sea), especially
P. almogravensis, which is strictly coastal and subject to maritime
moist winds and sea mists (Serrano, 2015). They occupy
dominantly sandy podzolic soils, with ferruginous hardpans
often forming outcrops (Branquinho et al, 2007), but with
different elemental composition (Serrano, 2015). Both taxa were
considered highly endangered endemics at risk for conservation
and given especial attention in the Portuguese legislation related
to the Habitats Directive (RCM115-A/2008, 2008) due to their
limited distribution (one or two known populations in 2000) and
low number of individuals. Information about the conservation
status of P. almogravensis and P. algarbiensis (Critically
Endangered and Endangered, respectively) was accepted by
the TUCN Red List (Bilz, 2011a,b); recently, the Portuguese
Red List of Vascular Plants (Carapeto et al., 2020) updated the
classification of both to Endangered using the IUCN criteria. This
“improvement” was due to the creation of two populations (ex
situ introductions) up to 15 km south (Pinto et al., 2013); thus,
it was the increase in the Extent of Occurrence (IUCN criteria)
that reduced the perceived risk of extinction. Despite being new
populations, these have less than 10 individuals, while in the
natural extant population they are estimated between 3,000 and
4,000 (<10,000), although declining (Pinto et al., 2013; Serrano,
2015; EEA/MS, 2019).

Rarity in this genus is common at a continental scale,
most particularly on peripheral distribution areas such as

oceanic islands and climatic transitional limits/boundaries (e.g.,
Dunbar-Co et al.,, 2009; Hassemer and Rensted, 2016; Hassemer
et al, 2018; Hassemer, 2019). Considering that the reunion
of P. almogravensis and P. algarbiensis (after Pedrol, 2009)
might have repercussions regarding the level of protection
given to both taxa (being allopatric by more than 75 km,
the Extent of Occurrence will increase, thus diminishing the
perceived extinction risk), the addition of other diagnostic
criteria regarding their population ecology and molecular
phylogeny, besides revisiting the morphological comparisons
already published, would give a stronger support to the
conservation of both these taxa and of P. almogravensis in
particular. From being described as an abundant plant in the
beginning of the 20th century, in the southwest coast (Plantago
acanthophylla Dsne.; Sampaio, 1909) through the 1970s and
1990s, when its populations were rediscovered, until nowadays
with very limited numbers observed, many populations were lost,
inclusive in the last 20 years, presumedly extinct (Franco, 1984;
Pinto etal., 2013; Serrano, 2015). Land use change (intensification
of agriculture) and even tourism have increased the pressure
over P. almogravensis habitat, and life history characteristics
related to dispersal capacity, ability to persist in unfavorable
conditions, as well as population dynamics have narrowed
their distribution area (Bilz, 2011b; Serrano, 2015; EEA/MS,
2019; Carapeto et al., 2020). It is still controversial to address
conservation and management measures to rare/endangered
species, leading to debates on how to set priorities and searching
for new approaches and tools for diagnosis and decision making,
particularly when dealing with narrowly distributed species with
distinctive physiological adaptation strategies for survival. Often,
the possible ecological functions that these rare species provide
to their ecosystems are forgotten, and these would also be
vulnerable to extinction (Lyons et al., 2005; Mouillot et al., 2013).
Understanding the ecological factors driving species’ rarity is
a step toward understanding the best means for maintaining
biodiversity while contributing to its conservation. The factors
commonly associated with rarity (Stebbins, 1980; Kruckeberg
and Rabinowitz, 1985; Fiedler, 1986; Purvis et al., 2000;
Klironomos, 2002; Ferreira and Boldrini, 2011; Gaston, 2011)
include: (i) environmental change (e.g., habitat degradation,
land use alteration, and climate change); (ii) negative biotic
interactions (e.g., competition with invasive species, herbivory,
and pathogenicity) or lack of positive symbiotic associations (e.g.,
nursing species, mycorrhizae, and pollinators); (iii) reproductive
factors (e.g., infertility, imbalanced sex ratios, and lack of
pollinators or seed dispersal agents); (iv) populational factors
(e.g., sympatry and hybridization, fragmentation, local stochastic
extinction events, and slow growth); (v) low genetic variability
(e.g., due to endogamy, mutations, or genetic drift); and (vi)
evolutionary age and history (e.g., new species still have not
expanded and old species may have suffered biotype depletion
being reduced to relict populations).

Thus, in this review, we will summarize the ecological
limitations (related to the environment and to other organisms),
population dynamics, and the morphological and molecular
idiosyncrasies that are possibly related to its rare status and that
make this taxon unique. These features of P. almogravensis should
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be used for tailored conservation measures, as the ones suggested,
for this highly endangered species.

Plantago almogravensis and Its Niche

Higher abundances of P. almogravensis plants are found in stable
vegetation gaps, devoid of the typical native shrub vegetation
(Serrano et al., 2015). Soil analysis confirmed that the gaps were
not random or occasional: these long-lasting gaps correspond
to geochemical islands with a particular geological origin and
composition, namely, rich in Al and Fe and poor in calcium
(Ca) and magnesium (Mg) (Branquinho et al,, 2007; Serrano
et al, 2011, 2015). In its extant population, P. almogravensis
seems to be an ecologically obligate metallophyte (Serrano
et al,, 2015), although physiologically facultative, which uses the
hyperaccumulation strategy to cope with the high Al availability
and toxicity (Serrano et al, 2011). According to the inclusive
niche theory (Colwell and Fuentes, 1975; McGill, 2012), the trade-
off of having a wider tolerance to a stressful environment was to
lose competitive ability toward the other vegetation. Despite the
higher abundance (ecological performance) in the geochemical
islands that provide refuge from stronger competitors, in those
areas, the plants are not at their best physiological performance,
as indicated by the higher 9'*C values, higher leaf sclerophylly,
smaller leaves, and more branching (Serrano et al., 2015). Thus,
the realized niche of P. almogravensis is limited by both abiotic
and biotic factors, having a smaller width than it would have
if competitors were not present (Figure 1). Competition with
shrub species (native and invasive) for areas with optimal
conditions limits the expansion of the populations outside the
geochemical islands. Inside these geochemical islands, there are
mainly chemo-edaphic-climatic (abiotic) restrictions (Figure 1;
Serrano et al., 2015) and biotic interactions with microorganisms
(see Biotic Limitations), limiting its performance.

Abiotic Limitations
The Geochemical Island
Plantago almogravensis has its current realized niche in a podzol
soil matrix, in geochemical islands (gaps) that are eroded areas
where the ferruginous hardpan (B-horizon) is exposed at the soil
surface. Those areas are enriched in Al and Fe, thus considered
metalliferous areas (Branquinho et al., 2007; Serrano et al., 2011,
2015). The plant realized niche is limited by factors common
in metalliferous areas: chemical (high bioavailability of metals,
namely Al), nutritional (low content of macronutrients), hydric
(thin soils that do not retain much water and wind exposure,
facilitating drought), thermic (high soil metal content absorbs
heat), and photochemical (excessive light input in areas scarce in
vegetation, where the sunlight reflects off the ground) (Serrano
et al., 2015). The combination of these factors is responsible
for the lower physiological performance (closure of stomata and
photosynthetic limitation) and growth adaptations (increased
ramification with formation of the cushion-like habit, nanism,
shortening of the leaves and increased sclerophylly) observed in
the gaps (Figure 1; Serrano et al,, 2015).

One of the most significant limiting factors identified was
soil Al toxicity (ratio of Al to Ca or to macronutrients). The
presence of plants in the gaps is generally negatively affected by

Al toxicity, but P. almogravensis seems the most tolerant plant
within the community; conversely, the various shrubs present
were more sensitive. Thus, the geochemical island prevents shrub
colonization (see shrub abundance in Figure 1) and became a
refuge for P. almogravensis (Serrano et al., 2015) from those
stronger competitors.

Nevertheless, some gap areas are not only too stressful
for P. almogravensis survival but are also not suited for seed
anchorage and plant establishment (e.g., hard soil or rock,
lack of fissures and holes, slope and slippery soil surface,
easily detachable soil particles, and runoff), thus limiting the
colonization of the entire gap area (Serrano et al., 2015). Also,
these open areas devoid of high vegetation are often used as
pathways for animals (e.g., cows) and human tourists doing
nature walks, both trampling the more exposed P. almogravensis
individuals. Hence, the geochemical island niche acts as a refuge
and, simultaneously, as a cause for aggravating the rarity status of
P. almogravensis. Further isolation of the populations could have
been driven by agricultural and forestry practices, still ongoing,
destroying nearby suitable habitats, promoting fragmentation,
and altering the native ecosystem (Pinto-Cruz, 2010). The range
of abiotic soil conditions suitable for rare species is often
narrower than that of common species (Kleijn et al., 2008); thus,
the conservation of those conditions, and its gradient within
ecosystems, is particularly important for preserving rare species
(Wamelink et al., 2014).

The natural population is located within a Natural Park
(PNSACV—Parque Natural do Sudoeste Alentejano e Costa
Vicentina; see protected area details in the Sectorial Plan
for Natura 2000 Network, Portugal, RCM115-A/2008, 2008)
whose status ought to prevent further destruction of the extant
population habitat. The gradual diminishing of both human
and financial resources allocated to the PNSACV has led,
however, to disregarding surveillance and adequate conservation
measurements. Furthermore, the protection area is small, lacking
a buffer zone to prevent indirect environmental changes, and the
practical management actions do not favor the natural expansion
of the population (see final recommendations).

Hyperaccumulation Strategy

Plantago almogravensis is an Al-hyperaccumulator plant
(Branquinho et al., 2007; Serrano et al., 2011). The soil Al
gradient corresponded to a saturation curve of Al accumulation
in the plant, whose asymptote represents the physiological limit
for the amount of metal accumulated by the species (approx.
3 mg Al g—!; Figure 2; Serrano et al, 2011). As that limit is
reached, the plants’ physiological performance would decline
since more resources are diverted to cope with the metal (Serrano
et al., 2015). The ecological study of P. almogravensis suggests
that leaf (and branch) turnover, together with branch growth,
would help in diluting Al toxicity, as new leaves could replace
those saturated by Al (Serrano et al.,, 2015). In other species,
higher leaf and root turnovers have been observed as attenuation
strategies when saturation of Al has been reached (Jansen et al,,
2002; Brunner and Sperisen, 2013). For P. almogravensis, a
decline in physiological performance was detected in the highest
levels of soil Al toxicity (Serrano et al., 2015). In extreme cases
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Abiotic stresses

FIGURE 1 | Hypothetical realized niche for Plantago almogravensis (Plantago). Filled line: ecological performance of P almogravensis and of the shrub community
along the abiotic stress gradient; dashed line: physiological performance of P almogravensis, in the absence of competition, along the abiotic stress gradient. The
plant schemes represent P. almogravensis morphotypes, from good fitness (left) to increased ramification and nanism in areas of more abiotic stress (right). Adapted

of soil toxicity, the plants can no longer tolerate the metal and
fade. In the case of natural populations, this is observed by
the rarefication and absence of colonization (Figure 1). In the
laboratory, higher plant and rosette mortality was observed after
forced exposure to high Al concentrations (Serrano, 2015).

The ability to maintain a stable population (with survival
and the recruitment of new individuals) in otherwise toxic
environments is characteristic of tolerant populations (Baker
et al,, 2010). Thus, P. almogravensis is able to develop two
levels of tolerance: to soil Al toxicity (presence of populations in
toxic environments) and to internal physiological toxicity (the
hyperaccumulation trait). The Al-hyperaccumulation trait has
been observed in various species of Plantago and also high-
to hyperaccumulation of Fe and other metals (Serrano, 2015;
Serrano etal., 2017). Considering (i) the wide proportion of metal
accumulators within the Plantago phylogeny, (ii) the variety of
metals accumulated, and (iii) the facultative nature of Plantago
hyperaccumulation, dependent on soil availability, it seems likely
that the accumulation traits could have been inherited from a
common ancestor (phylogenetic origin) and would rest upon
general stress tolerances (Antonovics et al, 1971; Baker and
Proctor, 1990; Meharg, 1994, 2003; Boyd and Martens, 1998). The
species of the Mediterranean subgenus Coronopus are common in
Fe-based environments (e.g., pyrites, rubifacted red soils, Fe ores,
exposed indurated cemented podzol B-horizon, and serpentine
soils), where extreme drought and temperature stresses coexist
with metal stress. The ability of Plantago to occupy these
spatial niches rich in metals, while accumulating those metals,
seems to have been taken to an extreme in P. almogravensis.
Ultimately, the trade-off between toxic metal resistance and
tolerance to competition (Serrano et al, 2015), favorable to
the first, could have limited the expansion of the population
and progressively reduced its distribution width, contributing to
increase its rarity status.

Both Portugal and Spain are rich in metalliferous areas and old
mines (e.g., along the Iberian Pyrite Belt). Eventually, the species
could find in those areas an alternative suitable habitat after aided
introductions of plants (ex situ conservation), which could help
prevent a catastrophic extinction affecting the natural population
of P. almogravensis.

Biotic Limitations

Competition With Shrubs

Thriving in the geochemical islands, P. almogravensis increased
ramification with the formation of the cushion-like habit,

3500 o

~ 3000r o

B o

= 2500

'O{J [¢]

2 2000

N’

p—

< 1500 °

[

8 000

3 1

500
0 t t t t t
200 500 800 1100 1400
Soil bioavailable Al (ug.g' pw)

FIGURE 2 | Accumulation of Al in Plantago almogravensis leaves related to
soil-bioavailable Al. Fitted model: y = (2,804 x x)/(69.7 + X); R? = 0.576
(observed vs. fitted values). Data from Serrano et al. (2011); adapted from
Serrano (2015), p. 1563.
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shortened the leaves (nanism) and increased sclerophylly, while
dealing with high Al toxicity levels (Serrano et al., 2015). All these
processes have a cost, probably reflected in the loss of competitive
ability toward shrubs (Figure 1).

Plantago almogravensis is able to survive with low nutrient
resources, such as those found in the gap areas (Serrano et al.,
2015). Microorganisms are known for having an important role
in taking up nutrients (namely, phosphorus, manganese, or zinc)
while modifying the uptake of toxic elements by plants (van der
Heijden et al., 2008). The wide range of leaf 91°N observed (from
—3.17 to 1.43%) suggests that microorganisms may be involved
in the process of N acquisition facilitation for these plants and,
thus, are involved in the plants’ ecological performance and
survival. The microbial community’s abundance and diversity
are reduced in gap areas, and the proportion between microbial
functional groups is altered, in and out, in the gap areas (Serrano,
2015). In fact, one particular functional group of microorganisms
(adapted to use organic acids) was found positively related to the
distribution of P. almogravensis plants. This result was compatible
with descriptions of organic acid exudation by P. almogravensis in
response to AICl3 (Martins et al., 2013a), which suggests that the
same type of exudates might be produced under field conditions
(although not yet checked). In fact, organic acid exudates, as well
as the activity of soil microorganisms, have been suggested as
explanations for the decrease observed in the exterior root Al
saturation (5%) when compared to Al saturation in soil (51%)
or inside the root (37%) (Serrano et al., 2011). Competition for
water, namely, at germination and establishment, could also be
important for this species. Germination occurs in the rainy winter
season when water is available very near the surface in the gaps,
but less accessible at lower depths in the shrubland (Serrano,
2015). Competition for light was apparently not important at
the germination stage (Serrano, 2015). However, light does seem
to have an important role afterward in the establishment of
P. almogravensis, as it does for other Plantago species (Blom,
1992; Rahn, 1996). In the shaded shrubland, the absence of
juveniles near the sporadic P. almogravensis adult plants further
reinforces this idea. Therefore, competition for nutrients, water,
and light seems to limit the expansion of the realized niche
of P. almogravensis toward the wider fundamental niche of the
species (Serrano et al., 2015).

Competition With Invasive Species

A major threat for the P. almogravensis population was the
arrival of invasive species to the area (e.g., Acacia spp. and
Carpobrotus edulis). Although the geochemical islands provided
a refuge from competition with the native shrub species, they
may not be enough to detain the colonization by invasive exotic
species. In stands cleared of Acacia sp. (Figure 3), individuals
of P. almogravensis had the opportunity to colonize without
competition (Serrano, 2015). This shows the ability of these
plants to increase abundance in areas cleared of competitors,
although not capable of expansion to more distant areas.
A similar colonization behavior was observed for populations
of P. algarbiensis in the roadsides of Huelva region. There, the
vegetation is methodically cut every year, for wildfire prevention,
and P. algarbiensis is able to flourish in the cleared marginal strips

along the road (Serrano, 2015). Similar examples are known for
serpentine-endemic species capable of occupying areas cleared of
competitors, but not to thrive in their presence (Anacker et al.,
2011). Although it is very difficult to clear an area of invasive
species, if that is not done methodically (Figure 3), it represents a
major threat for P. almogravensis survival, increasing the chances
of its prompt disappearance.

Limitations in the Life Cycle

Plantago almogravensis plants are long-lived (for decades),
producing flowers (spikes) from May to June, and the seeds
mature in July and can germinate from the autumn to the winter
season. July to September represents a season of dormancy, where
most leaves dry, to resprout after the autumn rain and grow until
the beginning of the summer.

Considering seed production, significantly 86% of all potential
seeds per flower spike (two per flower) were considered non-
viable or absent, suggesting that pollination, or seed development,
is impaired in the P. almogravensis population (Serrano, 2015).
This may have not only environmental causes but also genetic
causes, such as an inbreeding depression caused by the small
population size (Ouborg et al., 2006). A low viable seed number
was also recorded in the wider P. algarbiensis population
(Serrano, 2015), suggesting the importance of environmental
rather than only genetic causes. In fact, inter-simple sequence
repeat (ISSR) and random amplified polymorphic DNA (RAPD)
markers detected 61% of polymorphism in P. almogravensis (one
population) and 68-74% in P. algarbiensis (three populations)
and gene diversity coefficients (Nei’s h) of 0.1965 and 0.205-
0.231, respectively, with the authors concluding that genetic
diversity was not as low as expected for rare species (Ferreira
et al,, 2013; Coelho et al., 2017). For comparison, Plantago
major L., a wide distribution range species, in a study using 17
populations, scored between 0.150 and 0.262 for gene diversity
(Keivani et al., 2020).

The majority of the P. almogravensis individuals located
in gaps have a cushion habit, with short inflorescences,
often in small numbers (Figure 1; Serrano, 2015; Serrano
et al., 2015). Lower peduncles and fewer flowers per spike
reduce the conditions favorable for effective anemophilous
pollination, limiting reproduction (Okubo and Levin, 1989;
Martin et al., 2009). Outside the gaps, where the plants are
under lower environmental stress, the dense sclerophyllous
shrubland may act as a physical barrier to a broader dispersion
of pollen, contributing to the low number of seeds produced.
To overcome this limitation, assisted pollination could be
a viable option. Seed dispersion to a suitable germination
ground is very important for germination success. The same
dispersion principles apply to pollen as to seed dispersal (Okubo
and Levin, 1989): physical barriers and shorter seed-bearing
structures maintain the seeds to a close distance from their
origin, as long as water, wind, or animals do not disperse it
further away. Thus, the larger size of the neighboring shrubs
might limit seed dispersion. In the open gaps, the higher
abundances and densities of P. almogravensis were associated
with water runoff areas or gap margins (Serrano et al., 2015),
suggesting that wind or rainwater lamina have a major role in
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FIGURE 3 | Aerial view of the habitat invaded by Acacia sp. with the chronological sequence of its partial removal. (A) May 2010: the invasive species (Ac) has
occupied a large (>50 m) ribbon next to a dirt road (R) parallel to the coast. The native shrubland (Sb) as well as large gaps (G), where Plantago almogravensis ought
to be found, are visible on the coast side (left). (B) April 2011: an area of approx. 50 m x 100 m of the Acacia sp. stand was cleared (oval) and P. almogravensis was
later observed flowering on the cleared area (black arrows). (C) May 2013: the cleared area is still visible, but either Acacia sp. or other plants, rather than the native
shrubland, are developing. Images:© DigitalGlobe/Google Earth 2015. Figure adapted from Serrano (2015), p. 155.

dispersion by accumulating the seeds in small sediment places
and marginal areas (Baskin and Baskin, 2014). Apparently,
seed dispersion is limited within a short distance; hence, the
first step of plant life, seed recruitment, is very limited due
to environmental and physical barriers, affecting both seed
dispersion and development.

In stressful situations, instead of investing in energy-expensive
sexual structures, P. almogravensis has the ability to invest in
vegetative reproduction (Serrano, 2015). This limits the genetic
pool variation, and it is a rather slow method to expand the
population. Energy diverted to resprouting is also a known cause
for smaller seed production (Zeppel et al., 2014).

Germination, per se, does not seem a critical step for
P. almogravensis reproductive success as the viable seeds can
germinate over 60% in a wide range of test conditions (Figure 4),
but in the field, that number was estimated to a much lower 24%
(Serrano, 2015) due to environmental constraints. Germination
was not impaired by Al, although it may have a delaying
effect on its onset (Serrano, 2015). Calcium was also suggested
as a possible delaying factor (Serrano, 2015) due to its water
retention properties, mimicking flooded conditions to which
the seed can react by delaying germination (as seen in other
species with similar mucilaginous seed coating) (Zaady et al.,
1997; Baskin and Baskin, 2014). A conservation program for
P. almogravensis should consider these findings when preparing
assisted germinations so that near-natural germinations could
easily be favored to higher success (provided that relevant
demographic sources are used).

The main problem envisaged is to correctly preserve the
seeds to maintain their viability before seeding as it is lost
rapidly (less than 5 years) when in non-controlled laboratory
conditions (Serrano, 2015). Those observations favor the
suggestion that the soil seed bank has no special role in the
population expansion, yet its value must not be neglected for
population endurance, particularly considering the dangers of
depletion from overcollecting seeds. Some seeds have been

stored for conservation collections in a seed bank (A.L. Belo
Correia—BG.MNHN.UL, Lisbon), collected in 2011 and 2014
from 100-1,000 plants, but at present, no viability tests have
been acknowledged. Seeds of P. algarbiensis have also been listed
by the A.L. Belo Correia Seed Bank: eight accessions, from two
populations in Portugal (2006, 2008, 2009, 2011, and 2014) and
one in Spain (2009). These can also be found at the Banco de
Germoplasma Vegetal Andaluz (BGVA) in Cérdoba.

A successful colonization implies the seedlings’ pre-adaptation
to edaphic stresses (O’Dell and Rajakaruna, 2011), and the
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§ 50% .'
o 40%
§ 30% |
= 20% |
10% [
0% T T r T , r , s

Tests

FIGURE 4 | Best germination percentages achieved in different germination
tests (substrate/luminosity/environment/other treatments). (1) Sterile sail, light,
and room temperature. (2) Natural soil, light, and room temperature. (3)
Cotton fibers, with soil suspension, light, room temperature, and seeds
bleached. (4) Cotton fibers, in water; light; room temperature; and seeds
bleached. (5) Agar, darkness, and controlled light and temperature. (6) Agar,
light, and controlled light and temperature. (7) Agar, light, controlled light and
temperature, and Al. (8) Agar, light, controlled light and temperature, and

Al + Ca. Data from Serrano, 2015, Chapter 7.
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seedlings of P. almogravensis seemed very resilient to high Al
contents (Serrano, 2015). Yet, only approx. 3% of the gap’s total
area is colonized by P. almogravensis; the remaining 97% is
probably either too toxic (Al), has other environmental stresses
(Serrano et al., 2015), or has physical barriers to establishment
(e.g., slope, rock, and hard crust) (Zaady et al, 1997; Baskin
and Baskin, 2014). Difficulties in establishing into the substrate,
due to Al-induced reduction in root growth as well as water
(dehydration), temperature and light (insolation), and nutrient
limitations, may explain the failure to colonize large areas of
the gap rich in Al The role of Ca in alleviating Al toxicity
seems important, but needs further study: seedlings grown in
low-Al and high-Ca media (more alike the shrubland conditions)
showed lower survival rates (Serrano et al., 2011; Serrano, 2015).

Seedling establishment is a highly risky phase that is
dependent on environmental conditions, particularly water
availability (Serrano, 2015), with approx. 79% mortality in field
conditions after 1 year (38% surviving juveniles x 56% surviving
young adults). Many plants, mostly the juveniles, do not survive
the summer. Analysis of the 3¢ isotopes (Serrano et al., 2015)
indicated that gap plants experience severe water stress in the
summer. This would affect the survival of both adults and
juveniles, especially if their root system is underdeveloped. The
first year is the most critical as the juveniles have an undeveloped
root system and no reserves to spare.

On occasions, older plants were observed not being able to
resprout after a year of exceptional flower production (Serrano,
2015), which might indicate that their carbon and nutrient
reserves were allocated to sexual reproduction, not supporting
regrowth after the summer drought (Zeppel et al., 2014), and
the plants died.

Overall, recruits and adults of P. almogravensis seem
to be mostly limited by competition, Al toxicity (causing
water and nutrient deficiencies), and drought (leading to
unrecoverable necrosis). Recruitment is, therefore, a critical stage
for P. almogravensis, so it is proposed that assisted transplants
in conservation programs should be delayed until the plantlets
have gained enough biomass to withstand those stresses, that is
to say, about 1 year.

The P. almogravensis realized niche presents many
explanations for the rarity of this species. The geochemical
islands are scarce and isolated, representing obstacles for
dispersion, thus lowering the chances of genetic exchanges that
would strengthen the population. The edapho-climatic stressful
nature of the niche (geochemical, plus longer direct sunlight
periods, stronger wind, and sea spray exposure) could have
led to nanism (an environmentally driven phenotype), with
impacts on reproduction (e.g., less flowers, lower diffusion of
pollen, smaller seeds, and lower distance of seed dispersion)
and on general fitness. Dispersion to suitable areas, where
recruits can establish and adults thrive, seems to be a strong
limiting factor for population growth. To overcome this step,
assisted germinations followed by transplants (outplanting) to
suitable areas seem promising (Pinto et al., 2013; Serrano et al,,
2014). Assisted germinations using native soil, in controlled
environments, have provided a better survival rate (over 90%)
for the seedlings (Pinto et al., 2013; Serrano, 2015), followed by

successful adult plant transplantations to the field, which thus
proved to be a method to consider in expanding conservation
programs (Pinto et al., 2013). When using seeds or especially
if using cloned plants, care should be taken to account for the
genetic variability of the introductions as it may further reduce
the natural population genetic pool.

Phylogeny

Generally, when discussing conservation measures, everyone
agrees on the importance of preserving all biodiversity
components, including evolutionary information. Furthermore,
genetic diversity and evolutionary age are pointed to as factors
of rarity and related to endangered species (Stebbins, 1980;
Kruckeberg and Rabinowitz, 1985; Fiedler, 1986; Purvis et al,,
2000; Klironomos, 2002; Ferreira and Boldrini, 2011; Gaston,
2011). When populations are lost, inevitably, evolutionary
information is also lost, particularly if those populations have
adapted to distinct ecological niches irrespective of being
considered as species, subspecies, or ecotypes/varieties. Thus,
infraspecific ranks are also recognized in IUCN conservation
assessments, considering their importance for biodiversity.

Phylogenetic Diversity and Taxonomy

To be of value, taxa need to clearly demonstrate phylogenetic
distinctness. Because this is neither an easy nor an objective
task, several criteria/disciplines may provide important
factors for decision.

The Flora Iberica (Pedrol, 2009) has driven the international
adoption (e.g., Catalog of Life, Hassler, 2020) of the nomenclature
that considers P. algarbiensis and P. almogravensis as synonyms
(= P. algarbiensis). This view supports their conclusions on
limited herbarium material (e.g., mature pyxidia and seeds were
not observed for P. algarbiensis; in Pedrol, 2009), constraining the
results regarding morphological ranges or trait taxonomic value
and indicating a need of further studies, as acknowledged by the
author. Franco (1984) considered as significant the differences
between the two taxa in extent of ramification, size or shape of
the leaves and reproductive structures, and color after drying,
causing him to rank them both at species level. Most Portuguese
botanists/taxonomists (e.g., Flora-On, 2014; Carapeto et al., 2020)
as well as the Portuguese Governmental Institute for Nature
Conservation and Forests (ICNF) use this classification, as well
as those to whom they report [e.g., European Nature Information
System (EUNIS) and International Union for Conservation of
Nature (IUCN)] (Bilz, 2011a,b).

Data from plants in natural populations, pot grown, or
from micropropagation (Martins et al., 2012; Serrano, 2015)
have shown significant differences between the two taxa
regarding ecology, phenology, and morphology (number of
rosettes and branching; leaf size and plasticity; peduncle and
inflorescence size, number of flowers, and compaction; bracts
length; number of viable seeds per flower; and seed weight,
among others). At the biochemical level, differences were
significant for traits like tolerance to Al and its accumulation
(Martins et al., 2013a; Serrano, 2015; Serrano et al., 2017), organic
acid secretion (Martins et al., 2013a), chlorophyll, proline,
carbohydrate, peroxide, catalase and superoxide dismutase
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contents (Martins et al., 2013b,c), lipid peroxidation, antioxidant
activity, and protein content (Gongalves et al., 2015, 2017). These
differences could also be considered when deciding on the degree
of separation between the two taxa.

The evaluation of Plantago molecular phylogeny integrated
P. almogravensis and P. algarbiensis within the P. subulata
aggregate, of sect. Maritima, in subgen. Coronopus (Serrano
et al., 2017). This classification is in agreement with previous
phylogenies derived from morphological and chemical
characteristics (Franco, 1984; Rahn, 1996; Marhold, 2011).
More recently, Hopke et al. (2019) did a phylogenetic study
more dedicated to the Coronopus section using molecular
(ITS and trnL-F) and morphometric analysis that did not
include these two taxa; nonetheless, they concluded that further
investigations are needed, confirming the difficulties in studying
this group. The only studies using these two taxa known at the
moment are the ones from Serrano et al. (2017), after Serrano
(2015), using the two combined genomic regions, ITS and
trnF-L (Figure 5; Serrano, 2015), that positioned P. algarbiensis
(including data from Portuguese and Spanish populations) and
P. holosteum (sensu Pedrol, 2009, sampled > 450 km apart from
the other species) in the same (74% bootstrap) monophyletic
branch as P. almogravensis, paraphyletic with P. subulata
(GenBank accessions AY101878 and AY101933, unknown
origin; Ronsted et al., 2002), forming the P. subulata aggregate
(80% bootstrap; Serrano et al, 2017) (GenBank accessions:
P. almogravensis, KJ579144 and KJ579149; P. algarbiensis,
KJ579143 and KJ579148; and P. holosteum, KJ579142 and
KJ579147). Ferreira et al. (2013), using ISSR and RAPD markers
for P. almogravensis and P. algarbiensis, obtained a low level
of genetic differentiation (Gst = 0.1873) between them, but
cluster analysis and principal component analysis (PCA) based
on genetic similarity revealed two clearly separate clusters,
corresponding to the plants isolated from each species. Further
detailed studies on these sect. Maritima populations/taxa are
essential to fully understand the phylogeny.

For conservation purposes, genetic diversity is as important to
be addressed for rare species with narrowed areas of distribution
or isolated populations of infraspecific taxa (Campetella et al.,
2020). However, the observed differences in rarity within this
Plantago group might appear to be more dependent on local
trait adaptation rather than on phylogenetic relations. According
to Hermoso et al. (2019), halting loss of biodiversity in the EU
requires moving beyond species lists, or even other taxonomic
doubts. Priority for conservation must be given to threatened
and highly endangered species. Thus, protection of rare narrowly
distributed species/populations will automatically ensure the
conservation of distinct species.

Putative Species Origin

Often, a rare endemic species is considered paleo- or neoendemic
regarding their evolutionary age and history (Kruckeberg, 1954;
Stebbins, 1980; Kay et al., 2011; Anacker, 2014). Paleoendemics
are populations derived from former widespread species after
biotype depletion, occupying now a small part of their former
range. Neoendemics (also known as insular endemics) are
younger lineages, originated after adaptive evolution. There are

interesting options to explore, considering the “age” of the
P. almogravensis extant population.

Arguments favoring the neoendemic hypothesis can be: (i)
woodiness: secondary woodiness has been described in other
endemic Plantago spp. associated with neoendemics arising from
habitat shifts (Carlquist and Cole, 1974; Ronsted et al., 2002;
Dulin, 2008; Dunbar-Co et al., 2008;, after Carlquist, 1970);
(ii) isolation: a progressive isolation, together with particular
climate and soils of the region, namely, metalliferous ones,
would be strong drivers to ecotypic differentiation, followed
eventually by speciation (O’Dell and Rajakaruna, 2011). Isolation
and geochemical pressures have differentiated other taxa as short
as in 150 years (Macnair, 1989 and thereafter).

Favoring the paleoendemic hypothesis: (i) the fact that
P. almogravensis has weak competitive ability and may have
been pushed to the geochemical islands. This suggests that
the species could have lost adaptive ability to new competitors
and environmental changes. (ii) If P. almogravensis woodiness
is found to be an ancestral character (Mabberley, 1974), its
extant population could then represent the biotypes that persisted
from a formerly widely distributed species, and even the other
sister species could have evolved from it (Figure 6). This
would have similarities to some Macaronesian taxa derived
from continental ancestors extinguished in Europe following
the Pleistocene glaciation or in Africa due to desertification
(Dulin and Kirchoff, 2010).

From these two hypotheses, apparently, this rare Plantago
species is more like the island endemics that have recently evolved
through environmental adaptation (adapted to geochemical
islands in this case).

Conservation Remarks

This review on the ecological niche of the rare endemic
P. almogravensis has shown that a combination of several
environmental factors, more than genetic reasons, led to the
current endangered status of these populations (Carapeto et al.,
2020). Altogether, biotic and abiotic stresses limit the ecological
performance and expansion of the current population that cannot
expand on its own, needing scientifically guided assistance;
abiotic stress mainly impacts on the physiological traits, while
competition with shrub species limits mostly the dispersion
of P. almogravensis populations to nearby soils with better
growth conditions. This leads to a particular case of rarity and
endangered status similar to what is found in many islands
of endemic or site-specific species. Here, we suggest putative
conservation measures that can be applied to these rare and
endangered Plantago species as the basis for other similarly
rare narrowly distributed species, including other metalliferous-
tolerant ones.

Conservation efforts should be primarily directed to continue
the assisted management and monitoring, for this species in
particular, on the natural park (PNSACV) southwest coast,
beyond, of course, maintaining or improving the ecological
conditions of the current population. This would imply not
only the application of the original sectorial plan for the
area but also an improved plan that considers expansion and
buffer areas, as well as human resources to effectively manage
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(white), R holosteum (black), and P, subulata (gray). Detail (10 km grid): P almogravensis (white dot) and P, algarbiensis (black dots). Images:© Google Earth 2015;

700

the area. Therefore, the first conservation measure would be
to preserve the extant population through maintaining the
ecosystem balance to which the species is adapted (habitat
conservation). Disturbances in the water availability and nutrient
input (e.g., agriculture) or excessive trampling (e.g., human
activities) may affect the ecological niche boundaries and the
survival of the adult reproducing plants. The presence of

invasive species with undetermined responses to Al toxicity may
compromise the refuge of the plants in the gaps that were
safe from natural shrubland colonization; thus, their timely
management is imperative (habitat reclamation).

To foster the survival chances of the P. almogravensis
population, further efforts should be considered too, namely:
assisting in population densification and colonization by
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(i) improving the links between subpopulations. To increase
pollination and reduce genetic isolation, the creation of corridors,
clear of competing vegetation, uniting subpopulations that now
are somewhat isolated is here suggested. This can be done by,
for example, promoting the clearing of senescent shrubs, leaving
enough open space for the growth of P. almogravensis individuals
that can live and reproduce for many (10-20) years while still in
protected microclimatic conditions. Connecting subpopulations
would diminish the need for assisted dispersion or pollination,
while it would potentiate genetic diversity (crossed pollination); it
would reinforce P. almogravensis density and improve population
fitness (Smith et al., 2014). As Colwell and Fuentes (1975) stated:
“Broadening of the realized niche of a population with increased
density,... can alter the trophic structure or spatial pattern of
the communities, with secondary effects on the niches of other
species.” Thus, increasing artificially the proportion of the rare
species in the community might be an important step into further
ecosystem changes that favor its natural recovery. Newly founded
populations resulting from assisted translocation programs also
fit this purpose since a putative set of traits might arise from
the different interactions with the new colonizing environments.
(ii) Identifying new suitable habitats: sustainable conservation
efforts should identify other suitable areas, including those
that are metalliferous, where P. almogravensis could establish
and found new populations. A location that balances (less)
competition and (lower) environmental stress load would
improve the overall physiological performance of the population,
including reproductive and survival fitness. Also, the existence
of new populations represents a smaller risk of stochastic
extinction. Thus, further translocation experiments should be
recommended, seeking to uncover new favorable locations
where the realized niche should not be so severe, allowing for
demographic recovery and better coping with global warming
and climate change. (iii) Assisted reproduction: To populate new
sites and densify the existing population, previous experiments
have confirmed that it is more successful to transplant young
P. almogravensis adults to similar edaphic areas than to do direct
seeding due to its lower seedling survival rates (Pinto et al,
2013; Serrano et al., 2014). Following successful recruitment,
adults are expected to be more resilient to summer drought
(and are occasionally capable of vegetative reproduction) after
transplant to the final locations. Germination and survival
tests recommend the use of native soil inoculum, in assisted
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