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Abstract Madeira Archipelago is a hotspot for crop
wild relatives (CWR) of crop cultures. Some of these
CWR are present in very specific environments, such
as, in Ponta de Sao Lourenco or Desertas Islands. One
such species is Befa patula Aiton, a Critically Endan-
gered species which belongs to the Gene Pool 1b of
cultivated beets. A continuous effort has been devel-
oped for its ex situ conservation through the storage of
accessions (ISOP2512 and ISOP1911) in the ISO-
Plexis GeneBank at the University of Madeira.
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Simultaneously, a series of studies have been carried
out to understand the species’ ecogeographic and
ecological requirements, to validate populations’
boundaries and sizes, and to establish population
dynamics. This study includes a complete floristic
survey at the B. patula locations of, Desembar-
cadouro islet (DI) with 12 (DI1-DI12) sampling sites,
and Chao islet (CI) with 3 (CI1-CI3). Several
Biodiversity indices were calculated for these loca-
tions. Plot DI3 exhibited the highest values for
Corrected Evenness (E' = 0.77 & 0.07), Shannon-
Weaver Diversity Index (H' =2.48 £ 0.12), and
Hill’s Index (N, = 4.47 £ 0.72), with a total sum of
306 individuals of B. patula. The demographic status
of B. patula populations in DI and CI was determined
yearly between 2014 and 2018. The results show an
average population size of 16,906 and 2917 plants,
respectively. These data will be used for the estab-
lishment of a protocol to monitor and manage a
genetic reserve for B. patula and other CWR. By
doing so, our work will contribute to the implemen-
tation of the European genetic reserve network.
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Introduction

Mankind started to domesticate wild species with the
emergence of agriculture (Harlan 1992; Heywood
et al. 2005; Fuller et al. 2014; Kantar et al. 2017).
Since then, crop wild relatives (CWR) continued to
play an important role in plant breeding and the
development of improved crop varieties as a condi-
tion sine qua non of performant and food security, and
crop production. The last 60 years have been rich in
examples of the use of genetic resources available in
the CWR, for the improvement of the crop cultures
(Hajjar and Hodgkin 2007; Dwivedi et al. 2008; Nevo
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and Chen 2010; Foolad and Panthee 2012; Hufford
et al. 2013; Dempewolf et al. 2017; Zhang et al. 2017).
Wild species continue to evolve in their natural
habitats and develop traits of interest to breeders and
farmers (Warschefsky et al. 2014; Brozynska et al.
2015). In the past century, more than 80% of beneficial
traits conferred by CWR genes were related to pests
and disease resistance (Prescott-Allen and Prescott-
Allen 1986), and in recent research more traits are
being found (Eizenga et al. 2009; Brozynska et al.
2015; Seiler et al. 2017; Nair 2019). The use of
molecular techniques has greatly increased the num-
ber of genetic traits available for crop genetic
improvement. Genes from over 60 wild plant species
have been used to broaden the basis of 16 main food
crops breeding pools, contributing to more than 100
beneficial traits, including pest, disease, and abiotic
stress resistance (Hajjar and Hodgkin 2007; Dwivedi
et al. 2008). In sugar beet (Beta vulgaris L.
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ssp. vulgaris) one of the most important crops in
Europe, that accounts for 20% of the global sugar
production (Monteiro et al. 2018), improvement has
been developed to increase productivity, sugar con-
tent, or other desirable traits (Heijbroek et al. 1983;
Biancardi et al. 2012; Capistrano-Gossmann et al.
2016; Stevanato et al. 2019; Pegot-Espagnet et al.
2019). In recent work, Monteiro et al. (2018) pointed
out the introgression of traits from CWR for decreas-
ing biotic stresses constraints in sugar beets, namely
using Beta and Patellifolia species, both having dis-
ease resistance characteristics. More specifically, the
beet CWR contributed to the breeding of sugar beet
varieties, adding genes for resistance to biotic and
abiotic stresses (Luterbacher et al. 2004; Biancardi
et al. 2012; Capistrano-Gossmann et al. 2016). The
source of these genes was obtained from accessions of
CWR populations (Hajjar and Hodgkin 2007; Capis-
trano-Gossmann et al. 2016) showing the importance
of their in situ and ex situ conservation.

The Macaronesia region holds high levels of
endemicity, including many CWR with a genetic
singularity (Pinheiro de Carvalho et al. 2016). Maxted
et al. (2006) defined CWR as “a wild plant taxon that
has an indirect use derived from its relatively close
genetic relationship to a crop; this relationship is
defined in terms of the CWR belonging to Gene Pools
1 or 2, or taxon groups 1-4 of the crop”. These species
groups include the wild ancestor(s) or relatives of
crops, that could belong, according to Maxted et al.
(2006) to TG1b to TG4 depending on the specific case.
Vincent et al. (2019) analyzed the worldwide distri-
bution of 1261 CWR species of 167 major crop
genepools, to determine key geographical areas
allowing the in situ conservation of these important
genetic resources to ensure the climatic adaptation of
crops and food systems security and production. 150
sites were identified as being able to promote
the in situ conservation of 65.7% of these CWR.
Among sugar and vegetable crops Beta patula Aiton
with less than 4 occurrences and more than 50% of
genetic diversity inside protected areas was consid-
ered adequate for in situ genetic conservation (Vin-
cent et al. 2019). In Portugal, there are 2319 taxa
(including subspecies and varieties) of CWR and wild-
harvested plant (WHP) which is about 77% of the total
Portuguese flora. From these, around 97.5% of the taxa
are CWR (2262 taxa) (Brehm et al. 2008). Specifi-
cally, Madeira Archipelago is a CWR diversity

hotspot and holds several CWR of crops that are
prioritized according to annex I of the International
Treat of Genetic Resources for Agriculture and Food
(FAO 2009). Beta patula is a suitable CWR species to
the establishment of a genetic reserve in the context of
the European Cooperative Programme for Plant
Genetic Resources (ECPGR) concept for in situ con-
servation in Europe (Pinheiro de Carvalho et al. 2012;
Kell et al. 2012; Maxted et al. 2015).

Madeira Archipelago belongs to the Macaronesia
(Fig. 1a), a biogeographic region composed of four
Oceanic Archipelagos. At least 430 CWR occur in the
archipelago’s flora including wild species of the
genus Beta and Patellifolia (Pinheiro de Carvalho
et al. 2016). This subfamily is well represented in
the western Mediterranean region and all Macaronesia
by these two genera (Romeiras et al. 2016).

Lange et al. (1999) divided the Beta vulgaris L.
subsp. vulgaris into four groups, namely the cultivar
groups Leaf Beet, Garden Beet, Fodder Beet, and
Sugar Beet. According to Harlan and De Wet (1971)
genepool (GP) concept and its application proposed by
Frese (2003, 2010), Beta patula Aiton belongs to
section Beta, to the GPlb. The following beet
CWR, Arcang., Beta macrocarpa Guss., Beta patula
Aiton, Patellifolia patellaris (Moq.) A.J. Scott, Ford-
Lloyd & J.T. Williams, Patellifolia procumbens (C.
Sm.) A.J. Scott, Ford-Lloyd & J.T. Williams and
Patellifolia webbiana (Moq.) A.J. Scott, occur in the
Macaronesian region (Frese et al. 2019).

Four beet CRW are presently distributed in the
Madeira Archipelago in specific environments
(Fig. 1b): Madeira, Desertas, Porto Santo, and Sel-
vagens Islands, namely B. vulgaris subsp. mar-
itima, B. macrocarpa, B. patula, and P.
patellaris. B. patula is a rare endemic biennial herba-
ceous species and has already been studied by sugar
beet breeders in the 1890s (De Vilmorin 1923).
Letschert (1993) noted in his taxonomic study that a
type specimen of the species was not available.
Besides, neither the exact name of the type location
nor the conservation status was known. The lack of
information stimulated interest in the species and
research work was initiated by Pinheiro de Carvalho
et al. (2010).

B. patula grows in dry open coastal areas under
saline conditions and is adapted to high irradiation,
semi-arid conditions characterized by low rainfall
mostly in the fall and dry summer. The geographical
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«Fig. 1 Left top a Map with the location and composition of the
biogeographic region of Macaronesia, and the Madeira
Archipelago (Portugal) in the North Atlantic Ocean. Right top
b Map of Madeira Archipelago that comprises two inhabited
islands, Madeira and Porto Santo, and two uninhabited Islands
groups, the Desertas and the Selvagens islands. Bottom ¢ Areas
of occurrence of B. patula are the Desembarcadouro and Chao
islets. The figure shows the 15 plots setup in the species
occupancy area and considered for its survey and monitoring.
Sampling sites DI1-DI12 were distributed along 3 linear
transects and CI1-CI3 along one linear transect. In the
Desembarcadouro islets the three soil types are represented,
according to Pinto et al. (1992). No information on the soil’s
types in Chao islet exist in the literature. On both islets the colors
attributed to the circles for each sampling site correspond to a
mean density of B. patula plants (plants x square meter)

distribution of B. patula is restricted to the Madeira
Archipelago, with 801 km?, and the occurrence areas
to Desembarcadouro islet (DI) and Chéo islet (CI),
separated apart by about 11 nautical miles (20 km)
(Fig. 1b) (Pinheiro de Carvalho et al. 2010). The DI
covers an area of 0.46 kmz, while the CI covers an area
of 0.50 km”. The occurrence area of B. patula is less
than 1.0 km?, being 0.12% of the species geographical
distribution, and the extent of its occupancy is
estimated in less than 0.08 km?, being 8.33% of the
species occurrence area. This narrow species distri-
bution, occurrence and occupancy, population frag-
mentation, and ecological conditions lead to extreme
fluctuations of population sizes, that can reach few
individuals. Therefore B. patula has been classified as
a Critically Endangered species by the International
Union for Conservation of Nature (IUCN) in the Red
List of Threatened Species (Carvalho et al. 2011).
Previously, a set of initial field missions and
surveys allowed to confirm the species occurrence,
estimate the occupancy areas, and establish a B.
patula genetic diversity and population baseline, with
a size ranging between 2700 and 5000 specimens in DI
and between 250 and 660 individuals in CI (Pinheiro
de Carvalho et al. 2010; Frese et al. 2012; Pinheiro de
Carvalho et al. 2012). The total population size
appeared to be narrow and less than the Minimum
Viable Population (MVP) size which is needed by any
species to generate novel genetic variation and
adaptive potential (for MVP estimation see Traill
et al. 2010). Therefore, a strategy and a management
plan for in situ conservation of B. patula diversity
were proposed to local authorities (Frese and Pinheiro
de Carvalho 2010; Pinheiro de Carvalho and Frese

2011). This action plan inter alia foresaw the devel-
opment of a monitoring program required to evaluate
plant diversity and detect any significant decline of the
population viability, which would trigger conservation
actions. The ultimate goal of this plan is to establish a
“Beta patula Aiton genetic reserve” (Pinheiro de
Carvalho and Frese 2011) in the protected areas of
Ponta de Sao Lourengo and Desertas Islands.

Next to political and legal reasons, from European
Union Habitats Directive (1992) and regulations by
Madeira authorities, scientific and pragmatic argu-
ments call for improved conservation actions. B.
patula shows resistance variation for the Beet Mild
Yellowing Luteovirus (BMYV) (Schliephake et al.
2010). In sugar beet fields the virus is mainly
transmitted by the green peach aphid Myzus persicae
(Sulzer, 1776) (Schliephake et al. 2000) and decreases
the sugar yield by 18-27% (Stevens et al. 2004). The
spread of BMYV can be controlled by combatting the
aphid vectors with insecticides applied either as a seed
treatment or as foliar sprays (Dewar et al. 1996). Due
to the European Union ban of neonicotinoids in sugar
beet production, which came into force, sugar beet
growers lost the most important control means for
virus yellowing diseases (Hauer et al. 2017) in the
growing season of the year 2019. Selection of BMYV
tolerant breeding lines started (Luterbacher et al.
2004) but since virus yellowing resistance is a
complex trait (Biancardi et al. 2012), work should
involve all suitable genetic resources such as B.
patula.

To face the devastating impact of climate change
and the and disappearance of extensive areas of
biological diversity as the world population increase,
taking action to conserve CWR has become a high
priority (Maxted et al. 2010). The European genetic
reserve network is still in its planning phase (Maxted
et al. 2015). Areas with priority taxa or high density of
CWR were identified, using a multiple taxon, floristic,
or ecogeographic approaches and suggested as most
appropriate sites for in situ CWR conservation
(Maxted et al. 1997; Iriondo et al. 2008; Kell et al.
2012; Parra-Quijano et al. 2012). Both DI and CI sites
were identified as target genetic reserve sites based on
the presence of priority taxa, e.a. B. patula, its genetic
singularity, and high plant diversity, that allows acting
as an umbrella species for other CWR and endemic
species in the area (for umbrella species definition see
Roberge and Angelstam 2004).
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The main objective of the present work was to use
the 5-year monitoring data to investigate the popula-
tion structure and dynamics of B. patula. For that, a
first assessment of the species situation was made,
where the occupancy and specimens’ spatial distribu-
tion in populations were verified. The habitat, ecolog-
ical conditions, and the state of the ecosystem in these
areas were described. Finally, the current and potential
threats for the species were surveyed aiming to
reassess the constrains for species conservation
according to IUCN criteria (Pinheiro de Carvalho
et al. 2010). Based on this prior analysis, and a
management and monitoring plan (Frese and Pinheiro
de Carvalho 2010; Pinheiro de Carvalho and Frese
2011), a strategy was outlined, which implied yearly
ecosystem monitoring and B. patula populations
behavior. A yearly population census was carried out
to determine if the species is in equilibrium or if it
undergoes fluctuations that may jeopardize its conser-
vation and survival and to generate a baseline for
future periodic monitoring activities in the B. pat-
ula genetic reserve. Additionally, ex situ preservation
measures were taken to ensure the conservation of the
genetic diversity of the populations. Ultimately, the
suitable places for the designation of the genetic
reserve based on the size and number of specimens and
ecosystem equilibrium were determined.

Materials and methods

The procedures applied to the study and assessment of
the habitat status (soil, weather, species composition)
and the B. patula population census and monitoring
for 5 years are described. The geographic and biolog-
ical terms used in this work are defined as follows:

e Region: A larger area such as the Madeira
Archipelago of Macaronesia.

e Distribution area: Total area where the target
species is known to exist.

e Occurrence: A geographic unit and part of the
distribution area where the target species occurs.

e Occupancy: area settled by the target species,
which is usually composed of an assemble of plots,
where population individuals grown.

e Population: a reproductively coherent group of
specimens of the target species, isolated from
another coherent group by a geographic barrier.

@ Springer

e Plot: marked, fixed area placed in selected sites
where the target species is growing and used for
monitoring and census purposes.

e Quadrat: area of 1 m? established inside the plots.

Study area

The study areas were the two occurrence sites of Beta
patula, e.a. Desembarcadouro islet (DI), and Chao
islet (CI) in the Madeira Archipelago was previously
described by Pinheiro de Carvalho et al. (2010, 2012)
(Fig. 1). Both are part of the Natura 2000 network
(https://ec.europa.eu/environment/nature/natura2000/
index_en.htm). Records on the environmental condi-
tions, the floristic composition of the areas as well as
the pattern of spatial distribution and the abundance
of B. patula were recorded repeatedly between 2014
and 2018.

Environmental data

Environmental data were obtained from the nearest
weather station to B. patula distribution area. The soil
conditions referred to in this study have already been
published by Pinheiro de Carvalho et al. (2012). Soil
types were established using Madeira’s island soil
chart (Pinto et al. 1992) and the FAO soil classification
(FAO/UNESCO 1988).

B. patula population monitoring and floristic
survey

The boundaries of B. patula populations and occu-
pancy were established using the methodology
described in Pinheiro de Carvalho et al. (2010).
Fifteen plots (4 x 4 m size), 12 in DI from DIO1 to
DI12, and 3 in CI from CIOI to CI03 (Fig. 1c), were
established to conduct the B. patula census and
floristic survey. Plots were placed along three transects
in DI and one transect in CI, with a minimum distance
of approximately 50 m between each other. The plot
area was chosen as it has a good resolution for
herbaceous and small bush plants, been that the
floristic composition falls in such criteria. Each plot
was divided into subsets of 1 m” resulting in 16
quadrats (Fig. 1c) and marked with a wooden stake in
each corner. The plot boundaries were delineated with
the assistance of a GPS and the surface of each plot
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calculated. The total occupancy area of B. patula in
the DI and CI both populations was determined as the
sum of the individual plots.

The methodology proposed by Iriondo et al. (2008)
was used to organize B. patula population monitor-
ing. Four quadrats were randomly determined in each
year using the Research Randomizer Generated
Numbers software (Urbaniak and Pious 2011). In
each selected quadrat all plant species were identified,
recorded, and counted once per year. The counting
was repeated and the mean value of the two counts
calculated. If both counts differed strongly a re-count
was made. In the case of B. patula only adults,
reproductive plants were counted. The census infor-
mation was gathered in a Dataset following the GBIF
guidelines for publication (Ndbrega et al. 2020).

In the quadrats all plant species record were
identified according to Aguiar et al. (2004) and Pires
and Fontinha (2008), and sampled specimens labeled
using the nomenclature of The Plant List (http://www.
theplantlist.org/). The status (endemic, native, etc.) of
each species was determined according to Borges et al.
(2008).

Statistical methods

Data on the species census and floristic survey were
used to analyze the B. patula populations’ effective
size, demographic development, and spatial distribu-
tion, as well as companion species diversity. For
species population census and size estimation, we
assume that the species is composed of only two
populations, corresponding to the sites of occurrence
of B. patula. The effective population size was
calculated using the formula.

N = (A/a) xn

where A, corresponds to the total area of occupancy, a,
the total quadrat area, n, a total of all counts.

Census data for DI and CI populations were used to
calculate the effective population size (N) whereby n
is the generation number, and the N value presented in
Table 3 in the average size of 5 years census. The
effective population size is largely determined by the
breeding system as well as the sex ratio within the
reproductive population of generation n (Wricke
1972). The minimal viable size population (Ne) was
calculated by Wricke formula, as the harmonic mean
of the estimated specimen’s number in the occupancy

area, for 5 years. We assume that the B. patula is a
biennial, preferentially self-pollinating species, that
reproduce once in 2 years and that the harmonic mean
presented in Table 2 is a good estimator of Ne.
Nevertheless, additionally, a minimal viable size
population (Ne') as a 1/50 ratio of effective population
size was also calculated according to Iriondo et al.
(2008).

The following indexes: Sample Completeness
(SC), Shannon-Wiener Diversity Index (H'), Cor-
rected Evenness (E’) index, Hill Index (N,) were
calculated to determine the richness and conservation
status of plant community in the occupancy places
of B. patula populations.

The Sample Completeness (SC) (Burnham and
Overton 1979) was calculated, using the software
available at https://www.mbr-pwrc.usgs.gov/
software/specrich.html. The term species richness is
identical to the species diversity and describes the total
number of distinct plant faxa in a plant community
independently of their abundance (Gregorius and
Gillet 2015). In the work presented here, a diversity
index is a quantitative measure indicating how many
different species exist in a quadrat, and how the spe-
cies are distributed in the observed plant community.

__OSR
" ESR

where Observed Species Richness (OSR)—this value is
obtained from the direct observation of the total species
present in the quadrats and was calculated according to
Drozd (2010); Expected Species Richness (ESR)—is
an estimated value obtained from the methodology of
Burnham and Overton (1979). It considers the number
of species with a single observed individual (single-
tons), species with two observed individuals (double-
tons), etc., present in the population.

The values obtained for SC inform us if the
sampling effort was enough to characterize the
occupancy area. If the SC scores are above 75%, it is
considered an effective sampling event. If the value is
below 75% it means the area was not adequately
sampled. The Community Ecology Parameter Calcu-
lator version 1.0 (Drozd 2010) was used to calculate
the OSR and several other diversity indexes.

The Shannon—-Wiener Diversity Index (H') quanti-
fies the uncertainty in predicting the species identity of
an individual that is taken at random from the dataset.
If almost all plants within a quadrat belong to one

SC x 100
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species the index of that quadrat is close to zero
(Spellerberg and Fedor 2003). H' is the most widely
used measure in diversity studies (Hubalek 2000). The
formula is given as:

S S
H = Zpl lnpi = _Zanll'?i
i=1 i=1

where S—species richness (number of species); pi—
the proportion of species i; P; = %; n—the abundance
of species i; N—total abundance.
Corrected Evenness (E’) index was calculated
according to Gosselin (2006) and Adams (2009) to
analyze the dependence on species richness. The index
shows the degree to which individuals are divided
among species. Low values indicate that one or few
species dominate, while high values indicate a like-
wise equal distribution of individuals over species
(Gosselin 2006; Morris et al. 2014). The corrected

evenness is defined as follows:

/ H/ B Hl/m'n
= H' —H.
where
H, . =log, S
N-S§S+1 N-S+1 S-1
Hllnin = - N 1Og2 N + N 10g2N

The Hill Index (N,) (Mo 1973), also known as the
inverse Simpson index, is a measure of biological
diversity that relates species richness and the Simpson
Index. There is a series of Hill indices that differ in the
order of a = 0, 1, 2,... in which the index is dependent
on rare species. N, estimates diversity effective
numbers and obtains high values in datasets of high
diversity. H' and N, strongly correlate with the number
of distinct species represented in the dataset and match
several additional quality criteria. Compared to H', the
N, tends to depend more on the presence of a few
dominant species (Hubalek 2000).

- 1
Sl P

where S—species richness, p,—the proportion of
species i.

N>
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Patula ex situ conservation

To conserve genetic diversity, DI and CI populations
were seed sampled, during the census field missions.
Germplasm samples were collected according to
genebank standards (FAO 2014) for ex situ conser-
vation. Accessions were included in the germplasm
collection of ISOPlexis genebank (http://isoplexis.
uma.pt). Sampling was carried out yearly in both islets
and duplicate at the Banco Portugués de Germoplasma
Vegetal, INIAV, L.P., Portugal.

Results and discussion
Description of B. patula occurrence sites

The DI and CI climatic and soil conditions were
described previously in Pinheiro de Carvalho et al.
(2010). DI soils can be roughly divided into three
units: haplic calcisoils, eutric accident soils, eutric
rocky soils, and the major soil unit in CI is haplic
calcisoils (Fig. 1c, FAO/UNESCO 1988). Overall, the
soils are poor, loamy, and rocky, with low organic
matter and moisture content, and high salinity. Soils
are slightly acidic to slightly basic, with pH values
ranging between 5.88 and 7.49 (Pinheiro de Carvalho
et al. 2010, 2012).

The 5-year climatogram generated for DI and CI
was obtained from the nearest weather station (Insti-
tuto Portugués do Mar e Atmosfera from 2014 to
2018) and confirmed the early climate description. The
average annual precipitation was 350 mm. The high-
est value of annual maximal rainfall in the 5 years was
less than 460 mm, measured in 2018. The average
temperature ranges from 14.6 to 23.5 °C, with a
percentage of relative air humidity around 65%. The
weather data recorded agreed with the long-term
averages. Thus, B. patula grows in sites that can be
described as semi-arid. Further, both sites have high
exposition to strong marine winds and are found in
quite eroded soils.

B. patula population monitoring

One of this work’s goals was to confirm the B.
patula occupancy area and population boundaries
established earlier, and to implement the population
monitoring. The population’s patchy structure and its
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boundaries as well as the occupancy were confirmed in
DI and CI. The total occupancy area was established to
be around 0.08 kmz, with 0.068 km? occurring in DI
and 0.012 km? in CI. On CI the species is distributed
over one patch in the south end of the islet displaying a
small population (Fig. 1c), whereas 3 plots (C13-C15)
were established. In DI B. patula population is dis-
tributed in several patches, that spatially are displayed
along three transects passing through the main occu-
pancy areas. In these areas, 12 plots (DI1-DI12) were
established.

The population status and sizes were analyzed
through the B. patula specimen’s census survey,
using these 15 plots observed between 2014 and
2018. The number of specimens counted within these
plots strongly varies (Table 1). The plant density was
calculated as the 5-year mean per plot. The highest
number of individuals of B. patula was recorded in
2017 with 1054 (combined counts on both islets,
Fig. 2 and Table 1). In the last year, this number
showed a reduction to 842 individuals, due to a sharp
fall to only three individuals counted in CI. This kind
of fluctuation in population size can naturally occur in
wild populations and can be related to cyclical events
or have stochastic nature (De Hond et al. 2004).

The averages effective population size (N) was
estimated in 16,906 and 2917 plants in DI and CI,
respectively (Table 2). New N values for B. pat-
ula population size were slightly higher than the
values gathered from the AEGRO project (http://
aegro.julius-kuehn.de/aegro/) (DI 2700-5000 and CI
250-660) (Pinheiro de Carvalho et al. 2012). The
yearly effective population size was used to determine
the size of the Minimum Viable Population (MVP) via
harmonic mean (Neh). The Neh was determinate as
11,615 plants for DI and 941 plants for CI (Table 2).
Waples (2016) defends that in natural populations the
N should be in the order of magnitude of 5000 indi-
viduals to be viable, but this value should depend on
plant species and various other factors, such as life
cycle and reproduction systems. In Madeira, many
native species do not reach such population sizes and
seems to have other survival strategies (Alves et al.
2019). Iriondo et al. (2008) defend that the natural
population becomes a threat when the number of adult
specimens in N are less than Ne/, e.a. 1/50 ratio of N.
The Ne’ was 1691 plants for DI and 292 plants for CI
(Table 2).

The estimated N of B. patula in DI is 1.5-folds high
than Ne; (Table 2). Therefore, species maintain a
population size that was over the MVP given by Ney,
during the census period, except for 2014 and 2015
(data not shown). While in the CI population whereas
the N was 3.0-fold higher than Ney, a strong variation
in the yearly number of effectives, with the population
size (N) becoming lower than Ne’ (the MVP according
to Iriondo et al. 2008) was observed in 2018. The Ne/N
ratio was 0.32 (DI) and 0.69 (CI), indicating that N
fluctuations in CI were stronger than in DI, as
expected. The comparison of these census N values
with early population baseline size (see above)
estimated by Pinheiro de Carvalho et al. (2012)
presented differences. It’s impossible to establish if
the differences in N values of both B. patula popula-
tions result from less accuracy in first estimations or
are originated by natural and/or stochastic population
fluctuations. Nevertheless, N values are higher than
the initial estimations of > 50 adult specimens for DI
and CI populations, one of the IUCN criteria used in
the classification of B. patula as Critical Endangered
(Table 2). So, this last criterion showed a quality
improvement. These results demonstrate that it is of
fundamental interest to the Natura 2000 site manage-
ment authorities to understand the factors determining
the size fluctuations in both populations. The observed
reduction of B. patula population size in CI seems to
be linked with extreme weather events and can directly
affect population viability (N < Ney, and/or N < Ne’)
provoking its genetic diversity erosion and compro-
mising the acquisition of genetic variability, that could
promote the species adaptation to environmental
conditions drift.

During the B. patula populations, monitoring and
census the species soil seed bank was been accessed
through the sampling and account the seed in the soil
of 1 m. The soil seed counting was on average 2671
and 1173 seed/m?, in ID and IC, respectively (data not
shown). Besides ex situ and in situ tests performed to
assess the soil seeds viability showed that the germi-
nation rate in field conditions was less than 2% and in
laboratory conditions reaches only 10% (data not
shown). These results point to the need to study the
environmental factors limiting the B. patula seed
germination. Also, they point out the importance
of ex situ conservation of B. patula, since the germ-
plasm accessions collected, can be used in population
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Table 1 Spermatophytes species surveyed in Desembarcadouro (DI) and Chao (CI) Islets

Family Species Status 2014 2015 2016 2017 2018
DI CI DI CI DI CI DI ClI DI CI
Aizoaceae Aizoon canariense L. n 0 0 0 0 0 0 0o 22 2 0
Mesembryanthemum crystallinum L. ip 213 41 219 51 676 29 1971 95 3275 43
*Mesembryanthemum nodiflorum L.  n 119 19 27 126 164 125 145 208 40
Tetragonia tetragonoides (Pall.) i 8 0 0 0 59 44 0 1 0
Kuntze
Amaranthaceae *Bassia tomentosa (Lowe) Maire & n 0 0 0 0 0 0 1 0 0 0
Weiller
*#Beta maritima L. n 5 0 43 0 0 0 186 0 0 0
*#Beta patula Aiton END 256 31 171 17 451 35 976 78 839 3
*#Patellifolia pattelaris (Moq.) AJ. n 0 0 19 0 6 0 0 0 0 0
Scott, Ford-Lloyd & J.T. Williams
*Suaeda vera Forssk. ex J.F. Gmel n 86 8 93 7 107 4 96 8§ 104 9
Asteraceae *Andryala glandulosa Lam. subsp. END 59 0 1 0 0 0 43 0 206 2
glandulosa
*Calendula incana subsp. maderensis n 0 0 0 0 4 0 6 0 43 0
(DC.) Ohle
*Crepis divaricata (Lowe) F.W. END 184 4 21 0o 23 3 42 64 101 0
Schultz
*Senecio incrassatus Lowe MAC 3 0 0 0 0 0 1 0 0 1
*Sonchus oleraceus L. np 26 0 0 0 0 0 9 0 94 1
Brassicaceae *Matthiola maderensis Lowe END 36 0o 22 0 24 0 7 1 8 1
*#Rapistrum rugosum (L.) All. subsp. n 3 0 3 0 0 0 6 0 0 0
linnaeanum (Coss.) Rouy &
*Foucaud
Caryophillaceae *Silene vulgaris (Moench) Garcke n 15 0 19 0 9 0 28 0 14 0
*Spergula fallax (Lowe) E.H.L. n 2 82 0 98 0 0 15 105 2 3
Krause
Euphorbiaceae Mercurialis annua L. n 0 0 0 0 0 0 2 0 66 0
Fabaceae *#Lotus glaucus Sol. MAC 47 0 17 0 15 0 188 0 281 0
*#Medicago minima (L.) L. n 0 0 0 0 0 0 2 0 30 0
*#Melilotus sulcatus Desf. n 25 0 0 0 4 0 78 0 124 0
Frankeniaceae Frankenia laevis L. n 1 0 0 0 0 0 0 0 0 0
Malvaceae *Malva parviflora L. n 0 0 15 0 24 0 44 1 4 0
Plantaginaceae *Plantago coronopus L. n 0 251 0 473 0 6 0 100 1 2
*Plantago leiopetala Lowe END 23 0 3 0 3 0 11 0 8 0
Poaceae *#Hordeum marinum Huds. n 0 0 0 0 0 0 0o 17 0 12
Lolium rigidum Gaudin subsp. i 0 97 0 0 0 0 13 85 49 12
rigidum
*#Phalaris maderensis (Menezes) MAC 155 0 31 0 2 0 77 0 254 0
Menezes
Polygonaceae Rumex bucephalophorus L. subsp. MAC 1 0 0 0 0 0 0 0 0 0

canariensis (Steinh.) Rech.f.
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Table 1 continued

Family Species Status 2014 2015 2016 2017 2018

DI CI DI CI DI CI DI ClI DI CI

Xanthorrhoeaceae  *Asphodelus fistulosus L. n 1 91 26 575 33 469 38 583 61 809

The species were classified by their family affiliation and their status between 2014 and 2018. Taxonomic names are in accordance
with The Plant List 1.1 (2013-http://www.theplantlist.org/)

END, Endemic to Madeira; Taxa whose natural distribution is restricted to the islands of the Madeira Archipelago and Selvagens;
MAC, endemic to Macaronesian; whose natural distribution area only includes Macaronesia (Azores, Madeira, Selvagens, Canaries
and Cabo Verde); n, Native; taxa whose natural distribution includes Madeira (Madeira Archipelagos and Selvagens), but which
occurs naturally in other territories besides Macaronesia; np, Probably native; taxa considered as native by the most recent authors,
but that were considered like species probably introduced by the older authors; ip, Probably introduced; taxa that are considered as
introduced by the majority of the consulted authors, but still present some degree of uncertainty as to their status; i, Introduced; Taxa
resulting from naturalization after human introduction. The native species that represent CWR are signalized with a (¥) and the
related with the Annex I of international Treaty with a (#) data from the ISOPlexis Genebank Documentation System and confirmed
by the https://www.cwrdiversity.org/checklist/. Accessed 10 Aug 2020

Desembarcadouro islet Table 2 Beta patula census, with the determination of popu-

=DIl DR =DI3 =DM mDIS mDI6 mD7 mDI$ mDI9 mDI0 WDl mIDI2 lation size

a o Population size DI CI

1000 N 16,906 2917

a0 Ney, 11,615 941
. Ne' 1691 292
600 Minimum size 5873 250
Maximum size 31,078 6500

I Amplitude variation range 11,032-14,173 2667-3583

400

NUMBER OF MATURE INDIVIDUALS

200 . . . ..
The actual average effective size population (N), minimum

= - viable size population, calculated as harmonic mean Nej, or on
2014 2015 2016 2017 2018 base of Ne/N ratio (Ne’) and minimum and maximum
VEAR population sizes in the Desembarcadouro (DI) and Chao (CI)

- islet are given. Numbers represents adult individuals
Chaoislet

mCll mC2 mCi3

80 reinforcement once the in situ populations size drops
70 below the MVP or for breeding purposes.

50 Site floristic characterization

The species detected in occupancy areas of both B.
2 patula populations were presented in Table 1 (species
" diversity), and in Table 3 (sum of specimens recorded
[ | . || — per quadrat, and average values of biodiversity

2014 2015 j;’:; 2017 2018 indexes). In the Ponta de Sdo Lourenco, which
includes the DI occurrence site of B. patula, the flora

Fig. 2 Spatial and temporal distribution of B. patula of adult is composed of 138 plant taxa including 31 (22.5%)
individuals considering: a Desembarcadouro samplings sites of endemic taxa. Besides, 203 plant faxa including 51

(DI1-DI12), and b Chao sampling sites (CI1-CI3) ] .
(25.1%) of endemic taxa can be found in the Desertas
Islands, which includes CI occurrence site (Fontinha

NUMBER OF MATURE INDIVIDUALS
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Table 3 Beta patula Site N S SC E H N,
census, with the
determination of its DIl 578 640 +258 9333+£0.68 0.66+0.17 174054  3.00 + 1.29
population size DI2 253 5504206 87294 125 0.63+023 1584029 257 +0.65
The table shows ) DI3 306 8.80+1.47% 9288 4+ 097 0.77 £0.07% 248 +0.12%  4.47 + 0.72%
© table Shows the sum o DI4 212 5404206 91.00 4+ 080 059+ 0.14 1434048 231 + 092
B. patula specimens
recorded per quadrant, and DI5 225 800+379 8198+ 1.80 069 +0.13  2.03+ 061 348 £ 1.05
average values and DI6 0 2404049 9500+ 028 0544024 068 +022 1424022
corresponding standard DI7 50 380+075 9267+ 057 050+028 1084062 216+ 091
deviation of biodiversity
indexes calculated fo DI8 24 5404215 8700+ 1.08 0724013 1.74+054 2.85+ 0.87
determine the Species DI9 165 520+098 90.83 + 085 053 +020 1304035 212+ 0.62
Richness (S), Sample DII0 313 7.60 +£1.85 89.44 4+ 1.08 0.76 £ 0.10%+ 224 + 039  4.32 + 1.36*
Completeness (SC), DIIT 302 867+ 170 89.56 + 146 065+ 0.12 224+ 024  3.63 + 0.86
Corrected Evenness (E'),
Shannon—Weaver Diversity DI12 261 933+047¢ 88.144 1.81 0.66+ 009 239+0.19% 3.82 + 0.80
(H'), Hill’s Index (N,) cI 16 580+ 147 9029+ 068 055+013 1564040 244 + 0.79
*Values in bold show cnR 42 740+ 1.62  93.03+068 0424023 138+£072 225+ 122
higher values for DI3, DI10 CI3 117 560+ 102 8350+ 137 045+024 1.16 +0.59  1.95+0.79

and DI12

and Carvalho 1995; Borges et al. 2008; Pires and
Fontinha 2008).

The floristic composition of DI and CI sites, had
similarities, due to geographic proximity and similar
climate and soil conditions. Plant species belonged to
13 families were shown in Table 1. Thirty-one distinct
plant species were recorded during the study; 25
species were found in DI and 12 in CI. Five of these
species, excluding the target species, B. patula, were
common to both sites and recorded in occupancy
areas, namely Mesembryanthemum crys-
tallinum L., Mesembryanthemum nodiflo-
rum L., Suaeda vera Forssk. ex J.F. Gmel, Spergula
fallax (Lowe) E.H.L. Krause, Crepis  divari-
cata (Lowe) F.W. Schultz. All species were classified
as native or probably native (19 taxa), endemic (9
taxa), and introduced or probably introduced (3 taxa)
(Table 1). Among the endemic species, five are
specific to Madeira.

The DI flora is part of the Mayteno umbellatae-
Oleion maderensis vegetation series complex (Aguiar
et al. 2004; Costa et al. 2012). This vegetation is
exclusive to southern rocky cliffs restricted to 0-200
meters above sea level. On the occupancy and
sampling areas, two vegetation mosaics from the dry
to semi-arid infra-Mediterranean halinotrophyle com-
munity stand out: (1) The Calendula maderensis-
Suaedetum vera (Aguiar et al. 2004; Costa et al.
2012), which is composed of species such as Suaeda
vera Forssk. ex J.F. Gmel, Calendula
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incana subsp. maderensis (DC.) Ohle and Lotus
glaucus Sol.; (2) The Senecio incrassati-Mesem-
bryanthemetum cristalini, which is composed of
species such as Mesembryanthemum crystallinum L.,
Mesembryanthemum nodiflorum L., Senecio incras-
satus Lowe, Aizoon canariensis L., Tetragonia tetra-
gonoides (Pall.) Kuntze and Spergula fallax (Lowe)
E.H.L. Krause (Aguiar et al. 2004).

As shown in Table 1 the DI contributes with more
than 80% of the total endemism’s detected in the
survey. The abundance of B. patula increased
between 2014 and 2018. However, there was a little
decrease in the number of individuals in the last census
year. Also, C. incana increased its presence in the
plots. For the total number of introduced species, M.
crystallinum had the highest individuals account
among all the species in both islets.

Fifteen native and probably native species were
recorded in DI and seven in CI (Table 1). Therefore,
they were the major group of plants recorded in both
islets. Table 1 shows the number of native plants and
the accumulative number of their specimens on both
islets per year between 2014 and 2018. Among the
most abundant native species are the follow-
ing: Asphodelus  fistolosus and Plantago
pus in CI, and M. nodiflorum and Sueda vera in DI.
Twenty-two native species represent CWR that appear
in the same B. patula occupancy areas. According to
our survey confirmed by CWR inventory (https://
www.cwrdiversity.org/checklist/)  these  species

corono-
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are: Andryala  glandulosa Lam.  subsp. glandu-
losa; Asphodelus fistulosus L.; Bassia tomentosa
(Lowe) Maire & Weiller; Beta maritima L.
[Beta vulgaris subsp. maritima (L.) Thell.]; Calen-
dula incana subsp. maderensis (DC.) Ohle; Crepis
divaricata (Lowe) F.W. Schultz; Hordeum marinum
Huds; Lotus glaucus Sol.; Malva parvi-
flora L.; Matthiola maderensis Lowe; Medicago
minima (L.) L.; Melilotus sulcatus Desf.; Mesem-
bryanthemum  nodiflorum L.; Patellifolia  patte-
laris Moq.) A.J. Scott, Ford-Lloyd & J.T.
Williams; Phalaris maderensis (Menezes)
Menezes; Plantago coronopus L.; Plantago leiope-
tala Lowe; Rapistrum rugosum (L.) All. subsp. lin-
naeanum (Coss.) Rouy &  Foucaud; Senecio
incrassatus Lowe; Silene vulgaris (Moench) Gar-
cke; Spergula fallax (Lowe) E.H.L. Krause; Sonchus
oleraceus L.; Suaeda vera Forssk. ex J.F. Gmel. Six
of these CWR are endemic species, meaning that hold
singularity as genetic resources (Table 1). Nine of
these CWR (B. maritima, H. marinum, L. glaucus, M.
minima, M. sulcatus, P. pattelaris, P. maderensis, R.
rugosum), including B. patula, share the same gene
pool with crop species included in the International
Treaty on Plant Genetic Resources for Food and
Agriculture (FAO 2009). All these facts stress the
importance of B. patula as an umbrella species
(Iriondo et al. 2012) because its populations represent
the most appropriate wild populations (MAWP)
for in situ conservation of several CWR. Genetic
reserves most maximize non-target species richness of
CWR within its borders, thereby providing umbrella
protection to other CWR (Iriondo et al. 2012).

Monitoring data analysis

Data from the floristic survey and B. patula census
was further analyzed statistically to determine the
most suitable locations for genetic reserves imple-
mentation, using biodiversity indexes. First, the SC
index was calculated. For all plots, the values averaged
over the 5-year-period ranged between SC = 81.98 +
1.8% and SC = 95.00 £ 0.28% (Table 3). Only plots
DI5 (2015: SC =44.20%) and CIOl (2018: SC =
71.43%) had values lower than 75% (data not shown).
The results underpin that the sampling method
allowed us to detect rarer species with a high
probability. Most of the plant species present in the
occupancy areas were detected within the plots which

are a condition for further statistical analysis
application.

The average E’ and the respective standard devia-
tion per each plot was calculated and displayed in
Table 3. DI1 to DIS5 is located on haplic calcisoils. The
E’ values ranged from 0.59 + 0.14 to 0.77 &+ 0.07.
DI6 to DI is in the western part of DI on eutric rocky
soil (Fig. 1c). The E’ values ranged from 0.50 + 0.28
to 0.72 £ 0.13. D10 to DI12 is located east of this
group and grow on the same soil type. The values here
ranged from 0.65 £ 0.12 to 0.76 £ 0.10. In CI, the
corresponding  values were 042 =023 to
0.55 £+ 0.13. The two lowest values of E' were
recorded in CI (CI2 0424023 and CI3
0.45 £ 0.24) and the two highest values in DI (DI3
0.77 &+ 0.07 and DI10 0.76 &+ 0.10). This index shows
that overall species homogeneity is highest in DI,
especially in areas where B. patula shows high indi-
vidual counts. Therefore, DI3 and DI10 surrounding
areas are proposed as the most suitable for protection
as the core of the genetic reserve.

The average H' per each plot over 5 years was
calculated and is displayed in Table 3. H' is the most
widely used measure in diversity studies (Hubalek
2000). DII1-DI5 is located on haplic calcisoils
(Fig. 1c). The corresponding H' values ranged from
1.43 £ 0.48 to 248 £ 0.12 and the mean number
of B. patula plants was 315 specimens. DI6-DI9 are
in the western part of DI on eutric rocky soil (Fig. 1c).
The H' varied between 0.68 & 0.22 and 1.74 £ 0.54
and relates to a mean number of 60 B. patula plants.
D10-DI12 are located east of this group and grow on
the same soil type. The H' ranged between
2.24 + 0.24 and 2.39 £ 0.19 with an average number
of 292 B. patula specimens. In CI, the corresponding
H' values were between 1.16 + 0.59 and 1.56 + 0.40
with an average of 58 B. patula plants. The lowest H’
values were recorded in CI1-CI3 and are in the same
order of those calculated for DI6-DI9. Again, the
highest H' values were obtained in the areas compris-
ing DI1-DI5 and DI10-DI12.

Compared to H', the N, tends to depend more on the
presence of a few dominant species (Hubalek 2000).
N, calculation showed that DI1-DI5 had a N’ ranged
between 2.31 £ 0.92 and 4.47 + 0.72 (Table 3).
DI6-DI9 areas had a N,’ between 1.42 4 0.22 and
2.85 =+ 0.87. As for the area of D10-DI12, N, ranged
from 3.63 £ 0.86 to 4.32 £+ 1.36. At CI, the corre-
sponding values of N,’ were between 1.95 + 0.79 and
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2.44 £ 0.79. The results showed once more a high
similarity between the areas DI1-DI5 and DI10-DI12,
with the highest N, values. The same pattern appears
between CI1-CI3 and DI6-DI9, in this case with the
lowest values.

The relationship among E’, H', and N, indices
clearly showed that the abundance of B. patula varies
between and inside both locations (Table 3). E/, H,
and N, were calculated to assess the relationship
between the diversity of indices and the abundance
of B. patula. Patches with lower species diversity tend
to have less B. patula plants than those with higher
species diversity. The latter is located on haplic
calcisoils. It seems that B. patula is better adapted to
this type of soil and that it competes well with the
associated flora. DI3 appears to be the best habitat
for B. patula since it indicated the highest ranking in
all three indexes. As for the average number of
individuals, DI1 is the one who presented the highest
values.

DI6 is different from all other plots since no B.
patula plants were ever counted. DI6 is located on
haplic calcisoils close to the eutric rocky area. The
species M. nodiflorum dominates with a high number
of individuals (113 specimens) causing the smallest
diversity index (H' = 0.68 &+ 0.22) of all plots. In CI1
(H' = 1.56 £ 0.40), P. coronopus is the dominating
species with 236 specimens and the number of B.
patula specimens sums up to 16 individuals, only. M.
nodiflorum and S. vera are present (Table 1).

The results showed that E’ values for DI in 2015
differ significantly (P > 0.05) from all the other
census years. For CI there is no significant difference
between all the census years. During 2015 the plots
were more homogeneous with better distribution of
the number of individuals among species. Simultane-
ously, the increase of the number of individuals during
2017 and 2018, represented an overall decrease of E/
values, because some species became dominant in
plots, for example, B. patula in DI1-DIS and DI10-
DI12. B. patula became dominant after the control of
invasive species done in the same period (data not
shown). At the same time, the M. crystallinum, which
is an introduced species, seems to have some invasive
behavior (Marchante et al. 2008) affecting species
richness and heterogeneity in all DI plots and is the
cause of greater imbalance or unevenness in both
islets. This aspect needs to be further analyzed to
discover the causes of invasive dominancy and to
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evaluate to what extent M. crystallinum can impair B.
patula and other CWR in both islets.

DI harbors the larger B. patula population and a
higher number of CWR (21). Once its legal and
organizational conditions match the genetic reserve
quality criteria (Iriondo et al. 2008), the DI population
of B. patula can be nominated as a MAWP for
CWR in situ conservation (Maxted et al. 2015), and
the site designated as a genetic reserve. In contrast, the
CI population is smaller and appears to be more
suitable to be exposed to genetic erosion. The
observed fluctuations and effective population size
of N = 2917 allow us to hypothesize that the popula-
tion size could not be enough to compensate for the
genetic diversity that is lost by genetic drift and
mutation (Franklin 1980). Therefore, genetic moni-
toring of the CI population should be organized to
understand if this population is a coherent reproduc-
tive unit genetically decaying or part of a meta-
population connected by geneflow.

Conclusions

The study of the demographic changes of B. pat-
ula and plant species diversity within the DI and CI
occurrence areas provides information required to
delineate and establish a genetic reserve. As the B.
patula populations cover a rather small geographic
area, the genetic reserve sites could be delineated as
suggested by Frese et al. (2018). Two growing
occupancy areas (DI1-DI5 and DI10-DI12) inte-
grated into a migration area (borders are formed by
DIO1, DIOS, DI11, and DI12), which in turn is
surrounded by a transition zone, were suggested for
delineation of the core of species genetic reserve. The
outer (genetic) border of the genetic reserve is
determined by the maximal distribution distance
of B. patula population. These distance and distribu-
tion mechanisms however are not yet known.

The number of B. patula individuals change con-
siderably year to year and the stochastic events can
reduce the effective population size to a level that can
compromise the genetic resources available for the
species to recover. The generated during this work can
be used as a base for comparison with further species
demographic monitoring, which should occur with a
periodicity established by B. patula genetic reserve
management plan. If a steady decline in population



Genet Resour Crop Evol (2021) 68:939-956

953

size will be detected it would trigger interventions as
foreseen in the management plan. The genetic rela-
tionship between DI and CI populations are not yet
understood. If the DI population proves to be the initial
source of genetic material and CI proves to be the
founded population, respectively, without the recip-
rocal exchange of genetic material, conservation
efforts can be focused on the DI population. If CI is
confirmed as a population with genetically unique
composition as indicated in a study of the genetic
diversity of B. patula (Frese et al. 2012), the estab-
lishment of a second genetic reserve should be taken
into consideration. The implementation of a genetic
reserve for B. patula follows the European strategy
for in situ conservation of CWR, which is currently
under preparation by the Farmer’s Pride project
(http://www .farmerspride.eu/) and it could become
one of the first genetic reserves in Europe once offi-
cially designated.
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