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Abstract

Very similar morphologies have always been pointed out for subsections Nazrix and Viscosae of the genus Ononis L.
Morphological, environmental and biogeographic approaches do not show significant differences between zaxa of both
subsections, and only life form was pointed out as biological descriptor to explain taxonomic and ecological strategies
for these taxa: Natrix is composed by perennial life forms, while Viscosae is solely represented by annual life forms. The
discussion of results was conducted through the insurance hypothesis, according to which resilient or resistant behaviours,
here represented by taxonomic diversity and morpho-environmental variability, described the ecological strategies for these
taxa. In this way, wider morpho-environmental variability induced more responses (higher taxonomic diversity and life
forms), i.e. more resilience. On contrary, the narrower morpho-environmental variability induced less taxonomic diversity
and only perennial life forms, i.e. more resistance. Two future climate change scenarios were also used to confirm these
resilience and resistance strategies for both subsections.
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Introduction

Ononis L. genus is composed of two subsections,
Narrix and  Viscosae. The main morphological
difference between these subsections is based on
one trait: Narix section is represented exclusively by
individuals with perennial life cycles, while Viscosae
is constituted by zaxa (species and subspecies) with
annual life cycles (Coste 1937; Ivimey-Cook 1968;
Pignatti 1982; Devesa 2000). With the exception of
life cycles, these raxa have all the other morphological
features in common: flowers with articulated pedicels,
usually with arists; dense apical inflorescences;
yellow corollas with villous and glandulous calyx;
one, three or five leaflets (on rare occasions, seven
leaflets per leaf); sizes of corollas, compared with
calyxes; and dimensions of fruits (in some cases
no longer than calyxes). These morphological
characteristics overlap in zaxa of both subsections.
The existence of denticulate calyxes and edges are
the morphological characters used to distinguish
species and subspecies. The subsections analysed
in this work have traditionally been considered as
morphologically very close (Coste 1937; Ivimey-

Cook 1968; Franco 1971; Pignatti 1982; de Bolos and
Vigo 1984; Devesa 1987, 2000). That morphological
similarity between the raxa of both subsections has
also been associated with their taxonomic complexity.
The lack of a representative subspecies of the specific
taxon O. viscosa (as a consequence of the notorious
morphological variability of this taxonomic group of
subspecies), the restriction of subsection Viscosae along
the Mediterranean basin or the higher morphological
variability of subsection Natrix in this same area could
be related to the life strategy of both subsections.
Most of the specific taxonomic diversity observed in
the Mediterranean basin, North Africa and Western
Eurasia is concentrated in subsection Natrix.

The main aim of this work is to test the Yachi
and Loreau’s insurance hypothesis (Yachi & Loreau
1999; Allison 2004) to describe ecological strategies
of both subsections. This theory is used to explain
the morpho-environmental variability under a resil-
ience and resistance approach. Based on this theory,
the strategy to describe the biogeographic responses
of both subsections will be supported by the diver-
sity of morpho-environmental responses: the higher
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response diversity leads to more resilience, the lower
response diversity leads to more resistance. Based on
the Yachi and Loreau’s hypothesis, some zaxa main-
tained functioning even if others failed. In this case,
life forms and taxonomic diversity were used to de-
scribe which zaxa or subsection guaranteed ecosys-
tem functioning (resistance), under environmental
stress conditions (more restricted environmental
conditions).

As an approach to study their ecological
strategies, potential geographic distributions of
species under future climate change scenarios

Table I. CDA values for: (a) the first three groups by cluster-
ing the environmental matrix (fmin7 = minimal temperature of
July, bio4 = temperature seasonality (standard deviation X 100),
mmax9 = maximal temperature of September, bio5 = maximal
temperature of warmest month, bio2 = mean diurnal range);
(b) the first three groups by clustering the morphological ma-
trix (Fdw = maximum calyx teeth width, Rl = maximum length
fruit, Rw = maximum width fruit, .| = maximum leave length,
Flp2 = maximum pedicel length between arist and flower,
Lpc = maximum length of the central leaflet petiole, Lw = max-
imum leave width); (c) the first three groups by clustering the
morphological matrix for subsection Nazrix (Fdnd = maximum
number of lobes in calyx teeth, L1 = maximum leave length,
Fla = maximum arist length, Lw = maximum leave width,
Fdl = maximum calyx teeth length, FLs = maximum corolle
length, L3 = percentage of tri leaflet leaves); and (d) the first three
groups by clustering the morphological matrix for subsection
Viscosae (Rw = maximum width fruit, FLs = maximum corolla
length, Rl = maximum fruit length, Fdw = maximum calyx teeth
width, L3 = percentage of tri leaflet leaves, Lw = maximum leave
width, FLc = maximum calyx length).

Wilks” — F-remove —
Lambda (2628) P-value  Toler.
(a) tmin7 0.410 33.326 0.000 0.224
bio4 0.398 23.534 0.000 0.497
tmax9 0.392 18.459 0.000 0.128
bio5 0.380 7.522 0.001 0.040
bio2 0.376 4.604 0.010 0.178
Wilks’— F-remove —  P-value Toler.
Lambda (2215)
(b) Fdw 0.058 32.022 0.000 0.488
Rl 0.057 29.161 0.000 0.398
Rw 0.051 15.942 0.000 0.356
L1 0.051 14.846 0.000 0.620
Flp2 0.049 10.386 0.000 0.710
Lpc 0.049 9.700 0.000 0.437
Lw 0.048 8.456 0.000 0.474
Wilks’— F-remove —  P-value Toler.
Lambda (4111)
(c) Fdnd 0.072 32.760 0.000 0.817
L1 0.044 9.008 0.000 0.338
Fla 0.040 5.491 0.000 0.360
Lw 0.039 4.979 0.001 0.558
Fdl 0.037 3.229 0.015 0.074
FLs 0.037 3.368 0.012 0.499
L3 0.036 2.217 0.072 0.010
Wilks’— F-remove —  P-value Toler
Lambda (566)
(d) Rw 0.011 8.023 0.000 0.390
FLs 0.011 9.435 0.000 0.450
Rl 0.009 5.082 0.001 0.418
Fdw 0.008 3.411 0.008 0.453
L3 0.008 3.316 0.010 0.026
Lw 0.007 1.534 0.191 0.411
FlLc 0.007 0.504 0.772 0.107
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were modelled in order to support and cement
the morpho-environmental and biogeographic
descriptions concerning these tzaxa. This tool
showed itself very useful to test the results obtained
by the morpho-environmental and biogeographic
approaches, as it describes the persistence of the
current environmental conditions under thermic
and pluviometric variations.

Materials and methods
Study area and data collection

The study area of the present work comprises the Med-
iterranean Basin, North Africa and South-western
Europe (the area occupied by species of subsections
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Figure 1. Clustering tree of the environmental data for all the
studied raxa of both subsections (C, O. crispa; T, O. talaverae; A,
O. angustissima; S, O. subcordata; R, O. ramosissima; Bv, O. breviflora;
Sb, O. sieberi; Pb, O. pubescens; P, O. porrigens; N, O. natrix; B,
O. brachycarpa; and Ct, O. crotalarioides).
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Figure 2. Clustering tree of the morphological data for all the
studied raxa of both subsections (C, O. crispa; T, O. talaverae; A,
O. angustissimas S, O. subcordata; R, O. ramosissimas; Bv, O. breviflora;
Sb, O. sieberi; Pb, O. pubescens; N, O. natrix; B, O. brachycarpa; and
Ct, O. crotalarioides).
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Natrix and Viscosae). A very wide altitudinal interval
represents the populations detected in this area,
ranging from sea level up to 1980 m (Morocco, prov.
D’Er-Rachidia, Hoher Atlas, Si. Yahia ou Youssef,
SW Tounfite, 32°25'N 05°23"W; MA472348).
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Figure 3. Clustering tree of the environmental data sorted
by biogeographic areas (Erl: 1-Southeastern Iberian Shrubs
and Woodlands, 8-English Lowlands Beech Forests, 9-Po
Basin Mixed Forests, 12-Alps Conifer and Mixed Forests,
18-Eastern Mediterranean Conifer-Sclerophyllous-Broadleaf
Forests and 25-Mediterranean Woodlands and Forests; Er2:
2-Southern Anatolian Montane Conifer and Deciduous Forests,
4-Tyrrhenian-Adriatic  Sclerophyllous and Mixed Forests,
10-Pyrenees Conifer and Mixed Forests, 11-Western European
Broadleaf Forests, 13-Mediterranean Conifer and Mixed Forests,
14-Aegean and Western Turkey Sclerophyllous and Mixed
Forests, 21-Illyrian Deciduous Forests, 22-Italian Sclerophyllous
and Semi-Deciduous Forests, 23-Mediterranean Acacia-Argania
Dry Woodlands and Succulent Thickets, 26-Northeastern Spain
and Southern France Mediterranean Forests and 27-Northwest
Iberian Montane Forests; and Er3: 3-Southwest Iberian
Mediterranean Sclerophyllous and Mixed Forests, 5-Arabian
Desert and East Sahero-Arabian Xeric Shrublands, 6-Atlantic
Mixed Forests, 7-Cantabrian Mixed Forests, 15-Canary
Islands Dry Woodlands and Forests, 16-Crete Mediterranean
Forests, 17-Cyprus Mediterranean Forests, 19-Iberian Conifer
Forests, 20-Iberian Sclerophyllous and Semi-Deciduous Forests,
24-Mediterranean Dry Woodlands and Steppe and 28-North
Saharan Steppe and Woodlands).
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This contribution’s aim was to study and under-
stand the morphological, environmental and bioge-
ographical behaviour for all the zaxa contemplated in
the two subsections. The subsection Natrix includes
O. natrix L., O. ramosissima Desf., O. talaverae Deve-
sa and G. Lopez, O. crispa L., and O. angustissima
Lam. The subsection Viscosae includes O. pubescens L.,
O. wiscosa subsp. breviflora (DC.) Nyman, O. viscosa
subsp. sieberi (DC.) Sirj., O. viscosa subsp. brachycar-
pa (DC.) Batt., O. viscosa subsp. crotalarioides (Coss.)
Sirj., O. viscosa subsp. subcordata (Cav.) Sirj. and O. vis-
cosa subsp. porrigens Ball. Six hundred and thirty-five
herbarium sheets from four Iberian (HVR and LISE in
Portugal; MA and SALA in Spain) and two British (Kand
BM in England) collections, as well as material from field
explorations (laterincluded in the HVR herbarium), were
examined. The herbaria designations and addresses are
in accordance to Index Herbariorum codes (Thiers 2010
(continuously updated)).

Environmental analysis

The environmental matrix was elaborated from
herbaria sheet locations. The environmental analysis
was performed on thermic (monthly temperature)
and pluviometric (precipitation averages) variables,
a set of bioclimatic variables, in addition to the
altitude of each location. The environmental layers
were downloaded from WORLDCLIM (http://www.
worldclim.org). This approach was already used
in works for several raxa in the Iberian Peninsula,
Western Mediterranean basin and the study area
(Hodgins & Barret 2008; Rocha et al. 2012, 2014).

Morphological analysis

For the morphometric analysis, 255 specimens were
selected, based on the general distribution of each
taxon. The criteria applied to this selection were:

Figure 4. Distribution maps of the three ecoregion groups obtained upon the environmental data clustering analyses.
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Figure 5. Potential distribution areas for Ononis taxa of subsections Nawrix (a)—(e) and Viscosae (f-I): (a) O. natrix; (b) O. ramosissimas
(©) O. talaverae; (d) O. crispa; (e) O. angustissima; (f) O. pubescens; (g) O. breviflora; (h) O. siebert; (i) O. brachycarpa; (j) O. crotalarioides;
(k) O. subcordata; and (1) O. porrigens. The probability of occurrence is evaluated from 0 to 50% (0.5) and by 10% intervals until 100%
(1.0), in a grey scale.

Table II. Potential areas (km? previewed for the current environmental

conditions, for the A2a scenario and for B2a scenario in 2080.

Current A2a 2080 B2a 2080

O.natrix 541,235.000 338,883.000 461,488.000
O.ramosissima 87,768.000 81,155.000  109,692.000
O.talaverae 4413.000 0.000 72.000
O.crispa 5768.000 4933.000 10,333.000
O.angustissima  71,310.000  212,948.000 88,952.000
O.pubescens 291,027.000 213,187.000 172,601.000
O. breviflora 167,699.000 85,588.000 148,608.000
O.siebert 568,698.000 423,005.000 382,443.000
O.brachycarpa 150,433.000 2402.000 21,309.000
O.crotalari- 220,357.000 679.000 7725.000
oides

O.porrigens 56,429.000 1680.000 3451.000
O.subcordata 46,467.000 3531.000 44,237.000

(a) all the areas occupied for each taxon should be
represented in the morphometric analysis in order
to describe its morphological variability as good as
possible; and (b) the morphological development
and condition of the specimen, preferentially plants
with flowers and fruits were measured. These criteria

were also applied for other contributions, where
the same methodology was performed (Rocha
et al. 2012; Almeida da Silva et al. 2014). The
numbers of specimens measured per taxon were: 67
specimens of O. natrix, 51 of O. ramosissima, seven of
O. talaverae, five of O. crispa, 15 of O. angustissima, 21 of
O. pubescens, 26 of O. breviflora, seven of O. sieberi,
nine of O. crotalarioides, 15 of O. brachycarpa, 14 of
O. subcordata and 11 of O. porrigens.

Morphological variables used in the analysis
were selected among the diagnostic variables used
to distinguish and describe each taxon, according
to the most relevant floras existing for the studied
area (Coste 1937; Ivimey-Cook 1968; Franco 1971;
Pignatti 1982; de Bolos & Vigo 1984; Devesa 1987;
Devesa 2000). Those variables were: maximum
corolla length (FLs), maximum calyx length (FLc),
maximum calyx teeth length (Fdl), maximum calyx
teeth width (Fdw), maximum number of lobes in
calyx teeth (Fdnd), maximum pedicel length until
the arist (FLpl), maximum pedicel length between
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Figure 6a. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. natrix.

arist and flower (FLp2), maximum arist length
(FLa), maximum inflorescence length (IL), maxi-
mum number of flowers per inflorescence (Inf), max-
imum stipule length (Lls), maximum leave length
(L), maximum leave width (Lw), maximum petiole
length (Lp), maximum length of the central leaflet
petiole (Lpc), maximum fruit length (RI), maximum
width fruit (Rw), percentage of unileaflet leaves
(L1), percentage of bi leaflet leaves (L.2), percent-
age of tri leaflet leaves (LL3) and percentage of leaves
with more than four leaflets (I.4). The morphological
study approach was firstly elaborated with all zaxa
together, and later separately (species of Viscosae and
species of Natrix).

Biogeographic analysis

Olson and Dinerstein’s (2002) ecoregions layer
was applied to the working area. Biogeographic
characterization is based on the following criteria:
congregation of taxonomic diversity, presence of

endemism, ecological evolutionary phenomena,
biomes rarity and biological distinctiveness index to
distinguish territory differences. Each biogeographic
area was environmentally characterized, based on the
distribution of herbaria sheet. A clustering analysis
was performed and the first three groups aredesigned
as ecoregions 1, 2 and 3 (Erl, Er2 and Er3). The
environmental and morphological matrices were
biogeographically sorted by these ecoregions groups
in order to describe morpho-environmental variation
for each one of these ecoregion groups. At the same
time, the percentage of raxa of both subsections
per ecoregion was also considered. The percentage
of taxa per ecoregion group was necessary to
biogeographically describe the distribution of life
forms (annual or perennial).

Statistical analysis

A similarity (clustering by UPGMA amalgamation
and Manhattan City-Block distances) upon the
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Figure 6b. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. ramosissima.

average values per raxon, and discriminant anal-
ysis (forward stepwise Discriminant Canonical
Analysis — DCA) were applied with this purpose. The
multivariate description followed Rocha et al. (2012)
and Almeida da Silva et al. (2014). All statistical
analyses were carried out using STATISTICA 9.1
(Statsoft Ltd.). The UPGA (Unweighted Pair-Group
Average) amalgamation method and a City-Block
distance metrics were employed to examine the
similarity between morphological, environmental
or biogeographic trends, graphically represented in
a dendrogramatic-type format. The UPGA amalga-
mation method (Sneath & Sokal 1973) is one of the
most efficient for evaluating the distances of clusters
(Farris 1969), as the average distance between all
pairs of measured objects. In order to compare the
morphological, environmental and biogeograph-
ic results obtained, a discriminant analysis was
elaborated for the first three groups obtained. This
homogenization approach allowed the comparison

between different analyses (morphological, environ-
mental and biogeographic), as well as the discrimi-
nant degree in each case (based on the respective
F value and P-level obtained). Forward stepwise
CDA was used as an appropriate multiple discrimi-
nant analysis to identify which variables discriminate
between groups (in the present case, morphological
or environmental groups obtained from the cluster
analysis). Statistical significance was evaluated by
the F to remove, Wilks’ lambda and P-level values
(Gabriel 1971; Morrison 1990; Hair et al. 1995).
Due to standardization of measurements, the units
employed were designated as a. u. (=arbitrary units),
according to Olesen (1995).

Statistical values were also employed to describe
each group per analytical description (morphologic,
environment and biogeographical approaches). The
average standard deviation for the first three groups
was the statistic indicator applied to explain their
variability.
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Figure 6¢. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. talaverae.

Modelling distribution and predictions

This modelling approach was very useful to show
the persistence of the current environmental condi-
tions (thermic and pluviometric, in this case) under
future climatic change scenarios. The persistence of
environmental conditions was decisive to describe
graphically the probability of failing of each taxon
analysed. In this way, Maxent estimates the proba-
bility distribution of a species occurrence, based on
environmental constraints (Phillips et al. 2006), using
species presence data and environmental variables in
a GIS layer. Maxent v. 3.3.3 was used to estimate the
probability of potential suitable habitat for the species
occurrence, varying from 0 to 1, where 0 is the lowest
and 1 the highest probability. Testing or validating the
fit or accuracy of the modelling approach, as well as
determining the probability of a location that indi-
cated presence of a species, was ranked higher than a
random background probability, was made through
receiver-operating characteristic plots (Fielding &

Bell 1997) and the area under curve approaches
(Phillips et al. 2006). Locations with a random back-
ground probability served as pseudo-absences for all
analyses in Maxent (Phillips et al. 2004, 2006).
Several strategies are available for partitioning data
(Pearson 2007): using independent data from different
regions (Beerling et al. 1995), data at different spatial
resolutions (Pearson et al. 2004; Araujo ez al. 2005a) and
data from surveys conducted by other researchers (Elith
etal.2006).This work followed Pearson (2007) and used
a 10-fold cross-validation. For all models, the following
parameters were used: 10 repetitions with cross-valida-
tion, standard regularization multiplier (which affects
how focused or closely fitted the output distribution
is) and 500 iterations (for further details on these pa-
rameters, see Phillips 2010). The obtained output (in
ASCII format) was input into ArcGIS software version
9.2 (ESRI, Redlands, California, USA) as floating-
point grids (Peterson et al. 2007). The probability of
occurrence of the species at each site was mapped.
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Figure 6d. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. crispa.

The climate predictors were derived from a general
circulation model (CCCMA: CGCM?2) for the year
2080, under IPCC emission scenarios (SRES; A2a
and B2a) for predicting future potential habitats
(http://gisweb.ciat.cgiar.org/GCMPage; Ramirez &
Jarvis 2008). A2a and B2a represent two scenarios
with different greenhouse gas emissions. A2a
describes a highly heterogeneous future world with
regionally oriented economies. The B2a scenario is
also regionally oriented but with a general evolution
towards environmental protection. Compared to
A2a, B2a has a lower rate of global warming, and
therefore changes in temperature and precipitation
arelessintense (http://forest.jrc.ec.europa.eu/climate-
change/future-trends).

Results
Environmental analysis

Both subsections, Narrix and Viscosae, presented
a very low F value = 33.33 (P-level <0.00) for

the first three branches of the clustering tree
(Table I(a) and Figure 1). The environmental matrix
for O. natrix + O. brachycarpa + O. crotalarioides
reflected a higher continentally and more temperate
climate (characterized by higher mean diurnal ranges,
temperature seasonality and maximum temperature
for the warmest month) than the environmental
conditions for O. crispa + O. talaverae + O. angustissima +
O. subcordata + O. ramosissima + O. breviflora +
O. sieberi (where climate variations along seasons
were clearly lower). The environmental conditions for
O. pubescens + O. porrigens showed an intermediate
mean diurnal range and temperature seasonality, but a
higher maximum temperature for the warmest month,
maximum temperature for September and wider
climatic ranges in summer months.

A continuous transition from warmer and drier
environments to cooler and temperate ones was de-
duced by the statistical values exposed in the sup-
plementary information (Annex 1): average value
for imin7 is 2.41°C in E1, 1.80°C in E2 and 1.66°C
in E3. Average values for standard deviation per
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Figure 6e. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. angustissima.

environmental group reflected divergences between
E3 (136.661) and E1 (158.082) and E2 (161.989).

Morphological analysis

The phenogramatic line for the first three groups
obtained by similarity (F = 32.02, P-level < 0.00)
distinguished the subsection Natrix from Viscosae
(Figure 2), and in this last subsection distinguished
O. pubescens from O. wviscosa. The CDA confirmed
these differences (Table I(b)), and a morphological
continuity between subsection Narrix and
Viscosae, by the taxon O. pubescens. Width of the
calyx teeth and size of the fruits (usually longer
and narrower in the section Natrix), along with
the percentage of unifoliate leaves per individual
(higher for O. wiscosa subspecies) were the
morphological characters that better described
the results for the morphological differentiation
of these zaxa. No significant divergences were

obtained for subspecies brachycarpa and wviscosa,
and a higher morphological similarity was observed
between subspecies sieber: and breviflora.

The analysis of the statistical values for the mor-
phological variables showed (Annex 2) M3 as the
most variable morphological group (average stand-
ard deviation = 0.998), while M1 was revealed as the
lowest variable morphological group (0.843).

The same analysis was performed independently
for perennial and annual life forms (Table I (¢) and
(d)). In the first case, O. crispa was clearly separated
from the other perennial species. The number of
teeth in the sepals (Fdnd) was the only morpho-
logical character significantly involved. The length
of the central leaflet — LI — was the most discrimi-
nant character to distinguish between other raxa
of subsection Narrix. Different morphological
results were obtained for annual forms (subsection
Viscosae). The width of fruits (Rw) and the length
of calyx (Fls) were the morphological characters to
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Figure 6f. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. pubescens.

distinguish the zaxa of this subsection, without sta-
tistical significance to report.

Biogeographic analysis

Both subsections of genus Ononis are represented
along 28 ecoregions. Three ecoregions were obtained
for the phenogramatic line for the first three groups
(F = 11.77, P-level < 0.00), upon the dendrogram
obtained for similarity analysis (Figure 3): Erl, Er2
and Er3. The distribution map of these ecoregions is
represented in Figure 4.

The percentage of raxa per ecoregion showed Er2
is clearly dominated by perennial forms: 94% raxa
of subsection Natrix and 6% of subsection Viscosae.
Annual forms were scattered by Er3 (50% annual
forms) and Erl (24% taxa of subsection Viscosae).
O. natrix and O. ramosissima were the perennial species
represented along the three ecoregion groups, while
O. breviflora was the annual species detected in the

three ecoregions. The environmental characterization
for these groups, based on the most discriminant
environmental variables, showed that groups Erl
and Er2 have opposite environmental trends: Erl is
characterized by the highest temperature seasonality
and the lowest maximal temperature for the warmest
month (for September), and the lowest minimal
temperature in July; Er2 had the lowest temperature
seasonality, and the highest minimal temperature
for July. The maximal temperature for the warmest
month and the maximal temperature for September
showed intermediate values between the Erl and
Er3. The Er3 also had the highest mean diurnal
ranges (Erl and Er2 have the lowest values for this
parameter), maximal temperature for the warmest
month and the maximal temperature for September.

The environmental statistical values (Annex 2)
described Er2 with the lowest environmental
variability (average standard deviation = 659.000),
in contrast with Er3 (1083.000) and Er1 (1399.000).
These ecoregions were firstly distinguished by
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Figure 6g. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. breviflora.

annual oscillations of temperature (bio2). While Er2
maintained shorter variations for this environmental
parameter, Er3 and Erl were characterized by higher
temperature oscillations along the year. Nevertheless,
the areas included in Erl are clearly the most diverse,
according to higher values obtained for temperature
seasonality (bio4).

On a morphological level (Annex 2), these re-
sults described relevant differences between Er3 and
the other two ecoregions. The statistical values per
ecoregion showed higher morphological variability
for Er3 (average standard deviation = 1.724), and
lower values for Er2 (1.240) and Erl (1.298).

Modelling distribution and predictions

The potential distribution maps per zaxon reflected
the obtained environmental behaviour (Figure 5).
Very restricted potential distributions were obtained
for O. talaverae (South-east Spain and North-western

Algeria) and O. crispa (Mallorca Island, Balearean
archipelago). An opposite result was detected for
O. natrix (along the temperate regions of South-
western Europe), O. angustissima (dispersed by
the Arabian—-Saharan and Macaronesian regions —
Canary archipelago), O. ramosissima (littoral areas of
western Mediterranean basin), O. sieberi, O. breviflora
and O. pubescens (littoral areas along the entire
Mediterranean basin). The remaining raxa described
intermediate potential distributions, all of them
concentrated in the Western Mediterranean basis. In
this way, an important taxonomic effort was involved
in this side of the Mediterranean region, more
especially for subsection Viscosae taxa (exclusively
concentrated in this area).

The potential surface occupied by each taxa in
the current conditions and for both climatic change
scenarios is exposed in Table II, and their maps in
Figures 6a—61). The highest decreases were observed
for annual life cycles (subsection Viscosae), in
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Figure 6h. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. sieberi.

contrastwith perenniallife forms (subsection Nazrix).
In fact, the impact of both future change scenarios
reflected a decrease of 70% for A2a scenario, and
52% for B2a in the potential area of subsection
Viscosae. In contrast, small increases were observed
for both scenarios in the subsection Natrix. Several
taxa influenced these results. For the subsection
Natrix, O. angustissima increased its potential area
for the harsher scenario, while O. ramosissima and
O. crispa maintained similar values for both
scenarios. O. talaverae was the exception, with
extinction in the A2a scenario (O. talaverae).
General decreases were observed for all the
subsection Viscosae raxa.

The most restricted variations were depicted by
Er2, while Erl and Er3 were the most sensible to
the future scenarios here applied (more evident-
ly in Er3). The results exposed in Table IIT showed
small variations for Er2, in contrast with the larg-
est values obtained for the other ecoregions. Er2
was characterized in the current environmental

conditions by lower taxonomic diversity, as well as a
clear predominance of perennial life forms.

Discussion

Environmental, morphologic and biogeographical
results obtained will contribute to the understanding
of floristic strategies in Western Eurasia, the Med-
iterranean Basin and North Africa. The environ-
mental evolution of this region since Oligocene has
induced substantial changes in its flora (Fauquette
et al. 2007; Sadori et al. 2013). The morphological
similarity between the zaxa of both subsections an-
alysed in this work has been associated with their
taxonomic complexity, life cycle differences being
the most remarkable character to distinguish them.
A morphological characterization of the individuals
was a necessary procedure in order to compare its
variation against environmental variation. The cho-
sen genera for this work were particularly interest-
ing due to their known taxonomical uncertainties.
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Figure 6i. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. brachycarpa.

The unclear morphological differentiation of its
composing taxa, associated with its morphological
variability and Mediterranean distribution, makes
Omnonis genus an ideal study case to test Yachi and
Loreau’s hypothesis.

Both  environmental and  morphological
approaches had very similar F value results, but not
enough to detect remarkable discontinuities between
both subsections. Despite no major dissimilarities,
one important characteristic stands out: the high
morphological variability detected for the subsec-
tion Natrix (higher variance and standard deviation
for their species than for subsection Viscosae). Along
with this result, the analysis of their potential and
biogeographical distribution areas showed a striking
divergence between perennial and annual life forms.
Perennial forms showed an expansion pattern to the
extreme environments (northern or southern), limit-
ing annual forms at Mediterranean areas. This is due
to perennial forms occurring more frequently along
occidental coasts (or in a very restricted areas of the

Balearic archipelago) and at higher altitudes. Simi-
lar results have been observed for other zaxa, where
perennial forms expanded to northern and south-
ern latitudes. These patterns can be explained by
postglacial genetic fluxes from warmer refugees
(Lumaret et al. 2002; Schonswetter et al. 2005;
Bhagwat & Willis 2008; Linares 2011). Annual
forms adapted their biological cycles to Mediterra-
nean climates, and only the zaxa most resistant to
drier conditions could increase their potential ar-
eas (O. pubescens, O. sieberi and O. breviflora, in
this case), as discussed for other genera (Paun et al.
2005; Fiz-Palacios et al. 2010).

Based on Yachi and Loreau’s insurance hypothesis
(Allison 2004), environmental stress forced a greater
resistance on individuals, decreasing their taxonomic
diversity. In this sense, the higher environmental
restrictions of Er2, in comparison with Erl and
Er3 where larger environmental variabilities were
confirmed, should induce higher resistance as an
ecological strategy for these taxa. The most diverse
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Figure 6j. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. crotalarioides.

ecoregions observed in Erl could be explained by the
geographic extension of this ecoregion. Erl diverged
from the Arabian Desert and East Sahara—Arabian
Xeric Shrublands to Cantabrian Mixed Forests or
Crete Mediterranean Forests. In this way, the strategy
of life forms for both subsections of Ononis, which
have remarkable morphological similarities (where
morphological overlapping makes difficult the iden-
tification of their species), could be explained as a
response to those different environmental behaviours:
perennial life forms reached better performances
under higher environmental stress, whereas annual
forms (with current distributions almost exclusively
restricted to Erl and Er3) experienced a restriction
in their distributions. Differences in the percentage of
annual forms (subsection Viscosae) may explain these
results. In fact, the highest percentage of annual forms
obtained in Er3, and the presence of more annual
forms in Erl (just 24% of taxa included in this ecore-
gion) increased the morphological variability when

compared with Er2, where the percentage of annual
forms is extremely limited (just 6%).

Lower taxonomic diversity under higher
environmental stress was also observed: eight taxa
for Er2 — and sharply reduced percentages for annual
taxa — whereas all the taxa of both subsections
were detected across the other two ecoregions.
This taxonomic performance was very similar at
morpho-environmental level: greater variability for
Er3, in contrast with lower variability for Er2, and
intermediate results for Erl. That variability for Er2
was clearly concentrated on perennial forms of life
(species of subsection Natrix), in contrast with the
other environmental groups (Erl and Er3), where
that variability was spread along perennial and
annual life forms. This result is also supported by the
insurance hypothesis (Allison 2004), as the resilience
for Er2 was almost entirely devoted to perennial
species (a very small percentage of O. breviflora —
annual life form — was here included), in contrast
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Figure 6k. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. subcordata.

with Erl and Er3 where resilience was represented
by both life forms (annual and perennial).

Based on these results, the insurance hypothesis
for both subsections was represented by higher re-
silience in Er3 and Erl (more diverse and heteroge-
neous strategies, more intensive for Er3), and higher
resistance in Er2 (less taxonomic diversification and
homogeneous life form strategies). This perspective
was confirmed by the application of future climate
change scenarios, with smaller variations for Er2 in
contrast with Erl and Er3. Those future climatic
changes involved lower taxonomic, morphological
and environmental variabilities and, consequently,
higher resistance behaviours gained importance in
Erl and Er3 (decreasing the potential distributions,
more specially for subsection Viscosae, and their tax-
onomic diversity for the most severe scenario — A2a).

These results are in agreement with the Yachi
and Loreau’s insurance hypothesis since taxonomic
diversity is directly correlated with redundant and
resilient environments, but indirectly correlated
with resistant ones. Higher environmental stress

decreased the taxonomic and life form diversity, and
transferred that resilience to the morphological vari-
ability of the resistant zaxa (subsection Natrix, in this
case). In contrast, when lower environmental stress
was observed, higher taxonomic diversity and lower
morphological variability were also observed. In
this sense, resistance was not correlated with taxo-
nomical richness but with morphological variability
under environmental stress conditions. Based on this
description, the relevance of morpho-environmental
variability and the associated life forms was assumed
as decisive to guarantee the persistence of both sub-
sections along the Mediterranean basin, Western
Eurasia, North Africa and Macaronesian region.

In conclusion, the results of the current study on
Omnonis taxa described accurately a biogeographical
dynamic as the result of the presence of perennial
forms throughout the study area (higher ecological
resistance), and of the concentration of taxonomic
diversity in the most environmental diverse areas
(higher ecological resilience), in accordance with
Yachi and Loreau’s insurance hypothesis.
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Figure 6l. Predictions for both future climate change scenarios, A2a and B2a, year 2080, for O. porrigens.

Table III. Percentage of every taxa detected per ecoregion group
(Erl, Er2 and Er3) in the current environmental conditions, and
for both climate change scenarios, A2a and B2a (C, O. crispa;
T, O.talaverae; A, O. angustissima; S, O. subcordata; R, O.ramosissima;
Bv, O. breviflora; Sb, O. sieberi; Pb, O. pubescens; P, O. porrigens;
N, O. natrix; B, O. brachycarpa; Ct, O. crotalarioides).

Current A2a B2a

Erl Er2 Er3 Erl Er2 Er3 Erl Er2 Er3
Taxon (%) (%) (%) (%) (o) (%) (%) (%) (%)

C 100 O 0 58 0 0 42 0 0
A 76 0 24 38 0 19 38 0 14
N 14 3 50 3 10 2 4 21 10
R 53 17 30 10 3 17 21 5 19
T 60 13 27 0 0 0 0 0 0
Pb 10 1 89 9 0 21 4 0 34
B 5 5 90 0 0 0 0 5 19
Bv 46 4 51 35 0 7 38 2 10
Ct 9 0 91 0 0 0 0 0 0
P 5 5 90 0 0 0 0 0 0
Sb 0 29 71 0 14 43 0 14 43
S 33 0 67 0 0 0 30 0o 22
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