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We compared the flowering phenology of spiny and non-spiny native species belonging to three
families (Asteraceae, Fabaceae and Lamiaceae), which include the highest number of spiny species in
the flora of Israel. We found that the peak of flowering (when the highest number of species flowered)
was 4-8 weeks later for spiny species than for non-spiny species. The flowering peak of non-spiny

Keywords: species was in late March, while that of spiny species was at the beginning of May. The seasonal shift in
Defense flowering time from the main season, when most Mediterranean plants bloom, to the end of the
Evolutipn flowering season, when fewer species bloom, might be the evolutionary result of a change in phenology
Flowering reducing the competition for pollinators. Our results clearly indicate that spinescence of plants in the
[]:ll:':lng’ semi-arid east Mediterranean region is associated with a delayed flowering season at the beginning of
Spines the dry summer when most of the herbaceous vegetation is already dry. During this season, mammalian
grazers consume any edible herbaceous vegetation, selecting for late flowering species that allocate
more resources for anti-herbivore defenses than early flowering species. There is a well-known global
geographical trend where the occurrence of spiny plants is higher in arid regions than in humid ones. In
parallel to the global trend, we show a seasonal one, that non-spiny plants grow and flower in the
spring, which is the main flowering season in the Mediterranean basin, while spiny plants flower later,
in the hot and dry summer. Under the current trend of global warming, there are prospects of future

increase in the dominance of spiny species in the Mediterranean region.
© 2009 Elsevier GmbH. All rights reserved.
Introduction leaf) and a thorn (a sharp branch). We will use the specific term

Most mammalian herbivores utilize the aboveground parts of
plants as their food (Crawley, 1983). Thus, there is a permanent
evolutionary arms race between the plants and their herbivores,
in which, on an evolutionary time scale, plants acquire better
defenses and herbivores partly or fully overcome them (Cornell
and Hawkins, 2003). Spines, thorns and prickles are well known
as physical protection against herbivory (e.g., Cash and Fulbright,
2005; Cooper and Owen-Smith, 1986; Grubb, 1992; Gowda, 1996;
Janzen, 1986; Janzen and Martin, 1982; Myers and Bazely, 1991;
Rebollo et al., 2002) because they can wound mouth parts and
digestive systems (Janzen and Martin, 1982; Janzen, 1986) as well
as other body parts of the herbivores. In addition, spines inject
pathogenic bacteria and fungi into large herbivores (Halpern et al.,
20073, 2007b; Lev-Yadun and Halpern, 2008).

English botanical usage distinguishes between a prickle
(a sharp emergence from the cortex), a spine (a sharp part of a
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whenever possible and mention spines when generally discussing
defense by sharp plant organs because spines are the most
common sharp organ in the taxa discussed here. Being spiny not
only slows the rate of feeding within the canopy of the individual
plant by reducing the size of ingested plant parts in various large
herbivores (e.g., Cooper and Owen-Smith, 1986; Wilson and
Kerley, 2003), but also gives a considerable overall advantage to
such plants over non-defended ones (Stapley, 1998; Rebollo et al.,
2002).

From ecological and evolutionary points of view, spininess
should increase as a response to continuous herbivory by large
animals (Givnish et al., 1994; Grubb, 1992; Janzen, 1986; Zohary,
1983). Moreover, even during the lifetime of an individual plant,
spininess may increase as an induced defense mechanism
following browsing (e.g., Fornara and Du Toit, 2007; G6mez and
Zamora, 2002; Goheen et al., 2007; Huntzinger et al., 2004;
Milewski et al., 1991; Perevolotsky and Haimov, 1991; Young
et al., 2003). The evolution of plants in arid regions is under
constant pressure of natural herbivory: the millennia-long history
of intensive grazing by goat, sheep, cattle, horses and donkeys in
the Near East (e.g., Zohary, 1983) and the long, pre-agricultural
history of grazing by the various mammalian herbivores that
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existed in the land during the Pleistocene (e.g., Bar-Oz, 2004;
Davis, 1987; Steiner, 2005; Tchernov, 1979) selected for plants
that are better protected from grazing and resulted in an increase
in their proportion in the plant populations (Noy-Meir et al.,
1989; Perevolotsky, 1994; Perevolotsky and Seligman, 1998;
Seligman et al., 1959; Zohary, 1983). Fieldwork in an ecosystem
that has a millennia-long history of large-scale grazing, such as in
Israel, clearly and “sharply” indicates the ecological benefit of
being spiny. A continuous blanket of spiny shrubs such as
Sarcopoterium spinosum, Calicotome villosa and many types of
thistles covers large tracts of the land, and many other areas are
rich with dozens of spiny plant species that dominate the
vegetation (Shmida, 1981; Zohary, 1962, 1983). This dominance
clearly indicates the adaptive value of being spiny under high
grazing pressure.

Grubb (1992), who reviewed many previous studies, con-
cluded that spines are a common defense in arid regions. Later,
Lev-Yadun and Néeman (2004) showed that there are several
common desert plants, which contrary to the general plant
phenology in this region, are conspicuously green during summer,
when all the surroundings are yellow. In such conditions, green
was proposed to be conspicuous and contrasts with the back-
ground, as do yellow, red and black colors in greener ecosystems.
These summer-green plants are poisonous or thorny as a
protection against herbivory. Lev-Yadun and Néeman (2004)
proposed that during summer in the dry desert, when most other
plants are dry, a vivid green color can be aposematic, although
olfactory aposematism (e.g., Eisner and Grant, 1981; Launchbaugh
and Provenza, 1993; Lev-Yadun et al., 2009) may also be involved.

The typical Mediterranean summer is hot, dry and long,
presenting a significant physiological challenge to plants. As a
result, early spring is the peak flowering season in the Mediterra-
nean basin (Bosch et al., 1997; Petanidou et al., 1995). This makes
spring a wonderful season for nature lovers, but a harsh one for
flowers which must compete for their pollinators. Competition for
pollinators has been well documented and reviewed (Mitchell
et al., 2009), and several hypotheses and models have been
proposed about the outcome of competition for pollinators. It may
lead to the rapid elimination of a minority species (Levin and
Anderson, 1970), to the evolution of autogamy (Levin, 1972), to
specialization to different pollinating agents (Grant and Grant,
1965), or it may influence the flowering time of some species
(Mosquin, 1971). Seasonal segregation in blooming time of
related plant species, or plants that belong to the same pollination
guild, is well documented in many biomes - arctic (e.g., Hocking,
1968), temperate (e.g., Heinrich, 1975; Lack, 1976; Mosquin,
1971) and neotropical (e.g., Frankie et al., 1974; Feinsinger, 1978;
Heithaus, 1974). It has been interpreted as an evolutionary result
of competition for pollination, and in some cases competition for
pollinator was also experimentally proven to be the evolutionary
driver (Waser, 1978; Pleasants, 1980). Therefore, we assume that
late flowering species of the Israeli flora may also represent such a
case. However, in addition to the risk of drought, late flowering
species are also exposed to increased risk of large herbivores
(e.g., Gutman and Seligman, 1979; Seligman et al., 1959; Zohary,
1962, 1983). An improved defense against such herbivores, for
instance by a spiny morphology should confer advantages for
such plants. We examined the hypothesis that in the semi-arid
flora of Israel non-spiny plants flower in spring, while spiny plants
flower later, at the beginning of summer.

Materials and methods

As part of a broader study on the evolution of plant protection
by spines (e.g., Halpern et al., 2007a, 2007b; Lev-Yadun, 2001,

2003a, 2003b, 2006, 2009a, b, c¢; Lev-Yadun and Néeman, 2004,
2006; Lev-Yadun and Gould, 2008; Lev-Yadun and Halpern, 2008;
Nassar and Lev-Yadun, 2009; Ronel and Lev-Yadun, 2009; Ronel
et al.,, 2007, 2009) we studied the flowering phenology of spiny
and non-spiny species of the Asteraceae, Fabaceae and Lamiaceae
in Israel. These families include the largest number of spiny
species in the local flora.

To further understand the issue of summer conspicuousness of
well-defended plants in the Mediterranean flora, we examined
the possibility that the peak of the flowering season of spiny and
thorny plants is in the beginning of the dry summer, later than
that of non-spiny plants which flower during spring time. From
the analytical flora (Feinbrun-Dothan and Danin, 1991) we
compiled data about the flowering season (given in the flora in
months) of all native species of the three families that include the
largest number of spiny species: Asteraceae with 92 spiny out of
287 species (e.g., Ronel et al., 2009), Fabaceae with 28 spiny out of
298 species, and Lamiaceae with 13 spiny out of 227 species. For
each species we tabulated the months in which it was reported
flowering and counted the number of non-spiny and spiny species
that flowered in each month (Appendix 2). We excluded from the
analysis domesticated plants and species that arrived in Israel in
the last 100 years.

We used the median of the distribution of the monthly number
of flowering species as an indicator for the peak flowering season
for each group. We used 7 tests to examine the relation between
the total number of spiny and non-spiny species of each family
and of all families together, that flower in each month.

Results

The Asteraceae, Fabaceae and Lamiaceae of the Israeli flora
include many spiny species (Appendix 1). The 195 non-spiny
species of the Asteraceae have their flowering peak at the
beginning of April, while the 92 spiny species have it at mid-
June (Fig. 1A, Appendix 1). The 270 non-spiny species of the
Fabaceae have their flowering peak at mid-April, while the 28
spiny species have it at mid-May (Fig. 1B, Appendix 1). The 114
non-spiny species of the Lamiaceae have their peak of flowering at
the beginning of May, while the 13 spiny species have it at mid-
May (Fig. 1C, Appendix 1). A comparison of all 133 spiny species
of these families with all 589 non-spiny species of these families
showed that the peak in flowering of the spiny species is at the
beginning of May while that of the non-spiny species is in late
March (Fig. 1D, Appendix 1). The distribution of the number of
non-spiny and spiny species that flowered in the various months,
differed significantly for the Asteraceae, Fabaceae and for all
families together, but not for the Lamiaceae Table 1.

Discussion

The Mediterranean climate is characterized by a short, mild
and wet winter and a contrasting long, dry and hot summer
(Zohary, 1973). Lush green herbaceous plants dominate the
Mediterranean landscape during winter and spring. Zohary
(1962) compiled the flowering time of the whole flora of Israel
and found that the peak of flowering occurs in April, when about
1600 species flower simultaneously. Hot and dry spells char-
acterize the late spring in Israel and under these extreme
conditions the green landscape changes its color to yellow within
a couple of days. Under heavy grazing, a considerable part of the
grass disappears shortly after the end of the rainy season (Gutman
and Seligman, 1979; Henkin et al., 1998; Seligman et al., 1959).
Thus, delaying growth and flowering phenology from April to May
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Fig. 1. Distribution by months of the number of flowering spiny (S) and non-spiny (NS)
Solid line arrows indicate the median of non-spiny and broken line arrows indicate th

Table 1

The number of spiny and non-spiny species in the Asteraceae, Fabaceae and
Lamiaceae of the Israeli flora, and results of y? testing the relations between the
total number of spiny and non-spiny species that flower in each month separately
for each family and of all families together.

species in all families together (A), Asteraceae (B), Fabaceae (C), and Lamiaceae (D).
e median of spiny species.

number of spiny species in the flora of Israel. Being spiny defends
plants from mammalian herbivores (Cooper and Owen-Smith,
1986; Grubb, 1992; Janzen, 1986). We found a clear phenological
difference in flowering time between spiny and non-spiny plant
species in these three families (Fig. 1), which might be a

Family Non-spiny (N) Spiny (N) Total (N) Chi-Square df P consequence of a long and repetitive evolutionary process. The
data clearly indicate that the physical defense of the plants by

Asteraceae 612 284 896 103.61 11 <0.001 . . iated with a fl . del d to the d

S a— i o e 64.05 11 20001 spines is associated with a flowering season delayed to the dry

Lamiaceae 403 45 448 9.62 11 05650 summer, a period with a much greater impact of mammalian

All families 1817 423 2240 164.95 11 <0.001 grazers and drought stress. As the summer progresses, in many

or June, exposes the plants to severe drought, and increases
grazing risk when the group defense of the lush green vegetation
has already disappeared.

Production of spines is a common type of physical protection
against vertebrate herbivores in species of the Asteraceae,
Fabaceae and Lamiaceae, and these families contain the largest

areas of the Near East non-spiny and non-poisonous plants
gradually disappear as the outcome of intensive grazing activity
(Gutman et al., 1990; Noy-Meir, 1990; Seligman et al., 1959). Even
in spring (March-April) and throughout the summer, spiny
thistles such as Echinops viscosus, Notobasis syriaca, Silybum
marianum, Onopordum sp., Centaurea sp., Carthamus sp. and
Scolymus maculatus dominate many areas that are under intensive
cattle and sheep grazing, when the favored edible plants can
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hardly be seen. The published stocking rates of sheep, goat and
cattle in studied rangelands are not very high because studies of
modern range management include supplemental feeding and
high economic returns. However, traditional grazing does not
include supplemental feeding and its stocking rate is much
higher, with the consequent higher impact on the vegetation. We
saw such higher levels of grazing impact in areas under
traditional grazing regime in the Palestinian Authority, southern
Lebanon, the northern Sinai (Egypt) and the Bedouin rangelands
in the Arad region (Israel). Therefore, the published values of
remaining plant biomass and taxa in controlled experiments
(e.g., Gutman and Seligman, 1979; Gutman et al., 1990, 1999;
Noy-Meir, 1990; Seligman et al., 1959) represent only moderate
levels of grazing.

While the role of spines and thorns in defense from
large herbivores is clear (e.g., Cooper and Owen-Smith, 1986;
Grubb, 1992; Janzen, 1986; Nobel, 1994; Rebollo et al,,
2002; Young, 1987; Zohary, 1983), they may also serve physio-
logical functions, such as protecting from heating by the sun,
lowering photoinhibition and insulation from low temperatures
(Gibson and Nobel, 1986; Nobel, 1994). We cannot exclude
various physiological gains as part of the function of spines in
some of the species discussed here that have a dense cover of
spines.

Spiny and thorny plants are more common in arid regions of
the world than in humid ones (Carlquist, 1974; Grubb, 1992;
Milton, 1991; Parsons and Moldenke, 1975; Shmida, 1981). We
show here a parallel seasonal trend in the flora of Israel, in which
the functional group of spiny species grows and flowers later in
the season when the weather is warm and dry, while the non-
spiny species grow and flower earlier in the spring under more
favorable conditions. These trends are in accordance with the
general pattern of stronger anti-herbivory defense found in slow-
growing plants in habitats with limited resources (Coley et al.,
1985; McKey et al., 1978).

The shift in flowering of spiny plants towards the summer that
we describe may initially result from competition for pollinators.
Similar shifts in flowering season are well known in various
ecosystems (Mitchell et al.,, 2009 and citations therein). We
assume that late flowering spiny species of the Israeli flora may
also represent such a case. There are two alternative scenarios
that could have led to the association of defense by spines and
summer flowering: (1) the later flowering exposed the plants to
an increased risk of grazing, and this pressure selected for better
defense, or (2) plants that were better defended could evolve
towards later flowering because they were damaged less by the
herbivores. Without a thorough comparative study of the genetic
basis for both early versus late flowering, and defense by spines
versus the lack of such defense, in several pairs of species per
families discussed (Asteraceae, Fabaceae and Lamiaceae), it is
practically impossible to determine the evolutionary route of the
seasonal shift.

Plants have to compromise between allocation to growth
or defense (Herms and Mattson, 1992). The death of many
young annual plants within dense cohorts during the growing
season is a well-known phenomenon (Harper, 1977). East
Mediterranean plants, which grow in dense populations in
winter and spring, suffer from strong intra- and inter-specific
competition, and consequently many of them die (e.g., Gutman
et al., 1999; Gutman and Seligman, 1979; Noy-Meir et al., 1991).
Under such conditions, winter and early spring plants have
to invest more in vegetative growth to withstand competi-
tion than to defense (e.g., Grime, 2001; Herms and Mattson,
1992; Kadmon and Shmida, 1990), especially when they are
protected by lush vegetation (a vegetative parallel to mast
seeding or animal schooling). In summer, the highly edible

green herbaceous plants are much less abundant (Gutman et al.,
1990; Gutman and Seligman, 1979; Noy-Meir et al., 1991;
Noy-Meir, 2001; Seligman et al., 1959) and the group defense of
lush green herbaceous plants practically disappears. Thus, to
survive, plants have to allocate more to defense. This greater
need for defense in summer in the Eastern Mediterranean also
accords with the concept of high apparency associated with
higher investment in defense sensu Feeny (1976) and Euler and
Baldwin (1996). It is believed that the world stays green because
many plants evolved to be inadequate for herbivores (White,
2005), usually because of low nutritional (nitrogen) value. Here
we demonstrate that green plants in the dry Mediterranean
summer also became inadequate food for herbivores because of
mechanical defense by spines and thorns. Moreover, under the
current trend of global warming, there are prospects of a future
increase in the dominance of spiny species in the Mediterranean,
a process already evident by cacti invasion in Europe (e.g., Essl
and Kobler, 2009).
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Appendix 1. The spiny species included in this study by
their families

Asteraceae (n1=92): Phagnalon barbeyanum, Iphiona mucronata,
L. scabra, Anvillea garcinii, Pallenis spinosa, Xanthium spinosum,
X. stromarium, Gundelia tournefortii, Echinops viscosus, E. gaillardo-
tii, E. adenocaulos, E. glaberrimus, E. philistaeus, E. polyceras,
Acantholepis orientalis, Cardopatium corymbosum, Siebera pungens,
Carlina lanata, C. racemosa, C. curetum, C. hispanica, Atractylis
comosa, A. prolifera, A. cancellata, A. carduus, A. serratuloides,
A. phaeolepis, Cousinia moabitica, C. postiana, C. libanotica,
C. hermonis, Jurinea staehelinae, Carduus argentatus, C. australis,
C. getulus, Notobasis syriaca, Cirsium phyllocephalum, C. gaillardotii,
C. alatum, Picnomon acarna, Ptilostemon chamaepeuce, P. diacantha,
Cynara syriaca, Silybum marianum, Onopordum cynarocephalum,
0. blancheanum, O. carduiforme, O. macrocephalum, O. ambiguum,
0. anisacanthum, O. alexandrinum, O. transjordanicum, O. jordani-
colum, O. palaestinum, Serratula cerinthifolia, S. pusilla, Aegialophila
pumilio, Centaurea crocodylium, C. ammocyanus, C. balsamita,
C. dumulosa, C. damascena, C. rigida, C. behen, C. ascalonica,
C. drabifolia, C. onopordifolia, C. solstitialis, C. verutum, C. eryn-
gioides, C. speciosa, C. sinaica, C. lanulata, C. aegyptiaca, C. scoparia,
C. hyalolepis, C. procurrens, C. iberica, C. pallescens, Carthamus
persicus, C. nitidus, C. glaucus, C. tenuis, Carduncellus eriocephalus,
Cnicus benedictus, Scolymus maculatus, S. hispanicus, Helminthothe-
ca echioides, Launaea spinosa, Lactuca orientalis, L. saligna,
L. aculeata.

Fabaceae (n=28): Crotalaria aegyptiaca, Calicotome villosa,
Genista libanotica, G. fasselata, Astragalus spinosus, A. coluteoides,
A. angustifolius, A. dactylocarpus, A. sieberi, A. deinacanthus,
A. gummifer, A. cephalotes, A. echinus, A. cruentiflorus, A. bethlehe-
miticus, A. sparsus, A. fruticosus, Onobrychis cornuta, O. caput-galli,
0. squarrosa, O. crista-galli, O. ptolemaica, O. wettsteinii, 0. montana,
0. kotschyana, Alhagi graecorum, Ononis spinosa, Trifolium scabrum.

Lamiaceae (n=13): Teucrium spinosum, T. leucocladum, Marru-
bium alysson, Sideritis perfoliata, S. pullulans, Moluccella spinosa,
Ballota saxatilis, Stachys cretica, S. spectabilis, S. ehrenbergii, Salvia
spinosa, S. palaestina, S. samuelssonii.
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Appendix 2

The number of spiny and non-spiny species of the Asteraceae,
Fabaceae and Lamiaceae in the flora of Israel that flower in each
month.

See Table Al.

Table A1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Asteraceae
Spiny 1 3 19 44 51 52 52 35 19 7 1 0
Non-spiny 14 29 112 156 101 49 39 37 31 21 11 12
Fabaceae
Spiny 2 8 11 16 17 17 10 8 4 1 0 0
Non-spiny 7 70 212 250 152 53 20 16 10 7 2 3
Lamiaceae
Spiny 0 0 2 6 8 8 6 7 5 3 0 0

Non-spiny 9 20 42 68 79 68 50 35 24 13 3 3

All families
Spiny 3 11 32 66 76 77 68 50 28 11 1 0
Non-spiny 30 119 366 474 332 170 109 88 65 41 15 18
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