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a b s t r a c t

Spinescence has been thought to have evolved mainly as a defense against herbivores. Thus, studying its
evolution in a whole flora is an excellent approach for understanding long-term planteherbivore in-
teractions. In this study, we characterized the spinescent plant species of Jiaozi Snow Mountain,
Southwestern China, in order to explore the effects of life forms, plant organs, phylogenetic position, and
phytogeographical origin on spinescence occurrence. The Jiaozi Snow Mountain flora includes 137
spinescent species (9.2%) out of 1488 angiosperm species. We found that in these spinescent species,
vegetative organs (70.0%) were significantly more defended than reproductive organs (43.8%). Life form
had a significant effect on spinescence occurrence. Woody species (18.6%) were more likely to be spiny
than non-woody species (6.4%); moreover, woody species mostly defend their vegetative organs (92.2%),
whereas herbaceous species mostly defend their reproductive organs (73.3%). For woody plants, leaf
habit has a significant effect on spinescence. Specifically, spinescence was more common on the
reproductive organs of deciduous woody species than on those of evergreenwoody species; furthermore,
spinescence was more common on the leaf blades of evergreens than on those of deciduous species;
however, the proportion of spinescent petioles in deciduous species was significantly higher than in
evergreens. The most common spine color was yellow (40.8%), followed by white (16.8%), red (15.8%),
and brown (14.3%); furthermore, 74.4% of spinescence that showed aposematic color was a different
color than the plant organ on which grown. These findings suggest that spinescence is visually apose-
matic in the Jiaozi Snow Mountain flora. Phylogenetically, more families tended to have spines on
vegetative organs (83.3% in vegetative organs, 50.0% in reproductive organs), but the phylogenetic signals
were weak. The proportion of spinescence was not significantly different between tropical (9.8% of
genera, 7.6% of species) and temperate (13.2% of genera, 9.5% of species) elements. These results indicate
that in the Jiaozi Snow Mountain flora spinescence evolved differently in various life forms and plant
organs, but that these differences were not influenced by phylogenetic position or phytogeographical
origin.

Copyright © 2020 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Terrestrial biodiversity is dominated by plants and the herbi-
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for energy and material flow from autotrophic plants to higher
trophic levels (Futuyma and Agrawal, 2009). For example, on
average, more than 10% of the annual plant biomass produced in
natural communities is consumed by herbivores (Coley et al., 1985).
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In response to herbivory, plants have evolved defenses that operate
in a variety of ways. Plant defense can be divided into physical
defenses (Lucas et al., 2000; Hanley et al., 2007), chemical defenses
(Mithofer and Boland, 2012), visual defenses (e.g., aposematism,
camouflage, and masquerade; Lev-Yadun, 2016; Niu et al., 2017;
Quicke, 2017), biological defenses (Kessler and Baldwin, 2001;
Halpern et al., 2007), and statistical defenses (mast fruiting, flow-
ering once in 100 years or so, being rare) (Janzen, 1976; Kelly and
Sork, 2002). Herbivores tend to consume plants with low defense
levels (Charles-Dominique et al., 2016), or develop a variety of anti-
defense traits (e.g., exploiting orally secreted bacteria to suppress
plant defenses; Chung et al., 2013), eventually promoting species
diversification (Futuyma and Agrawal, 2009). Therefore, in-
teractions between plants and herbivores have profound effects on
community structure and ecological functions. A better under-
standing of planteherbivore interactions is particularly important
for studying the form and maintenance of biodiversity. The role of
chemical defenses in planteherbivore interactions has been better
studied and is more understood than that of physical defenses. Yet,
most land plants rely at least in part on physical anti-herbivory
defenses, including external structures that deter herbivores such
as trichomes, thorns, prickles, and spines (Hanley et al., 2007).

Spinescence is a plant trait that refers to the presence of any
sharp appendages or pointed tip on any part of the plant, including
spines (a stiff, slender, sharp-pointed structure arising in a leaf from
below the epidermis), thorns (a stiff woody modified branch), and
prickles (a sharp outgrowth of the epidermis or bark) (Harris and
Harris, 2001). Spinescence can wound mouths, digestive systems
(Daniel and Paul, 1982) and other herbivore body parts, and can
infect large herbivores with pathogenic bacteria (Halpern et al.,
2007). Many spiny plants are visually aposematic (express warn-
ing coloration) through their spine colors and associated coloration
(Lev-Yadun, 2001, 2016; Lev-Yadun and Ne'eman, 2006; Lev-Yadun
et al., 2018). Spinescence has been thought to reduce herbivory by
deterring consumption (Lev-Yadun, 2001, 2016; Midgley et al.,
2016), and by reducing bite size (Cooper and Owen-Smith, 1986;
Milewski et al., 1991; Ford et al., 2014). The size of spines, as well as
the fact that invertebrates are infrequently damaged by spines (e.g.,
Yamazaki et al., 2014), suggests that spinescence evolved in
response to vertebrates, especially large mammals (Young and
Okello, 1998; Barton, 2016). Various studies have also found that
spinescence sometimes performs additional functions. For
example, in some plants, spines play important roles in thermal
regulation and cooling (Nobel, 1983), the reduction of both water
loss (Burns, 2016) and radiation flux (Nobel, 1988), and propagule
dispersal (Gibson and Nobel, 1986), while in other plants spines
function as climbing implements (Putz, 1990). Some authors have
found that spinescence can structure grazed short grass steppe
plant communities by providing refuge to less defended plant
species (Rebollo et al., 2002). Nevertheless, most spinescence has
been thought to have evolved as a defense against vertebrate her-
bivores (Hanley et al., 2007).

Several hypotheses have been proposed to explain the presence
of spiny defenses in plants. For example, plants are known to make
trade-offs between growth, reproduction and defense (Zust et al.,
2015; Zust and Agrawal, 2017). These trade-offs may explain why
some plant life-forms allocate limited resources to defense by
spinescence (Raunkiaer, 1934; Ronel and Lev-Yadun, 2012). Alter-
natively, Lev-Yadun (e.g., 2001, 2009a, b, c, 2016, 2019) has recently
proposed that spines may function not only to mechanically defend
plants, but also may act as aposematic (warning) signals to po-
tential vertebrate herbivores. Other studies have indicated that the
presence of spines, thorns, and prickles may be partly related to
phylogeny (Ronel and Lev-Yadun, 2012; Bagella et al., 2018; Zhang
and Yao, 2018). However, determining which of these potential
factors best explains the presence of spines in plants is difficult.
Although previous studies on spines have included quantitative
studies (Young et al., 2003; Ronel et al., 2007; Midgley et al., 2016),
as well as investigations into ontogenetic (Lev-Yadun, 2003a;
Burns, 2016) and geographical distribution patterns (Grubb, 1992;
Tindall et al., 2017; Song et al., 2019), studies on spinescence in
local and specific geographical areas are very rare, and relevant data
are scarce (Ronel and Lev-Yadun, 2012; Bagella et al., 2018; Zhang
and Yao, 2018).

To address these issues, we studied spinescence in the flora of
the Jiaozi Snow Mountain, a nature reserve in southwestern China
characterized by rich plant biodiversity. In this study, we asked
three questions: (1) Did spinescence evolve in specific plant life
forms and plant organs? (2) Is spinescence coloration aposematic in
the flora of Jiaozi Snow Mountain? (3) Have phylogenetic position
and phytogeographical origin affected the expression of
spinescence?

Materials and methods

Survey of research area

The Jiaozi Snow Mountain is located in northecentral Yunnan,
China. Jiaozi Snow Mountain is the highest mountain in China east
of the Qinghai-Tibet and the Yunnan-Guizhou Plateaus. In addition,
it is one of the highest mountains at this latitude in the northern
hemisphere. Its peak, which rises from a dry-hot valley (about
1100 m a.s.l.), is 4344 m a.s.l. (Peng and Liu, 2015). Because of its
huge elevational range (more than 3000 m) and complex topog-
raphy, Jiaozi SnowMountain is exposed to awide range of climates,
from valley south subtropics, valley middle subtropics, mountain
south subtropics in the foothills, mountain warm temperate zone,
mountain middle temperate zone in the middle height ridges, to
mountain cold temperate zone, mountain cold temperate zone in
the subalpine belt, and a sub-frigid zone in the alpine belt. Along
the increasing elevation, evergreen broad-leaved forest, temperate
coniferous forest, shrub and alpine meadow, and alpine scree are
replacing each other successively. Jiaozi Snow Mountain hosts a
huge natural species gene pool with relatively rich biodiversity,
consisting of 157 families, 563 genera and 1613 species of vascular
plants (Peng and Liu, 2015).

Data set compilation

The plant list of Jiaozi Snow Mountain was organized and
compiled on the basis of the following literature: Flora of Yunnan
(Wu, 1977e2006), The catalogue of seed plants in Yunnan Province
(Chen et al., 2017), Flora of China (Wu and Raven, 1994e2011), Flora
Reipublicae Popularis Sinicae (Flora Reipublicae Popularis Sinicae
Editorial Committee, 1959e2013), Yunnan Jiaozishan National Na-
ture Reserve (Peng and Liu, 2015), and Floristic Geography of Seed
Plants in the Jiaozi Snow Mountain and Surrounding Areas (Wang,
2009). These sources were complemented by data from published
papers (Xiang and Liu, 2012; Yang et al., 2015; Wang et al., 2018), a
herbarium (KUN), and the Chinese Virtual Herbarium (http://www.
cvh.ac.cn/). In 2018, we complemented this literature search with
field surveys in Jiaozi Snow Mountain, where we collected and
identified plants. During the field survey, we have found three new
record species (i.e., Ligularia hookeri, Sinocarum schizopetalum,
Saxifraga substrigosa) (Xu, unpublished data). Our data set includes
1488 angiosperm species belonging to 519 genera and 118 families
(Table S1). The names of families were updated according to APG IV
(Angiosperm Phylogeny Group, 2016), and the phylogenetic posi-
tions of genera were determined by Duocet Wiki of Plants (Duocet
Group, 2016 onwards).

http://www.cvh.ac.cn/
http://www.cvh.ac.cn/


Fig. 1. Frequency distribution of the number of organs with spinescence.
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Species were defined as spinescent if they had any sharp ap-
pendages or pointed tips on any part of the plant (Bell, 1991; Harris
and Harris, 2001; Hickey and King, 2001; Beentje, 2014) (Fig. S1).
Specifically, according to the species descriptions in the Flora of
China (Wu and Raven, 1994e2011), combined with specimen
consultation, species with the term/s ‘pungent tip’, ‘pungent point’,
‘spine*‘, ‘spini*‘, ‘spino*‘, ‘spinu*‘, ‘spiny’, ‘spicul*‘, ‘thorn’, ‘thorny’,
‘prickle’, ‘prickly’, ‘armor’, ‘armour’, ‘armature’, ‘aculei’, ‘aculeate’,
‘aculeolate’, ‘acantha’, ‘asperity’, ‘burr’, ‘echinate’ and ‘echinulate’
were sorted as ‘spinescent’. In addition, ‘glochid’ and ‘barb’ in
Boraginaceae, ‘hook’ in Agrimonia, and ‘beak’ in Carex also were
labelled as ‘spinescent’. Species lacking any of these features
(including species described as not possessing the above features,
e.g., ‘unarmed’ and ‘prickless’) were scored as ‘non-spinescent’
(Tindall et al., 2017). In this study, we only examined the qualitative
traits; the quantitative aspects of spinescence were not considered.

To test the evolutionary pattern of spinescence in the whole
flora and its relationship with other traits, we recorded the
following traits: spinescent organ (spinescent type), life form, and
spinescent color. Spinescent organs were divided in two major
categories: vegetative and reproductive organs. Each category was
divided into several subclasses (Table 1). We designated life forms
as annuals, herbaceous perennials, shrubs, shrubs or trees, trees,
and vines (Table 1). Due to their short life span, biennial herbs (8
such species) were categorized as annuals. We also divided plants
in parallel into woody and non-woody species following Turcotte
et al. (2014). We further divided woody plants based on leaf habit
into deciduous, semi-evergreen, and evergreen. We listed semi-
evergreen separately, because of this unique adaptation (Li, 1985).
Because the color of spinescence in dry plant specimens in herbaria
can sometimes be lost or changed, we also referred to our own field
observation records and the photographs of living plants (http://
www.plantphoto.cn/, http://www.cfh.ac.cn/default-en.html). For
the traits described above, when the descriptions of species were
vague and ambiguous, we referred to the descriptions of higher
taxonomic units. For example, Aconitum has been previously
described as an herb (Wu and Raven, 1994e2011). Thus, although
some species of Aconitum Ser. Volubilia had twined stems, they
were considered herbs. When there was no description or an
incomplete description, we examined specimens or consulted ex-
perts in related taxa. In addition, we determined the effects of the
phylogenetic position and phytogeographic origin on the distri-
bution pattern of spinescence. Based on the areal types of genera
[i.e., 1. Wide spread; 2. Pantropic; 3. Tropical Asia & Tropical
America Disjuncted; 4. Old World Tropics; 5. Tropical Asia &
Tropical Australasia; 6. Tropical Asia to Tropical Africa; 7. Tropical
Asia (lndo-Malesia); 8. North Temperate; 9. E. Asia & N. America
Disjuncted; 10. Old World Temperate; 11. Temperate Asia; 12.
Mediterranean, W. Asia to C. Asia; 13. C. Asia; 14. E. Asia; 14(SH).
Sino-Himalaya; 14(SJ). Sino-Japan; 15. Endemic to China] (Wu,
1991; Wu et al., 2006, 2010), and on different temperature
Table 1
The number and proportion of spinescent species and their spiny organs in different life

Life form Annuals Herbaceo

Number of species 145 (9.7%) 848 (57.
Number of spinescent species 5 (3.4%) 53 (6.3%
Spinescence in vegetative organ 3 (60.0%) 21 (39.6

Stems and branches 2 (40.0%) 9 (17.0%
Leaves 3 (60.0%) 19 (35.8

Spinescence in reproductive organ 4 (80.0%) 40 (75.5
Flowers and inflorescence 2 (40.0%) 29 (54.7
Fruits 2 (40.0%) 12 (22.6
Seeds 1 (20.0%) 0
conditions, type 8, 9, 10, 11, 12, 13, 14, 14(SH), 14(SJ) and 15 were
classified as temperate genera; type 2, 3, 4, 5, 6 and 7 as (pan)
tropical genera (We did not consider subtypes here except the
major parts 14(SH) and 14(SJ)) (Good, 1974). Based on the distri-
bution types of species (as described above areal types of genera,
specially, 15-2-d means “shared with tropical Yunnan”) (Peng and
Liu, 2015), and different temperature condition, type 8, 9, 10, 11,
12,13,14,14(SH),14(SJ) and 15 (except for 15-2-d) were classified as
temperate species, type 2, 3, 4, 5, 6, 7 and 15-2-d as (pan) tropical
species (Table S1; Table S4) (We did not consider subtypes here
except the major parts 14(SH),14(SJ) and 15-2-d).
Data analysis

Spinescent proportion was calculated as the number of spiny
species/the total number of species. The G-test was used to analyze
whether the proportion of spinescence differed between plant or-
gans, life forms, and phytogeographical origin (Harremoes and
Tusnady, 2012). In addition, principal components analysis (PCA)
was used to describe and visualize the structure of the data across
life forms, leaf habit, spinescent organs, and phytogeographical
origin. To test whether the evolution of spinescence is constrained
by phylogeny, we measured phylogenetic signal by calculating D
value (Fritz and Purvis, 2010).
Results

In Jiaozi Snow Mountain, 9.2% (137 species) of plants are
spinescent (Table 1). Of these spiny plants, 71.5% (98 taxa) of all
forms of the Jiaozi Snow Mountain.

us Perennials Shrub Tree Shrub or tree Vine Total

0%) 260 (17.5%) 97 (6.5%) 73 (4.9%) 65 (4.4%) 1488
) 44 (16.9%) 15 (15.5%) 8 (11.0%) 12 (18.5%) 137 (9.2%)
%) 41 (93.2%) 12 (80.0%) 8 (100.0%) 11 (91.7%) 96 (70.0%)
) 30 (68.2%) 5 (33.3%) 2 (25.0%) 9 (75.0%) 57 (41.6%)
%) 28 (63.6%) 8 (53.3%) 6 (75.0%) 7 (58.3%) 71 (51.8%)
%) 7 (15.9%) 4 (26.7%) 0 5 (41.6%) 60 (43.8%)
%) 6 (13.6%) 0 0 4 (33.3%) 41 (29.9%)
%) 1 (2.3%) 4 (26.7%) 0 1 (8.3%) 20 (14.6%)

0 0 0 0 1 (0.7%)

http://www.plantphoto.cn/
http://www.plantphoto.cn/
http://www.cfh.ac.cn/default-en.html
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spinescence is confined to one organ; 16.1% (22 taxa) of all spine-
scence occurs in two organs (Fig.1). These findings are derived from
a database which included 1488 angiosperm species, including 848
herbaceous perennials (57.0%), 260 shrubs (17.5%), 145 annuals
(9.7%), with the remaining plants species composed of trees (6.5%),
shrub or trees (4.9%), and vines (4.4%).

Overall, spinescence in vegetative organs (70.0%) was signifi-
cantly higher than in reproductive organs (43.8%; G ¼ 8.84,
P < 0.01) (Table 1). The plant organ with the highest incidence of
spinescence was the leaf. In 51.8% of plants that had spines on a
single organ, these spines were confined to the leaf. Spines were
also common on stems and branches (41.6%). In the reproductive
organs, spinescence was less common. For example, in flowers
(29.9%), fruits (14.6%), and seeds (0.7%) had a lower probability of
being spiny.

The prevalence of spinescence varied according to life form
(Tables 1 and 2). The proportions of spinescent annual species
(3.4%) and herbaceous perennials (6.3%) were significantly lower
than those of shrubs (16.9%), trees (15.5%), and vines (18.5%),
although no statistically significant differences were found be-
tween the former two life forms or between the latter three life
forms. In addition, shrub or trees had a significantly higher pro-
portion of spinescence (11.0%) than annuals, although they were
not significantly different from all other life forms.

Life form had an effect on the organ of spinescence (Table 1).
Three annual plant species had spinescence in vegetative organs
and four in reproductive organs. Most spinescent herbaceous pe-
rennials had spinescence in one organ (75.5%); furthermore, a
greater proportion of perennial species had spinescent reproduc-
tive organs (75.5%) than vegetative organs (39.6%; G ¼ 14.30,
P < 0.01). In shrubs, 59.1% of species had one spiny organ and 31.8%
had two spiny organs. In contrast to herbaceous perennials, the
proportion of spinescence in shrub vegetative organs (93.2%) was
much higher than that in reproductive organs (15.9%). In trees,
93.3% of the species had one spiny organ, and only Corylus ferox had
spines in three organs. Similar to shrubs, tree vegetative organs
(80.0%) were more likely to be spiny than their reproductive organs
(26.7%). In the group classified shrub or trees, all spinescence
occurred in vegetative organs, with 6 in leaves and 2 in stems. For
vines, spinescent proportion in vegetative organs (91.7%) was much
higher than that in reproductive organs (41.6%).

When species were divided into woody and non-woody plants,
life form also had a significant effect on spinescence (G ¼ 34.42,
P < 0.01). The proportion of spinescence inwoody plants was about
190.6% greater than that in non-woody plants. For vegetative or-
gans, the proportion of spinescence in woody plants was about
112.9% higher than that in non-woody plants (G ¼ 41.21, P < 0.01).
In contrast, the occurrence of spinescence in the reproductive or-
gans of non-woody plants was 252.4% higher than that in woody
plants (G ¼ 39.52, P < 0.01).

The proportion of spinescence among evergreens was not
significantly different from that in semi-evergreen and deciduous
woody plants. However, the proportion of spinescent reproductive
Table 2
Comparison of occurrence of spinescence between different life forms.

Annuals Herbaceous Perennials

Annuals 1 2.01
Herbaceous Perennials 2.01 1
Shrub 18.88** 24.82**
Tree 10.98** 8.83**
Shrub or tree 4.55* 2.07
Vine 12.38** 10.07**

G-values are shown. * significant at P < 0.05; ** significant at P < 0.01.
organs in deciduous plants (37.8%) was significantly higher than
that in evergreen plants (5.6%; G ¼ 7.78, P < 0.01); however, no
significant difference was found for vegetative organs (G ¼ 3.49,
P ¼ 0.06). For leaf blades, the proportion of spinescence was
significantly higher in evergreen plants (55.6%) than in deciduous
plants (27.0%; G ¼ 6.53, P < 0.05). However, the proportion of
spinescent petioles in deciduous plants (35.1%) was significantly
higher than in evergreen plants (2.8%; G ¼ 9.85, P < 0.01). Inter-
estingly, semi-evergreen plants had a significantly higher propor-
tion of stipular thorns (75.0%) than evergreen plants (2.8%;
G¼ 13.90, P < 0.01) and deciduous plants (5.4%; G¼ 13.05, P < 0.01)
(Table S3).

The colors of spinescence in the Jiaozi Snow Mountain flora
varied, largely dependent on plant organ (Fig. 2). Themost common
color of spines was yellow (40.8%), followed by white (16.8%), red
(15.8%), brown (14.3%), green (9.7%), black (1.5%) and purple (1.0%).
All spines on seeds, and 83.3% of spines on stipules, were brown.
The majority of leaf blade spines (72.7%) were yellow. The most
common colors of spinescence on petioles were red and yellow. The
most common colors for spines on flowers and inflorescences were
yellow and green; for fruits, the most common color was white.

Across the 118 families of angiosperms, 36 families were
spinescent (30.5%). Berberiaceae, Phrymaceae, Capparaceae and
Iteaceae had the highest proportion of spinescence (100%), fol-
lowed by Elaeagnaceae, Rubiaceae, Fagaceae, Cucurbitaceae,
Rhamnaceae (>50%). The families with the highest proportion of
spinescence in vegetative organs were the Berberiaceae, Cappar-
aceae and Iteaceae (100%). Fewer families had a high proportion of
species with spinescent reproductive organs. For example, spines-
cent reproductive organs were present in over a third of species in
only three families (i.e., Phrymaceae, Solanaceae and Boraginaceae)
(Fig. 3). In total, 12.7% of genera and 9.2% of species were spinescent
(Table S4). The phylogenetic signals were weak to moderate
(0 < D � 1) (Fritz and Purvis, 2010) (Table 3).

We found that the proportions of spinescence in all areal types
of genera were less than 1/3. In addition, type 12, 10, 2, 11, 8, and
14(SH) had a higher proportion of spinescence than average
(12.7%). The proportion of spinescence of (pan) tropical genera
(9.8%) was lower than that of temperate genera (13.2%), but the
difference was not significant (G ¼ 1.00, P ¼ 0.32). At the species
levels, the difference between (pan) tropical (7.6%) and temperate
species (9.5%) was still not significant (G¼ 0.67, P¼ 0.41) (Table S4).

PCA analysis showed that Dim1 contributed 93.9% of the vari-
ation. We found that spinescence is highly correlated with plant
organs and that the intra-organ correlation is higher than the inter-
organ correlation, regardless of whether examining vegetative or
reproductive organs (Fig. 4, Figs. S2 and S3).

Discussion

The proportion of angiosperm species with spinescence in
Jiaozi Snow Mountain is 9.2%. This is somewhat lower than that
reported in a previous study on Israel (11%; Ronel and Lev-Yadun,
Shrub Tree Shrub or tree Vine
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Fig. 2. The color of spinescence on various plant organs in the Jiaozi Snow Mountain.
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2012). This may be attributed to the following two reasons. First,
the Near East, including Israel, experienced a long history of
intensive grazing from wild large herbivorous mammals, which
thrived there during the Miocene and Pleistocene, and were
replaced over the last several millennia by domesticated herbi-
vores (Zohary, 1983; Perevolotsky and Seligman, 1998; Steiner,
2005; Tsahar et al., 2009), which increased grazing pressure. In
addition, Israel and neighboring countries are characterized by
arid conditions, including considerable deserts (Zohary, 1973).
Thus, plants in the Near East are likely under selection pressure to
reduce water loss (e.g., Burns, 2016) and radiation flux (e.g., Nobel,
1988), which may be indirectly responsible for the evolution of
spinescence. However, when compared with the level of spine-
scence in Italy (5%; Bagella et al., 2018), Australia (4.2%) and New
Zealand (3.9%; Tindall et al., 2017), the proportion of angiosperm
plants with spinescence in Jiaozi Snow Mountain is much higher.
The lower proportion of spinescent species in the floras of Italy,
Australia, and New Zealand may be explained by either environ-
mental and/or geographical factors or by the absence of predators.
For example, in northern Italy, where the high Alps occupy large
areas, the Italian alpine flora, like other alpine floras, is almost
entirely spineless. Australia and New Zealand have historically
lacked large mammalian herbivores (New Zealand) or had only
marsupials (Australia) (e.g., Burns, 2016; Tindall et al., 2017). It
should be noted that there are many similarities in component
elements and climate between floras of North America (e.g., Cal-
ifornia) and East Asia (Wu et al., 2010). Thus, to further under-
stand the evolution of spinescence, future studies should compare
the patterns of spinescence between these two floras.

We found that spinescence evolved differently in various life
forms. For example, woody plants had a much higher proportion of
spinescent species than non-woody plants. In addition, herbaceous
perennials had a higher proportion of spinescent species than an-
nuals. This is consistent with previous studies from the



Fig. 3. The number of species with or without spinescence in spinescent families in the Jiaozi Snow Mountain.

Table 3
Phylogenetic signal analysis (Probability of E(D)).

Stems and
branches

Leaf blade Petiole Stipule Flower and
inflorescence

Fruit Seed

0.888 0.281 0.775 0.825 0.892 0.643 0.972

Fig. 4. Principal Component A
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Mediterranean (Ronel and Lev-Yadun, 2012) and in the aquatic flora
of the Yangtze Delta (Zhang and Yao, 2018). This difference in
spinescent evolution among life forms can be partly explained by
the plant apparency theory (Turcotte et al., 2014). Woody plants or
herbaceous perennials generally experience higher levels of her-
bivore pressure than non-woody plants or annuals, and thus invest
more structural defenses. This is because these plants are often
more apparent to herbivorous mammalians within a community
nalysis of various traits.
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compared to non-woody plants or annuals (Turcotte et al., 2014).
Additionally, herbaceous perennials that are not geophytes or
hemicryptophytes are exposed to herbivory all year round. In
contrast, most annual species grow during the best season, when
the vegetation is lush, and thus enjoy group protection. Conse-
quently, most annual species require less defense because they are
exposed to lower herbivory pressure than herbaceous perennials.
Another explanation for the pattern we observed is that resource
allocation varies in plants. Specifically, plants must make trade-offs
between either growth and reproduction or defense; strategies
underlying these tradeoffs differ between life forms (Cates and
Orians, 1975). For example, compared with herbaceous perennials
or woody plants, annuals and many non-woody plants have much
shorter life spans, thus investing more resources in rapid vegetative
growth and seed production is favoured (Cates and Orians, 1975;
Herms and Mattson, 1992). In addition, we found that the organs
defended in non-woody plants differed from those inwoody plants.
In non-woody plants, the reproductive organs were more
frequently spinescent, whereas in woody plants, the vegetative
organs weremore frequently spinescent. This is another example of
a trade-off. Non-woody plant species, especially annuals, must not
only complete their life cycle in a short time, but have only a single
opportunity for sexual reproduction; thus, for the continuation of
their genotype, defending reproductive organs is more important
than defending vegetative organs. In contrast, woody plants
reproduce repeatedly, and their reproductive organs, especially
those of trees, because of their height, are fully or partly free from
attack by large mammals; thus, their vegetative organs are more
vulnerable to mammalian herbivores (Ronel and Lev-Yadun, 2012).
This may also be the case for vines, because most of them climb in
order to reach light, which simultaneously provides a height refuge
from herbivorous large mammals.

Previous studies have found that leaves with longer lifespans
often have higher levels of defense, because they are costly to
produce (Coley, 1987; Wright et al., 2004). However, in our study,
no significant difference in proportion of species with spinescent
leaves was found between evergreen and deciduous woody plants.
During our field survey, we found that most Rubus and Rosa
(Rosaceae) plants, which are deciduous, had spinescence on their
petioles but not on their leaf blades. In late autumn, the leaf blades
fall off when an abscission layer is formed, but petioles remain
vigorous and attached to the stems (Xu, personal observation).
Thus, the spines of petioles continue to play a defensive role in
winter and express leaf growth in the coming year, with a lower
resource investment. Consequently, the lack of a significant differ-
ence in proportion of spiny leaves between evergreen and decid-
uous plants may result from the fact that petioles were included
whenwe considered the spinescence on leaves. This interpretation
is supported by our findings that the proportion of spinescence on
leaf blades in evergreen plants was significantly higher than in
deciduous plants. However, compared with evergreen plants, the
proportion of reproductive organs with spinescence was signifi-
cantly higher in deciduous plants. This can also be explained by
plant apparency theory to some extent, because reproductive or-
gans of deciduous plants are more apparent to herbivorous
mammalian after the leaves have fallen off, and before the leaves
emerge in spring (Turcotte et al., 2014).

Many studies have proposed that plants probably signal their
spiny defense to potential mammalian herbivores by aposematic
coloration (e.g., Lev-Yadun, 2001, 2003b, 2006, 2009a, 2009b,
2009c; Lev-Yadun et al., 2018; Midgley et al., 2016). In our study,
the color of most spinescence is yellow, followed by white and red,
suggesting the possible aposematic role of spinescent colors as
advertisement of physical defense in the Jiaozi Snow Mountain
flora (Ronel and Lev-Yadun, 2012). Furthermore, among these
spinescence with aposematic color, 74.4% of spinescence showed
different color relative to their growing organs (G ¼ 5.38, P ¼ 0.02)
(Table S2), which can potentially enhance the visual signals
themselves, thus making associative learning by herbivores quicker
and stronger, eventually enhancing their protective effects against
herbivores.

A study conducted on the flora of Israel showed that the evo-
lution of spinescence is constrained by phylogenetic relatedness
(Ronel and Lev-Yadun, 2012). In the Jiaozi Snow Mountain flora,
however, most families contained both spiny and spineless plant
species. Furthermore, the phylogenetic signals were weak or
moderate. One possible explanation for these differences may be
that phylogenetic analysis of the Israeli plants did not include
sequence data (Ronel and Lev-Yadun, 2012). Our results indicate
that the evolution of spinescence is relatively random and that
phylogeny has weakly constrained spinescence in the Jiaozi Snow
Mountain flora. Consequently, to fully understand the evolution of
spinescence in the Jiaozi Snow Mountain flora, further studies
should focus on ecological and environmental factors.

It is generally hypothesized that plants from low latitude trop-
ical areas are better structurally defended than plants from higher
latitudes (MacArthur, 1972; Coley and Aide, 1991). However, in our
study, the proportion of spinescence in the tropical elements of the
Jiaozi Snow Mountain flora is lower than that in temperate ele-
ments, although the difference is not significant. The reasons why
the proportion of spinescent species in temperate and tropical el-
ements were not significantly different remain unclear. However,
one possible explanation is that the majority of defenses in tropical
flora are aimed not at large herbivores but at insects (Zhang et al.,
2016). A possible alternative explanation for this pattern is that
ancient Mediterranean elements, which subsequently evolved into
temperate elements, comprise a relatively high proportion of
spinescent genera (33%; Table S4). With the retreat of the Paleo-
Mediterranean, some of the original ancient members of the
Mediterranean floramay have further evolved into the new types of
the Sino-Himalayan elements (Zhou et al., 2016).
Conclusion

In this study, we analyzed spinescence of wild plants in the flora
of the Jiaozi Snow Mountain, an ecologically and taxonomically
diverse nature reserve in southwestern China. We found that 137
out of 1488 angiosperm species in the Jiaozi Snow Mountain flora
are spinescent. The life form of plants significantly influences
whether they are spinescent and if so, which organs are spinescent.
For example, the vegetative organs of woody plants have spines,
whereas the reproductive organs of non-woody plants have spines.
Our results also support the hypothesis that spinescence is visually
aposematic to potential vertebrate herbivores. Weak phylogenetic
signals suggest that spinescence is influenced more by environ-
mental factors than by phylogenetic constraints.
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