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Abstract: This article is a broad review focused on dragon trees—one of the most famous groups of
trees in the world, well known from ancient times. These tertiary relicts are severely endangered
in most of the area where they grow. The characteristic features of the dragon tree group are
described and the species belonging to this group are listed. This review gathers together current
knowledge regarding the taxonomy, evolution, anatomy and morphology, physiology, and ontogeny of
arborescent dragon tree species. Attention is also paid to the composition, harvesting, medicinal, and
ethnobotanical use of the resin (dragons’ blood). An evaluation of population structure, distribution,
ecology, threats, and nature conservation forms the final part of the review. In the conclusions
we recommend further avenues of research that will be needed to effectively protect all dragon
tree species.

Keywords: Dracaena; arborescent form; dragon tree group; taxonomy; anatomy; morphology;
ecophysiology; distribution; ecology; ethnobotany; threat; nature conservation

1. Introduction—Dragon Trees, Tertiary Relicts in Current Reality

Dragon trees are one of the most famous groups of trees in the world, well known from ancient
times. Their distinctive habit, adaptation to arid condition, and especially the red resin (dragon’s
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blood) that they exude have had a long effect on human imagination and curiosity. Only a few species
among more than 60-190 species of the genus Dracaena [1-3] reach arborescent form. Marrero et
al. [4] classified such species as the dragon tree group. Members of the dragon tree group are usually
defined by a few general traits, which are: arborescent habit, excretion of the red resin, leaving a
closely packed pattern on the bark, closely packed leaves at branch apices with a lack of distinctive
internodes, leaf sheaths differentiated in colour, very succulent leaves with a large amount of a water
tissue and fibers, leaf blades lacking a distinctive costa, thick cuticle on the leaves, flowers usually
diurnal with a perianth not elongated into a tube, and the filaments of the stamens inserted at the tepal
bases with thickened filaments [4,5]. In this review, the species considered as belonging to the dragon
trees are: Dracaena cinnabari Balf.f., D. draco L. subsp. draco, D. draco subsp. caboverdeana Marrero Rodr.
& R. Almeida, D. draco subsp. ajgal Benabid & Cuzin, D. tamaranae A. Marrero, R. S. Almeida et M.
Gonzélez-Martin, D. ombet Heuglin ex Kotschy & Peyr., D. ombet subsp. schizantha Baker, D. serrulata
Baker, and D. ellenbeckiana Engl. present in Macaronesia, North Africa, and South Arabia [4-8]. The
other species that are recognized as dragon trees are found in South East Asia [9-11]: D. jayniana Wilkin
& Suksathan, D. cochinchinensis (Lour.) S. C. Chen, D. yuccifolia Ridl., D. cambodiana Pierre ex Gagnep.,
and D. kaweesakii Wilkin & Suksathan. We exclude the American species (D. americana Donn. Sm., D.
cubensis Vict.) [12], as they do not produce the red resin and their morphology is not fully known. The
dragon tree group is significant for many different reasons, the most important of which are:

e Dragon trees are tertiary relict species [13], and the ecosystems (woodlands and very rare forests)
being of middle Oligocene to Miocene origin to which these species belong to are one of the
evolutionary oldest ecosystems in the world [14].

e  Some species are locally endemic with limited (often island) distribution [4,7,15,16].

e  The distribution of most species is scattered, comprising a small population with unbalanced age
structure, and young trees often bring absent [8,9,11,17-21].

e  Some species are threatened and are listed in the IUCN Red List [22]. In fact, of the six species
that have been assessed, five are threatened, while the other 11 species have not yet been assessed.

e  Thenatural regeneration of most species is being destroyed by decades of overgrazing [17,20,23-26].

e Dragon trees are strongly susceptible and vulnerable to the effects of climate change (drought,
cyclones) [11,18].

e  Most species have been from ancient times as an important source of non-timber products (resin,
fodder for cattle, and forage for bees, leaves used for rope production), thus belong to the cultural
heritage of humanity [17,27].

e  Dragon trees are flagship and umbrella species hosting many other organisms, including endemic
taxa, which are totally dependent on dragon trees [28-30].

e  Dragon trees strongly and positively influence the hydrology cycles in the landscape [20,31].

e  Most species are present in developing countries with an unstable political situation, and
populations are under pressure, as weak governments have insufficient resources to protect them.

e Dragon trees often provide local income through ecotourism by being aesthetically attractive
species, popular with visitors. In addition, some species are commonly sold as attractive indoor
plants [11,19,32].

The main objective of the present article is to collect all published results of research that is focused
on the dragon tree species and, based on its detailed evaluation, to determine the key gaps for future
investigation as a basis for conservation management.

2. Evolution, Taxonomy and Distribution

2.1. Current Taxonomical Knowledge and Nomenclature

The genus Dracaena Vand. ex L.is placed in the family Asparagaceae subfamily Nolinoideae [33,34].
It is considered to be monophyletic based on molecular studies [35], and it comprises 190 species [3].
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The taxonomic boundaries and proper author of the name of the genus are still debated. Kuntze
conducted an analysis of the original name of this genus [36]. He has pointed out that the first published
name for the dragon tree from the Canary Islands was Draco Heist., due to its publication in 1748. It
was prior to the Linneaus first inclusion of this species into the genus Asparagus L. as Asparagus draco L.
(Sp. PL ed. 2,1776: 451). Later, Linnaeus decided to credit a new name for a dragon tree to Vandelli,
bacause of his extensive treatment of this species (Dissertatio de Arbore Draconis seu Dracaena in
Roemer Scriptores, 1796: 39) [36,37]. However, Kuntze pointed out that Vandelli called the dragon
tree Draco yucciformis, adding Dracaena as a synonym. Moreover, Linnaeus has included in the genus
Dracaena several species, which were later transferred to Terminalis Medik., Dianella Lam. ex Juss and
Liriope Lour. In conclusion Kuntze has pointed out, that all species of Dracaena shall be transferred into
the genus Draco Heist., which he did accordingly.

The systematics of the dracenoid clade of Asparagaceae [34] is so far not completely agreed
upon. Currently, all species previously described in the genera Sansevieria Petagna and Pleomele
Salisb. have been transferred to Dracaena [3]. DNA analysis showed that Dracaena clade includes
genus Pleomele Salisbury. Brown [38] separated it based on differences in the division of perianth
parts and filament thickness but these traits showed as convergent with Sansevieria [33]. Species of
Pleomele are intermixed into Dracaena clade so based on taxonomic view should be renamed as Dracaena
because of the priority of the Dracaena genus name Vandelli ex Linnaeus (1767) in comparison with
Pleomele Salisbury (1796). Molecular studies point out that the species of Sansevieria create a clade
within Dracaena [33]. By other scientists, Sansevieria is still treated as a separate genus [38—41] due to
its different morphological, palynological, and carpological characters. Although morphologically
Sansevieria members are easily recognizable, all of the tested members form a monophyletic clade
sitting deeply in Dracaena phylogram [33,42]. Hawaian species of the genus Pleomele, unique in their
morphology and pollination patterns, are now separated as a genus Chrysodracon (Jankalski) P.-L. Lu &
Morden [33]. They form a monophyletic clade at a base of the Dracaena, and they are regarded as a
sister group to all other dracenoids [33]. Further molecular and morphological studies on infrageneric
division are certainly needed.

There is some confusion as to the identification and relationships among Dracaena species in
Arabia. Three sub-species of D. serrulata have been described [17], but without a systematic comparison
among populations, and even, in fact, suggesting some sub-species have a similar habit to D. ombet.
Detailed and systematic studies of morphological characters and population level molecular studies
are required to resolve these issues.

As Dracaena draco was the type species for the genus name, we can for now conclude that the
genus name Dracaena is proper for the dragon trees, as enumerated in this paper.

2.2. Evolution of Arborescent Dracaenas

The dragon tree group of Dracaena does not form a monophyletic clade within Dracaena in any
molecular studies, despite morphological analyses [33]. This suggests that differences in arborescent
Dracaena habit are homoplasious, so arborescence could have independently arisen during evolution of
Dracaena genus repeatedly [33]. Dracaena cinnabari appears to be evolutionary the most basal member
of the dragon tree group. The more recent clade is a group of Macaronesian species (D. draco and
D. tamaranae) and the last group are members from East Africa and the Arabian Peninsula (D. ombet
subsp. ombet, D. ombet subsp. schizantha, and D. serrulata). Based on morphological similarities [43,44]
as well as DNA analyses (our unpublished data), D. ombet subsp. schizantha display some similarities
not only with D. ombet subsp. ombet, but also with D. cinnabari. These facts in combination with
geographical area of occurrence of these three taxa presumably demonstrate to horizontal gene flow
between D. ombet and D. cinnabari during D. ombet subsp. schizantha speciation. However, it must be
noted that molecular studies disagree in the resolution and placement of many dragon tree taxa, and
that differences in clade composition occur, depending on the markers and analyses employed, and the
species sampling might also affect some results.
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The fossil record of Dracaena is rather poor. Two genera, Dracaenophyllum Massalongo and Dracaenites
Saporta, are regarded as close relatives of contemporary members of the genus Dracaena [13,45]. Some
fossils are described as belonging to Dracaena itself: D. saportae Van Campo & Sivak, D. guinetii Van
Campo & Sivak, and D. taifunii Denk et al. [13]. They were described from the Tertiary based on
bark and leaf imprints or palynomorphs from the Canary Islands, Italy, France, Bohemia, Tunisia and
Turkey [13,45]. These fossils create a basis for further phylogenetic studies, when our knowledge of
micromorphological characters will be sufficient for comparison with contemporary species.

The trnL-F region (trnL intron and trnL-trnF intergenic spacer) and rps16 intron, and the low-copy
nuclear region At103 dragon trees were also compared in the phylogenetic studies of Sansevieria while
using chloroplast sequences and nucleotide sequences of two non-coding plastid DNA regions [42,46].
In the analysed genomes of the following species were included: D. draco, D. ellenbeckiana, D. jayniana, D.
kaweesakii, and D. multiflora. Their subclade resolved as the earliest diverging lineage in nDNA analyses,
but also contained Chrysodracon konaensis from Hawaii. In this case, a deeply nested position within
the phylogeny presented means that the recognition of Chrysodracon would again render Dracaena
paraphyletic [42].

The analysis of six Asian species of Dracaena based on the chloroplast genomes has revealed that
their structure and composition are highly similar. It has been suggested that the chloroplast genome
can be used as a barcode for this genus, although sampling was low and specific details of the distinction
between taxa was not given, as well as an absence of formal barcoding analyses to demonstrate a
reliable differentiation between species. This study has also revealed a close relationship betwen D.
cambodiana and D. cochinchinensis, which form a separate clade in the Dracaena taxa studied [47].

A complete plastome was elaborated for D. cambodiana [48]. This species was also studied
as to its haplotypes diversification based on nucleotide sequence data of two chloroplast DNA
(cpDNA: atpB-rbcL and trnD-trnT) regions and genotype data of six nuclear microsatellites from
15 populations [49].

The dragon trees produce flowers with divided tepals, and filaments of stamens centrally thickened,
which distinguishes them from other closely related species of Dracaena and Sansevieria that produce
an elongated flower tube [38]. The pollen grains of plants from the dragon tree group were studied for:
D. cambodiana, D. draco, D. ellenbeckiana, D. multiflora, D. ombet subsp. ombet, D. ombet subsp. schizantha,
and D. serrulata [44].

2.3. Geographical Distribution

The dragon tree group members are restricted to West and East Africa, Arabia and adjacent islands.
Two species are found in Macaronesia and NW Africa: D. draco and D. tamaranae; the rest of the species
are found in East Africa, Arabia and Soqotra (Figure 1).

D. draco with its three subspecies is distributed in Macaronesia and African Anti-Atlas. The
subspecies D. draco subsp. ajgal grows in western part of Anti-Atlas, where thousands of individuals
were observed between Jebel Imzi (1540 m a.s.l.) and Adad Medni (1395 m a.s.l.) peaks—NE of Anezi
and E of Tiznit, around the gorges of Assif Oumarhouz stream at an area of circa 500 ha [8]. D. draco
subsp. caboverdeana is native to the Cape Verde Islands, which has, until today, naturally grown on
Santo Antao, Sao Nicolau, and Fogo islands on the windward NE slopes at elevations of 50-1400 m
a.s.l. It is extinct in the wild on Santiago and Sao Vicente islands. It sub-spontaneously grows on
Santiago and Brava and is cultivated on all Cape Verde islands [7,50]. D. draco subsp. draco is native
on Madeira Islands (still on Madeira at elevations 0-200 m a.s.l., but is extinct on Porto Santo island).
On the Canary Islands it still grows naturally on the islands of Tenerife (between 100 and 600 m a.s.1.)
and on the NE part of Gran Canaria Island. The species is extinct in wild on El Hierro, La Gomera,
and La Palma, and also on Azores. Nevertheless, it is cultivated on all Canary Islands, Azores, and
Madeira [51-54].
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Figure 1. Geographic distribution of individual dragon tree species, the points show locality of
occurrence based on published sources cited in this Section 2.3.

D. tamaranae is endemic to Gran Canaria Island, where it grows in a limited area in the south-east
part at elevations of 340 and 1270 m asl. [4,16].

D. cinnabari forms the densest forest and woodland populations on Soqotra Island (Yemen).
Isolated populations of D. ombet and D. serrulata are found in mountainous areas of Egypt, Sudan,
Eritrea, Ethiopia, Djibouti, Somalia, Saudi Arabia, mainland Yemen, and Oman.

On Soqotra, the forests of D. cinnabari trees are found on the Firmihin plateau, while open
woodlands cover large part of limestone plateaux from 450 m a.s.l. on Diksam, Shibehon, Hamadero,
Kilim, Sirhin, etc., and admixed with other trees are found in Haggeher mountains up to 1500 m
a.s.l. [55,56].

Arabian species of D. serrulata grows in southern Arabia (SW Yemen, southern and SE Oman, and
southern Saudi Arabia). It has a scattered distribution along the southwestern edge of the Arabian
Peninsula, mainly in the hills of southern Medina and the El Asir mountains in Saudi Arabia; in the
foothills of the highlands of Yemen, and on northern slopes of Dhofar in Oman [4,17,57,58].

D. ombet is native to Egypt, Sudan, Eritrea, Djibouti, Ethiopia, Somalia, and possibly Saudi Arabia,
being distributed in the mountain range facing the Red Sea [4,59,60]. Currently, it is divided into two
subspecies as former individual species D. schizantha has been included into D. ombet as a subspecies [3].
D. ombet subsp. ombet naturally occurs in mountainous regions along the African hills that face the
Red Sea. It is found in Gebel Elba and Gebel Shindeeb in SE Egypt, escarpments of the Eritrean
mountains; it still grows in Mount Erkowit in Sudan, and its presence has also been confirmed in Saudi
Arabia [59-63]. D. ombet subsp. schizantha is found in north-facing escarpments of Harar in Ethiopia,
in Goda Mountain and Ghoubbe mountains of Djibouti and in the mountains of northern Somalia to
the Ahl Mountains, where it almost reaches the Horn of Africa [61,64,65].

Asian group members contain five arborescent species. D. cambodiana is native in S and W of
Hainan island, in Guangxi and Yunnan provinces (all in southern China), in Thailand, Laos, Cambodia,
Vietnam, and E India [49,66,67]. D. cochinchinensis grows in Yunnan and Guangxi provinces in China,
in Vietnam, and Laos [68,69]. D. jayniana is endemic to central and NE Thailand [9]. D. kaweesakii
is native in N, NE, and central Thailand and adjacent eastern Myanmar [10]. D. yuccifolia grows in
Ratchaburi in Thailand to Langkawi in Malaysia [10].
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3. Morphology and Anatomy

3.1. Dracaena Habitus/Shape and its Modifications by Environmental Factors

Dragon trees possess a tree-like form with an umbrella-like appearance in the mature individual.
Its canopy consists of several orders of branches that are topped with a long-lived rosette of leaves [70].
Leaves within the rosettes can be flexible (e.g., D. draco) or rigid (e.g., D. cinnabari), while their length
varies according to the species, site condition, and tree ontogeny [4]. Little is known regarding the
morphology of the root system of the dragon trees, as it is not easily obtained for study. The roots
of Dracaena species are adventitious in origin and they are unique among monocots as they undergo
secondary growth [71,72]. Hubalkova et al. [73] noted that the successive growth of D. cinnabari trees
is accompanied by the development of horizontal roots, which run far beyond the vertical projection
of the crown. As most of the horizontal roots are found within the upper 30 cm, they are potentially
prone to injury by overheating and dehydration [74].

The key factor determining the height of the trunk and the shape of the Dracaena crown is
sunlight [75,76]. The regular umbrella-like crown is formed in full sunlight, but asymmetrical crown
develops under the condition of unidirectional, oblique sunlight [70,76]. Moreover, the branching
of the dragon tree is correlated with flowering [76], but it could also be initiated by the decapitation
of the main stem [77,78]. In some Dracaena species, the regular growth form might also be modified
by the development of aerial roots [74] (Figure 2a). The function of aerial roots in D. draco is not
clear. It is supposed that they absorb water from the atmosphere and are initiated in response to
water stress or damage [74,79,80]. Aerial roots were observed in some individuals of D. cinnabari [81],
D. draco [79,82] (Figure 2a), and D. ellenbeckiana (Jura-Morawiec unpubl.), although information
regarding the occurrence of aerial roots in other Dracaena species is missing.

Figure 2. Aerial roots and dragon’s blood of a dragon tree. (a) D. draco, aerial roots arising from

the stem with growing tips (arrows). (b) D. draco, wound of stem with a tear-like drop of dragon’s
blood (asterisk). The rest of the wound is covered with resin that can be removed in a form of chips.
(c) D. cinnabari, ancient wounds tapping until now.

3.2. Leaf Micromorphology and Anatomy—From Mesomorphic to Xeromorphic Leaves

The available information does show quite high variability in Dracaena leaf structure, which
reflects wide distribution of different Dracaena species across many habitats from the wet to dry
forests of the Old World tropics to the semi-desertic habitats of the Mediterranean [83]. The leaf
microstructure of Dracaena species ranges from mesomorphic to xeromorphic. Mesomorphic traits
are the slightly bulging stomata, or stomata that are located at the level of other epidermal cells (e.g.,
D. draco, D. kaweesakii) [43,84] (Figure 3d), although slightly sunken stomata could also be observed
(e.g., D. jayniana) [43]. Such stomata are more or less distributed in rows (D. draco, D. tamaranae,
D. jayniana) [43,84], but the entirely scattered stomata were also observed (D. kaweesakii) [43]. The
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cuticle of more mesomorphic species is thinner, ranging approx. from 1 to 13 pm and fiber bundles
are mostly hypodermal [43,84,85] (Figure 3b). The drought resistance of these species could also be
very high, despite the more mesomorphic appearance, as a recent study on young transplants of
mesophytic D. marginata confirmed [86]. The xeromorphic species have more deeply sunken stomata
(D. ombet, D. serrulata, and D. cinnabari) (Figure 3c), which are distributed irregularly or parallel to the
leaf axis regularly over the entire area [13,43,84]. Sunken stomata are mostly surrounded by cuticular
thickenings forming a rim, which appears square, oval, or rectangular in outline [43]. The epicuticular
waxes are thicker, ranging from approx. 14 to 22 pm [43,84]. The fiber bundles are located in mesophyll
and are presented more frequently, which provides higher rigidity to the leaves [43,84]. In general, and
independently to habitats, the types of stomata are mostly tetracytic (e.g., D. cinnabari; D. jayniana), but
anomocytic stomata have been also observed (e.g., D. draco; D. kaweesakii) [43,87]. Dracaena leaves are
mostly amphistomatic with stomata on both leaf sides [43,84] (Figure 3a,b), but hypostomatic leaves
with stomata on only the adaxial side were also observed (e.g., D. ellenbeckiana) [87]. The stomatal
density varies along the leaf axis as well as between midrib and leaf margins [84,86] and, in general,
the stomatal density increases towards the more xeromorphic appearance (approx. 30-90 stoma per
mm?) [84,86]. Higher stomatal density was mostly observed on the abaxial leaf side [87]. The cuticle
on the adaxial epidermis is usually thicker than on the abaxial one [43] and its quite smooth, though
papillae structures, which were also observed in D. ombet and D. cinnabari and irregular cuticular
thickening were visible in D. draco [43]. All of the Dracaena species have no trichomes on leaf lamina [43],
but several species have more or less serrulate margins (D. ombet, D. serrulata, and D. cinnabari) or
even short thick trichomes (D. jayniana) [43]. The amphistomatic leaf structure of Dracaena species has
an isobilateral arrangement of tissues with outer chlorenchyma and a central region with colorless
water-storage cells, scattered chlorophyll cells, and vascular bundles [43] (Figure 3a,b). Vascular
bundles are collateral and they are surrounded by a well-developed sclerenchymatous sheath [43,84]
(Figure 3a,b). Calcium oxalate crystals in the form of raphides are quite abundant in leaves [43,86].

3.3. Secondary Growth in Stem and Roots

The representatives of the genus Dracaena belong to a small group of monocots that are characterized
by secondary growth in aboveground organs [72,88-90]. Interestingly, Dracaena species have also
evolved secondary thickening in their adventitious roots, representing a unique developmental feature
across all monocots [72,91]. In both organs, secondary growth is associated with the development of
(a) secondary protective tissue, called storied cork, and, (b) secondary vascular tissue that is produced
by monocot cambium [72,90] (Figure 3e,g). The development of storied cork is initiated by repeated
divisions of meristematic cells situated at the margin of cortex [91,92]. These meristematic cells
can hardly be distinguished from the surrounding cortical cells, as they do not form a continuous
layer [92]. Its derivatives differentiate as cork cells that are arranged in rows/tiers, more or less regular
on the cross-sections.

In contrast to the storied cork, the development of the secondary vascular tissue is a more complex
process. The monocot cambium forms a continuous ring of meristematic cells that produce derivative
cells mostly centripetally, where they differentiate into the cells forming vascular bundles and the
surrounding ground tissue (Figure 3g), while the few cells that are produced in the opposite direction
differentiate into cortex cells. The secondary vascular bundles that are developed in Dracaena stems
are amphivasal (the central phloem part surrounded by thick-walled tracheids), and can be thus
easily distinguished from collateral primary vascular bundles [72] (Figure 3f,g). The two modes of
amphivasal bundles formation identified depended on the rate of the monocot cambium activity [93].
These bundles frequently anastomosed with other axial strands, including primary vascular bundles,
thereby improving the integration of the stem vasculature [91,94,95].
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Figure 3. Anatomical details of the leaf and stem of a dragon tree. (a) D. cinnabari, leaf cross-section;
(b) D. draco, leaf cross-section; (c) D. cinnabari, sunken stomata; (d) D. draco, bulging stomata; (e) D. draco,
detail of storied cork; (f) D. draco, cross-section of secondary tissues with visible amphivasal vascular
bundles surrounded with the ground tissue; thick-walled tracheids are marked with blue (g) D. cinnabari,
stem cross-section with secondary growth. Abbreviations: AB—abaxial epidermis; AD—adaxial
epidermis; AVB—amphivasal vascular bundle; C—cuticle; CHL—chlorenchyma; CM—central
mesophyll; COR—cortex; CVB—collateral vascular bundle; FB—fibre bundle; G—ground tissue;
GC—guard cells; HFB—hypodermal fibre bundle; MC—monocot cambium; SC—storied cork. Scale
bars: (a,b) 500 um; (c,d) 30 pum; (e,f) 100 pm and (g) 200 um.

During the differentiation of a secondary vascular bundle, tracheids undergo intrusive growth,
resulting in up to 40x greater length as compared to the vascular bundle mother cells [71,95-97]. The
intensive elongation of tracheids in the matrix of surrounding cells affects their shape, dimensions,
and mutual contact. Therefore, the individual tracheids are far from being perfectly spindle-shaped,
like tracheids in conifers, but they become frequently twisted or interwoven with other tracheids and
they contain numerous protrusions along their length [95]. The physical proximity of tracheids in
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combination with positional changes within the bundle promotes a high frequency of lateral contact
among neighboring tracheids [95]. Nevertheless, these tracheids are rarely connected by their tapering
ends, but the end of one tracheid usually overlaps the body of the neighboring one [95]. The adjacent
tracheids are interconnected by scalariform or circular bordered pits with slit-like apertures and
homogeneous pit membranes [72,95]. The fully differentiated tracheids are relatively wide and long,
typically being up to 45 pm in diameter and 5 mm in length, as observed in e.g., D. draco [73,95]. The
complexity of the tracheid network, which functions both in transport and mechanical support, seems
to have a major impact on the tree-like growth habit of the dragon tree group.

The phloem part of the vascular bundle consists of thin-walled sieve elements and companion
cells, which are substantially narrower, shorter, and less numerous than tracheids. No more than six
sieve elements have been observed in a typical secondary vascular bundle [98]. The length of these
cells usually reflects the length of the cambial initials. The phloem part is not completely isolated from
the secondary ground parenchyma by tracheids, but each secondary bundle typically contains sector/s,
where the ring of tracheids is interrupted by vascular parenchyma cells [99]. It was proposed that
such a structure of amphivasal vascular bundle facilitates the radial transport of assimilates and other
compounds between phloem and ground parenchyma [99].

The ground parenchyma tissue represents the major component of the stem (Figure 3f,g). For
example, in the stems of D. cinnabari, the ground parenchyma occupied 77% of total cross-sectional
area [73]. Surprisingly, the functional significance of the ground tissue in dragon trees is relatively
poorly understood. There are no special secondary radial tissues providing radial symplastic transport
as ray parenchyma in coniferous or dicotyledonous trees in arborescent monocots with secondary
growth [100,101]. However, the parenchyma cells in the secondary ground tissue are produced in
regular radial files (in contrast to the primary ground tissue that shows no such pattern) [72] and
those ground parenchyma cells are typically densely interconnected by simple pits that are present
in their cell walls [86]. Therefore, it can be anticipated that the ground parenchyma might serve
as an extra-fascicular symplastic transport pathway [84,99]. With respect to the great proportions
of the ground parenchyma in stems, this tissue apparently represents the main reservoir of soluble
carbohydrates and water, and it can be considered as one of the important adaptive traits underlying
the ability of some Dracaena species (e.g., D. draco) to survive long-term drought episodes [86,99].
Furthermore, the cell walls of ontogenetically older ground parenchyma (typically parenchyma cells
surrounding vascular bundles) become more lignified, which might strengthen integrity of vascular
bundles and further improve the mechanical stability of the stem [99].

In Dracaena roots, the secondary growth typically starts in ontogenetically older root regions with
well-developed primary tissues and lignified endodermis [98]. The monocot cambium in roots typically
produces secondary tissues between endodermis and the primary cortex [71,91]. The proportions
of vascular bundles and ground parenchyma in roots appear to be similar to stems [73]. However,
in contrast to vesselless stems, the primary xylem in roots is composed of wide vessels, while the
secondary vascular bundles only contain tracheids [72]. The tracheids that are present in secondary
vascular bundles are wide in diameter, which might help to compensate their higher flow resistance as
compared to vessels [72]. No direct connection exists between vessels in primary vascular bundles
in roots and tracheids in stems since the stems in dragon trees do not contain vessels. Therefore,
synchronized production of secondary vascular bundles containing wide tracheids in roots and
stems appears to be a reasonable mechanism, allowing for the connection of both organs and the
maximization of the total transport capacity [72]. Similar to soil roots, aerial roots, which proliferate
from aboveground organs of dragon trees, are also capable of secondary growth [74]. Although we
do not know much about the anatomy or functional significance of these structures, it appears that
the structure of secondary vascular bundles in the aerial roots of D. draco resembles the structure of
secondary bundles in stems [74].
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3.4. Dracaena Resin Secretion

Dragon trees produce red resin named dragon’s blood. It is secreted in response to external stimuli,
i.e, after stem, branch, or leaf wounding caused by both biotic and/or abiotic stress factors, like insect
infestation or mechanical damage. Red resin production and accumulation can be also stimulated
by fungal inoculation e.g., Fusarium proliferatum, F. oxysporum in stem of D. cochinchinensis [68,102],
Gibberella sp., Septoria sp. in stem of D. cambodiana [103], and Colletotrichum gloeosporioide in the leaves of
D. cochinchinensis [104]. The resin can also be induced chemically [105]. Dragon’s blood does not appear
directly after the wound, the process of its formation takes time [106]. Eventually, the resin might be in
the form of tear-like drops or chips [107] (Figure 2b,c). It coats the place of injury, protecting the plant
from the spread of pathogens through the wound, thus it is a dragon tree defense mechanism [108,109].

No special secretory structures for dragon’s blood production and secretion have been identified
in wounded and inoculated stems of dragon trees [103,106]. However, data on the anatomical origin of
red resin in the stem of dragon tree are not consistent. Gonzalez et al. [110] indicated the bark, while
Cui et al. [103] and Wang et al. [68] the xylem. In turn, Jura-Morawiec and Tulik [106] emphasized that
resin secretion is possible by living cells only, and indicated the ground parenchyma of both primary
and secondary origin, and the cells of cortex containing polyphenolic-like inclusions as resin sources.
Wang et al. [68] mentioned plant age and keeping the wound moist with regard to the factors that may
be relevant to the secretion of dragon’s blood.

4. Ontogenetic Cycle and Its Lifespan

Generally, the ontogenetic cycle of woody plants consists of two phases: vegetative, when the tree
is not yet blooming, and generative, when the tree is capable of reproduction by seeds. Both phases
can be divided into several stages. Some progress has been made in identifying particular ontogenetic
stages only within D. cinnabari and D. draco. Habrova and Madéra [111] divided the ontogeny of
D. cinnabari into three main stages. In the first, the plant creates no trunk, just a single rosette with
increasing numbers of elongating leaves. After a number of years depending on site conditions, the
plant develops a stem with a single rosette at the top. In the last stage, the crown branches after first
flowering and gradually forms the distinctive, umbrella-shaped crown of the adult tree.

Attorre et al. [18] used more details to divide the third stage in two, being represented by a plant
with more than one rosette, as well as a crown of diameter less than 2.5 m, and in the next (fourth)
stage the plant has a crown larger than 2.5 m.

The first two stages belong to the vegetative phase. Starting with the first flowering events the
dichotomously branching crown is created [112]. Consequently, the stages with more than one leaf
rosette belong to the generative phase [113] (see Figure 4a-h).

Madeéra et al., [113] distinguished the following juvenile stages of D. cinnabari vegetative phase
(Table 1, Figure 4a-d):
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Table 1. Description of juvenile stages of D. cinnabari (according to Madéra et al., [113]).

Stage Description

This stage is characterized by height increase being realized through leaf
Seedling elongation. The completion of leaf elongation defines the end of this stage. In
natural condition this stage lasts minimally five years, probably more.

The number of leaves increases, and height growth is realized by addition of new
leaves to the rosette. The appearance of stem formation defines the end of this
stage. this stage typically lasts 5 to 10 years, but can be as short as 3 years and as
long as 15 years
The onset of this stage is defined by the first appearance of the stem, and height
increase is realized by stem growth. The end of this stage is defined when the stem
height reaches 1.3 m. The stem diameter strongly depends on the number of leaves,
thus the future stem diameter of adult trees is determined by the vitality of the
plant in the early and medium juvenile stages. The end of this stage occurs when
the tree is about 100 years.

The stem height is more than 1.3 m and its end is defined by the onset of first
flowering. This stage lasts between 100 and 150 or more years.

Early juvenile stage

Medium juvenile stage

Late juvenile stage

@®

Figure 4. The vegetative phase (upper line of pictures) consists of seedling (a), early juvenile (b),
medium juvenile (c) and late juvenile (d) stages. The generative phase (lower line of pictures) consists
of early adult (e), fully adult (f), senescence (g) and senility (h) stages.

Hubalkova et al. [114] described the first two years of D. cinnabari plants’ growth in greenhouse
conditions, with average seedling height of 24.9 cm and leaf number 8-16 at the end of this period.
The average annual plant height increment of D. cinnabari planted in situ without irrigation in the early
juvenile stage was only 2.65 cm [113]. This growth parameter data showed that D. cinnabari is a very
slowly growing tree species.

Probably, D. draco is a faster growing species, as Krawczyszyn and Krawczyszyn [76] documented
irrigated and fertilized 19-year-old plants in the garden of Hoppers Crossing (Australia), reaching
a mean annual height increment of 26 cm. Additionally, irrigation 3.43 times accelerated the mean
annual plant height increment of eight years old seedlings of D. cinnabari planted in situ (from 2.65 to
9.1 cm/yr) [113]. Adolt and Pavli$ [14] estimated the mean stem height annual increment of D. cinnabari
in medium and late juvenile stages of trees cultivated in home gardens on Soqotra at 10 cm per year.
Bystrom [79] mentioned the height and age of five specimens of D. draco subsp. caboverdeana (11 m in
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80 years and 7 m in 57 years), which means that the mean annual height increment was 12.3-13.8 cm.
Mature dragon trees reach a height up to 20 m (Table 2).

Table 2. Height of the individual species of the dragon trees.

Species Height [m]
Dracaena draco subsp. ajgal 20 [4]
Dracaena draco subsp. draco 12 [4],21[115],22[116]
Dracaena draco subsp. caboverdeana 8[7]
Dracaena tamaranae 10 [4]
Dracaena cinnabari 10 [4], 12 [111]
Dracaena ombet subsp. schizantha 9 [4]
Dracaena ombet subsp. ombet 8 [4]
Dracaena serrulata 8 [4]
Dracaena americana 10-12 (18) [12]
Dracaena jayniana 5-8[9]
Dracaena kaweesakii 3-6 (12) [10]
Dracaena cambodiana 3-4 (10) [11]

Regarding radial increment, only data from repeated measurements of a few individual trees
of D. draco were published [115-117]. The annual increment in stem diameter varied from 0.2 to
1.13 cm for large, old trees [116,117]. Symon [115] mentioned that the annual increment in stem
diameter of younger specimens planted in Australia (1645 years old) varied from 1.15 to 2.0 cm.
Bystrom [79] published data from Brava Island (Cape Verde Islands) for five specimens of D. draco
subsp. caboverdeana 57 and 80 years old, with an annual increment in stem diameter of 1.05-1.25
cm. Repeated measurement of the radial stem increment can bring many mistakes, one of the most
important seems to be a massive growth of the aerial roots of D. draco described by Krawczyszyn and
Krawczyszyn [74], which can substantially enlarge the size of stem.

Knowledge regarding the age of dragon trees is very important for conservation management
of what are mostly endangered species [14]. First age estimations were published for D. draco by
Humboldt [118], Christ [119], and Schenck [120]. These authors all overestimated the age of a huge
tree with 15 m stem girth from Orotava (Tenerife) by several thousand years. The first person to use the
relationship between the duration of flowering period and characteristic branching for age estimation
of D. draco, was Ptitter [117]. He concluded that none of the living specimens were older than 300
years, except the tree from Orotava, which was estimated to be 575 years old. The duration of the
flowering period, according to Piitter [117], varied from 14.2 to 23.3 years. Médgdefrau [116] obtained
similar results by repeated measurements of the same trees as Piitter, comparing not only the number
of flowering periods with a duration ranging from 11 to 17 years, but also the radial increment of the
stem. The oldest tree in Icod (Tenerife) was 365 years. Similarly, Symon [115] compared the increment
of cultivated specimens of D. draco in Australia and the precise date of its planting, estimating the
duration of the flowering period to be between nine to 14 years. Zheng et al. [11] inferred from
stem diameter, which ranged from 50 to 120 cm, that the individuals of D. cambodiana are several
hundred years old. All these observations were only done for a few of the mostly largest trees. The
low number of measured trees and unbalanced representation of different age classes does not allow
for any statistical analysis or modelling.

More recently, Adolt and Pavlis [14] published a method of crown age estimation of D. cinnabari
that Adolt et al. improved upon later [112]. This approach was based on the linear relationship
between duration of flowering period and number of branch sections [14] with each branch section
corresponding to one flowering period. The mean duration of the flowering period of an individual
crown apex of 18.7 years (min. 13.7 and max. 29.6) was counted according to the percentage of leaf
rosettes with inflorescence from all the circumferential leaf rosettes of the crown. Adolt et al. [112]
published an improved method of crown age estimation while using logistic regression. The time
between flowering events decreased from 28 years between the first and second event to 10 years
between the 25th and 26th event in highland localities (700 m a.s.l.) and differs substantially in montane
localities (1450 m a.s.l.), where the flowering interval has a constant value of 6.5 years. The average age
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of a crown with 30 branch orders of D. cinnabari tree is, according to the highland model, 500 years, as
compared to the mountain model of 193 years. This method cannot be used for the age estimation of
juvenile trees that are not yet blooming.

The duration of juvenile stages that were published by Madéra et al. [113] for D. cinnabari can
last in natural conditions more than one or two hundred years (Table 1). The vegetative phase of 15
irrigated and fertilized D. draco trees planted in a garden (Hoppers Crossing, Australia) lasts between
nin and 19 years, a similar time span to the 9-11 years mentioned by Symon [115], and at least ten
times shorter than was estimated for D. cinnabari [113], according to results published by Krawczyszyn
and Krawczyszyn [76]. The age of first flowering was estimated for a few trees of D. draco growing on
Canary Islands as 25-80 years by Méagdefrau [116] and for D. draco subsp. caboverdeana as 10-25 years
by Bystrom [79].

5. Water Relations

In this section, we give an overview of water relation studies on D. cinnabari and D. draco, two
famous representatives of the dragon tree group. The research was based on analyses of sap flow
response of in-situ measured adult trees to wide-scale variations in environmental conditions and to
several treatments of young plants growing ex-situ. The same sap flow method, namely the Heat Field
Deformation (HFD) method [121-123] was used, enabling the exploration of radial sap flow variations,
high time resolution, and bidirectional flow rates.

Both species demonstrate low sap flow rates that agree with expected values, as Dracaena species
have only tracheids in the stems and leaves [72]. The succulent characteristics, high leaf mass per area,
thick cuticles, and the narrowness of the leaves (although at different scales) that were observed in
both species [84] indicate their high resistance to high transpiration rates. However, transpiration
might substantially and abruptly increase after dry soil watering, as was confirmed by gravimetrical
measurements of the irrigated potted Dracaena species (unpublished data). The huge internal storage
of succulent woody organs is responsible for a time lag that might exist between actual transpiration
and sap flow. Sap flow thus reflects rates of internal storage use and refilling, both of which are
dependent on current and previous transpiration rates—driven by atmosphere and soil moisture. For
example, sap flow might sharply increase, even at night under low evaporative demands when the dry
soil has been watered (unpublished data) or after intensive rain events following drought [124]. In
this case, high night sap flow rates reflect the fast refilling of internal storage desiccated by drought,
and do not designate high transpiration. For adult trees, the position of the sensor installation is
crucial, as it manipulates the percentage of internal storage included in transpiration, which is first
used presumably from internal reserves [124].

The similarity of overall tree architecture and crown type of both Dracaena species might contribute
to the ability of these plants to route water intercepted by leaves through leaf axils to the succulent
woody organs for storage and further use. This ability of D. draco and D. cinnabari was demonstrated by
watering the leaf axils of young plants under different edaphic and climatic conditions in greenhouse
experiments [125].

Partial stem incision treatment, was conducted on young plants of both Dracaena species in order
to understand the influence of stem wounding often observed in Dracaena species in-situ due to the
harvesting of the famous resin [126]. This experiment demonstrated the capability of Dracaena species
to bypass axial water flow by lateral transport in case of stem wounding [127]. The ability of arborescent
monocots to conduct water in any direction through an extremely complex three-dimensional network
of vascular bundles connected to each other and to the cells of ground tissues was also found in adult
D. draco [126,128] and D. cinnabari [126].

Negative sap flow at night was consistently recorded in young Dracaena species, even in the
conditions of wet soil and zero vapour pressure deficit (VPD) [84]. Daily sap flow was identical in
all stem radial layers of a young D. draco plant, whereas it was slightly higher in the inner stem part
of D. cinnabari plant [84]. Radial sap flow variability of adult trees is extremely complicated and it
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significantly depends on internal storage availability, its usage during the daily circle, and the level of
drought stress [126-128]. It is possible to determine the efficiency of different stem parts in the water
transport of these arborescent monocots while using the ability of the multi-point HFD sensor to follow
the radial changes of flow rates.

Although the majority of functional traits were similar for both Dracaena species, a certain
difference in water relations was also found—based on species adaptation to different environments—in
arid-tropical (for D. cinnabari) and subtropical (Mediterranean) (for D. draco) climatological zones. A
comparable ex-situ study on young D. cinnabari and D. draco plants demonstrates that an adaptive
evolution due to contrasting environments in their habitats on two geographical boundaries of North
Africa has resulted in a different anatomical leaf structure of both the more remote Dracaena species
(see Section 3.2.). The anatomical peculiarities of the leaves in both species are reflected in differences
in their functional traits. It was found that a different daily relationship emerged between the VPD
and sap flow in Dracaena species, with a clockwise or lack of a hysteresis loop for D. draco and a
counter-clockwise hysteresis loop for D. cinnabari [84]. The more xeric morpho-anatomical structure
of D. cinnabari leaves with their thicker level of wax and deeply sunken stomata [4,84,87] evidently
requires higher driving forces to start transpiration, and it provides a better water-saving strategy with
a shorter daily transpiration cycle in comparison with D. draco plants.

According to the sap flow records in all of the sample plants, Dracaena species do not develop
facultative Crassulacean Acid Metabolism (CAM) photosynthesis, as was reported by Brown and
Mies [23] for D. cinnabari that were exposed to increasing levels of drought conditions. Clear circadian
rhythms with higher daily sap flow rates typical for C3 plants were recorded in the stems of all
measured Dracaena species. However, bearing in mind the preliminary nature of our study, related,
in part, to the limited number of analyzed specimens, specially oriented research will have to be
undertaken in the future to confirm the findings of Brown and Mies [23] as regards CAM in D. cinnabari.
This also applies to other physiological studies, e.g., photosynthesis, metabolism, nitrogen assimilation,
mineral nutrition, etc. has been poorly learned to date. Carlquist [72] remarked that the lack of
studies on monocot functionality is probably due to the lack of commercial importance of arborescent
monocots and their remoteness from major academic institutions. In this section, we have shown a
certain progress in water relation studies of Dracaena species. The other basic physiological studies still
wait for future intensive research.

6. Dracaena Resin and Ethnobotanical Use of Dragon Trees

6.1. Chemical Diversity of Dracaena Resins

Dragon’s blood is the name given to a deep red exudate obtained from different species of five
distinct plant genera: Croton, Dracaena, Daemonorops, Pterocarpus, and Calamus [69,107,129]. However,
the original source of dragon’s blood is supposed to be D. cinnabari from the Indian Ocean island of
Soqotra [130]. It is classified as a resin or latex, depending on its manner of secretion and its chemical
composition, and these are species specific [109,131]. From ancient times it was highly valued by many
cultures for its traditional medicinal properties [132,133]. Due to the belief that it is blood from a dragon,
it was used also in magic rituals and alchemy [134]. The chemical composition of resin in Dracaena
species is very complex. Numerous phytochemical studies of resins from the Dracaena species resulted
in the isolation and subsequent identification of sterols [135-138], steroidal saponins [110,138-141],
lignans [138], and terpenoids [131,135,142-144], flavonoids (recently reviewed by Sun et al. [129],
bioflavonoids [145,146], carotenoids [109,138], and aromatic compounds [107,147-151].

6.2. Bioactive Properties of Dracaena Resins

Dragon’s blood was used for its antiseptic properties from ancient times and the resins are still
a natural remedy in some cultures today [130]. Polyphenols are bioactive components of Dracaena
resins and they are responsible for broad pharmacological activities, such as hemostatic, antidiarrheic,
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antiulcer [152], antimicrobial [153], antiviral [154], antitumor and cytostatic [155], anti-inflammatory
and analgesic [156], antioxidative [157], hypolipidemic, and hypoglycemic [107,129] (reviewed by
Gupta et al. [107] and Sun et al. [129]). Furthermore, modern pharmacological evaluations revealed
the bi-directional regulatory effects of the polyphenolic extracts of Dracaena resin on hemorheology
and cardiovascular [158] and cerebrovascular systems (reviewed by Sun et al. [129]).

6.3. Historical Records of Dracaena Resins

The historical text of Pliny the Elder’s Historia Naturalis (c. first century AD) goes to great
lengths to explain the perpetual war between elephants and dragons and how dragon’s blood could be
collected from the place where these two beasts fought and died together [159]. However, the first
reference to the actual origins of dragon’s blood comes from the Periplus Maris Erythraei (mid-first
century BC), which mentions that Arab, Indian, and Greek settlers were sailing to Soqotra to trade in
tortoise shell, aloes, and Indian cinnabar [160]. According to Pliny et al. [159], cinnabar is the name
given to dragon’s blood by the Indians. Presumably the term Indian cinnabar, used to describe the
dragon’s blood resin from Soqotra, was due to it having been mostly distributed by Indian merchants
or on Indian ships. This would certainly seem to be corroborated by the epigraphic evidence in Hoq
cave on Soqotra, in which the text and symbols of Indian merchants and sailors are, by far, the most
numerous [161]. Unfortunately, the historical texts do not provide any certainly as to the quantities of
dragon’s blood resin that were being traded, yet it appears that it was in high demand by apothecaries,
alchemists, and painters. A Fourier-transform Raman Spectroscopic study of dragon’s blood resins
from a number of geographical locations found that the original source of this resin in antiquity was
from the D. cinnabari of Soqotra [130]. This would certainly seem to indicate that Soqotra was not only
a primary source of dragon’s blood in antiquity, but that it was being intensively harvested. Whilst the
trade in dragon’s blood resin continued throughout the medieval period, there were an increasing
number of alternatives from different geographical locations, such as the Canary Islands and the
East Indies [130]. Notwithstanding the availability of these alternative sources, the dragon’s blood
resin of Soqotra was still highly sought after and continues to be mentioned in Arabic and Chinese
sources [162-165]. This demand continues into the seventeenth century, with the ships of the East
India Company reportedly having carried out a small trade in aloes and dragon’s blood [166,167]. The
importance of this trade locally is reflected in a nineteenth century account, which mentions that the
Sultan not only controlled much of the trade, but also derived his third highest source of revenue
from dragon’s blood resin, after ghee and aloes [168]. By the twentieth century, however, the trade in
dragon’s blood from Soqotra reportedly collapsed, due to the reduced demand that drove prices down
to such a level that harvesting was no longer profitable [169].

6.4. The Management and Harvesting of Dracaena cinnabari Resin

Whilst the trade in dragon’s blood is likely to have formed an important part of Soqotra’s economy
for several centuries, little is known regarding how it was managed or harvested. Indeed, the first
record of the harvesting of dragon’s blood resin is found in the journals of Lieutenant Wellsted, who
visited the island in the mid nineteenth century. According to his report, dragon’s blood resin exudes
spontaneously from the tree and the Bedouin collects it throughout the year [170]. Several years later,
when Captain Hunter visited the island he noted that, contrary to Wellsted, the Bedouin would incise
and scrape a portion of bark off the dragon’s blood tree, leaving a space that would fill with resin
in 2-3 weeks, and that would be collected in the end of April [168]. Importantly, he also mentions
how the island was divided into lots and leased to the Bedouin tribes. The tracts of land containing
dragon’s blood trees were said to have been divided between the Sultan, who would keep one portion
of land, and the Bedouin, to whom the remainder would be leased [168]. This division of the land is
particularly interesting, in that throughout Soqotra there are a series of walls, the function of which has
been connected by several archaeologists [171-177] with dragon’s blood management and harvesting.
They hypothesize that the walling of the interior is likely to date to a period when Soqotra was a major
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supplier of aloe, incense, and dragon’s blood [176]. Recent investigations [177,178] of wall systems
on Soqotra recognize its multifunctional use, however they do not exclude connection with dragon’s
blood management.

The harvesting (Figure 2c) and processing of dragon’s blood by local inhabitants on Soqotra has
been preserved in its traditional ancient form to this day [27]. There is no similar record in scientific
literature for other species of dragon trees, although we can assume, especially in East Asia, that similar
methods could be used for dragon’s blood harvesting of D. cochinchinensis and D. cambodiana, where is
broadly used in traditional ethnomedicine [11,68,107,129].

6.5. Other Uses of Dracena Species

Dragon trees are famous worldwide for their resin, which has been used from ancient times in
ethno-medicine, cosmetics, as a decorative paint or marker, as a glue and a dye for leather [27,179] (see
Sections 6.1-6.4). On Soqotra, the harvested resin of D. cinnabari is sorted into different grades tha
are used for different purposes, both the high-value fresh droplets and the processed resin-bearing
bark [27].

However, people living where dragon trees grow have used other parts of these plants. Miller
and Morris published the best description of the ethnobotanical use of a dragon tree (D. cinnabari) [27]
(see Cerny et al. [180] for a discussion on Soqotra having been inhabited since 6000 BP).

Leaves, inflorescences, and fruits are used as fodder for livestock in the Arabian Peninsula, Soqotra,
and Africa [17,27,181]. Leaves of D. serrulata in Oman and of D. cinnabari on Soqotra are used to make
cordage [27], and leaves of D. ombet in Ethiopia to weave mats [182]. In the drier areas of Soqotra, there
is a tradition that starving people would collect the red berries of D. cinnabari, boil, and eat them, as
in Ethiopia, where the mature fruits of D. ombet are eaten by very hungry people [22]. In Oman, the
growing buds of D. serrulata and the hearts of rosettes of leaflets were eaten [183].

The hollow trunk of both D. cinnabari on Soqotra and D. serrulata on the mainland opposite were
used to make drums of varying sizes [27]. In Saudi Arabia, Yemen, Oman, and Ethiopia the hollow
trunk is used as a beehive [17,181], and on Soqotra and in Ethiopia, hollowed chunks of a branch are
turned into bowls and containers [27,181]. The branches were cut in half along their length and used
as guttering for the stone houses of the Soqotra mountains [27]. Dracaena flowers are an important
honeybee forage [27]. On Soqotra, dead wood was burned as an insecticide and pieces of shed bark or
the fibrous interior of dead branches were used for firing and colouring pottery [27]. In Ethiopia the
branches and stem of D. ellenbeckiana are the main source for farming tools [182].

The dead wood of Dracaena and the dried fibrous material from inside the trunk can be used as
fuel. Slices of resin-bearing bark from D. cinnabari made a good torch, and the logs were burned at
night for their bright light. Dragon trees were used in construction, and the leaflets of D. cinnabari were
used as roofing material [27].

7. Ecology of Plant Communities with Dragon Trees

Dracaena species belonging to the dragon tree group can be divided into three groups that are
based on the geography and broader environmental conditions: the Macaronesian group (D. draco
and D. tamaranae), the northeast African/Arabian group (D. cinnabari, D. serrulata, D. ombet, and D.
ellenbeckiana), and the southeast Asian group (D. cambodiana, D. cochinchinensis, D. jayniana, D. kaweesakii,
and D. yuccifolia). Although separated geographically, the groups share several characteristics and are
biogeographically related [4,9,43,184].

The species of the Macaronesian group grow on the volcanic islands of Macaronesia and in the
adjacent area of southwest Morocco (see Section 2). The area of Macaronesia encompasses several
Atlantic archipelagos and a part of northwest African mainland [185], and spans over different climate
types [186,187]. Generally, in Macaronesia, temperature increases and precipitation decreases towards
the equator. The broad climate of each site is further modified by local conditions, mainly by orography,
exposition, distance from the sea, and orientation to prevailing northeastern trade winds. Along with
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the differences, the habitats of Macaronesian dragon trees are largely similar in their environment,
biogeography, and plant communities [4,188]. The dragon trees in the area, likewise the species from
the other two groups, prefer sites that are affected by fog formation (but see D. tamaranae). Here, the
umbrella-shaped crowns with their dense leaf-rosettes intercept droplets of water from fog [189], which
then drips and flows down the trees, enriching the soil with moisture.

On Madeira, the wild population of D. draco subsp. draco was mainly found on sea-facing
cliffs and as an element of thermo-sclerophyllous zones between sea-level and 200 m a.s.l. [52] in
the vegetation of the class Rhamno crenulatae-Oleetea cerasiformis [190]. Similarly, on Tenerife, D.
draco occurs in thermo-sclerophyllous vegetation of the same class, namely in the alliance Mayteno
canariensis-Juniperion canariensis, between 100 and 600 m a.s.l., where the annual mean rainfall ranges
between 200 and 400 mm [4]. On Gran Canaria, D. draco grows in similar habitats to those on Tenerife,
but only in the northeastern part of the island that is by the moisture-bearing trade winds [16].

On the Cape Verde Islands, the climate with natural populations of D. draco subsp. caboverdeana is
classified as tropical xeric and tropical pluviseasonal [7]. The tree grows in a wide range of elevation
from 50 m a.s.l. to 1400 m a.s.l. on the slopes that are exposed to the northeastern trade winds [79],
which bring the majority of moisture to the archipelago [191]. The characteristic community with
D. draco subsp. caboverdeana is deciduous micro-woodland climactic savanna of the alliance Fico
gnaphalocarpae-Acacion caboverdeanae, which was typically structured by short trees including the
Dracaena. However, over the last centuries the demand for wood, grazing and agriculture has reduced
the tree cover substantially [192].

D. draco subsp. ajgal, which is the most abundant D. draco subspecies, is native to the western
Anti-Atlas Mountains in Morocco, where it is restricted to rocky and steep cliffs of an isolated basin
between two mountain ranges of the Jbel Imzi area [8]. The elevation of the locality ranges from 250
m a.s.l. to 1540 m a.s.l. and the climate is characterized as infra-mediterranean in lower elevations
to thermo-mediterranean in higher elevations [8]. The mean annual temperature is estimated to be
around 20 °C and the annual rainfall to be at least 500 mm with additional moisture from frequent
fogs [8]. The communities with D. draco subsp. ajgal were classified into the association Dauvallio
canariensis-Dracaenetum ajgal [8].

D. tamaranae is a cliff-dwelling species restricted to Gran Canaria island, where it grows on
inaccessible slopes between 342 and 1270 m a.s.l. in the southwestern region [16]. Although the
sites with D. tamaranae tend to be shady and humid, they are more xeric and hotter when compared
with sites inhabited by D. draco [4]. The average annual rainfall in the species altitudinal range is
between 200 and 400 mm and the leeward southwestern region of Gran Canaria is not influenced by
moisture-bearing trade winds [16]. Rains in the area tend to be torrential and very irregular, usually
occuring between November and February, making the rest of the year a dry period [16]. The average
annual temperature does not reach 21 °C; however, the monthly averages exceed 25 °C in some
summer months and they rarely fall below 15 °C in the winter [16]. This arid and semiarid climate
determines a pronounced xerophytic character of D. tamaranae communities that belong to the class
Rhammo crenulatae-Oleetea cerasiformis, and, to a lesser extent, to Kleinio-Euphorbietea canariensis (at lower
elevations) and Chamaecytiso-Pinetea canariensis (at higher elevations) [4,16].

The species of the northeast African/Arabian group are found in the arid and semiarid vegetation
of mountains and escarpments along the Red Sea and Gulf of Aden and on Soqotra Island. The dragon
trees grow in higher elevations and are strongly dependent on orographic fog formation due to the
high aridity, which brings additional moisture into the environment. The horizontal precipitation
constitutes an important input of water which may exceed the rainfall [31] and localities with the
dragon trees are commonly found in areas known as mist oases [193].

Brown and Mies summarized the ecology and plant composition of communities with the Soqotran
endemic D. cinnabari [23]. The species is confined to areas subject to the formation of the monsoon
mists and clouds, mostly to limestone plateaus and mountains, where the tree profits from its ability
to intercept horizontal precipitation [189]. The rocky limestone plateaus are located between 400
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and 700 m a.s.l. and the D. cinnabari grows here as an emergent in open semi-evergreen Buxanthus
pedicellatus—Dracaena cinnabari woodland. The montane and high-montane vegetation with D. cinnabari
is found on limestone foothills and granite peaks above 700 m a.s.l.,, where the temperature drops
during the late afternoon and evening leads to the regular formation of clouds. The interception of
horizontal precipitation from clouds and monsoon mist together with dewfall substantially enhance
the available moisture leading to the formation of lush vegetation where dragon trees grow as scattered
emergents overlooking a dense species-rich shrub layer [194-196]. The findings by RejZek et al. [28]
indicate that D. cinnabari acts as an ecosystem engineer, i.e., a key species that alters the abiotic
environment, controls the availability of resources, and facilitates the growth of other species.

D. serrulata is found in areas with Acacia-Commiphora bushland in sea-facing mountains, including
their inner regions, along the southwestern edge of the Arabian Peninsula [58]. The average annual
rainfall in areas with D. serrulata is approximately 200 mm [4].

D. ombet subsp. ombet inhabits the sea-facing mountains along the Red Sea and north-ethiopian
escarpment, mostly in areas that are affected by the mists that come with the winds. On the north
edge of its distribution (see Section 2) it grows in desertic igneous mountains between 450 and 950 m
a.s.l. with 50 mm of annual rainfall and with up to 400 mm of additional water per year from mist and
cloud [20]. It is mostly found growing as isolated individuals or in small groves on steep rocky slopes
and cliffs [197]. In the south, along the north-ethiopian escarpment, D. ombet subsp. ombet thrives
in higher altitudes (1400-1800 m a.s.1.), in the transition zone between Afromontane vegetation and
Acacia-Commiphora bushland, and forms Dracaena ombet-Acacia etbaica community [198].

D. ombet subsp. schizantha is part of dry single-dominant Afromontane Juniperus and Juniperus-Olea
forest in the east-ethiopian escarpment where it grows, especially along the forest edges [61]. Further
east, it grows in Buxanthus pedicellatus-Acokanthera schimperi bushland and in Rhigozum somalense
bushland [61].

D. ellenbeckiana generally grows on rocky slopes in evergreen and semi-evergreen bushlands or
open dry woodlands in elevations between 1000 and 2100 m a.s.1. [61,199]. In Ethiopia, it is known from
the transitional vegetation between dry Afromontane forest (Juniperus and Juniperus-Olea forest) and
East African evergreen bushland, from typical East African evergreen bushland, and it is transgressing
into Acacia-Commiphora deciduous bushland [61,200,201]; altitudinal range 1000-1500 m a.s.l.; and,
mean annual rainfall range 300-1000 mm.

The southeast Asian Dracaena species belonging into the dragon tree group grow in tropical or
subtropical areas with higher rainfall than the previous groups, but they are usually associated with
cliffs and the tops of limestone rocks in karstic landscapes [9,10,202,203], where water availability is
reduced due to relief and edaphic constraints [204].

D. cambodiana is usually found in escarpments of island-like limestone mountains [49]. However,
it has also been documented growing on granite along the coast with low rainfall, dry heat, and soil
with weak water storage capacity as well as along streams in the mountains far from the sea [203],
which suggests that D. cambodiana can grow in ecologically diverse habitats.

D. cochinchinensis is a species of tropical seasonal evergreen and semi-evergreen moist forests,
where it grows on limestone slopes in higher elevation [202]. It grows in environment where seasonal
dryness is partially compensated by dense fog and low temperatures during the dry season [202].

D. jayniana is a species of highly seasonal deciduous vegetation of limestone karst and it is usually
found on hilltops rather than on steep cliffs; it grows in elevations between 300 and 500 m a.s.L. [9].
D. kaweesakii is a species of limestone rock and it grows between 550 and 2000 m a.s.1. [10].
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8. Populations, Threat, Nature Conservation

8.1. Population Size, Abundance

Basic information regarding the distribution of individual species (and subspecies) has been
published and is mentioned above (Section 2). However, an exact description of the abundance of
individual species is still missing.

D. tamaranae is the least abundant species among dragon trees. The whole population of this
endemic species of Grand Canaria (Canary Islands), consisted of 86 trees [16]. They were distributed
over 44 floristic mapping squares (500 x 500 m), but only one specimen occurred in 21 squares and
only in three squares were there more than four specimens [205].

Wild populations of D. draco subsp. draco are only known from Tenerife and Gran Canaria [4] and
wild specimens of D. draco subsp. draco are extremely rare in Gran Canaria: Almeida Pérez [206] only
mentioned one wild specimen and two sub-spontaneous ones. More recently, Marrero and Almeida
Pérez [7] show that it is extinct on this island (except for cultivated specimens). Tenerife Island hosted
694 wild specimens that were distributed over 87 floristic mapping squares (500 x 500 m), with a total
area of 21.75 km? [206]. The current populations of D. draco subsp. draco in the rest of the archipelago
are all of cultivated origin. This species also occurs in the Madeira archipelago, where it has been
reported from the islands of Madeira and Porto Santo, although it is currently regarded as extinct in
the latter [4].

D. draco subsp. caboverdeana was found on the Cape Verde Islands, on Sao Nicolau, Santo Antao,
and Fogo. It is considered to be extinct on the islands of Sao Vicente and Sao Tiago [79], as growing
sub-spontaneously on Santiago and Brava, and as cultivated on all islands [7]. Even though Marrero
and Almeida Pérez [7] have not published any information about the abundance of this sub-specie,
they took samples from 58 individuals for their study:.

Benabid and Cuzin [8] mentioned several thousand individuals of D. draco subsp. ajgal in the Jbel
Imsi mountains (western region of Anti-Atlas, Morocco).

D. ombet in Gebel Elba NP (Egypt) occurs in eight wadis with the area of distribution not exceeding
1.327 km? [20]. In total, 353 trees were recorded. Elnoby et al. [181] recorded a total of 1450 D. ombet
trees in south east Egypt. The population of D. ombet in Desa’a Forest (Tigray highlands, Ethiopia) is
small, and confined to a small area of shallow soil along the escarpment [198]. A survey in Eastern
Sudan, in Erkowit Mountains, found 61 trees of D. ombet within 10 localities in total [62].

The total size of the D. cinnabari population on Soqotra reached 72.3 km?, comprising 62.0 km?
of woodlands, 2.3 km? of forests, and 8.0 km? of mixed (mountain) forest [55]. A statistic inventory
approach was used for the D. cinnabari forest in Firmihin (Soqotra) [207]. According to the fit model,
66,054 trees were estimated in an area of 6.48 km?. In the whole of Soqotra, up to the elevational
limit of 1100 m a.s.l., a total of 80,134 individual D. cinnabari trees were detected, while using the
combination of object-based classification with manual vectorization of remote sensing data. The total
area of occupancy was estimated as 519.63 km? [56].

The populations of D. serrulata were evaluated as geographically isolated and scattered [17] and
they very rarely occur in large numbers at a single locality.

Eight populations of D. jayniana were found in Thailand, with a calculated area of occupancy of
32 km? [9]. This species is abundant at each of these localities. D. kaweesakii of Thailand and Myanmar
was estimated to be 2500 mature individuals, with an area of occupancy of 44 km? [10]. Individual
populations contain tens to hundreds of specimens [10].

Only 10 populations of D. cambodiana remain on Hainan Island; they grow in distinct habitats and
have almost all been seriously isolated. The population size, estimated by measuring the area of each
population multiplied by the average density, ranges from 20 to 5000 individuals in total. The abundance
of whole population of D. cambodiana was estimated on Hainan Island to be 7590 individuals [11].
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8.2. Population Structure

Population studies of dragon tree species are extremely rare, and only concerned with specific
populations of individual species.

Almeida Pérez investigated the population structure of D. tamaranae [16], finding the whole
population of this species to comprise 10 dead trees, one old tree, 12 mature, and 63 juvenile trees.

The population of D. ombet in Gebel Elba NP (Egypt) not only has a low regeneration rate, but
also poor overall health, and contains only 161 living individuals (46%), of which only 96 (27%) were
healthy, and only 1% were young [20]. Similarly, Elnoby et al. [181] report only 870 living trees in
South East Egypt, while 580 trees were reported as dead, representing approximately 40% mortality.
Erkowit Mountains (East Sudan) host according to the field survey [62] small remnant population,
surprisingly with prevailing young trees. These young specimens are considered to be sprouts from
roots of old, dead trees [62].

Adolt and Pavlis [14] evaluated the population structure of D. cinnabari in Firmihin and Hamadero
(Soqotra Island). They concluded that the mean age of groups of trees in four localities was 200-294
years, and the mean age of dead trees in the same localities was approximately 350 years. Later,
Adolt et al. [207] published a study focused on a detailed investigation of the population structure
of D. cinnabari in Firmihin (Soqotra), based on a statistical inventory. They recorded an unbalanced
age structure, with insufficient proportion of young trees. From a total estimated number of 66,054
trees, only 545 trees were dead and only 8177 trees had a crown age of less than 100 years. Here, it is
necessary to note that this does not represent the total age of the tree, but only the age of the crown.
Thus this group of youngest trees (approximately 13% of the total) is in fact older by at least 100 years.
Madeéra et al. [56] also clearly demonstrated the over-maturity of D. cinnabari populations on Soqotra,
with the average crown age within individual populations ranging from 200 to 495 years, and the
proportion of both juvenile and early adult ontogenetic stages being less than 5%.

8.3. Threats and Conservation Status

The current distribution of individual species is mostly scattered, the populations are small,
fragmented, and isolated, with an unbalanced age structure with the young developmental stages
often absent [19].

The few studies mentioned above which focus on the population status and structure of dragon trees
clearly indicate the high level of threat faced by these iconic species. Overgrazing [23-26,113,208], drought
and aridification [20,31], global climate changes [11,18,181], long-term climate oscillation [209], the cutting
of leaves, inflorescences, and fruits as fodder for livestock [14,17], longtime resin harvesting [27,32,203], and
extraction of recruitment from the wild for use in horticulture [204] are all mentioned as the main factors in
the decline of the population of dragon trees. Natural regeneration is mostly absent[11,14,17,26,112,181,207]
and populations are overmature [20,56,207]. It is also possible that the fragmentation and isolation of
dragon tree populations is causing a bottleneck effect [11]. Small, isolated populations may suffer from the
effects of population bottlenecks, including increased random genetic drift, and inbreeding and reduced
inter-population gene flow, which may result in genetic depletion within populations and population
differentiation [11]. This theory remains untested.

Kamel et al. [20] have suggested that 80% of D. ombet populations in Gebel Elba may soon
become extinct. Additionally, in South East Egypt, a high mortality rate has been reported within the
population [181]. Severe decline has also been documented for the rest of the D. ombet distribution
in NE Africa [198]. In the Sudan, El Azzouni [63] stated that the only population of D. ombet in the
country had vanished, and Usama [62] mentioned a small population in Erkowit Mountains. However,
this drastic decrease in the population of D. ombet in the same area had already been reported by
Vetaas [208]. D. ombet, previously dominant, is today found only as isolated saplings. Vetaas [208]
explained that this drastic population decline was the result of overgrazing and over-exploitation, due
to a transition from a system of transhumance to one of permanent settlements.
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For D. draco, Almeida Pérez [51], making use of toponyms, has clearly demonstrated that there
was a greater spread of trees in earlier times. Nowadays, only Tenerife Island hosts a population of wild
D. draco subsp. draco. On the other Canary islands it is extinct and only occurs where cultivated [7].

Fertile trees of D. tamaranae are extremely rare, which explains why no natural regeneration has
been found [210]. Although the germination rate of D. tamaranae reaches 50-60%, up to 50% of the
seedlings are not viable [210].

Population decline is clearly documented also for D. cinnabari. According to Attorre et al. [18],
this species only occupies 5% of its potential habitat, although for modeling purposes, the climate data
available for Soqotra is poor and no consideration of moisture availability from fog has been made.
Adolt and Pavlis [14] predicted the disappearance of the population of D. cinnabari on Soqotra to within
50-144 years. Hubalkova [25] predicted a longer period of decline for the D. cinnabari population in
Firmihin, suggesting that the number of trees would decrease by 36% in 100 years. Habrova et al. [21]
evaluated the decrease in number of D. cinnabari trees in 105 years (by evaluating photographs taken
in 1899 and then in 2004) at 44.22% in the Skand area. Madéra et al. [56] predicted a similar decline in
the D. cinnabari population in one hundred years, but, in agreement with Habrova et al. [21], argued
that this species is not immediately threatened by extinction, but by over-maturity. Based on a specific
climate change scenario that results in increased aridity, Attorre et al. [18] concluded that the current
potential habitat of D. cinnabari would be reduced by 45% in 2080, although again based on insulfficient
data for modeling the potential importance of or reduction in orographic precipitation in the future.
Only two out of the nine remnant areas should be considered as potential refugia.

Adolt and Pavlis [14] estimated the germination capacity to be 22%, and, when comparing it with
the probable number (611,000) of seeds that average tree produces in its lifetime, concluded that D.
cinnabari has very high potential for regeneration. However, recruitment has been absent for over 100
years [21,56,207]. Seeds germinate and young seedlings appear regularly and abundantly after the
first rains of September or October in the winter monsoon, but they disappear very quickly. Young
seedlings and juvenile trees are found only on inaccessible steep slopes [21].

D. serrulata populations are disappearing at an alarming rate in the Arabian Peninsula. They are
destroyed by herders who over the last decades have been using the leaves as fodder for camels, goats,
and sheep during the dry season. The stems and branches are also cut to make beehives [17,22]. With
little or no natural regeneration in most populations, this species is considered by some to be on the brink
of extinction [17], but enough individuals still exist to warrant assessment as Endangered as opposed
to Critically Endangered in a recent re-assessment of conservation status (our unpublished data).

In Hainan Island, the mean geographic distance between current D. cambodiana populations
can be as much as 90.89 km, which might lead to a decrease in gene flow and an increase in the
probability of divergent natural selection [11]. Among populations, a significant phylogeographic
structure and genetic differentiation were detected, and bottleneck analyses suggest a recent population
reduction [49]. It is also predicted that such a long-lived species with a narrow genetic base will
not be able to adapt to new selection pressures that are caused by changes in environmental and
climate conditions [11]. Zheng et al. [11] did not find any seedlings in most populations, although D.
cambodiana can produce fertile seeds, with germination of at least 76% under optimum conditions. They
concluded that sexual reproduction in most of the present habitats of D. cambodiana is not sufficient for
population enlargement and regeneration. The seedling growth of D. cambodiana is best under 37.3%
full irradiance. Because the existing habitat of D. cambodiana has been damaged and the seedlings lack
shade, it has become unfavourable to the growth of seedling root systems during the dry season. This
might be one important reason for the failure of natural regeneration of D. cambodiana [211]. Moreover,
the unrestricted exploitation of the wild plants and the destruction of its habitats are external factors
that endanger D. cambodiana in Hainan Island [203].

Although D. jayniana is abundant in each of its localities, it is restricted to isolated karst limestone
outcrops, which results in a fragmented distribution. Limestone habitats are generally threatened in
Thailand by extraction for concrete manufacture, the populations in Saraburi being the most vulnerable
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to this threat. Relative to other species of Dracaena, it is a species with poor fruit set, and the minimal
recruitment is extracted for use in horticulture in Thailand [9].

Four species of the dragon tree group (D. cinnabari, D. draco, D. ombet, and D. serrulata) are listed in
the International Union for Conservation of Nature Red List [22]. Similarly, D. draco and D. tamaranae
both appear on the Red List of endangered species in Spain [205,206,212], with the latter listed as
critically endangered. Wilkin et al. [9,10] described the endemic D. jayniana and D. kaweesakii of
Thailand and Myanmar as endangered. D. cambodiana is a national second-class protected plant in
China; it is listed in the Inventory of Rare and Endangered Plants of China, but it is not recognized as
an endangered or protected species in Thailand, Cambodia, Laos, or Vietnam [49]. D. cochinchinenesis
is exclusively distributed in China (southern Yunnan and Guangxi provinces), Vietnam, and Laos, and
since 1987 it has been listed as a national endangered plant [69].

8.4. Rescue Programs

For D. tamaranae, an effective rescue conservation program of Viera y Clavijo Botanic Garden has
been running on Gran Canaria for over 15 years [210]. 2891 seeds were collected from the fruit of
only five trees from the wild population. Some seeds and seedlings were distributed among botanical
gardens in Canary Islands, but also around the world. Some seedlings were replanted in areas of
native distribution. In total, 323 seedlings were replanted, with an estimated mortality of 50% [210].

An efficient in vitro procedure was developed for bud induction, rooting of developing shoots,
and greenhouse acclimatization of young plantlets of dragon tree (D. draco) for the multiplication of this
endangered tree [213]. In vitro culture could be used for the micropropagation of dragon tree species
with the aim of reintroduction in its native ecosystem where natural regeneration is no longer observed.

Many dragon trees have been cultivated near houses, hotels, in garden, and in parks: D. draco
subsp. draco on the Canary Islands [51] and subsp. caboverdeana on the Cape Verde Islands [7]. This
can help to save these species.

Efforts of Mendel University in Brno (Czech Republic) to reforest D. cinnabari in situ on Soqotra
have been documented since 2006, when more than 700 three-year-old seedlings were planted in the
Ras Ayre area [113]. The mortality rate was 4.9% over the first three years but increased to 26.9%
after the fencing was broken. After repairing the fence, the mortality rate decreased to 1.2-1.8% [113].
Without fencing it is not possible to plant any trees on Soqotra due to the strong impact of grazing [26].

As a rescue program of Oman Botanic Garden for trees affected by road construction, the study
of Al Hosni et al. [214] shows that it is possible to re-plant mature trees of D. serrulata. However, the
survival rate decreases as the trees grow in size: the total mortality one year after re-planting was 36%.

Long-lived, sporadically recruiting plant species in human-dominated landscapes, like the dragon
trees, need more dynamic adaptive management programs to preserve these iconic species for future
generations [215].

9. Future Research Needed

Below is a list of research topics not sufficiently addressed regarding dragon trees. These
knowledge gaps must be filled and actions implemented in order to fully understand these iconic
species, and conserve them and their values and functions for the future.

Historically and archaeologically, the harvesting of dragon’s blood on Soqotra can be traced from
at least the mid-first century AD to the post medieval period. However, despite the scale of this
trade, there are very few references concerning the actual harvesting and management of dragon’s
blood resin. To determine this, it was necessary to combine archaeological, historical, and ecological
evidence, which demonstrates that there was likely to have been an intensive island-wide harvesting
and management strategy for dragon’s blood from at least the mid-first century AD, a strategy for
the harvesting and collection likely to have been managed locally. An assessment of contemporary
harvesting and markets is also required to ensure continued sustainable use.
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All of the available information about Dracaena leaf microstructure originates from individuals
of different age, which could result in a greater variability in observed traits. Information regarding
functional traits, such as specific leaf area and specific hydraulic conductivity, are completely lacking
or are limited to two species only (D. draco, D. cinnabari).

It is important to emphasize that the current understanding of the development, structure, and
functional significance of the secondary tissue of dragon trees are mostly derived from anatomical
observations of D. draco and D. cinnabari. More anatomically and physiologically oriented studies are
needed to achieve deeper insights into secondary growth in dragon trees.

Further studies are definitely required to comprehensively elucidate the process of the secretion
of the red resin in dragon trees and, hence, enable controlled and reasonable dragon’s blood extraction
for commercial purposes.

The lack of studies on basic plant physiology is the biggest gap in research on dragon trees.
The adaptations of dragon trees to stress factors in an arid environments that are affected by global
climate change, especially physiological processes, are not sufficiently explored. Future studies on
transpiration, photosynthesis, metabolism, nitrogen assimilation, mineral nutrition, and capturing
moisture from fog and cloud are needed.

The lack of studies on genetic and environmental factors affecting the production and chemical
composition of Dracaena species resin points out the future research directions. The evaluation of
the pharmacological activities of the bioactive resin compounds while using different cell lines and
animal models should be carried out. Further investigations should be made regarding the volatile
metabolites of the resins, as there are only a limited number of reports focusing on this topic.

Except for D. draco and D. cinnabari, no information has been published regarding the growth
dynamic and age estimation of other dragon tree species. The description of the growth of D. draco
was based on only a few specimens, mostly the biggest and oldest trees. Measurements of young trees
were made on cultivated trees, outside their area of origin, and the information is sketchy. Only the
growth of D. cinnabari was investigated in situ and on a sufficient number of trees, and, even then, the
information is incomplete. For example, we still do not understand how to estimate age reliably, or the
growth dynamics of the stem before the first flowering. Additionally, seasonality in flowering has not
been investigated, which is the most important input for modelling age estimation.

Population inventories are missing in many areas of distribution, especially for African and
Arabian species. Information regarding the detailed distribution of individual species and their
population structure is urgently needed, because most species are severely threatened with declining
populations. Further, population genetic analyses are required for assessing contemporary and
historical breeding systems and potential bottlenecks to inform conservation management strategies
and actions. Conservation management has to be started, beginning with a study of both natural
and artificial regeneration, and methods of effective protection for recently matured or overmature
populations devised. It is clear that the full IUCN Red List assessments and reassessments are required
for all species of the dragon tree group, in order to inform conservation actions globally and nationally
in range states.

10. Conclusions

An exhaustive review focusing on dragon trees, the iconic monocotyledon species with an
arborescent form of growth and excretion of the famous red resin, dragon’s blood, was carried out.
The main characteristics of Dracaena species with the respective references are shown in Table 3. D.
draco and D. cinnabari are the most investigated species, with some species still poorly known (e.g.,
recently described Asian species, D. serrulata, D. schizantha and D. ellenbeckiana). The most extensive
research articles were published on the chemical composition of resin, its bioactive effects and also on
anatomy and morphology, while physiology is the least explored field in Dracaena research.
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Table 3. Main characteristic of Dracaena species with the respective references

24 of 34

. . s Ontogenetic Water . . Threat,
Species Taxonomy Evolution Distribution Anatomy, morphology cycle relations Resin, ethnobotany Ecology Populations conservation
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Dracaena spp. 1’32 6’ 33;73 35')83 4423 S 13, 334 63 59’;1 2,45, 85 71,72,77,78, 84, 86, 87, 86 97
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i en 1em dma 1m0 4,23,24,28,29 14,18, 19,21
. . 14,18,111, 112, 23,83,124, 149, 153, 157, 158, 159, e on 1ok 14,18, 21, 25, e ng an
D.cinnabari 15,27 24,27, 55,56 4,43,44,73, 81, 83,87 113,114 125,126,127 160,161,162, 163, 164, 111, 18%,9294, 195, 207 11235,22067, 3221,5
165, 166, 167, 168, 169, P
170, 176, 178, 179
D.serrulata 17 4,17,57,58 4,43,44 4 131,183 4,17,31 17 17,214
D.ombet subsp. 4,6,20,59, 60,61, 20, 63,181,
ombet 6 62,63 4,43, 44 4 131,182 4,20,193,197,198  20,63,181 208
Dombet subsp. 6 3,6,61,64,65 4,43, 44,87 4 129 4,61
schizantha
D. ellenbeckiana 6 6 44,87 61, 199, 200, 201
D.draco subsp. 4,43,44,70,74,75,76,  4,76,115,116,117, 83,109,125, 107,110,129,131,132, 4,30, 106, 184, 185,
draco 51,52, 53,54 82, 83,87,93, 95,99, 106 118,119, 120 126,128 138,139, 148 188,190 206,212,213
D.draco subsp. 8 8 131,143 4,8,188
ajgal
D.draco subsp. 7 7,50 7,79 7,191,192
caboverdeana
D.tamaranae 4,5 5 4,16 4,43 132 4,16 16 16, 220152' 210,
69,102, 107, 108, 129,
D.cochinchinensis 47 68, 69 68, 102 133, 136, 137, 140, 141, 202
144,147,150, 151
D.cambodiana 47,48, 49,105 11, 49, 66, 67 44, 87,103, 105 10,11 103, 105, 129, 155 11, 49, 203 11 11,211
D. kaweesakii 10 10 43 10
D. jayniana 9 9 43 9
D. yuccifolia 10
D.americana 12 12 87 12
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