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ABSTRAKT

V této prdci jsou predlozeny vysledky vyzkumu sub-populaci dracince rumélkového
(Dracaena cinnabari Balf.fil), endemické rostliny jemenského ostrova Sokotra. Prace
sestavd ze souboru Ctyfr védeckych ¢lankl, které jsou pfijaty, publikovany
nebo predlozeny krecenznimu fFizeni v recenzovanych a impaktovanych odbornych
Casopisech. Prvni ¢lanek predikuje vyvoj sub-populace druhu na lokalité Firmihin, kde
se provedla podrobna inventarizace stromud na hektarové zkusné ploSe a na zakladé jiz
zjisSténych poznatk( o prirGstani dracincl na Firmihinu byla vytvorena simulace rdstu
strom( a nasledné mortality v ¢asovém horizontu 100 let. Druhy ¢lanek je zaméren
na problematiku rlstové dynamiky sazenic péstovanych ex situ v kontrolovanych
podminkach, kdy se béhem dvou let pravidelné méfily pfirlsty nadzemni ¢asti u sta
sazenic z Firmihinu a ze Skandu. Nasledné se vyhodnotily rozdily v rlistové dynamice
a mortalité obou skupin sazenic péstovanych ex situ. Tteti ¢lanek se rovnéz tyka obnovy
drac¢ince rumélkového a feSi mozZnost regenerace in situ v oplocenkdch na platd
Shibehon a u Skoly Oam al-Cora, kde tym Mendelovy univerzity v Brné v roce 2006
vysadil stovky sazenic a dlouhodobé monitoruje jejich rdstovou dynamiku a mortalitu.
Ctvrty ¢lanek se tykd studia anatomie sekunddrné tloustnoucich ¢asti rostliny. Ze 70
trvalych mikropreparatli byla analyzou obrazu zjiSténa plocha xylému, floému,
parenchymu a lumen cév v kofenu, stonku a vétvi. Hodnoty se vyhodnotily, vzajemné

porovnaly a graficky interpretovaly.

Klicova slova: Dracaena cinnabari, populacni dynamika, riistova dynamika, sekundarni

tloustnuti



ABSTRACT

The results of Dracaena sub-populations research are submitted in this dissertation.
Dragon’s Blood Tree is an endemic plant species growing on the Socotra Island.
The thesis contains four scientific papers published or submitted for review in journals
with impact factor and in peer-reviewed journal. The first article predicts sub-population
dynamics on Firmihin where the ha sample plot inventory was carried out. Tree growth
and mortality simulation has been created using a time horizon of 100 years.
The second article is focused on growth dynamics of seedlings growing ex situ under
controlled conditions. One hundred plants from Firmihin and Skand have been
measured once a week for two years. The differences in growth dynamics and mortality
for both groups of young plants in ex situ were evaluated. The third article also relates
to Dragon’s Blood Tree regeneration and deals with a possibility of in-situ regeneration
in the fenced area on Shibehon Plateau compared to Oam al-Cora school grounds.
The team from Mendel University in Brno planted hundreds of seedlings in 2006, ever
since the monitoring of growth dynamics and mortality continues. The fourth article
deals with anatomy of secondary thickening plant organs. Xylem, phloem, parenchyma
and vessels area of root, stem and branch was determined using 70 permanent
microscope slides and processed by image analysis. The results were evaluated,

compared and graphically interpreted.

Keywords: Dracaena cinnabari, population dynamics, growth dynamics, secondary

thickening



Obsah

L UVOD ettt ettt st ettt h e bt h e e bt e bt e bt eehe e et e e he e ebeeeheeeabeenateereas 1
2. CIL PRACE ...ttt 3
3. STRUKTURA PRACE ..ottt ettt ettt asa ettt bttt s sanaee 5
4. TEORETICKE ASPEKTY STUDOVANE PROBLEMATIKY ...ocvviieiecrereieieeeeeeveseeessaeae s s 9
4.1 OSTROVNT EKOLOGIE......cuuvuereuririrreeriseseisessesiesissise e sassie s i s s i sessensenes 9
4.1.1 Teorie 0strovni biogeografie......cccccuiii i 9
4.1.2 Efekt 0dIENIOSTi «.c..veeieiieiiieeeeeee e 12
4.2 DYNAMIKA DRUHOVEHO BOHATSTVI ORGANISMU .......covvvvirececeeeeeeeeeeeeie e, 14
4.2.1 EKOIOGICKE faKLOIY ..uvveiiiiiiie ettt e e e s e e e sare e e e e e 14
4.2.2 Adaptace rostlin na podminky prostredi......ccccceeeeeiiiiiiriiieee e 16
4.3 FYTOGEOGRAFIE OSTROVA SOKOTRA. ...ttt ettt ettt st e e e s ens 16
4.3.1 VEgEtaCe SOKOTIY c.ci it e e e e s e st r e e e e e e s e arreeeeeeeeeesnnnnes 18
4.3.2 Dracaena cinnabari Balf. f........c.c.ooiiiiiiiiie e 20
S LITERATURA .ttt ettt et e st e b e s ab e et e e s ae e et e e s seesabeesabeebeesneesbeesnneans 21
6. PREDICTION OF DRAGON'’S BLOOD TREE (Dracaena cinnabari Balf.) STAND SAMPLE
DENSITY ON SOCOTRA ISLAND (KEY STUDY)...cottiittierierieenreesreeeneesiee e 29
6.1 INTRODUCTION. ... ettt ettt ettt sme e sn e e sne e et e s seesneesnneens 30
6.2 MATERIAL AND METHODS ..ottt 33
6.2.1 Data collection and field measurement ..........ccoceereeeiiiriiineeneee e 33
6.2.2 Data ProCESSING..cciiiiii i, 34
5.3 RESULTS <.ttt ettt ettt et e be e st e bt e e ab e e bt e st e e saaeenbeesseeeseesanenas 36
5.4 DISCUSSION ..ottt ettt ettt e be e st e bt e eab e e sbeesateesbeeeabeesseeeneesaeeens 41
5.5 SUMIMARY ...ttt ettt ettt ettt et e e it e s bt e st e e bt e eab e e bt e s b e enbeeenbeesseeeneesaneens 43
6.6 REFERENCES ... ..ottt st sre e n e e e s neesneennneeas 44
7. GROWTH DYNAMICS OF DRACAENA CINNABARI UNDER CONTROLLED CONDITIONS AS THE
MOST EFFECTIVE WAY TO PROTECT ENDANGERED SPECIES.......cooviireeeeeeeee e 47
7.1 INTRODUCTION. ...ttt ettt ettt st ne e s e s e saneesneeeaneesseesneesnneeas 49
7.2 MATERIALS AND METHODS......coiieiiieeeeeee ettt 53
2 ) (VLo LV T Y- PSR 53
7.2.2 Seed collection, planting and measurement of seedlings.........ccccceeeeeieeciriiennennn. 55
7.2.3 Data @NalySiS .o e e e e e e e et e e e e e e e ennaraaraaaaaaaas 56
T3 RESULTS ettt et st ettt et st b e st e b e e s aneenmneeaneesseeeneennneens 57
7.3.1 GerminatioN ...ccoiiuiiiiiiiiii i e 57

7.3.2 GrOWEN dYNamUCS cuuviiiiieiee et e e e e s r e e e e e e s ennanraenees 57



2 T T/ Lo T - 1 13 Y 2SR 59

7.4 DISCUSSION ..ottt ettt ettt ettt e b e st e bt e st e e sbe e e s e e sneesneesaneeas 61
7.4.1 GEIMINATION ceeiiiiiiiiiteie e e e s e s e e s s s snrrene s 61
7.4.2 GrOWEN AYNAMICS ..veiiiiiiiiee it st e e s s sba e e e s s abee e e saneees 62
2 3\, oY - 1 11 Y PP PPP 64
744 REFERENCES ..ottt ettt ettt ettt b e et ae e s be e bt e e b e e saeeebeesaeeens 66

8. GROWTH DYNAMICS OF ENDEMIC DRACAENA CINNABARI OF SOCOTRA ISLAND SUGGEST
ESSENTIAL ELEMENTS FOR A CONSERVATION STRATEGY ....coiuiiiiieiieeieereeeeeee e 70

8.2 MATERIALS AND METHODS......coiiiiiteiieeite ettt sttt s sne e s ens 75
N B AU T 1YY | o -SSR 75
8.2.2 Data COBCLION ..t 76
8.2.3 DAta @NAIYSIS veeeieiiiiie i e e e e e e e e e nnraes 77

B3 RESULTS ..ttt ettt ettt e h e sttt e st ae e st e e bt e s st e e bt e sabeesateenbeesaeeebeesaeeens 77
8.3.1 Seedling mortality, vitality and growth: Shibehon site.........ccccovveeiiiiiiiinciieece, 77
8.3.2 Stem deVEIOPMENT.....uiiieeiee e e e e e e e e ran s 80
8.3.3 Comparison with Oam Al-Cora Site.......civccciiiiieiee e 81

B4 DISCUSSION ...eniieeette ettt ettt ettt ettt be e st e bt e e ab e e bt e sabeesbeeeabeesseeeseenaneens 83

8.6 REFERENCES ... ..ottt ettt ettt st e sbe e et e bt e st e e sbeeeabeesseeeneesaeeens 89

9. PRELIMINARY ANATOMICAL STUDY ON SECONDARY THICKENING PARTS OF ENDEMIC
DRACAENA CINNABARI BALF. F. FROM THE SOCOTRA ISLAND ......coiiieiiinieenieeieenee e 94

9.1 INTRODUCTION.....etiiiieiteeeite ettt re et sne e s ne e sneeesn e e sseesneesnneeas 95

9.2 MATERIAL AND METHODS ..ottt e 97
S T B AU Te (VT Y- T PUTTRRRP 97
9.2.2 FIEIO WOTK..ee ittt s 97
9.2.3 Laboratory WOTK.........uuiiieiee ettt e e e e et e e e e e e e e s arer e e e e e e e e e eenanrreaees 98
S I [0 o T [ =1 Y 1 SRR 100
IR DT | = T [0 =1 LV LSRR 101

9.3 RESULTS .ttt sttt st e me e et e me e s n e e smneeneenneeeanees 101
9.3.1 Xylem-Phloem-Parenchyma in Root-Stem-Branch..........ccccccoeveecnvreeeeeeeeieeccnnnnneen. 101
9.3.2 Xylem-Phloem-Parenchyma in Stem [lI-Stem [I-Stem | ........ccovvevirveeeeeieeieccnnnnenn. 103
9.3.3 Area of vessels in ROOt-Stem-Branch..........cccooviiiieiiiiiecncee e 104
9.3.4 Area of Vessels in Stem Cross SECION ......ccccuveiiiiiiiiieiniieeeeeesee e 104

9.4 DISCUSSION ...ttt ettt ettt ettt e b e et sbe e e be e s bt e e be e saeesabeesateenbeesasenaneas 106

9.5 CONCLUSION ...ttt ettt ettt st ettt sat e s bt e s bt e et esaeesabeesbeeebeesnseeaneas 108

9.6 REFERENCES..... .ottt ettt ettt st ettt ettt ae e et e sae e st e e saeeenbeesaseeaneas 109

10. CELKOVY ZAVER ... e eeeeeeeeeeeeee e e et eeeeeeeesessessesseseesesassensesesessessessesssssesnseneansensessensessessesseens 112



11. SUMMARY ....coovviiiiiinnnne

12. FOTOGRAFICKE PRILOHY



1. UvVOD

Endemicka rostlina dradinec rumélkovy, znama také jako ,strom draci krve“, je
symbolem avyznamnym vlajkovym druhem jemenského ostrova Sokotra. Jedna
se o druhotné tloustnouci, jednodéloznou rostlinu, pochdazejici z obdobi tfetihor.
Reliktni populace na Sokotfe patfi k nejstarSim na Zemi (Attore, 2007; Culek, 2013;
Madéra a kol. 2011). Druh byl pojmenovdan podle mizy specifické ¢ervenohnédé barvy,
ktera se oznacuje jako ,draci krev” nebo také ,cinnabar” (Miller a Morris, 1988). Jeji
vyjimecné ucinky popisuji uz Balfour (1882b), Milburn (1984) nebo Naumkin (1993),
podle nichZz mistni obyvatelé mizu pouzivali v IéCitelstvi jako antiseptikum nebo jako
barvivo. Autofi uvadéji, Zze jiz od stfedovéku byla draci krev cenénym obchodnim
artiklem a vyvaiela se do celého svéta véetné Rima a dalsich evropskych statd, kde
se s ni lakovaly hudebni ndstroje véetné legenddrnich Stradivariho housli. Autofi rovnéz
popisuji, jak Fimsti gladiatofi pouzivali ,cinnabar” jako koagulant pro Upravu vody

a vSelék na zaludecni potize a horecky.

Dracinec rumélkovy se stromovym habitem vyznamné lisi od vétSiny druh( zrodu
Dracaena, pro které jsou na zakladé zpUsobu uchovani meristematickych pletiv béhem
neptiznivych obdobi charakteristické odliSné strategie rlstu a vyvoje. Dominantnimi
Zivotnimi formami jsou nanofanerofyty a geofyty, pouze Sest druh(i véetné dracince
rumélkového lze povaZovat za makrofanerofyty (Habrova a kol. 2009). Druh je
adaptovany na aridni az semiaridni klima ovlivnéné ocednskym podnebim, které panuje
na ostrové (Jenik a Pavli§, 2011). Vyjma obdobi monzun( jsou jedinym zdrojem vilahy
pouze horizontdlni srazky v podobé mlh a rosy (Miller a Morris, 2004; Scholte

a De Geest, 2010).

Unikatni pfirodni ekosystémy a impozantni krajinné scenérie Sokotry odpradavna lakaly
badatele i turisty z celého svéta. Zajem o pfirodni bohatstvi a vysoka biodiverzita ostrova
vedly kvyhlaseni Sokotry biosférickou rezervaci UNESCO vroce 2003 a zarazeni
na Seznam svétového prirodniho dédictvi UNESCO v roce 2005 (Cheung a DeVantier,
2006; Scholte a kol. 2011). 0Od90. let 20. stoleti se ostrov zpfistupnil védclm
a cestovatelim. Od roku 1999 se na zachrané ohrozeného endemitu podili i vyzkumny

tym z Lesnické a drevarské fakulty Mendelovy univerzity v Brné s cilem zajistit trvale
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udrZitelny rozvoj, tj. zlepSovani Zivotni Urovné mistnich obyvatel pfi zachovani

pfirodnich hodnot a biologické rozmanitosti.

Studie dokazuji, Ze dracince pokryvaly v minulosti mnohem vétsi izemi ostrova a tvofily
dominantni slozku vegetace (Attore a kol. 2007). Soucasny vyskyt je vdzdn na vyssi
polohy ostrova, pro néz je typicka kondenzace vodnich par (Adolt a kol. 2012; Brown
a Mies, 2012; Habrova a kol. 2009; Kral a Pavlis, 2006; Petroncini, 2001). Zbylé sub-
populace jsou prestarlé a postupné odumiraji (Adolt a Pavlis, 2004; Mies, 2001; Miller
a Morris, 2004). Zasadnim problémem je absence pfirozené obnovy, prevazuji dospéli
a prestarli jedinci. Se zmlazenim se lze setkat pouze na nepfistupnych mistech
v horskych polohdach. PFicin tohoto fenoménu je zfejmé nékolik a mezi védci se o nich
vedou diskuse. Hlavnim divodem je pravdépodobné intenzivni spdsani premnozenymi
kozami (Hubdlkova, 2011; Miller a Morris, 2004). Attore a kol. (2007) problém pfisuzuje
globalnim klimatickym zménam, predevsim suchu. Za pfic¢inu lze tedy povaZovat
synergicky efekt intenzivniho spdsani a aridizace klimatu (Brown a Mies, 2012).
Postupné fidnuti a Ustup stromovitych dracinci mlze mit do budoucna fatalni dopad
na rostlinnou diverzitu ostrova. Ochrana zbylych subpopulaci je nezbytna pro zachovani

jedine¢ného charakteru krajiny Sokotry.

Obr. 1 Kresba habitu dracince, kvétenstvi a plodenstvi (autor M. Langman, 2012)



2. CIL PRACE

Disertacni prace snazvem ,Ekologickd studie dracince rumélkového (Dracaena
cinnabari) na lokalitach Firmihin a Skand, ostrov Sokotra” je svym obsahem zamérena

na dvé nejvétsi izolované sub-populace dradince rumélkového na ostrové.

RGzné tematické celky spojuje spolecny cil, kterym je zjistovani novych a ovérovani
soucasnych poznatkll z oblasti anatomie a morfologie druhu a jeho interakci
s prostiedim. Soucasti prace je predikce vyvoje a rlstové dynamiky ve stanoveném

¢asovém horizontu, v€etné navrhu obnovy dracincovych porostu.

Byly stanoveny dilci cile, na jejichz zakladé je moiné predpovédét vyvoj populaci
dracince pfi stavajicich podminkach prosttedi a pfi dosavadnim managementu ochrany.
S timto zdmérem souvisi posouzeni regeneracniho potencialu druhu véetné adaptacni

schopnosti rostliny.

Jednotlivé dilci cile:

1. Predikovat vyvoj sub-populace dradince rumélkového na lokalité Firmihin v casovém
horizontu 100 let.

2. Porovnat rastovou dynamiku skupin sazenic dradince rumélkového z lokalit Firmihin
a Skand ex situ jako zplsob uchovani a ochrany genofondu obou sub-populaci.

3. Vyhodnotit rastovou dynamiku skupin sazenic dracince rumélkového in situ jako
zpUsob uchovani a ochrany genofondu.

4. Popsat anatomickou stavbu druhotné tloustnoucich ¢asti dracince rumélkového
a vyhodnotit rozdily mezi jednotlivymi rostlinnymi organy (kofen — kmen — vétev),

posouzeni z pohledu ontogenetického vyvoje i ekofyziologické adaptace na prostredi.

Vyse uvedené cile byly dosazeny prostfednictvim fady metodologickych postupl
zahrnujicich terénni mapovani, odbéry vzork(l a zpracovani vzork(i v Dendrochro-
nologické laboratofi Ustavu nauky o dievé na Lesnické a dfevarské fakulté Mendelovy
univerzity v Brné (Vichrovd a kol. 2011). Méfeni parametrl mikroskopickych struktur
bylo provedeno pomoci analytického zpracovani obrazu v Biometrické laboratofi Ustavu

hospodarské Upravy lesa na Lesnické a drevarské fakulté Mendelovy univerzity v Brné.



Modely zkusnych ploch byly vytvorfeny ve vizualizatnim systému SVS (McGaughey,
2002). Nasledovalo statistické zpracovani a interpretace dat (Cleveland a kol. 1992;
R Core Team, 2013; Wickham, 2009). Metody jsou podrobné popsany v jednotlivych

¢lancich.



3. STRUKTURA PRACE

Disertacni prace je predlozena formou kompendia Ctyr ¢lankd, které byly opublikovany
nebo pfijaty vimpaktovanych nebo recenzovanych odbornych periodikach (viz Tab. 1).
Texty jsou publikovany v anglickém jazyce. Ostatni kapitoly jsou v ¢eském jazyce a jsou
Fazeny nasledovné: Uvod, Cil prace, Struktura prace, Teoretické aspekty studované
problematiky, Celkovy zavér, Pfilohy a Souhrnné Summary psané v anglickém jazyce.
Zpusob zpracovani textu jako souboru uverejnénych a do tisku pfijatych publikaci je
moderni formou disertaéni prace. Publikace byly vyddny v mezinarodnich c¢asopisech,
kde byly podrobeny procesu externiho recenzovani peer-review, coz zarucuje kvalitu

a hodnoceni nékolika nezavislymi recenzenty.

Publikace vznikaly postupné a jejich uUroven koresponduje s vyvojem autora, jeho
védeckym a odbornym vyjadfovanim, utfidénim poznatkd studiem védeckych praci
s obdobnou tématikou i ziskdnim zkuSenosti béhem terénniho mapovani na Sokotre,

kde se realita mnohdy lisila od pfedem naplanovanych zamér(.

1. Prvni ¢lanek ,Prediction of Dragon’s Blood Tree (Dracaena cinnabari Balf. f.) Stand
Sample Density on Socotra Island” predikuje vyvoj sub-populace dra¢ince rumélkového
na lokalité Firmihin jako na jediném misté na ostrové, kde se diky specifickému tvaru
reliéfu dochoval zapojeny porost (Brown a Mies, 2012; Miller a Morris, 2004). Provedla
se podrobnad inventarizace stroml na zkusné plose o velikosti 1 ha a na zakladé jiz
zjisténych poznatkl o pfiristani dracinct na Firmihinu (Adolt a Pavli§, 2004; Habrova
a kol. 2009) byla vytvorena modelova simulace rlstu strom( a nasledné mortality
v ¢asovém horizontu 100 let. Clanek byl publikovadn v roce 2011 v periodiku Journal

of Landscape Ecology.

2. Druhy ¢lanek ,,Growth dynamics of Dracaena cinnabari under controlled conditions
as the most effective way to protect endangered species” je zaméren na problematiku
rastové dynamiky sazenic dracince rumélkového, péstovanych ex situ v kontrolovanych
podminkach na Lesnické a dfevarské fakulté Mendelovy univerzity v Brné. Jednalo

se o projekt, béhem néhoz se pravidelné jednou tydné po dobu dvou let méfrily prirdsty
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nadzemni ¢asti u sta sazenic z Firmihinu a ze Skandu. Obé lokality charakte-
rizuji specifické stanovistni podminky a niance v habitu dracinct (Brown a Mies, 2012).
Ostra (2014) vsak vyvratila hypotézu genetické variability obou sub-populaci. Zaroven
s rozdily v rlistové dynamice obou skupin rostlin péstovanych ex situ se zkoumala reakce
sazenic na odliSné klimatické podminky stfedni Evropy, jako je napfiklad vliv svétla
b&hem stFidani ro¢nich obdobi. Clanek byl pfijat v roce 2015 v periodiku Saudi Journal

of Biological Sciences.

3. Treti ¢lanek , Growth dynamics of artificial afforestation of endangered, endemic
Dracaena cinnabari in situ on Socotra Island” se rovnéz tyka moznosti obnovy dracince
rumélkového. Na rozdil od predchozi publikace fesi moznost regenerace in situ, a to
na platoé Shibehon, kde tym Mendelovy univerzity v Brné zalozil v roce 2006 oplocenku
o vymére 1 ha. Do oplocenky vysadil 715 tfi az pétiletych sazenic a vroce 2009 zde
nainstaloval automatizovanou klimatologickou stanici. Kolektiv autori ve studii
souhrnné publikuje vysledky hodnoceni rlistové dynamiky v zavislosti na specifickych
podminkach dané lokality. Vysledky z Shibehonu porovnava s vysledky z oplocené
zahrady 30 km vzddlené Skoly Oam al-Cora, kde v roce 2006 tym rovnéz realizoval
vysadbu dracincovych sazenic. Obé lokality jsou svym zplsobem jedine¢né a vzajemné
porovnatelné, protoze diky oploceni a pravidelné kontrole mistnimi obyvateli je
zabranéno okusu kozami. Clanek byl poddn v roce 2016 do periodika Conservation

Biology.

4. Ctvrty ¢lanek ,Preliminary anatomical study on secondary thickening parts
of endemic Dracaena cinnabari Balf.fil. from the Socotra Island” teSi velmi malo
studované téma anatomie sekundarné tloustnoucich ¢asti této jednodélozné rostliny.
Celkem 15 vzork( kotfene, kmene a vétve pochazi z ¢erstvého vyvratu z platé Firmihin.
Ze 70 trvalych mikropreparatl byla analyzou obrazu zjisténa plocha xylému, floému
a parenchymu. Zaroven se zméfila plocha lumenu cév. Hodnoty se vzdjemné porovnaly
a posoudily z pohledu ontogenetického vyvoje a ekofyziologické adaptace na podminky

prostredi. Clanek byl podan v roce 2016 do periodika Wood Research.



U vSech publikaci je autorka uvedena jako jeden z hlavnich autorl (Tab. 1). Zasadnim
zpUsobem se podilela na veskerych aktivitdch, véetné sbéru vzork(, zpracovani
a vyhodnoceni dat a jejich interpretaci. U tfi ze Ctyf studii je hlavni autorkou a ma
stéZejni podil na jejich tvorbé. U ¢lanku ,,Growth dynamics of Dracaena cinnabari under
controlled conditions as the most effective way to protect endangered species” byla
analyza dat vyznamnou mirou realizovana Ing. Danielem Volafikem, Ph.D. U ¢lanku
,Preliminary anatomical study on secondary thickening parts of endemic Dracaena
cinnabari Balf fil. from the Socotra Island” se na analyze dat vyznamnou mérou podileli
RNDr. Pavel Mazal, Ph.D. a RNDr. Martin Duchoslav, Ph.D. U ¢lanku ,,Growth dynamics
of artificial afforestation of endangered, endemic Dracaena cinnabari in situ on Socotra
Island” je autorka uvedena jako jeden z hlavnich autort. Podilela se na terénnim sbéru

dat, na psani manuscriptu a jeho revizi (viz Tab. 1)
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4. TEORETICKE ASPEKTY STUDOVANE PROBLEMATIKY

4.1 OSTROVNI EKOLOGIE

4.1.1 Teorie ostrovni biogeografie

Autofi Stuessy a Ono (2008) ve své publikaci o proménlivosti a evoluci ostrovni vegetace
trefné povazuji ostrovy v ocednech za jedny z nejzajimavéjSich ekosystém( na Zemi

a zaroven jedny z nejvhodnéjsich mist k pochopeni zdkonitosti biologické rozmanitosti.

Diky izolovanosti se biodiverzita ostrov( vyrazné lisi od biodiverzity pevniny, a to
ivpfipadé podobnych fyzicko-geografickych podminek prostifedi (Guo, 2015).

Simberloff (1974) uvadi, Ze az 5 % celkové plochy Zemé pokryvaji ostrovy a souostrovi.

V roce 1967 predstavili autofi R. MacArthur a E. O. Wilson teorii, kterd umoznovala
charakterizovat a predikovat chovani ostrovnich spolecenstev (Warren a kol. 2014).
Jejich teorie se opirala o tfi zakladni charakteristiky izolovanych biot: vztah mezi poétem
druhl na ostrové a velikosti ostrova (species-area relationship), vztah mezi poctem
druhl na ostrové aizolovanosti ostrova (species-isolation relationship) a o obménu
druhl (species turnover) (Masarykova univerzita, 2016; Warren a kol. 2014). Jak je
patrné z Obr. 2, pro ostrovy je charakteristicka strméjsi kfivka 'velikost Uzemi-pocet'

druhl nez pro pevninu.



Mainland

} Islands
Near

on
effect

Isolati

log species richness
1

log area

Obr. 2 Teorie ostrovni biogeografie zohlednujici velikost Uzemi a miru izolovanosti
ostrova (vzddlenost od pevniny). Kratkd preruSovana linie zndzornuje maly ostrov

s absenci vhodnych biotopl. (Lomolino a kol. 2006 In Guo, 2015)

Teorie vychazejici z predpokladu, Ze pocet druhd na ostrové je urcen dynamickou

rovnovahou mezi imigraci a extinkci, je zndzornéna na Obr. 3.

Immigration Extinction

Rate

8:5554
No. species

Obr. 3 Rovnovazina teorie ostrovni biogeografie. Priseciky Si1, S2 a S3 predstavuji stabilni
rovnovahu ostrovd rGzné velikosti a vzdalenosti od pevniny. V pfipadé zvyseni

nebo poklesu poctu druhi z S; na S1 nebo Ss se stav vrati do rovnovahy (Guo, 2015).
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Rovnovazina teorie MacArthura a Wilsona upozornila nejen na to, Ze populace opravdu
vymiraji, ale hlavné na to, Ze znalost dynamiky vymirani a kolonizace je dllezitd
pro pochopeni interakci jednotlivych slozek Zivotniho prostredi (Storch, 2000). V textu
Masarykovy univerzity (2016) je uvedeno, Ze kfivka imigrace klesa z maximalni hodnoty,
kdy se na ostrové nevyskytuje zadny druh (vSechny ptichozi druhy jsou tedy nové
a zvysuji tak pocet druhl na ostrové), az k hodnoté nulové, kdy se na ostrové vyskytuji
vSechny druhy, pfitomné ve zdrojové oblasti i oblastech (zadny prichozi druh jiz tedy
nezvysi pocet druh(l na ostrové). Kfivka extinkce stoupd z nulové hodnoty, kdy
se na ostrové nevyskytuji zadné druhy, k maximu, kdy je ostrov zaplnén druhy
ze zdrojového Uzemi (mUlze vymizet maximalni pocet druhd). Obména druhl v Uzemi je
pak uréovana tvarem obou kfivek (Obr. 3). Guo (2015) doddv3, Ze na rozdil od grafické
interpretace, jsou krivky imigrace a extinkce s nejvétsi pravdépodobnosti protismérné
asymetrické a jejich pozice a tvary se mohou napfti¢ ostrovy i taxony vyznamné lisit.
Guo (2015) a Masarykova univerzita (2016) upozornuji, Ze model na Obr. 3 nezohledriuje
druhovou bohatost daného Uzemi tak jako model na Obr. 2, ale ukazuje a pfedvida

pouze celkovy pocet druhd, ktery se na ostrové vyskytuje.

Extinkce druhi se tedy teoreticky zvySuje se stoupajicim poétem druhd. Jak glosuje
Paslaru (2014), velikosti populaci budou na mensich ostrovech nizsi, proto je na nich

pravdépodobné extinkce rychlejsi.

Princip biogeografické teorie ostrovi ma podle Michala (1994) zakladni vyznam

pro teorii dynamické rovnovahy spolecenstev organismu a lze ji zobecnit takto:

1. Pocet druhll na ostrové se ¢asem ustaluje na urovni, kterd je vysledkem
nepretrzité dynamiky druhového bohatstvi, kdy nékteré druhy na ostrové
vymiraji a jiné imigruji.

2. Velké ostrovy maji obvykle vétsi druhové bohatstvi nez malé. Pfi prekroceni
minimalni velikosti ostrova se na ném nemuZe ustavit druhové vyrovnané
spolecenstvo, a tuto minimalni velikost Ize odhadnout.

3. Druhové bohatstvi obvykle klesa s rostouci vzdalenosti nejblizSiho ostrova.

4, Druhové bohatstvi Uzemi, jez bylo ekologicky soucasti prirodniho kontinua,
se pfeménou v maly ostrov zakonité snizi. Pro trvalou existenci a rozvoj

potiebuje takovy ostrov zdroje k dosycovani svého druhového inventare
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z jinych ostrov( v prijatelné vzdalenosti, ktera musi odpovidat biologickym
vlastnostem jednotlivych druhd. (Nap¥. Lomolino a kol. 2006, MacArthur, 1972;
MacArthur a Wilson, 1967; Michal, 1994; Warren a kol. 2014)

4.1.2 Efekt odlehlosti

Na efekt odlehlosti je tfeba pohlizet ze dvou hledisek. Fyzickd izolace je odliSny pojem
od relativni vzddlenosti pro rlizné typy organism( (odlehlost pro Zivocichy jako
napt. pro ptaky se liSi od odlehlosti pro rostliny). Rychlost evoluce nékterych druh(
na izolovanych a odlehlych ostrovech muze v nékterych pfipadech prevysovat rychlost
imigrace (Holloway, 1977; Biogeografie, 2016; Mueller-Dombois a Fosberg, 1998). Toto
tvrzeni plati pro endemické druhy (Obr. 4). Holloway 1977 uvadi, Ze hlre se Sifici skupiny
taxon( na prikladu ostrova Norfolk maji vétsi podil endemit a s vétsi pravdépodobnosti
se zde vyskytuji druhy plivodem z Nové Kaledonie nebo Nového Zélandu. Vyskyt druh(
ze vzdalenéjsi Australie je méné Casty. Obecné plati, Ze taxony s nizsi schopnosti Siteni
byvaji vazané na jednu nebo vice nepfili§ od sebe vzdalenych lokalit (typické
napf. pro tesarikovité nebo jednodélozné sekunddarné tloustnouci rostliny). Opak
Ize podle Hollowaye (1977) tvrdit v pfipadé taxon( s dobrou schopnosti Sifeni, kam
se fadi mlry, mouchy nebo jednodéloiné rostliny bez schopnosti sekundarniho

tloustnuti.
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EVOLUCE OSTROVNICH SPOLECENSTEV - OSTROV

NORFOLK
12 o

[
o

Index schopnosti Sifeni
()]

0 10 20 30 40 50 60
Endemité (%)

® migrujici mary
©® mouchoviti a kvétilkoviti
@ jednodélozné byliny
kapradiny
@ pobieini vegetace
® suchozemsti ptaci
@ dvoudéloZné rostliny
@ sekundarné tloustnouci jednodéloZné rostliny

@ tesarikoviti

Obr. 4 Evoluce ostrovnich spolecenstev na prikladu ostrova Norfolk (Holloway, 1977).
Pozn. Podle autora predstavuje Index schopnosti Sifeni ('Index of dispersal ability')
normalizovanou miru rozptylu rozdéleni pravdépodobnosti a pohybuje se ve Skale 0-10,

kdy 10 znamena vysokou schopnost Sifeni
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4.2 DYNAMIKA DRUHOVEHO BOHATSTVI ORGANISMU

Pfirodni ekosystémy jsou neustadle vystaveny zménam v druhové diverzité. Pficiny
extinkci napfi¢ historickymi obdobimi planety Zemé byly podle mnohych autord,
vysledkem nahlych zmén prostredi (Gaston a Spicer, 2004; Santucci, 2005). Soucasné
vymirani rady druhd, at uz na lokalni nebo globalni Urovni, je podle nich z velké miry
ovlivnéno antropogennimi vlivy, jmenovité zplsobem vyuzZivani krajiny, biologickou
invazi, atmosférickymi a environmentalnimi zménami. Nebezpedi ztraty biodiverzity

spociva zvlasté v jeji ireverzibilité.

4.2.1 Ekologické faktory

Druhova diverzita urcitého uzemi souvisi s pisobenim ekologickych a historickych
faktord, zejména se zemépisnou polohou, mirou izolovanosti Uzemi a historickou
biogeografii (Lobo a Halffter, 2000; Santucci, 2005; Wiens a Donoghue, 2004). Existence
a vyvoj organisml probihd v radmci ekosystéma rlizného radu. Michal (1994) zastava
nazor, Ze extinkce jediného druhu rostliny znamena podle zoologl zanik nejméné péti
zavislych druhtd hmyzu jako konzumentl a mnoha druhd specializovanych parazita.
Ztrata genetické diverzity je podle ného mnohem vyznamnéjsi, nez plyne z pouhé
cetnosti druh(. Jak vystizné uvadi Hendrych (1984), ekologické faktory obecné umoznuji
existenci urcitych druh( a soucasné limituji jejich rozsiteni. Jejich plsobenim dochazi
ke vzniku evolucnich pfizplsobeni i nedédicnych zmén. Autofi Guo (2015) a Olyarnik
a kol. (2009) se shoduji v nazoru, Ze diverzita kazdého spolecenstva je uréena mnozstvim
druh(, které mohou na stanovisté kolonizovat a biotickymi a abiotickymi faktory, které

urcuji, zda druh na daném misté prezije.

Sala a kol. (2000) predikovali vyvoj biologické rozmanitosti 10 terestrickych

a 2 sladkovodnich biomu v celosvétovém méritku v horizontu nasledujicich 100 let.

Autofi porovnavali zmény péti faktora:
1. zména ve vyuziti pldy (zejména ztrata stanovist a deforestace)
2. zména klimatu

3. zména v depozicich dusiku
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4. bioticka vyména

5. zména v mnozstvi CO, v atmosfére

Pro odhad a porovnani zmén poufzili $kdlu 5 hodnot, kdy 1 znacila malou zménu

a 5 zménu znacnou (viz Obr. 5).
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Obr. 5 Odhad relativnich vlivi nejvyznamnéjSich rizik pro globdlni biodiverzitu

v horizontu nésledujicich 100 let (Sala a kol. 2000 In Thuiller 2007)

Vysledky ukazuji, Ze zmény ve vyuziti plidy maji, a do budoucna budou mit, zasadni vliv
na celkovou biodiverzitu. Jednotlivé hodnoty miry rizik se lisi v zavislosti na ekosystému.
Na zakladé odhadu Sala a jeho kolegl (Sala a kol. 2000) je zfejmé, Ze arktické, alpinské
a boreadlni ekosystémy budou v nasledujicich 100 letech zasadné ovliviiovany
klimatickymi zménami, zatimco sub-tropické, tropické, poustni oblasti a mediteran
se budou potykat s nasledky zmén ve vyuzivani krajiny. Dalsi rizika v téchto oblastech
mohou predstavovat klimatické zmény a Sifeni invaznich druhd. Biotickd vyména je

podle nich zasadni hrozbou sladkovodnich ekosystémd.
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4.2.2 Adaptace rostlin na podminky prostiedi

e

Organismy Zijici v prostoru vstupuji do vzajemnych interakci. Sit mezidruhovych vztah(
ve spolecenstvu je podle Hejcmana (2016) vysledkem dlouhého koevolu¢niho vyvoje
aje jednim z mechanismd vzniku novych adaptaci. Vyznamnou interakci souvisejici
s ostrovnim pravidlem je vzajemnda kompetice, jejiz silu mezi dvéma druhy urcuje to,
do jaké miry se prekryvaiji jejich ekologické niky a dostupnost ¢erpanych zdroji. Hejcman
(2016) dale podotyka, Ze vysledkem asymetrické kompetice mlze byt Uplné vylouceni
druhu z ekosystému, vyssi rostliny napriklad mohou potladit ty nizsi. Jeho tvrzeni
dopliiuje Rejzek (2016) faktem, Ze vztah mezi druhy muaze byt i symbioticky
a komenzalni. Jako ptiklad Rejzek (2016) uvadi rlist kefe Euryops arabicus pod korunou

Dracaena cinnabari na Sokotfre.

4.3 FYTOGEOGRAFIE OSTROVA SOKOTRA

Sery (2013) upozorfiuje na skuteénost, ze Sokotra je nejvétsim kontinentalnim ostrovem
Sokotranského souostrovi, druhym nejvétsim pevninskym ostrovem a celkové druhym
nejvétsim africkym ostrovem, prestoze rozloha Sokotry je v porovnani s Madagaskarem
163krat mensi. Zaroven doddavd, Ze z politicko-geografického hlediska je ostrov

integralni soucasti Jemenské republiky.

Fytogeografické vazby v oblasti dnesniho Sokotranského souostrovi podrobné popsal
Culek (2013):

Prvni biogeograficky relevantni vznik pevniny v oblasti dneSniho Sokotranského
souostrovi zapocal béhem obdobi starsiho eocénu (pred 38-34 Ma let). Nékteré ostrovy
nezanikly nasledkem transgrese. Nasledovalo odtrzeni tektonickych desek a vznik
Adenského zdlivu (pfed 20-17 Ma let), coz bylo doprovdzeno velkoploSnym
vyzdvihnutim litosférickych desek. V tomto obdobi mohlo naposledy dojit k Sifeni
terestrické bioty na Sokotranské souostrovi, a to s relativné vysokou pravdépodobnosti
z africké pevniny nebo se stfedné vysokou pravdépodobnosti z dnedni oblasti Ardbie.
Celkové vyparovani Rudého more (pfed 11-5 Ma let) umoznilo migraci terestrickych

druh( do a z Arabie pfes Somalsko. MoZné migracni bariéry mohly predstavovat kandly
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»,Guardafui“a, The Brothers” (Obr. 6). Poslednim a nejvyznamnéjsim procesem byl zdvih
pohofi Haggeher v centralni ¢asti Sokotry, ktery nastal koncem miocénu (pfed 9-6 Ma
let). Pravdépodobné se jednalo o posledni moznost migrace druhd napfti¢ fragmenty
pevniny mezi kandly , Guardafui“ a ,The Brothers”. V obdobi ¢tvrtohor vyrazné kolisala
hladina more, coz mélo vliv na tvar a velikost ostrova (Culek, 2013; Madéra a kol. 2011).
Vyse uvedené kanaly zUstaly zachovany a mezi pevninou a Sokotranskym souostrovim
predstavovaly migracni bariéru pro neptvodni druhy. Izolovanost jednotlivych ostrovi
v ramci souostrovi vedla k vyraznym rozdiliim v potencidlni bioté danym geografickou
polohou (Culek, 2013). Ve ¢tvrtohornim pleistocénu (pred 2 Ma let) se okolo pobrezi
Sokotry zacaly formovat pobreini a morské sedimenty vcetné koralovych Utesu

(Herman-Izycki a Dul, 2011; Madéra a kol. 2011).

[_JQuaternary, Pliocene-Present 'RECONSTRUCTION OF TECTONICAL SITUATION « /80 km &)
[=IMiocene-Pliocene IN THE EASTERN G\U%{)F I-QQ‘J\AT\KS h\lla\Bg[\\\ >R

[ Synrift Oligocene-Miocene

[XPaleocene-Eocene (pre-rift) 2 \\ \\ SO \\\140 k\m\ J allaniah I
Il Cenozoic volcanism s &S

Mesozoic sediments

\\\\\\ 125\]‘,;, INON { |
FIMetamorphic basement /

125k
— Major normal fault \»Q%\ : @ jb"“ _

- - - Transfer fault zone NN R - o

—— Minor fault

16°N

15°N

------ Border of
Gardafuibasin
Map modified from:
Structure and evolution of
the eastern Gulf of Aden
conjugate margins .....

51°E 52°E 53°E 54°E 55°E (d’Acremont et al. 2005)
Obr. 6 Rekonstrukce tektonické situace ve vychodni ¢asti Adenského zalivu pred 18 Ma

let (Culek, 2013)
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4.3.1 Vegetace Sokotry

Sokotra ndlezi do paleotropické oblasti, kterd se rozklada na prevaziné casti Afriky, Indie,
jizni Asie a Indonésie (Botany, 2016; Hendrych, 1984). Podle uvedenych zdroju se jedna
o floristicky bohatou oblast s vyskytem okolo 40 endemickych celedi, rozdélenou
kontinentalnim driftem (Obr. 6). Oblast se déli do 13 podoblasti, Sokotra je soucasti

Sudansko-zambezijské oblasti a Sokotranské provincie (Botany, 2016).

Podle Miller a Morris (2004) je rozmanitost bioty Sokotry vysledkem dlouhodobého
geologického vyvoje, miliony let trvajici izolace od pevniny a adaptace organism
na extrémni klimatické podminky. Madéra a kol. (2011) uvadi, Ze Sokotra patfi mezi 10
ostrovl svéta s nejvysSim podilem endemickych druhd. Poznatky druhové diverzity
rostlin shrnuji Brown a Mies (2012). Podle nich je v soucasnosti na souostrovi
determinovdno 842 endemickych druh(l cévnatych rostlin, z nichz nékteré jsou jiz
pravdépodobné vyhynulé. Mira endemismu u cévnatych rostlin tak dosahuje vice
nez 37 %. Na souostrovi se dale nachdzi okolo 30 druh(l kapradin, 1 nahosemennd
rostlina (Ephedra foliata Boiss. Ex C.A. Mey.), 180 jednodéloznych rostlin a 631
dvoudéloznych rostlin (Brown a Mies, 2012). Zminéni autofi uvadi mezi nejpocetnéjsi
Celedi: Poaceae (100 druhtl), Fabaceae (72 druha), Asteraceae (57 druht), Acanthaceae
(34 druhl), Euphorbiaceae (34 druhll), Apocynaceae s Asclepiadoideae (30),
Boraginaceae (29 druhi), Cyperaceae (27), Malvaceae (25), Convolvulaceae (24),
Scrophulariaceae (23) a Rubiaceae (22). Prestoze je pro ostrovy vétSinou typickd mensi
druhova diverzita na jednotku plochy nez na pevniné (Whittaker a Fernandez-Palacios,
2007 In Brown a Mies, 2012), Sokotra tvofi vtomto smyslu vyjimku (Cronk, 1997
In Brown a Mies, 2012). Cronk (1997) pfisuzuje vysokou ostrovni biodiverzitu (1) blizkosti
Sokotry k Arabii a Somalsku, (2) geodiverzité ostrova, (3) specifickym klimatickym
podminkam, (4) ekologické diverzité spojené s vyraznym vyskovym prevysenim od 0 m
n. m. (mofska hladina) po 1 526 m n. m. (hora Jabal Dryet v centralnim pohofi Haggeher),
(5) dlouhodobému geologickému vyvoji a afiliaci s pfilehlym Arabskym poloostrovem
(351 km) a severo-vychodni Afrikou (232 km), (6) stabilité krajiny v obdobi holocénu
a benignimu obhospodarovani, které jesté neddvno zarucovalo uchovani jedinecné

ostrovni biodiverzity.
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Vegetacni typy, které se vyskytuji na ostrové, vymezili Miller a Morris (2004) a jsou

popsany v Tab. 2.

Tab. 2 Vegetacni typy Sokotry (Miller a Morris, 2004)

TYPY SUB-TYPY TOPOGRAFIE NADM. CHARAKTERISTIKA DOMINANTNI
VYSKA DRUHY
pobrezni mangrovy pobrezni zatoky, | hladina mangrovové houstiny Avicennia marina
vegetace brakické oblasti more (vyska 5m)
pobtezni vegetace pobieZni jemné hladina mozaika nizkych Limonium spp.,
vegetace mélkych i hrubsi more sukulentnich kefik( Tamarix nilotica,
pobf. oblasti | sedimenty (h 1,5 m), spolecenstva Suaeda spp.,
drevnaticich bylin Atriplex spp.
(h 0,5 m) a hloucky kfovin
(vyska 3 m)
kroviny pobrezni 0-100 kfoviny opadavych druhG | Croton
(Croton) a vnitrozemni mn. m. (h 2,5 m) misty s vy$simi socotranus
Vv nizinach oblasti (h5m)avpodrostu s
nizsimi kefi (h 1 m);
v pfipadé intenzivniho
spasani dominance
bylinného patra
zastoupeného zejména
druhy Cassia holosericea
a Tephrosia apollinea
sukulentni skaly a vapen- 0-150 rozvolnéna opadava Jatropha
vegetace cové srazy, (-500) sukulent. spolecenstva unicostata,
skalnaté svahy mn. m. (h <4m) s emergentnimi Croton
a zulové nebo stromy (h <6m), nizkou socotranus,
vapenc. kopce, polstarovou vegetaci Euphorbia
strmé stény vadi a polokefi arbuscula,
(h <1m) Adenium
obesum,
Teophrosia
apollinea
poloopadavé fidké porosty strmé vapenc. 150-750 poloopadavé houstiny Rhus thyrsiflora,
na srazech srazy, chranéna mn. m. (h <5m) s emergentnimi Buxanthus
v nizSich polohach uzemi vapenc. stromy (h <8m) pedicellatus,
a v roklich plosin, obcas se Carphalea
vyskytujici na obovata,
zul. podlozi Sterculia africana
(Hombhil)
spolecenstva sekundarné vapencové 500-720 mozaika sekundarné Jatropha
tloustnoucich bylin plosiny mn. m. tloustnoucich bylin unicostata,
na vapenc. ploSinach (h <0,5m), travinnych Lycium
a kerickovitych sokotranum,
spolecenstev (h <2m); Gnidia socotrana,
misty vyskyt reliktnich Cocculus balfourii
porost(, typicky
s Dracaena cinnabari
a Boswellia elongata
mozaika horskych exponované 950-1500 m | mozaika hustych Dracaena
stalezelenych porostda, vrcholy, skalni n. m. stalezelenych porostt cinnabari,
travin, nizkych kefovych svahy, rokle a houstin (h <5 m), travin, | Rhus thyrsiflora,
spolecenstev a polstarové a ostravky travin nizkych kerd (h <1,5 m) Hypericum
vegetace na zul. podlozi a polstarové vegetace species,
na exponovanych Helichrysum
vrcholech species, Euryops
arabicus
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4.3.2 Dracaena cinnabari Balf. f.

Dracinec rumélkovy (Dracaena cinnabari Balf. f.) je tfetihornim reliktnim endemitem
a vlajkovym druhem Sokotry. Jak ve své studii potvrzuje Forrest a kol. 2013, druh byl
poprvé zdokumentovan skotskym botanikem Isaacem Bayleyem Balfourem v roce 1880.
Rozsiteni druhu je nesouvislé s nékolika izolovanymi sub-populacemi ve stredni
a vychodni ¢asti ostrova (Miller a Morris, 2004). Stafi porostld se odhaduje na nékolik
stovek let, nejzachovalejsi porosty se vyskytuji na vdpencové plosiné Firmihin (390
az 760 m n. m.) a na lokalité Skand v granitovém pohofi Haggeher (950 az 1500 m n. m.)
(viz Tab. 2). Z €etnych studii (napt. Adolt a Pavli§ 2004; Attore a kol. 2007; Habrova a kol.
2009; Miller a Morris 2004; Adolt a kol. 2012 a 2013) je prokazatelné ziejmé, Ze Cetnost
druhu na ostrové klesa a podle odhadu je soucasny vyskyt omezen na 5 % potencialniho
biotopu. Prestarlé porosty se s vyjimkou nedostupnych terénl (prevazné skalnich stén)
neobnovuji. Absence zmlazeni se pfisuzuje efektu spolupisobeni vice faktorl, zejména
nadmérnému spasani kozami a dlouhodobé aridifikaci krajiny na ostrové (Brown a Mies
2012). Dracinec rumélkovy je vyznamnym stromovitym druhem a jeho zanik synergickym
vlivem stresu a disturbance by predstavoval vyznamné ochuzeni biodiverzity Sokotry

a zaroven ochuzeni rostlinného genofondu na celosvétové urovni.
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6. PREDICTION OF DRAGON’S BLOOD TREE (Dracaena cinnabari
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Abstract

Dracaena cinnabari Balf. On the Socotra Island is a spectacural relict of the Tethys
tropical forest. This unique endemic plant producing medicinally valuable sap covered
larger area inthe past. Thereis no natural regeneration of this species except
inaccessible localities with steep slopes. The seedlings are threatened by goats grazing.
Age structure of Dracaena populations indicates maturity and overmaturity depending
on browsing.

The objective of this work is to predict growing dynamic of Dragon’s Blood Trees
in permanent sample plot at Firmihin, where isthelargest closed stand
of Dracaena species. The prediction and visualization of variation in the number of trees
during 100vyears is based on realized direct field measurements supported
by mathematical calculations. The study presents options in forest regeneration

together with caution about the threats in the way of its implementation.

Key words - Dracaena cinnabari, Socotra, stand visualization, trees density prediction
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6.1 INTRODUCTION

The Socotra Archipelago (see Fig. 1) is located in the northwestern part of the Indian
Ocean. It consists from two main islands Socotra (also written Sokotra, Soqotra, Suqutra)
and Abdalkuri (Abd El Kuri), and the smaller ones, Samhah and Darsa, called The
Brothers, and of the rocks of Cal Farun and Hertha (Mies and Beyhl, 1996). Politically,
this archipelago belongs to the Republic of Yemen. With an area of 3625 km? is Socotra
the largest island in the Arab world (Elie, 2002), lies about 235 km east of the Horn
of Africa (12°18°-12°42" N latitude and 53°18°-54°32" E longitude) and the highest

elevations is reached in Haggeher Mountains on Socotra (over 1500 m a. s. I.).

A

N
Saudi i
Arabia
Diman|
SOCOTRA
G)_) Hadiba
Somalia Firmihin

Fig. 1 — Geographical location of Socotra Island.

Many authors have provided information about climate on Socotra, but this information
seems to be based on individual experience from short-term stays on island
or considered from wider climatic characteristics from Indian Ocean or nearby
mainlands (Habrova, 2007). According to Mies and Beyhl (1996), the islands are situated
in the arid tropical zone where evapotranspiration generally surpasses precipitation
by far. The climate of the ecoregion isinfluenced by the southwest (summer)
and northeast (winter) monsoons. The south-west monsoon (from May to September)

brings only humidity, the north-east monsoon (from November to March) is milder
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but brings expected winter rain (Fleitmann et al., 2007) and the rest of the year can

be expected only dry weather conditions.

Tab. | - Annual statistics of 'daily mean values' of selected climatic variables calculated

from completed values in 'ideal year' (2000-2004) at Firmihin locality (Kral, 2005).

Variable Min Max Mean
Air temperature [°C] 19.3 28.9 23.7
Air humidity [%] 36.6 99.5 72.6
Wind speed [m/s] 0.3 8.2 2.6
Precipitation [mm/day] 0.0 207.5 1.1

The Socotra Island is undoubtedly a most precious natural asset, not only
for the Republic of Yemen, but for many people from around the world (Yucer, 1988).
In 2003, the archipelago was declared the first UNESCO Man and Biosphere Reserve
in Yemen, because of Socotra Island was recognised as one of the best preserved island
ecosystems on Earth (Miller et al., 2006). Habrova et al. (2009) mentioned island ranking
into the World Heritage Site in 2008. Separated from continent during the Tertiary
period the island hosts no indigenous mammals whatsoever, but its floral endemism
rate making it one of the most biodiverse island in the world (Grant, 2005). 825 species
of flowering plants and ferns were recorded on the archipelago, from which 12 genera
and 307 species (37 %) are thought to be endemic (Miller et al., 2006). According
to Bucek et al. (2004), also the majority of woody species forming natural forest,
woodland and/or shrub communities ranks among endemic species. Important of them
are arborescent frankincense trees (Boswellia sp.), myrrh trees (Commiphora sp.),
arborescent spurges (Euphorbia sp.), a rare endemic shrub Dirachma socotrana
and the only known wild pome granate species (Punica protopunica). Typical for Socotra
are remarkable succulent woody species particularly the endemic cucumber tree
(Dendrosycios socotrana), desert rose (Adenium obesum, ssp. socotranum) and endemic
Dorstenia gigas. The unique vegetation formation is the evergreen woodland
dominated by the famous Dragon’s Blood Tree (Dracaena cinnabari), Socotra’s most

iconic plant (Miller at al., 2006). Socotra Island is rightly compared with Mauritius,
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the Galapagos or the Canary Islands. It is given by floristic richness and level

of endemism. Also fauna of Socotra is rich in species and not fully investigated yet.

For thousands of years, the people of Socotra have lived with and used the biological
resources in a sustainable manner (Mies and Beyhl, 1996) harvesting only what they
needed and practising rotational grazing (Miller et al., 2006). However, the Socotra
Archipelago with an estimated human population ranging from 40 to 80000 people is
described as one of the poorest and most disadvantaged group of islands anywhere
in the world (Elie, 2002). Most of people are concentrated in the capital Hadiboh and in
its surroundings. They speak Socotri and Arabic. The people have survived through
fishing, ranging of livestock (mostly goats) and home gardening, particularly date palms
(Ceccolini, 2000). Since antiquity, the island was famous for its Dragon’s Blood, obtained
from the sap of Dracaena cinnabari, (Mies and Beyhl, 1996). Nowadays, the island is

losing its isolation rapidly. This is due to industrial and tourism development.

The genus Dracaena comprises between 60 and 100 species and recent taxonomic
ambiguity has caused its classification within three families i.e. Agavaceae, Liliaceae
and Dracaenaceae, the latter as a family arching over the former confusion (Adolt
and Pavlis, 2004). Representatives of the Dracaena genus have survived in woodlands
on dry margins of the Tethys tropical forest since the Tertiary Period. Most
of the Dracaena species grow as shrubs or geophytes often having ornamental potential
(Adolt and Pavlis, 2004). There are some species having the growth habit of a tree:
Dracaena cinnabari Balf. on Socotra, Dracaena serrulata Baker in Southwestern Arabia,
Dracaena ombet Kotschy & Peyr in Eastern Africa, Dracaena schizantha Baker
on Macaronesian Islands, Dracaena draco L. in Moricci, Dracaena tamaranae
A. Marrero, R.S. Almeina and M. Gonzales-Martin in Canary Islands and Dracaena

steudneri Engl. in Ethiopia and Eastern Africa (Bekele, 2007).

Dracaena cinnabari is an evergreen tree with a typical umbrella-shaped crown
due to a ,,dracoid” ramification of branches (Adolt and Pavlis, 2004). Dracaena species
are exceptional among monocotyledonous plants because of their capacity
for secondary thickening of stems and roots (Habrova et al.,, 2009). Its area
of distribution ranges from an altitude of 150 m to 1600 m above sea level, it dominates

above 600 m a. s. |. (Petroncini, 2001). Dragon’s Blood Tree is not widely spread over
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the Socotra Island. Itis fixed to the area of the large central plateau of Diksam,
the central granite massive of Haggeher and the eastern area of Hamadero, Sirahon
and Kilisan (Petroncini, 2001). Plant density is not homogenous. Analyses show that
the area of Dracaena woodland land-cover class on Socotra reaches 3658 ha, i.e. 1.1 %
of the total island area (Kral and Pavlis, 2006). There is no natural seeding except

of inaccessible places with steep slopes.

Multiyear activities of a Mendel University team from Brno has brought important data
concerning particularly ecophysiology, phenology, morphology, growth characteristics,
estimation of age, population dynamics of Dracaena cinnabari, site conditions or species
composition. Precise geobiocoenological differentiation was created for recognizing
the detailed state of natural conditions of the island (Bucek, 2003). Mendel University
team also installed a weather station including an automatic data logger at Firmihin
in November 2000, at an approximate altitude of 440 m above sea level. According
to Habrova (2007), it is clear, that only a long-term, continuous period of measurement
at different locations on the island can lead to an understanding of its present climate.
That is why other 5 mini-stations measuring only air temperature and air humidity were
placed at different localities in 2004 (one of these 5 mini-stations has been stolen

on Skand just after one month).

According to mentioned researches, the population of Dracaena cinnabari is getting old.
Stands density decreases. There is absence of natural regeneration at most sites
of natural range. The species are threatened mainly by omnipresent goat grazing,

extraction of blood-red sap and fuelwood production.

6.2 MATERIAL AND METHODS

6.2.1 Data collection and field measurement

Data about Socotra Archipelago and Dracaena cinnabari were collected. It was focused
on general information about Socotra Island (localization, climatic conditions, natural
environment and nature conservation, local people and their natural resources

utilization). Other part of introduction dealt with Dracaena genus and Socotra’s most

33



iconic plant Dracaena cinnabari (habit, distribution, utilization and its importance). Also

the connections with causes of threats to this species were mentioned.

Field measurements were realized at Firmihin, where the largest closed stand
of Dragon’s Blood Trees was identified. One square sample plot with side lenght 100 m
in locality of the youngest Dracaena trees was chosen. The inventory of each tree
in sample plot was carried out. Measuring-tape for girth meassuring in 1.3 m and crown
diameter, hypsometer Silva, camera and field notebook were used. Usage of laser
rangefinder was expected, but the instrument was confiscated by soldiers at the airport
in capital of Yemen. All trees were photographed. The central point of sample plot was

located by GPS Trimble-Juno SB and stabilized by metal spile.

6.2.2 Data processing

Collected data were compiled in Microsoft Office Program Excel, copied to electronic
scratch pad and applicated to Stand Visualization System (SVS). The scratch pad files
were saved with the ending tbl (xIs ending was useless). The data applicable to SVS
consist of a simple stand table containing species, diameter at breast height (DBH)
in cm, height in m, ratio (= crown height/tree height in m), crown radius in m, X and Y
coordinates. Except these parameters 'sausage-shape' sections of branches (see Fig. 3)
and circumferential inflorescence were counted during fieldwork. Also columns Tree
class and Crown class were added in Microsoft Office Program Excel, which are

necessary to processing in SVS.

In general, 100 tables for 100 year prediction of this sample plot were generated.
Prediction of trees sample density was developed on basis of previous long-term
measurement and statistical evaluation made by members of Mendel University team

(Adolt and Pavlis, 2004) at Firmihin.

Next step consisted in assignment of all trees into 16 age categories by Habrova (2005)
(Tab. Ill). The categories were called from DR16 (seed) to DR1 (the oldest trees).
The number of trees in particular category provided the vector of a population (Habrova

et al., 2009). The age of one branch section reaches about 19 years (Adolt and Pavlis,
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2004). It was necessary to predefine tree habits with different species codes in Tree
Designer of SVS (see Fig. 2). The auxiliary view in SVS Tree Designer was used to display
trees as they appear in an SVS image. Every created tree form was marked with assigned
species code, which allows user to make changes to the form definition parameters.
The tree class list shows all the tree class values currently represented for the current
species. The crown class list shows all crown class values currently represented
for the current species and current tree class. It was necessary to create a new plant
form for Dracaena sp. based on an existing form. The form usable as the model was
selected and then the species, tree class and crown class for the new plant form were

modified.

According to SVS Manual created by McGaughey (2002), SVS generates images
depicting stand conditions represented by a list of individual stand components
(e. g. trees, shrubs) using detailed geometric models. The images produced by SVS

provide a readily understood representation of stand conditions.

SV5 Tree Designer -- C:\Program Files\SYS\drac2.trf

Speciez code Tree clazz Crown class

— — Branch base U.U1j J j

oRT ﬂ |=S ﬂ |:|:: j Branch inc. angle 47 j J j
Y Uptit (crowntopy 0.2 +] | _+]

Uptitt {crown 17 ] ] I

# leaves [ETH j J j

# branches 46 < i+

High X 100 «] ||+

High ¥ 0m 4] |+

Low X oz3 o | [+

Low ¥ 014 o] ] I+

Branch color... _
" Overhead view  Group view )

(" Crown ratio view  Height view

) (" Conifer (gingle leader)
£ Mo view (+ Hardweood 1 (central leader)
" Hardwood 2 (leader)
.55 4 ARG :
cr ; 2l 1 6 Tree " Hardwood 3 (no leader)
rad:3s «f _| | shru ¢ Special object

hte1r 4| | | Smalshrub

W Show outling

Load... | Save... ‘ New form... Delete form Cancel Help ‘ QK |

Specify damage codes |

Fig. 2 — Modeling of tree age classes in SVS Tree Designer.
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In order to construct a model of population development in the following years, it was

necessary to compile a generally applicable matrix created by Habrova et al. (2009).

The matrix (Tab. Il) is constructed of values for the probability of dying out within a given

age category and the value of the average age of one section of a branch. The values

along a diagonal give the probability that a plant will persist in the same category during

one year. The matrix was multiplied by a particular vector in a numerical computing

environment MATLAB (i.e., by the actual number of trees in particular categories). Graph

expressing the decrease in the number of trees during 100 years was created in MATLAB

by mentioned multiplying the matrix and vectors.

Tab. Il - Matrix and the vector (= real number of trees fallen into each category

for a given "number of narrowed branch sections").
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6.3 RESULTS

The research was realized on Firmihin, located in the central part of Socotra Island.

The dense Dracaena woodland found at Firmihin is unique in the world. Exact location

of the stabilized

central

point

of the

sample

plot

Y 1381889,1487503; Z 544,8 (WGS-84 reference system).

is

X 175964,9968856;

114 Dracaena trees were identified on selected sample plot. In average trees have had

from 9 to 10 branch sections (see Fig. 3).
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Tab. Il - Number of trees belonging to each age category.

Marking of age category |Number of branch sections Number of trees
DR16 seed 0
DR15 seedling 0
DR14 the first flowering plant 4
DR13 1and 2 2
DR12 Jand 4 8
DR11 5and 6 16
DR10 7and 8 22
DR9 9and 10 17
DR8 11 and 12 19
DR7 13 and 14 16
DR6E 15 and 16 4
DR5 17 and 18 4
DR4 19 and 20 0
DR3 21 and 22 0
DR2 23 and 24 1
DR1 25 = 1

Fig. 3 — Branches segregated by narrowed 'sausage-shape' sections (photo

by authoress).

As mentioned above, 100 tables for 100 year prediction of this sample plot were

generated in Microsoft Office Program Excel. The data in first table (age class, DBH,
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height, ratio, crown radius, X a Y coordinates) showed present condition of the trees
(in the year 2010). The data in hundredth table showed the same parameters 100 years
later (in the year 2110). The diameter at breast height (DBH) has been averagely
increasing 0.053 cm per year and crown radius 0.0089 m per year (Adolt and Pavlis,

2004).

First and last table were copied from Microsoft Office Program Excel to electronic

scratch pad (Tab. 1V), which is form applicable in Stand Visualization System (SVS).

Tab. IV Parameters of Dracaena trees in 2010 displayed in electronic scratch pad.

" 1st.tbl - Poznamkowy blok E
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5.
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4.
5.
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Graph (see Fig. 4) expresses prediction of tree density between 2010 and 2110.
The graphical representation shows, that from 114 trees, approximately 73 trees will

remain. Thus the number of trees will decrease by 36 %.
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Fig. 4 — Graph expressing the decrease in the number of Dracaena trees during

100 years; ten years interval between 0 and 100 is represented.

Two models were created in SVS on the basis of proven results. The first model shows
present condition of the trees (see Fig 5). The second model expresses the decrease
in the number of trees during 100 years (see Fig. 6). The disappearance of the trees was
choosen in consideration of age, vitality and degree of damage. The most frequent type
of damage was stem scar caused by extraction of blood-red sap. An intensive pasture
of goats is expected. That is the reason why no natural regeneration and/or artificial

plantation are included.
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Fig. 5 — Model in SVS showing Dracaena trees sample density in 2010.
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Fig. 6 — Model in SVS showing Dracaena trees sample density in 2110.
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It is necessary to mention, that this prediction is very optimistic, because currently
(in 2010) there are the youngest Dracaena trees in Firmihin on chosen sample plot.

Natural disasters or other unexpected events are not assumed.

6.4 DISCUSSION

Age determination of monocotyledons in general, is very difficult task (Habrova et al.,
2009). One study (Adolt and Pavlis, 2004) on the estimation of the age of Dracaena tree
species has been published. According to mentioned study, background is an indirect
method reflecting relationship between the number of flowering periods and the actual
age of aspecimen. The relation can be well defined through specific branching
of arborescent Dracaena species characterized by markedly swollen branches
segregated individually by narrowed sections or 'sausage-shaped' sections. Based on
this method, one branch section reaches about 19 years and Dracaena achieves an age
up to 650 years. But even so it is hard to determine the age of stem before crown
branching, because there are no growth rings in cross section of the stem. Habrova
(2005) mentioned that there are three main growth stages in Dracaena’s ontogeny.
The seedling creates no trunk some time after germination, just a single rosette is
growing and the number of leaves is increasing. After some time the trunk is creating,
but there is still only one single rosette on the top (Attorre et al., 2007). The branching
and crown forming is related to the maturing stage (certain stem height) and ability
to flower. Height growth cessation happens with ability to flower and moves between

40 and 1200 cm (Habrova, 2005).

According to the method developed by Adolt and Pavli$ (2004), the crown of the oldest
tree on sample plot was 532 years old (28 branch sections). There were no seedlings

without stem and only three young trees creating stem with no branching.

Based on statistical analyses as well as on direct field observations, Dracaena
populations on Socotra do not regenerate to a great extent and their age structure
generally indicates overmaturity (Krdl and Pavlis, 2006). This research results confirm
the claim by Adolt and Pavli$ (2004), that with 95% probability, it is possible to expect

that larger part of the world’s most extensive Dracaena woodland complex at Firmihin

41



will be in the stage of intensive disintegration within 30 to 77 years. Graphical
representation as well as two models created by SVS show absence of natural
regeneration. There are mostly middle aged trees in a sample plot, despite the fact that
it is locality with one of the youngest trees at Firmihin. The results demonstrate gradual

degradation and disappearance of trees.

Some scientists (Attorre et al., 2007) attribute the Dragon’s Blood Tree reduction
to climatic changes. According to Attorre et al. (2007), the predicted climate change may
lead to a 45 % loss of Dracaena potential distribution area by 2080. The study published
by Attorre et al. (2007) suggests that the original distribution of Dracaena cinnabari has
been significantly reduced in the past. They hypothesise that a combination of factors
may have contributed to its reduction (human activities, soil erosion, increased aridity
and biotic interactions). They also suppose that current pattern of distribution, though
fragmented may be primarily explained in terms of response to climatic constraints.
Attorre et al. (2007) opine that Dragon’s Blood Tree is able to colonise suitable areas
if the present climatic conditions will remain stable and if a reduction of grazing

and human pressure will occur.

Mendel University team does not consider climate change as a significant factor
in the process of Dracaena tree reduction. We are tending to opinion that grazing
by livestock, predominantly by goats, is the reason for its decline. Cattle grazing
and excessive consumption of fuelwood and building timber most markedly represent
an increasing anthropogenic pressure on natural resources of Socotra (Bucek, 2003).
Seed production capability of Dragon’s Blood Trees is optimal. However, thanks
to intensive browsing, there is the absence of natural regeneration except inaccesible
steep slopes. The only way to prevent the decrease in stand density is a strict reserve
and protection from grazing at Firmihin. Mentioned solution appears unrealistic
in condisions of Socotra Island, where most of people support livestock grazing. Even so,
the only way to prevent the degradation and disappearance of trees is to prevent

grazing damage.

The Dracaena woodland on Socotra Island is rightly considered as one of the oldest

forest community on Earth. It is a unique phytocoenose, which covered larger area
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in the past. Mendel University team activities lead towards promotion of Dracaena
cinnabari regeneration, which count tree nursery establishement, endorsement
and plants protection. The team is attempting to plant cultivated plants on the original
localities of the species. Obstacles to successful behaviour consist partially in distrust
local people to foreigners, habitual way of traditional grazing management, long periods
of dry weather conditions etc. It is necessary to support optimizing of Dragon’s Blood

Tree age structure.

6.5 SUMMARY

The aim of this study was to predict and visualize variation in the number of Dragon’s
Blood Trees during 100 years in permanent sample plot at Firmihin on the Island
of Socotra. Field measurements were realized in Firmihin, where the largest closed
stand of Dracaena cinnabari was identified. One square sample plot of side lenght 100 m
in locality of the youngest Dragon’s Blood Trees was chosen. The inventory of each tree
in sample plot was carried out. Collected data were compiled in Microsoft Office
Program Excel, copied to electronic scratch pad and applicated to Stand Visualization
System (SVS). The prediction of growing dynamic was developed on basis of previous
long-term measurement and statistical evaluation made by Mendel University team.
The mortality of trees during next 100 years was evaluated, graphically figured out
and the models of stand development were created on the basis of matrix indicating
the probability of tree within branch section category persistance (Habrova et al., 2009).

114 Dracaena trees on selected sample plot were identified. According to the method
based on architectural age and statistical analyses published by Adolt and Pavlis (2004),
the crown of the oldest tree was 532 years old (28 branch sections). The average trees
have about 9 sections. There were found no seedlings without stem and only three
young trees with created stem without branching. The graphical representation created
in MATLAB shows, that from 114 trees, aproximately 73 trees will remain 100 years later.

Thus the number of trees will decrease by 36%.

Two models were created in SVS on the basis of proven results. The first model shows

trees sample density in 2010. The second model expresses the decrease in the number
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of 41 trees during 100 years. The curve (see Fig. 4) as well as two models created by SVS
show absence of natural regeneration. Most likely this is due to livestock grazing,
primarily by goats. The only way to prevent the degradation and disappearance of trees

is to prevent grazing damage.
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Abstract

Dracaena cinnabari Balf. fil. is an endangered endemic species growing on the Yemeni
island of Socotra. Dracaena woodlands are considered as one of the oldest forest
communities on Earth. Uncontrolled grazing unfortunately caused a lack of naturally
occurring regeneration. Our two-year research was focused on the growth dynamics
of Dracaena seedlings from two separate populations. One hundred of germinated
seeds from two different altitudes from the island were sown and planted
under the same conditions. Average increment and difference between the growth
dynamics of plants from the two localities were investigated. The observed data on this
plant species revealed very interesting, hitherto unknown results. (1) The seedlings
germinated within a time period from four to ten weeks. Germination rate was 90 %
on the Firmihin highland plateau and 78 % on the Skand Mountain. (2) Average plant
length from both localities was almost the same (24.9 cm) at the end of measurement.
Differences in values between the two populations proved as non-significant.
(3) A significant difference was found in the number of leaves and in the sum of lengths
of all leaves on one plant. While the seedlings from Firmihin featured a wide spreading
above-ground part with a large number of leaves, the plants from Skand invested more
energy into faster leaves elongation rate. (4) Growth dynamics reflected seasonal

changes. Increments were slower or ceased during the period of vegetative rest
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from autumn to spring. (5) Average mortality rate was 13 %. Most of the plants died
during the period of vegetative rest. Further study on germination and regeneration

under artificial conditions seems like the only way to prevent species extinction.

Keywords: Dragon’s Blood Tree; Germination; Growth rate; Height increment;

Mortality
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7.1 INTRODUCTION

The genus Dracaena comprises between 60 and 100 species (Adolt and Pavlis, 2004).
It belongs in the family of Asparagaceae or Dracaenaceae (Brown and Mies, 2012).
Dracaena species are exceptional among monocotyledonous plants because of their
ability of the secondary growth of stems, branches and roots (Habrova et al., 2009).
Most of Dracaena species grow as shrubs or geophytes. There are only seven species
featuring arborescent growth and the xeromorphic Dracaena cinnabari belongs to them

(Bekele, 2007).

D. cinnabariis a large, single-trunked tree with height up to 10 m and smooth grey bark.
Branches with sausage-shaped sections form an umbrella-shaped crown. The crown
shape is adapted to arid climates and is affected by the availability of atmospheric
moisture. Tough leaves are densely tufted, dark green and elongated, up to 60 cm long
and up to 4 cm wide. The leaves are scleromorphic as a specialised feature to prevent
excessive loss of water (Brown and Mies, 2012). Small creamy flowers grow in large
terminal panicles. Globose fruits have about 1 cm in diameter and contain from 1 to 3
spherical and brownish-red seeds, which are very hard. Their stage of ripening goes
from black to red (Miller and Morris, 2004). The seeds are spread by birds. Since ancient
times, the plant has been used for harvesting blood-red medicinal resin and as fuel
wood. Moreover, flowers, fruits and leaves have been used as a source of dry season

feed for livestock.

D. cinnabari (Dragon’s Blood Tree) is an endemic species and the most iconic plant
of the Socotra Island. It is a highly conspicuous element in the landscape of Socotra,
specifically at altitudes between ca. 300 and 1480 m (Brown and Mies, 2012). Socotra is
an isolated island lying in the Indian Ocean between the Horn of Africa and the Arabian
Peninsula. It belongs to the Republic of Yemen. Separated from the continent during
the Tertiary period, the island’s floral endemism rate makes it one of the most
biodiverse islands in the world (Grant, 2005). Today, it hosts more than 950 plant
species, including some 825 terrestrial plants (430 genera, 114 families) and about 130
algae and seagrasses (Miller and Morris, 2004, Cheung and DeVantier, 2006 and Brown

and Mies, 2012). Of the total number of flowering plants and ferns, 37 % are endemic,
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when compared with other archipelagos. In 2003, upon the international recognition
of these outstanding attributes, the island became a UNESCO Man and Biosphere
Reserve. In 2005, the islands were nominated for World Heritage listing (Cheung and
DeVantier, 2006 and Scholte et al., 2011). According to Cheung and DeVantier (2006),
during the long period of isolation, evolution of the island’s flora and fauna has
proceeded in various adaptations to cope with the arid, wind-swept environment.
The umbrella-shaped shrubs and trees have adopted eco-morphological strategy.
The unique vegetation formation adapted to semi-arid environment is an evergreen
woodland dominated by the Dragon’s Blood Tree (D. cinnabari) (Miller et al., 2006).
The Dracaena woodland covers 3658 ha, i. e. 1.1 % of the island (Kral and Pavlis, 2006).
The general distribution of Dracaena on Socotra reflects the size of areas that are

affected by the monsoon mists (Brown and Mies, 2012).

The Socotra’s flagship species D. cinnabari suffers from the lack of regeneration due
to intensified goat grazing (Miller and Morris, 2004). Therefore, the seedlings and young
trees grow mainly on rock ledges and other sites that are inaccessible to goats. There
are only mature and overmature trees in the accessible terrain. Plant density is not
homogenous. The Dracaena woodland on Firmihin is considered as one of the oldest
forest communities on Earth (Miller and Morris, 2004). However, further development
of this community is not optimistic. Prediction of tree density development was made
for Firmihin, the locality with the highest density of Dracaena trees (Hubalkova, 2011).
It showed that the Dracaena tree density would decrease by 36 % until 2110, if the actual
grazing intensity remains unchanged. A similar situation occurs with the Frankincense
tree Boswellia papyrifera growing in Eritrea and in the Horn of Africa. Its populations are
declining due to human pressure and environmental degradation, the trees are found
mainly in hilly areas on steep slopes as an adaption to harsh growing conditions
(Ogbazghi et al. 2006). To assess the perspectives of woodland restoration, Negussie
et al. (2008) examined Boswellia seedling densities in grazed woodland and a grazing
exclosure in the lower Geba river catchment in northern Ethiopia. According
to the results of their experiment, the number of Boswellia seedlings varied throughout
the year, showing higher values in the rainy season. There were more seedlings

in the exclosure than in grazed woodland. The authors also mention dry season
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as a serious cause of seedling mortality which limits the potential of native woodland
recovery. Ogbazghi et al. (2006) devoted to the role of environment and land use factors
determining the distribution limits of B. papyrifera in Eritrea. Their field survey was
conducted in 113 village areas. Species occurrence was related to rainfall, air
temperature, length of growing period, physical and chemical soil factors, topography
and land-use types. The results show decreasing distribution as a result of several
interrelated human factors such as the conversion of woodlands into agricultural fields

and increasing livestock pressure.

The vulnerable Dragon’s Blood Tree has been therefore one of the main concerns
for conservation efforts and research activities on Socotra in recent years (Attore et al.,
2007 and Habrova et al., 2009). Several detailed studies have been conducted to assess
the potential impacts of various environmental factors on the plant development
(Brown and Mies, 2012, Van Damme and Banfield, 2011 and Scholte et al., 2011).
However, there is little information about phenology and growth of D. cinnabari. There
are few current studies related to the growth dynamics of D. cinnabari (Adolt et al.,
2012, Attore et al., 2007 and Habrova et al., 2009). Germination of Dracaena seeds
under greenhouse conditions appears to be unproblematic (Brown and Mies, 2012).
Adolt and Pavlis (2004) in Brown and Mies (2012) reported that germination rates
as high as 77 % could be achieved under greenhouse conditions, and that the mortality
of seedlings amounted to only 10 %. Beyhl (1996) mentioned comparably low rates
of 35% germinability, which would appear to be adequate to maintain populations.
In his thesis, Adolt (2001) carried out a germination experiment using 50 seeds
of D. cinnabari from the Diksam area and 100 seeds of Dracaena draco from Tenerife.
The experiment was conducted in the greenhouse of Mendel University in Brno, Czech
Republic, at an average temperature of 22 °C. The germination was boosted by variously
diluted solutions of hydrogen peroxide. The germination rate of D. draco was
significantly higher (34 %) than that of D. cinnabari (5 %). One percent hydrogen
peroxide solution increased the germination of Dragon’s Blood Tree to 22 %. Petroncini
et al. (2003) studied anatomy and genetic variability of the species using 45 randomly
collected seeds from a highland plateau on Socotra (14 seeds sown in summer 2001,

31seeds sown in February 2002). The plants were cultivated in a greenhouse
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of the Botanical Garden of Florence. The authors observed the development of a thick
layer of cuticular waxes on the leaves. Unfortunately, they didn’t devote their interest
to growth dynamics of the seedlings. Under natural conditions, germination
and successful establishment are going to be substantially lower (Brown and Mies,
2012). According to Beyhl (1998), during their germination, the seeds of D. cinnabari
form a little root and a cotyledon, that remains stuck to the seed like in other
monocotyledons. Directly after the germination with the outlet of the little root
and of the little leaf, the seeds develop a cylindrical swelling or a tubular epicotyl, which
gives rise to a tuber. Beyhl (1998) also claims that at the first stage of germination
the little leaves remain etiolated for some days after exposure to light. After a short
time, they start to produce chlorophyll and assimilate. Other leaves are green since
the beginning. The first three or five leaves are distich disposed, just the next leaves
have a pent — spiral collocation. Koopowitz and Kay (1990) suppose that Dracaena trees
grow easily from the seed but their seedlings are very vulnerable to grazing animals.
They also point out the fact, that the information about the growth dynamics
of D. cinnabari is scarce. Beyhl (1996) asserts that the growth of the branches
of Dracaena trees happens after the development of the terminal bud, after flourishing,
or after a traumatic event. Earlier botanists (e.g. Symon, 1974 and Wright, 1901) in their
studies of palms and other arborescent monocotyledons devoted considerable
attention to few forms with secondary vascular tissues. Tomlinson and Zimmermann
(1969) created and described sketches of the habitus of monocotyledons
with the secondary growth. According to these authors, the development
of Beaucarnea recurvata, for example, begins with a rapidly growing main axis, which
remains unbranched for several years. Tomlinson (1970) studied the peculiarities
of branching and crown shape changes in dependence on the plant age. According
to Banfield et al. (2011), widely spread branches and tightly packed leaves may increase
the surface area available for the condensation of water from the surrounding fogs
and mists. The canopy also creates a cooling shade, which reduces solar radiation
and evaporation in the area around the trunk or stem, benefiting both the tree
and other plants growing thereunder (Banfield et al., 2011). However, the age at which

Dracaena reaches a particular height or begins to branch, remains unexplored.
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The aim of this study is to describe the growth dynamics of D. cinnabari seedlings
in the first two years after germination. We included also the germination phase as we
considered the germination rates reported by Adolt (2001) very low. Moreover, we
focused on two populations (one from the highland plateau of Firmihin and the other
one from the Skand Mountain) from different elevations as we had a hypothesis
about a certain genetic adaptation to the different conditions. Another intention was
to compare seed germination and seedling mortality between the two groups
and to find a rational explanation to the obtained results. We also wanted to know
if the total plant biomass could be estimated from the plant height. Within the growth
dynamics, we hypothesised as follows: (1)the average germination rate would
be around 80 % and thus the results published by Adolt and Pavlis (2004) would
be corroborated. (2) The length of the highest leaf would be in favour of seedlings
from Skand. Let us assume that this was due to genetic adaptation and higher plant
resistance in the Skand area (e.g. Banfield et al., 2011 and Brown and Mies, 2012).
(3) The number of leaves would be higher in the plants from Firmihin as an adaptation
to the drier and warmer climate and more effective interception of horizontal
precipitation (e.g. Banfield et al., 2011 and Brown and Mies, 2012). (4) The leaf length
increment would reflect seasonal changes. (5) The average mortality rate of seedlings

would be about 10 % as well as in the study written by Adolt and Pavli$ (2004).

7.2 MATERIALS AND METHODS

7.2.1 Study area

The Socotra Archipelago, situated in the northern part of the Indian Ocean between
12°06'-12°42'N and 52°03'-54°32'E, comprises the name-giving Socotra Island,
the islets of Abd-al Kuri, Samha and Darsa and a few cliffs (Kirschner et al., 2006).
The major island, Socotra, the furthest east of the group, is approximately 3600 km?
in area, spanning 133 km west to east and 43 km north to south (Cheung and DeVantier,
2006). According to Mies and Beyhl (1996), the islands are situated in the arid tropical

zone where evapotranspiration generally surpasses precipitation by far. The climate

of ecoregions is influenced by the south-west (summer) and north-east (winter)
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monsoons. The south-west monsoon (from May to September) brings only humidity,
the north-east monsoon (from November to March) is milder but brings expected
winter rain (Scholte and De Geest, 2010 and Culek et al., 2006). The remaining part
of the year is characterised by dry weather conditions. Socotra can be divided into three
physiographic zones: the coastal plains, the limestone plateau and the igneous
Haggeher Mountains (Miller and Morris, 2004). According to Attorre et al. (2007),
D. cinnabari, absent in the west, has a fragmented distribution in the central and eastern
part of the island. It is common and often abundant on the granites of the Haggeher
Mountains (Skand) and the adjacent limestone plateaus (Firmihin) where it is frequently
dominant in the evergreen and semi-deciduous woodland (Miller and Morris, 2004).
The species occurrence dominates above 600 m a.s.l. The seeds used in our experiment
originated from the two last closed populations of D. cinnabari: from the Firmihin
plateau at an altitude of approx. 580 m a.s.l. and from Skand situated at approximately

1450 m above sea level.

Firmihin is a highland plateau in the central part of the island. Altitude of the plateau
ranges from 390to 760 m a.s.l. According to Miller et al. (2000), the area belongs
to the third vegetation belt where the plant starts to be dominant. According to Habrova
et al. (2007), annual mean temperature on Firmihin is 23.4 °C, daily means range
between 20 °C in February and 29 °C in May. The minimum temperature recorded
on the plateau was 14.35 °C in January, the maximum temperature recorded was
36.26 °C in May. Annual mean relative air humidity is 71.87 %. Horizontal precipitation
is relatively low and infrequent compared to Skand; therefore, the crowns are wide.
Firmihin is a limestone plateau. Karstification of the landscape is a conspicuous feature
and locally, the limestone is interrupted by small areas of sandstone (Brown and Mies,
2012). The soil is characterised by high calcium content and lower content of organic
carbon with quick mineralisation. In general, the surface topography is characterised
by the eroded limestone bedrock and by soils deficient in organic material (Brown
and Mies, 2012). Two deep ravines surround and protect this amazing protected area.
Due to this phenomenon, the unique vegetation has been preserved there, headed
by the largest closed stand of Dragon’s Blood Tree on the island. In spite of geographic

barriers, all natural regeneration is decimated by browsing.
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Skand is situated northeast of Firmihin, in the Haggeher Mountains, which are strongly
dissected by deep wadis, sheltered gullies and cliffs (Brown and Mies, 2012). With 1526
m a.s.l., Skand is the highest peak of the island. According to Miller et al. (2000), the area
belongs to the fifth vegetation belt where the plant is dominant. According to Habrova
et al. (2007), annual mean temperature on Skand is 17.85 °C. Minimum temperature
recorded on Socotra was 8.16 °C on Skand in January, the maximum recorded was 31.96
°C in May. Annual mean relative air humidity is 80.03 %. Horizontal precipitation is
typical of the Skand area (higher air humidity, frequent fogs). Relative humidity is
at orclose to 100 % for most of the period of darkness (Brown and Mies, 2012).
Therefore, the crowns are narrower up to conical shape. The Haggeher Mountains
represent a massif of granite. Thin and little developed soil is characterised by higher
sodium content due to the presence of Riebeckite mineral. Natural regeneration is more
successful in contrast with Firmihin due to the broken topography and inaccessible
localities with steep slopes, which are protected against grazing and human impact

(particularly in sheltered gullies, in cracks and on the peaks).

7.2.2 Seed collection, planting and measurement of seedlings

In total one hundred and forty seeds were collected at the turn of January and February
2011 on Firmihin (N12°28,867'; E54°0,602’) and on Skand (N12°34,592’; E54°01,642’),
70 seeds per locality. On both localities, sites of less exposed eastern slopes were
chosen. Slope was 15° on Firmihin and 45° on Skand. Altitude was 580 m a.s.l.
on Firmihin and 1450 m a.s.l. on Skand. The seeds have probably been lying
on the ground for no more than seven days. They were collected at the slope bottom
under crowns of ca. 10 trees on each locality, stored in laboratory tubes
and with the permission of Yemeni nature conservation authorities they were
transported to the Czech Republic. The research could not be done on the island because

the observation of plants and their periodic measurement were impossible.

The two-year experiment was conducted in Brno (Czech Republic) in the period
from March 2011 to June 2013. The Czech Republic has a moderate continental climate
with warm, dry summers and fairly cold and snowy winters. Brno belongs among

the warmest places in the country with an average annual temperature of 8.8 °C,
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an average annual precipitation of 493 mm and an average annual hours of sunshine
of 1678 h (Climatedata.eu, 2015). One hundred high quality — large, brownish
and undamaged — seeds were sown on 9 March 2011 separately into pots of 350 ml
and planted under uniform conditions — constant room temperature (20-23 °C)
and relative humidity (55-60 %), twice-weekly watering, the same soil substrate
(universal full-featured cultivation soil substrate with adjusted organic matter content
and proper acidity), the same light intensity (S-facing windows, no curtains). We did not

use any germinator or solution accelerating the germination.

After germination, measurements of the above-ground part were carried out at one
week interval. Every new leaf was numbered and the length of each leaf was measured
continuously until the end of the experiment. The seedlings were transplanted

into larger pots on 22 December 2011.

7.2.3 Data analysis

To assess differences in germination rates and seedling mortality between the two
localities (Firmihin/Skand), we wused a logistic regression approach. Locality
(Firmihin/Skand) was used as an explanatory variable. The growth dynamics during
the whole experiment was visually explored using graphs for the length of the first leaf,
length of the highest leaf, total length of all leaves and for the number of leaves
with a smoothed curve added separately for Firmihin and Skand seedlings using
the loess method (local polynomial regression, Cleveland et al., 1992). The significance
of differences between the localities was tested at the end of the first half
of the experiment and at the end of the whole experiment (week 50 and week 122)
using the double sided t-test (variant with unequal variance). All statistical analyses were
performed in the R statistical environment (R Core Team, 2013), graphs within ggplot2
package (Wickham, 2009).
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7.3 RESULTS

7.3.1 Germination

The seedlings germinated within a time period from four to ten weeks after sowing
the seeds. The highest germination rate was observed in the fifth and sixth week
(between 1 and 7 April 2011) in the case of seeds from Firmihin, and in the seventh
and eighth week (between 14 and 21 April 2011) in the case of seeds from Skand.
The result indicates that 84 out of 100 seeds (Firmihin/Skand) germinated under proper
conditions. The germination rate was somewhat higher on Firmihin (94 %) than on Skand
(80 %); however, this difference was not significant (p-value =0.098). One week

after germination, the first leaf started to develop and elongate.

7.3.2 Growth dynamics

An average increment for the whole period of measurement was 0.211 cm per week.
The length of the first leaf (Fig. A.1) could not be compared with the length of the highest
leaf (Fig. A.2). While the average length of the highest leaf was almost the same
(24.9 cm) in the two groups (Firmihin/Skand), the average length of the first leaf was
23.5 cm for Firmihin/Skand at the end of measurement. Although the length of the first
leaf (Fig. A.1) was slightly greater in the seedlings from Skand than from Firmihin
in the first half of observation (until week 75 at the beginning of August 2012),
the difference was not significant for week 50 (Table 1). Similarly, it was not significant
at the end of the experiment when the first leaf on Firmihin was somewhat longer than
on Skand. We observed a similar pattern for the height of the above-ground part
of the plant expressed by the length of the highest leaf (Fig. A.2). The height of seedlings
from Skand was somewhat greater throughout the period of observation,
but the difference was not significant (Table 1). Significant differences between
the seedlings from Firmihin/Skand were found in the number of leaves and in the sum
of lengths of all leaves on one plant. The number of leaves ranged from 8 to 16
in the seedlings from Firmihin and between 8 and 12 in the seedlings from Skand

attheend of measurement (Fig. A.3). On average, it was higher on Firmihin
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than on Skand, 12 versus 10 leaves respectively. The difference in the total number
of leaves was 132 in favour of plants from Firmihin at the end of June 2013. In the case
of seedlings from Skand, the number of leaves was increasing more or less constantly
up to week 75 of measurement (early August 2012), slowed down in the autumn
of 2012, and then increased in the spring. Compared with Skand, the process of leaf
development in the plants from Firmihin was more dynamic. The seedlings from Firmihin
had less leaves in the first half of the experiment, but more leaves from the second half
up to the end of the experiment. This trend was very similar for the sum of the lengths
of all leaves indicating that the number of leaves mostly influenced this summed leaf
length (Fig. A.4). The total length of leaves was greater in the Skand plants until the end
of November 2012. Two months later (in week 100), the total length between the two
groups was equalled, followed by a greater total leaf length of Firmihin seedlings

at the end of the two-year measurement.

Table 1. t-Test results showing the significance of the effect of locality (Firmihin/Skand)
on the measured parameters in week 50 and at the end of the experiment (week 122).
The effect of locality was significant only for the length of all leaves and for the number

of leaves per plant.

Week 50 Week 122
Parameter t d.f. p-value t d.f. p-value
Length of the
-1.220 60.0 0.227 | 1.599 [58.9 0.115
first leaf
Length of the -
-1.326 60.7 0.190 70.7 0.797
highest leaf 0.258
Length of all
-2.942 51.7 0.005 |4.116 [59.0 <0.001
leaves
Number of
-2.683 54.9 0.010 | 3.963 [65.0 <0.001
leaves
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7.3.3 Mortality

Out of 45 germinated seedlings from Firmihin, five died during the experiment. Out of 39
germinated seedlings from Skand, six died. This shows that the mortality was almost
the same (difference was not significant with p-value = 0.568). The first seedling died
about 3 months after seeding (source from Firmihin). Most of the seedlings withered
during the autumn and winter of 2011, in the period from 13 October 2011 to 5 January
2012. We responded to the increasing mortality rate by transplanting the seedlings
into larger pots on 22 December 2011. The last two plants withered in the summer

of 2012 (plants from Skand).
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Figure A.1. Development of the first leaf length during the whole experiment. Smoothed
curves are fitted separately for Firmihin and Skand using the loess method. Grey areas
show a period from the autumnal to vernal equinox. The bold black vertical line

represents week 43 when the seedlings were transplanted.
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Figure A.3. Number of leaves
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Figure A.4. Length of all leaves

7.4 DISCUSSION

7.4.1 Germination

The highest germination was observed in the sixth and seventh week after sowing,
during April 2011. The seeds from Firmihin germinated about ten days before the seeds
from Skand. It could have been given by the lower vitality of seeds from Skand, which
were visibly smaller than the seeds from Firmihin. Moreover, the seeds were collected
from the ground, because infructescences in the crowns were already dry.
The phenology of D. cinnabari is not yet known, but local Socotrans claim that
phenological phases of the species do not repeat in regular time periods. The difference
in the germination rate on Firmihin (94 %) and on Skand (80 %) was non-significant.
The slightly higher germination rate on Firmihin could have been also caused
by the better seed quality. The results confirm our hypothesis 1 and the statement
of Adolt and Pavlis (2004) that germination rates as high as 77 % could be achieved

under greenhouse conditions. Our results showed even a slightly higher germinability
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under controlled room conditions than in the greenhouse, particularly for Firmihin.
Adolt and Pavli§ (2004) used the seeds from the Diksam plateau situated at the same
altitude as Firmihin. The air temperature in their greenhouse (22 °C) was similar to our
in-room temperature (21 °C). The results also confirm the opinion that the germination
of Dracaena seeds under artificial conditions seems to be unproblematic (Brown
and Mies, 2012). We agree with Brown and Mies (2012) that germination under natural
conditions is going to be significantly lower. The seeds are eaten by birds (on the other
hand, scarified seeds in bird droppings may shorten dormancy). Some seeds exposed
to sunlight dry out from the lack of moisture, namely those on the bare ground without
a litter layer. Higher humidity in the mountain area ensures successful germination

of seeds fallen into the cracks of bare rocks.

7.4.2 Growth dynamics

Weekly measurements of seedlings increments have not been taken before. Beyhl
(1998) described the plant morphology of young plants. According to him, at the first
stage of germination, little leaves remain etiolated for some days after exposure to light.
According to our observations, the first leaf remains etiolated no later than 2 days after
exposure to light and then turns green due to chlorophyll production and assimilation.
As Beyhl (1998) states, further leaves are green since the beginning. Based on our
observations, we can confidently confirm the opinion of Tomlinson and Zimmermann
(1969) that the plant growth begins with a rapidly growing main axis, which is typical
for monocots with the secondary growth. After germination, the new plant probably
puts most of its energy into creating a storage organ in the form of underground tuber,
and into terminal leaf development. Other parts of the plant body develop only
after the above-described main growth has been completed. Another formation
of leaves was observed in May 2011, approximately from the third week at an average
length of the above-ground part being 1.7 cm. New leaves started to elongate rapidly,
overgrowing the first leaf at the beginning of the growing season in 2012. This trend was
more pronounced in the seedlings from Skand where the further leaves overgrew
the first leaf in almost a half of the seedlings (data from week 75). In contrast, the further

leaves of plants from Firmihin overgrew the first leaf in less than a quarter of plants.
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Nevertheless, the differences in values between the two populations proved as non-
significant. The results were almost equal at the end of measurement in June 2013,
when the other leaves in more than a half of the seedlings from both populations
overgrew the first leaves, as seen in Fig. A.1. In view of the results, the first developed
leaf wasn’t generally the highest leaf on the plant in the end of our experiment. Fig. A.2
shows the height of the above-ground part of the plant expressed by the length
of the highest leaf. The seedlings from Skand were somewhat higher throughout
the period of observation, but the difference was not significant. An average plant
length for both populations started to be similar almost at the end of measurement
between March and May 2013. The recorded outcome disproved our hypothesis 2 that
the length of the highest leaf would be in favour of seedlings from Skand due
to the genetic adaptation and higher plant resistance in the Skand area. The gradual
equalisation in the length of the highest leaf might have been caused by the lateral
development of roots in the seedlings from Skand. The development of other leaves
may increase the surface area available for the condensation of water from
the surrounding fogs and mists (Banfield et al., 2011) to compensate for the lacking soil
moisture. Thus, the plant ensures a sufficient water supply necessary for the dissolution
of substances, moving nutrients throughout the plant body, vital metabolic processes
and thermoregulation (Taiz and Zeiger, 2010). Banfield et al. (2011) or Brown and Mies
(2012) mentioned that the leaves are narrow, elongated and sometimes curved due
to reduced solar radiation and evaporation. As shown in Fig. A.3, the increase
in the number of leaves on one plant from Skand was more or less gradual, without
significant fluctuations. Compared to plants from Firmihin, the number of leaves
in the seedlings from Skand was slightly higher until early May 2012 in response
to shorter sunshine during the period of vegetative rest. The difference in the number
of leaves in favour of plants from Firmihin started to increase noticeably
from the beginning of the vegetation season in the second year of measurement. Our
hypothesis 3 about a higher number of leaves in the plants from Firmihin
as an adaptation to drier and warmer climate and a more effective interception
of horizontal precipitation was confirmed. A significant difference was found also
in the sum of the lengths of all leaves on one plant (Fig. A.4). The results show the same

trend as in the number of leaves. The results indicate different growth dynamics
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at the first stage of development. While the seedlings from Firmihin invest more energy
into the construction of root system and into the wide spreading above-ground part with
a large number of leaves, the plants from Skand invest more energy into faster leaf
elongation rate, at the expense of root development and increased number of leaves. It
should be emphasised that the plants from Skand were exposed to less favourable
growth conditions compared to natural conditions, where much higher air humidity with
frequent drizzles and mists is typical. According to Brown and Mies (2012), investing
more energy into the construction of tougher, longer-lived leaves with a thick layer
of cuticular waxes protects the plants considerably from the mechanical damage
and makes them less attractive to small herbivores. Moreover, the shape of the above-
ground parts of seedlings confirms the well-known theory published by Valladares
and Pearcy (1998) in Brown and Mies (2012), that leaves consistently exposed to the sun
are inclined at a much steeper angle to the horizontal plane than shade leaves of the
same species. Hypothesis 4 about the dependence of the length increment on seasonal
changes was verified. Compared to the growing season, the plants grew slower during

the period of vegetative rest due to worsened ambient conditions.

7.4.3 Mortality

Out of 84 germinated plants, about 13 % died during the period of measurement.
The recorded number confirms the data published by Adolt and Pavli$ (2004) and our
hypothesis 5 that an average mortality rate of seedlings ex-situ is about 10 %. As Brown
and Mies (2012) mentioned, the survival of plants is substantially lower under natural
conditions. The significant difference between Firmihin and Skand was not proven. Most
of the plants died during the period of vegetative rest in the second year of observation.
The higher mortality rate could have been due to a combination of several negative

factors (esp. shorter sunshine duration and lower light intensity).

Despite an undeniable importance of the endemic species of Socotra, the research
on its growth dynamics is still in its infancy. Only a few studies have been devoted
to the germination and growing patterns of D. cinnabari at the stages of early growth.
The reason is a ban on exporting the products of nature out of the island and difficulties

with ensuring a long-term stay. This research was carried out thanks to a special

64



permission issued by The Environment Protection Authority, which is an administrative
body of the Ministry of Water and Environment in Yemen. Previously published data
regarding the observation and measurement of young plants are thin, the seeds
originating from a single population and the seedlings being planted artificially, under
regulated in-room or greenhouse conditions. Natural conditions differ from
the controlled cultivation by specific features of the subtropical monsoon climate
together with insular biogeography (absence of vertical precipitation for most
of the year, horizontal precipitation, two monsoon seasons accompanied by rains,
temperature fluctuations between day and night, much higher sunlight intensity,
different soil types and bedrock, very little or no soil layer, overgrazing, etc.). The Czech
research team from the Mendel University in Brno established a fenced sample plot
with the Dracaena seedlings on the Dixam plateau six years ago. The ongoing
measurement of seedlings at two-year intervals is a next step to elucidate the growth

dynamics of young Dracaena plants in situ.

The paper demonstrates very little known facts about D. cinnabari and its distinct phases
during early stages of development as well as about growth of seedlings. The species
is dramatically threatened with extinction, because the natural regeneration
is extremely limited by excessive goat grazing and changing environmental conditions.
It is very important to study germination and growth dynamics of this highly endangered
species under controlled conditions, because the pasture management is deep-rooted
in the culture of local people. Artificial regeneration seems to be the only way to protect

one of the oldest plant species on Earth.
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Abstract

Dragon blood tree (Dracaena cinnabari), a Tertiary relict species that is the flagship
endemic of Socotra Island, is threatened by extinction due to lack of natural
regeneration, likely because of goat herbivory and/or climatic factors (especially
drought). Loss of dragon blood tree, a crucial forest canopy component, would likely
result in loss of other native flora, heightening the importance of formulating
an effective conservation strategy for it. Although artificial afforestation might be used
to offset the lack of natural regeneration, it would have to overcome the same threats
faced by naturally occurring seedlings. Moreover, there is no published information
on the growth dynamics of seedlings in plantations in situ on Socotra. To fill this
information gap, we compared seedling growth over an 8-year period after planting
attwo sites that differed both in the degree to which goats were excluded
and in whether they were watered regularly over the 8-year period. In addition
to developing a new classification of the growth stages, which will enable better tracking
of population dynamics, we found that continuous goat exclusion was necessary
to prevent seedling mortality. Also, although seedling growth overall was slow, growth
parameters of regularly irrigated seedlings ranged from 156 % to 446 % of those not
regularly watered, suggesting that this treatment can speed seedlings’ escape from goat
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browsing. This finding that may be applicable to imperilled Draceaena tree species
elsewhere in the world. However, we also found that the plants and humans can
compete for irrigation water, suggesting that local residents need to realize some

benefit from allowing water to be directed to the trees.

Key words: Dragon’s Blood Tree, Socotra, regeneration, afforestation, browsing, arid

tropical zone
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8.1 INTRODUCTION

Dracaena cinnabari Balf. F., D. draco (L.) L, also known as the dragon’s blood tree,
is a Tertiary relict species that is the flagship endemic of Yemen’s Socotra (Soqgotra)
Island, in the Indian Ocean (Attore 2007; Culek 2013). It is also an endangered species
(Scholte et al. 2011). Indeed, the biota of Socotra, a World Heritage site (Brown & Mies
2012) has attracted worldwide conservation concern due not only to its uniqueness,
with most of it endemic, but also because of the threats that it faces. Dragon blood tree
is especially well-suited as a representative of this biota because it is a charismatic
species with a striking appearance that has captured the public imagination. Moreover,
this species is especially important ecologically because of the dependence of other
endemic plants upon its canopy, and diminishment of its population is forecasted to lead
to an overall decline in plant biodiversity (Rejzek et al. 2016). Unfortunately, such
diminution has already occurred at a large scale, and effective conservation measures

need to urgently be identified.

Of the 60-100 species of genus Dracaena, family Asparagaceae (Brown & Mies 2012),
only relatively few, commonly known as dragon trees, have a tree growth habit,
including D. cinnabari (Marrero 1998). Dragon tree species are found mainly
in the Arabian Peninsula, Africa, and nearby islands, but also include representatives
from as far afield as Southeast Asia and one from the Neotropics (Zona et al. 2014).
The most extensive population of arborescent Dracaena is the dragon blood tree forest
(Fig. 1) found at Firmihin, Socotra (Adolt et al. 2013). This forest is a relict of the Mio-
Pliocene thermo-sclerophyllous southern Tethys flora, and thus one of the oldest forest
ecosystems in the world (Miller & Morris 2004; Habrova et al. 2009, Brown & Mies
2012). Kral and Pavli§ (2006) estimated the total occurrence of dragon blood tree
on Socotra Island at 7,230 ha, comprising 6,200 ha of woodlands, 230 ha of forests and
800 ha of mixed forests. Present populations are discontinuous, with heterogeneous
plant density and unbalanced age structure, occuring over a much smaller area than
in the past (Adolt & Pavlis 2004; Habrova et al. 2009; Adolt et al. 2012). In fact, Attore
et al. (2007) estimated that dragon blood tree now occupies only 5% of its potential

habitat on the island, as defined by moisture index, mean annual temperature and slope.
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Figure 1: Dragon blood tree forest at Firmihin, Socotra Island

Two hypotheses, not mutually exclusive, have been advanced to explain the present
limited distribution of dragon blood tree. One attributes it to changes in physical
environmental factors. Thus, Pietsch and Kiihn (2009) suggested that patterns of soil
polygenesis attributable to changing climate conditions have played an important role
in reducing regeneration. Similarly, dragon blood tree regeneration could be affected
by long-term climate oscillations of wet and dry periods as described by Van
Rampellbergh et al. (2013). The other hypothesis blames the decline in dragon blood
tree populations on overgrazing (Habrova 2004; Hubalkovd 2011; Brown & Mies 2012).
Support for the latter explanation is provided by the fact that although only mature
and overmature trees occur at most of the species’ localities, regeneration is found

on the steepest cliffs and other places inaccessible to goats.

Indeed, overgrazing by livestock has played a particularly important role in the decline
of native biota more generally on Socotra, as the environment there has been affected

for centuries by goats, sheep and camels on the limestone plateaus and by dwarf cattle
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in the mountains (Scholte et al. 2011). Moreover, the biodiversity has been projected
to continue to decline unless grazing is restricted (Habrovd 2004; Habrova & Pavli$

2016).

In the case of dragon blood tree, although the underlying causes of the widespread lack
of regeneration have not been determined with certainty, this failure to regenerate and
the consequent decline in population densities have been well documented (Habrova
et al. 2004; Miler et al. 2004; Adolt & Pavlis 2006; Attore et al. 2007; Hubalkova 2011;
Adolt et al. 2012, 2013; Brown & Mies 2012; Habrova & Pavlis 2016, Hubalkova
et al. 2016). This decline has been predicted to continue, so that, for example, dragon
blood tree tree density on a permanent plot at Firmihin has been projected to decrease
by 36% over the years 2010 to 2100 (Hubalkova 2011). Effective conservation measures
for dragon blood tree are thus urgently needed, but designing them requires a better
understanding of the species’ population dynamics. This, in turn, requires knowledge
of the populations’ age structures (Adolt & Pavli§ 2004; Adolt et al. 2012), which must

overcome the inherent difficulty in precisely determining ages of monocots.

Some progress has been made in identifying particular stages within the vegetative
phase of development of dragon blood tree, a remarkably long-lived and slowly
maturing species. Habrova (2005) divided this phase 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 and gradually forms
the distinctive, umbrella-shaped crown of the adult tree. This final form is adapted
to catch horizontal precipitation in the form of fog, which is a significant water source,

especially above 700 m.a.s.l. (Culek 2013).

Attore et al. (2007) used more details to divide dragon blood tree ontogeny into four
stages. In this classification, in the first stage the plant consists of a single rosette without
a trunk, whereas in the second stage the plant has added a trunk. The third stage in this
classification is represented by a plant with more than one rosette, as well as a crown
of diameter less than 2.5 m, whereas in the fourth stage the plant has a crown larger
than 2.5m. More recently, Hubalkova et al. (2016) described the first two years

of dragon blood tree plants’ growth in greenhouse conditions, with average seedling
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height of 24.9 cm and leaf number 8-16 at the end of this period. Crucially, although it is
not known how many years each of the growth stages takes, the lifespan of dragon
blood tree has been estimated (Adolt et al. 2012) to be more than 500 years. Moreover,
because the juvenile trees are slow-growing, it can take years for plants to escape from
the ,browse zone“, making them particularly susceptible to consumption

by herbivorous mammals.

In the present study, we examined the growth dynamics of dragon blood tree
in plantation conditions in situ in Socotra. We chose two plantations as our study sites
due to the paucity of natural regeneration. Importantly, although the study was not
designed as a formal experiment, the plantations differed in their livestock exclosure
and irrigation treatments, enabling us to gain some insight into how these management

approaches might alter the growth dynamics and assist in regeneration of this species.

8.2 MATERIALS AND METHODS

8.2.1 Study sites

Two sites were employed in this study. The first was the Ras-Ayre reforestation area
(see Appendix 3), situated on the Shibehon Plateau, 715 masl, and gently sloping
towards to the northwest. In May 2006, a total of 715 three/four/five-year-old dragon
blood tree seedlings (grown in a forest nursery) were planted there in a fenced, 1-ha
area. An irrigation system was installed at the nursery before the seedlings was planted.
However, due to competing needs of local villagers for the water, the irrigation this
system provided was irregular and to only some of the trees during the first three years

of seedling growth. By the third year, the system fell into disrepair.

In the course of conducting plant measurements in May 2009, we found that although
the fence was still in good condition, the irrigation system had been destroyed. In March
2012, we found that the fence was in bad condition, allowing goats to browse inside
of it. New fencing was installed in June 2012, and 170 additional seedlings were planted
in it; these were of the same age cohort (i.e., 9 to 11 years old) as the seedlings originally

planted. The fence was noted to be in excellent condition when plants were measured
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in November 2013, but new browsing was again visible during measurements done

in November 2014, when the new fencing began to show damage.

The other study site, 30 km away and at 30 masl, consisted of the Oam al-Cora
elementary school garden (see Appendix 3), where 17 individuals of dragon blood tree
were planted as seedlings in 2006, the same year as those planted at Shibehon. These
plants were irrigated regularly at weekly intervals. Additionally, they were protected
from goats and other livestock by a stone fence for the whole period during which we
observed their development. Thus, the Oam Al-Cora school plantings can provide
an example of growth dynamics in the best site conditions and provide a comparative

baseline for the Shibehon plantation.

An automated climatological station was installed in the Ras-Ayre fenced area in March
2000, remaining operational until October of that year, and was again collecting data
from June, 2009 to November, 2014. Over the periods March 15, 2000 to October 21,
2000 and June 25, 2009 to November 17, 2014, the mean annual temperature recorded
there was 21.98°C and the mean annual precipitation was 350 mm. A sensor for air
temperature and moisture was installed at Hadibo (close to the Oam al-Cora locality)
in June 2004, showing the mean annual temperature there to be 28.7°C. The monthly
mean values for these variables at both locations are shown in Supporting Information.
Appendix 1. Mean monthly air temperature and humidity, Shibehon (Sh) Plateau
climatic station, March 15, 2000 to October 21, 2000 and June 25, 2009 to November
17, 2014 and Hadibo (Ha) climatic station from June 15, 2004 to November 26, 2014.

month Jan Feb | Mar | Apr | May | Jun | Jul | Aug | Sept | Oct | Nov | Dec
temp. Sh. 199 | 204 | 229 | 244 | 246 | 224 | 21.3 | 21.1 | 21.2 | 22.2 | 22.3 | 20.6
humidity Sh. | 79.1 | 77.6 | 60.6 | 75.5 | 87.7 | 90.1 | 89.2 | 91.9 | 97.2 | 87.7 | 69.0 | 75.2
temp. Ha 24,4 | 249 | 26,5 | 288|309 |338|331|329]|303)|272]|264] 253
humidity Ha | 71,7 | 70,6 | 69,7 | 71,3 | 67,9 | 46,1 | 410 | 42,9 | 59,6 | 75,7 | 76,3 | 70,3

8.2.2 Data collection

At the plantation at Shibehon, growth metrics consisting of total height, number
of leaves, browsing presence and vitality were recorded in 2009, 2012 and 2013.
In addition to these variables, stem height and stem diameter (at ground level) were

measured in 2014. Browsing occurrence was assessed only as yes/no; vitality was
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evaluated using a semi-quantitative scale with four possible values: 1 = seedlings fully
vital, leaves dark green and firm; 2 = seedlings vital, leaves light green to yellowish,
drying on the top; 3 = seedlings not vital, leaves yellowish to yellow, partially drying;

4 = seedling dead.

Data were collected from the 17 dragon blood tree trees planted in the Oam al-Cora
school garden in November 2014 for comparison with the trees at the Shibehon

plantation.

8.2.3 Data analysis

After testing the assumptions for using analysis of variance (ANOVA), we used a one-
way ANOVA to assess the effect of time on dragon blood tree seedling characteristics
(height, leaf number, vitality). We also used a one-way ANOVA to test differences
in dragon blood tree seedling characteristics between the Oam al-Cora and Shibehon

sites. All statistical analyses were caried out using Statistica software (Statsoft 2001).

8.3 RESULTS

8.3.1 Seedling mortality, vitality and growth: Shibehon site

Of the 715 seedlings planted at the 2006 Shibehon site, 680 remained when we next
counted them, in 2009. Thus, the mortality was only 4.9 % over this 3-year period.
However, by the subsequent counting, in 2012, it had reached 30.5 % of the initial
number of seedlings because the fence had broken and the seedlings were under goat

browsing pressure.

The mean vitality (on the four-level scale, with higher values indicating lower vitality)
went from 1.9 (SD 0.69) in 2009 to 2.35(SD 0.72) in 2012, 1.26 (SD 0.39) in 2013 and 1.18
(SD 0.30) in 2014 (Fig. 2). Thus, the vitality increased with increasing age of the plants,

except in 2012, when the fence was broken.

The recorded height growth was very slow. Mean height was 23.0 cm (SD 8.17) in 2009;
25.72 ¢cm (SD 9.46) in 2012; 33.31 ¢cm (SD 9.76) in 2013 and 36.27 cm (SD 10.02) in 2014

(Fig. 2). The mean annual height increment was only 0.9 cm between 2009 and 2012
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years, increased to 7.6 cm in 2013 and decreased to 3.0 cm in 2014. Over the whole five

years of the study, the mean annual height increment was only 2.65 cm.

The initial value of mean number of leaves per seedling was 21.3 (SD 11.18) at the first
measurement, in 2009, three years after plantation establishment. The value increased
to 26.9 (SD 11.88) in 2012, to 46.0 (SD 21.60) in 2013 and to 53.2 (SD 24.84) in 2014
(Fig. 2). The mean annual leaf number increment was only 1.9 leaves per seedling over
the period 2009 to 2012. The mean annual leaf increment increased to 19.1 per seedling
in 2013 and decreased to 7.2 leaves in 2014. Over the whole five years of the study,

the mean annual leaf increment was 6.39.
All studied seedlings characteristics changed significantly over time (p < 0.05, see Fig. 2).

Figure 2. Boxplots showing changes in studied Dracaena cinnabari seedling
characteristics (A - height; B - leaf number; C - vitality) over time. The ANOVA results
for the effect of time on Dracaena cinnabari seedling characteristics (height, leaf
number and vitality) showed the significant time effect on all characteristic (height

p<0.05, f=286.63; leaf number p<0.05, f=427.05 and vitality p<0.05, f=600.82).
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Table 1: ANOVA results for the effect of time on Dracaena cinnabari seedling

characteristics (height, leaf number and vitality).

Degrees of p-
Characteristic freeedom F value
Height 3 286.63 0.000
Leaf number 3 427.054 0.000
Vitality 3 600.82 0.000

8.3.2 Stem development

The stem was developed by 55.9 % of seedlings in 2014, when we began measuring
the stems. The mean height was 6.7 cm (SD 3.31), and mean diameter at ground level
was 10.3 cm (SD 3.12). The ages of seedlings ranged from 11 to 13 years. Thus, seedling
stem development starts at approximately ten years or later. We found a clear trend

of increasing stem height with increasing stem diameter (Supporting Information).
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Appendix 2: Naeslund's (1936) height curve (y = 6.5243 + 0.5706*x) showing
relationship between stem diameter (x axis) and stem height (y axis). (R2 = 0.74,

p = 0.000).

60 =

L

Stem height (cm

20 —

0 10 20 30 40
Stem diameter (cm)

8.3.3 Comparison with Oam Al-Cora site

We compared the 2014 measurements from the Shibehon site (watering comprising
only irrelgular irrigation early in the study, and fencing broken at times) with those
recorded in 2014 from the plants at the Oam Al-Cora elementary school garden
(irrigated weekly and continuously fenced). Fig. 3 shows the statistically significant
differences between the two sites. In all measured parameters, the plants at Oam
Al- Cora performed better than those at Shibehon. Thus, the mean tree height
at the school was 92.9 cm (SD 12.41), i.e.,156% greater than at Shibehon, the mean
number of leaves was 281.3 per tree (SD 82.64), i.e., 428% greater, the stem was
developed by all trees, with its height averaging 36.4 cm (SD 9.86), i.e., 446% greater,
the mean diameter at ground-level was 27.6 cm (SD 4.64), i.e., 167% bigger,
and the vitality value averaged 1.0 (SD 0.00), i.e., all the trees at the school were

in the best vitality category.
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Appendix 3: Dragon blood trees in Ras-Ayre (left) and Oam al-Cora (right) plantations

Figure 3: Boxplot showing differnces of studied Dracena cinnabari seedling
characteristics (Height - A, leaf number - B, stem diameter - C, stem height - D) between

Shibehon and Oam al-Cora sites in 2014.
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All studied seedling growth characteristics (height, leaf number, stem diameter, stem
height) were significantly greater at Oam al-Cora than at the Shibehon site. Moreover,

seedling vitality was significantly better at the Oam al-Cora site (p < 0.05, see Fig. 3).

Table 2: ANOVA results for the effects of Site on Dracaena cinnabari seedling

characteristics (height, leaf number, stem diameter, stem height, vitality)

Degrees of p-

Characteristic freeedom F value
Height 1 520.84 0.000

Leaf number 1 1115.493 0.000

Stem
1 163.530 0.000
diameter
Stem height 1 556.54 0.000
Vitality 1 909.232 0.000
8.4 DISCUSSION

Our study enabled us to document juvenile growth stages of dragon blood tree,
to record the juvenile growth dynamics in different conditions, and also to make some
tentative inferences about the roles of herbivory and water availability on the species’
growth dynamics. As mentioned above, the vegetative growth phase of dragon blood
tree has previously been divided by Habrova (2005) and Attore et al. (2007) into three
and four stages, respectively. However, the juvenile growth stages of dragon blood tree
were not studied in detail until now (these stages are followed by the adult stage,
described well by Adolt et al. (2012), which begins after first flowering, when
the dichotomously branching crown is created). Here, using the observations of this
species for the first two years of their lives in greenhouse conditions documented
by Hubalkova et al. (2016), along with the present study’s observations of seedlings
from6 to 13 years and the findings from other studies, we have constructed

the following classification of the juvenile stages of dragon blood tree:
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Seedling — this stage is characterized by height increase being realized through leaf
elongation. In both irrigated, fertilized nursery conditions and in controlled, greenhouse
conditions the stage lasts two to three years (described well by Hubdlkova et al. 2016).
In situ, in natural conditions, this stage lasts minimally five years, probably more.

The completion of leaf elongation defines the end of this stage.

Early juvenile stage — the number of leaves increases, and height growth is realized
by addition of new leaves to the rosette. This stage typically lasts 5 to 10 years, but can
be as short as 3 years and as long as 15 years. The appearance of stem formation defines

the end of this stage.

Medium juvenile stage — the onset of this stage is defined by the first appearance
of the stem, and height increase is realized by stem growth, with mean annual
increment estimated by Adolt and Pavlis (2004) at 1 cm per year. The end of this stage
is defined by the stem height reach in 100 cm, which typically occurs when the tree

is about 100 years.

Late juvenile stage — the stem height is more than 1.0 m and the tree is beyond the
influence of goat browsing. This stage lasts between 100 and 150 or more years, and its

end is defined by the onset of first flowering.

The recognition of these ontogenetic stages can help in more precisely projecting
population dynamics for natural populations of this species as well as in assessing
the efficacy of conservation and propagation efforts over time. Nevertheless,
as mentioned above, widespread regeneration failure of dragon blood tree has already
been well documented. Although our study was not designed to rigorously test any
of the hypotheses for the lack of natural regeneration of this species, our results
are suggestive regarding the roles of grazing and water availability and their interplay.
In particular, the dramatic increase in seedling mortality that we observed at the
Shibehon plantation after the fencing was damaged is indicative of the huge role played
by goat herbivory in limiting dragon blood tree regeneration. These results
are consistent with those of a study explicitly examining the effect of fenced exclosures
(Habrova & Pavlis 2015). Indeed, although we did not compare the relative roles

of herbivory and other possible drivers, they are compatible with the view, held
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by various researchers, that the lack of dragon blood tree regeneration is due principally
to overgrazing (Adolt & Pavli§ 2004; Habrova 2004; Hubalkova 2011; Brown & Mies
2012).

Our evidence regarding the potential role of drought is more nuanced, in that even
though there was no irrigation at the Shibehon planation at the time, during the one-
year period 2012-2013 after the fence was rebuilt, the growth capability of the seedlings
after browsing damage was high, with the mean annual height increment increasing
to 7.59 cm and mean leaf number increment increasing to 19.14. However, the growth
parameter data we recorded at that site over the of 8-year study period showed dragon
blood tree to be among the slowest growing tree species in the world, with a mean
annual height increment of only 2.65 cm/yr. Other studies have found slow D. cinnabari
growth to be caused especially by the extreme climatic conditions of the arid tropical
zone of Socotra Island (Culek et al. 2006; Scholte & de Geest 2010), although in order
to survive such arid conditions, this species has evolved morphological, anatomical
and physiological adaptations, as discussed by Nadezdina et al. (2015). Moreover, slow
growth, by itself, would not prevent regeneration, and if the growth rate observed
is typical of the species in response to climate typical of its range, then this would not

explain its current failure to regenerate.

On the other hand, extremely slow growth, in combination with elevated herbivory
pressure, could severely limit regeneration, because the seedlings would take such
a long time to escape from the browse zone. Indeed, it can take dragon blood tree
seedlings more than 50 years to be large enough to escape from goat browsing. In this
regard, our findings from Oam al-Cora can be quite important, because at that site,
which was consistently irrigated weekly, stem growth started sooner and growth
parameters were 156% to 446% higher than the corresponding values at the Shibehon
plantation. Although the two sites likely differed in various environmental variables
(and definitely showed substantial differences in average monthly temperatures),
the great disparity in growth parameters suggests that increased water availability can
accelerate growth and thus speed escape from the browse zone. Similarly, Pietsch
et al. (2013) found that other land improvement measures, including steps to increase

soil fertility and reduce its erosion, are also advantageous to the growth of D. cinnabari.
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It should be kept in mind that our findings, although they — similarly to other studies —
suggest that browsing is the major source of mortality for dragon blood tree seedlings,
do not exclude the possibility that increased aridity, whether due to long-term natural
climate oscillations (Rampellbergh et al. 2013) or anthropogenic climate change (Attore
et al. 2007) has contributed to the poor natural regeneration of this species. In fact,
the hypothesis of Hildebrandt and Eltahir (2006) relating aridification, desertification,
and deforestation of tropical arid landscapes to the loss of horizontal precipitation
would seem to be particularly applicable to D. cinnabari on Socotra, although it would
likely directly affect older trees (i.e., the final stage juveniles and adults exhibiting
the umbrella-shaped growth form that captures fog) more than seedlings. Moreover,
aridity could affect natural regeneration through various mechanisms other than making
the juvenile plants more susceptible to herbivory, as for example, it could potentially
hinder seedling establishment, which was not at all considered within our study,

as the seedlings were started in greenhouse conditions and then planted individually.

Nevertheless, our findings suggest a potentially efficient conservation strategy
for dragon blood tree conservation, in which seedlings are grown inside irrigated
herbivore exclosures until they escape from the browse zone, with the irrigation
speeding growth and therefore shortening the period for which the would need
to be maintained. As we found at Shibehon, however, competition between humans
and plants for the irrigation system can inhibit reliable provision of water to the juvenile
trees. Therefore, it would be essential for some benefit to be rendered to the local

populace in exchange for allowing the water to reach the trees.

One solution would for the trees to be the focus of ecotourism, bringing revenue
to the area and building public support for conservation (Damme & Banfield 2011)
and regeneration of dragon blood tree populations. Indeed, the unique umbrella-
shaped growth form of adult dragon blood tree gives the landscape of Socotra’s
highlands an otherworldly appearance (see Adolt et al. 2012) and as the flagship
endemic of the island this species already attracts visitors and supports increasing
ecotourism (Scholte et al. 2011). However, the original concept of ecotourism does not
currently seem to work on Socotra because of the low degree of tourist infrastucture

(Damme & Banfield 2011), and tourism pressure has actually been cited as a driver
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of the loss of biodiversity there (Damme & Banfield 2011; Scholte et al. 2011).
In particular, the current tourist development does not follow any planning concept,
and employees in this sector are untrained or unaware of the fragility of the island’s
ecosystems, while the majority of tourists do not grasp the importance of respecting
local culture and nature (Mayer 2009). This implies the need for improved planning,
infrastructure, and outreach initiatives to enable ecotourism to promote rather

than hinder conservation of dragon blood tree and the native biota more generally.

Finally, it should be noted that other species in the dragon tree group of genus Dracaena
also show alarmingly low population densities often linked to weak regeneration,
and the conservation strategy described above would be applicable to them
to the extent that the drivers of their decline overlap with those for dragon blood tree.
Indeed, four species from the dragon tree group (D. cinnabari, D. draco, D. ombet
and D. serrulata) are listed in the International Union for Conservation of Nature (IUCN)
Red List (IUCN 2016). Thus, for the Dracaena ombet occurring on the highest slopes of
Gebel Elba National Park in Egypt (Kamel et al. 2015), only 46% were alive, only 27%
were healthy, and only 1% were young, indicating not only a low regeneration rate, but
also poor overall health. Moreover, Kamel et al. (2015) have suggested that 80% of these
populations may soon be extinct. Severe decline has also been documented for the rest

of the D. ombet distribution in NE Africa (Aynekulu et al. 2012).

Similarly, both Dracaena draco and D. tamaranae appear on the Red List of endangered
species in Spain (Moreno 2008) and have low population densities and weak
regeneration (Marrero et al. 1998). Indeed, the first of these two species has already
been extirpated from some islands. A lack of natural regeneration was also recorded
for D. cambodiana, endemic to Hainan Island (China) by Zheng et al. (2012). Additionally,
Wilkin et al. (2012) described the endemic Dracaena jayniana of Thailand
as endangered, and Zheng et al. (2012) assess the D. cambodiana, endemic to Hainan
Island (China), as endangered and recently occurring in only ten isolated populations.
The latter species has specifically been noted to display a lack of natural regeneration.
Finally, although we found no published information on regeneration of D. serrulata
in the Arabian Peninsula, we have observed the populations there to be rare, scattered

and overmatured, with regeneration lacking there too (pers. obs.).
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Although in the case of the Gebel Elba D. ombet populations, it has been stated that
they are threatened by drought (Kamel et al. (2015), it is possible that general attributes
of dragon trees and their populations might at least partly explain why many of these
taxa are endangered an show low regeneration. Thus, Zheng et al. (2012) have
categorized Dracaena cambodiana as a very slowly growing tree, and we suggest that
this characteristic could contribute in multiple ways to low regeneration, including not
only increased vulneribility to herbivory, as discussed above, but also relative inability
to take advantage of temporary favorable periods, as well as slow evolutionary
responses to changing conditions due to long generation times. Moreover, endemism,
especially in the form of small, isolated populations, can impose further evolutionary

constraints due to low genetic diversity (see Zheng et al 2012).

Here we suggest exploring a particular strategy for restoration of dragon blood tree,
involving the use of exclosures and irrigation (and development of the appropriate
outreach and incentives to support such initiatives). Additionally, we propose that
the causes of regeneration failure and associated population declines be investigated
across the dragon tree group so that common drivers can be addressed through broadly
applicable strategies where appropriate. In the case of dragon blood tree and likely
other taxa within this group, extremely slow growth and long generation times suggest
that the conservation and restoration efforts will require a commitment to active

management that will last decades, rather than a short-term approach.

Supporting Information

Mean monthly air temperature and humidity from Shibehon and Hadibo localities
(Appendix 1), Naeslund's (1936) height curve showing relationship between stem
diameter and stem height are available online. Queries should be directed

to the corresponding author.
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Abstract

The present study investigates anatomical structure of secondary thickening parts (root-
stem-branch) of endemic monocot Dracaena cinnabari. The measurement
of microscopic structure parameters was carried out using analytical imaging.
The differences between vascular bundles were determined. The results show presence
of concentric vascular bundles in all investigated plant organs. In general,
the parenchyma cells cover majority of the total area (an average of 77 %), much less
covers xylem (an average of 19 %) and phloem (an average of 4 %). The results indicate
that the plant body is well adapted to sub-tropical climate regimes and specific
environmental conditions prevailing on the island such as limited access to soil moisture

and sufficient nocturnal dew which is essential for plant growth and survival.

Keywords: Dragon’s Blood Tree, monocot, anatomy, secondary thickening, image

analysis
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9.1 INTRODUCTION

Dracaena genus is a living monocot representative of the Tertiary flora (Habrova et al.
2009). In the APG IV classification system, it is placed in the family Asparagaceae,
subfamily Nolinoideae (The Linnean Society of London 2016). Endemic D. cinnabari
growing on Socotra Island is unique for its tree habit as well as other 6 arborescent
species out of a total of at least 60 species of Dracaena genus. According to Brown
and Mies (2012), its closest relatives are found in southern Arabia (D. serrulata), eastern

part of Africa (D. ombet, D. schizantha), Macaronesia and Morocco (D. draco).

Dracaena cinnabari grows in mist-affected areas of the island, usually above 300 m
up to the highest mountain areas (Brown and Mies 2012). According to some studies
(e.g. Hubdlkova 2011, Miller and Morris 2004), the occurrence and distribution
of Dragon’s Blood Tree on the island is dangerously limited and seriously affected
by excessive livestock grazing. Dracaena cinnabari as Socotra’s most iconic plant suffers
from lack of regeneration due to a decline in the quality of habitat caused principally

by overgrazing.

Dracaena cinnabari has been a focus of conservation efforts and research activities
in recent years (e.g. Adolt et al. 2012, Attore et al. 2007, Habrova et al. 2009), but there
are very few current studies on the anatomy and physiology (Adolt 2001, Jura-Morawiec

and Wiland-Szymanska 2014).

D. cinnabari is a single-trunked tree with umbrella-shaped crown, branches forming
a crown consist of sausage-shaped sections (Miller and Morris 2004). Elongated leaves
are densely tufted, tipped and scleromorphic as a specialized feature to prevent
excessive loss of water (Brown and Mies 2012). Earlier botanists (Scott and Brebner
1893, Tomlinson and Zimmermann 1967 and 1969) in their studies of palms and other
arborescent monocotyledons devoted considerable attention to a few forms with
secondary vascular tissues. Arborescent Dracaena species achieve stem thickening
by means other than due to a fascicular cambium. In Dracaena sp. there is a 'typical'
secondary thickening meristem (STM) with derivatives of radially aligned chaos
of vascular bundles in a parenchymatous ground tissue, resulting in a 'woody'

underground stem (Carlquist 2012, Rudall 1995). The exact definition of STM
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is problematical. Rudall (1995) mentions a clear relationship between STM and primary

thickening meristem (PTM), the latter being almost ubiquitous in monocots.

Very little is known about root system of the Dracaena, which is not easily obtained
for a study. Based on previous observations, successive growth of Dracaena trees
is accompanied by vigorous development of horizontal roots which run far beyond
the vertical projection of the crown (Hubalkova et al. 2014). Their thickness generally
exceeds that of the tap-root. Most of the horizontal roots are found within the upper

30 cm (Jenik 2014).

Adolt (2001) mentions presence of tracheids in xylem of the stem and presence
of tracheas in metaxylem of young roots in Dracaena plants. According to Adolt (2001),
there are collateral vascular bundles surrounded by sclerenchymatic sheaths
and uniformly arranged parenchyma cells in young stems and on the other hand
concentric vascular bundles without sclerenchymatic sheaths, surrounded by in-lines
arranged parenchyma cells in secondary thickening stem. Jura-Morawiec and Wiland-
Szymanska (2014) have studied the issue of the structure of amphivasal secondary
bundles of Dracaena draco stem. They have described a secondary growth of stem
as formation of amphivasal vascular bundles in which a centrally located phloem
is surrounded by a ring of xylem cells. Roseler (1889) cit. in Jura-Morawiec and Wiland-
Szymanska (2014) pointed out that the type of vascular bundles, their shape, distribution
and the type of tracheary elements present become a useful criteria to identify
secondary body in a cross section. According to Myburg et al. (2013),
the parenchymatous pith is creating in central part of older stem. Mauseth (2009)
adheres to the theory of diffuse secondary growth consisted of ground parenchyma cells

and additional vascular bundles proliferation near the periphery.

The main goal of this paper is to complement previously published data on Dracaena’s
anatomical structure by study of the anatomy of secondary thickening organs. Anatomic
examination and description of roots, stems and branches of Dragon’s Blood Tree is key
to clarification yet unexplained questions about thickened organ’s features associated
with specific tree habit and ecological conditions. So far, little information is known
about secondary thickening in arborescent Dracaena’s and no publication pursues all

secondary thickening organs in Dracaena cinnabari despite its threat and limited
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distribution. This preliminary study serves as the basis for further ecophysiological

research of the species.

9.2 MATERIAL AND METHODS

Dracaena cinnabari is a unique endemic plant occurring on Yemeni Island of Socotra
whose floral endemism rate making it one of the most biodiverse islands in the world

(Miller and Morris 2004).

9.2.1 Study area

The samples of secondary thickening parts (roots, stems and branches) of Dracaena
cinnabari were collected from fresh wind-throw on Firmihin plateau on the Socotra
Island (N 12°28°8.59"’, E 54°00°6.02""). On Firmihin, there is the only closed forest stand
of Dragon’s Blood Trees because the plateau is isolated and protected by two deep
valleys. As regards the type of relief, this is an elevated plateau with Tertiary limestone
bedrock (Pietsch and Morris 2010). The wind-throw is at the altitude of 650 m ASL.
The climate is strongly influenced by the seasonal Monsoon winds, blowing from
the North-East during the period October-May and from South-West during the period
June-September. Nocturnal dew is far more important to the water supply
than monsoonal rain. The average annual air temperature is 23.7 °C and the average

annual precipitation is 103.8 mm (Kral 2005).

9.2.2 Field work

The wind-throws occurs sporadically in localities where Dracaena trees grow, especially
due to lack of soil and strong fixing of anchor roots in parent material. Moreover, taking
of live plant samples is strictly prohibited because of nature protection of the island.
Therefore, the increment cores were taken from branch, stem, tap-root of the only
found wind-throw on Firmihin. The age of the tree was estimated on 380 years according
to the procedure described in Adolt et al. (2012). The basic dendrometric characteristics

of the wind-throw, characterized by average values, are presented in Table 1.
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Table 1: Basic dendrometric characteristics of the wind-throw

Dendrometric | Breast-height | Tree height (m) | Crown base No. of branch
characteristics | diameter (cm) height (m) sections
Parameters 62 7.5 4.2 20

9.2.3 Laboratory work

Samples in the form of microcores were taken from all cardinal points of the stem.
The increment cores were taken by means of a Haglof Increment Borer. Sampling was
conducted at the height of 1.3 m £ 20 cm. From branches and roots were taken 15 blocks
of wood with peel (5 blocks from branches, 5 blocks from buttress roots and 5 blocks
from tap-root). The increment cores were located separately in histological cassettes
and immersed in fixative solution FAA (formaldehyde-acetic acid-ethanol) for a week.
For longer storage, the samples were immersed in the solution of 96% ethanol
and distilled water with the proportion of 30:70. Before further processing,
the redundant wood and peel were cut off, and then the samples went through
an alcohol series consisting of ethanol of various concentrations (70%, 70%, 90%, 90%,
95%, 100%, 100%) and xylene (triple maceration). The time of soaking the microcores
was one and half hours in each solvent. The reason for this step is the preparation
for the stage when the samples are impregnated in paraffin so that they could be cut
using the rotation microtome. Paraffin is not soluble in water that is why the samples

are dehydrated by ethanol. Then the ethanol has to be displaced by xylene which

is mixable with paraffin. The samples are left in the paraffin for at least four hours.

The samples were placed in Petri dishes, embedded in paraffin by dispenser Leica EG
1120 and heated in oven at 60°C for 4 hours. After that, the samples were put in metal
moulds and the moulds were filled by means of paraffin dispenser. When this cooled
down, the paraffin block was taken out of the mould and cut using the rotation
microtome (Leica RM 2235) so that a part of the microcore was uncovered.
The microcores were then immersed in water overnight for repeated hydration so that
they could be more easily cut on the microtome. Subsequently, microsections of 14 um

thickness were produced using the rotation microtome; these were laid on water
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surface (40°C) in Leica HI 1210. This straightened the microsections, which were then
taken out and mounted on glass slides with special glue Albumin. The slides
with specimens were dried for 5 minutes in the temperature of 60°C and then dried
completely in the air. Further, the specimens went through another alcohol series, this
time connected with dying. To highlight the non-lignified parts, Astra Blue stain was used
and to highlight lignified parts safranin was used. The times of sample soaking

are presented in Table 2.

Table 2: Times of microsection soaking before closing the specimens

Bioclear 30 min

Bioclear 30 min (displacement of paraffin)

Ethanol (96 %) 15 min

Ethanol (96 %) 15 min (displacement of Bioclear)

Safranin 5 min (dyeing of lignified parts)

Ethanol (96 %) soaking, rinsing

Astra Blue 3 min (dyeing of non-lignified parts)

Ethanol (96 %) soaking, rinsing

Ethanol (96 %) soaking, rinsing

Xylene soaking, rinsing

The specimens were closed with Canadian balsam and a cover slip. Cover slips
of the resulting microscopic specimens were loaded with small magnets to dry

(Vichrova et al. 2011).
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9.2.4 Image analysis

The measurement of microscopic structure parameters was carried out using NIS —
Elements AR image processing tools consisting of digital 5 Mpix camera Nikon DS — Fi 1
connected with a microscope Nikon Optiphot 2.

Prepared microscope slides were imaged using Nikon 4x objective.

Analytical Imaging can be summarized as follows:

- Taking a microphoto (displaced area ca. 2480 x 1860 um).

- Creating a mask (range of interest), so-called sections in the image area where
the measurements will be done. Three square masks (each with an area of 608481 pm?)
have been created for each analysed image.

- Creating the binary image of the area of xylem, phloem and parenchyma cells.
Sequential measuring the areas of binary images (Fig. 1).

- Measuring internal diameter (semi-major and semi-minor axis) of all vessels (tracheae)

within the masks and cross-sectional area calculation.

ﬁ"@ % { X 3 square masks in each analysed Image!
% 4 i . . = >

S ash
Parenchyma cells : 10 ) ;:@
(sum of all cells : ’ : ; "ﬁ-m/— '
within mask) } ylem (sum of xylem area
:ﬁ ’ within mask)

e Phloem (sum of phloem area
¢ % - : f =% within mask)

JE ]

Fig. 1: Image area with 3 identic masks with binary image of xylem, phloem

and parenchyma
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9.2.5 Data analysis

To assess differences in the proportional area of xylem, phloem and parenchyma
between three studied cross-sections (root, stem and branch), we used Multivariate
ANOVA (MANOVA) with three dependent variables (proportional area of xylem, phloem
and parenchyma), one fixed factor (organ including central part of stem, branch
and root) and one random factor (masks) nested within a fixed factor. Wilks lambda was
used as a test statistics. Planned vector comparisons between pairs of organs were done
after significant effect of global test. Once a multivariate test had found a term
significant, a nested ANOVA was used to determine which of the variables and factors
were responsible for the significant effects. Data on proportions were log-ratio
transformed before analyses (Aitchison 1986). A nested ANOVA was used to assess
differences in area of vessels between central part of stem, root and branch as well
as in case of various parts at cross section of stem (stem | — a pith; stem Il — central part
between stem | and stem Ill; stem Il — peripheral part). Area of vessels was dependent
variable, fixed factor comprised different organs or different zone of stem, and two
random factors comprised the mask nested within the snap nested within the zone. Data
were log transformed before analysis to improve normality and homoscedality. Tukey
multiple comparison test was used to identify the differences in proportional area
of respective organs between secondary growing parts of the plant. Box-and-whisker

plots were used for visualization of untransformed data.

9.3 RESULTS

The results show differences between the anatomical structures of secondary growing

parts. Similar concentric vascular bundles have been detected in all studied plant organs.

9.3.1 Xylem-Phloem-Parenchyma in Root-Stem-Branch

Relative area proportions of xylem, phloem and parenchyma significantly differed
between each other studied cross-sections (Table 3, planned comparisons all P< 0.05).

Parenchyma cells in central part of root, stem and branch always occupied on average
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more than 74 % of area but their proportional representation was significantly higher

in root and branch in comparison with stem (Table 3, Fig. 2).

Xylem occupied on average from 17 to 23 % of area and occupied significantly higher
area proportion in stem in comparison with both root and branch (Table 3, Fig. 2).
Phloem occupies from 3 to 4 % of area on average with significantly higher area in
branch in comparison with root (Table 3, Fig. 2). Xylem and phloem positively correlated

each other for each organ (all r>0.88 and P < 0.05).
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Fig. 2. Box-plots of the proportional area of parenchyma, xylem and phloem (top-down)
in three studied cross-sections (root, stem and branch). Different letters suggest
significantly different mean proportions of the respective tissue between organs (Tukey

multiple comparison test at P < 0.05).
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9.3.2 Xylem-Phloem-Parenchyma in Stem llI-Stem II-Stem |

Relative area proportions of xylem, phloem and parenchyma were similar between stem
I and Il (planned comparison, P = 0.459) and both significantly differed from stem-IlI
(Table 3, planned comparisons, both P < 0.02). Parenchyma cells occupied on average
from 74 to 78 % of area in various parts at cross section of stem with significantly lower
parenchyma area in stem-Il in comparison with stem-Ill (Fig. 3, Tab. 3). Xylem occupied
from 19.1 % area in stem | (i.e. a pith area) to 22.1 % area in stem Il (i.e. between pith
and cork) and stem-Il had significantly larger relative area in comparison with that
in stem-1ll (Fig. 3). Phloem occupied 3.0 % area in stem |, 3.5 % area in stem Il and 2.7 %
area in stem lll. There were no significant differences between the area of phloem across

the stem (Fig. 3, Table 3).
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Fig. 3. Box-plots of the proportional area of parenchyma, xylem and phloem (top-down)
in the cross section of a stem (stem-I, stem-Il, stem-lll). Different letters suggest
significantly different mean proportions of the respective tissue between organs (Tukey

multiple comparison test at P < 0.05).

Table 3: Effects of zone and mask nested within zone on proportions of xylem, phloem
and parenchyma in a cross-section (root-stem-branch, and steml-stemll-stemlll). (a)
Results of MANOVA, (b) results of separate nested ANOVA on each trait. Significant
effect (P<0.05) have P-values in bold.

Group/trait | (a) MANOVA (b) Xylem Phloem Parenchyma
Source of Wilks DF DF DF
variation lambda | F effect |error [P effect | F P F |P F P
Root-stem- zone 0.242 9.3 6 54.0 |<0.001 2 120 |<0.001 |25[0.010 [6.0 0.007
branch mask (zone) 0.253 1.2 39 80.7 0.221 12 15 0.177 05]0916 |1.0 0.429
Stem I-11-111 | zone 0.592 280 |6 56.0 |0.019 2 43 10.038 3.1/0.080 |4.9 0.028
(zone) mask (zone) 0.295 119 |36 83.5 |0.259 12 06 10.828 15]0.198 |07 0.761

9.3.3 Area of vessels in Root-Stem-Branch

Except for higher area of vessels in branch in comparison with root, no significant
differences were found in area of vessels between cross sections (Table 4, Fig. 4A). Area
of vessels comprised 39.3 % of total area of vessels in the branch section while only

30.5% and 30.1 % of total area of vessels in the root and stem cross sections,

respectively.

9.3.4 Area of Vessels in Stem Cross Section

The area of vessels significantly increased from the inner to the outer parts of a cross
section of the stem (Table 4, Fig. 4B). Area of vessels in the stem-Ill section thus

comprised 54.5 % of total area of vessels in the stem while that in the stem-I section

comprised only 18 %.
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Fig. 4. (A) Box-plots of the area of vessels in three studied cross-sections (root, stem-Il
and branch). (B) Area of vessels in the cross section of a stem (stem-1, stem-Il, stem-Ill).
Different letters suggest significantly different group means (Tukey multiple comparison

testat P <0.05).

Table 4: Effects of zone and snap nested within zone and mask nested within snap
on area of vessels in a cross-section (root-stem-branch, and steml-stemll-stemlll) tested

by nested ANOVA. Significant effect (P<0.05) have P-values in bold.

Group Root-stem-branch Stem 1, 11, Il zone

Source of variation DF F P F P
zone 2 4.7 0.034 96.9 <0.001
snap (zone) 12 2.7 0.014 2.1 0.047
mask (snap(zone)) 30 5.7 <0.001 4.4 <0.001
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9.4 DISCUSSION

We present a unique data on structure of secondary thickening parts (roots, stems
and branches) of Dracaena cinnabari, an endemic single-trunked monocot tree growing
on Socotra Island. The study material was sampled from one fresh wind-throw which
guarantees similar growth conditions and thus allows direct comparison between
anatomical structures. Significant differences in anatomical structure between
secondary thickening parts and organs of Dracaena mature tree have been found.
On the other hand, similar concentric vascular bundles were found in stem, branch
as well asin the roots as an adaptation to specific climatic and environmental conditions.
Thus the anatomical structure differs considerably from the vast majority of monocots

and dicots (Rudall 1995; Tomlinson and Zimmermann 1969).

In general, the parenchyma cells cover majority of the total area (an average of 77 %),
much less covers xylem (an average of 19 %) and phloem (an average of 4 %). Our
outcomes confirm previous study (Adolt 2001) showing that most of the space inside
stem and roots is filled by parenchyma cells. Concerning individual parts of plant body,
we observed significantly larger proportional parenchyma area in branch and slightly
also in root compared to stem. Parenchyma is the most common plant tissue and plays
a major role as a water reservoir (Mauseth 2009). Function of drought resistance
through parenchymatous tissues for storing water and starch (as found in our images)
is essential for plants growing in dry subtropics. High moisture in the form of dews
and fogs absorbed through plant cuticle is very important for Dracaena trees (Scholte
and De Geest 2010). The plants are well adapted to interception of atmospheric
humidity by extremely long horizontal skeletal roots, wide crowns and branches with
sausage-shaped sections (Miller and Morris 2004). According to our study, these

sections are filled with parenchyma cells as an important storage element.

Xylem occupied larger proportional area in cross-section of stem compared to root
and branch. This interesting outcome indicates less importance of root system
of Dragon’s Blood Tree as ,,a water pump” compared with most plant species (Myburg
et al. 2013). Apart from water distribution, xylem ensures transport of mineral nutrients

and phytohormones in the plant and provides mechanical support which is extremely
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important for Dracaena cinnabari as a monocot plant with a possibility of secondary
thickening. As the stem is from three quarters filled with parenchyma, strength

is necessary attribute for stem elongation.

Opposite results were detected in determining the phloem area. Phloem occupied larger
relative area in cross-section of branch compared to that of root and slightly also stem.
The assimilate-conducting sieve elements are the most highly specialized cell types
in plants. As is known, phloem is a living vascular tissue responsible for transport
of sugars (starch or sucrose) and other molecules such as proteins and mRNAs
via the pressure difference between source (leaves) and sink (roots, vegetative tips
or fruits) (Schulz and Thompson 2001). Phloem occurs largely in crown as in the place

of source.

In case of various parts at cross section of stem, we observed different proportional
representation of parenchyma, xylem and phloem between outer (i.e. a layer beneath
the epidermis, Stem-Ill) and inner parts of the stem: there is significantly largest relative
parenchyma area in cross-section of the stem Ill. In young plants, the tissues link all
the parts of the plant, allowing water, nutrients, and other compounds to be carried
throughout the plant. Our results support the hypothesis (Myburg et al. 2013, Mauseth
2009) that changing the position of vascular bundles depends on age. Specialized
processes occur during secondary thickening when the secondary thickening meristem
(STM) is developed outside the primary vascular bundles (Carlquist 2012, Rudall 1995).
The activity of STM leads to production of secondary vascular bundles and “filling”
parenchyma on its inner side only and densified parenchymatous cells on the outer side.
As stated by Adolt (2001), most of the stem mass consists of parenchyma and scattered
concentric vascular bundles. Our field observation and results of the measurements
proved changes of ,initial“parenchymatous tissue in the central part of stem (stem 1)
depending on plant age. The density is decreasing and the parenchymatous tissue
decays gradually, until the central cavity is formed (Hubalkova et al. 2014, Myburg et al.
2013). This hypothesis is also supported by the changes of xylem and phloem relative
area at cross section of stem showing their largest proportional area in stem I, i.e.

the part between initial and densified parenchymatous layers. It is important to note
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that cork cambium activity is normal and produces cork and secondary cortex

at the outer region.

In the case of individual parts of plant body, there is significantly larger area of vessels
in branch compared to root (Fig. 4A). It is probably one of the physiological adaptations
to help Dracaena with low levels of soil water (Myburg et al. 2013). If a large amount
of parenchymatous tissue in stem serves as a water reservoir, water transport rate
from the stem into the branches and then into the leaves is one of the crucial plant
strategies to cope with drought in the arid region. It is much more important
for the plant to have the vessels in the branches than in the roots due to lack of soil

water for most of the year (Myburg et al. 2013).

In the case of various parts of cross section of stem, there is significantly largest area
of vessels in stem Il compared to stem Il and stem | (Fig. 4B). We can assume that this
phenomenon is associated with age-related formation of vascular bundles and its
concentration in the peripheral part of the stem, tightly on the inner side of secondary

thickening meristem.

9.5 CONCLUSION

Because of the strict protection, island isolation and problematic export of plant
samples, the anatomical features of Dracaena cinnabari have received little attention.
This study reports preliminary results presenting anatomical structure and function
of secondary thickening organs of such a unique arborescent monocot. The results
obtained in this study indicate interesting differences of proportional area of xylem,
phloem and parenchyma between root, stem and branch. The achieved results lead us
to conclusion that plant body of Dracaena cinnabari is well adapted to specific
environmental conditions of Socotra Island. Based on this study, we can determine
whole-plant hydraulic conductivity and other properties which will help us to better
understand the principles of ecophysiological adaptation of the species. Nevertheless,
further studies on the species are advisable with respect to its importance and level

of endangerment.
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10. CELKOVY ZAVER

Disertacni prace si kladla za cil nalézt odpovédi na otazky, které se tykaji rlistové
a populaéni dynamiky endemického druhu dracince rumélkového (Dracaena cinnabari),
jehoZz pfirozena obnova je vyznamné limitovana intenzivni pastvou koz. Predikci
populacniho vyvoje dracdince na ostrové nelze posoudit bez znalosti délky Zivotniho
cyklu, bionomie a ekologickych narok( rostliny. Prace se zabyvd moznostmi péstovani
dracincl v kontrolovanych podmikdach ex situ i in situ jako zplsoby ochrany, které maji
potencial ktomu, aby sehrdly dlouhodobé klicovou roli v zachrané druhu. Soucasti
disertacni prace je rovnéz studie sekunddarni stavby rostlinnych organt dracince jako
malo probadaného tématu, které prispéje k pochopeni vyznamu proménlivosti struktur

a fyziologickych proces.

Prvni ¢lanek predikuje vyvoj sub-populace dracince rumélkového na lokalité Firmihin.
Na zakladé urceni pravdépodobnosti, sjakou jedinci vuréitém véku odumfou,
pfi znalosti soucasné vékové a prostorové struktury stromd na trvalé zkusné plose byly
vytvoreny modely vyvoje dracincl v horizontu sta let. Z vysledkl je zfejmé, Zze v pripadé
zachovani soucasnych podminek prostfedi a tradi¢niho pastevniho zplsobu
hospodareni mistnich obyvatel Ize ocekavat 36% mortalitu, tj. z celkovych 114 strom(
na hektarové zkusné plose odumfie 41 jedincl béhem nasledujicich 100 let. Je nutné

zdlraznit, Ze na ploSe se v souc€asnosti nevyskytuje zadné prirozené zmlazeni.

Druhy ¢lanek popisuje ristovou dynamiku dvou skupin sazenic dradince rumélkového
ze dvou lokalit Firmihin a Skand. Jedna se o lokality s nejéetnéjsSim vyskytem druhu
na ostrové. Sledovani prirdstl nadzemnich ¢asti ex situ v kontrolovanych podminkach
prineslo zajimavé vysledky. Minimalni vyskyt zmlazeni dracince pravdépodobné neni
zpUsoben nizkou klic¢ivosti semen, protoze ze 100 zasetych semen vyklicilo 84, pficemz
nebyla pouzita metoda na zvysSeni kliivosti. Mortalita sazenic v pribéhu dvou let Cinila
pouhych 13 %. Z vysledk( vyplyva, Ze v prvnim roce pozorovani byla rychlost vyskového
rastu i tvorba biomasy nadzemni ¢asti vy$Si u sazenic ze Skandu. V druhém roce
se situace zmeénila a skupina sazenic z Firmihinu jevila vétsi vitalitu nez skupina sazenic

ze Skandu. Rustovy potencidl sazenic ze Skandu byl pravdépodobné regulovan rliznymi
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mechanismy prostfedi, které postupné vedly ke zpomaleni rlstu. Regulaénimi Ciniteli,
které indikuji nizSi miru rezistence u skupiny rostlin ze Skandu, mohou byt vyssi naroky

na svétlo a vzdusnou vlhkost v kombinaci se stresem z presazeni.

Treti ¢lanek se zabyva moZnostmi obnovy dracince rumélkového in situ na ostrové
Sokotra. Ve dvou oplocenkach byla v roce 2006 provedena vysadba tfi az péti letych
sazenic z mistni Skolky. Oploceni brani pfistupu koz a rlistové podminky sazenic jsou
zlepSovany pravidelnym zavlaZzovanim. Osmileté pozorovani a pravidelné zjistovani
dendrometrickych parametr( rostlin vedlo k pomérné podrobnému dokumentovani
rastu a vyvoje sazenic. Na zdkladé dlouhodobych pozorovani byla vytvorena nova
a presnéjsi klasifikace rlstovych fazi, ktera vyznamné prispéje k pochopeni populaéni
dynamiky dracinct. Ukazalo se, Ze ochrana proti okusu je nejlepsi prevenci mortality
rostlin. Dale bylo zjiSténo, Ze pravidelna irigace vyrazné urychluje odrUstani sazenic

z dosahu okusu kozami.

Ctvrty ¢lanek je studii sekundarni stavby rostlinnych organd dracince. Vzorky korenu,
stonku a vétve byly odebrany z éerstvého vyvratu na Firmihinu. Nasledné vytvorené
mikropreparaty rez(i byly podrobeny analyze obrazu. Vysledky ukazaly pfitomnost
roztrousenych amfivazdlnich cévnich svazkl ve vétvich, stoncich a prekvapivé
i v kofenech, kdy floém je obklopen xylémem. Parenchymatické buriky vypliuji vétsinu
plochy tezu (77 %), méné tvori xylém (19 %) a floém (4 %). Zaroven byla zjisténa
signifikantné vétsi plocha lumen cév na pricném fezu vétvi v porovnani s kofenem, coz
Ize vysvétlit jako fyziologickou adaptaci rostliny na velmi nizkou pldni vihkost a naopak

vys$si podil horizontdlnich srazek ve formé mlh, zachycenych listy, vétvemi a kmeny.

Dracinec rumélkovy je vyznamnym endemickym druhem a tfetihornim reliktem Sokotry.
Prohloubeni znalosti o tomto druhu a pochopeni interakci s biotickym a abiotickym

prostiedim je klicové pro jeho ochranu, které je tfeba vénovat nejvyssi pozornost.
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11. SUMMARY

The PhD thesis was aimed at finding answers to unsolved questions regarding
population dynamics of endemic Dracaena cinnabari. lts natural regeneration
is seriously limited by intensive grazing. It’s not possible to assess the prediction
of population development of Dragon’s Blood Tree on the island in case the life cycle
length, bionomy and ecological requirements of the plant aren’t known. The PhD thesis
deals with growing the Dracaena seedlings under controlled conditions ex situ as well
as in situ as a protection method. Both methods have potential to play a crutial role
in species preservation. The study of secondary growth in Dragon’s Blood Tree is also
included as a little explored research issue which will contribute to understanding

the importance of structures variability and physiological processes.

First paper predicts the sub-population development of Dracaena cinnabari on Firmihin.
The models of plant development in a 100 years time horizon have been created based
on determing the probability of plants dieback with knowledge of present age
and spatial arrangement of the trees on permanent sample plot. The results show us
36% mortality, i.e. 41 trees from the total of 114 trees within a hectar plot will die
in coming 100 years in case of maintaining the current conditions and traditional

pasture-based farming. Currently, there is no natural regeneration on the sample plot.

Second paper describes the growth dynamics of two groups of Dracaena seedlings
from Firmihin and Skand as the localities with the most frequent occurence of the
species on the island. Growth monitoring ex situ under controlled conditions has
provided interesting results. Low incidence of natural regeneration probably isn’t
caused by the low germination capacity. 84 seeds germinated out of 100 planted seeds
even though no method to improve seed germination was used. Seedling mortality rate
within two years was only 13 %. Results show larger growth and volume increment
during the first year in case of seedlings from Skand. The situation has changed
in the second year when the seedlings from Firmihin were more vigorous compared
with seedlings from Skand. Growth potential of seedlings from Skand was probably

regulated by various environmental factors leading to slower growth. Regulating factors
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indicating low resistance in case of plants from Skand may be higher demand for light

and air humidity in combination with stress from transplanting.

Third paper follows up regeneration possibilities of Dragon’s Blood Tree in situ
on the Socotra Island. Three to five-year seedlings from local nursery has been planted
in two separate fences in 2006. The fencing provides a barrier for goats and growth
conditions of the seedlings are improved using regular irrigation. Eight years monitoring
and dendrometric measurements resulted in comprehensive documentation of plant
growth and development. New and accurate classification of growth stages has been
developed based on long-term observations. The classification contributes significantly
to population dynamics comprehension. The results indicate that the grazing control
is the best prevention of plant mortality. It was also found that regular irrigation

significantly accelerates growing up out of browsing range of goats.

Fourth paper is a study of secondary growth in Dragon’s Blood Tree. Root-stem-branch
samples were taken from the fresh windthrow on Firmihin. Created microscope slides
were processed by image analysis. Results indicate the presence of scattered concentric
vascular bundles in branch, stem and even in root. Phloem is surrounded by xylem.
Parenchyma cells fill most of the space (77 %), less area fills xylem (19 %) and phloem
(4 %). Moreover, significantly larger lumen area of vessels in the cross section of branch
compared to root was detected. This fact can be explained as a physiological adaptation
to very low soil moisture content and higher proportion of horizontal precipitation

in the form of fog or mist intercepted by the leaves and woody structures.

Dracaena cinnabari is a unique endemic species and Tertiary relic from the Socotra
Island. Deeping our knowledge and understanding of the species and its interactions

is essential to its protection.
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Obr. 2 a 3 Inventarizace dracincl na zkusné plose na Firmihinu (foto autorka)
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Obr. 5 Destrukce dracincovych porostl na platé Diksam (foto autorka)
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Obr. 17 Sub-populace dracince rumélkového na lokalité Skand (foto autorka)
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Obr. 32 Zhotovené trvalé mikropreparaty (foto autorka)

Obr. 34 Krystaly stavelanu vapenatého ve vrstvé korku — ¢etny vyskyt
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