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Abstract

Background: Secondary grow th by successive cambia is a rare phenomenon in woody plant species. Only few plant species, 
w ith in different phylogenetic clades, have secondary grow th by more than one vascular cambium. Often, these successive 
cambia are organised concentrically. In the mangrove genus Avicennia however, the successive cambia seem to have a 
more complex organisation. This study aimed (i) at understanding the developm ent o f successive cambia by giving a three- 
dimensional description o f the hydraulic architecture o f Avicennia and (¡i) at unveiling the possible adaptive nature o f 
growth by successive cambia through a study o f the ecological d istribution o f plant species w ith concentric internal 
phloem.

Results: Avicennia had a complex network o f non-cylindrical wood patches, the complexity o f which increased w ith  more 
stressful ecological conditions. As internal phloem has been suggested to  play a role in water storage and embolism repair, 
the spatial organisation o f Avicennia wood could provide advantages in the ecologically stressful conditions species o f this 
mangrove genus are growing in. Furthermore, we could observe that 84.9% o f the woody shrub and tree species w ith 
concentric internal phloem occurred in either dry or saline environments strengthening the hypothesis that successive 
cambia provide the necessary advantages for survival in harsh environmental conditions.

Conclusions: Successive cambia are an ecologically im portant characteristic, which seems strongly related w ith  water- 
lim ited environments.
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Introduction

Expansion in g irth  in m ost vascular p lan t species is the result o f 
the m eristem atic activity o f one cylindrical vascular cam bium , 
producing  xylem towards the inner and  phloem  tow ards the outer 
p a rt o f the p lant stem (Fig. la) [1], How ever, some p lan t species 
(out o f 34 families according to the taxonom y used [1]) have not 
one bu t several successive cam bia causing the secondary growth 
and  the resulting w ood anatom y to be different from  that o f plants 
with only one vascular cam bium  (Fig. lb). In  the stem o f plants 
with successive cam bia a sequence of vascular cam bia can  be 
found, each responsible for the p roduction  of secondary xylem 
inwards and  secondary phloem  outw ards (Fig. lb) [2]. T h e  cam bia 
can literally develop successively bu t several cam bia can  also 
develop sim ultaneously [3]. This results in plants from  w hich stem 
discs show a succession of dark coloured xylem tissue bands and  
pale coloured phloem  tissue bands.

Special forms o f secondary wood form ation are typical for lianas 
and  vines [e.g. 1,4,5,6,7], though the phenom enon o f successive 
cam bia is also found in a  select group o f herb, shrub and  tree 
species [e.g. 1,8,9,10,11,12] com ing from  different phylogenetic 
clades [1,2,12]. T h e  genus Avicennia is the only m angrove tree 
genus showing the developm ental oddity o f secondary grow th by 
successive cam bia. X ylem  and  phloem  tissue in Avicennia are found 
to be non-concentric (Fig. le) [e.g. 3,13,14,15,16,17,18] and  form 
an intricate three-dim ensional netw ork instead o f separate 
concentric cylinders [3,13,15]. D etailed an d  four dim ensional - 
the three  spatial dimensions and  tim e - observations o f these xylem 
and  phloem  networks are lacking, though highly necessary to 
understand  Avicennia' s grow th p a tte rn  and  the secondary grow th of 
trees w ith successive cam bia in general.

From  a study in two dimensions, the na ture  o f secondary growth 
in Avicennia marina has been suggested to be  patch-like, w ith active 
grow th displacing a round  the stem circum ference with tim e [3]. In
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Figure 1. Spatial structure of the xylem and phloem tissue in A v ic e n n ia  in comparison to  other trees. S ch em atic  v iew  o f a s tem  disc from  
(a) a tre e  w ith  on ly  o n e  cam b iu m , (b) a tre e  w ith  success ive  cam b ia  o rg a n ised  in c o n cen tr ic  cy linders, giv ing  rise to  a s tem  disc w ith  co n cen tr ic  circles 
o f  xylem  tissue , p h lo em  tissu e  an d  c am b iu m  circles an d  (c) Avicenn ia, h av ing  a re tic u la te  o rg a n isa tio n  o f its c am b ia  an d  tra n s p o r t  s tru c tu re . The 
spatial s tru c tu re  o f  Avicenn ia  is d e p ic te d  by  s m o o th e d  su rface  im ag es  a fte r th ree -d im en s io n a l re co n stru c tio n  in R econstruc t [42] (d,e). O nly a sm all 
p a rt o f  th e  xylem  tissu e  has b e e n  v isualised . It can  b e  se e n  th a t  Avicenn ia  h ad  a co m p le x  n e tw o rk  o f  xylem  p a tc h e s  th a t  fu sed  a t  c er ta in  h e ig h ts  o f 
th e  tre e  an d  jo in e d  d iffe ren t p a tc h e s  a t o th e r  p a rts  o f th e  s tem . T he c o n n ec tio n s  b e tw e e n  xylem  p a tc h e s  c h a n g e d  rap id ly  w ith  vertical d is tan ce . This 
is sh o w n  by th e  w h ite  a rro w h e a d s  in th e  fo u r serial m icro-CT-scan im a g es  o f  an  o u ts id e  zo n e  o f an  A vicenn ia  m a rin a  s tem  disc, p ro d u c e d  by  a 
SkyScan 1172 sca n n e r  (g-k). Each sec tio n  is 150 pm  a p a r t from  th e  p rev ious. O n th e  m icro-C T -im ages (g-k) th e  w ide  ligh t g rey  b a n d s  a re  xylem  tissu e  
w hile th e  d a rk  sm all s tr in g s  a re  p h lo em  tissu e . The com p lex ity  o f th e  in te rna l s tru c tu re  can  b e  e x p re sse d  by  th e  sum  o f th e  lo ca tio n s  o f free  en d in g  
an d  b ra n c h ed  p h lo em  tissu e  (f) p e r  s tem  disc su rface  area. 
do i:10 .1371/jou rnal.pone .0016558 .g001

Avicennia, cam bium  differentiation was found to be internally 
controlled [13,14,19], w ith indications for an  in teraction  with the 
m icro-environm ental conditions such as soil w ater salinity [3]. 
W hat triggers the developm ent o f  new  vascular cam bia  however 
rem ains unclear. In  the harsh  an d  changing environm ental 
conditions o f  the m angrove habitat, the secondary grow th of 
Avicennia marina and  the resulting p a tte rn  o f vascular tissue have 
been proposed to offer a  functional advantage for the w ater 
transport. W hile the non-lignified and  m ore thin-w alled phloem  
tissue in betw een the m ore rigid xylem  tissue increases the 
m echanical flexibility o f lianas [1,2,20], it can also provide w ater 
and  photosynthate supply [3,13,21,22,23,24] for plants growing 
under w ater stress. T h e  living phloem  tissue in a t least the outer 
p a rt o f the stem could play an  im portan t role in embolism  repair 
[21,22,23,24,25,26], In  addition, beneficial grow th conditions can

be exploited by sim ultaneous activity o f m ore than  one cam bium  
or by  a lternating  cam bial activity a round  the stem disc. In  this 
way, wood segments with different w ood anatom ical characteris­
tics -  an d  thus different physiological possibilities - can be created  
around  the stem disc.

In  this study we aim ed at clarifying the three-dim ensional 
structure o f the xylem and  phloem  tissue o f the m angrove genus 
Avicennia th rough  (m icro-)CT-scanning. X -ray  (niicro-)CT scan­
ning allows a non-destructive visualization o f the internal 
structures at high resolution. In  o rder to differentiate betw een 
connected  structures a  difference in X -ray  density is required. 
Since xylem is denser th an  phloem  tissue, this technique is 
appropria te  to study the 3D structure. W e further investigated the 
effect o f the environm ent on  the spatial organisation of this 
structure to unveil aspects o f  the rem arkable adap tation  o f
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Avicennia to the m angrove ecosystem. In  o rder to w iden the scope 
o f our conclusions, we tested the relation betw een habitats that are 
susceptible to w ater stress and  the presence o f w oody species with 
concentric in ternal phloem . As successive cam bia and  the resulting 
internal phloem  rings are thought to b ring  physiological advantage 
in harsh  environm ental conditions, we hypothesized that the 
m ajor p a rt o f the w oody species with in ternal concentric phloem  
are growing in habitats that are physiologically harsh  either by 
drought o r salt stress.

Results

The Three-Dimensional Structure of Avicennia's Transport 
System

A reticulate xylem structure, consisting o f xylem patches jo ined  
in horizontal as well as in vertical d irection (Fig. le —k), was found 
consistently in all species and  tree samples studied. W ith in  this 
reticulate system, the connections betw een xylem zones (patches) 
changed rapidly with height (Fig. lh -k ) creating a com plex 
netw ork o f xylem patches that fused at certain  heights o f the tree 
bu t separated to jo in  different patches in o ther parts o f the tree 
stem (Fig. ld -e ) . In  small zones o f wood, it could be  observed that 
vessels, although in the same organisation w ith respect to each 
other, were m ore o r less scattered depending on height. T he 
rem aining space was filled w ith fibre cells. M oreover, xylem 
volumes with their corresponding phloem  could be found to 
belong to one grow th pa tch  at a  certain  tree height, while being 
p a rt o f ano ther one at ano ther height (Fig. lh -k ). T herefore 
phloem  an d  xylem  parts that were not connected  and  pa rt o f 
different grow th patches a t a  certain  place in the tree stem lined up 
lower o r h igher in the tree.

Phloem  was observed to have the same reticulate structure as 
the xylem network: in  m ost parts o f the stem discs studied phloem  
did not form  concentric rings bu t an  assembly o f free ending 
strings an d  b ran ch ed  circles (Fig. lf-k). C onsidering this in three 
dimensions, we could recognize free ending sheets and  branched  
cylinders, the three-dim ensional equivalents o f  free ending tissue 
and  branched  circles respectively (Fig. ld,e). A t certain  heights o f

the tree stems, phloem  was found to exist in very small portions 
that were not connected with the surrounding phloem  netw ork at 
that same height. In  these parts o f the tree a  continuous circular 
b an d  o f phloem  a round  the stem circum ference was lacking. In  a 
pa rt o f the stem o f the A. germinans individual from  Benin 
(Tw50689, T able  1) small isolated patches o f xylem completely 
surrounded by phloem  tissue were observed on the transverse C T- 
images. T hey  were at least 4.56 cm  in height.

Vessels were found to be ra th e r straight at distances o f less than  
6.5 nini. How ever, we observed, a t zones o f the stem disc with a 
highly reticulate transport system, that some vessels were p a rt o f  a 
certain  w ood pa tch  a t a  certain  height o f the tree bu t were p a rt o f 
w ood volumes that were non-existing at this height, only a  few 
hundred  m icrom eters h igher in the tree.

T h e  ratio o f ending to b ran ch ed  phloem  (Fig. If) depended on 
species (H =  19.64, p < 0 .0 0 1 , Kruskal-W allis test) bu t not on  the 
ecological conditions o f the growing site (A. m arina  -  Kenya; 
H  = 2.04, p > 0 .0 5 , Kruskal-W allis test). T h e  species o f the eastern 
biogeographic m angrove region (Indo-W est Pacific and  East 
Africa) had  a  significantly lower ratio  th an  A. germinans o f the 
w estern biogeographic m angrove region (America and  W est 
Africa) (U = 32.50, pCO.OOl, M ann-W hitney U  test, Fig. 2a). O n  
the contrary, the level o f  b ranch ing  o f the xylem an d  phloem  
network, expressed as the num ber o f points w ere the growth 
segments are no t concentric pe r surface area, did no t depend on 
species (H = 1.99, p > 0 .0 5 , Kruskal-W allis test) bu t on  growing site 
(H =  16.67, pCO.OOl, Kruskal-W allis test, Fig. 2b). T h e  lowest 
values were found for trees growing in the study site w ith the 
lowest salinity an d  the highest inundation  frequency (Table 2). 
T h ere  was a  significant difference in ratio o f phloem  surface a rea  
to w ood surface a rea  in A. officinalis as com pared  to A. marina and  
A. germinans (H = 21.49, p < 0 .0 0 1 , Kruskal-W allis test, Fig. 2c). 
W ithin  A. marina the growing site had  a significant effect on  the 
phloem  to xylem  ratio (H = 19.83, p < 0 .0 0 1 , Kruskal-W allis test, 
Fig. 2d).

Furtherm ore, tree height had  a  significant effect on  the 
b ranch ing  o f the xylem an d  phloem  tissue (H = 38.63, p < 0 .0 0 1 , 
Kruskal-W allis test): from  the base to the upper crown o f the tree,

T a b le  1. Overview o f  the Avicennia samples used fo r  the CT-analysis and micro-CT- analysis.

species collection number country location biogeographical region analysis

A. marina Tw58927-9 Kenya Gazi Bay -  site 1 eastern CT

Tw58916, 18, 19 Kenya Gazi Bay -  site 2 eastern CT

Tw58937, 38, 41 Kenya Gazi Bay -  site 3 eastern CT

Tw60819 Kenya Gazi Bay -  site 3 eastern CT*

Tw60820 Kenya Gazi Bay -  site 2 eastern CT**

Tw60821 Kenya Gazi Bay eastern micro-CT

Tw42907 Union of the  Comoros Ngasidja eastern CT

Tw57257 Sri Lanka Rekawa eastern CT

A. officinalis Tw57246-8 Sri Lanka Pambala eastern CT

Tw57255 Sri Lanka Rekawa eastern CT

A. germinans Tw50689 Benin Cotonou western CT

Tw57679 Democratic Republic of Congo Ile Bula western CT

Tw55845 Democratic Republic of Sao 
Tomé and Principe

Lagoa Azul western CT

Samples were selected from the xylarium of the Royal Museum of Central Africa 
* (root sample),
** (root sample and samples a t different heights). 
doi:10.1371 /journal.pone.0016558.t001

in Tervuren (Belgium) or collected in the  field (Gazi Bay -  Kenya).
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the degree o f b ranch ing  of the xylem  an d  phloem  tissue was 
increasing (Fig. 3). In  the roots however, the degree o f b ranch ing  
was similar to that in the crown o f the tree (Fig. 3). In  contrast, no 
tren d  with tree height could be found in the ratio o f ending to 
b ranched  phloem  or in the phloem  to xylem ratio.

Distribution of concentric internal ph loem  species 
according to  d ro u g h t  stress intensity

From  the investigated w oody species w ith concentric  in ternal 
phloem , 39.6%  could be found  in hab ita ts characterised  with 
d rough t o r salt stress while 60.4%  could  be  found in ra th e r wet 
hab ita ts (Table 3). T h en , again, the  abundance  o f lianas was 
m uch  h igher in the non-stressed co m pared  to the d rought 
stressed category  (49.5%  versus 4.1%  respectively) (Table 3). I f  
lianas w ere excluded, 76.7%  o f the species was grow ing in dry 
conditions while 23.3%  was grow ing in a  wet, non-saline 
env ironm en t (Table 3). T en  o f  the  fourteen  shrub species 
grow ing w ithout d rough t stress could also have a  liana  habitus. 
E xcluding them  was giving a  balance  o f 84.9%  o f species in a  dry 
a n d /o r  saline env ironm ent versus 15.1% in wet, non-saline 
conditions.

Discussion

The three-dim ensional structure of Avicennia  w ood
Seen in three  dimensions, the transport tissues in Avicennia had  a 

network-like structure (Fig. le —k). T his netw ork of xylem  and  
phloem  tissue, extensively connected  in horizontal an d  vertical 
direction, confirm ed the existence of the structure proposed by 
Schm itz et al. [3,13] for -4. marina as well as with the structure 
proposed by Zam ski [15] who studied young -4. resinifera and  -4. 
germinans trees. O u r study however, added  that a  similar three- 
dim ensional structure systematically occurred in stems o f different 
Avicennia species from  different origins, and  in roots, b ranches and  
stems from  -4. marina (Table 1). Therefore, the structure could be 
considered a  general characteristic o f  the m angrove genus 
Avicennia. Furh term ore we added  th a t the observed netw ork was 
highly variable w ith tree height and  position in  the tree for all 
species studied as the connection p a tte rn  could change w ithin a 
few m icrom eters only (Fig. ld -e ,  h—k).

Sim ilar reticulate three-dim ensional structures have, as far as we 
are aw are, been  proposed (i) in small stems o f Anabasis articulata and  
Kochia indica [11], (ii) in roots o f Beta vulgaris [27] and  (iii) in 
branches an d  stems o f Dalbergia paniculata [28] having concentric
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rings o f successive cam bia. Furtherm ore, this structure has been 
observed in b ranches o f Bougainvillea spectabilis [29], in stems of 
Phytolacca dioica [30] and  in small stems o í  Atriplex halimus [8,11] and  
Haloxylon salicomicium [11] having concentric rings o f collateral 
vascular bundles. W ith  the exception of F ahn  et al. [8,11] and  
Zam ski 1979 [15], three-dim ensional visualisations and  character­
isations o f  these structures are lacking. In  general, a  three- 
dim ensional way of in terpreting  internal phloem  is not yet 
developed, a lthough the articles o f F ahn  an d  Zam ski were 
published in 1967, 1979 and  1986 already. This lack o f spatial 
insight is obstructing in dep th  discussions on  the ecological and  
developm ental im plications o f the observed reticulate structures.

O bservation o f transversal sections o f o ther species in  which 
successive cam bia have been  described as concentric rings [e.g. 
27,31,32] showed that m any  m ore species potentially have a 
com plex netw ork of transport tissues. C onnections betw een rings 
could already be seen in two-dim ensional observations. Fu rther­
m ore, in the stem o f Combretum nigricans, the diffuse internal 
phloem , seen as scattered patches on  transversal stem sections, was 
also observed to be  organised as a  netw ork if  w atched in three 
dimensions [33]. This only strengthened the dem and  for three- 
dim ensional observations o f  p lant anatom y and  m orphology and  
for w ood anatom ical studies with three-dim ensional approaches o f 
scientific questions.

W ithin  the observed structure, vessels were criss-crossing 
different xylem patches along the tree stem. Since each xylem 
p atch  is form ed by ano ther (part o f the) cam bium , vessel elem ents 
o f the same vessel were no t always derived from  one cam bial zone 
only. T o  assure the longitudinal alignm ent o f vessel elem ents, a 
xylogenic signal m ight be  given by the developing vessel to an 
undifferentiated cell in the cam bial zone o f a  contiguous xylem 
p atch  via parenchym a-vessel pits [34,35,36],

T h e  com plex reticulate structure raised questions about its 
form ation an d  functioning. W hat type o f cam bium  can give rise to 
this kind o f spatial structure? Flow does such a  cam bium  originate? 
Is there  a  different system o f m olecular signalling in these non- 
continuous tissues th an  in a  cylindrical cam bium ? Fias this kind of 
organisation a functional significance? Answers to these questions 
touch upon our fundam ental understand ing  o f the hydraulic 
architecture and  its ontogeny in plants and  in trees in particular 
and  m ay reveal unknow n m echanism s of p lant grow th and  
functioning.

Looking a t the visualized three-dim ensional structure o f the 
xylem and  phloem  tissue in Avicennia, we w ould expect the cam bia 
in Avicennia to have the same reticulate structure as the xylem and  
phloem  tissue, and, in that sense, be non-continuous, either in 
space o r in tim e. Speculating about the na ture  o f such cam bia, we 
could define two possibilities: cam bia th a t look like fishnet stockings 
o r cam bia that are broken cylinders (Fig. 4). In  the first m odel 
(Fig. 4a), we im agined m ultiple layers o f cam bium  sheets th a t are 
discontinuous along as well as a round  the tree stem and  that are 
possibly connected, while in the second one (Fig. 4b), continuous 
cam bium  sheets have the ability to b reak  up longitudinally a n d /o r  
radially a t certain  locations, after form ation. Both m odels have to 
be considered together w ith the possibility o f cam bia to line up 
radially and  longitudinally once active and  o f different growth 
speeds in distinct parts o f the tree as has been already proposed by 
Schm itz et al. [3].

T h e  first as well as the second m odel on  the three-dim ensional 
structure and  functioning o f Avicennia's cam bia are bo th  com pat­
ible with the proposed parenchym atic origin o f new  cam bia in 
Avicennia [3,13,14,15,18,30,37]. In  the fishnet stockings m odel the 
parenchym a cells o f  the assum ed cam bial cylinder do no t all 
dedifferentiate to m eristem atic cells, giving rise to the suggested
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Figure 3. Degree of branching of the internal transport structure of Avicennia in function of tree height. D ata a re  from  o n e  Avicenn ia  
m a rin a  t re e  from  Gazi Bay (Kenya). Lines: m ed ian s; W: m ain  ro o t o f th e  sam e  tre e ; W*: m ain  ro o t o f a n o th e r  A. m a rin a  t re e  from  a d iffe ren t s tu d y  site  
in th e  sam e  m a n g ro v e  fo rest. 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 6 5 5 8 .g 0 0 3

reticulate structure. This has already been  proposed for Dalbergia 
paniculata, a  tree species w ith successive cam bia  [28], In  the broken 
cylinders m odel on  the o ther hand, m odifications o f the cam bia, 
initially organised in concentric cylinders, w ould occur after 
dedifferentiation. In  reality, a  com bination  o f the two proposed 
models is not excluded. In  that case, cam bia w ould be reticulate 
while form ed as well as able to b reak  at certain  locations.
How ever, only grow th experim ents on  high spatial and  tem poral 
resolution can  illum inate the exact ontology o f the transport 
system in Avicennia.

Several authors report a  num ber o f  sim ultaneously active 
cam bia in p lant species with successive cam bia [3,13,15,32,38],
W e should no t picture different cam bial zones as separate unities 
only because they seem to be unconnected  on  transverse (thin) 
sections. W ith the three-dim ensional structure in m ind, different 
zones o f  the cam bium  in different rings m ight be  pa rt o f one and  
the same connected  cam bial zone. In  that sense, the cam bia, as 
well as the resulting transporting  tissues have to be considered as

Table 3. Table showing the number o f woody species w ith 
concentric internal phloem (Table SI) that occur in 
(periodically) dry and/or saline environments (stress) and in 
wet, non-saline environments (no stress) categorized by habit 
(lianas, shrubs and trees).

Stress No stress

Lianas 9(4.1%) 110(49.5%)

Shrubs 48(21.6%) 14(6.3%)

Trees 31(14.0%) 10(4.5%)

88 (39.6%) 134 (60.4%)

Absolute numbers with percentage between brackets. 
doi:10.1371 /journal, pone.0016558.t003

co-functioning in a  unit, as has been  proposed for the rings o f 
transport tissue in B. spectabilis by Zam ski [29].

The Ecological A dvantage of Successive Cambia
W ithin  Avicennia we observed a  h igher degree o f b ranch ing  in 

the spatial structure o f the transport system in trees growing in 
ecological conditions that are m ore dem anding  for the w ater 
transport, i.e. h igher salt concentrations in the soil w ater (m ean soil 
w ater salinity and  soil w ater salinity range) and  low inundation  
frequency [3,39] (Fig. 2b and  T able  2). Furtherm ore, a  higher

model of fishnet stockings model o f broken cylinders

(a)

Figure 4. Nature of the successive cambia in Avicennia: two  
models, (a) M odel o f th e  fishne t stockings: m u ltip le  n o n -c o n tin u o u s  
cam bial s h e e ts  g ive rise to  th e  re ticu la te  tra n s p o r t  sy stem , (b) M odel o f 
th e  broken cylinders: c o m p le te  c am b iu m  sh ield s  h ave  th e  ability  to  
b rea k  a t c erta in  lo ca tio n s  a n d  can  e v en tu a lly  line u p  in a la te r s ta te  o f 
th e  d e v e lo p m e n t o f  th e  tra n s p o r t s tru c tu re . Only o n e  cam bial layer is 
sh o w n  in b o th  v isualisa tions. 
do i:10.137 1 /jo u rn a l.p o n e .0 0 1 6 5 5 8 .g 0 0 4
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phloem  to xylem  tissue ratio has been  m easured in the trees o f  the 
ecologically m ost stressful study site (Fig. 2d and  T able  2). These 
observations co rroborated  the curren t idea for a  role o f phloem  
tissue in em bolism  repair [21,22,23,24,25,26], T h e  m ore extensive 
b ranch ing  of the phloem  tissue, going with a  h igher absolute 
am ount o f internal phloem , as well as the h igher phloem  to xylem 
ratio m ight thus provide a  safer w ater transport system, next to the 
enhanced  w ater storage potential [21,22,23,24],

W ith  increasing height aboveground, the degree o f branc h ing o f 
the transport system w ithin an  Avicennia tree becam e higher in 
absolute value and  bigger in range. In  the roots, the degree of 
b ranch ing  was similar to that o f the crow n (Fig. 3). This m eans 
that in the crow n an d  in the roots, the phloem  tissue was m ore 
entangled w ithin the xylem, leading to closer contact betw een the 
two transport tissues. In  the crow n an  increased tension on  the 
w ater colum n exists, and  thus pu tting  a h igher dem and  on the 
w ater transport system requiring a h igher safety level. A lthough 
the tension is lowest in the roots, securing w ater flow is as essential 
at the start o f the pipeline as it is in the higher parts o f  the crown.

Surprisingly, the ratio o f  ending to b ran ch ed  phloem  differed 
betw een species, w ith a  lower ratio in species from  the eastern 
biogeographical m angrove region th an  in A. germinans from  the 
w estern biogeographical m angrove region (Fig. 2a). This charac­
teristic seemed to be species-specific an d  therefore p a rt o f the 
evolutionary background o f the species ra ther th an  a  flexible 
response to environm ental drivers.

Supporting  the findings in Avicennia spp. and  the functional role 
for the phloem  in safeguarding the w ater transport was that 84.9%  
o f trees and  shrubs with concentric internal phloem  grow in dry or

saline habitats. T his relationship, however, held only w hen lianas 
were excluded from  the database since they were far m ore 
distributed in wet habitats (Table 3). C oncern ing  the functional 
advantage concentric internal phloem  - often deriving from 
successive cam bia - m ight offer, a  distinction has to be  m ade 
betw een trees and  shrubs on  one side and  lianas on the o ther side. 
In  trees and  shrubs, the m ain  functional advantage of internal 
phloem  is thought to be w ater an d  photosynthate storage as well as 
the role in em bolism  repair. For scandent lianas however, the 
succession of the rigid xylem  tissue w ith the thin-w alled phloem  
tissue provides the necessary flexibility [1,2,20], Besides, the 
additional starch storage capability o f the successive phloem  layers 
offers an  advantage for quick grow th to the top o f the canopy [2]. 
In  term s o f our hypothesis, it m eans that concentric internal 
phloem  in lianas is no t per se related to drought or salt stress 
conditions, w hereas it is in trees and  shrubs.

A part from  the m ajority  o f trees and  shrubs w ith concentric 
internal phloem  growing under drought stress conditions, there 
was still 15.1% related to habitats w ith adequate w ater supply. 
A lthough speculative, this can be explained by the wide range of 
habitats these species occur in, o r by  the evolutionary evolvem ent 
o f these species from  species in dryer habitats together with the 
neutral effect o f  grow th via successive cam bia on  the survival o f 
trees an d  shrubs growing under wet conditions. A nother 
explanation is the h igher flexibility and  regeneration capacity 
offered by successive cam bia. Flexibility can  be advantageous for 
trees an d  shrubs confronted with storms a n d /o r  heavy w ind while 
a  good regeneration  capacity can  be due to the presence of m ore 
th an  one cam bium . Lastly, the increased storage o f photosynthates

WOOD ANATOMY
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Figure 5. From wood anatom y to ecology: overview of the study. T he flow  ch a r t is sh o w in g  th e  o rg a n ism s  invo lved  (black boxes, cap ita l tex t) 
an d  th e  re su lts  o f th e  s tu d y  o f successive  cam b ia  a n d  c o n cen tr ic  in te rna l p h lo em  in th e se  o rg an ism s  (w hite  bo x es, no rm al tex t) e stab lish in g  th a t  
in te rna l p h lo em  cou ld  o ffer a d v a n ta g e s  in eco log ical s tressfu l co n d itio n s  (grey  bo x  w ith  b lack  fram e). In th is  w ay, th e  w o o d  an a to m ica l fe a tu re s  o f 
A vicenn ia  can  h e lp  in exp la in ing  its b ro ad  d is trib u tio n  c o m p a re d  to  o th e r  m a n g ro v e  g e n era . 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 6 5 5 8 .g 0 0 5
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is no t only advantageous for lianas in their sprint to the canopy in 
o rder to receive light [2], b u t also for smaller trees growing in 
dense tropical forests.

Conclusions and  perspectives
G row th via successive cam bia offers an  ecological advantage 

under w ater stress conditions. W oody species showing concentric 
internal phloem  were p redom inan t in salt o r d rough t prone 
habitats, and  the netw orking o f the phloem  tissue was m ore 
p ronounced  under harsher environm ental conditions for the w ater 
transport (Fig. 5). Physiological experim ents - e.g. those proving 
th a t the internal phloem  tissue is still active [11] - should 
strengthen the hypothesis th a t the advantage is m ost probably 
related to the w ater storage capacity and  the role in embolism  
repair o f the in ternal phloem . C oncentric  in ternal phloem  and  
thus grow th via successive cam bia  was found to offer several 
ecological benefits for different groups o f species growing in 
different habitats: under hum id-w et conditions this anatom y offers 
ecological advantage for w oody plants with a  scandent growth, 
while under d rough t or salt stress conditions it can be beneficial for 
trees and  shrubs. If  this type o f secondary grow th is so beneficial, 
we can  w onder why the com m only occurring grow th th rough  a 
single cam bium  is the m ain  grow th form  o f w oody plants. T he 
cost-benefit ratio o f having m ore th an  one cam bium  m ight be  the 
answer, although this has no t been calculated to date, unless 
disadvantages as yet unknow n to us w ould im pede evolutionary 
spread o f grow th by m ore th an  one cam bium .

T h e  ecological benefits o f successive cam bia, in  com bination 
with the specialised vessel characteristics [39], help explaining the 
b ro ad  local and  global distribution o f Avicennia and  its occurrence 
in extrem ely high salinity conditions. G enerating  da ta  on  the 
grow th o f species w ith network-like successive cam bia  a t high 
tem poral an d  spatial resolution with the laser-scanning m ethod 
[40] or po in t dendrom eters is needed to obtain m ore insight in  the 
precise functioning o f those cam bia and  the way the com plex 
structure o f the w ood develops. T h e  complexity o f the w ater 
transport system structure th a t can  originate from  successive 
cam bia is extending our cu rren t insight in p lan t secondary growth, 
as these types o f structure can  only be generated  from  cam bia  that 
are anatom ically different from  those generally observed in trees.

In  conclusion, we can state th a t our study indicates that 
successive cam bia  are an  im portan t w ood anatom ical character­
istic explaining ecological species distribution a t least partially. It 
m oreover stressed the im portance o f three-dim ensional visualisa­
tions and  in terpretations o f p lan t structures.

Materials and Methods

X-ray C o m pu ted  T om ography  (CT): CT-scanning
Wood Samples. In  o rder to study the three-dim ensional 

w ood structure o f the m angrove genus Avicennia L., we used (i) 
stems available in the xylarium  o f the R oyal M useum  o f C entral 
Africa in T ervuren  (Belgium) and  (ii) roo t samples and  serial stem 
parts o f one tree collected in the m angrove forest o f  G azi Bay 
(Kenya).

E ighteen air-dried wood samples w ere selected from  the 
T ervuren  wood collection (Table 1). T h e  samples were selected to 
allow com parison betw een (i) Avicennia species (A. marina, A. officinalis 
and  A. germinans), (ii) biogeographical regions (eastern region: Indo- 
W est Pacific and  East Africa and  w estern region: A m erica and  W est 
Africa) and (iii) study sites m ainly differing in degree o f soil w ater 
salinity. All selected stems were a t least 3 cm  in diam eter.

In  addition  to the stem samples ou t o f the T ervuren  wood 
collection, two cable roo t samples o f Avicennia marina (Forssk.)

V ierh. were collected in the m angrove forest o f G azi Bay, K enya, 
in February  2009 a t two different study sites (Table 1). Study o f the 
variation  in w ood structure by height was done with twelve 
samples o f  the same tree (distance betw een samples: 50 cm) 
sam pled from  study site 2 o f w hich a root sample also has been 
taken (Table 1). All collected samples were been air-dried  before 
analysis and  now are p a r t o f  the T ervuren  wood collection 
(Tw60819-20 - T a b l e  1).

E nvironm ental da ta  from  the different study sites in G azi Bay, 
K enya, were determ ined during  form er studies (Table 2) [3,39].

Scanning Procedure. X -ray  tom ographical images have 
been  m ade for all samples using a  multi-slice spiral C T -scanner 
(CT-scan Brilliance 64 slice, Philips, T h e  N etherlands) with the 
following characteristics: collimation: 2 0 x 0 ,625  m m; slice
thickness: 0.7 m m ; reconstructed slice interval: 0.35 mm;
intensity: 330 mAs; tension: 140 kV; X -tube ro tation  time: 
0.75 s; reconstruction filter: B -standard. T h e  field o f view and  
the pixel spacing were adap ted  to the object diam eter, all with 
5 1 2x512  image m atrix. R adial and  three-dim ensional
reconstructions were m ade on the Philips C T -scan with 
dedicated software.

Data Collection and Analysis. In  o rder to investigate the 
degree o f b ranch ing  of the Avicennia vascular netw ork, points o f 
ending and  b ranched  phloem  tissue (Fig. 2c-g) were counted  on 
the C T-im ages using Im ageJ 1.41k (W ayne R asband, N ational 
Institute o f  H ealth , Bethesda, M aryland, USA). For every sample, 
m easurem ents were m ade a t three different heights a t 30 m m  
distance. O n  every image the stem surface a rea  was determ ined by 
the ellips tools in eFilm  Lite 2.1.2 (Merge O E M , Mississauge, 
Canada) o r after m easuring the stem diam eters in iÇJ-VIEW 2.5.0 
(IM A GE Inform ation  Systems, London, UK). From  these 
m easurem ents we calculated (i) the degree o f branching, defined 
as the sum o f ending and  b ran ch ed  phloem  tissue i.e. the num ber 
o f  points were the grow th segments are no t concentric pe r surface 
area, giving an  indication o f the com plexity o f the netw ork of 
transport tissue an d  (ii) the ratio o f ending to b ran ch ed  phloem . 
O n  the same images the in ternal phloem  surface a rea  was 
determ ined sem i-autom atically (Color R ange tool in Adobe 
Photoshop CS3 -  version 10.0.1, A dobe Systems Inc., San Jose, 
California, USA). F rom  these m easurem ents, the xylem surface 
a rea  (total stem surface a rea  m inus internal phloem  surface area) 
as well as the ratio o f internal phloem  surface a rea  to xylem surface 
a rea  could be calculated.

D egree o f branching, ratio o f ending to b ran ch ed  phloem  and  
ratio o f phloem  to xylem surface a rea  were com pared w ithin and  
betw een species, biogeographical regions and  study sites using 
M ann-W hitney U  an d  Kruskal-W allis tests. All statistical analyses 
were conducted  using Statistica 7.0 (StatSoft Inc., Tulsa, O K , 
USA).

X-ray C o m pu ted  T om ography  (CT): Micro-CT-scanning
T h e  samples used for m icro-C T -scanning w ere representative A. 

marina samples o f  G azi Bay, K enya, ou t o f the T ervuren  wood 
collection. T h e  pictures showed in this article are  from  the 
Tw60821 A. marina sample.

A high resolution desktop X -ray  m icro-C T-system  (SkyScan 
1172, SkyScan, Belgium) with closed X -ray  m icro-focus source, 
was used for non-destructive visualization o f the internal structure 
o f A. marina. It was possible to obtain an  isotropic pixel resolution 
o f 7.5 pm  using a  cam era b inn ing  m ode of 2 by  2 pixels resulting 
in a  projection image o f 1000x2000  pixels. A filter o f 0.5 m m  
alum inium  was chosen in o rder to get a  bette r contrast and  to 
reduce the beam  harden ing  effect. T h e  peak voltage o f the source 
was set a t 90 kV. Projection images were taken w ith a  ro tation  step
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o f 0.4° over 180° and  the signal to noise o f the projection images 
was im proved by using a fram e averaging of 3. After acquiring  the 
projection images the reconstruction was done using a  m odified 
Feldkam p cone-beam  algorithm  [41], Tw o-dim ensional cross- 
sectional images o f the sam ple w ere obtained in consecutive slices 
th roughout the object in o rder to obtain  a  three-dim ensional 
dataset th a t can  be viewed in any direction.

Three-dim ensional sm oothed surface images were m ade using 
the R econstruct software (version 1.1.0.0 - Jo h n  C. Fiala, Austin, 
Texas, USA) [42].

Database Analysis
In  o rder to upscale and  verify the hypothesis th a t concentric 

internal phloem  is an  adaptive characteristic o f  species growing 
under drought stress, either by  a lack o f w ater o r by the presence 
o f salt, we conducted  a  database analysis in w hich we analysed 198 
w oody species w ith concentric in ternal phloem . Species were 
selected from  the m odern  wood database o f the Inside W ood 
D atabase [12] (species with IAW A (International Association of 
W ood Anatomists) characteristic 133: included phloem , concen­
tric) o r from  scientific literature. For each species the grow th habit, 
the hab ita t an d  the (bio)geography were searched for in the Inside 
W ood D atabase o r in scientific articles and  websites (Table SI). In 
all, 194 (87 genera ou t o f 25 families) could been taken into the 
analysis (Table SI).

For statistical analysis (descriptive statistics) habitats were 
classified according to W alter’s zonobiom es (Table SI) [43] based 
on  bo th  h ab ita t a n d  (bio)geography o f each species. Zonobiom es II 
-  IV  and  V II -  IX  have been  associated with w ater stress as a 
result o f d rough t during  a t least one period  o f the year and  also 
saline habitats w ere considered physiologically dry. In  contrast, 
zonobiom es I, V  and  V I as well as m ountain  areas were 
considered to be w ithout extensive drought stress. Z onobiom e II 
has been  divided into II a  (semi-evergreen an d  wet season green 
forests) an d  II b  (savannas, grassland an d  dry woodlands) 
according to W alters’s vegetational zones [43]. F labitat descrip­
tions w ere decisive to divide species into stress categories (drought 
a n d /o r  salt stress versus no drough t stress). Species with two 
grow th habits (tree /sh rub  or shrub /liana) were assigned to bo th  
groups.

References
1. C a rlq u is t S (2001) C o m p a ra tiv e  W o o d  A n ato m y : System atic , Ecological, a n d  

E v o lu tio n a ry  A spects o f  D ico ty led o n  W o o d  {Springer Series in  W o o d  Sciences). 
B erlin  - H e id e lb e rg : S p rin g e r-V erlag . 448  p.

2. C a rlq u is t S (2007) Successive ca m b ia  revisited: on to g en y , h istology, diversity , 
a n d  fu n c tio n a l significance. J o u rn a l  o f  th e  T o r re y  B o tan ica l S ociety 134: 
3 0 1 -3 3 2 .

3. S ch m itz  N , R o b e r t  E M R , V e rh e y d e n  A, K a iro  J G ,  B eeckm an  H , e t  al. (2008) A  
p a tc h y  g ro w th  v ia successive a n d  sim u ltan eo u s cam bia : key to success o f  the  
m o st w id esp read  m an g ro v e  species Avicennia marina? A n n als  o f  B o tan y  101: 
4 9 -5 8 .

4. A rau jo  G U C , C o sta  C G  (2006) C a m b ia l v a ria n t  in  th e  stem  o f  Serjania corrugata 
(S ap indaceae). Iaw a  J o u rn a l  27: 2 6 9 -2 8 0 .

5. M c d o n a ld  J A  (1992) E v o lu tio n a ry  Im p lica tio n s  o f  T y p ica l a n d  A no m alo u s 
S eco n d ary  G ro w th  in  A rb o re sc e n t Ipomoea (C onvolvulaceae). B u lle tin  o f  the  
T o r re y  B o tan ica l C lu b  119: 2 6 2 -2 6 7 .

6. N a ir  M N B  (1993) S tru c tu re  o f  S tem  a n d  C a m b ia l V a r ia n t  in  Spatholobus roxburghii 
(Legum inosae). I a w a jo u r n a l  14: 191—204.

7. D o b b in s  D R , F isher J B  (1986) W o u n d  R esponses in  G ird led  S tem s o f  L ianas. 
B o tan ica l G a ze tte  147: 2 7 8 -2 8 9 .

8. F a h n  A , Z im m e rm a n n  M H  (1982) D e v e lo p m e n t o f  th e  Successive C a m b ia  in 
Atriplex halimus (C h en o p o d iaceae). B o tan ica l G a ze tte  143: 353—357.

9. R a jp u t  K S , R a o  K S  (2000) S e co n d ary  g ro w th  in  th e  stem  o f  som e species o f 
Alternanthera a n d  Achyranthes aspera (A m aran th aceae). I a w a jo u r n a l  21: 4 1 7 —4-24.

10. R a jp u t  K S , R a o  K S , P a til U G  (2006) S tem  a n a to m y  o f  Dolichos lablab L inn  
(Fabaceae): O rig in  o f  c a m b iu m  a n d  reverse  o r ie n ta tio n  o f  v ascu la r bund les. 
F lo ra  201: 6 5 -7 3 .

11. F a h n  A , S h ch o ri Y  (1967) T h e  O rg a n iz a tio n  o f  S e co n d ary  C o n d u c tin g  T issues 
in  S om e Species o f  th e  C h e n o p o d ia ce a e . P h y to m o rp h o lo g y  17: 147-&.

Supporting Information

Table SI List o f species with concentric internal 
phloem taken into account in the presented study.
Species nam es are according to the reference article while families 
are along the A PG. C lear synonyms are rem oved from  the list. For 
each species hab it (L: liana, S: shrub or T: tree), h ab ita t and  
(bio)geography have been searched for in scientific articles and  
websides. Based on this inform ation, species have been  categorised 
non salt to leran t (0) o r a t least salt to leran t (1) an d  have been 
classified to the different zonobiom es described in W alter’s 
V egetation o f the E arth . Species from  coastal areas have been 
classified as azona! (A), while species from  m ountain  areas have 
been  been  indicted w ith m ountain  (M). G enera  th a t were found to 
have in ternal concentric phloem  are no t taken into account in the 
analysis b u t only m entionend  in this list. N um ber o f species 
accoring to M abberley’s Plant-Book are m entioned  betw een 
brackets.
(PDF)

Acknowledgments
We thank Jam es Gitundu Kairo of the Kenya M arine and Fisheries 
Research Institute for the logistic help during the field expedition, 
Abudhabi Jam bia for the help during sampling in the field, Karel Robert 
for the development o f the measuring method in Adobe Photoshop and the 
assistance with the figure creation, M aarten De M unter for his help during 
the CT-scanning and W im Tavernier for his contribution concerning the 
Tervuren wood collection. W e are very grateful to the D epartm ent of 
Radiology of the Universitair Ziekenhuis Brussel for offering free CT- 
scanning and to an anonymous reviewer for the critical comments on an 
earlier version o f the manuscript.

Author Contributions
Conceived and designed the experiments: EM M R  NS N K . Performed the 
experiments: E M R R  JD M  EVdC. Analyzed the data: E M R R  NS IB HB 
N K . C ontributed reagents/m aterials/analysis tools: JD M  EVdC. W rote 
the paper: EM RR . D ata collection: E M R R  TD  K H.

12. In sid eW o o d  (2004-onw ards) A vailable: h t tp : / / in s id e w o o d / l ib .n c s u .e d u /se a rc h . 
A ccessed: 2010 S ep t 3.

13. S ch m itz  N , V e rh e y d e n  A, K a iro  J G ,  B eeck m an  H , K o e d a m  N  (2007) 
Successive c a m b ia  d e v e lo p m e n t in  Avicennia marina (Forssk.) V ie rh . is n o t  
c lim atica lly  d r iv e n  in  th e  seaso n a l c lim ate  a t  G azi B ay, K e n y a . D e n d ro c h ro -  
n o lo g ia  25: 8 7 -9 6 .

14. Z am sk i E  (1981) D o es Successive C a m b ia  D iffe ren tia tio n  in  Avicennia D e p e n d  o n  
L e a f  a n d  B ran ch  In itia tio n . Israe l J o u rn a l  o f  B o tan y  30: 57—64.

15. Z am sk i E  (1979) T h e  m o d e  o f  seco n d ary  g ro w th  a n d  th e  th ree -d im en sio n a l 
s tru c tu re  o f  th e  p h lo em  in  Avicennia. B o tan ica l G a ze tte  140: 67—76.

16. B aker R T  (1915) T h e  A u s tra lian  “ grey  m an g ro v e ,” (Avicennia officinalis, L inn.). 
J  P ro c  roy  Soc N S  W ales 49: 2 5 7 -2 8 1 .

17. C h a p m a n  V J (1947) S eco n d ary  th ick en in g  a n d  len ticels in  Avicennia nitida J a c q . 
P ro ceed in g s  o f  th e  L in n e an  Society  158: 2—6.

18. S tu d h o lm e  W P , P h ilipson  W R  (1966) A  c o m p ariso n  o f  the  c a m b iu m  in  tw o 
w oods w ith  in c lu d ed  ph lo em : Heimerliodendron brunonianum a n d  Avicennia resinifera. 
N e w  Z e a la n d  J o u rn a l  o f  B o tan y  4: 3 5 5 -3 6 5 .

19. G ili A M  (1971) E n d o g en o u s c o n tro l o f  g ro w th -rin g  d e v e lo p m en t in  Avicennia. 
F o rest Science 17: 4 6 2 M 6 5 .

20. B h am b ie  S (1972) C o rre la tio n  b e tw een  fo rm , s tru c tu re  a n d  h a b it  in  som e lianas. 
P ro ceed in g s  o f  th e  In d ia n  A cad em y  o f  Sciences 75: 246—256.

21. Salleo S, Lo G ulio  M A , T rifilo  P , N a rd in i A  (2004) N ew  ev idence for a  ro le  o f  
vessel-associated  cells a n d  p h lo em  in  th e  rap id  xy lem  re f i lin g  o f  c av ita ted  stem s 
o f  Laurus nobilis L. P la n t C e ll a n d  E n v iro n m e n t 27: 1065—1076.

22. Salleo S, T rifilo  P , E sposito  S, N a rd in i  A, Lo G ulio  M A  (2009) S tarch -to -su g ar 
co n v ers io n  in  w o o d  p a re n c h y m a  o f  fie ld -g row ing  Laurus nobilis p lan ts: a 
c o m p o n e n t o f  the  signal p a th w a y  fo r  em b o lism  rep a ir?  F u n c tio n a l P la n t Biology 
36: 8 1 5 -8 2 5 .

PLoS ONE I www.plosone.org 9 January 2011 | Volume 6 | Issue 1 | e16558

http://insidewood/lib.ncsu.edu/search
http://www.plosone.org


Successive Cambia for Drought Survival

23. Salleo S, T rifilo  P, Lo G ulio M A  (2006) P h lo em  as a  possib le m a jo r  d e te rm in a n t 
o f  rap id  c av ita tio n  reversa l in  stem s o f  Laurus nobilis (laurel). F u n c tio n a l P la n t 
B iology 33: 1 0 6 3 -1 0 7 4 .

24. Z w ie n iec k i M A , H o lb ro o k  N M  (2009) C o n f ro n tin g  M a x w e ll’s d em o n : 
b iophysics o f  xy lem  em bolism  rep a ir. T re n d s  in  P la n t  Science 14: 530—534.

25. M a u se th  J D ,  P lem o n s-R o d rig u ez  BJ (1997) P resen ce  o f  p a ra tra c h e a l  w a te r  
sto rage  tissue does n o t  a lte r  vessel c h a rac te rs  in  cactus w ood . A m erican  J o u rn a l  
o f  B o tan y  84: 8 1 5 -8 2 2 .

26. Scholz  F G , Bucci SJ, G o ldste in  G , M ein ze r F G , F ran co  A G , e t al. (2007) 
B iophysical p ro p ertie s  a n d  fu n c tio n a l significance o f  stem  w a te r  s to rag e  tissues in 
N eo tro p ic a l sa v an n a  trees. P la n t C ell a n d  E n v iro n m e n t 30: 236—248.

27. K rish n a m u rth y  K V , V e n u g o p a l N  (1984) S tud ies o n  successive ca m b ia  o f  a  few 
p lan ts. I n d ia n J  B o t 7: 1 8 3 -1 8 9 .

28. N a ir  M N B , R a m  H Y M  (1990) S tru c tu re  o f  W o o d  a n d  C a m b ia l V a r ia n t  in  the  
S tem  o f  Dalbergia paniculata R o x b . Iaw a  B ulle tin  11: 379—391.

29. Z am sk i E  (1980) V a sc u la r  C o n tin u ity  in  th e  P rim ary  a n d  S eco n d ary  S tem  
T issues o f  Bougainvillea (N yctag inaceae). A nnals o f  B o tan y  45: 561-& .

30. W h e a t  D  (1977) Successive C a m b ia  in  S tem  o f  Phytolacca dioica. A m erican  
J o u rn a l  o f  B o tan y  64: 1209-1 2 1 7 .

31. B h am b ie  S, S h a rm a  A  (1985) O n to g e n y  o f  c a m b iu m  in  Amaranthus caudatus L. 
a n d  Achyranthes aspera L. P ro ceed in g s  o f  th e  In d ia n  A cad em y  o f  Sciences 95: 
2 9 5 -3 0 1 .

32. T e r ra z a s  T  (1991) O r ig in  a n d  A ctiv ity  o f  S uccessive C a m b ia  in  Cycas 
(Cycadales). A m e ric a n  J o u rn a l  o f  B o tan y  78: 1335—1344.

33. d e n  O u te r  R W , v a n  V e e n e n d a a l W L H  (1995) D e v e lo p m en t o f  In c lu d e d  P h lo em  
in  th e  S tem  o f  Combretum nigricans (C o m b re taceae). IA W A J o u rn a l  16: 151—158.

34. K itin  P , Fujii T , A b e  H , T a k a ta  K  (2009) A n a to m ic a l fea tu res  th a t  facilitate  
rad ia l flow  across g ro w th  rings a n d  f ro m  xylem  to c a m b iu m  in  Cryptomeria 

japonica. A n n als  o f  B o tan y  103: 1145—1157.
35. K i t in  P , T a k a ta  K  (2007) S tru c tu re  a n d  in te rfa c e s  b e tw e e n  se c o n d a ry  x y lem , 

c a m b iu m  a n d  p h lo e m . I n te r n a t io n a l  C o n fe re n c e  o n  P la n t  V a s c u la r  B io logy  
- P ro g ra m  a n d  A b s tra c t  B ook , A c a d e m ia  S in ic a  T a ip e i ,  T a iw a n .  20  p .

36. M u ra k a m i Y , F u ñ a d a  R , S an o  Y , O h ta n iJ  (1999) T h e  d iffe ren tia tio n  o f  co n ta c t 
cells a n d  iso la tion  cells in  th e  xy lem  ray  p a re n c h y m a  o f  Populus maximowiczii. 
A n n als  o f  B o tan y  84: 429M B 5.

37. P h ilipson  W R , W a rd  J M ,  B u tte rfie ld  B G  (1971) A n o m alo u s cam b ia . In: 
C h a p m a n  & H a ii L T D . T h e  vascu lar c a m b iu m . Its d e v e lo p m en t a n d  activity . 
184 p .

38. C a rlq u is t S (2007) Successive cam b ia  in  A izoaceae: p ro d u c ts  a n d  process. 
B o tan ica l J o u rn a l  o f  the  L in n e an  Society  153: 141—155.

39. R o b e r t  E M R , K o e d a m  N , B eeck m an  H , S ch m itz  N  (2009) A  safe h y d rau lic  
a rc h ite c tu re  as w o o d  an a to m ic a l ex p la n a tio n  fo r th e  d ifference in  d istr ib u tio n  o f  
th e  m an g ro v es  Avicennia a n d  Rhizophora. F u n c tio n a l Ecology 23: 64 9 —657.

40. D u n isch  O , S ch u lte  M , K ru se  K  (2003) C a m b ia l g ro w th  o f  Swietenia macrophylla 
K in g  s tu d ied  u n d e r  c o n tro lled  co nd itions b y  h ig h  reso lu tio n  laser m easu rem en ts . 
H o lz fo rsch u n g  57: 19 6 -2 0 6 .

41. F e ld k am p  LA , D avis L C , K ress J W  (1997) P rac tica l C o n e  b e a m  a lgorithm . 
J o u rn a l  o f  M icroscopy  185: 67—75.

42. F ia la J C  (2005) R eco n stru c t: a  free  e d ito r  fo r  serial section  m icroscopy. J o u rn a l  
o f  M icro sco p y -O x fo rd  218: 5 2 -6 1 .

43. B reckle SW  (2002) W a lte r ’s veg e ta tio n  o f  th e  ea rth . T h e  eco log ical system s o f  the  
G eo-B iosphere . B erlin  - H eid e lb erg : Sprin g er-V erlag . 547  p.

44. T o m lin so n  PB  (1994) T h e  B o tan y  o f  M angroves. C a m b rid g e : C a m b rid g e  
U n iversity  Press. 433  p.

PLoS ONE I www.plosone.org 10 January 2011 | Volume 6 | Issue 1 | e16558

http://www.plosone.org


Table S I: List of species with concentric internal phloem taken into account in the presented study. Species names are according to the reference article while 
families are along the APG [1], Clear synonyms are removed from the list. For each species habit (L: liana, S: shrub or T: tree), habitat and (bio)geography have been 
searched for in scientific articles and websides. Based on this information, species have been categorised non salt tolerant (0) or at least salt tolerant (1) and have been 
classified to the different zonobiomes described in W alter's Vegetation o f  the Earth (see below table) [2], Species from coastal areas have been classified as azonal (A), 
while species from mountain areas have been been indicted with mountain (M). Genera that were found to have internal concentric phloem are not taken into account in the 
analysis but only m entionend in this list. N um ber o f  species accoring to M abberley 's Plant-Book [3] are m entioned between brackets.

GENUS SPECIES F AMTE Y HABIT HABITAT (BIO)GEOGRAPHY SALT WALTER REFERENCE
Ab uta brevifolia Menispennaceae L Rainforest Middle and South America 0 I [4-6]
Ab uta colombiana Menispennaceae L Rainforest Meso and South America 0 I [4-6]
Ab uta fluminum Menispennaceae L Amazonian forest Pera, Amazonian area 0 I [4-8]
Ab uta grandifolia Menispennaceae L/S Humid, tropical areas, near 

and far away from water, in 
secondary forest and degraded 
meadows

Tropical South America 0 I [4. 5. 9]

Ab uta grisebachii Menispennaceae L Rainforest Meso and South America 0 I [4-6, 10]
Ab uta ¡mene Menispennaceae L Rainforest Brazil 0 I [4,5, 7, 11, 12]
Ab uta rufescens Menispennaceae L Non-flooded moist forest Tropical South America 0 I [4. 5. 13]
Ab uta sandwithiana Menispennaceae L Dense, submountainous 

ombropliilous forest
Brazil 0 I [4, 5, 7, 14]

Albertisia exelliana Menispennaceae L Rainforest, near lake forest Tropical Africa 0 I [4. 15]
Albertisia papuana Menispennaceae L Rainforest South East Asia 0 I [4. 16]
Albertisia villosa Menispennaceae L Dense humid forest Tropical Africa 0 I [4. 17]
All enrol fea vaginata Amaranthaceae T Desert with saline soils Temperate South America including 

Argentina, Chile, Uruguay and South 
Paraguay

1 III-VII [5. 18]

Anabasis articulata Amaranthaceae S Shrub steppe, desert Mediterranean including Northern 
Africa and Middle East

1 III-IV [5. 19]

Anamirta coeculus Menispennaceae L/S Tropical evergreen forest India, Indonesia, Sri-Lanka 0 I [4, 5, 20, 21]

Anisocycla cymosa Menispennaceae L Sandy riversides and fringing 
forest

Congo 0 I [4, 22]

Anomospermum chloranthum Menispennaceae L Moist forest Meso and South America 0 I [4, 5, 23]
Anomospermum reticulatum Menispennaceae L Dense tropical evergreen 

forest
Costa Rica, Southern America 0 I [4, 24, 25]

Arcangeli sia flava Menispennaceae L Wet forest, near river banks Temperate China, tropical Asia 0 I-II-V-VI [3, 4, 25]



GENUS SPECIES FAMILY HABIT HABITAT (BIO)GEOGRAPHY SALT WALTER REFERENCE
Ârthraerua leubnitziae Amaranthaceae S Desert and sand dunes Namibia 0 III [26]

Arthrocnemum macrostachyum Amaranthaceae S Saline habitats: coasts and 
banks of saline water pools

Mediterranean including Northern 
Africa and Middle East

1 IV [5. 27]

Arthrocnemum perenne Amaranthaceae S Muddy salt marshes near the 
sea

Mediterranean including Northern 
Africa and Middle East

1 IV [5. 15]

Atriplex halimus Amaranthaceae s Dry and saline habitats, desert Mediterranean including Northern 
Africa and Middle East

1 IV [5. 28]

Atriplex nummularia Amaranthaceae s Arid and semi arid regions, 
usually on saline soils

Australia 1 III [29, 30]

Avicennia alba Acanthaceae S/T Mangrove forests Indo-Pacific ocean 1 A [31-34]

Avicennia bicolor Acanthaceae S/T Mangrove forests West coast of Meso America 1 A [31-34]

Avicennia germinans Acanthaceae S/T Mangrove forests Meso America (up to Florida) and 
West Afica

1 A [5,31-37]

Avicennia integra Acanthaceae S/T Mangrove forests North Australia 1 A [31, 33, 34, 38]

Avicennia marina Acanthaceae S/T Mangrove forests East Africa and Indo-Pacific 1 A [5,31-34,38-
40]

Avicennia officinalis Acanthaceae S/T Mangrove forests Indo-Pacific 1 A [31-34,41]

Avicennia rumphiana Acanthaceae S/T Mangrove forests Indo-Malaysia 1 A [31, 33, 34]

Avicennia schauriana Acanthaceae S/T Mangrove forests East coast of South America 1 A [31-34]

Azima tetracantha Salvadoraceae S Tropical mainland, on saline 
or alluvial soils near rivers and 
coast

Tropical mainland Africa and 
adjacent islands (Madagascar, 
Mauritius, Réunion, and Comores)

1 I-IIa-IIb-III [5, 15, 42]

Barbeuia madagascariensis Barbeuiaceae L Subhmnid to humid forest Madagascar 0 I-IIa [43-45]

Beirnaertia cabindensis Menispennaceae L Tropical wet forest Tropical Africa 0 I [3, 4, 46]

Bosea yervamora Amaranthaceae S Dry areas Madeira and the Canary Islands 0 IV [5. 26]

Bougainvillea spectabilis Nyctaginaceae L/S Rainforest Brazil, naturalised elsewhere 0 I [5, 25, 47-50]

Bredemeyera sp. Polygalaceae S Caatinga, forest patches in a 
savannah biome

Neotropics and temperate Brazil, 
tropical South American, New 
Guinea, tropical Australia

0 II b [3 ,5 ,51]

Cadaba glandulosa Capparaceae S Deciduous bush land and 
grassland, dry places on clay 
or sandy soil and dry riverbeds

Mediterranean including Northern 
Africa and Middle East, Tropical 
mainland Africa and adjacent islands 
(Madagascar, Mauritius, Réunion, 
and Comores)

1 II b - IV [5. 27]

Cadaba rotundifolia Capparaceae S Deciduous bush land, semi- 
desert and dry riverbeds

Mediterranean including Northern 
Africa and Middle East, tropical

1 II b -  IV [5. 27]



GENUS SPECIES FAMILY HABIT HABITAT (BIO)GEOGRAPHY SALT WALTER REFERENCE
Africa and adjacent islands

Caryomene olivascens Menispennaceae L Tropical rainforest Meso and South America 0 I [4, 5, 52]
Casimirella ampla Icacinaceae L Moist deciduous and semi­

evergreen seasonal forest, near 
riverbanks

Tropical South America 0 I la [5. 53]

Celosia floribunda Amaranthaceae T Dry land, scrubland Mexico (Baja California) 0 III [26]
Ceratoides lanata Amaranthaceae S Steppe and grassland, on 

saline, clay or calcareous soils
North America, north of Mexico 1 VII [5. 54]

Charpentiera densiflora Amaranthaceae T Mesic forest Hawaiian Islands 0 I la [26, 55]
Charpentiera elliptica Amaranthaceae T Lowland wet or mesic forest Hawaiian Islands 0 I la [26, 56]
Charpentiera obovata Amaranthaceae S Mesic to occasionally wet rain 

forests
Pacific Islands (including New 
Caledonia, Samoa, Hawaii and Fiji)

0 I la [5. 26]

Cheilochnium spp. (11) Celastraceae L Campinarana forest Mexico and Central America, tropical 
South America

0 II [5. 57]

Cheiloclinium anomalum Celastraceae L Rainforest Amazonian area 0 I [5, 7, 58, 59]
Cheilochnium belizense Celastraceae L Riparian forest Belize, Panama, Brazil, Venezuela 0 I - I I [5, 13, 58, 60]
Cheiloclinium hippocrateoides Celastraceae L Lowland tropical to 

subtropical moist forest
South America 0 I la [5, 13,58,61]

Cheiloclinium serratum Celastraceae L Riverine habitats Middle and South America 0 I-II-III-V-
VII

[5, 58, 62, 63]

Chenopodium sandwicheum Amaranthaceae S Dry land habitats from coastal 
to subalpine, adapted to 
drought

Pacific Islands (including New 
Caledonia, Samoa, Hawaii, and Fiji)

1 II b [5. 64]

Chondrodendron microphyllum Menispennaceae L Rainforest Meso and South America 0 I [4. 65]
Chondrodendron tomentosum Menispennaceae L Rainforest Meso and South America 0 I [4. 65]
Cissampelos pareira Menispennaceae L/S Riverine and lowland forest Tropical regions worldwide 0 I [4, 5, 17, 49]
Coeculus hirsutus Menispennaceae L/S Lowland and medium-altitude 

bush land and woodland
India, Pakistan, Tropical Africa 0 II a - II b [45, 47, 66, 67]

Coeculus laurifolius Menispennaceae L Mountain region, dry 
evergreen forest between 1200 
and 1600 m

Temperate Asia (China, Japan and 
Russia)

0 M [4, 5, 68]

Coeculus pendulus Menispennaceae L Savannah Tropical and subtropical India, 
Pakistan and Africa

0 lib [4, 5, 17, 45, 
69]

Colignonia scandens Nyctaginaceae S Arid regions, mountains > 
3000 m

Tropical South America 0 M [5. 70]

Combretum nigricans Combretaceae S/T Savannah Tropical Africa and adjacent islands 0 II b [5.71]



GENUS SPECIES F A MTU Y HABIT HABITAT (BIO)GEOGRAPHY SALT WALTER REFERENCE
Cur are a candicans Menispennaceae L Tropical lowland forest Neotropics 0 I [4, 5, 72]
Cur are a tecunarum Menispennaceae L Tropical lowland forest Neotropics 0 I [4, 5, 72]
Cur are a toxicofera Menispennaceae L Tropical lowland forest Neotropics 0 I [4, 5, 72]
Cvcas circinalis Cycadaceae T Along the seashore, inland and 

occasionally in mountainous 
areas, open grass lands, shrub- 
woodlands in hilly areas to 
dense forests

India, South-East Asia 1 II a - II b —
(M)

[73-77]

Cycas rumphii Cycadaceae T Tropical woodland or forest, 
mainly along coastal areas, 
generally on sandy soil and 
calcareous substrate

Moluccan island group. Papua, 
Indonesia

1 I la [78-81]

Cvcas thuarsii Cycadaceae T Near coast, behind the dunes, 
in open bush land

Madagascar, coast of East Africa 1 II a - II b [15, 78, 81]

Dalbergia lanceolaria Fabaceae T Tropical dry thorn forest, 
tropical moist deciduous forest

Central South Asia 0 II a - II b [5, 73, 82]

Dalbergia paniculata Fabaceae T Primary moist deciduous 
forest, mesomorphic habitat

India, Indo-China (tropical Asia) 0 I la [25, 83]

Dicranostyles guianensis Convolvulaceae L Evergreen broadleaf rainforest 
with high rainfall

Tropical South America 0 I [5. 53]

Dicranostyles mildbraediana Convolvulaceae L Evergreen broadleaf rainforest 
with high rainfall

Tropical South America 0 I [5. 53]

Dicranostyles villosus Convolvulaceae L Evergreen broadleaf rainforest 
with high rainfall

Mexico and Central America 0 I [5. 53]

Dioscoreophyllum cumminsii Menispennaceae L Evergreen tropical rainforest Tropical Africa 0 I [4, 72, 84]
Diploclisia glaucescens Menispennaceae L Tropical rainforest Tropical Asia 0 I [4. 45]
Doliocarpus spp. (ca. 40) Dilleniaceae L Transition gallery forest, 

cerrado
Mexico and Central America, tropical 
South America

0 I-IIa [5. 57]

Doliocarpus coriaceus Dilleniaceae L Wet lowland forest Mexico and Central America, tropical 
South America

0 I [5, 85]

Elephantomene eburnea Menispennaceae L Tropical rainforest Meso and South America 0 I [4, 5, 53]
*Forchhammeria longifolia Capparaceae S Mexico and Central America 0 [5, 86]
Gallesia integrifolia Phytolaccaceae T Semi-deciduous forest, upland 

forest with dense closed 
canopy, tropical lowland dry 
deciduous forest

Tropical South America 0 I la [5, 87-89]

Gallesia scorododendrum Phytolaccaceae T Atlantic moist forest Temperate South America including 0 I [5. 90]



GENUS SPECIES FAMILY HABIT HABITAT (BIO)GEOGRAPHY SALT WALTER REFERENCE
Argentina, Chile, Uruguay and South 
Paraguay

Gnetum ula Gnetaceae L Moist deciduous rainforest India (Eastern and Western Ghats) 0 I la [47, 73, 91-95]
Haematocarpus subpeltatus Menispennaceae L Tropical forest along streams 

at low altitudes
Southeast Asia 0 I la [4, 96]

Haloxylon persicum Amaranthaceae S/T Sand lulls, deserts and sand 
ridges

Mediterranean including Northern 
Africa and Middle East

1 III-IV-VI-
VII-VIII

[5. 97]

Haloxylon salicornicum Amaranthaceae S Desert and semi-desert areas 
in soils containing much salt

Northern Africa, Arabian peninsula. 
Western Asia, Indian subcontinent

1 I I I - I V -  
VII

[25, 98]

Hyperbaena domingensis Menispennaceae L Seasonal humid Amazonian 
rainforest, flooded grassland 
forest

Tropical South America 0 I - I I  a [4, 5, 99]

Hyperbaena winzerlingii Menispennaceae L Flooded grassland forests Tropical South America 0 I - I I  a [5, 100]
Hypserpa nitida Menispennaceae L Tropical rainforest, forest 

margins
Southeast Asia 0 I [4, 5, 101]

Ipomoea arborescens Convolvulaceae T Dry tropical forest Mexico (Sonora) 0 I la [102, 103]
Ipomoea murucoides Convolvulaceae L Tropical deciduous moist 

forest
Mexico, South America, tropical 
Africa and Southeast Asia. Australia

0 I la [5, 102]

Ipomoea pauciflora Convolvulaceae T Dry coastal forests Central Mexico, Meso America, 
Western South America

0 II a -  III -  
IV

[25, 102, 104]

Ipomoea pentaphylla Convolvulaceae L Tropical beach, sand dunes, in 
forests on calcareous rock

Circmntropical 1 A [47, 59]

Ipomoea pes-caprae Convolvulaceae L Sand dunes and beaches Circmntropical 1 A [47, 105]
Ipomoea praecana Convolvulaceae L Dry thicket or forest Southern Mexico, Hondmas, 

Nicaragua
0 I la [85, 92, 102]

Ipomoea populina Convolvulaceae L Xeric shrub land Mexico, Meso America 0 I la [102, 106, 107]
Ipomoea wolcottiana Convolvulaceae T Tropical dry forest Pacific slope of southern Mexico / 

Mexico (Northern America)
0 I la [5, 86, 102, 

103, 1081
Iresine sp. Amaranthaceae S Subtropical or tropical dry 

forest
Tropical South America, temperate 
South America including Argentina, 
Chile, Uruguay and South Paraguay, 
West Africa, South Japan

0 II b [3, 5, 92]

Kochia sedifolia Amaranthaceae S Dry, open shrub land Australia 1 II b -III -  
IV

[29, 98]

Koompassia malaccensis Fabaceae T Mixed swamp forest,
Kerangas forest, moist 
deciduous and semi-evergreen 
seasonal forest

Indochina and Indomalaysia 0 I la [5, 109]
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*Legnephora minutiflora Menispennaceae L Asia 0 [4]
Machaerium cobanense Fabaceae L Humid forest Neotropics 0 I [110-112]
Machaerium floribundum Fabaceae L Wet tropical rainforest Mesoamerica 0 I [5, 110, 113]
Macrococculus pomiferus Menispennaceae L Tropical rainforest Southeast Asia 

(Indonesia)
0 I [4. 53]

Maerua angolensis Capparaceae S/T Very dry areas, savannah Tropical mainland Africa and 
adjacent islands (Madagascar, 
Mauritius, Réunion, and Comores), 
Southern Africa (south of the Tropic 
of Capricorn)

0 II b, III, IV [5. 15]

Maerua fidiformis Capparaceae T Very dry areas, savannah Madagascar 0 II b [5, 15, 45]
Maerua oblonfifolia Capparaceae S Savannah woodland Meditenanean including Northern 

Africa and Middle East, tropical 
Africa and adjacent islands

0 II b, III, IV [5. 15]

Maerua rigida Capparaceae S/T Very dry areas, savannah Tropical mainland Africa and 
adjacent islands (Madagascar, 
Mauritius, Réunion, and Comores), 
Southern Africa (south of the Tropic 
of Capricorn)

0 II b [5. 15]

Maerua rosmarinoides Capparaceae S/T Woodland and bush land Southern Africa (south of the Tropic 
of Capricorn)

0 II b [5.114]

Mestoklema tuberosum Aizoaceae S Shrub land Cape (South Africa) 0 IV [3, 112, 115]
Nototri chuni sandwicense Amaranthaceae S Open dry forest Hawaiian Islands 0 II a - II b [26, 116]
Orthomene schomburgkii Menispennaceae L Riparian rainforest Meso and South America 0 I [4. 117]
Pachygone dasycarpa Menispennaceae L Rainforest Southeast Asia 0 I [4, 118]
Pera bicolor Euphorbiaceae T Moist deciduous and semi­

evergreen seasonal forest
Tropical South America 0 I la [5. 53]

Peritassa spp.(14) Celastraceae L/S Lowland, non-flooded, 
tropical rainforest

South America, Tobago 0 I [5, 7, 53]

Peritassa bullata Celastraceae L Tropical forest Ecuador 0 I [5,58, 119, 
120]

Peritassa calypsoides Celastraceae S Non-flooded open bush South Brazil 0 I la [5,58, 121, 
122]

Peritassa huanucana Celastraceae L Riparian forest Range includes Pern and Suriname 0 I (II b - III) [5, 13, 58, 60]
Peritassa pruinosa Celastraceae L Dense and high Terra Finne 

lowland forest at low altitudes
Meso-America, northern South 
America

0 I [13, 58, 123]
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Petiveria alliacea Phytolaccaceae S Wet forest Tropical Africa, South America and 

Mesoamerica, Caribbean
0 I-IIa [87, 92, 124- 

1261
Pfaffw grandiflora Amaranthaceae S Lowland tropical to 

subtropical moist forest. Tena 
Finne forest

Temperate South America including 
Argentina, Chile, Uruguay and South 
Paraguay

0 I la [5.61]

Phytolacca dioica Phytolaccaceae T Pampas grassland Brazil, Pera, Paraguay, Uruguay, 
North of Argentina

1 II b - VII [50, 87, 127]

Phytolacca dodecandra Phytolaccaceae L Wide range of habitats, often 
riverine, evergreen bush land

Tropical Africa, Madagascar 0 I la [87, 128, 129]

Phytolacca weberbaueri Phytolaccaceae T Pampas grassland Brazil, Pera, Paraguay, Uruguay, 
North of Argentina

0 II b -  VII [50, 127, 130]

Pisonia brunoniana Nyctaginaceae S/T Dry to mesic forest, gulches 
and occasionally wet areas, 
especially along the sides of 
streams

Southeast Asia and Pacific islands, 
Australia and New Zealand

0 II b [5,48, 131, 
132]

Polygala sp. Polygalaceae S Coastal or inland habitats in 
xeric vegetation, from dry to 
moist habitats

Subcosmopolitan (not in New 
Zealand)

1 Ila-IIb -III [3,5, 133, 134]

Pycnarrhena cauliflora Menispennaceae L Tropical rainforest Southeast Asia 0 I [4. 53]
Pvcnarrhena celebica Menispennaceae L Tropical rainforest Southeast Asia 0 I [4. 53]
Pycnarrhena lucida Menispennaceae L Tropical forest Southeast Asia 0 I [4. 53]
Pycnarrhena tumefacta Menispennaceae L Tropical rainforest Southeast Asia 0 I [4. 45]
Rhabdodendron amazonicum Rhabdodendraceae T Riparian forest, lowland 

forest. Tena Finne forest
Tropical South America 0 I [5, 13, 57, 135]

Salacia spp. (200) Celastraceae L/S/T Subtropical or tropical moist 
lowland rainforest

Africa, Madagascar, Malaysia, 
neotropics

0 I [5, 24, 92]

Salacia adolfo-friderici Celastraceae L Tropical moist semi-decideous 
forest

Cameroon, Ghana 0 I - I I  a [5, 58, 86, 136]

Salacia alwvnii Celastraceae L Rainforest Western South America 0 I [5, 58, 86, 137, 
1381

Salacia amplectens Celastraceae L Dense and high Tena Finne 
lowland forest at low altitudes

Brazil, ... 0 I [5, 13, 58, 86]

Salacia cauliflora Celastraceae L Rainforest Amazonian area 0 I [53, 58, 86, 
1391

Salacia cerasifera Celastraceae L Guineo-congololese forest Tropical Africa 0 I [5, 45, 58, 86]
Salacia chinensis Celastraceae L/S Hot and humid forest Africa, Indochina, Australia 0 I [45, 58, 140]
Salacia chlorantha Celastraceae L/S Evergreen forest and fringing Tropical Africa 0 I [15, 58, 86]
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forest

Salacia crassifolia Celastraceae T Cerrado Southern America 0 II b [5, 58, 86, 141]
Salacia debilis Celastraceae L Tropical forest West Tropical Africa 0 I [5, 15, 58, 86]
Salacia disepala Celastraceae L Rainforest Australia, ... 0 II b [58, 142]
Salacia duckei Celastraceae L Tropical rainforest Southern America 0 I [5, 58, 86, 143]
Salacia elegans Celastraceae L/S Evergreen and fringing forest 

and dense deciduous 
woodland

Tropical Africa 0 I-IIa [5, 15, 58, 86]

Salacia erecta Celastraceae L/S Evergreen forest or 
thicket 50-1700 m

Tropical Africa 0 I [58, 86, 144]

Salacia germainii Celastraceae L African rainforest Congo 0 I [5,27, 53, 58, 
86]

Salacia impressifolia Celastraceae L Neotropical rainforest Central and South America 0 I [5, 58, 145, 
146]

Salacia juruana Celastraceae L Lowland tropical to 
subtropical moist forest

Amazonian area 0 I [5, 58, 61, 86]

Salacia kanukuensis Celastraceae L Dense tropical forest Northern South America, Southern 
America

0 I [5, 58, 86, 139, 
147]

Salacia lateritia Celastraceae L Tropical rainforest Tropical Africa 0 I [15, 53, 58, 86]
Salacia letestui Celastraceae L West African rainforest Congo 0 I [5, 58, 86, 148]
Salacia macrantha Celastraceae T Lowland tropical to 

subtropical moist forest
Amazonian area 0 I [5, 58, 61, 86, 

149]
*Salacia miqueliana Celastraceae L Riparian forest 0 [13, 58, 86]
Salacia multiflora Celastraceae L Dense, humid evergreen forest 0 I [5, 13, 58, 86, 

1451
Salacia nitida Celastraceae L Tropical forest Tropical Africa 0 I [15, 58, 86]
Salacia opacifolia Celastraceae L Submontaneous dense 

rainforest
Neotropics 0 I [24, 58, 150]

Salacia prinoides Celastraceae L Forest along seashore, 
riverbanks

India, ... 1 II a - II b [5,58, 151]

Salacia pynaertii Celastraceae L Evergreen and fringing forest Tropical Africa 0 I [5, 58, 86, 144]
Salacia reticulata Celastraceae L Subtropical or tropical moist 

lowland rainforest
Central South Asia (India, Pakistan, 
Sri Lanka)

0 I [5, 58, 92]

Salacia solimoesensis Celastraceae L Old growth tropical to 
subtropical moist forest

Amazonian area 0 I [5, 58, 61, 86]

Salacia staudtiana Celastraceae L Tropical rainforest Tropical Africa 0 I [5, 15, 58, 86]
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Salacia whvtei Celastraceae L Rainforest Tropical Africa 0 I [15, 58, 86]
Salsola baryosma Amaranthaceae S Saline and waste sandy places, 

Sahara desert
Meditenanean including Northern 
Africa and Middle East

1 III-IV [5. 15]

Salvadora persica Salvadoraceae S/T Thom shrub land, grassy 
savannahs, coastal or riverine 
scrub on saline, sandy or 
alluvial soils, tropical semi- 
arid areas

Central South Asia, Mediterranean 
including Northern Africa and 
Middle East, Tropical Africa and 
adjacent islands

1 II b -  III -  
IV-VII

[5, 15, 42, 152]

Sarcobatus vermiculatus Sarcobataceae S Strongly alkaline and saline 
soils, in semi-arid to arid 
plains, in badlands, silt dunes

North America, north of Mexico 1 III [5, 153, 154]

Sciadotenia eichleriana Menispennaceae L Moist forest Meso and South America 0 I [4. 23]
Sciadotenia sprucei Menispennaceae L Neotropical rainforest Meso and South America 0 I [4, 5, 155]
Sciadotenia toxicofera Menispennaceae L Floodplain, Tena Finne forest Meso and South America 0 I [4, 5, 156]
Securidaca diversifolia Polygalaceae T Tropical dry to premontaneous 

wet forest
Mexico and Central America, tropical 
South America

0 I la [5, 157]

Securidaca philippinensis Polygalaceae L Rainforest Indomalaysia 0 I [5, 158]
Securidaca virgata Polygalaceae L/S Subtropical wet and moist 

valley forest and hillsides
Caribbean 0 I-IIa [5, 159]

Seguieria americana Phytolaccaceae S Subtropical seasonal forest South America 0 I la [25, 87, 160, 
1611

Seguieria paraguayensis Phytolaccaceae T Semi-evergreen seasonal 
forest, tropical moist forest, 
deciduous forest

Temperate South America including 
Argentina, Chile, Uruguay and South 
Paraguay

0 II a -  IV [5, 53, 162]

Simmondsia chinensis Simmondsiaceae S Desert and chapanal Sonoran and Mojave Desert 
(southwest US, northwest Mexico)

1 III [163-165]

Sleumeria auriculata Icacinaceae L Rainforest North Borneo 0 I [3, 166]
Solenostemma argel Apocynaceae S Dry sandy semi-desert areas Mediterranean including Northern 

Africa and Middle East, Sahara 
(Arabia)

1 III [5. 15]

Spatholobus roxburghii Fabaceae L Sal and teak forest, tropical 
forest with high rainfall

southeast Asia 0 I la [167]

Stegnosperma cubense Phytolaccaceae L/S Tropical dry forest Cuba, Dominican Republic, Jamaica, 
Pacific Coast and central Mexico

0 I la [24, 168-171]

Stegnosperma halimifolium Phytolaccaceae S Beach, along pennanent and 
ephemeral watercourses, to 
fifty miles from the coast

coastal Baja California, Mexico 1 A [168, 169, 171, 
172]
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Stegnosperma watsonii Phytolaccaceae S Along seacoast and about 

saline swales
Mexico, coastal Sonora, northern 
Sinaloa

1 A [168, 169, 171, 
1731

Strychnos glabra Loganiaceae T Semi-evergreen seasonal 
forest, tropical moist forest

Tropical South America 0 I la [5. 53]

Suaeda fruticosa Amaranthaceae S Saline alluvial flats with 
clayey or sandy soils, on drier 
sites and coastal belts

Meditenanean including Northern 
Africa and Middle East

1 A [5. 45]

Suaeda monoica Amaranthaceae S Coastal habitat, halophytic, 
able to tolerate frequent sea­
water flooding

East Africa and Asia 1 A [5. 15]

Syrrheonema fasciculatum Menispennaceae L Rainforest, forest regrowth 
and fallow land, at 1200-1400 
m altitude

Tropical Africa 0 I -II a -  M [4, 156]

Telitoxicum glaziovii Menispennaceae L Tropical lowland rainforest Meso and South America 0 I [4. 52]
Telitoxicum krukovii Menispennaceae L Neotropical rainforest Meso and South America 0 I [4, 155]
Telitoxicum minutiflorum Menispennaceae L Neotropical rainforest Meso and South America 0 I [4, 155]
Telitoxicum peruvianum Menispennaceae L Rainforest Meso and South America 0 I [4, 155]
Tetracera volubilis Dilleniaceae L Shrubby forest, semi- 

deciduous tropical dry forest
Mexico and Central America, tropical 
South America

0 II b [5, 126]

Tetrastigma voinierianum Vitaceae L Wet rainforest Indo-China (Vietnam and Laos) 0 I [5, 174-176]
Til i acor a acuminata Menispennaceae L Riverine, deciduous forests China, Nepal, Ceylon, Bunna 0 I la [4, 45, 177]
Til i acor a chrysobotrya Menispennaceae L Rainforest Angola, Congo 0 I [4, 53, 178]
Til i acor a dielsiana Menispennaceae L Rainforest and fringing forest Guinea, Liberia, Ivory Coast, Ghana 0 I [4, 22]
Til i acor a funifera Menispennaceae L In riverine and other evergreen 

forest and moist areas in 
woodland

Tropical Africa 0 I- I I a [4, 5, 179]

Til i acor a glycosmantha Menispennaceae L Lowland and upland rain­
forest, riverine forest and 
moist places in woodland

Tropical mainland Africa and 
adjacent islands (Madagascar, 
Mauritius, Réunion, and Comores)

0 I la [5. 15]

Til i acor a laurentii Menispennaceae L Forest, subtropical and 
tropical moist lowland

Tropical Africa 0 I la [4, 180]

Ton telea corymbosa Celastraceae L Neotropical rainforest Amazonian area 0 I [5, 7, 58, 155]
Ton telea mauritioides Celastraceae L Forest on Terra Finne Brazil 0 I [5,7, 58, 181]
Ton telea micrantha Celastraceae S/T Dry grassland Brazil 0 II b [5, 7, 58, 182]
Ton telea nectandrifolia Celastraceae L Slope forest with well drained 

soil
South America 0 I la [5, 7, 13, 58]
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Triclisia dictyophylla Menispennaceae L/S Dense, humid lowland to 

medium-altitude forest
Tropical Africa 0 I - I I a [4, 22]

* Trie lisia jumelleana Menispennaceae L Africa and Madagascar 0 [4, 183]
Triclisia patens Menispennaceae L Lowland rainforest Tropical West Africa 0 I [4. 15]
Triclisia sacleuxii Menispennaceae L Lowland rainforest and 

riverine forest
Tropical Africa 0 I [4. 15]

Wisteria floribunda Fabaceae L Forest edges and disturbed 
areas at low altitudes, can 
tolerate a variety of soil and 
moisture types but it prefers 
loamy, deep, well drained 
soils

Temperate Asia (China), Japan and 
Russia

0 V [5, 184]

* No appropriate data could be found so that the species has not been included in the analysis of the data.

Zonobiomes according to Breckle 2002 121:
I Zonobiome of the Evergreen Tropical Rain Forest (Zonobiome of the Equatorial Humid Diurnal Climate)
II Zonobiome of Savannas and Deciduous Forests and Grasslands (Zonobiome of the Humido-arid Tropical Summer Rain Region)

II a semi-evergreen and wet season green forests 
II b savannas, grassland and dry woodlands

III Zonobiome of Hot Deserts (Zonobiome of Subtropical Arid Climates)
IV Zonobiome of Sclerophyllic Woodlands (Zonobiome of the Arido-Humd Winter Rain Region)
V Zonobiome of Laurel Forests (Zonobiome of the Warm-Temperate Humid Climate)
VI Zonobiome of Decideous Forests (Zonobiome of the Temperate Nemoral Climate)
VII Zonobiome of Steppes and Cold Deserts (Zonobiome of the Arid-Temperature Climate)
VIII Zonobiome of the Taiga (Zonobiome of the Cold-Temperature Boreal Climate)
IX Zonobiome of the Tundra (Zonobiome of the Arctic Climate)
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