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a  b  s  t  r  a  c  t

Roots  of epiphytic  orchids  typically  possess  a  velamen  radicum,  a multiple  epidermis  composed  of  dead
cells.  It is  largely  unexplored  how  the structure  of the  velamen,  the  cortex  and  vascular  cylinder  facilitate
the flow  of water  and  nutrients  towards  the  plant.  Up  to  now,  structural  root features  were  rarely  cor-
related  with  functional  attributes.  In this  study,  we compare  anatomical  features  with  nutrient  uptake
rates  (specifically  of  phosphorus  and  rubidium)  of  roots  of 18 taxa  of  epiphytic  orchids.  The  relative  pro-
portion  of the velamen  of the  cross-sectional  area  varied  from  11  to 97%.  Species  with  the  largest  relative
velamen  area  facilitate  the  flow  of water  and  nutrients,  and species  with  larger  relative  proportion  of
utrient uptake
rchidaceae
assage cells
ectins
oot anatomy
elamen structure

vascular  cylinder  and  cortex  have  a  greater  number  of protoxylem  strands  and  passage  cells  of the  endo-
dermis. The  number  of passage  cells in  the endodermis  and  of  differential  wall  thickenings  in  cortical  cells
may  play  an  important  role  in  apoplastic  and  symplastic  flow.  The  velamen  pectic  matrix,  with  negative
charge,  can  retain  cations  (like  Rb+),  while  a higher  number  of  strands  in  the  xylem,  aligned  with  passage
cells  of the  endodermis,  could  facilitate  the  entry  of  these  ions  into  the  vascular  cylinder.

©  2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The epiphytic environment imposes a number of restrictions to
lants. Many of the anatomical features commonly found among
piphytes are related to the uptake of water and nutrients, such
s absorbing scales in the Bromeliaceae or the velamen radicum in
rchidaceae (Withner, 1959; Benzing, 1990; Zotz and Hietz, 2001;
aube and Zotz, 2003). Although the availability of water and nutri-
nts is sporadic and depends on atmospheric sources (Benzing,
990), growth in tree crowns ensures an environment with an

mproved supply of light (Tsavkelova et al., 2001). It is known that
pproximately 10% of all vascular plants are epiphytes, the Orchi-
aceae being particularly noteworthy because around 70% of all

pecies are epiphytic (Zotz, 2013). This success in tree crowns is
rguably due to anatomical and physiological strategies that com-
ensate for the scarcity of water and nutrients, promoting in the

∗ Corresponding author.
E-mail addresses: thais arrudacj@hotmail.com (T.A.C. Joca),

enisoliveira@inbio.ufu.br (D.C. de Oliveira), gerhard.zotz@uni-oldenburg.de
G. Zotz), anasilviamoreira@gmail.com (A.S.F.P. Moreira).

1 In memorian

ttp://dx.doi.org/10.1016/j.flora.2017.03.009
367-2530/© 2017 Elsevier GmbH. All rights reserved.
effective absorption and use of these resources when intermittently
available (Scatena and Nunes, 1996).

Among the adaptive features of orchid roots, the presence of
velamen stands out (Zotz and Hietz, 2001). The velamen is located
externally to the exodermis, the outer layer of the cortex, and con-
stitutes a multiple epidermis composed of dead cells (Pridgeon,
1987). Initially, Went (1940) proposed an important role of the
velamen in capturing and immobilizing solutions that arrive at the
root via stem flow, and recent experimental evidence provides sup-
port for this notion (Zotz and Winkler, 2013). In addition to the
function of water absorption, the velamen also reduces the loss of
water at times of low availability of water and confers mechanical
protection for the root (Pridgeon, 1987; Benzing, 1996).

Internally to the velamen, the cortex consists of parenchymatic
cells. In Orchidaceae there are different types of parietal thick-
enings, i.e. reticulated, uniform or phi forms (Stern, 1999; Stern
and Judd, 2001; Moreira et al., 2013). The exodermis and endoder-
mis  (outermost and innermost layers of the cortex, respectively)
delineate the cortical parenchyma in these roots, and the presence

of an endodermis acts as boundary between the cortex and the
vascular cylinder. Exodermis and endodermis are formed by cells
that can have Casparian strips, be highly lignified and sometimes
dead at maturity, alternating with passage cells which remain alive

dx.doi.org/10.1016/j.flora.2017.03.009
http://www.sciencedirect.com/science/journal/03672530
http://www.elsevier.com/locate/flora
http://crossmark.crossref.org/dialog/?doi=10.1016/j.flora.2017.03.009&domain=pdf
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Pridgeon, 1987; Trépanier et al., 2008). The lignified cells (or with
asparian strips) in these layers act as a barrier for the movement of

ons and other substances through the apoplast (Esnault et al., 1994;
a and Peterson, 2003), while the passage cells are the main cells

apable of symplastic movement (Peterson and Enstone, 1996).
hese cells allow water and nutrient absorption (Peterson and
nstone, 1996), and are responsible for the selectivity of solutes to
e transported to the vascular cylinder (Peterson, 1988; Trépanier
t al., 2008).

This study wants to relate the investment of Orchidaceae roots
n velamen and/or in other internal structures to the functions
ssigned to the passage cells and velamen found in the cited lit-
rature, specifically the absorption of nutrients. We focus on the
elationship of the thickness of the velamen and the number of
assage cells (of both the endodermis and exodermis) as struc-
ural characteristics on the one hand and the rate of absorption
f phosphorus and rubidium on the other hand for a set of 18 taxa
f epiphytic orchids.

. Material and methods

Individuals of Bifrenaria harrisoniae (Hook.) Rchb.f., Catasetum
laniceps Lindl., Cattleya skinneri Bateman alba, Caularthron bil-
mellatum (Rchb.f.) R.E. Schult, Dendrobium fimbriatum Hooker,
endrobium nobile Lindl., Dendrobium nobile hybrid, Dimerandra
marginata (G. Mey.) Hoehne, Doritis pulcherrima Lindl., Ency-
lia ghillanyi Pabst, Epidendrum ciliare L., Epidendrum nocturnum
acq., Gongora unicolor Schltr., Miltonia bluntii Rchb.f., Phalaenop-
is cornu-cervie Blume & Rchb.f., Phalaenopsis hybrid, Oncidium sp.
nd Trichoglottis bipunctata (C.S.PP. Parish & Rchb.f.) Tang & F.T.
ang were obtained from the Botanical Garden of the University

f Marburg (Germany) or from collections in Panama, and accli-
ated in a greenhouse of the University of Oldenburg (Germany), at

 temperature of 26/20 ◦C (day/night) and a relative humidity of ca.
5%. Fragments of aerial roots were submitted to tests of nutrients
bsorption (phosphorus and rubidium) in the Radionuclide Labora-
ory of the University of Oldenburg and parallel samples were fixed
n 4% paraformaldehyde (Roland and Vian, 1991). The anatomical
nalyses were performed in the Laboratory of Plant Anatomy and
evelopment of the Universidade Federal de Uberlândia, Brazil.

.1. Experiments of nutrient absorption

Nutrient absorption was assayed similar to the procedure
escribed in Zotz and Winkler (2013) using the following radioiso-
opes: carrier free 32P phosphoric acid (Hartmann Analytic,
ermany), containing 37 MBq  in 100 �l water (initial specific
ctivity: 5.5 MBq  nmol−132P); aquatic solutions of 86RbCl (Hart-
ann Analytic, Germany) with a specific activity of 720 MBq  mg−1

b+ and aquatic solutions of [14C(U)-d-glucose] with a specific
ctivity of 13.3 GBq mmol−1. The radioisotope of rubidium is a
ell-established analytical analogue for potassium, because the
ptake kinetics of K+ and Rb+ are generally comparable (Läuchli
nd Epstein, 1970). Aliquots of labelled substances with an ini-
ial activity of 0.15 mBq  in 5 ml  incubation solution were used in
ptake experiments with the 18 different taxa. The uptake of phos-
hate was measured in solutions containing radioactive labelled
2P phosphate and unlabelled phosphate to give a final substrate
oncentration of 15 �M.  Radioactive, labelled 86Rb and unlabelled
bCl were mixed to obtain a similar final concentration of 15 �M.
uch concentrations are within the range of concentrations natu-

ally occurring in rainwater (e.g. Benzing, 2000).

Four root segments of each taxon, excised at 4 cm from the root
ip, were submerged in solutions of incubation in test tubes, and
bsorption rates were determined by the decrease of the radioac-
30 (2017) 66–74 67

tivity in aliquots of 10 �l of the solutions of incubation (with pH
6.1) after standardizing the volume of liquid, adding the solution
not labelled to the initial volume of incubation, mixing with Pas-
teur pipettes. The velamen was removed just above the submerged
portion to prevent the passive diffusion in this tissue.

The cumulative absorption of phosphate and rubidium was cal-
culated from the decrease of the radioactivity in the solution of
incubation with a constant volume, according to the following
equation:

Absorption(nmol) = P˙ − (dpmt0/dpmt1 × P˙),

where P� is the initial quantity of substrate in the solution (nmol);
dpmt0 is the counting rate in 10 �l at beginning of absorption and
DPMt1 the counting rate in 10 �l at the end of the period of absorp-
tion. The rates were expressed against root length (cm).

2.2. Structural analysis

For anatomical comparisons of the roots, histological slides of
transverse hand cuts were prepared 3 cm from the apex. The mate-
rial was  clarified in 50% sodium hypochlorite (Kraus and Arduin,
1997) and stained with 1% alcoholic solution of safranin and 0.5%
Astra blue (1:9 v/v) (Bukatsch, 1972). The slides were assembled
with gelatin glycerinated of Kaiser (Johansen, 1940) and the mate-
rial photographed under light microscope Leica

®
DM500 equipped

with digital camera Leica
®

ICC50 HD.
For each species, four individuals were analyzed when available

(see analysis of results). For each individual, 15 transverse cuts were
performed. The diameter, the number of layers, the thickness and
the cross-sectional area occupied by the velamen, and the cross-
sectional areas of vascular cylinder and the cortex were determined
at three different points of a given cut. The cross-sectional areas
of different tissue types were expressed relative to the total area.
The total number of cells of the exodermis and endodermis, the
thickness of the cell walls of the exodermic cells and the number
of passage cells were quantified as were the ratios of passage cells
to the other cell components of the endodermis and exodermis. In
addition, we counted the number of strands of xylem and phloem.
For all counts and measurements, IMAGE J 1.x software (National
Institute of Health, USA) was  used.

2.3. Histochemical analysis

The presence of proteins was  used to identify living cells and
tissues. Transverse sections were incubated in 1% bromophe-
nol blue solution (w/v) for 10–15 min  (Durrum, 1950), washed
in 50% ethanol (v/v) and assembled in distilled and deionized
water. Pectins were detected incubating transverse sections in 50%
ethanol, and staining with 0.2% ruthenium red (w/v) for 10 min
(Chamberlain, 1932; modified).

2.4. Data analysis

Structural data were analyzed with the averages of the indi-
viduals in each species. For Caularthron bilamellatum, Cattleya
skinneri alba, Dendrobium fimbriatum, Epidendrum ciliare and Mil-
tonia bluntii,  there was  only material available from a single
individual. For Phalaenopsis hybrid,  Gongora unicolor and Trichoglot-
tis bipunctata there were only two available individuals of each
taxon. In all other cases, four individuals were used.
We evaluated the correlation between variables using Pearson
test for parametric data. The same test was used to compare the
structural characteristics with the rates of absorption of rubidium
and phosphorus. All tests were performed using SYSTAT 10.2 soft-
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are (SPSS, 2000, San Francisco). A level of P < 0.05 was interpreted
s significant.

. Results

.1. Root morphology and anatomy

The structure of the roots of the 18 analyzed taxa was  qual-
tatively similar (for a typical example see Fig. 1A) although the
elamen differed fourfold in the number of cell layers (3–11 layers
f dead cells, Table 1) and the patterns of parietal thickenings var-
ed as well. Parietal thickenings in the cortical parenchyma were
acking in most species (Table 2), while eight species had some
arenchymatic cells with conspicuously cell wall-thickenings of
hree different types; either reticulated (Fig. 1B), uniform (Fig. 1C)
r phi (Fig. 1D and E). Noteworthy, in a few cases we  found varia-
ion even within a species. Cells with reticulated thickenings were
ound in Bifrenaria harrisoniae in one of the roots of a single indi-
idual, while cells with uniform thickenings were found in all the
ther roots of this species. Cattleya skinneri alba showed cells with
rominent phi-thickening throughout the cortex in all the roots,
hile in Catasetum planiceps, this type of thickening was  only found

n three roots out of seven analyzed. In this species, some roots
howed phi-thickening encircling the entire cortex, while in other
oots, the phi-thickening was interrupted. In Encyclia ghillanyi, phi-
hickening was slightly prominent in only one of the roots. In
richoglottis bipunctata,  the reticulated thickening was  found in
ll the roots. Most cells of the exodermis and endodermis, which
elimit the cortical parenchyma, are dead, with walls showing dif-
erent degrees of thickening, interspersed by passage cells. The
trands of xylem and phloem are intercalated in the vascular cylin-
er and immersed in parenchymatic cells that show centripetal
clerification (Fig. 1F and G). Histochemical tests showed that only
he passage cells in the exodermis (Fig. 2A) and endodermis are
live, and the velamen maintains the same pectic structure even at
aturity (Fig. 2B).
Some species had a very well developed velamen (Fig. 3A), while

n others cortex and vascular cylinder dominated the transversal
rea of the root. There was a continuous variation from species with
ery large to species with very small proportions of the velamen,
he extreme values being 97% (Catasetum planiceps, Table 2) and
1% (Phalaenopsis cornu-cervie, Table 2, Fig. 3B) of the area of a cross
ection of the roots occupied by this tissue.

In relation to the ratio of the number of passage cells with the
umber of the thickened cells of the exodermis (Table 1), interspe-
ific differences were relatively small, with values between 0.1 and
.3. The same was observed for the endodermis, which presented
alues between 0.2 and 0.6. The smallest ratios were found in Pha-
aenopsis hybrid, Doritis pulcherrima and Phalaenopsis cornu-cervie.

Endodermis and exodermis had the same type of “O” or “U”-
hickenings for all the analyzed sections of a given taxon. The
ndodermis had “O” thickening for all the taxa evaluated (Fig. 3C),
nd this was also true for the exodermis of most species (Fig. 3D).
U”-thickening of the cell walls in the exodermis were observed
nly for Phalaenopsis hybrid, Epidendrum ciliare (Fig. 3E), E. noc-
urnum and Doritis pulcherrima. Regarding the cell wall thickness
ypes of the exodermis, it was possible to observe species with
ess prominent thickenings – as in Bifrenaria harrisoniae,  Catasetum
laniceps, Dendrobium nobile,  Dendrobium nobile hybrid, Dimeran-
ra emarginata, Doritis pulcherrima, Encyclia ghillanyi (Fig. 3F),
pidendrum nocturnum, Gongora unicolor, Miltonia bluntii,  Oncidium

p. and Phalaenopsis cornu-cervie; and species with more pro-
ounced thickenings – i.e. in Caularthron bilamellatum, Cattleya
kinneri alba, Dendrobium fimbriatum (Fig. 3D), Epidendrum ciliare
Fig. 3E), Phalaenopsis hybrid and Trichoglottis bipunctata. Ta
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Fig. 1. Transverse sections of orchid roots. (A) Bifrenaria harrisoniae, overview showing velamen, exodermis and endodermis delimiting the cortical parenchyma and the
vascular  cylinder. (B) Catasetum planiceps, detail of cortical cells with reticulated thickening (arrows) and mycorrhizal peletons (*). (C) Bifrenaria harrisoniae, detail of cortical
cells  with uniform thickening (*). (D and E) Cattleya skinneri alba, (D) distribution and (E) detail of phi-thickening (arrows) in cortical parenchyma. (F) Bifrenaria harrisoniae,
v  scleri
c  cortic

G
H
h
p

ascular cylinder with strands of xylem and intercalated phloem, and centripetal
ylinder. En = endodermis; Ex = exodermis; Ph = phloem; Pcell = passage cell; Pcort =

The number of protoxylem strands mostly varied from 7.2 (in
ongora unicolor) to 14.4 (in Caularthron bilamellatum) (Table 1).
owever, two species (Bifrenaria harrisoniae and Phalaenopsis

ybrid) showed substantially larger numbers with 18.9 and 22.2
rotoxylem strands, respectively.
fication of medullary parenchyma. (G) Catasetum planiceps, detail of the vascular
al parenchyma; V = velamen; VC = vascular cylinder; X = xylem.

3.2. Correlation between anatomical traits and the rate of
Rb and Pi absorption
We found a number of correlations between anatomical char-
acteristics (Table 3). Among these, we highlight the correlation
between root cross sectional area (or root diameter, since the area
was calculated from the diameter) with the area occupied by the
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Table  2
Type of wall thickenings and thickness of exodermis and endodermis cells, and tissue proportions of roots for 18 taxa of epiphytic orchids. Data are means ± SD of 15 cuts in
each  replicates available of each species.

Type of wall
thickening of the
exodermis cells

Type of wall
thickening of the
endodermis cells

Thickness of cell
wall of the cells
of the exodermis
(mm)

Proportion of the
velamen area to
the total area of
the root

Proportion of the
vascular
cylinder + cortex
area to the total

area of the root

Bifrenaria harrisoniae O O 2.84 ± 0.1 ret; unif 63.0% 37.0%
Catasetum planiceps O O 2.77 ± 0.4 ret; phi 97.1% 2.9%
Cattleya skinneri alba O O 8.29 ± 1.3 Phi 71.4% 28.6%
Caularthron belamellatum O O 10.09 ± 1.7 – 52.9% 47.1%
Dendrobium fimbriatum O O 6.77 ± 1.7 – 73.0% 27.0%
Dendrobium nobile O O 4.77 ± 0.4 Unif 76.0% 24.0%
Dendrobium nobile hybrid O O 4.90 ± 0.7 – 76.2% 23.8%
Dimerandra emarginata O O 4.58 ± 0.4 – 26.7% 73.3%
Doritis pulcherrima U O 4.31 ± 0.5 – 20.0% 80.0%
Encyclia ghillanyi O O 2.94 ± 0.1 Phi 60.0% 40.0%
Epidendrum ciliare U O 11.18 ± 3.1 – 55.3% 44.7%
Epidendrum nocturnum U O 4.79 ± 0.4 – 25.3% 74.7%
Gongora unicolor O O 2.91 ± 0.2 – 72.7% 27.3%
Miltonia bluntii O O 4.22 ± 1.0 Unif 72.7% 27.3%
Oncidium sp. O O 3.40 ± 0.6 Unif 83.3% 16.7%
Phalaenopsis cornu-cervie O O 4.38 ± 0.1 – 10.5% 89.5%
Phalaenopsis hybrid U O 9.15 ± 0.1 – 11.4% 88.6%
Trichoglottis bipunctata O O 6.37 ± 1.4 Ret 66.7% 33.3%

In the type of wall thickening of the cells of the cortical parenchyma, the abbreviation (ret) is reticulated, (unif) is uniform and (phi) is phi-thickening.
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t

ig. 2. Histochemical analyses. (A) Caularthron bilamellatum, detail of the exodermis
he  other cells being lignified with massive wall thickening and reduced lumen. (B) Tr
arietal thickenings in velamen cells. Lcell = lignified cells; Ex = exodermis; Pcell = p

ascular cylinder and cortex (r = 0.96, p < 0.001), with the number
f protoxylem strands (r = 0.70, p < 0.001) and with the number of
assage cells of the exodermis (r = 0.90, p < 0.001). Characteristics of
elamen such as the area occupied in cross-section, the number of
ell layers and total thickness, in turn, showed significant positive
orrelations with characters related to the water transport inside
he root (such as the number of passage cells of the endodermis and
he number of protoxylem strands). On the other hand, the num-
er of passage cells of the exodermis was negatively correlated with
he number of cell layers of the velamen (r = −0.64, p < 0.001). The

umber of layers of velamen cells was negatively correlated with
he area occupied by the vascular cylinder and cortex (r = −0.56,

 < 0.005), the thickness of the cortex (r = −0.63, p < 0.001) and the
hickness of the cell wall of the exodermis (r = −0.29, p < 0.001).
ne passage cell stained with bromophenol blue, showing proteins in the protoplast,
ottis bipunctata, stained with ruthenium red showing pectic impregnation, including

 cell; V = velamen.

Cortex thickness was positively correlated with the number of
protoxylem strands (r = 0.54, p < 0.005) and with the number of pas-
sage cells of the exodermis (r = 0.93, p < 0.001). When analyzing the
number of strands of protoxylem, three positive correlations were
relevant: the greater the number of vascular strands, the greater
the number of passage cells of the exodermis (r = 0.67, p < 0.001),
the number of passage cells of the endodermis (r = 0.57, p < 0.001)
and the thickness of cell walls from exodermis (r = 0.59, p < 0.001).

Correlations were found, although rather weak, between the
rates of absorption of rubidium and the cross-sectional area of
the velamen (r2 = 0.33, p < 0.01), with the number of protoxylem
strands (r2 = 0.28, p < 0.02), with the number of passage cells of the
endodermis (r2 = 0.21, p < 0.05), and are represented in Fig. 4. No

correlation was observed between any anatomic variable and the
rates of phosphorus absorption.
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Fig. 3. Transverse sections of Orchidaceae roots. (A) Dendrobium fimbriatum, general view showing extensive velamen. (B) Phalaenopsis cornu-cervie, general view showing
g -cerv
( e cell.
g  passa

4

4

p
g
s
o

reater area corresponding to the cortex and vascular cylinder. (C) Phalaenopsis cornu
*).  (D) Dendrobium fimbriatum, detail of exodermis with O-thickenings and passag
hillanyi, exodermis with thin walled cells. En = endodermis; Ex = exodermis; Pcell =

. Discussion

.1. Functional anatomy of epiphytic roots

The studied roots of epiphytic orchids seem to invest in two

aths to ensure effectiveness in water and nutrient absorption:
reater proportion of velamen, or a greater number of protoxylem
trands and passage cells of endodermis in species with larger areas
f the vascular cylinder and cortex. Up to now, structural features
ie, vascular cylinder surrounded by endodermis with O-thickening and passage cells
 (E) Epidendrum ciliare,  exodermis with U-thickening and passage cell. (F) Encyclia
ge cell; Pcort = cortical parenchyma; V = velamen; VC = vascular cylinder.

of roots are discussed in an independent manner, without any cor-
relation among themselves (Peterson and Enstone, 1996; Moreira
and Isaias, 2008). Functionally, the velamen is taken as a facilitator
in water and nutrient absorption, barrier to loss of water and capa-
ble of conferring mechanical resistance (Pridgeon, 1987; Benzing

et al., 1982). However, the analysis of the relation between the
velamen and the different layers of the cortex and vascular cylin-
der helps to identify possible trade-offs and to understand which
structural strategies are more effective to maximize the water and
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Table  3
Matrix of correlation coefficients between anatomical characteristics of roots of 18 orchid taxa. The measurements were performed in 15 transversal cuts of each individual
available for each taxon. The data reflect the correlations between averages.

1. Root diameter (mm); 2. Root area in cross section (mm2); 3. Velamen area in cross section (mm2); 4. Area of vascular cylinder + cortex (mm2) in cross section; 5. Number of
l umbe
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ayers  of the velamen; 6. Thickness of velamen (�m);  7. Cortex thickness (�m);  8. N
f  passage cells of the exodermis; 11. Number of lignified cells of the endodermis; 1
xodermis (�m). *Significant correlation at p < 5%. nsNot significant.

utrients flow inside the root. In the evaluated taxa there is a pos-
tive correlation between the number of vascular strands and the
oot diameter. Furthermore, the correlation between the number
f vascular strands and the velamen area was significant. These
esults indicate that the taxa with smaller area of velamen, such as
pidendrum nocturnum,  Phalaenopsis cornu-cervie and Phalaenopsis
ybrid may  compensate this smaller area for water absorption via
elamen presenting greater number of xylem strands. Thus, there
ould be an increase in efficiency in water and solute transport

or the remaining plant. This conclusion rests on the assumption
f subsequent transfer of water and nutrients into living tissue.
ur experimental approach is not suited to distinguish uptake into

he velamen from transfer into living root tissue, let alone other
lant compartments. However, previous work with entire plants
as provided clear evidence for such a transfer (Zotz and Winkler,
013).

Once the cells of velamen are dead at maturity, the water and
utrient transport in this tissue occurs in a passive way (Pita and
enezes, 2002). The number of cell layers of the velamen is strongly

orrelated with the thickness of this tissue, i.e. cell size does not
ery much. The velamen of orchids can have from one to 18 lay-
rs of cells (Solereder and Meyer, 1928; Engard, 1944). Although
ntraspecific variation in velamen thickness is generally considered
o be small (Porembski and Barthlott, 1988), we observed some
ariation in spite of our small sample sizes, e.g. in the number of
ell layers, the rate of maturation and cell size, or the patterns of
arietal thickenings. Since the study plants were kept under very
imilar environmental conditions, this variation is probably related
o genetic differences (Benzing et al., 1982).

The investment in the cortex and vascular cylinder directly leads
o an increase in cell numbers in the exodermis. The lignified cells
f the exodermis assume the role of an apoplastic barrier, and in

onjunction with the velamen, offer mechanical protection and
revent water from returning from cortex to the external envi-
onment (Sanford and Adanlawo, 1973; Benzing et al., 1982; Ma
nd Peterson, 2003). The development of both O-thickenings and
r of protoxylem strands; 9. Number of lignified cells of the exodermis; 10. Number
ber of passage cells of the endodermis; 13. Thickness of cell wall of the cells of the

U-thickenings is associated with the deposition of suberin, cellu-
lose and lignin (Ma  and Peterson, 2003). The deposition of lignin
in these cells can often obstruct the communication among them,
reducing the cell lumina, and even leading to death.

In terrestrial plants, the root epidermis is in direct contact with
the soil and plays a role in selective water and nutrient absorp-
tion (Barberon and Geldner, 2014). However, the dead cells of
the velamen in roots transfer this selective function to the pas-
sage cells of the exodermis, via a symplastic path of entry into the
root. In the endodermis, a more effective selection of substances
occurs, and the passage cells are usually aligned with the poles of
protoxylem, intensifying effectively the water flow (Peterson and
Enstone, 1996; Moreira and Isaias, 2008). Thus, a larger number
of passage cells in the endodermis can be a way  to increase the
water and nutrient inflow into the plant. Even though the root does
not immobilize temporarily large amounts of fluids, by presenting
little area of velamen, the passage of what was absorbed will be
more rapid to vascular strands. In addition, the larger the number
of xylem strands the faster the distribution of water and nutrients
throughout the plant body. It is interesting to note that there is a
positive correlation between velamen area and root diameter, but
there is a much tighter correlation between the velamen area and
the number of endodermis passage cells, indicating high efficiency
for the water transport after its entry in the root.

The presence of cells with different types of wall thickenings
in the cortex is typically interpreted as mechanical support (dur-
ing desiccation) and water retention (Haberlandt, 1914; Olatunji
and Nenguim, 1980). Among these, the phi-thickening consists
of cellulose and lignin (and little or no suberin) (Wilcox, 1962),
impregnated around the cell wall. In the studied taxa, phi-
thickenings were located in the median layers of the cortical
parenchyma, particularity of the type III phi-thickening (classifi-

cation according to Van Tieghem, 1888). In spite of its similarity
to the Casparian strips, phi-thickenings do not form an effec-
tive apoplastic barrier (Pires et al., 2003). The permeability of
the phi-thickening was  proven in several species of dicotyledons
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Fig. 4. Relationships of the rates of rubidium uptake (i.e. velamen adsorption and
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hysiological uptake into the cortex) and anatomical characters of orchid roots.
ata  points are the mean values of 18 species. Solid lines show significant linear

egressions, dotted lines show 95% confidence intervals.

Perumalla et al., 1990) and in Zea mays (Degenhardt and Gimmler,
000). Against this idea, studies with Brassica oleracea cultivated in
nvironments with high salinity demonstrated effective selectivity
or the movement of ions (Fernandez-Garcia et al., 2009). How-
ver, the discontinuity of these thickenings makes them ineffective
s apoplastic barrier, reinforcing its role as mechanical support
Melo, 2011) and resistance to pressures exercised by other cells
n expansion (Passioura, 1988). Another function of phi-thickening
ould be the prevention of the access of biological agents toward
he central cylinder. Future studies should test whether there is a
orrelation between mechanical barriers and the invasion of fungi
Massicotte et al., 1988), or the relationship between the location
f mycorrhizae and the occurrence of this type of thickening.

In contrast to phi-thickening, reticulate thickenings and uniform
hickenings can assist the movement of substances to the vascular
ylinder, contributing to the apoplastic flow (Stern and Judd, 2001),
r act as mechanical support of the cortical parenchyma.

.2. Nutrient absorption and it relationship with root
tructure

In aerial orchid roots, the flow of water and nutrients takes

n apoplastic route in the velamen, whereas a symplastic route
ecomes mandatory in the passage cells of the exodermis. In the
ortical parenchyma, the flow may  again be (partially) apoplas-
ic until reaching the next barrier, the endodermis. Here, water
30 (2017) 66–74 73

and nutrient passage into the vascular cylinder is again symplas-
tic. The apoplastic route must also constitute a path for the mass
flow and diffusion of water and nutrients via intercellular spaces
and cell wall. The cell wall consists primarily of a chain of cellulose,
hemicellulose and glycoproteins, in which the pectin matrix acts
as moderator of cation exchange. The galacturonic acid monomers
of pectins contain carboxylic groups (COO−) with naturally nega-
tive charge and which work as agents of cation exchange. In this
way, those monomers act as natural accumulators of cations in
the apoplast, while the anions are repelled (Barberon and Geldner,
2014). For input of nutrients in the symplast, at some time, they
must use specific plasma membrane transporters (Barberon and
Geldner, 2014). The role of high pectin accumulation in cell walls
in epiphytic roots can be compared with the colloidal properties
of clay minerals in the soil around roots. The water and chemical
affinity is generated because the clay minerals have a large elec-
tronegative surface contact, responsible for high cation adsorption
capacity (Mergulies et al., 1988).

The rubidium ion is commonly used as analogue of potassium
because potassium channels show a similar selectivity to this ele-
ment as to the K+ ion (Gierth and Mäser, 2007; Doyle et al., 1998).
The positive charge of these ions suggests its high affinity for cell
walls (pectins – COO−) so that the velamen saturation (high pectic
constitution of the cell wall) may  have contributed to the signifi-
cant correlation between velamen area and the absorption rates of
Rb+. When the velamen is saturated, the number of passage cells
of the exodermis can limit or facilitate further absorption, depend-
ing on their density. The transporters and specific channels, in turn,
guarantee the transcellular pathway and the entrance into the sym-
plast through exodermis in radicular cortex. The endodermis and
the vascular strands assume the role in directing ions flowing into
the whole plant. In this case, after the prior exodermis selectivity,
the cortical parenchyma may  not be saturated as the velamen, and
passage cells of the endodermis (aligned with the strands of xylem)
would be more limiting to the transport of this ion.

Two  points may  have contributed to the lack of correlation
between the anatomical characteristics and the rate of transport of
the phosphorus radioisotope. First, the active process of absorption
of phosphorous in plants, mediated by specific carriers (Santner
et al., 2012); secondly, PO4

3− is an ion considered of free access
to roots when promptly available in nutrient solutions, since it
presents negative charge and there are no restrictions to its trans-
port to the interior of the cells (Santner et al., 2012).

5. Conclusions

The velamen is frequently depicted as an important structural
feature of epiphytic orchids (and to lesser degree epiphytic aroids)
for the absorption and retention of water and nutrients. However,
there are very few studies that tried to relate characteristics of the
velamen with other tissue types of aerial roots, let alone connect
anatomical features with function. Our study shows that plants
can differentially invest in larger proportions of different tissues,
e.g. show a greater investment in strands of protoxylem and pas-
sage cells of the endodermis, specific thickenings in the cortical
parenchyma that leads to proportional changes in symplastic and
apoplastic flow of resources, i.e. water and nutrients. The corre-
lation of the pectic constitution of velamen cells with nutrients
absorption suggests that the passage of nutrients in the velamen
does not entirely occur as free flow. The negative charge of the cell

walls of the velamen will lead to temporary retention and subse-
quent gradual release of ions (especially cations). The suggested
role of pectins in nutrient adsorption needs attention in orchids
and other plants with a velamen such as many Anthurium species.
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inas Gerais (APQ-656-11 and TAC Joca scholarship).

cknowledgments

We acknowledge permits to export plant material from Panama,
nd thank the Botanical Garden of the University of Marburg
Germany) for supplying plant material.

eferences

arberon, M.,  Geldner, N., 2014. Radial transport of nutrients: the plant root as a
polarized epithelium. Plant Physiol. 166, 528–537.

enzing, D.H., Friedman, W.E., Peterson, G., Renfrow, A., 1982. Shootlessness,
velamentous roots and the preeminence of Orchidaceae in the epiphytic
biotype. Am.  J. Bot. 70, 121–133.

enzing, D.H., 1990. Vascular epiphytes. In: General Biology and Related Biota.
Cambridge University Press, Cambridge.

enzing, D.H., 1996. Aerial roots and their environments. In: Waisel, Y., Eshel, A.,
Kafkafi, U. (Eds.), Plant Roots: The Hidden Half. Marcel Dekker, New York, pp.
875–894.

enzing, D.H., 2000. Bromeliaceae: Profile of an Adaptive Radiation. Cambridge
University Press, Cambridge.

ukatsch, F., 1972. Bemerkungen zur Doppelfärbung: Astrablau-Safranin.
Mikrokosmos 61, 255.

hamberlain, C.J., 1932. Methods in Plant Histology. The University of Chicago
Press, Chicago.

egenhardt, B., Gimmler, H., 2000. Cell wall adaptation to multiple environmental
stress in maize roots. J. Exp. Bot. 51, 595–603.

oyle, D.A., Morais, C.J., Pfuetzner, R.A., Kuo, A., Gulbis, J.M., Cohen, S.L., Chait, B.T.,
MacKinnon, R., 1998. The structure of the potassium channel: molecular basis
of  K+ conduction and selectivity. Science 280, 69–77.

urrum, E.L., 1950. A microelectrophoretic and microionophoretic technique. J.
Am.  Chem. Soc. 72, 2493–2498.

ngard, C.J., 1944. Morphological identity of the velamen and exodermis in
orchids. Bot. Gaz. 105, 457–462.

snault, A.L., Masuhara, G., McGee, P.A., 1994. Involvement of the exodermal
passage cells in mycorrhizal infection of some orchids. Mycol. Res. 98, 672–676.

ernandez-Garcia, N., Lopez-Perez, L., Hernandez, M.,  Olmos, E., 2009. Role of phi
cells and the endodermis under salt stress in Brassica oleracea. New Phytol.
181, 347–360.

ierth, M.,  Mäser, P., 2007. Potassium transporters in plants—involvement in K+

acquisition, redistribution and homeostasis. FEBS Lett. 581, 2348–2356.
aberlandt, G., 1914. Physiological Plant Anatomy, 4th ed. Mantagu Drumond,

Mac-Millan, London.
ohansen, D.A., 1940. Plant Microtechnique. McGraw Hill Book Co., New York.
raus, J.E., Arduin, M.,  1997. Manual básico de métodos em morfologia vegetal.

Universidade Federal do Rio de Janeiro, EDUR, Rio de Janeiro.
äuchli, A., Epstein, E., 1970. Transport of potassium and rubidium in plant roots:

the significance of calcium. Plant Physiol. 45, 639–641.
aube, S., Zotz, G., 2003. Which abiotic factors limit vegetative growth in a vascular

epiphyte. Funct. Ecol. 17, 598–604.
a,  F., Peterson, C.A., 2003. Current insights into the development, structure and

chemistry of the endodermis and exodermis of roots. Can. J. Bot. 81, 405–421.
assicotte, H.B., Peterson, R.L., Ackerley, C.A., Melville, L.H., 1988. Structure and
ontogeny of Betula alleghaniensis—Pisolithus tinctorius ectomycorrhizae. Can. J.
Bot. 68, 579–593.

elo, H.C., 2011. Espessamento em fi de parede celular. Hoehnea 38, 1–7.
ergulies, L., Rozen, H., Nir, S., 1988. Model for competitive adsorption of organic

cations on clays. Clays Clay Miner. 36, 270–276.
30 (2017) 66–74

Moreira, A.S.F.P., Isaias, R.M.S., 2008. Comparative anatomy of the absorption roots
of  terrestrial and epiphytic orchids. Braz. Arch. Biol. Technol. 51, 83–93.

Moreira, A.S.F.P., Lemos-Filho, J.P., Isaias, R.M.S., 2013. Structural adaptations of
two sympatric epiphytic orchids (Orchidaceae). Rev. Biol. Trop. 61, 1053–1065.

Olatunji, O.A., Nenguim, R.O., 1980. Occurrence and distribution of tracheoidal
elements in the Orchidaceae. Bot. J. Linn. Soc. 80, 357–370.

Passioura, J.B., 1988. Waster transport in and to roots. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 39, 245–265.

Perumalla, C.J., Peterson, C.A., Enstone, D.E., 1990. A survey of angiosperm species
to  detect hypodermal Casparian bands. I. Roots with a uniseriate hypodermis
and epidermis. Bot. J. Linn. Soc. 103, 93–112.

Peterson, P.A., Enstone, D.E., 1996. Functions of passage cells in the endodermis
and  exodermis of roots. Physiol. Plant. 97, 592–598.

Peterson, C.A., 1988. Exodermal casparian bands: their significance for ion uptake
by  roots. Physiol. Plant. 72, 204–208.

Pires, M.F.O., Semir, J., Pinna, G.F.A.M., Felix, L.P., 2003. Taxonomic separation of
the genera Prosthechea and Encyclia (Laeliinae: Orchidaceae) using leaf and
root anatomical features. Bot. J. Linn. Soc. 143, 293–303.

Pita, P.B., Menezes, N.L., 2002. Anatomia da raiz de espécies de Dyckia Schult. f. e
Encholirium Mart. ex Schult. & Schult. f. (Bromeliaceae Pitcairnioideae) da Serra
do Cipó (Minas Gerais, Brasil), com especial referência ao velame. Revista
Brasileira de Botânica 25, 25–34.

Porembski, S., Barthlott, W.,  1988. Velamen radicum micromorphology and
classification of Orchidaceae. Nordic J. Bot. 8, 117–137.

Pridgeon, A.M., 1987. The velamen and exodermis of orchid roots. In: Arditti, J.
(Ed.), Rchid Biology. Reviews and Perspectives IV. Cornell University Press,
Ithaca, New York, pp. 139–192.

Roland, J.C., Vian, B., 1991. General preparation and staining of thin sections. In:
Hall, J.L., Hawes, E. (Eds.), Electron Microscopy of Plant Cells. Academic Press,
London.

SPSS, 2000. Systat Version 10. SPSS Inc., San Francisco.
Sanford, W.W.,  Adanlawo, F.L.S., 1973. Velamen and exodermis characters of West

African epiphytic orchids in relation to taxonomic grouping and habitat
tolerance. Bot. J. Linn. Soc. 66, 307–321.

Santner, J., Smolders, E., Wenzel, W.W.,  Degryse, F., 2012. First observation of
diffusion-limited plant root phosphorus uptake from nutrient solution. Plant
Cell Environ. 35, 1558–1566.

Scatena, V.L., Nunes, A.C., 1996. Anatomia de Pleurothallis rupestris Lindl.
(Orchidaceae) dos campos rupestres do Brasil, vol. 15. Boletim de Botânica da
Universidade de São Paulo, pp. 35–43.

Solereder, H., Meyer, F.J., 1928. Systematische Anatomie der Monokotyledonen
Heft III & VI. Gebrüder Bornträger, Berlin.

Stern, W.L., Judd, W.S., 2001. Comparative anatomy and systematics of Catasetinae
(Orchidaceae). Bot. J. Linn. Soc. 136, 153–178.

Stern, W.L., 1999. Comparative vegetative anatomy of Stanhopeinae (Orchidaceae).
Bot. J. Linn. Soc. 129, 87–103.

Trépanier, M., Lamy, M.-P., Dansereau, B., 2008. Phalaenopsis can absorb directly
through their roots. Plant Soil 319, 95–100.

Tsavkelova, E.A., Cherdyntseva, T.A., Lobakova, E.S., Kolomeitseva, G.L., Netrusov,
A.I., 2001. Microbiota of the Orchid rhizoplane. Microbiology 70, 492–497.

Van Tieghem, P., 1888. Le réseau de soutien de l’ecorce de la racine. Ann. Sci. Nat.
Bot.  Ser. 7/8, 375–378.

Went, F.W., 1940. Soziologie der Epiphyten eines tropischen Regenwaldes. Annales
du Jardin Botanique de Buitenzorg 50, 1–98.

Wilcox, H., 1962. Growth studies of the root of incense cedar, Libocedrus decurrens:
I.  The origin and development of primary tissues. Am. J. Bot. 49, 221–236.

Withner, C.L., 1959. The Orchids: A Scientific Survey. Ronald Press Co., New York.
Zotz, G., Hietz, P., 2001. The physiological ecology of vascular epiphytes: current
Zotz, G., 2013. The systematic distribution of vascular epiphytes—a critical update.
Bot. J. Linn. Soc. 171, 453–481.

http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0005
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0010
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0015
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0020
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0025
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0030
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0030
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0030
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0030
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0030
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0030
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0030
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0035
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0040
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0045
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0050
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0055
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0060
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0065
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0070
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0075
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0080
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0085
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0090
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0095
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0100
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0105
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0110
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0115
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0120
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0125
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0130
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0135
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0140
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0145
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0150
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0155
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0160
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0165
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0170
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0175
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0180
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0180
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0180
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0180
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0180
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0180
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0180
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0185
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0190
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0195
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0200
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0205
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0210
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0215
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0220
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0225
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0230
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0235
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0240
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0245
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0250
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255
http://refhub.elsevier.com/S0367-2530(17)33165-1/sbref0255

	The velamen of epiphytic orchids: Variation in structure and correlations with nutrient absorption
	1 Introduction
	2 Material and methods
	2.1 Experiments of nutrient absorption
	2.2 Structural analysis
	2.3 Histochemical analysis
	2.4 Data analysis

	3 Results
	3.1 Root morphology and anatomy
	3.2 Correlation between anatomical traits and the rate of Rb and Pi absorption

	4 Discussion
	4.1 Functional anatomy of epiphytic roots
	4.2 Nutrient absorption and it relationship with root structure

	5 Conclusions
	Funding
	Acknowledgments
	References


