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Abstract To assess hydraulic architecture and limita-
tions to water transport across scion–rootstock combina-
tions (Prunus avium L. cultivar Van grafted on five differing
size-controlling rootstocks: P. avium (vigorous) > CAB
11E > Maxma 14 > Gisela 5 > Edabriz (dwarfing)), we
compared xylem anatomy, and calculated relative hydraulic
conductivity (RC) and vulnerability index (VI) of roots
(small, medium and large diameter) and stems. Water re-
lations, leaf gas exchange and variations in growth were also
determined. Roots exhibited larger-diameter xylem conduits
(VD), greater RC and VI than stems in all Van–rootstock
combinations. Moreover, there was a significantly higher
vessel frequency (VF), lower VD, RC and VI in dwarfed
trees, especially grafted on Gisela 5 than trees on the in-
vigorating rootstocks, P. avium L., CAB 11E and Maxma
14. Anatomical constraints on water status imposed by the
smaller VD (and/or in lower xylem thickness and root system
length) of dwarfed trees imply a series of negative feedbacks,
like a decrease in RC, stem water potential, leaf gas exchange
and growth. On the other hand, Van grafted on CAB 11E and
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Maxma 14, with wide vessels and high VI, could be more
susceptible to embolism, especially during periods of severe
water stress, than trees on dwarfing rootstocks, which had
small vessels and low VI.
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Introduction

Variations in xylem anatomy and hydraulic properties occur
at several levels: interspecific, intraspecific and intraplant
(Zimmermann 1983; Ewers 1985; Tyree and Ewers 1991;
Sperry and Saliendra 1994; Jackson et al. 2000). Moreover,
variations in xylem conduit diameter can radically affect the
conducting system according to the fourth-power relation-
ship between radius and flow through a capillary tube, as
described by the Hagen–Poiseuille law (Zimmermann 1983;
Tyree and Ewers 1991). Thus, even a small increase in
mean conduit diameter has exponential effects on specific
hydraulic conductivity (Ks). Consistent with this theory, nu-
merous studies have shown that Ks is higher in shallow roots
than in stems (Alder et al. 1996; Kavanaugh et al. 1999;
Martı́nez-Vilalta et al. 2002; McElrone et al. 2004). Other
studies reported a decline in whole-plant hydraulic conduc-
tance with height (Mencuccini and Grace 1996; Ryan et al.
2000; McDowell et al. 2002). According to Lovisolo and
Schubert (1998), Ks can change as a result of (1) modifica-
tions of the size of the xylem vessels or (2) interruption of
the water column in the vessels by embolism.

Clonal rootstocks of cherry tree are widely used to control
the vegetative vigour of the trees and improve fruit quality.
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The mechanisms for these commercially useful rootstock
effects are complex and poorly understood, but a common
hypothesis is that rootstocks that reduce scion vigour have
low hydraulic conductance (Syvertsen and Graham 1985;
Atkinson and Else 2001). According to Baas et al. (1984),
in various dwarf trees there is a strong correlation between
tree height and vessel element size. However, this correla-
tion must be treated with caution, since water movement and
balance are not only regulated by anatomical characteristics.
They may also be influenced by water potential gradients
within the plant, as well as stomatal features and their sen-
sitivity, especially when water availability is limited in the
soil (Reyes-Santamarı́a et al. 2002).

A restriction of water flow is entirely consistent with the
anatomical changes associated with graft tissues and the dif-
ferent degrees of shoot dwarfism showed in grafted plants
(Simons 1986; Soumelidou et al. 1994; Sekse 1998). Sev-
eral authors have reported morphological alterations, namely
small vessels and swirling of vascular tissue (Soumelidou
et al. 1994), and presence of necrotic areas and large amounts
of non-conducting phloem (Simons and Chu 1984) in the
graft union of apple trees grafted onto dwarfing rootstocks.
These anatomical changes may be due to limitations in polar
auxin (IAA) transport across the graft and its accumulation
at the graft (Simons 1986; Soumelidou et al. 1994). IAA is a
key leaf-derived regulator of xylem cell differentiation and
division within the cambial zone and an initiator of vascu-
lar redifferentiation across the graft union (Hess and Sachs
1972; Parkinson and Yeoman 1982; Aloni 1987; Savidge
1988). A reduced flow of IAA to roots could provide an ex-
planation to the lower xylem/phloem ratio presented by the
trees grafted on dwarfing rootstocks, compared with trees
on invigorating rootstocks (Simons 1986; Kurian and Iyer
1992).

Xylem water transport in plants is the subject of intensive
research because of its agronomic and ecological implica-
tions (Lovisolo and Schubert 1998). On the one hand, the
aim of investigations focused on crop water management
is to improve water use efficiency (Jones 1990), whilst on
the other hand, factors affecting water transport parameters
are important determinants of drought tolerance and relative
habitat preferences of native and cultivated species (Sperry
and Tyree 1990; Cochard et al. 1994; Pockman et al. 1995),
and predictors of carbon and water balance in environmental
models (Williams et al. 1996).

Development of the concept of hydraulic architecture by
Zimmermann (1978, 1983) has led to numerous studies of the
structure and properties of the water transport system of trees
that govern the balance between efficiency of water supply
and total transpiring leaf area (e.g., Ewers and Zimmermann
1984; Tyree et al. 1991). In particular, water uptake and
transport through the xylem are essential for replacing water
lost during transpiration, preventing desiccation, and allow-

ing continued photosynthesis (Kramer and Boyer 1995). In a
previous study, we demonstrated that water relations and leaf
gas exchange of sweet cherry tree were mainly influenced
by the rootstock genotype (Gonçalves et al. 2006). How-
ever, we know of no previous data related to xylem structure
and function of different diameter roots, rootstock stems and
scion stems in sweet cherry, which can help us to explain
that behaviour. Therefore, in this study, the purpose was to
test the hypothesis that reduced hydraulic conductance can
provide an explanation for reductions in plant vigour caused
by rootstocks. Specifically, the experiment was designed to
determine secondary xylem anatomical variation, relative
hydraulic conductivity (RC) and vulnerability index (VI),
water potential, leaf gas exchange and growth in cultivar
Van grafted on five differing size-controlling rootstocks: P.
avium, CAB 11E, Maxma 14, Gisela 5 and Edabriz, growing
in natural field conditions.

Material and methods

Plant material and growth conditions

The study was carried out on adult plants of P. avium in an ex-
perimental plot near Vila Real, northeast Portugal (41◦19′N
and 7◦44′W; altitude 470 m above sea level), between 1997
and 2002, as described in Gonçalves et al. (2003, 2006).
Briefly, sweet cherry trees used in the field experiment were
a mid to late maturing cultivar Van grafted on five different
rootstocks: P. avium (vigorous), CAB 11E (clone of Prunus
cerasus L.; semi-vigorous) Maxma 14 (P. avium × Prunus
mahaleb L. hybrid; semi-dwarfing), Gisela 5 (P. cerasus ×
Prunus canescens Bois hybrid; dwarfing) and Edabriz (clone
of P. cerasus; very dwarfing). Two representative trees of
each Van–rootstock combination were randomly selected to
make all the measurements.

In 1997, rootstocks were planted in the nursery. After
grafting in 1999, trees were transplanted in a north–south
orientation with rows 5.5 m apart. Within rows, trees were
spaced according to the vigour of the rootstock: 5.5, 5.0, 4.5,
4.0 and 3.0 for P. avium, CAB 11E, Maxma 14, Gisela 5 and
Edabriz, respectively.

Routine disease and pest control treatments were provided
according to a commercial protocol for fruit production. The
cherry orchard was fertilized and daily drip-irrigated (3 h,
between May and September; drippers were in line, 1 m
apart, and 4 l h−1 flow rate). The trees were not pruned
during the experiment.

Xylem anatomical analyses and electron micrographs

From each of two replicate plants used, per rootstock, 15
stems and 15 fine (Ø < 2 mm), medium (Ø, 2–5 mm) and
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large (Ø > 5 mm) roots were removed in 1997 for micro-
scopic investigation of xylem anatomy. In 2001 and 2002,
15 stems were collected from each of two plants per scion–
rootstock combination for light microscopic investigation of
xylem anatomy. One year old stem transverse sections, ap-
proximately 50 µm thick, were dissected at the same distance
from the apex (10 cm) with a hand microtome, roots were
also cut, stained in a combination of alum carmine and io-
dine green (Deysson 1965) and then mounted with synthetic
resin. This double staining brought out the lignified elements
in green and the cellulose in pink. Measurements of xylem
vessel frequency and xylem vessel diameter were made on
each cross section. Vessel frequency (vessels mm−2) repre-
sents the mean of 30 randomly fields of view per treatment
and each vessel diameter (µm) was determined from the
mean of two orthogonal measurements across the widest
part of the vessel lumen. Randomly selected vessels within
the vascular pathway (i.e., area of maximum water transport)
were chosen for measurement (n = 30). Efficiency and sus-
ceptibility to damage during water conduction was evaluated
through relative hydraulic conductivity (Zimmermann 1983)
and vulnerability index (Carlquist 1977). The relative hy-
draulic conductivity was estimated using a modified Hagen–
Poiseuille equation (Fahn et al. 1986): RC = r4VF, where
RC is the relative hydraulic conductivity, r the individual
vessel radius and VF the vessel frequency. The vulnerability
index (VI) was calculated as proposed by Carlquist (1977):
VI = VD/VF, where VD is the vessel diameter and VF the
vessel frequency.

For scanning electron microscopy (SEM) observations,
transverse sections of roots and stems were performed as
described above for xylem analysis. Micrographs of the dif-
ferent organs were obtained by SEM Philips/FEI Quanta 400
(Brno, Czech Republic).

Water relations and leaf gas exchange

Morning (�PD) and midday (�MD) stem water potentials
of sweet cherry trees were determined with a pressure
chamber (ELE International, Bedfordshire, U.K.) accord-
ing to McCutchen and Schackel (1992). Stem water po-
tential was measured on fully-expanded healthy leaves on
June 21 and July 8, 2002. Previously, they were placed in

a black polyethylene bag wrapped in aluminium foil for
at least 90 min before measurements, to allow leaf wa-
ter potential to equilibrate with stem water potential. In all
cases, leaves were placed in the chamber within a few sec-
onds after excision. Eight measurements of � were done
by Van–rootstock combination, in each diurnal period and
date.

Leaf gas exchange parameters were measured with a
portable gas exchange system (ADC-LCA-3, Analytical De-
velopment, Hoddesdon, U.K.) and a leaf chamber clip (ADC-
PLC, surface: 6.25 cm2, volume: 16 cm3) with quantum, tem-
perature and humidity sensors. The gas exchange unit was
operated in the open mode at 300 ml min−1 flow rate and at
ambient CO2 partial pressure of 35–37 Pa. Eight measure-
ments were done on ‘sun’ fully-expanded healthy leaves in
the morning (09.00–11.00 h) and afternoon (14.00–16.00 h).
Net CO2 assimilation rate (A) and stomatal conductance
(gs) were estimated from gas exchange measurements us-
ing the equations of von Caemmerer and Farquhar (1981).
Measurements were conducted in cloudless days of sum-
mer, where the photosynthetic photon flux density ranged
between 1850 and 1950 µmol m−2 s−1, air temperature
ranged between 25 and 30◦C and air vapour pressure deficits
were around 2.6 and 3.1 kPa in the morning and afternoon,
respectively.

Plant growth parameters

Plant height and trunk diameters below (in the rootstock) and
above (in the cultivar) the grafting points were measured in
all plants between 1998 and 2002, in each dormancy period.

Statistics

One-way analysis of variance (ANOVA) was used to exam-
ine organ or rootstock effect on xylem hydraulic properties,
water relations, leaf gas exchange and growth of cherry trees,
and least significant difference tests were used to compare
individual treatment means (P < 0.05). All data sets satis-
fied the assumptions of ANOVA based on homogeneity of
variances, normality of errors, and independence of errors.
Associations among characters were examined by a Fisher
correlation analysis. The relationships between A and gs,

Table 1 Means of xylem
vessel diameter (VD), vessel
frequency (VF), calculated
relative hydraulic conductivity
(RC) and vulnerability index
(VI) of the different organs

Organ VD (µm) VF (vessels mm−2) RC (µm4 106) VI

Fine roots 23.9 c 576.4 d 15.44 c 55.9 b
Medium roots 34.2 e 348.8 b 35.08 e 147.8 d
Large roots 32.9 d 261.6 a 22.5 d 155.8 e
Rootstock stem 24.3 c 349.5 b 8.76 b 75.9 c
Scion stem (2001) 14.0 b 533.3 c 1.53 a 26.8 a
Scion stem (2002) 12.8 a 524.7 c 1.05 a 25.4 a
P-value 0.0001 0.0001 0.0001 0.0001

Means (n = 150) followed by
the same letter are not
significantly different at
P < 0.05 (Duncan’s test).
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plant height and rootstock stem diameter, and plant height
and scion stem diameter were analysed by simple linear
regression. The slopes and the equations of the linear regres-
sion of each rootstock were compared by t-test and Fisher’s
test, respectively.

Results

Xylem hydraulic properties

Vessel diameter (VD), vessel frequency (VF), and the cal-
culated values of relative hydraulic conductivity (RC) and
vulnerability index (VI) were significantly (P < 0.001) re-
lated to organ (Table 1). The values of VD were significantly
smaller in the scion stems, intermediate in rootstock stems,
and larger in roots, mainly in those with medium diameter
(Table 1). Medium size roots had mean VD that was 2.7
times larger than vessels from terminal shoots (Table 1). In
relation to vessel frequency, the lowest VF was observed in
large size roots and the highest in fine roots ( + 120%).

In roots, a significant negative correlation was found be-
tween VD and VF, in all rootstocks, and the values of the co-
efficient of correlation (r) varied between − 0.35 and − 0.72
(P < 0.001; data not shown). However, there was no corre-
lation between these two parameters in stems.

Medium-size roots (Table 1) had much higher RC
(2620%) than terminal shoots of Van, on average of the
years 2001–2002 Table 4. As sampling depth increased, the
greater proportion of large conduits in each distribution and
the concurrent increased mean conduit diameter (Fig. 1) re-
sulted in greater RC (Table 1). The VI of the cherry vessels
ranged from 25 to 156, where large roots had comparatively
high values (Table 1).

Statistical analysis showed significant differences
(P < 0.05) in VD, VF, RC and VI among rootstocks (Tables
2–4). VD values of all organs were significantly largest in in-
vigorating plants, especially in CAB 11E, which had a mean
vessel diameter of 25 µm, 45% larger than vessels of trees on
Gisela 5 (Tables 2–4, Fig. 2). In general, the dwarfing Edabriz
and Gisela 5 induced significantly higher VF than trees on
invigorating rootstocks. On the other hand, the rootstock
Gisela 5 induced the lowest RC and CAB 11E the highest.
Notably, stems of Van on the dwarfing Edabriz had higher
RC than those observed on invigorating Maxma 14 and P.
avium. Among the five rootstocks studied (data not shown),
Van on the dwarfing Gisela 5 and Edabriz had the lowest VI
( < 40), intermediate values in P. avium (66) and highest in
Maxma 14 and CAB 11E ( > 95). In addition, dwarfed trees
had significantly (P < 0.001) lower xylem/phloem thick-
ness ratio than invigorating trees (Fig. 3), due to a low xylem
thickness (data not shown).
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Table 2 Xylem vessel diameter (VD), vessel frequency (VF), relative hydraulic conductivity (RC) and vulnerability index (VI) of the fine
(Ø < 2 mm), medium (Ø, 2–5 mm) and large (Ø > 5 mm) roots of the five rootstocks in 1997

Rootstock VD (µm) VF (vessels mm−2) RC (µm4 106) VI
Ø < 2 2–5 Ø > 5 Ø < 2 2–5 Ø > 5 Ø < 2 2–5 Ø > 5 Ø < 2 2–5 Ø > 5

P. avium 29.9 c 34.1 b 29.1 a 292.5 a 198.2 a 347.3 bc 21.7 b 20.7 a 21.3 ab 102.1 e 172.0 c 83.7 a
CAB 11E 32.1 c 46.2 d 40.0 b 394.4 b 192.5 a 173.6 a 31.8 c 62.9 c 30.7 b 81.4 d 239.8 d 230.5 c
Maxma 14 20.8 b 38.2 c 36.8 b 400.1 b 164.2 a 130.2 a 6.4 a 26.2 b 17.6 a 52.0 c 232.6 d 282.2 d
Gisela 5 16.1 a 19.9 a 30.8 a 1098.4 d 690.7 c 292.5 b 5.6 a 8.9 a 19.8 a 14.6 a 28.8 a 105.3 b
Edabriz 20.5 b 32.9 b 28.1 a 696.4 c 498.2 b 364.2 c 11.7 a 56.7 b 23.1 ab 29.5 b 66.0 b 77.1 a
P-value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0482 0.0001 0.0001 0.0001

Means (n = 30) followed by the same letter are not significantly different at P < 0.05 (Duncan’s test).

Table 3 Xylem vessel diameter (VD), vessel frequency (VF), calcu-
lated relative hydraulic conductivity (RC) and vulnerability index (VI)
of the stems of the five rootstocks in 1997

Rootstock VD (µm) VF (ves-
sels mm−2)

RC (µm4

106)
VI

P. avium 25.1 b 369.9 b 10.3 bc 67.8 b
CAB 11E 29.6 c 218.9 a 11.4 c 135.4 d
Maxma 14 24.3 b 326.5 b 7.8 b 74.3 c
Gisela 5 18.6 a 371.8 b 3.1 a 50.1 a
Edabriz 23.9 b 460.5 c 11.2 c 51.9 a
P-value 0.0001 0.0001 0.0001 0.0001

Means (n = 30) followed by the same letter are not significantly
different at P < 0.05 (Duncan’s test).

Water relations and leaf gas exchange

There were significant (P < 0.05) differences in midday
stem water potential (�MD) among the rootstocks in the two
studied dates. In fact, trees on dwarfing rootstocks, Edabriz
and Gisela 5, had lower �MD, especially when grafted on
Gisela 5 (Fig. 4). However, no significant (P > 0.05) differ-
ences were observed in morning stem water potential (�M)
among rootstocks.

Regarding leaf gas exchange, as expected, A correlated
positively with gs (Fig. 5). However, the coefficients of de-
termination (r2, indicating the proportion of the variability in
A that is explained by gs) and the slopes of the linear regres-
sion were higher in dwarfing rootstocks than in invigorating
ones. A comparison of all the slopes and the equations of

the linear regression showed significant differences between
the dwarfing and the invigorating rootstocks (P < 0.001),
which suggest a strong regulation of photosynthesis by stom-
atal aperture on cherry trees grafted on Edabriz and Gisela 5.

Plant growth parameters

Trees on dwarfing rootstocks had significantly (P < 0.001)
lower plant height and lower trunk diameters above and be-
low the grafting point than trees on invigorating rootstocks
(data not shown). In fact, for the same increase in plant
height, the diameter of the trunk (above the grafting point)
increased more in trees on invigorating rootstocks than in
dwarfing rootstocks, as expressed by the slopes of the linear
regression (Fig. 6). The coefficients of correlations between
the trunk diameters below and above the grafting point were
always high (r > 0.96; P < 0.001). As a result, we found
a similar relationship between the plant height and the trunk
diameter below the grafting point, so only the first relation-
ship is presented.

Discussion

Xylem structure and resistance to water transport among
roots and stems

Plant anatomists have known for some time that xylem con-
duits (vessels and tracheids) within a plant tend to decrease

Table 4 Xylem vessel
diameter (VD), vessel frequency
(VF), calculated relative
hydraulic conductivity (RC) and
vulnerability index (VI) of the
stems of ‘Van’ grafted onto five
rootstocks in 2001–2002

Rootstock VD (µm) VF (vessels mm−2) RC (µm4 106) VI
2001 2002 2001 2002 2001 2002 2001 2002

P. avium 14.8 b 13.0 ab 564.3 b 423.7 a 2.2 b 0.83 a 26.3 b 31.2 d
CAB 11E 13.4 a 12.3 a 605.8 b 562.4 c 1.4 a 0.97 a 23.1 a 22.4 ab
Maxma 14 14.3 ab 13.2 b 457.7 a 486.0 b 1.4 a 1.05 a 31.5 d 28.1 c
Gisela 5 13.7 a 12.2 a 488.8 a 502.9 b 1.3 a 0.82 a 28.3 c 24.4 b
Edabriz 13.7 a 13.4 b 550.1 b 648.3 d 1.4 a 1.58 b 24.8 ab 20.8 a
P-value 0.0073 0.0127 0.0001 0.0001 0.0004 0.0001 0.0001 0.0001

Means (n = 30) followed by the same letter are not significantly different at P < 0.05 (Duncan’s test).
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Fig. 2 Scanning electron
micrographs of roots and stems
of Gisela 5 (dwarfing rootstock)
and CAB 11E (invigorating
rootstock). Scale bar = 50 µm
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Fig. 5 Relationship between photosynthesis (A) and stomatal conduc-
tance (gs) in Edabriz (A = 1.627 + 0.055gs, r2 = 0.954, P < 0.001),
Gisela 5 (A = 2.111 + 0.054gs, r2 = 0.928, P < 0.001), Maxma
14 (A = 4.763 + 0.028gs, r2 = 0.818, P < 0.001), CAB 11E
(A = 3.854 + 0.032gs, r2 = 0.867, P < 0.001) and P. avium
(A = 4.239 + 0.030gs, r2 = 0.867, P < 0.001). Measurements were
taken throughout the diurnal period on June 21 and July 8, 2002

in diameter in acropetal direction, from roots to the terminal
branches (Tyree and Zimmermann 2002). In accordance, our
study showed that vessel lumen diameter decreased sharply
from the roots to the terminal branches (Table 1) and in
all Van–rootstock combinations (Tables 2–4). Differences in
conduit diameter for root and stem xylem have been reported
for a wide range of species. For trees in the Proteaceae,
Pate et al. (1995) reported increases in VD between shal-
low roots and so-called sinker roots and along sinker roots
with increasing depth. In the conifer Juniperus ashei Buchh.,
tracheids in shallow roots and deep roots were about three
and four times wider, respectively, than tracheids in stems.
Moreover, for the three dicotyledonous trees investigated,
vessels in roots were an average of 1.5 (shallow) and 2.3
(deep) times wider than vessels in stems (McElrone et al.
2004). The large conduits of the roots, observed mainly in
medium-size roots (Tables 1 and 3), are thought to be neces-
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Fig. 6 Relationship between plant height (H) and trunk diameter
above the grafting point (CD) in Edabriz (CD = − 8.158 + 0.140H,
r2 = 0.756, P < 0.001), Gisela 5 (CD = − 31.476 + 0.219H,
r2 = 0.904, P < 0.001), Maxma 14 (CD = − 54.645 + 0.305H,
r2 = 0.834, P < 0.001), CAB 11E (CD = − 112.434 + 0.443H,
r2 = 0.884, P < 0.001) and P. avium (CD = − 92.351 + 0.384H,
r2 = 0.928, P < 0.001). Measurements were taken between 1998 and
2002, in each dormancy period

sary to minimise the hydraulic resistance associated with the
great path length from deep roots to the canopy (McElrone
et al. 2004). Other reasons why xylem conduits are wider
in deep roots than elsewhere within trees involve constraints
that are related to the soil environment (North 2004). As
discussed by McElrone et al. (2004), deep roots are sup-
ported by the soil and, unlike shallow roots, are relatively
unaffected by mechanical forces acting on the shoot. The
reduced need for the xylem to provide structural support al-
lows deep roots to be specialised for transport, with fewer
xylem fibers, fewer rays (Pate et al. 1995), more vessels
or tracheids per transverse area, and conduits with larger
lumens than in shallow roots and stems. Such specializa-
tion results not only in more efficient water uptake but also
in reduced carbon allocation per unit length of root (North
2004).

Extensive research on species from a wide range of habi-
tats generally supports the theory that xylem structure and
function is optimised to balance the conflicting demands of
xylem safety versus efficiency (Tyree et al. 1994; Pockman
and Sperry 2000; Hacke and Sperry 2001). Despite the RC
and VI being mathematically deduced, our results suggest a
gain in hydraulic safety associated with a loss in hydraulic
conductivity (Table 1). These results are consistent with the
findings of McElrone et al. (2004) in stems, shallow roots
and deep roots of four woody species. In a recent study,
Pittermann et al. (2005) refer that the vulnerability to cav-
itation is dependent on the pit membrane, specifically on
size of pores in the membrane, not on conduit diameters, per
se. However, there is often a correlation, perhaps because
the size of the vessel increases the area of the membrane,
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thereby increasing the probability that there will be higher
pore sizes.

Xylem structure and resistance to water transport among
rootstocks

Across rootstocks, VD was significantly larger in invigo-
rating plants, i.e., Van grafted on P. avium, CAB 11E and
Maxma 14, than vessels of trees on dwarfing Gisela 5 (Ta-
bles 2–4), which may be due to genetic differences, as it has
been suggested that dwarfing rootstocks inherently produce
smaller vessels (Beakbane and Thompson 1947). However,
VD is not the only factor to influence xylem water trans-
port. The dwarfed trees (grafted on Gisela 5 and Edabriz)
had significantly lower xylem/phloem thickness ratio than
trees on invigorating rootstocks (Fig. 3), mainly due to a low
xylem thickness and not to a high phloem thickness (data not
shown). Moreover, dwarfed cherry trees had smaller root sys-
tems than invigorating ones, as demonstrated in a previous
study (Gonçalves et al. 2003). These observations are con-
sistent with the view that clonally produced dwarfing root-
stocks possess innate factors, such as lower xylem/phloem
ratios and changes in xylem vessel anatomy (Simons 1986;
Kurian and Iyer 1992), which might explain how they influ-
ence shoot behaviour when used in grafted plants. According
to Atkinson et al. (2003), the development of vascular abnor-
malities (e.g., the production of excess callus cells in the graft
union) may reduce xylem water transport and contribute to
the dwarf stature. An alternative hypothesis for the appar-
ent reduction in water transport through the graft union is
that there is a reduction in transpiration of dwarfed trees due
to smaller evaporative surface area or, perhaps, root–scion
signalling molecules such as ABA (Olmstead et al. 2006).

We concluded that dwarfed plants, mainly grafted on
Gisela 5, had adjustments in xylem structure and function
that reduce hydraulic conductance and enhance hydraulic
safety. Therefore, those trees had substantially lower VD
and, consequently, lower RC. These findings are further sup-
ported by the observation that, as predicted by Poisseuille’s
law, although relative differences in VD between dwarfed
and invigorating trees were similar at all organs tested, rel-
ative differences in RC (dependent on the fourth power of
the vessel radius) were larger. Other factors, however, may
contribute to conductivity changes: vessel transectional ar-
eas and length (Zimmermann and Jeje 1981), and so reduced
vessel length may co-operate with reduced vessel diameter
in decreasing xylem conductivity in dwarfed plants.

In all rootstock genotypes, VD and VF of the roots were
inversely related (Table 2), similar to other plants (Carlquist
1988; Reyes-Santamarı́a et al. 2002). In spite of the differ-
ences in xylem hydraulic properties in roots, these features
were similar among the stems of Van–rootstock combina-
tions, suggesting an adjustment of these trees in adult phase.

It is common that genotypes with narrow and abundant
vessels show low vulnerability values (Carlquist 1977). This
indicates that among combinations, Van grafted on Gisela 5
and Edabriz probably have a safer water flow system because
of their low VI (Tables 2–4). This supposition is supported
by Hargrave et al. (1994) observations, who found that wider
vessels are more susceptible to show dysfunction compared
to vessels with narrower diameter. In addition, this interpre-
tation supports the idea that Van on CAB 11E and Maxma
14 with wide vessels could be more susceptible to have em-
bolism especially during periods of severe water stress (Har-
grave et al. 1994). Although vulnerability to cavitation in P.
avium increased with depth, deeper roots may not operate
any closer to critically low xylem tensions because xylem
water potential in deep roots is typically higher than in stems
(McElrone et al. 2004).

In conclusion, xylem features of different rootstocks af-
fected axial relative hydraulic conductance. However, root-
stocks may also influence the radial conductance, according
to several recent researchers (Atkinson et al. 2003; Basile
et al. 2003a). Therefore, in future we intend to measure ax-
ial and radial conductance and correlate them with xylem
properties and plant size.

Relationships between xylem structure and water relations,
leaf gas exchange and growth

There is ample evidence that the structure of the plant hy-
draulic system—the hydraulic architecture—has the poten-
tial to limit water flow through plants, thus restricting their
water balance, leaf gas exchange and growth (Tyree and
Ewers 1991). Therefore, studying the differences in the hy-
draulic architecture of sweet cherry trees may help to select
the best scion–rootstock combinations with regard to wa-
ter availability in soils and specifically, in this study, how
scion differs in growth when grafted on five differing-size
controlling rootstocks.

The pattern in � of the different Van–rootstock combina-
tions was the same in the two dates (Fig. 4), and these findings
were also observed in the same cultivar–rootstock combina-
tions in year 2003 by Gonçalves et al. (2006). The higher
the RC in invigorating plants, the less negative is the stem
water potential (Tables 2–4, Fig. 4). The same results were
obtained by Lemoine et al. (2001) in three woody species.

Davis et al. (1999) and Schulbert et al. (1999) reported
that water movement from the roots to the atmosphere is con-
trolled by the conductivity of the water pathway components.
Conductivities affecting water flow in the plant are hydraulic
(root conductivity and shoot conductivity), and diffusive
(stomatal conductance). In accordance, our study showed
that smaller conduits of trees on Gisela 5 had lower relative
hydraulic conductivity (Tables 2–4), and led to lower stom-
atal conductance and photosynthetic rate (Fig. 5). In fact,
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Franks (2004) referred that stomatal regulation of leaf gas
exchange is directly influenced by the water status and hy-
draulic structure of the whole plant. Any change in transpira-
tion rate will be translated almost immediately into a change
in the water status of every leaf cell, including stomatal guard
cells. Similarly, a change in the hydraulic properties will
alter the water status of guard cells, and therefore stomatal
conductance. The positive correlation between hydraulic and
stomatal conductance has been also observed in several stud-
ies (Meinzer and Grantz 1990; Meinzer et al. 1995; Saliendra
et al. 1995; Comstock 2000). Therefore, when xylem hy-
draulic conductance is reduced, stomatal conductance also
decreases (Sperry et al. 1993; Hubbard et al. 2001; Cochard
et al. 2002), indicating that hydraulic conductance to tran-
spirational flux is an integral and dynamic component of the
stomatal control mechanism (Franks 2004). Therefore, the
lower A in trees grafted on the dwarfing Edabriz and Gisela 5
was due to high stomatal limitations, represented by the low
gs in these two rootstocks (Fig. 5). The same results were
observed in fifteen scion–rootstock combinations of sweet
cherry in field-grown conditions (Gonçalves et al. 2006).

The lower �, gs and A presented by the dwarfed trees led
to lower vegetative growth (Figs. 4–6). Basile et al. (2003b)
reported a positive correlation between integrated diurnal
patterns of stem water potential and daily stem extension
growth of peach trees on rootstocks with different size con-
trol potentials. They documented the effect of decreased wa-
ter potential on shoot growth in a manner similar to previous
works that linked water stress effects with plant growth in
annual species (Hsiao 1973; Boyer 1985).

In conclusion, it is possible to say that much of this re-
search has addressed the hydraulic limitation hypothesis,
which proposes that reduced growth in trees grafted on
dwarfing rootstocks may be linked to reductions in vessel
diameters (and/or in xylem thickness and root system length)
and consequently lower hydraulic conductivity, which in turn
lead to reductions in stem water potential, ultimately decreas-
ing stomatal conductance and photosynthesis. Nevertheless,
measurements of the root and stem hydraulic conductivity
and vulnerability are necessary to corroborate the theoretical
calculations based on xylem anatomy.
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