
Summary In beech (Fagus sylvatica L.), the number of leaf
primordia preformed in the buds determines the length and the
type (long versus short) of annual growth units, and thus,
branch growth and architecture. We analyzed the correlation
between the number of leaf primordia and the hydraulic con-
ductance of the vascular system connected to the buds. Termi-
nal buds of short growth units and axillary buds of long growth
units on lower branches of mature trees were examined. Buds
with less than four and more than five leaf primordia formed
short and long growth units, respectively. Irrespective of the
type of growth unit the bud was formed on, the occurrence of a
large number of leaf primordia was associated with high xylem
hydraulic conductance. Xylem conductance was correlated to
the area of the outermost annual ring. These results suggest that
organogenesis and primary growth in buds correlates with sec-
ondary growth of the growth units and thus with their hydraulic
architecture. Possible causal relationships between the varia-
bles are discussed.

Keywords: development, hydraulic conductance, leaf primor-
dia, meristem, xylem.

Introduction

Branches of beech (Fagus sylvatica L.) trees are composed of
different types of annual growth units that differ in morphol-
ogy, branching patterns and primary and secondary growth
(Daniel 1910). The spatial and temporal organization of these
growth units are highly specific and define the architectural
development of the species (Thiébaut 1982, Roloff 1988,
Thiébaut et al. 1990b, Nicolini 1997, 1998). Annual growth
units located near branch apices are known as “long shoots”
because they bear many leaves, separated by elongated inter-
nodes, and thus form axes from several cm to several dm in
length (Figure 1e). The long growth units are characterized by

substantial primary meristematic (Roloff 1985) and secondary
cambial growth, and hence, these long growth units are mainly
responsible for dry matter accumulation in the crown (Renard
1971) and for the characteristic growth habit of beech trees.
The second type of annual growth unit is much shorter
(< 1 cm), with few and barely visible internodes (Figure 1c).
These “short shoots” remain slender and never branch. They
typically form on the lower part of a 1-year-old long shoot.
Most of the leaf area of a beech crown is associated with short
growth units because most of the axilliary buds initiate short
shoots that survive for many years (Renard 1971). Thus, short
growth units are the primary assimilate-exporters, whereas
long growth units are the primary users of assimilates in the
production of wood. Hence, the relative production of long
versus short growth units is likely to determine tree leaf area
and wood production. Understanding how beech architecture
and crown structure are elaborated is thus a decisive step in un-
derstanding beech physiology and how its productivity will re-
spond to climatic changes.

Approaches to such studies have so far relied on architec-
tural analysis (Thiébaut 1982, Thiébaut and Puech 1984, Ro-
loff 1988, Nicolini 1998). These descriptive and statistical
studies help identify the rules governing the morphological
development of a tree. However, during its life, a given meri-
stem can successively produce short and long annual growth
units. Similarly, periods of soil drought or changes in light re-
gime can affect the relative production of short and long an-
nual growth units (Collet et al. 2001, 2002, Lemoine et al.
2002). Architectural and stochastic modeling does not cor-
rectly render these modifications, which occur on a small tem-
poral and spatial scale. A functional explanation for this phe-
nomenon is still lacking.

The objective of this study was to unravel some of the physi-
ological mechanisms associated with the formation of short
and long annual growth units in beech. We developed a new
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approach that combines morphological, anatomical and eco-
physiological observations. We measured both the hydraulic
efficiency of the sap pathway supplying water to the buds and
the carbon (C) isotope composition (δ13C) of leaf primordia in
the buds, a parameter determined by the intrinsic water-use ef-
ficiency of the leaves that synthesized the C in the buds
(Farquhar et al. 1982). We focused our analysis on bud organo-
genesis. The rationale for this choice being that, in beech,
leaves that expand in a given year were preformed in the bud
during the growing season of the previous year (Roloff 1985,
Druelle 1996); i.e., the number of leaf primordia present in a
bud at the end of a summer corresponds to the number of
leaves present on a growth unit the following spring (Roloff
1985, Druelle 1996). Thus, the fate of a beech bud (i.e., pro-
duction of short shoots with few leaves versus long shoots with
many leaves) is predetermined 1 year in advance by the meri-
stematic activity of the buds. There is increasing evidence that
hydraulic efficiency of trees may modulate shoot growth
(Koch et al. 2004, Woodruff et al. 2004). Hence, we hypothe-
sized that there is a positive correlation between bud growth
activity and the hydraulic conductance (kx) of the underlying
vascular tissue. To test this hypothesis, we compared kx of the
vasculature supplying the different buds on a growth unit to
their anatomical characteristics. We also measured the δ13C of
buds to obtain information on the microclimatological condi-
tions under which their C was assimilated (Farquhar et al.
1982). The δ13C of leaf photosynthates has been shown to be
positively related to the light availability at the site of C fixa-
tion within the crown (Collet et al. 1993). This information en-
abled us to assess whether contrasting bud types differ in their
constitutive C origins and, ultimately, in their C sink strength
within the tree.

Materials and methods

Plant material

Experiments were conducted on beech trees (Fagus sylvatica
L.) more than 100 years old from the Allagnat forest, near the
Puy-de-Dome volcano in central France (45°45.23′ N,
2°56.26 ′ E, 1000 m a.s.l.). Trees were located along the
northern edge of an east–west oriented forest road. Basal,
south- oriented branches were sampled. These branches were
partly exposed to direct sunlight during the day. Branches
were sampled during the winter, in December 2000 and Febru-
ary 2001, when they were leafless and buds dormant. Branches
sampled in the field were immediately brought to the labora-
tory for analysis.

Hydraulic measurements

Our objective was to compare the hydraulic efficiency of the
xylem tissue connected to the meristematic tissues in the dif-
ferent buds on a shoot. A critical concern in this study was to
ensure hydraulic values were comparable. The relevant hy-
draulic parameter determining the water supply available to
the different buds is the kx of the entire sap pathway, from
branch base to bud base (Tyree 1988). This value correlates

with the total xylem pressure drop along the sap pathway and,
unlike hydraulic conductivity data, it takes account of the ef-
fect of path length on hydraulic efficiency. We measured the
hydraulic efficiency of both whole branches (Figure 1a) and
unbranched annual growth units (Figure 1c). In the first case,
we measured the whole sap pathway conductance, from the
branch proximal end to the different terminal ends. In the sec-
ond case, we compared kx values for annual growth units hav-
ing the same architecture (e.g., 4-year-old short axes, 1-year-
old long axes).

Values of kx were derived from pressure–flow relationships
obtained with a XYL’EM apparatus (Bronkhorst France, Mon-
tigny les Cormeilles, France). The proximal (basal) end of one
sample was connected to the XYL’EM water tank containing
deionized and filtered water (0.22 µm). The water pressure (P;
MPa) in the tank was adjusted to between 0 and 0.5 MPa. Wa-
ter entering the sample dripped rapidly from the distal (termi-
nal) cut ends. The water pressure at these distal cut ends was
thus nil (relative to atmospheric pressure) and the total pres-
sure drop along the path length was thus equal to P. Wa-
ter-filled tubing was firmly attached to each cut end and
connected to the XYL’EM flow meter (5 g h– 1 full scale) and
the rate of water exudation through the cut end (Fi; mmol s– 1)
was determined. We then computed kx as the slope of Fi versus
P. Thus, we did not measure whole-branch hydraulic conduc-
tance with this technique, but rather the hydraulic conductance
of the individual sap pathways from the cut basal end to the
different distal cut ends. In preliminary experiments with
shoots having more than one bud (sets a and e below), we no-
ticed that Fi for a given bud was slightly decreased when other
buds were removed. This occurred because the hydraulic con-
ductance of individual sap pathways to a given cut end is not
independent of the water pathways to different cut ends.
Therefore, it was decided that all buds on a shoot would be re-
moved at the beginning of an experiment, with water flowing
to all the cut ends simultaneously. We presumed that this situa-
tion was qualitatively equivalent to water flow in an intact
shoot. Six sets of measurements were performed (see Fig-
ures 1a–f).

(a) On two large branches, we measured kx of the xylem sap
pathway from the proximal cut end to all the terminal buds of
different axes (Figure 1a). The branches were 7 and 12 years
old, and were 1.4 and 2.2 m long, respectively. We first re-
moved the buds belonging to different axes just below the first
bud scars and then successively connected the terminal ends to
a XYL’EM apparatus. A total of 95 pathways were measured
this way.

(b) On 14 segments composed of a long annual growth unit
followed by a short annual growth unit, we measured kx be-
tween the base of the last internode of the long annual growth
unit and the base of the terminal bud (Figure 1b).

(c) On 101 short axes, we measured kx of the sap pathway
from the base of the segment to the base of the terminal bud
(Figure 1c, black arrow). The mean length of a short growth
unit was 0.02 m. The base of the segment was cut just below
the bud scales scar of the short annual growth unit formed dur-
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ing the 1997 growing season, so that the segments comprised
four successive short annual growth units.

(d) On 84 more segments similar to the ones described in
(c), we measured kx between the base of the 1997 short growth
unit and the base of the first leaf scar of the 2000 short growth
unit (Figure 1d, open arrow).

(e) On 11 long growth units, we measured kx of the sap path-
way from the base of the growth unit to the base of each bud
(one terminal bud and up to five axillary buds) (Figure 1e). The
mean growth unit length was 0.22 m. The base of the segment
was cut just below the scales of the previous year terminal bud.
Again, all buds were cut at the beginning of the experiment be-
low their first scale. A watertight collar was successively
clamped around the axillary buds to determine Fi. A total of
50 pathways were measured this way.

(f ) On 30 annual long growth units, we determined kx be-
tween the base of the last terminal internode and the base of the
bud (Figure 1f).

When distal cuts corresponded to the bud base (sets a, b, c, e
and f), we measured kx of the sap pathway supplying leaf
primordia in the bud during its formation. When the distal cut
was located at the base of the terminal growth unit (set d), we
measured the sap pathway supplying the leaves connected to
the shoot.

Morphological observations

Morphological markers, which were determined immediately
after the hydraulic measurements, included growth unit
length, number of leaf scars and bud fresh mass. Bud fresh
mass (FM; mg) was measured with a digital balance (resolu-
tion 0.0001 g) immediately after bud excision. Bud dry mass
was obtained after drying for 2 days at 70 °C. Bud fresh mass
provided an estimate of the dry mass of leaf primordia (DM;
mg) with DM = 0.208FM – 3.76 (r2 = 0.94, n = 50, P < 0.001).
Bud fresh mass was also highly correlated with the number of
leaf primordia in the bud (n) (n = 0.04FM + 0.72; r 2 = 0.91, n =
50, P < 0.001).

Anatomical observations

Samples stored in 95% alcohol in individual vials were used
for anatomical observations and δ13C analysis. Growth unit
anatomy was assessed in cross sections obtained from a sub-
sample of the short growth units used for the set c hydraulic
measurements. In 88 samples, a thin cross section was made at
the base of the first leaf scar of the year 2000 short growth unit
and mounted on a microscope slide. High-resolution digital
images were obtained for each cross section and the xylem
area was determined with standard image analysis software. In
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Figure 1. Morphological characteristics of different shoot types analyzed during winter 2000–2001. The arrows indicate where samples were cut
and where water flow was measured when a positive pressure was applied at the base of the sample. (a) An old ramified branch; (b) a 2-year-old
shoot comprising a 1999 long annual growth unit followed by a 2000 short annual growth unit; (c and d) a short shoot comprising four successive
annual short growth units (1997–2000), (e) a 2000 long growth unit; (f) a terminal internode of a 2000 long growth unit. The bud scale scars (s.sc.)
delimit each annual growth unit. On the growth units, the number of leaves is determined by counting the number of leaf scars (l.sc.); in (e), the
axillary buds (a.b.) are labeled from the top to the base of the long growth unit.



a few samples, cross sections were obtained from the different
annual short growth units of the segment, and ring width and
vessel size were assessed. The minimum and maximum diam-
eters of each vessel were determined with the aid of an optical
microscope equipped with a light chamber and a digital tablet
(resolution 0.1 µm).

Carbon isotopic composition

A subsample of the short growth units collected for kx determi-
nation (set c above) was used for δ13C (‰) analysis. We mea-
sured δ13C on the leaf primordia of the terminal buds. Because
samples were kept in alcohol, molecules soluble in alcohol
were partially solubilized. As this may have biased the δ13C
values, we first completed the extraction of soluble com-
pounds by placing the leaf primordia in vials containing 0.5 ml
of alcohol. Although the extraction of compounds in alcohol
probably modified the bulk δ13C values, the relative differ-
ences between treatments remain valid. The vials were heated
at 55 °C for 4 h. The samples were then rinsed with distilled
water, finely ground, centrifuged and dried at 60 °C for 48 h. A
subsample of about 1 mg of powdered material was placed in a
tin capsule, combusted and analyzed for 13C composition with
an isotope ratio mass spectrometer (Delta S, Finnigan MAT,
Bremen, Germany) at the INRA Nancy stable isotope facility.
Measurements were made on buds containing 2–6 leaf pri-
mordia, with five replicates for each type.

Results

Morphological markers

Morphological analysis of the sampled branches revealed two
distinct groups of terminal annual growth units. Growth units
that contained less than five leaf scars were less than 1 cm
long, whereas growth units with more than 5 leaf scars had
elongated internodes (Figure 2): hereafter, we refer to these
two groups as “short” (Figure 1c) and “long” (Figure 1e) an-
nual growth units, respectively. Within each group, there was a
significant linear relationship between unit length and number
of leaf scars. Because beech leaves are preformed in the dor-
mant buds, the number of leaf primordia was thus a marker of
the type of growth unit produced the following spring. We
have used this morphological marker to identify traits that best
correlate with the fate of a bud.

The morphology of the terminal annual growth unit was not
a good predictor of the type of growth unit to be formed by the
terminal bud. For instance, the number of leaf scars on the ter-
minal growth unit (Year 2000) was poorly correlated with the
number of leaf primordia in the dormant terminal bud (r2 =
0.74; Figure 3), indicating that long growth units can initiate
short growth units and vice versa.

Xylem anatomy

Xylem area at the base of the first leaf scar of the Year 2000
short growth units was linearly and positively correlated to the
number of leaf primordia in the buds (r2 = 0.97; Figure 4).
When short annual growth units were bearing a terminal bud

with more than five leaf primordia, we noticed the occurrence
of a wide annual ring on all the different annual growth units.
Wider rings were accompanied by wider xylem lumens. For
instance, at the base of a short growth unit having buds with
two and five primordia, vessel diameter averaged 7.9 µm (SE =
0.05, n = 30) and 14.8 µm (SE = 0.07, n = 30), respectively.
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Figure 2. Length of an annual growth unit versus the number of leaf
scars present on the growth unit. The relationship was established for
all the terminal growth units of two large branches (n = 95). The error
bars represent 1 SE. Lines are linear regressions. Only annual growth
units having more than four leaves exhibited elongated internodes.

Figure 3. Number of leaf scars on the Year 2000 growth units versus
the number of leaf primordia in the terminal buds of these growth
units. The relationship was established for all the terminal growth
units of one large vegetative branch (n = 54). Dashed lines indicate the
minimum and maximum values. Error bars represent 1 SD.



Hydraulic conductances

Figure 5 provides a summary of all the hydraulic measure-
ments made on the different types of branch material. What-
ever the material, a positive and significant relationship was
found between xylem conductance of the whole sap pathway
and the number of leaf primordia in the dormant buds. A simi-
lar relationship was obtained when kx was measured between
the base of the 1997 bud scales and the base of the first leaf
scar on the 2001 short growth unit (set d, Figure 5d), although
the kx values were more than 10 times higher. For long annual
growth units, the occurrence of a large bud containing more
than four leaf primordia (which will give birth to a long growth
unit) was always associated with high kx values, whatever the
position of the bud on a branch (Figure 5e). Buds containing
flowers (mature structures) exhibited a significantly more con-
ductive sap pathway (open symbols; Figure 5a) than sterile
structures. The relationships in Figure 5 tended to be nonlin-
ear, with kx increasing for buds with more numerous pri-
mordia.

Carbon isotopic composition

Dormant buds containing more than four leaf primordia exhib-
ited significantly higher (less negative) δ13C values than buds
containing fewer leaf primordia (r2 = 0.87; Figure 6A). A lin-
ear relationship was found between δ13C and FW (r2 = 0.99;
Figure 6B).

Discussion

The objective of our study was to identify physiological traits
associated with beech branch development, with an emphasis
on the formation of short versus long annual growth units.
Short and long annual growth units were clearly segregated by

leaf number, with short annual growth units forming only from
dormant buds having less than five leaf primordia. Because all
leaves were preformed in the buds, the number of leaf pri-
mordia present in a dormant bud was a simple, yet effective,
marker of the type of growth unit to be initiated, making it pos-
sible to identify morphological and physiological traits associ-
ated with the formation of each bud type.

We found that preformation of a long or short growth unit in
a terminal bud was poorly correlated to the type of the current
annual growth unit (Figure 3). For instance, terminal buds with
preformed short growth units were present on both short and
long current growth units, although there was a greater chance
of a short growth unit succeeding a short growth unit. This
suggests that the type of growth units produced by a meristem
is not an intrinsic property of the tissue, but may vary from
year to year according to internal and external factors.

We identified highly significant statistical correlations be-
tween the number of leaf primordia in the bud and the hydrau-
lic conductance of the sap pathway connected to the bud when
hydraulic conductances were measured in the winter on leaf-
less branches. Branches were perfused with water under high
pressure, which probably minimized the effect of embolisms
that may have formed in xylem vessels following drought or
freeze–thaw events (Lemoine et al. 1999). Therefore, the vari-
ations in hydraulic conductance that we measured reflect the
variations in xylem sap pathway conductance that the plant
would have experienced under the best possible conditions.
The variations in xylem conductance were clearly associated
with differences in xylem anatomy. The conductance of a xy-
lem vessel is a function of the fourth power of its diameter
(Tyree et al. 1994). Thus, a small increase in mean vessel di-
ameter has a large effect on xylem conductance. Most of the
resistance of the sap pathway was located in the most distal
portion, which explains why the hydraulic conductance values
were largely independent of path length. This was particularly
evident from our counterintuitive results for axillary buds lo-
cated on long terminal growth units where hydraulic conduc-
tances increased with the path length. The nonlinearity of the
relationships between hydraulic conductance of the sap path-
way and the number of leaf primordia in the buds suggests that
the water supply per primordium increased with the number of
primordia; however, this relationship may reflect the increase
in leaf primordium size with increases in the number of pri-
mordia.

We found that the primary meristematic growth of a bud was
correlated with the secondary cambial activity of the growth
unit to which it gave rise. The formation of a bud containing
more than four leaf primordia on a short terminal growth unit
was concomitant with the formation of a large and highly con-
ductive ring with large vessels (Figure 4). The mechanism un-
derlying this relationship was not examined in this study, but
probably involves hormonal control (Roberts et al. 1988).
These observed relationships reflect either a correlation of no
biological significance or a more causal link between bud
growth and hydraulic conductance. For example, it is plausible
that variations in the hydraulic conductance of the sap pathway
substantially alter the water potential of the primary meristem
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Figure 4. Xylem area at the base of the first leaf scar of the Year 2000
annual short growth units versus the number of leaf scars present on
the growth units. The error bars represent 1 SE. The line was fit by lin-
ear regression.



and, possibly, its activity. Cell growth in the meristem is partly
influenced by cell turgor pressure according to Lockhart
(Lockhart 1967). Thus, any change in the hydraulic conduc-
tance of the sap pathway to the bud is likely to alter bud turgor
pressure and growth potential (Hsiao and Xu 2000, Nardini
2002). To substantiate this hypothesis, we need to quantify the
potential drop in turgor pressure resulting from variations in
kx. This calculation requires an estimate of water flow through
the xylem growth unit and the flow entering the bud, but there
was no information available for flow into the bud. With our
data set, we could compute only a change in xylem pressure at
the base of the terminal growth unit. The kx of a 4-year-old
short growth unit with three leaves is about 0.2 mmol MPa– 1

s– 1 (Figure 5d). Assuming a total distal leaf area of 0.0075 m2

and a mean transpiration rate of 2 mmol m– 2 s – 1, the pressure
drop across the shoot is about 0.075 MPa during the day. At
night, this pressure drop will be much less. If kx increases to
0.65 mmol MPa– 1 s– 1, the pressure drop decreases to
0.023 MPa, a difference of close to 0.05 MPa. Short axes often
contained more than eight successive short annual growth
units, so the variation in pressure drop along a whole short axis
might be as large as 0.1 MPa. This is a minimum estimate of
the pressure change at the base of the bud consequent to the
formation of a more conductive annual ring on a short growth
unit. The contrasted pressure drop in the most distal sap path-
way may further enhance the difference. Therefore, on the
basis of this calculation, we cannot reject the hypothesis of a
direct effect of xylem conductance on meristematic growth
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Figure 5. Hydraulic conductance (kx)
of the xylem sap pathway versus the
number of leaf primordia in the buds.
Samples were perfused at their proxi-
mal cut ends and water flow was mea-
sured at the arrow locations indicated
in Figure 1. (A) The value of kx mea-
sured between the cut base of large
branches and the terminal buds of all
annual growth units on the branch (see
Figure 1a). Symbols: � = reproductive
buds; and � = vegetative buds. (B) kx

measured between the last internode of
the previous year’s long growth unit
and the current year’s short growth unit
(see Figure 1b); (C) kx measured from
four successive annual short growth
units (see Figure 1c); (D) kx measured
from four successive annual short
growth units, as in (C), but with the
distal segment end at the base of the
first leaf scar on the year 2000 annual
growth unit (see Figure 1d); (E) kx

measured between the base of long ter-
minal growth units and the base of
each bud along the growth unit (see
Figure 1e); (F) kx measured in a seg-
ment consisting only of the last
internode of the terminal long growth
units (see Figure 1f). Note the different
scale on the y-axis in D. The error bars
represent 1 SE.



mediated through a change in xylem pressure. Furthermore,
this hypothesis is consistent with the recent findings of Koch et
al. (2004) and Woodruff et al. (2004), indicating that changes
in turgor pressure with tree height may limit tree growth. How-
ever, the hypothesis awaits experimental testing.

Beech growth units can exhibit drastic morphological chan-
ges from one year to another. We found instances of short
growth units with only two leaves giving birth to long growth
units with six or more leaves the following year. We have doc-
umented that these morphological transitions were preceded
by anatomical and physiological modifications at the xylem
level. The reason for these sudden modifications remains hy-
pothetical, but it is complex and many phenomena are likely
involved. For example, it is well known that auxin concentra-
tions control xylem conduit diameters and are probably in-
volved (Roberts et al. 1988); however, there is not simply a
threshold conductance that, once reached, results in the pro-
duction of long shoot instead of short shoots. Although our
carbon isotopic data were restricted to 4-year-old short shoots
(measurement set c) and may not be representative of all situa-
tions, they provided some insight into the mechanisms under-
lying the morphological transitions. Leaf primordia in the two
bud types had distinct isotopic signatures. Carbon isotope
composition is an integrative marker of intrinsic water-use ef-
ficiency (WUE) of the leaves that produced the carbohydrates
fixed in the primordia (Farquhar et al. 1982), and is defined at
the leaf level as the ratio between assimilation rate (A) and va-
por water stomatal conductance ( )H O2

g . Therefore, an increase in
WUE might be caused by an increase in A or a decrease in gH O2

.
Because it seems unlikely that low gH O2

could be related to
high growth rate, we hypothesize that differences in A were re-
sponsible for the higher δ13C found in buds containing an em-
bryonic long growth unit compared with buds containing an
embryonic short growth unit. The high WUE of buds contain-
ing an embryonic long growth unit might be explained by two
phenomena. First, the carbohydrates incorporated in the buds
may have come from branches in the upper crown. Leaves on
upper-crown branches have higher assimilation rates because
of the higher irradiance they receive compared with lower-

crown branches. This hypothesis implies an increase in the
carbon sink strength of the meristematic cells. The sink
strength might have been modulated by a hormonal signal or
by meristem water status. A second hypothesis is that carbohy-
drates in the buds may have been synthesized by the leaves at-
tached to the same short shoots. Again, this may have been
caused by a local increase in irradiance, and hence, a higher as-
similation rate. Both hypotheses highlight the significance of
light availability. This is consistent with the empirical results
of Collet et al. (2001, 2002), who found that shaded beech sap-
lings formed only short growth units, but when the stand was
thinned (winter year n) they first noticed an increase in the an-
nual secondary growth of the main stem (summer year n), and
then formation of long growth units the following year (sum-
mer year n + 1).

Based on our data and the literature, we propose the follow-
ing scheme for inter-annual shoot growth in beech. In spring of
year n, buds expand to form long or short growth units depend-
ing on the number of preformed leaf primordia they contain.
Leaf primordia are initiated in terminal or axillary buds during
the growing season (May to September) (Roloff 1986). Sec-
ondary cambium is activated synchronously with primary bud
growth (Lachaud and Bonnemain 1981) and its activity during
the n growing season determines the anatomy and hydraulic
efficiency of the sap pathway to the buds. Primary meri-
stematic activity determines the number of leaf primordia and
is positively correlated to the hydraulic conductance of the xy-
lem sap pathway. The morphology of the growth units that de-
velop in year n + 1 is correlated to the number of leaf primordia
preformed in the buds. From this scheme, it is clear that shoot
morphology (i.e., long versus short growth units) is deter-
mined one year in advance, probably by cambial activity. This
may explain why leaf area in beech stands is correlated to the
soil water deficit during the growing period of the previous
year (N. Bréda, INRA Nancy, France, unpublished data). Soil
water deficit may reduce both secondary cambial growth in the
new growth units and primary meristematic activity in the api-
cal bud, and hence reduce the number of leaf primordia in
subsequent growth units, increasing the proportion of short
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Figure 6. Carbon isotopic (δ13C) com-
position of leaf primordia versus the
number of leaf primordia (a) and the
fresh mass (b) of the terminal buds of
short growth units. The error bars rep-
resent one SE. Lines are linear regres-
sions.



growth units. This scheme also accounts for the 1-year time
lag noticed by Collet et al. (2001, 2002) between shoot diame-
ter growth and main stem elongation following stand thinning.

Our data suggest that organogenesis and primary growth in
the buds are correlated with secondary growth of the growth
units. We do not know if, beyond this correlation, a causal rela-
tionship exists between the phenomena. We hypothesize that
enhanced secondary growth facilitates water availability and
thus primary bud growth. Our results highlight the remarkable
coordination between bud activity and cambium growth in a
given year, and its functional implications for the following
year, with bud activity determining leaf area and water loss,
and cambial activity determining xylem water transport effi-
ciency. This may explain why shoot leaf specific conductance
(xylem conductance per unit leaf area) is remarkably stable in
some species (Cochard et al. 1997). Tree hydraulic architec-
ture may thus help in understanding how plant architecture is
elaborated (Leigh 1999, Tyree and Zimmermann 2002).

Acknowledgments

We are grateful to Mrs. Rochette de Lempdes and Mr. Balmont for
kindly allowing us to sample trees in their forest. The discussions
about this work with the members of the “xylem group” (REA,
INRA) were very constructive. We thank Claude Brechet for operat-
ing the mass spectrometer. We are grateful to Pierre Cruiziat for en-
couraging and initiating a fruitful collaboration between the teams in
Montpellier and Clermont-Ferrand.

References

Cochard, H., M. Peiffer, K. Le Gall and A. Granier. 1997. Develop-
mental control of xylem hydraulic resistances and vulnerability to
embolism in Fraxinus excelsior L.: impacts on water relations.
J. Exp. Bot. 48:655–663.

Collet, C., A. Ferhi, J.M. Guehl and H. Frochot. 1993. Growth, gas
exchange and carbon isotope discrimination in young Prunus avi-
um trees growing with or without individual lateral shelters. Ann.
Sci. For. 50:353–362.

Collet, C., O. Lanter and M. Pardos. 2001. Effects of canopy opening
on height and diameter growth in naturally regenerated beech seed-
lings. Ann. Sci. For. 58:127–134.

Collet, C., O. Lanter and M. Pardos. 2002. Effects of canopy opening
on the morphology and anatomy of naturally regenerated beech
seedlings. Trees 16:291–298.

Daniel, J. 1910. Étude comparée chez le hêtre des branches allongées
et des branches courtes de même âge. Mémoire de D.E.S.B de la
Faculté des Sciences de Paris, Paris, France, 17 p.

Druelle, J.L. 1996. Ontogénèse in situ des bourgeons du hêtre com-
mun (Fagus sylvatica L.) et du hêtre tortillard de Verzy (F. sylvatica
L. var. Tortuosa Pépin). Application à la régénération in vitro du
hêtre commun et du hêtre tortillard. Ph.D. Thesis, Univ. Reims,
Reims, France, 79 p.

Farquhar, G.D., M.H. O’Leary and J.A. Berry. 1982. On the relation-
ship between carbon isotope discrimination and the intercellular
CO2-concentration in leaves. Aust. J. Plant Physiol. 9:121–137.

Hsiao, T.C. and L. Xu. 2000. Sensitivity of growth of roots versus
leaves to water stress: biophysical analysis and relation to water
transport. J. Exp. Bot. 51:1595–1616.

Koch, W.G., S.C. Sillett, G.M. Jennings and S.D. Davis. 2004. The
limits to tree height. Nature 428:851–854.

Lachaud, S. and J.L. Bonnemain. 1981. Xylogénèse chez les dicot-
ylédones arborescentes. I. Modalités de la remise en activité du
cambium et de la xylogénèse chez les hêtres et les chênes âgés.
Can. J. Bot. 59:1222–1230.

Lemoine, D., A. Granier and H. Cochard. 1999. Mechanism of
freeze-induced embolism in Fagus sylvatica L. Trees 13:206–210.

Lemoine, D., S. Jacquemin and A. Granier. 2002. Beech (Fagus syl-
vatica L.) branches show acclimation of xylem anatomy and hy-
draulic properties to increased light after thinning. Ann. For. Sci.
59:761–766.

Leigh, E.G. 1999. Tropical forest ecology. Oxford University Press,
Oxford, 245 p.

Lockhart, J.A. 1967. Physical nature of irreversible deformation of
plant cells. Plant Physiol. 42:1545–1552.

Nardini, A. 2002. Relations between efficiency of water transport and
duration of leaf growth in some deciduous and evergreen trees.
Trees 16:417–422.

Nicolini, E. 1997. Approche morphologique du développement du
hêtre (Fagus sylvatica L.). Ph.D. Thesis, Univ. Montpellier II,
Montpellier, France, 185 p.

Nicolini, E. 1998. Architecture et gradients morphogénétiques chez
de jeunes hêtres (Fagus sylvatica L. Fagaceae) en milieu forestier.
Can. J. Bot. 76:1232–1244.

Renard, C. 1971. Quelques caractères des auxiblastes chez le hêtre en
Haute-Ardennes. Lejeunia 59:1–14.

Roberts, L.W., P.B. Gahan and R. Aloni. 1988. Vascular differentia-
tion and plant growth regulators. Springer-Verlag, Berlin, 154 p.

Roloff, A. 1985. Morphologie der Kronenentwicklung von Fagus
sylvatica L. (Rotbuche) unter besonderer Berücksichtigung mögli-
cherweise neuartiger Veränderungen. Ph.D. Thesis. Göttingen
Univ., Göttingen, Germany, 177 p.

Roloff, A. 1988. Morphologie der Kronenentwicklung von Fagus
sylvatica L. (Rotbuche) unter besonderer Berücksichtigung neuar-
tiger Veränderungen. II. Strategie der Luftraumeroberung und Ver-
änderungen durch Umwelteinflüsse. Flora 180:355–378.

Thiébaut, B. 1982. Observations sur le polymorphisme des axes du
hêtre commun (Fagus sylvatica L.), orthotropie et plagiotropie.
Can. J. Bot. 72:1723–1734.

Thiébaut, B. and S. Puech. 1984. Développement du hêtre commun.
Morphologie et architecture de l’arbre. 2ème partie: le dével-
oppement des arbres. Rev. For. Fra. 36:45–58.

Thiébaut, B., B. Comps and F. Plancheron. 1990a. Anatomie des
feuilles dans les pousses polycycliques du hêtre commun (Fagus
sylvatica L.). Can. J. Bot. 68:2595–2606.

Thiébaut, B., B. Comps and E. Tessier du Cros. 1990b. Dével-
oppement des axes des arbres: pousse annuelle, syllepsie et pro-
lepsie chez le hêtre (Fagus sylvatica L.). Can. J. Bot. 68:202–211.

Tyree, M.T. 1988. A dynamic model for water flow in a single tree:
evidence that models must account for hydraulic architecture. Tree
Physiol. 4:195–217.

Tyree, M.T. and M.H. Zimmermann. 2002. Xylem structure and the
ascent of sap. 2nd Edn. Springer-Verlag, Berlin, 284 p.

Tyree, M.T., S.D. Davis and H. Cochard. 1994. Biophysical perspec-
tives of xylem evolution: is there a tradeoff of hydraulic efficiency
for vulnerability to dysfunction? IAWA J. 15: 335–360.

Woodruff, D.R., B.J. Bond and F.C. Meinzer. 2004. Does turgor limit
growth in tall trees? Plant Cell Environ. 27:229–236.

1552 COCHARD, COSTE, CHANSON, GUEHL AND NICOLINI

TREE PHYSIOLOGY VOLUME 25, 2005


