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Abstract The goal of this study is to clarify how different
aspects of plant function are coordinated developmen-
tally for species of ring-porous versus diffuse-porous
deciduous trees, comparing the timing of leaf phenology
and vessel formation in twigs and stems from an eco-
physiological viewpoint. Cylindrical stem cores and
twigs were collected at intervals from early spring
through summer from five ring-porous and five diffuse-
porous species in a cool temperate forest, and leaf and
vessel formation were observed simultaneously. We
found that the first-formed vessels of the year were lig-
nified in twigs around the time of leaf appearance and at
or before full leaf expansion of each tree in both groups
of species with flush-leaves. Vessels in stems were ligni-
fied 2 weeks before to 4 weeks after leaf appearance and
before or around full leaf expansion of the tree in ring-
porous species. This was significantly earlier than in
diffuse-porous species, in which stem vessel lignification
was 2–8 weeks after leaf appearance and at or after full
leaf expansion of the tree. The timing of vessel formation
in twigs compared to stems was significantly earlier in
ring-porous species than in diffuse-porous species. Lig-
nification of vessels in stems occurred within 2 weeks of
lignification in the twigs of ring-porous species and
2–8 weeks after lignification in twigs of diffuse-porous
species. These results indicate the order and time-lag of
leaf and vessel formation. Ring-porous species showed
intensive leaf/vessel production, whereas diffuse-porous
species showed less intensive leaf/vessel production.

Keywords Porosity Æ Leaf-emergence pattern Æ Vessel
phenology Æ Functional ecology

Introduction

In a temperate zone with four seasons, trees begin
photosynthesis and water transport in spring after win-
ter dormancy, and so spring growth is important for
trees. Temperate tree species have one of three types of
wood porosity (Wheeler et al. 1989). Ring-porous spe-
cies have considerably larger pores in earlywood than in
latewood of the previous and the same growth ring.
Diffuse-porous species have vessels of approximately the
same diameter throughout the growth ring. Semi-ring-
porous species are intermediate in character. The dif-
ferences in the size and distribution of pores lead to
differences in the efficiency of water conduction. Species
with different types of ring porosity coexist throughout
the temperate zone, and it is still unclear how ring
porosity affects species’ adaptation to their environment.
This study attempts to clarify this by examining the
relationship between leaf phenology and vessel forma-
tion.

In broad-leaved deciduous species, there is a differ-
ence in the temporal relationships of leaf phenology and
vessel formation in ring-porous and diffuse-porous spe-
cies. In ring-porous species, stem diameter begins to
increase before or at the time of leaf appearance,
whereas in diffuse-porous species it begins after leaf
appearance (Friesner 1942; Komiyama et al. 1987;
Komiyama 1991; Maruyama et al. 1992).

At the microstructural level, the onset of cambial
activity in early spring is controlled by growth hormones
(Wilcox 1962; Fahn and Werker 1990). Cell division in
bud bases begins just before or simultaneously with bud
break in both ring-porous and diffuse-porous species
(Ladefoged 1952). However, several studies (e.g.,
Wareing 1950; Ladefoged 1952) have shown that cam-
bial activity in diffuse-porous species starts at the base of
winter buds and then spreads slowly downward and that
cell division occurs more quickly in the basipetal direc-
tion in ring-porous species than in diffuse-porous spe-
cies. Therefore, cell division at the base of stems begins
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earlier in ring-porous species, a few days before or
simultaneously with bud break, whereas diffuse-porous
species do not show division at the stem base until foliage
has partly or completely expanded (Priestley and Scott
1936; Ladefoged 1952). Other studies have reported that
ring-porous species have overwintering cells (Tepper and
Hollis 1967; Zasada and Zahner 1969; Imagawa and
Ishida 1972), and that both ring- and diffuse-porous
species initiate cambial cell division simultaneously after
bud break, but overwintering cells in the cambial zone
are enlarged prior to cell division in ring-porous species
(Frankenstein et al. 2005). Thus, it is important to specify
the stage of vessel formation that is being compared
between ring- and diffuse-porous species.

After cell division and the subsequent enlargement of
vessel elements in ring-porous species, the first vessel
elements formed in the new growth ring, which are
adjacent to the annual ring border, mature 1 week be-
fore or up to 3 weeks after leaf expansion (Suzuki et al.
1996). Vessel maturation also occurs around the time of
leaf budding (Suzuki et al. 2000). In contrast, vessel
elements in diffuse-porous species mature more than a
month after leaf expansion (Suzuki et al. 1996), or
around the time of full leaf expansion (Suzuki et al.
2000). Thus, the timing of vessel maturation clearly
differs between ring-porous and diffuse-porous species.

Many previous studies of wood anatomy have not
considered the stages of leaf development or patterns of
leaf appearance. Similarly, many ecological studies have
not investigated the process of vessel formation or vessel
microstructure. To clarify the relationship between leaf
phenology and vessel formation from the ecophysio-
logical viewpoint, both traits need to be examined con-
currently to determine how they relate to photosynthesis
and water transport. Such studies in natural forests are
very limited, as are studies of seasonal changes in vessel
formation in individual trees over a year in both the
twigs and stems of ring- and diffuse-porous species.
Suzuki et al. (1996, 2000) examined seasonal vessel for-
mation in stems only, and Ladefoged (1952) examined
cell division, but not lignification, in different trees over
the course of a year.

To examine the anatomical relationship between leaf
phenology and vessel formation from an ecophysiolog-
ical viewpoint, relating photosynthesis and water trans-
port, we examined vessel lignification at the time of leaf
appearance and full leaf expansion. This study examines
the phenology of the entire tree, unlike the shoot-level
phenology of earlier studies (e.g., Marks 1975; Bicknell
1982; Kikuzawa 1983). We used an increment borer to
sample stems and to observe the phenology of vessel
lignification of trees.

This is a case study of the timing of budburst in
relation to xylem vessel development in both twigs and
stem wood for species of ring- and diffuse-porous
deciduous trees growing together in a temperate forest in
central Japan. The objective of this study is to clarify
how different aspects of plant function are coordinated
developmentally.

Materials and methods

Study site and sample trees

The study was conducted at the Kyoto University Forest
in Ashiu, Kyoto Prefecture, central Japan at 35�18¢N,
135�43¢E. This is a cool temperate forest, and the
dominant species are Fagus crenata and Quercus mon-
golica var. grosseserrata. The mean annual temperature
over 30 years (1971–2000) at the meteorological station
(356-m elevation) was 11.7 �C with mean minimum and
maximum temperatures of �0.2 and 24.2 �C, respec-
tively. Mean annual precipitation was 2,353 mm, most
of which occurred as winter snow (Forest Research
Station of Graduate School of Agriculture, Kyoto
University 2002). The study site is at 650–670 m eleva-
tion, with mean temperatures about 2 �C cooler than at
the meteorological station in 2004. The minimum tem-
peratures were �12.3 �C in 2004 and �14.7 �C in 2005
(Tyozidani Meteorological Reference Materials for
Business Use, Unpublished data). The study area com-
prised 20 m on either side of a 1-km portion of a path in
a flat-bottomed, south-facing valley. All sample trees
were thus exposed to similar weather conditions.

Sample trees (Table 1) were selected from canopy trees
of four ring-porous species, Castanea crenata, Fraxinus
mandshurica, Quercus mongolica var. grosseserrata, and
Zelkova serrata, and five diffuse-porous species, Aesculus
turbinata,Betula grossa,Cercidiphyllum japonicum, Fagus
crenata, and Pterocarya rhoifolia. In 2005, we added an-
other ring-porous species, Hovenia tomentella. Scientific
names are basedon those reportedbyHayashi et al. (1987)
except for H. tomentella (Meyer and Walker 1984).
Porosity classes were defined fromHayashi (1991), except
for H. tomentella, which was determined by visual
examination of pores. Study trees were selected from
individuals with relatively straight stems andmany leaves,
18–74 cm in stem diameter at breast height and 9–31 m
tall. All species occur naturally in Ashiu, except for
F. mandshurica, which is non-native and was planted.
Z. serrata trees were planted individuals.

Sampling

Cylindrical wood core samples (7 mm in diameter,
20 mm in length) were collected at breast height
(1.3 ± 0.2 m above ground) with an increment borer
(Mattson) from five trees of each species in 2004 and
2005 (except that in 2005, four trees were sampled for Q.
mongolica var. grosseserrata and six trees for C. japoni-
cum).

Twigs with sun leaves were collected from each tree
using 3-m-long pruners and a ladder in 2004, or 12-m-
long pruners in 2005. One tree of each species was sam-
pled in 2004 and three or more trees of each species were
sampled in 2005 (except that only one tree of H. tomen-
tella was sampled in 2005). In this study, twigs that were
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newly extended within the previous year were regarded as
1-year-old twigs. We observed vessel formation in 1-year-
old twigs in 2004 and in 1-year-old (or occasionally 2- or
3-year-old) twigs in 2005 at 0.5–1.5 cm from bud bases.
Stem cores and twigs were fixed with 3 % aqueous glu-
taraldehyde soon after sampling.

In 2004, samples were collected biweekly between
April 22 and July 1 and monthly between July 22 and
November 16, for a total of 11 samplings. In 2005,
samples were collected weekly between April 19 and 28
and biweekly between April 28 and July 21, for a total of
eight samplings.

Assessment of vessel formation

Transverse sections of 15–30 lm thickness were cut
using a sliding microtome. They were then double-

stained with 1 % safranine and 1 % fast green, in
preparation for light microscopy (Sass 1951).

Vessel development begins with cambial cell division,
followed by enlargement of vessel elements, secondary
cell wall deposition, secondary cell wall lignification, and
then disintegration of the end walls (Fukushima et al.
2003). In this study, lignification of the first-formed
vessels—those formed first in the current growth ring,
often adjacent to the annual ring border—was deter-
mined by the presence of red staining with safranine
(Takahashi et al. 2008). When double staining was
ambiguous for lignification, a phloroglucinol–hydro-
chloric acid reaction was used (Takahashi et al. 2008).
The date of lignification was recorded as the first date on
which lignification of almost all of the first-formed ves-
sels was observed.

Observation of leaf phenology

The leaves of each sample tree were observed through
binoculars (Nikon 8 · 30, 8.8�WF) and photographed
in situ on the tree and on the sampled twigs. The ob-
served phenology parameters were as follows. Leaf
appearance for a leaf was defined as when the lamina
separated from the shoot axis (Kikuzawa 1983), and full
leaf expansion for a leaf as when the leaf area ceased to
increase based on the definition of Suzuki et al. (2000).
We also distinguished flush-leaves and successive-leaves
in a tree (Kikuzawa 1983; Miyazawa and Kikuzawa
2004). The former are leaves that appear almost simul-
taneously in a short period and flush immediately after
budbreak in early spring (i.e., early leaves). The latter
are leaves that appear one by one successively over a
long period (i.e., late leaves). The type of leaf emergence
pattern of each species was determined by seasonal
observation of sample trees, and was based on the types
reported by Kikuzawa (1983): flush type, succeeding
type, and intermediate type. In this study, flush and
intermediate types were observed (Table 1). Species with
a flush-type emergence pattern had only flush-leaves,
and species with an intermediate-type emergence pattern
had both flush-leaves and successive-leaves (Table 1).
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  var. grosseserrata

Zelkova serrata

Aesculus turbinata

Betula grossa
Cercidiphyllum
                  japonicum

Fagus crenata

Pterocarya rhoifolia

Ring-porous

Diffuse-porous
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Fig. 1 Timing of lignification of the first-formed vessels in twigs
relative to the time of leaf appearance of the whole tree in 2004
(left) and 2005 (right). Numbers in parentheses indicate the numbers
of trees; filled triangles average, bar range

Table 2 Difference of five temporal traits of vessel formation between ring- and diffuse-porous species

Lignification of the first-formed vessels Ring-porous species Diffuse-porous species di (weeks)
Mean ± SE (weeks) Mean ± SE (weeks)

2004 In twigs relative to leaf appearance 0.5 ± 1.1 1.6 ± 1.0 1.1ns

In stems relative to leaf appearance 0.2 ± 1.0 5.5 ± 0.7 5.4**
In stems compared to twigs �0.6 ± 1.4 4.8 ± 1.9 5.3**
In twigs relative to full leaf expansion �2.6 ± 1.2 �1.4 ± 1.3 1.2ns

In stems relative to full leaf expansion �2.5 ± 0.7 3.0 ± 0.6 5.5**
2005 In twigs relative to leaf appearance �0.5 ± 0.5 0.6 ± 0.7 1.1**

In stems relative to leaf appearance 0.6 ± 0.7 5.9 ± 0.6 5.3**
In stems compared to twigs 0.5 ± 0.7 4.8 ± 0.7 4.3**
In twigs relative to full leaf expansion �3.1 ± 0.5 �2.0 ± 0.7 1.1*
In stems relative to full leaf expansion �1.9 ± 0.7 3.4 ± 0.8 5.3**

di difference of t-test and statistical analyses, ns non-significant
* 0.01 < P < 0.05, ** P < 0.01
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Leaf appearance and full leaf expansion at a whole-tree
level were observed in this study, and these terms are
used at the level of the whole tree throughout the rest of
this paper unless otherwise indicated. The dates of leaf
appearance and full leaf expansion for an individual tree
were recorded as the first observation date on which
almost all of the flush-leaves on the tree had appeared
and had fully expanded, respectively. Here, leaf
appearance clearly differed from full leaf expansion in
terms of the density of greenness.

Results

Timing of vessel lignification in twigs relative to leaf
appearance

Lignification of the first-formed vessels in twigs was
observed 0–2 weeks after leaf appearance in both ring-
and diffuse-porous species in 2004, and 0–2 weeks before
leaf appearance in ring-porous species and 2 weeks
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Fig. 3 Timing of lignification of the first-formed vessels in stems compared to twigs in 2004 (left) and 2005 (right). Numbers in parentheses
indicate the numbers of trees; filled circles average, bar range
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Fig. 2 Timing of lignification of the first-formed vessels in stems relative to the time of leaf appearance of the whole tree in 2004 (left) and
2005 (right). Numbers in parentheses indicate the numbers of trees; filled circles average, bar range
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before to 2 weeks after leaf appearance in diffuse-porous
species in 2005 (Fig. 1). The timing of vessel lignification
was not significantly different between ring- and diffuse-
porous species in 2004, but was significantly different in
2005 (p < 0.01, Table 2). Four of the 20 ring-porous
trees sampled showed lignification of vessels prior to leaf
appearance, although one Q. mongolica individual did
not show lignification until 2 weeks after leaf appear-
ance. On the other hand, of the 24 diffuse-porous trees,
11 showed lignification after leaf appearance, although
two samples (one A. turbinata and one F. crenata)
showed lignification prior to leaf appearance. The timing
in 2005 was somewhat earlier than that in 2004.

The timing of lignification of the first-formed vessels
in twigs was around the time of leaf appearance
(±2 weeks) in both ring- and diffuse-porous species.
Lignification of the first-formed vessels in twigs relative to
leaf appearance tended to occur 1.1 weeks earlier in ring-
porous species than in diffuse-porous species (Table 2).

Timing of vessel lignification in stems relative to leaf
appearance

Lignification of the first-formed vessels in stems was ob-
served 2 weeks before to 4 weeks after leaf appearance in
ring-porous species, and 2–8 weeks (2004) or 4–8 weeks
(2005) after leaf appearance in diffuse-porous species
(Fig. 2). Ring-porous species showed significantly earlier
vessel lignification than diffuse-porous species in both
2004 and 2005 (p < 0.01, Table 2). Of the ring-porous
species, three individuals (two Q. mongolica in 2004 and
one H. tomentella in 2005) showed lignification 4 weeks
after leaf appearance. Across all ring-porous species, 16
of 44 samples examined showed lignification after leaf
appearance. Nine of ten F. mandshurica samples and one

C. crenata (2004) had lignification 2 weeks before leaf
appearance. In contrast, among the diffuse-porous spe-
cies, two B. grossa (2004) had lignification 2 weeks after
leaf appearance, and no new vessels were observed in one
C. japonicum and one F. crenata in 2004 and one C. ja-
ponicum in 2005 (Table 1) (Takahashi et al. 2008, describe
some possible reasons for the latter occurrence).

The time of the lignification of the first-formed vessels
in stems relative to the time of leaf appearance was
5.4 weeks (2004) or 5.3 weeks (2005) earlier in ring-
porous species than in diffuse-porous species (Table 2).

Timing of vessel lignification in stems and twigs

Compared to the timing of lignification of vessels in
twigs, lignification in stems occurred 0–2 weeks earlier in
2004 or within 2 weeks in 2005 in ring-porous species
and 2–6 weeks (2004) or 2–8 weeks (2005) after in dif-
fuse-porous species (Fig. 3). Lignification was 5.3 weeks
(2004) or 4.3 weeks (2005) earlier in ring-porous species
(p < 0.01, Table 2). Three of six F. mandshurica sam-
ples had lignification in stems 2 weeks before in twigs.
Lignification of vessels in stems was later than that in
twigs in six of 20 ring-porous trees, a pattern similar to
that of all diffuse-porous trees.

Timing of vessel lignification in twigs and stems relative
to full leaf expansion

The first-formed vessels in twigs were lignified 2–4 weeks
before full leaf expansion in ring-porous species and
0–2 weeks (2004) or 0–4 weeks (2005) before full leaf
expansion in diffuse-porous species (Fig. 4). Differences in
the timing of vessel lignification between ring- and diffuse-
porous species were significant in 2005 (0.01 < p < 0.05)
but not in 2004 (Table 2). Ring-porous species showed
vessel lignification 1.1 weeks earlier than diffuse-porous
species in 2005 (Table 2). Several diffuse-porous trees had
lignification concurrent with full leaf expansion.

Lignification of vessels in stems occurred 4 weeks
before to 0 weeks after (2004) or 4 weeks before to
2 weeks after (2005) full leaf expansion in ring-porous
species, 5.5 weeks (2004) or 5.3 weeks (2005) earlier than
in diffuse-porous species (p < 0.01), which showed lig-
nification of vessels 0–6 weeks (2004) or 0–8 weeks
(2005) after full leaf expansion (Fig. 5; Table 2). Across
all of the ring-porous species, one H. tomentella showed
lignification 2 weeks after full leaf expansion.

Discussion

Summary of timing of leaf and vessel formation

Figure 6 summarizes the timing of vessel formation in
twigs and stems in relation to leaf phenology. The first-
formed vessels in twigs were lignified around the time of
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leaf appearance at the whole-tree level in the case of
flush-leaves and at or before full leaf expansion of the
tree in both ring- and diffuse-porous species, although
the timing tended to be slightly later in diffuse-porous
species (Figs. 1, 4). In almost all ring-porous species,
stem vessels were lignified starting within a short time of
leaf appearance and ending by the time of full leaf
expansion (Figs. 2, 5). F. mandshurica had the earliest
lignification, with individuals typically showing lignifi-
cation prior to leaf appearance, and H. tomentella had
somewhat later lignification. In contrast, lignification of
stem vessels in diffuse-porous species occurred long after
leaf appearance and full leaf expansion (Figs. 2, 5).
Overall, lignification of vessels in stems occurred con-

currently or soon after lignification of vessels in twigs in
ring-porous species but relatively later in diffuse-porous
species (Fig. 3). F. mandshurica had somewhat earlier
lignification in stems in relation to twigs.

Order and time-lag of leaf and vessel formation

It has generally been reported that the timing of vessel
formation in relation to leaf phenology differs between
ring-porous and diffuse-porous species. Studies on ring-
porous species have shown completion of secondary wall
deposition in stems between 1 week before and 3 weeks
after leaf expansion (Suzuki et al. 1996), or maturation
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between 1 week before and 1 week after leaf budding
(Suzuki et al. 2000), coinciding with the unfolding of the
first leaves (Priestley et al. 1933; Zasada and Zahner
1969). In diffuse-porous species, secondary wall deposi-
tion occurred 4–9 weeks after leaf expansion (Suzuki
et al. 1996). In this study, we found that lignification of
the first-formed vessels in stems occurred between
2 weeks before and 4 weeks after leaf appearance in the
case of flush-leaves in ring-porous species, and
2–8 weeks after leaf appearance in diffuse-porous species
(Fig. 2). Thus, this study confirms previous findings that
vessel formation tends to occur earlier in ring-porous
species than in diffuse-porous species.

Vessel elements in twigs begin to lignify before buds
open (Zasada and Zahner 1969), and cell division at bud
bases begins before or simultaneously with budbreak in
both ring- and diffuse-porous species (Ladefoged 1952),
indicating no difference in timing between ring- and
diffuse-porous species. However, in this study, ring-
porous species showed significantly earlier vessel for-
mation in twigs than diffuse-porous species in 2005
(Table 2). Lignification of the first-formed vessels in
twigs occurred somewhat earlier in ring-porous species
than in diffuse-porous species relative to the timing of
leaf appearance in species with flush-leaves (Fig. 1). In
relation to the timing of full leaf expansion, this study
indicated that lignification of vessels in twigs occurred
before full leaf expansion in ring-porous species and
before or concurrent with full leaf expansion in diffuse-
porous species (Fig. 4). Thus, in 1-year-old twigs
0.5–1.5 cm from bud bases, the same as in stems, there
was a difference in the timing of vessel lignification in
relation to the timing of leaf phenology between ring-
porous and diffuse-porous species.

Ladefoged (1952) showed that cell division occurs
more rapidly in the basipetal direction in ring-porous
species than in diffuse-porous species, and so there is a
relatively long period between the onset of cell division
at the bud and stem bases in diffuse-porous species. In
this study, we also found that the lignification of vessels
occurred later in stems than in twigs in both ring-porous
and diffuse-porous species, but the time-lag was longer
in diffuse-porous species (Fig. 3). Other studies have
shown that the lignification of vessels in twigs and stems
lower in the tree occurs prior to bud opening in ring-
porous species (Zasada and Zahner 1969). In this study,
the first-formed vessels in twigs were lignified by the time
of leaf appearance in nearly all of the ring-porous trees
examined (Fig. 1), while only some trees showed ligni-
fication in stems at this time (Fig. 2). This suggests that
not all of the first-formed vessels are needed for water
transport in stems at the time of leaf appearance in ring-
porous species with flush-leaves, though all of them are
needed in twigs.

The development stages of ring-porous species can be
summarized as follows: lignification of the first-formed
vessels in twigs occurs first, followed by the appearance
of flush-leaves, lignification of stem vessels, and full
expansion of leaves (occasionally lignification of stem

vessels occurs before leaf appearance). The development
stages of diffuse-porous species can be summarized as
follows: the appearance of leaves occurs first, followed
by lignification of twig vessels, full expansion of leaves,
and lignification of stem vessels (Fig. 6). The time-lag
between the lignification of the first-formed vessels in
twigs and leaf appearance is short or absent in both ring-
and diffuse-porous species, but the time-lag between the
lignification of stem vessels and nearly simultaneous
occurrences of leaf appearance and lignification of ves-
sels in twigs is short or absent in ring-porous species and
long in diffuse-porous species. The time-lag between
lignification in twigs or stems and full leaf expansion is
variable in both ring- and diffuse-porous species.

Differences in physiological traits in ring- and diffuse-
porous species

In early spring, transpiration begins in leaves as soon as
they open, and transpiration and photosynthetic
capacities increase rapidly as leaves expand and their
leaf area increases (Šesták 1985; Koike 1990; Miyazawa
and Terashima 2001; Muraoka and Koizumi 2005). This
creates a temporal relationship between leaf phenology
and vessel formation.

Almost all ring-porous species tend to lignify the first-
formed vessels in twigs before or simultaneous with the
appearance of flush-leaves and before full expansion of
the leaves (Figs. 1, 4). This suggests that the first-formed
vessels in twigs are ready for water transport by the time
transpiration is needed by flush-leaves. Further, in the
case of the tree that did not show lignification of vessels
until 2 weeks after leaf appearance, it was still prepared
for water transport before leaves reached maximal
transpiration.

In contrast to vessels in twigs, vessels in the stems of
ring-porous species were lignified 0–4 weeks after (or
somewhat before) the appearance of flush-leaves and
before or concurrently with full expansion of these
leaves (Figs. 2, 5). This suggests that the first-formed
vessels in stems are prepared to transport water while the
transpiration and photosynthetic capacities of the leaves
are rapidly increasing during leaf expansion. It is vital
that trees complete the first-formed vessels in twigs and
stems before near maximal transpiration is reached at
the time of full leaf expansion, because wide vessels
transport water only in the year they develop (Greenidge
1955; Chaney and Kozlowski 1977; Ellmore and Ewers
1986; Utsumi et al. 1999; Umebayashi et al. 2008). At
temperatures that occur at the present study site, the
wide vessels of ring-porous species may become embol-
ized by the freezing of xylem (Zimmermann 1964; Sperry
et al. 1994; Utsumi et al. 1996). Thus, all of the first-
formed vessels in twigs and stems prepare to transport
water by the time when the flush-leaves reach near-
maximal rates of transpiration, and allow photosynthe-
sis to proceed smoothly. In H. tomentella, the first stem
vessels are not prepared for transporting water until
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0–2 weeks after the leaves have fully expanded. This
may be related to the phenology of successive-leaves
produced after flush-leaves open (unpublished data).

In diffuse-porous species, lignification of twig vessels
occurred within 2 weeks of leaf appearance and at or
before full leaf expansion (Figs. 1, 4). This suggests that
the first-formed vessels in twigs prepare to transport
water while transpiration and photosynthesis are rapidly
increasing, and are functional by the time the near-
maximum capacity of the leaves is reached. This is
similar to the stems of ring-porous species.

Diffuse-porous species did not show lignification of the
first stem vessels until 2–8 weeks after the appearance of
flush-leaves (Fig. 2). Other studies have shown that the
lignification of stem vessels occurred around the time of
full leaf expansion in diffuse-porous species (Suzuki et al.
2000). However, the present study found that lignification
of stem vessels did not occur until several weeks (up to 8)
after full expansion of these leaves (Fig. 5). This suggests
that the first stem vessels in these species prepare to
transport water after the transpiration and photosyn-
thetic capacities of these leaves have increased to near-
maximal levels. Diffuse-porous species can do this be-
cause vessels in several outer rings, not just the current
year’s ring, can transport water (Greenidge 1955; Chaney
and Kozlowski 1977; Utsumi et al. 1998; Umebayashi
et al. 2008). Thus, the first-formed vessels in twigs are
prepared to transport water by the time transpiration
needs are near-maximum. Stem vessels are prepared after
the rapid increase in transpiration and allow photosyn-
thesis to proceed at a steady rate.

In summary, the ring-porous species produce single-
year leaves and most functional vessels intensively in a
short period; whereas the diffuse-porous species produce
single-year leaves and multiple-year vessels less inten-
sively.

This study clarified the relationship between the timing
of vessel formation and leaf phenology in early spring in
ring-porous and diffuse-porous species. Diffuse-porous
and ring-porous species generally followed similar pat-
terns of vessel-leaf phenology within each group. The
diffuse-porous species P. rhoifolia has wider early vessels
than other diffuse-porous species, but still followed the
same patterns as other diffuse-porous species. On the
other hand, there were some fluctuations by species or by
year within ring- or diffuse-porous species. It is unclear
why some individuals of F. mandshurica or H. tomentella
formed vessels in stems earlier or later than other ring-
porous trees. Similarly, the timing of vessel formation in
twigs fluctuated between the years. It is also unclear how
these patterns in the timing of vessel formation compare
to those in trees with other types of wood porosity, such
as semi-ring-porous species. More studies are needed to
clarify the relationships between the timing of vessel
formation and leaf phenology of species with different
wood porosities in different climatic regions.
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