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Chapter 1 General introduction

1.1 Introduction

In a temperate zone with four seasons, trees Ipwitosynthesis and water transport in
spring after winter dormancy, and so spring growiimportant for trees. Both leaves and vessels
start to develop in the spring and hence it isyafketor for each species to decide when to form
photosynthetic and water conducting organs. In tustext, the association between leaf
expansion and vessel formation has been discugseatious researchers (e.g., Ladefoged 1952;
Lechowicz 1984; Begum et al. 2013; Panchen et(dl4p

In temperate trees, woody tissue is characterigedne of three types of porosity
(Wheeler et al. 1989); in phenological phase, ppgaus species form wider vessels in the early
phase of annual ring formation and then form naerowessels; diffuse-porous species form
vessels with similar diameter across the annugl sami-ring-porous species are intermediate in
character. In addition to these three types, rggbabus wood is characterized by vessels in radial
alignment (Wheeler et al. 1989; Hayashi 1991; 1&195). The differences in the size and
distribution of pores lead to differences in thigcgfncy of water conduction.

The timing of vessel formation and leaf emergediffers between ring-porous and
diffuse-porous trees growing in the same area (WW@r£950, 1951; Ladefoged 1952; Suzuki et
al. 1996, 2000; Frankenstein et al. 2005). Radialvth begins before or at the time of leaf
appearance in ring-porous species, whereas it beafter leaf appearance in diffuse-porous
species, revealed by terms of diameter growth $reEe1942; Komiyama et al. 1987; Komiyama
1991; Maruyama et al. 1992), cambial activity (Bttey and Scott 1936; Ladefoged 1952), and
the first-formed vessels maturation (Suzuki et18196, 2000). Studies of seasonal changes in
vessel formation in evergreen species are verytdomiThe ring-porous evergreepecies,
Castanopsis sieboldii, and the radial-porous evergreen spediéocarpus edulis, have been
reported to complete secondary wall depositionhia $tems at the time of leaf appearance
(Hirano 1998).

Many previous studies of wood anatomy have notsictamed the stages of leaf

development or patterns of leaf appearance. Coelyersnany ecological studies have not
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investigated the process of vessel formation oselemicrostructure. To clarify the relationship
between leaf phenology and vessel formation froengbophysiological viewpoint, both traits
need to be examined concurrently to determine Hoay trelate to photosynthesis and water
transport. Such studies in natural forests are ligniyed, as are studies of seasonal changes in
vessel formation in individual trees over a yearbinth the twigs and stems of ring- and
diffuse-porous species. Suzuki et al. (1996, 2@3@mined seasonal vessel formation in stems
only, and Ladefoged (1952) examined cell divisioat, not lignification, in different trees over
the course of a year. In addition, it is importémtspecify the stage of vessel formation for
discussing the difference in xylem formation betweag- and diffuse-porous species. Previous
studies have reported that ring-porous species txaevintering cells (Tepper and Hollis 1967;
Zasada and Zahner 1969; Imagawa and Ishida 19@)that both ring- and diffuse-porous
species initiate cambial cell division simultandguwfter bud break, but overwintering cells in
the cambial zone are enlarged prior to cell divisio ring-porous species (Frankenstein et al.
2005).

| attempt to clarify how plant functions relatipgotosynthesis and water transport are
coordinated developmentally for species with défer porosity and vessel arrangement,
comparing the timing of leaf phenology and vessehmftion in twigs and stems from an
ecophysiological viewpoint. Species with differappes of porosity and vessel arrangement
coexist throughout the temperate zone, and itlisistlear how porosity and vessel arrangement
affects species’ adaptation to their environmetter€&fore, | also attempt to clarify this by

determining how different aspects of plant functima coordinated developmentally.

In research of examining the relationship betweah phenology and vessel formation,
sampling is always problematic because frequenm&xtion to trace the periodic process of
vessel formation may cause considerable damagdeettreées studied. Chapter 2 described the
increment borer method and vessel lignificatiodiffuse-porousCercidiphyllum japonicum and
ring-porousZelkova serrata, in detail. The degree of tree wounding, simpfiat collecting wood
core samples, and quality of wood core samplesirddawith an increment borer are

investigated.



Chapter 3 attempts to clarify how ring porosityeats species’ adaptation to their
environment for species of ring- and diffuse-pordasiduous trees in a temperate forest where
both types of species grow in the same forest stapdietermining the temporal relationship
between leaf phenology and vessel formation in $wdgd stems, relating photosynthesis and
water transport.

To elucidate the functional linkage between irgraual changes in vessel diameter and
leaf emergence pattern, | examined the temporafioglships between vessel formation and leaf
phenology throughout the early stage to the latyesof annual ring formation in ring-porous
trees and compared them with those in diffuse-portoees in temperate deciduous forests in
Chapter 4.

In Chapter 5, seasonal relationship between lgpéarance and twig and stem vessel
formation was studied in evergreen and decidu@mesdpecies with different porosity and vessel
arrangement in a temperate forest, where all speg®w in the same forest stand. This chapter
attempts to clarify how different leaf habits aratiation in porosity and vessel arrangement link
to species’ adaptation to their environment.

Below, study sites and sample trees examinedphservation of leaf phenology were

described.

1.2 Study sites and sample trees
1.2.1 Ashiu Forest Research Station

The study was conducted at the Kyoto UniversityeBbin Ashiu, Kyoto Prefecture,
central Japan at 35°1M8 135°43E. This is a cool temperate forest, and the donigspecies are
Fagus crenata andQuercus mongolica var. grosseserrata. The mean annual temperature over 30
years (1971-2000) at the meteorological statior6{{85elevation) was 11.7 °C with mean
minimum and maximum monthly temperatures of —-0.@ 24.2 °C, respectively. Mean annual
precipitation was 2,353 mm, most of which occuredvinter snow (Forest Research Station of

Graduate School of Agriculture, Kyoto University (). The study site is at 650-670 m



Table 1-1Description of sample trees in Ashiu, includingrditer at breast height, tree height, and numbeees during 2004 and 2005.

Porosity SpecieE Family Leaf Branchind Transition DBH®(cm) Tree height (m) Number of trees (trees)
emergence between pore
patterf§ and non-pore twig stem
zone Years: 2004 2005 2004 2005 2004 2005 2004 2005
Ring-  Quercusmongolica Fisch. ex Ledeb. var. Fagaceae Flush Monopodial Abrupt 28-428-39 1322 1322 1 3 5 4
porous grosseserrata (Blume) Rehder & E.H.Wilson
Zelkova serrata (Thunb.) Makino Ulmaceae Flush Monopodial Abrupt 21-301-3p  13-15 13-15 1 4 5 5
Castanea crenata Siebold & Zucc. Fagaceae Intermediate  Sympodial Giadua 18-59 21-56 12-21 12-21 1 3 59 5
Fraxinus mandshurica Rupr. Oleaceae Intermediate Monopodial Gradual 20-313R0- 13-17 13-17 1 5 5 5
Hovenia tomentella (Makino) Nakai Rhamnaceae Intermediate  Sympodial Gidadua - 18-38 - 13-24 - 1 - 5
Diffuse-  Aesculusturbinata Blume Hippocastanaceae Flush Monopodial 19-44 19-44  9-19%14 1 5 5 5
porous Fagus crenata Blume Fagaceae Flush Monopodial 41-50 41-50 14-21 14-211 3 sh 5
Betula grossa Siebold & Zucc. Betulaceae Intermediate  Sympodial 20-20-34  13-18 13-18 1 4 5 5
Cercidiphyllumjaponicum Siebold & Zucc. Cercidiphyllaceae Intermediate Symabd 19-65 19-74 9-28 9-31 1 3 N 6"
Pterocarya rhoifolia Siebold & Zucc. Juglandaceae Intermediate  Monopodial 3-32 17-34 17-20 18-20 1 4 5 5

%Porosity classes were defined as in Hayashi (18Xtgpt folHovenia tomentella, which was determined by visual examination ofeg:

PScientific names are based on those reported bgdiiaet al. (1987) except fHovenia tomentella (Meyer and Walker 198«

“The type of leaf emergence pattern of each speeiesietermined by seasonal observation of treeérspas, and was based on the types reported by Kika£1983
dBranching of each species was determined by selaslservation of tree specimens, and was baseleotypes reported by Kikuzawa (1983) and Yagi (f
‘Diameter at breast heig
foneQuercus mongolica var.grosseserrata tree had Japanese oak wilt in autumn 2005, alth¢eayes and vessels continued to form until laterser
90neCastanea crenata tree had heartwood decay, but leaves and vesseisiged to form in 200

"No current-year vessels were observed inCercidiphyllum japonicum tree and onFagus crenata tree in 2004, and in orCercidiphyllumjaponicum tree in 200¢



elevation, with mean temperatures about 2 °C cdbken at the meteorological station in 2004.
The minimum temperatures were —12.3 °C in 2004 afd.7 °C in 2005 (Tyozidani
Meteorological Reference Materials for Business ,Udapublished data). The study area
comprised 20 m on either side of a 1-km portioa phth in a flat-bottomed, south-facing valley.
All sample trees were thus exposed to similar weratbnditions.

Sample trees (Table 1-1) were selected from cat@gg of four ring-porous species,
Castanea crenata, Fraxinus mandshurica, Quercus mongolica var. grosseserrata, andZelkova
serrata, and five diffuse-porous specielesculus turbinata, Betula grossa, Cercidiphyllum
japonicum, Fagus crenata, and Pterocarya rhoifolia. In 2005, | added another ring-porous
species,Hovenia tomentella. Scientific names are based on those reported byastayet al.
(1987) except foH. tomentella (Meyer and Walker 1984). Porosity classes werenddfifrom
Hayashi (1991), except fot. tomentella, which was determined by visual examination ofgor
Study trees were selected from individuals witlatigely straight stems and many leaves, 18-74
cm in stem diameter at breast height and 9-31ImAdkpecies occur naturally in Ashiu, except
for Fraxinus mandshurica, which is non-native and was plant&d.serrata trees were planted

individuals.

1.2.2 Kamigamo Experimental Forest Station

The study was conducted in a secondary forestoiddous and evergreen trees in
Kamigamo Experimental Forest Station (35M4135°46E, 109-225 m above sea level), Kyoto
University, Kyoto Prefecture, Japan. The mean arteogperature of a 30-year period from 1976
to 2005 was 14.7°C with the highest temperaturemes! in August (31.8°C) and the lowest in
January (—0.9°C). The mean annual precipitation W&23 mm. Environmental data was
obtained from the Forest Research Station of Gtadbehool of Agriculture, Kyoto University
(2007).

Sample trees (Table 1-2) with six different typésporosity and vessel arrangement
from nine species were selected: the ring-porowsddeus Quercus serrata; diffuse-porous
deciduous Liquidambar  styraciflua;  semi-ring-porous  deciduous Acanthopanax

sciadophylloides; ring-porous evergreerCastanopsis cuspidata; diffuse-porous evergreen
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Cinnamomum camphora, llex pedunculosa, and Symplocos prunifolia; and radial-porous
evergreenQuercus glauca and Quercus myrsinaefolia. Scientific names used as reported by
Hayashi et al. (1987). Classes of porosity andelemsangement in this study were defined as
suggested by Hayashi (1991) and Itoh (1995, 13&gpt ofL. styraciflua that was determined
by visual examination of poresl characterized Acanthopanax sciadophylloides as
semi-ring-porous species following the classifioatdescribed by Itoh (1998), although Hayashi
(1991) determinedcanthopanax sciadophylloides as ring-porous species. | observed that vessels
of the pore-zone were narrowerApanthopanax sciadophylloides compared to other ring-porous
species; in additionAcanthopanax sciadophylloides often had the same porosity as of
diffuse-porous species. Study trees were selectad fndividuals with a diameter at breast
height ranged between 12 and 56 cm, a height batWead 29 m, and relatively straight stems.

L. styraciflua andQ. myrsinaefolia individuals were planted trees.

Table 1-2Description of sample trees in Kamigamo

Leaf habit Vessel arrangemé’ Specieh Family DBH® Tree height Number of trees (trees)
(cm) (m) twig stem
Deciduous Ring-porous Quercus serrata Thunb. Fagaceae 22-36 8-14 3 5
Diffuse-porous Liquidambar styraciflua L. Hamamelidaceae 22-56 22-29 4 6
Semi-ring-porous Acanthopanax sciadophylloides Fr. et Sav. Araliaceae 16-29 7-17 5 6
Evergreen Ring-porous Castanopsis cuspidata (Thunb.) Schottky Fagaceae 12-56 7-26 3 3
Diffuse-porous Cinnamomum camphora Sieb. Lauraceae 29-45 15-19 3 3
llex pedunculosa Mig. Aquifoliaceae 19-24 8-11 4 5
Symplocos prunifolia Sieb. et Zucc. Symplocaceae 19-24 7-9 5 5
radial-porous Quercus glauca Thunb. Fagaceae 20-44 11-17 4 5
Quercus myrsinaefolia Blume Fagaceae 22-53 15-20 4 5

%Classes of vessel arrangement were defined as suggesteayhghil (1991) and Itoh (1995, 1998), exceptLofuidambar styraciflua that was
determined by visual examination of pores. We charactériaeanthopanax sciadophylloides as semi-ring-porous species following Itoh
(1998) classification, though Hayashi (1991) determirednthopanax sciadophylloides as ring-porous species. We observed that vesdels
the pore-zone were narrower icanthopanax sciadophylloides compared to other ring-porous species and sometimes itsippwas similar
to diffuse-porous species.

PScientific names are based upon the report of Haydsl. (1987
‘Diameter at breast heig

1.3 Observation of leaf phenology
Leaves of each sample tree were examined usirggigrs (Nikon 8 x 30, 8.8° WF;
Tokyo, Japan) and photographieditu on the trees and sampled twigs. | distinguishéda/éden

flush leaves and successive leaves (Kikuzawa 188@azawa and Kikuzawa 2004). Flush
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leaves (i.e., early leaves) appear almost simuliasig in a short period immediately after
budbreak in early spring, whereas successive le@weslate leaves) appear gradually over a
longer period.

The type of leaf emergence pattern, i.e., flualgceeding, or intermediate was
determined for each species by seasonal obsersatiod using the criterion defined by
Kikuzawa (1983). | observed only flush and interraéglemergence patterns (Table 1-1). Species
with flush-type emergence had flush leaves onlyenghs species with intermediate-type
emergence had both flush and successive leaves.

The following phenological parameters were obsdrieaf appearance was defined as
the time at which the lamina separated from the@shris (Kikuzawa 1983), and full leaf
expansion was defined as the time at which leaf as judged to have increased (Suzuki et al.
2000). The following terms refer to the whole-tleeel in this paper, unless indicated otherwise,
unlike the shoot-level phenology of earlier studeg., Marks 1975; Bicknell 1982; Kikuzawa
1983). “The beginning of leaf appearance” indicdled at least one flush leaf had appeared;
“completion of leaf appearance,” almost all flushtes had appeared; “full leaf expansion,” most
of the flush leaves had fully expanded (also uskdmsuccessive leavestoftomentella had
fully expanded after the end of shoot elongatiany “the end of shoot elongation,” the point at
which new successive leaves stopped appearindnefgnd of shoot elongation, species with
sympodial branching dropped their shoot-tips, gret®s with monopodial branching produced
winter buds, but no new leaves appeared. The dagsch phenological stage for individual trees
were recorded as the first date on which each stageobserved. Leaf appearance stages clearly

differed from the full leaf expansion stage in thiensity of greenness.



Chapter 2 Examination of wood sampling method withncrement borer:

An investigation of seasonal changes in vesseatdtion

2.1 Introduction

To examine the relationship between leaf phenobogyvessel formation, the periodic
process of vessel formation is traced. The sampknglways problematic because frequent
examination to trace the periodic process of vessaiation may cause considerable damage to
the trees studied.

In anatomical studies, two methods, periodical dangmf wood blocks (cambial block
method) and cambial marking, have been used. lnghwial marking method, a small wound is
inflicted periodically on the cambium with a pimife, or other tools; wood blocks including
marking positions are then collected. By this mdihhe radial increment of the xylem between
the marked periods is recognized. This techniqueaviginally developed by Wolter (1968) and
investigated extensively by Kuroda et al. (1984a1985). It has been used to measure radial
increments of tropical trees (Shiokura 1989; Nobetlkl. 1995; Callado et al. 2001; Mukogawa
et al. 2003) and temperate trees (Nobuchi et &3lBecause the markings cause only small
wounds, more marks can be made within a small af@astem. However, there is a time lag
between the date of marking and the time for tesug around the mark to form completely.
Consequently, the analysis of anatomical featueesimes more complicated.

In the cambial block method, samples are collettgdutting off small cubic wood
blocks containing bark, phloem, cambium, and xyleimg a chisel or knife. This method has
been used to measure the growth dynamics of trippésss (Fujii et al. 1999) and to trace cambial
activity and vessel formation (Wareing 1951; Ladgfd 1952; Imagawa et al. 1970, 1972a, b;
Wakuta et al. 1973; Suzuki et al. 1996, 2000; Faatal. 1997). It has the advantage that cambial
activity can be observed, although it takes manetand effort for sampling and processing, and
sample trees receive larger wounds.

For periodical and frequent sampling of a treegss Idestructive and more convenient
sampling method is necessary. | used an increnwet ko collect wood core samples to reduce

damage and sampling effort. The increment borer g@mmon tool in tree ring research. The
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method has been used for analyses of dendrochgndf@arrer et al. 2007), stem growth
(Nishizawa 1955; Toda et al. 1995), histochemigiMpbuchi et al. 1976, 1979, 1986), and
seasonal changes in vessel formation (Ladefoged; Fanti et al. 2007). Increment borers are
not usually used in analyses of cambial activigcduse the cambial zone is often destroyed.
However, for the analysis of the time course ofseéformation from the viewpoint of water
conduction, sampling with an increment borer issidered useful. Ladefoged (1952) used
increment boring to trace seasonal changes in iisseation, but did not provide a detailed
description.

This paper describes the increment borer methddtial. The degree of tree wounding,
simplicity of collecting wood core samples, and ldgyaf wood core samples obtained with an

increment borer were investigated.

2.2 Materials and methods
2.2.1 Sampling
Cercidiphyllum japonicum (diameter at breast height [DBH] = 19-65 cm, tnegght [H]
= 9-28 m) andZelkova serrata (DBH = 21-30 cm, H = 13-15 m) were used as diffused
ring-porous wood species, respectively. Five tr@fesach species were selected at the Ashiu

Forest Research Station (Chapter 1). The desanptib sample trees are listed in Table 2-1.

Table 2-1Description of sample trees and the dates of Vésseation.

Tree DBH? H? The dates of vessel formation
Species Porosity
number (cm) (m) 22 or23 Apr 6 or 7 May 22 May 3June urel
Cercidiphyllum Diffuse-porous Cj-242 19 9 as pe c®
japonicum Cj-243 32 18 a a b c
Cj-244 65 28 a a a b c
Cj-245 62 27 a a b c
Cj-246 42 24 a a a a a
Zelkova Ring-porous Zs-202 30 15 p* ¢ d* et
serrata Zs-203 22 13 at c d e
Zs-204 21 14 b c d e
Zs-205 30 13 a b cd e
7s-206 24 14 b c d e

"'DBH: Diameter at breast height?H: Tree height.Vessel formation ofCercidiphyllum japonicum. a; No
vessels are evident. b; The first-formed vessels adjaoghttannual ring border (the first-formed vessels) are
enlarged. c; All first-formed vessels take shape with thegpession of their lignification.“Vessel formation

of Zelkova serrata. a; The first-formed wide vessels adjacent to the annuglbrder (the first-formed wide
vessels) are enlarged. b; Some first-formed wide vessel$ignified and others are not. c; All first-formed
wide vessels take shape with the progression of their ligatibn. d; The first-formed narrow vessels in the
non-pore zone are enlarged but not yet lignified. e; Alltfirmed narrow vessels in the non-pore zone are
lignified.



Cylindrical wood core samples (7 mm in diameterp# in length) were collected with
an increment borer (Mattson, Mora, Sweden; Fig) 2dar breast height (1.3 + 0.2 m above
ground) facing south whenever possible, but from tipper side of slope when trees were
growing on a steep slope, and fixed with 3% aqueglutaraldehyde. The holes caused by
sampling were about 8 mm in diameter and about &bimdepth (Fig. 2-2). The horizontal
distance between holes was set at least 20 mm. dpast distance is sufficient to avoid the
influence of previous wounding, based on a previstusly (Okada et al. 1993) in which the
discoloration caused by wounding was 5 mm in thgeatial direction 4 months after boring. No
visual influence of the wound response after samgplsuch as abnormal tissue formation, was
observed.

Sample collection was carried out biweekly (on 22® April, 6 or 7 and 22 May, 3 and

17 June 2004). All holes were plugged with silicesin immediately after each sampling.

Fig. 2-1 Collecting a wood core sample with an inaatrborer near breast height.
Fig. 2-2 Sampling hole (diameter: ~8 mm, depth: r22B).

Fig. 2-3 Transverse sections of wood around thercan@ual ring in a diffuse-
porous treeCercidiphyllumjaponicum. (a) No vessels are evider@j(243, 23 April
2004). (b) The vessels first formed next to theuahming border (the first-formed
vessels) are enlarged, but not yet lignified (gaeypw; Cj-243, 22 May 2004). (c)
All first-formed vessels are lignified (black arrp@j-243, 3 June 2004).

Fig. 2-4 Transverse sections of wood around therarteual ring in a ring-porous
tree, Zelkova serrata. (a) The wide vessels first formed next to the ahrring
border (the first-formed wide vessels) are enlardgad, not yet lignified (gray
arrow; Zs-203, 22 April 2004). (b) Some first-formed wide seks are lignified
(black arrow) and others are not (gray arr@s204, 22 April 2004). (c) All first-
formed wide vessels are lignified (black arrd:203, 6 May 2004). (d) The first-
formed narrow vessels in the non-pore zone aregedaibut not yet lignified (gray
arrow; Zs-203, 3 June 2004). (e) All first-formed narrow \&ssin the non-pore
zone are lignified (black arrovigzs-203, 17 June 2004).

Fig. 2-5 Transverse sections of wood around theroat®ual ring with the
phloroglucinol-hydrochloric acid reaction in a dife-porous treeCercidiphyllum
japonicum and a ring-porous tre@glkova serrata. (a) The vessels first formed next
to the annual ring border (the first-formed vegsats enlarged, but not yet lignified
(gray arrow;Cj-243, 22 May 2004). (b) All first-formed vessels &gmified (black
arrow; Cj-243, 3 June 2004). (c) The first-formed wide vesseé enlarged, but not
yet lignified (gray arrowZs-203, 22 April 2004). (d) All first-formed wide veals
are lignified (black arrowZs-203, 6 May 2004).

Fig. 2-6 Double-stained transverse section contgipimoem and cambium (arrow;
cambium, arrowhead; sieve tub€j-44, 7 May 2004). 10
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2.2.2 Assessment of vessel formation

Vessel development begins with cambial cell divisiollowed by enlargement of vessel
elements, deposition and lignification of the satayy cell wall, and disintegration of the end
walls (Imagawa and Ishida 1972; Wakuta et al. 1%8ushima et al. 2003; Fromm 2013). |
assessed lignification of the first-formed vessefsich formed first in the current growth ring,
often adjacent to the annual ring border, by rathstg (Sass 1951; Imagawa and Ishida 1972).

Wood core samples were cut into 5-10 mm long setgnenthe radial direction.
Transverse sections (15-30n in thickness) were cut using a sliding microto(Yamato
TU-213; Saitama, Japan) equipped with a freezing double-stained with 1% safranine (in
50% ethanol, about 20 min) and 1% fast green (# 88hanol, about 1 min), dehydrated with an
ethanol series (50, 70, 80, 90, 95, and 100%)nettraplaced with xylene, and then mounted in
Canada balsam on glass slides (Sass 1951) forrigirbscopy (Olympus BX-50-32; Tokyo,
Japan). Staining with safranine served as an appat& method to judge the lignification of the
vessels. In addition, the result of double stainiriidy safranine and fast green was compared to

that of the phloroglucinol-hydrochloric acid reacti

2.3 Results and Discussion
2.3.1 Observation of the time course of vessel &iion

In Cercidiphyllum japonicum (Cj-243), a diffuse-porous species, formation of vissse
was not observed on 23 April (Fig. 2-3a); enlargenuf the first-formed vessels was observed
next to the annual ring border on 22 May (the fiostmed vessels; Fig. 2-3b). All first-formed
vessels developed with progression of their ligaifion on 3 June (Fig. 2-3c). From these
observations, it was evident that lignificationadiffirst-formed vessels started after 22 May but
before 3 June. The process of vessel formatio@ji242, -244 and -245, but not -246, was
basically the same as that ©j-243 (Fig. 2-3, Table 2-1). All first-formed vessettarted
secondary cell wall lignification between 22 Maydah7 June inCercidiphyllum japonicum
(Table 2-1). InCj-246, no vessels were formed in the stem betweelp2iBand 17 June (Table
2-1), although this tree flushed many new leavdg fieason for this is not clear; however, |

consider that this tree might have transported ghavater to evaporate from the leaves without
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the need for new vessels, or that some new vessglg have been formed in the stem facing
directions in which wood core samples were noeotéd. This tree had a large diameter at breast
height and it is known that water is transportedulgh vessels of several outer growth rings in
the stem of diffuse-porous trees (Kozlowski etl@63), such a€ercidiphyllum japonicum.

In Z. serrata (Zs-203), a ring-porous species, the enlargement efitht-formed wide
vessels was initially observed on 22 April (Figd&), while in another tre@$-204), lignification
of some first-formed wide vessels was observednbuiof others, on 22 April (Fig. 2-4b); all
first-formed wide vessels took shape with progi@ssif their lignification on 6 May (Fig. 2-4c).
Enlargement of the first-formed narrow vesselshim mon-pore zone was observed, but without
lignification, on 3 June (Fig. 2-4d). Then, ligwe#ition of all first-formed narrow vessels in the
non-pore zone was observed on 17 June (Fig. Z-4@n these observations, it was evident that
lignification of all first-formed wide vessels stedl after 22 April but before 6 May, while
lignification of narrow vessels in the non-pore edregan after 3 June but before 17 June. The
process of vessel formation #$-202, -204, -205, and -206 was basically the samthat in
Zs-203 (Fig. 4, Table 2-1), although the first-formetle vessels were all unlignified in some
trees and occasionally unlignified in the others tmeeks before all first-formed wide vessels
took shape with progression of their lignificati@md unlignified first-formed narrow vessels in
the non-pore zone were observed when all first-&afwide vessels were lignified 3-205. All
first-formed wide vessels started secondary célll kgaification between 6 May and 22 May in
Z. serrata (Table 2-1).

Comparing the development of the first-formed vissdeetween Cercidiphyllum
japonicum andZ. serrata, the former, a diffuse-porous species, tendsadyace the first-formed
vessels later and with more variation in timingdefzelopment among individuals than does the
latter, which is ring-porous. This suggests that difference in timing and variation in vessel
formation between the two species is related tieihces in their life strategies.

Therefore, vessel formation of the stems in diffussed ring-porous trees could be traced
using samples collected with an increment boree. ilibrement borer method was later applied to
five diffuse-porous and five ring-porous specibs, tesults of which will be described in separate

chapters.
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2.3.2 Quality of judging vessel lignification

The result of double staining with safranine anst fgreen was compared to that of the
phloroglucinol-hydrochloric acid reaction. In priaet, the same results were found for the two
methods when they were applied to transverse sectibthe same sample. For example, when
the first-formed vessels were not stained withasafre Cercidiphyllum japonicum Fig. 2-3b.Z.
serrata Fig. 2-4a), they were also not stained with phitwoinol-hydrochloric acid
(Cercidiphyllum japonicum Fig. 2-5a,Z. serrata Fig. 2-5¢), and when they were stained with
safranine Cercidiphyllumjaponicum Fig. 2-3c,Z. serrata Fig. 2-4c), they were also stained with
phloroglucinol-hydrochloric acidGercidiphyllum japonicum Fig. 2-5b,Z. serrata Fig. 2-5d).
Based on a comparison of the results, the doublaisg method is considered to be applicable to

investigations of vessel formation, including thmihg of vessel lignification.

2.3.3 Examination of sample quality

The outermost part of a core sample including tak land cambial zone was often
detached from the sample during extraction of tbedvwcore samples from the increment borer,
or while cutting transverse sections using a sfjdimcrotome, especially during the growing
season, although sometimes it was not detached.(Bi@b, c). Therefore, it is not usually
suitable to observe periodic changes in cambiavigct Thus, the increment borer method has
not been used to trace wood formation. Main purpdskis study was to determine the timing of
vessel formation, especially its lignification. Rbis reason, wood core samples collected with an
increment borer even without a cambial zone canseel.

Observation of transverse sections revealed thatailly lignified vessels, and even the
unlignified vessels, remained in the outermost pttie section, as shown in Figs. 2-3b and 2-4a,
b, d (gray arrow). This result concurred with thservations reported by Priestley et al. (1933).
In addition, transverse sections cut from the sampf the bark and cambial zone detached from
the wood showed no vessels in this side (Fig. Z48)wvever, care should be taken in judging

whether a vessel element can conduct water basetieosafranine-stained secondary wall,
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because vessel elements with thick secondary safieetimes retain cytoplasm. Observation of
the radial section is helpful when it is uncertaimether a vessel element functions.

The negative effect of taking samples with an im@et borer is small, and sample trees
were still viable 2 years after boring. Therefaressel formation could be traced in such viable

sample trees.
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Chapter 3 Relationship between the timing of vefksehation and leaf phenology in ten

ring-porous and diffuse-porous deciduous tree sgeci

3.1 Introduction

In broad-leaved deciduous species, there is ardifte in the temporal relationships of
leaf phenology and vessel formation in ring-porand diffuse-porous species. Stem diameter
begins to increase before or at the time of legeapance in ring-porous species, whereas it
begins after leaf appearance in diffuse-porousispd&riesner 1942; Komiyama et al. 1987,
Komiyama 1991; Maruyama et al. 1992).

At the microstructural level, the onset of cambietivity in early spring is controlled by
growth hormones (Wilcox 1962; Fahn and Werker 19@@Jl division in bud bases begins just
before or simultaneously with bud break in bothgfporous and diffuse-porous species
(Ladefoged 1952). However, several studies havevshtbat cambial activity (e.g., Wareing
1950; Ladefoged 1952) and radial growth (Priest&yScott 1936; Wareing 1950) in
diffuse-porous species starts at the base of winids and then spreads slowly downward and
that cell division occurs more quickly in the bagl direction in ring-porous species than in
diffuse-porous species. The cambium in ring-poroeiss became highly sensitive to extremely
low indole-3-acetic acid stimulation during theirotution from diffuse-porous species (Aloni
2013). Therefore, cell division at the base of stdragins earlier in ring-porous species, a few
days before or simultaneously with bud break, waerdiffuse-porous species do not show
division at the stem base until foliage has pastlycompletely expanded (Priestley and Scott
1936; Ladefoged 1952). Other studies have repditEding-porous species have overwintering
cells (Tepper and Hollis 1967; Zasada and Zahn@®;litnagawa and Ishida 1972), and that both
ring- and diffuse-porous species initiate cambdll division simultaneously after bud break, but
overwintering cells in the cambial zone are enldrgeor to cell division in ring-porous species
(Frankenstein et al. 2005). Thus, it is importanspecify the stage of vessel formation that is
being compared between ring- and diffuse-porousiepe

After cell division and the subsequent enlargenténtessel elements in ring-porous

species, the first vessel elements formed in tegrewth ring, which are adjacent to the annual
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ring border, mature 1 week before or up to 3 wesdker leaf expansion (Suzuki et al. 1996).
Vessel maturation also occurs around the timeadfdppearance (Zasada & Zahner 1969; Suzuki
et al. 1996, 2000; Sass-Klaassen et al. 2011)ohirast, vessel elements in diffuse-porous
species mature more than a month after leaf expauiSiuzuki et al. 1996), or around the time of
full leaf expansion (Suzuki et al. 2000). Thus, timing of vessel maturation clearly differs
between ring-porous and diffuse-porous species.

Many previous studies of wood anatomy have notsicemed the stages of leaf
development or patterns of leaf appearance. Similanany ecological studies have not
investigated the process of vessel formation oselemicrostructure. To clarify the relationship
between leaf phenology and vessel formation froengbophysiological viewpoint, both traits
need to be examined concurrently to determine Hoay trelate to photosynthesis and water
transport. Such studies in natural forests are ligniyed, as are studies of seasonal changes in
vessel formation in individual trees over a yearbinth the twigs and stems of ring- and
diffuse-porous species. Suzuki et al. (1996, 2@3@mined seasonal vessel formation in stems
only, and Ladefoged (1952) examined cell divisioat, not lignification, in different trees over
the course of a year.

To examine the anatomical relationship betweehghanology and vessel formation
from an ecophysiological viewpoint, relating phgtathesis and water transport, | examined
vessel lignification at the time of leaf appearanod full leaf expansion. | used an increment
borer to sample stems and to observe the phenofoggssel lignification of trees.

This is a case study of the timing of budburstlation to xylem vessel development in
both twigs and stem wood for species of ring- aiftusk-porous deciduous trees growing
together in a temperate forest in central Japae. dibjective of this study is to clarify how

different aspects of plant functions are coordidatevelopmentally.

3.2 Materials and methods
3.2.1 Sampling
The study was conducted at the Ashiu Forest Rels&iation (Chapter 1). Sample trees

(Table 1-1 in Chapter 1) were selected from canopgs of five ring-porous species and five
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diffuse-porous species. Cylindrical wood core sasplere collected with an increment borer
(Chapter 2) from five trees of each species in 2082005 (except that in 2005, four trees were
sampled foiQ. mongolica var. grosseserrata and six trees fo€ercidiphyllum japonicum).

Twigs with sun leaves were collected from eacle weing 3-m-long pruners and a
ladder in 2004, or 12-m-long pruners in 2005. Qre bf each species was sampled in 2004 and
three or more trees of each species were sampl@®06 (except that only one tree Idf
tomentella was sampled in 2005). In this study, twigs thateveewly extended within the
previous year were regarded as 1-year-old twigbskrved vessel formation in 1-year-old twigs
in 2004 and in 1-year-old (or occasionally 2- gre&r-old) twigs in 2005 at 0.5-1.5 cm from bud
bases. Stem cores and twigs were fixed with 3 % @uggi glutaraldehyde soon after sampling.

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

times.

3.2.2 Assessment of vessel formation

Transverse sections were double-stained in preparfar light microscopy (Chapter 2).
When double staining was ambiguous for lignificati@ phloroglucinol-hydrochloric acid
reaction was used (Chapter 2). The date of ligaifizn was recorded as the first date on which

lignification of almost all of the first-formed vesls was observed.

3.2.3 Observation of leaf phenology
Leaves of each sample tree were examined at eacpliag conducted. Phenological
parameters such as completion of leaf appearamtkiiteaf expansion were observed (Chapter

1).

3.3 Results
3.3.1 Timing of vessel lignification in twigs relat to leaf appearance

Lignification of the first-formed vessels in twiggas observed 0-2 weeks after leaf
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appearance in both ring- and diffuse-porous speitie2004, and 0-2 weeks before leaf
appearance in ring-porous species and 2 weeksebéfo? weeks after leaf appearance in
diffuse-porous species in 2005 (Fig. 3-1). Therigndf vessel lignification was not significantly
different between ring and diffuse-porous speaie004, but was significantly different in 2005
(p < 0.01, Table 3-1). Four of the 20 ring-porous greempled showed lignification of vessels
prior to leaf appearance, although é¢hemongolica individual did not show vessel lignification
until 2 weeks after leaf appearance. On the othrdhof the 24 diffuse-porous trees, 11 showed
vessel lignification after leaf appearance, althotwgo samples (onAesculus turbinata and one
Fagus crenata) showed vessel lignification prior to leaf appeme The timing in 2005 was

somewhat earlier than that in 2004.

Species Species
Ring-porous 2004 Rp 2005
Castanea crenata 1) Cc (3)
Fraxinus mandshurica (1) Fm (5)
Quercus mongolica
var. grosseserrata @ A Qm(3)
Zelkova serrata @ A Zs (4)
Hovenia tomentella Ht (1)
Diffuse-porous Dp
Aesculusturbinata (1) A At (5)
Betula grossa (1) A Bg (4)
Cercidiphyllum .
1 Cj 3
japonicum( ) A 1@ A
Fagus crenata 1) A Fc (3)
Pterocarya rhoifolia (1) A. . Pr (4? . . .
2 0 2 4 4 2 0 2 4

Time after leaf appearance (weeks)
Fig. 3-1Timing of lignification of the first-formed vessels in tvsgelative
to the time of leaf appearance of the whole tree in 206f)(and 2005

(right). Numbers in parentheses indicate the numbers of tree§tled
triangles averagebar range

The timing of lignification of the first-formed geels in twigs was around the time of

leaf appearance (2 weeks) in both ring- and d#ffperous species. Lignification of the
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first-formed vessels in twigs relative to leaf ap@ace tended to occur 1.1 weeks earlier in

ring-porous species than in diffuse-porous spgdiable 3-1).

Table 3-1Difference of 5 temporal traits of vessel formatlzetween ring- and diffuse-porous species

Lignification of the first-formed vessels Ring-porospecies Diffuse-porous species difference in tevalu
mean + se (weeks) mean + se (weeks) (weeks)

2004 in twigs relative to leaf appearance 05+1.1 6 +11.0 1.1™

in stems relative to leaf appearance 0.2+1.0 D57+ 5.4"

in stems compared to twigs 0614 48+1.9 53"

in twigs relative to full leaf expansion -26+1.2 14+13 1.2"

in stems relative to full leaf expansion -25+0.7 .080.6 55"
2005 in twigs relative to leaf appearance -0.5+0.5 .6 #00.7 1.17

in stems relative to leaf appearance 06+0.7 DB+ 53"

in stems compared to twigs 05+0.7 48+0.7 4.3

in twigs relative to full leaf expansion -3.1+05 20+0.7 1.1

in stems relative to full leaf expansion -1.9+0.7 4308 53"

ns is non-significant, * 0.01 < P < 0.05, ** P Q0.

3.3.2 Timing of vessel lignification in stems rélatto leaf appearance

Lignification of the first-formed vessels in stemas observed 2 weeks before to 4
weeks after leaf appearance in ring-porous speaies2—8 weeks (2004) or 4-8 weeks (2005)
after leaf appearance in diffuse-porous specieg. (Bt2). Ring-porous species showed
significantly earlier vessel lignification than filife-porous species in both 2004 and 2qD5 (
0.01, Table 3-1). Of the ring-porous species, timdriduals (twoQ. mongolicain 2004 and one
H. tomentella in 2005) showed vessel lignification 4 weeks afeaf appearance. Across all
ring-porous species, 16 of 44 samples examinedathowssel lignification after leaf appearance.
Nine of ten Fraxinus mandshurica samples and on€astanea crenata (2004) had vessel
lignification 2 weeks before leaf appearance. Intcast, among the diffuse-porous species,Bwo
grossa (2004) had vessel lignification 2 weeks after lappearance, and no new vessels were
observed in oneCercidiphyllum japonicum and one Fagus crenata in 2004 and one
Cercidiphyllumjaponicumin 2005 (Table 1-1) (Chapter 2, describe some ptesstasons for the
latter occurrence).

The time of the lignification of the first-formeaassels in stems relative to the time of
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leaf appearance was 5.4 weeks (2004) or 5.3 w@€Ki5) earlier in ring-porous species than in

diffuse-porous species (Table 3-1).

Species Species
Ring-porous 2004 Rp 2005
Castaneacrenata  (5) (|mimmm{ Cc (5)
Fraxinus mandshurica(s) ‘ Fm (5)
Quercus mongolica
var. grosseserrata (®) (o Qm(4)
Zelkova serrata (5) ) Zs (5)
Hovenia tomentella Ht (5) o
Diffuse-porous Dp
Aesculus turbinata  (5) @ At (5) o
Betula grossa (5) ——i Bg (5) ——i
CerC|d|phyII.um . 4) ——i G () ——
japonicum
Fagus crenata (4) -0~ Fc (5) —
Pterocarya rhoifolia () . !—H . Pr (5)| . . !_.. . .
-4 -2 0 2 4 6 8 10 4 -2 0 2 4 6 8 10

Time after leaf appearance (weeks)

Fig. 3-2 Timing of lignification of the first-formed vesseih stems relative to the time of leaf appearafdbe
whole tree in 2004 ¢ft) and 2005right). Numbersin parentheses indicate the numbers of tredd|ed circles
averagebar range

3.3.3 Timing of vessel lignification in stems amdgs

Compared with the timing of lignification of ve$sén twigs, vessel lignification in
stems occurred 0-2 weeks earlier in 2004 or wighwireeks in 2005 in ring-porous species and
2—6 weeks (2004) or 2-8 weeks (2005) later in ddfporous species (Fig. 3-3). Vessel
lignification was 5.3 weeks (2004) or 4.3 weeksO&0earlier in ring-porous specigs< 0.01,
Table 3-1). Three of sikraxinus mandshurica samples had vessel lignification in stems 2 weeks
before in twigs. Lignification of vessels in stemss later than that in twigs in six of 20

ring-porous trees, a pattern similar to that ofiéfuse-porous trees.
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Species Species
Ring-porous 2004 Rp 2005
Castanea crenata (1) o Cc (3) o
Fraxinus mandshurica(1) @ Fm (5) -0
Quercus mongolica
var. grosseserrata (1) I Qm(3) ®
Zelkova serrata (1) Zs (4) =
Hovenia tomentella Ht (1) o
Diffuse-porous Dp
Aesculus turbinata (1) o At (5) 0
Betula grossa (1) o Bg (4) ——i
Cercnd|phyll.um . @) () Ci B ——
japonicum
Fagus crenata Q) ) Fc (3) o—
Pterocarya rhoifolia (1) L .. L Pr (4)| . . !_.. . .
-4 -2 0 2 4 6 8 -4 -2 0 2 4 6 8 10

Time after lignification of the first-formed vesselsin twigs (weeks)

Fig. 3-3Timing of lignification of the first-formed vessein stems compared to twigs in 200:t( and 2005
(right). Numbersin parentheses indicate the numbers of treefd|ed circles averagebar range

3.3.4 Timing of vessel lignification in twigs antkéss relative to full leaf expansion

The first-formed vessels in twigs were lignifieddl2weeks before full leaf expansion in
ring-porous species and 0-2 weeks (2004) or 0—4&svE¥05) before full leaf expansion in
diffuse-porous species (Fig. 3-4). Differenceshia timing of vessel lignification between ring-
and diffuse-porous species were significant in 2@081 <p < 0.05) but not in 2004 (Table 3-1).
Ring-porous species showed vessel lignificationwlegks earlier than diffuse-porous species in
2005 (Table 3-1). Several diffuse-porous treesvessel lignification concurrent with full leaf
expansion.

Lignification of vessels in stems occurred 4 welk&fore to 0 weeks after (2004) or 4
weeks before to 2 weeks after (2005) full leaf egi@n in ring-porous species, 5.5 weeks (2004)
or 5.3 weeks (2005) earlier than in diffuse-porspeciesyf < 0.01), which showed lignification
of vessels 0—6 weeks (2004) or 0—-8 weeks (2008) afll leaf expansion (Fig. 3-5; Table 3-1).
Across all of the ring-porous species, theomentella showed vessel lignification 2 weeks after

full leaf expansion.
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Species
Ring-porous
Castanea crenata 1)

Fraxinus mandshurica (1)

Quercus mongolica 1
var.grosseserrata( )

Zelkova serrata 1)

Hovenia tomentella

Diffuse-porous

Aesculus turbinata (1)

Betula grossa 1)

Cercidiphyllum
japonicum

Fagus crenata 1)

Pterocarya rhoifolia (1)

A
A

Species

Rp
Cc (3)

Fm (5)
Qm(3)
Zs (4)

-2

2005

2 -6
Time after full leaf expansion (weeks)

Fig. 3-4 Timing of lignification of the first-formed vessels in twigcompared tohe
time of full leaf expansion of the whole tree ir02qeft) and 2005right ). Numbers
in parentheses indicate the numbers of tredi|ed triangles averagebar range

Species
Ring-porous
Castanea crenata (5)

Fraxinus mandshurica(s)

Quercus mongolica

var. grosseserrata (5)

Zelkova serrata (5)

Hovenia tomentella

Diffuse-porous

Aesculus turbinata  (5)

Betula grossa (5)
Cercidiphyllum
pIvEm (g
japonicum
Fagus crenata 4)

Pterocarya rhoifolia ()

Species
Rp
Cc (5)

FmiG) @

Qm(4)
Zs (5)

2005
-
——i
—@-
o
@

-6

4

-6

0O 2 4 6 8 10
Time after full leaf expansion (weeks)

Fig. 3-5Timing of lignification in the first-formed vessein stems compared to the time of full leaf expja@am®f the
whole tree in 20041€ft) and 2005ight). Numbersin parentheses indicate the numbers of treedijled circles

averagebar range
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3.4 Discussion
3.4.1 Order and time-lag of leaf and vessel foromati

It has generally been reported that the timinyedsel formation in relation to leaf
phenology differs between ring-porous and diffusesps species (Suzuki et al. 1996). Studies
on ring-porous species have shown completion afredary wall deposition in stems between 1
week before and 3 weeks after leaf expansion (Sutw@k. 1996), or maturation between 1 week
before and 1 week after leaf budding (Suzuki e2@00), coinciding with the unfolding of the
first leaves (Lodewick 1928; Priestley et al. 1923sada & Zahner 1969; Atkinson & Denne
1988; Fonti et al. 2007; Sass-Klaassen et al. 20h1diffuse-porous species, secondary wall
deposition occurred 4-9 weeks after leaf expan@oruki et al. 1996). | found that lignification
of the first-formed vessels in stems occurred betw2 weeks before and 4 weeks after leaf
appearance in the case of flush-leaves in ringymospecies, and 2—8 weeks after leaf appearance
in diffuse-porous species (Fig. 3-2). Thus, | confprevious findings that vessel formation tends
to occur earlier in ring-porous species than ifugié-porous species.

Vessel elements in twigs begin to lignify beforelb open (Zasada and Zahner 1969),
and cell division at bud bases begins before oukameously with budbreak in both ring- and
diffuse-porous species (Ladefoged 1952), indicatioglifference in timing between ring- and
diffuse-porous species. However, in this studyg-orous species showed significantly earlier
vessel formation in twigs than diffuse-porous segedn 2005 (Table 3-1). Lignification of the
first-formed vessels in twigs occurred somewhatligrarin ring-porous species than in
diffuse-porous species relative to the timing dflappearance of flush-leaves (Fig. 3-1). In
relation to the timing of full leaf expansion, Idicated that lignification of vessels in twigs
occurred before full leaf expansion in ring-por@pecies and before or concurrently with full
leaf expansion in diffuse-porous species (Fig. .3¥us, in 1-year-old twigs 0.5-1.5 cm from
bud bases, the same as in stems, there was aediféein the timing of vessel lignification in
relation to the timing of leaf phenology betweamgyrporous and diffuse-porous species.

Ladefoged (1952) showed that cell division occorsre rapidly in the basipetal
direction in ring-porous species than in diffusequs species, and so there is a relatively long

period between the onset of cell division at thd bad stem bases in diffuse-porous species. |
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also found that the lignification of vessels ocedrlater in stems than in twigs in both ring-porous
and diffuse-porous species, but the time-lag wagdoin diffuse-porous species (Fig. 3-3). Other
studies have shown that the lignification of vesseltwigs and stems lower in the tree occurs
prior to bud opening in ring-porous species (Zasadd Zahner 1969). In this study, the
first-formed vessels in twigs were lignified by ttime of leaf appearance in nearly all of the
ring-porous trees examined (Fig. 3-1), while ordyng trees showed vessel lignification in stems
at this time (Fig. 3-2). This suggests that nobélihe first-formed vessels are needed for water
transport in stems at the time of leaf appearamem@-porous species with flush-leaves, though
they are probably needed in twigs.

The development stages of ring-porous species mrsummarized as follows:
lignification of the first-formed vessels in twigscurs first, followed by the appearance of
flush-leaves, lignification of stem vessels, antldgpansion of leaves (occasionally lignification
of stem vessels occurs before leaf appearanced@aopment stages of diffuse-porous species
can be summarized as follows: the appearance wés$eaccurs first, followed by lignification of
twig vessels, full expansion of leaves, and ligrifion of stem vessels. The time-lag between the
lignification of the first-formed vessels in twigsd leaf appearance is short or absent in both
ring- and diffuse-porous species. In contrast, tihree-lag between the lignification of stem
vessels and nearly simultaneous occurrences ofalgagarance and lignification of vessels in
twigs is short or absent in ring-porous specieslangd in diffuse-porous species. The time-lag
between vessel lignification in twigs or stems &utleaf expansion is variable in both ring- and

diffuse-porous species.

3.4.2 Differences in physiological traits in rirgad diffuse- porous species

In early spring, transpiration begins in leaves@m as they open, and transpiration and
photosynthetic capacities increase rapidly as axpand and their areas increase (Sestak 1985;
Koike 1990; Miyazawa and Terashima 2001; Muraokd &wmizumi 2005). This creates a
temporal relationship between leaf phenology arssekformation.

Almost all ring-porous species tend to lignify firet-formed vessels in twigs before or

simultaneous with the appearance of flush-leavesbafore full expansion of the leaves (Figs.
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3-1, 3-4). This suggests that the first-formed gbsi twigs are ready for water transport by the
time transpiration begin in flush-leaves. Furthier,the case of the tree that did not show
lignification of vessels until 2 weeks after leppaarance, it was still prepared for water transpor
before leaves reached maximal transpiration.

In contrast to vessels in twigs, vessels in tamstof ring-porous species were lignified
0-4 weeks after (or somewhat before) the appeam@ntesh-leaves and before or concurrently
with full expansion of these leaves (Figs. 3-2,)3This suggests that the first-formed vessels in
stems are prepared to transport water while tmspigation and photosynthetic capacities of the
leaves are rapidly increasing during leaf expandidn vital that trees complete the first-formed
vessels in twigs and stems before near maximaspieation is reached at the time of full leaf
expansion, because wide vessels transport watgiirotthie year they develop (Greenidge 1955;
Chaney and Kozlowski 1977; Ellmore and Ewers 1988umi et al. 1999; Umebayashi et al.
2008). At temperatures that occur at the presadydite, the wide vessels of ring-porous species
may become embolized by the freezing of xylem (Zenmann 1964; Sperry et al. 1994; Utsumi
et al. 1996). Thus, all of the first-formed vesselsvigs and stems prepare to transport water by
the time when the flush-leaves reach near-maxinaésr of transpiration, and allow
photosynthesis to proceed smoothlyHntomentella, the first stem vessels are not prepared for
transporting water until 0—2 weeks after the leavage fully expanded. This may be related to
the phenology of successive-leaves produced diigh-feaves open (Chapter 4).

In diffuse-porous species, lignification of twigssels occurred within 2 weeks of leaf
appearance and at or before full leaf expansiays(B-1, 3-4). This suggests that the first-formed
vessels in twigs prepare to transport water whidedpiration and photosynthesis are rapidly
increasing, and are functional by the time the meaximum capacity of the leaves is reached.
This is similar to the stems of ring-porous species

Diffuse-porous species did not show lignificatiohthe first stem vessels until 2-8
weeks after the appearance of flush-leaves (Fig). 3dther studies have shown that the
lignification of stem vessels occurred around fheetof full leaf expansion in diffuse-porous
species (Suzuki et al. 2000). However, the presity found that lignification of stem vessels

did not occur until several weeks (up to 8) aftdr éxpansion of these leaves (Fig. 3-5). This
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suggests that the first stem vessels in these espqmiepare to transport water after the
transpiration and photosynthetic capacities oféaheaves have increased to near-maximal levels.
Diffuse-porous species can do this because vessalsveral outer rings, not just the current
year’s ring, can transport water (Greenidge 19%%an@y and Kozlowski 1977; Utsumi et al.
1998; Umebayashi et al. 2008). Thus, the first-fedmessels in twigs are prepared to transport
water by the time transpiration needs are nearimaxi. Stem vessels are prepared after the
rapid increase in transpiration and allow photolsgsis to proceed at a steady rate.

In summary, the ring-porous species produce sipgée leaves and most functional

vessels in a short period; whereas the diffuseymipecies produce single-year leaves and

multiple-year vessels in a long period.
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Chapter 4 Relationship between vessel porosityl@afdemergence pattern in ring- and

diffuse-porous deciduous trees in a temperate r@vdvorest

4.1 Introduction

In temperate trees, woody tissue is characterigedne of three types of porosity
(Chapter 1). Leaf emergence pattern has been sgstatly investigated (Kikuzawa 1983). |
attempted to elucidate the relationships betweta-emnual changes in vessel diameter and leaf
emergence pattern in ring-porous and diffuse-pospeies by determining the relationships
between leaf phenology and vessel formation.

Previous studies have revealed that the timingyesfsel formation relative to leaf
expansion of ring-porous species is different fthat of diffuse-porous species in the early stage
of annual ring formation (Chapter 3). Wide ves®éldng-porous species are known to transport
water mostly during the year in which they are fedhfGreenidge 1955; Chaney and Kozlowski
1977; Ellmore and Ewers 1986; Utsumi et al. 1999iedayashi et al. 2008). In contrast, vessels
in several rings adjacent to the cambium retaiir thater transportation ability in diffuse-porous
species (Greenidge 1955; Chaney and Kozlowski 1975umi et al. 1998; Umebayashi et al.
2008). Thus, ring-porous species produce singlelgases and most functional vessels in a short
period, whereas diffuse-porous species producdesirear leaves and multiple-year vessels in a
long period (Chapter 3). There are prominent défifiees in the wood-formation process between
ring- and diffuse-porous species, but such compasifiave generally been restricted to the early
stage of annual ring formation.

In the later stage of annual ring formation, sma#sels of the first-formed latewood in
ring-porous species are completed by full leaf espan (Suzuki et al. 2000), whereas
later-formed earlywood vessels are completed skweeks after full leaf expansion (Zasada and
Zahner 1969). The relationship between leaf phayyoémd vessel formation in the later stage of
wood formation remains unclear. | tested the hygsiththat vessel porosity and vessel density
within an annual ring are associated with leaf gyaece pattern in deciduous broad-leaved trees.

To elucidate the functional linkage between irgtrerual changes in vessel diameter and

leaf emergence pattern, | determined the tempelaionships between vessel formation and leaf
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phenology throughout the early stage to the |a@gesof annual ring formation in ring-porous
trees and compared them with those in diffuse-potes in a same temperate forest. According
to the theoretical relative conductance predictgdtte Hagen—Poiseuille law, flow rate is
proportional to the fourth power of the capillaadius (Ellmore and Ewers 1986; Tyree and
Zimmermann 2002). In this study, vessels were caiegd as the widest vessels, which had the
highest water transport capacity, medium-sized alssswhich had 16- to 256-fold less
conductivity than the widest vessels, and narrogsebs, which hagd256-fold less conductivity

than the widest vessels.

4.2 Materials and methods
4.2.1 Sampling

The study was conducted at the Ashiu Forest Rels&iation (Chapter 1). Sample trees
(Table 1-1 in Chapter 1) were selected from canopgs of five ring-porous species and five
diffuse-porous species. Cylindrical wood core samplere collected with an increment borer
(Chapter 2) from five trees of each species in 28812005 (except that in 2005, four trees were
sampled foQ. mongolica var. grosseserrata and six trees fo€ercidiphyllum japonicum).

In 2004, samples were collected biweekly betweenl &2 and July 1 and monthly
between July 22 and November 16, resulting in Tfpsag events in total. In 2005, samples
were collected on April 19 and biweekly between iIA@8 and July 21, resulting in eight

sampling events.

4.2.2 Assessment of vessel formation

Transverse sections were double-stained in preparfar light microscopy (Chapter 2).
When double staining was ambiguous for lignificati@ phloroglucinol-hydrochloric acid
reaction was used (Chapter 2). The date of ligaifozn was recorded as the first date on which
lignification of at least one enlarged vessel wWaseoved.

In ring-porous species, three size classes ofeleg&wers and Fisher 1989) were
measured on the basis of the maximum radial dianetg,) of the first-formed vessels, which

formed first in the current growth ring, often ahat to the annual ring border (Fig. 4-1). Wide
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vessels are defined as >0dz.,, medium-sized vessels 88.5rdy.x and >0.25d., and narrow
vessels as0.25rdm The current research focused on observationrgéldiameter vessels,
given their functional significance for hydrauliorcductance. Sparse wide vessels are those that
are present in lower density than first-formed ets®r equal half the number of first-formed

vessels. Vessel size and density were measureeraally using 2-3-mm-long transverse

sections.

; ¥ = ¥ M 32 (] 4
Quercus mongolica astanea crenata Fraxinus mandshurica Hovenia tomentella
var. grosseserrata

E _ : 0.5mm
Aesculus turbinata Fagus crenata Betula grossa Cercidiphyllum Pterocarya rhoifolia
japonicum

Fig. 4-1 Photomicrographs of ring-porous speciegpér) and diffuse-porous specidewer). Ring-porous species with flush-
type leaf emergence pattefuercus mongolica var. grosseserrata andZelkova serrata. Ring-porous species with intermediate-
type leaf emergence patte@astanea crenata, Fraxinus mandshurica, andHovenia tomentella. In ring-porous speciesarge
black arrows point to wide vesseldarge black arrowheads indicate medium-sized vesselarge white arrows point to narrow
vessels. Diffuse-porous species with flush-typé ésmergence pattermiesculus turbinata and Fagus crenata. Diffuse-porous
species with intermediate-type leaf emergence patBetula grossa, Cercidiphyllum japonicum, andPterocarya rhoifolia. In
diffuse-porous speciessmall black arrows point to the first-formed vesseld\hite lines indicate ring borders
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4.2.3 Observation of leaf phenology
Leaves of each sample tree were examined at eagbliag conducted. The following
phenological parameters such as the beginningabélgearance, completion of leaf appearance,

full leaf expansion, and the end of shoot elongetiere observed (Chapter 1).

4.3 Results
4.3.1 Temporal relationships between leaf phenokgy vessel formation
in ring-porous species

4.3.1.1 Timing of wide vessel lignification

At least one wide vessel had lignified betweenetks before and 2 weeks after the
completion of leaf appearance in ring-porous syge@tey. 4-2B). In species with flush-type leaf
emergence patterns, at least one wide vessel paifidd between 0 and 2 weeks after the
beginning of leaf appearance (Fig. 4-2A), and made vessels were lignified 0-2 weeks before
full leaf expansion (Fig. 4-2D). In species witllemmediate-type leaf emergence patterns, at least
one wide vessel had lignified between 0 and 2 weeksre the beginning of leaf appearance (Fig.
4-2A), and lignification of most wide vessels wadserved between 4 weeks before and 2 weeks
after full leaf expansion (Fig. 4-2D). Lignificaticof sparse wide vessels was observed 2 weeks
before full leaf expansion in the trees that shoWguification of most wide vessels 4 weeks
before full leaf expansion (Fig. 4-2E). Therefonedependent of wide vessel density, wide
vessels lignified between 2 weeks before and 2 weadker full leaf expansion. Vessel
lignification occurred later ii. tomentella; specimens showed lignification of at least ondewi
vessel 0-2 weeks before full leaf expansion, aljhotessel lignification was observed in other
species 2—6 weeks before full leaf expansion (Bg@C). Sparse wide vessels had become
lignified close to the time of full leaf expansi@®? weeks), although these vessels formed 2—-6

weeks after full leaf expansion when second leapgeared iiZ. serrata (Fig. 4-2E).
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Fig. 4-2Timing of vessel lignification relative to leaf phenologyiing-porous species in 2004 (upper) and 2005 (lower). A&y
of lignification of at least one wide vessel relative to treginning of leaf appearance. (B) Timing of lignification atfleast onevide
vesselrelative to completion of leaf appearance. (C) Tgnaifilignification of at least one wide vesselrelative td fahf expansior
(D) Timing of lignification of most wide vessels relative foll leaf expansion. (E) Timing of lignification of sparseide vessels
relative to full leaf expansion. (F) Timing of lignificatioof at least one medium-sized vesselrelative to full lepb&sion. (G) Timing
of lignification of most medium-sized vessels relative tee ttnd of shoot elongation. (H) Timing of lignification of stomedium-
sized vessels relative to full leaf expansion of succeskiaees. (I) Timing of lignification of narrow vessels redat to full leaf
expansion. (J) Timing of lignification of narrow vesseldative to the end of shoot elongation. Numbers in parenthésdicatethe
numbers of trees; circles indicate range; F, flush-typé éeaergence pattern; |, intermediate-type leaf emergeratéem; Qm,
Quercus nmongolica var. grosseserrata; Zs, Zelkova serrata; Cc, Castanea crenata; Fm, Fraxinus mandshurica; Ht, Hovenia
tomentella.
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4.3.1.2 Timing of medium-sized vessel lignification

Among species with flush-type leaf emergence pagtenedium-sized vessels formed
in five of nineQ. mongolica var.grosseserrata specimens and did not formanserrata in 2004
(Fig. 4-2F). In contrast, among species with intxdiate-type leaf emergence patterns, all
Castanea crenata andH. tomentella, and four of terFraxinus mandshurica specimens formed
medium-sized vessels (Fig. 4-2F). Four otResixinus mandshurica specimens formed sparse
wide vessels rather than medium-sized vessels.

Lignification of at least one medium-sized vesseturred 0—4 weeks after full leaf
expansion irQ. mongolica var.grosseserrata, and 0—4, 0—2, and 4 weeks after full leaf expgansi
in Castanea crenata, Fraxinus mandshurica, and H. tomentella, respectively (Fig. 4-2F).
Lignification of most medium-sized vessels occu@d4 weeks before, 0—4 weeks before, and
2—4 weeks after the end of shoot elongation orvle@ks after full leaf expansion of successive
leaves inCastanea crenata, Fraxinus mandshurica, andH. tomentella, respectively (Figs. 4-2G,
4-2H). Thus, intermediate-type species had a s&otemdency to form medium-sized vessels or
sparse wide vessels than flush-type species, asgkelhégnification occurred the latest lih

tomentella (Figs. 4-2E, 4-2F, 4-2G).

4.3.1.3 Timing of narrow vessel lignification

Narrow vessels formed after the appearance of wtidaedium-sized vessels. At least
one narrow vessel had lignified between 2 and &waéter full leaf expansion in all specimens
(Fig. 4-21). Relative to the end of shoot elongatilignification of narrow vessels occurred at or
before this stage i€astanea crenata, within +2 weeks of this stage Fraxinus mandshurica,

and>4 weeks after this stage lth tomentella (Fig. 4-2J).

4.3.2 Temporal relationships between leaf phenolgyvessel formation
in diffuse-porous species
4.3.2.1 Timing of lignification of the first-formegessel
At least one of the first-formed vessels lignified8 and 0—6 weeks after full leaf

expansion in species with flush- and intermedigpeieaf emergence patterns, respectively, or 9
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weeks before to 2 weeks after the end of shootgelbon (Figs. 4-3A, 4-3B). No new vessels
were observed in on@ercidiphyllum japonicum tree in 2004 and 2005 or in oRagus crenata

tree in 2004 (Table 1-1).

(A) (B)
Species 2004 Species 2004
F |
At (5) Bg(5) @—=Q
Fc (4) Cj (4) *—90
I Pr (5) *—9
Bg(5)

2005
Cj (4) |

By5) @——@
Pr (5)
Cj (5) *—0
2005
F Pr (5) 0
At (5) L ! ! 1 1 ! |
10 8 6 -4 -2 O 2 4

_F_C_(_SZ _______________ !:_.____ Time after the end of shoot
| elongation (weeks)
Bg(5)
Cj (5)
Pr (5)

2 0 2 4 6 8 10
Time after full leaf expansion (weeks)

Fig. 4-3Timing of vessel lignification relative to leaf phenologydiffuse-porous species in 2004 (upper) and 2@9ber).
(A) Timing of lignification of the first-formed vessel rafge to full leaf expansion. (B) Timing of lignification ofhte first-
formed vessel relative to the end of shoot elongation. Nustie parentheses indicate the numbers of trexrsles
indicate range; F, flush-type leaf emergence patterntdrinediate-type leaf emergence pattet,; Aesculusturbinata ;
Fc, Faguscrenata; Bg, Betula grossa; Cj, Cercidiphyllumjaponicum; Pr, Pterocarya rhoifolia.

4.3.3 Relationship between leaf emergence pattatrvassel arrangement

Ring- and diffuse-porous species have both flasia-intermediate-type leaf emergence
patterns (Table 4-1). The type of porosity and &aérgence pattern of each species investigated
in this study are shown in Table 1-1; microphotpisaof vessel arrangement in each species are
shown in Fig. 4-1. There were two groups of ringgus speciesQ. mongolica var.
grosseserrata andZ. serrata formed wide vessels first in the current growtigrand then formed
narrow vessels and few medium-sized vessels, wh€gstanea crenata, Fraxinus mandshurica,
andH. tomentella formed wide vessels first and then formed one aremows of medium-sized

vessels (or sparse wide vessels) and narrow vefiSigls. 4-1, 4-2E, 4-2F). The transition
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between the pore- and non-pore zones in the fognoemp was abrupt and that in the latter group
was gradual. There was no apparent relationshiywdasst leaf emergence pattern and vessel

arrangement in diffuse-porous species (Table Zigl,41).

Table 4-1Porosity and leaf emergence patterns

Leaf emergence pattérn

Porosity Flush-type
Ring-porous Quercus mongolica var. grosseserrata*

Intermediate-type
Picrasma quossioides

Maackia amurensis var. buergeri

Diffuse-porous Fagus crenata *
Prunus sargentii
Prunus ssiori
Sorbus alnifolia
Acer mono
Aesculus turbinata *
Carpinus cordata
Acer palmatum var. matsumurae
Acer japonicum
Tilia japonica
Tilia maximowicziana

Kalopanax pictus

Fraxinus mandshurica var.japonica*
Ulmus davidiana var.japonica
Ulmuslaciniata

Phellodendron amurense
Castanea crenata*

Betula platyphylla var.japonica
Betula davurica

Betula ermanii

Betula maximowicziana
Cercidiphyllum japonicum*
Cornus controversa

Populus sieboldii

Populus maximowiczi

Juglans ailanthifolia

Alnus japonica

Magnolia obovata

Syringa reticulata Sorbus commixta

Syrax obassia Salix sachalinensis
Salix hultenii var. angustifolia
Salix subfragilis

Ostrya japonica

Note: Scientific names are based on those reported kyzdiva (1983).

*Porosity classes for each species were assignéefiasd in Hayashi (1991), Itoh (1995, 1997), amoule et al. (2002
EThe type of leaf emergence pattern was reporteddoh species as defined by Kikuzawa (1983); farshintermedia
types were examined.

*Species were examined.

4.4 Discussion
4.4.1 Relationship between leaf phenology and vésseation

4.4.1.1 Comparison of ring-porous and diffuse-psrspecies
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In ring-porous species, secondary wall depositbnthe first vessel elements is
completed from 1 week before to 3 weeks after kgfansion (Suzuki et al. 1996), and
maturation occurs within 1 week of leaf budding{&ki et al. 2000). This timing coincides with
or occurs just before bud opening (Lodewick 192&satia and Zahner 1969) and after the onset
of leaf unfolding (Atkinson and Denne 1988; Fortiad 2007). The timing of first vessel
maturation relative to bud break is species-spe¢Bass-Klaassen et al. 2011). In the present
study, at least one wide vessel was lignified betw@ weeks before the beginning of leaf
appearance and 2 weeks after the completion ofdppéarance in ring-porous species (Figs.
4-2A, 4-2B). Relative to the beginning of leaf apm@ce, at least one wide vessel was lignified
between 0 and 2 weeks after in flush-type specigb lzetween 0 and 2 weeks before in
intermediate-type species (Fig. 4-2A). Thus, astleme wide vessel would be formed within a
short time of leaf appearance, and the timing, Wwhi before or after leaf appearance, is
considered to be species-specific. Moreover, ligaifon of most wide vessels in ring-porous
species was observed 4 weeks before to 2 weeks fafteleaf expansion (Fig. 4-2D).
Lignification of sparse wide vessels was observageks before full leaf expansion in the trees
that showed lignification of most wide vessels 4eltsebefore full leaf expansion (Fig. 4-2E).
Therefore, independent of wide vessel density, widgesels were lignified between 2 weeks
before and 2 weeks after full leaf expansion. Maske vessels would be formed within a short
time of full leaf expansion.

A rapid decline in vessel diameter at the endoségzone formation coincided with the
cessation of shoot elongation (Denne, 1976); tbesefthe pore—non-pore transition in
ring-porous species occurred when shoot extensmeassedl (Digby and Wareing 1966).
Lignification of medium-sized vessels occurred @eks after full leaf expansion in flush-type
species, except f&. serrata, which formed wider vessels when second leavesapp, and one
Q. mongolica var. grosseserrata tree, which had Japanese oak wilt disease (FigF)4-n
intermediate-type species, medium-sized vessels liggified between 0 and 4 weeks after full
leaf expansion (Fig. 4-2F) and before the end obsklongation (Fig. 4-2G), or around full leaf

expansion of successive leaves (Fig. 4-2H). Thesdecline in vessel diameter is considered to
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coincide with the cessation of shoot extensionomfifull leaf expansion to the end of shoot
elongation or full leaf expansion of successiverdsa

These findings suggest that ring-porous speciedume leaves and most hydraulically
functional vessels over a short time in the eadge of annual ring formation; after early growth,
these species synchronously produce subsequenésleand vessels. This suggests that
ring-porous species change vessel diameters aogamihe progress of leaf formation.

In contrast, in diffuse-porous species, at least of the first-formed vessels lignified
0-8 weeks after full leaf expansion in flush-typeaces and slightly sooner in intermediate-type
species (Fig. 4-3A), which was the same as or tatan that reported by Lodewick (1928) and
Suzuki et al. (2000). Lignification of the firstfioed vessels occurred before the end of shoot
elongation in most intermediate-type species (BiB). Thus, diffuse-porous species are
considered to begin forming the first vessels dftérleaf expansion or before the end of shoot
elongation in intermediate-type species. Furthéfugk-porous species might form no new
vessels in at least one direction; a few of sanghesved no new vessels.

These findings suggest that diffuse-porous speweduce leaves and vessels over an
extended period in the early stage of annual-rargnation and produce subsequent leaves and
vessels asynchronously after the early growth. $higests that the time of formation of vessels
is not closely related to that of leaves in diffymgous species.

A phylogenetic tree (Fig. 4-4) was constructeddibmeasured species from the APG

Il (2009) with a program, Phylomati¢ttp://phylodiversity.net/phylomatic Phylogenetic

analysis revealed that ring-pordbastanea crenata andQ. mongolica var. grosseserrata showed
synchronous formation of leaves and vessels, wheaddtuse-poroud-agus crenata showed
asynchronous formation of these elements amongceagdFig. 4-4). Although phylogenetically
distant, ring-porous species showed the same tegdeh leaf and vessel formation (e.g.,
Castanea crenata and Fraxinus mandshurica; Fig. 4-4) and, although phylogenetically distant,
diffuse-porous species showed the same tendendgabfand vessel formation (e.d-agus

crenata andCercidiphyllum japonicum; Fig. 4-4).
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Castanea crenata (R)

Quercus mongolica (R)
Fagus crenata (D)
Betula grossa (D)
Pterocarya rhoifolia (D)
Zelkova serrata (R)
Hovenia tomentella (R)
Aesculus turbinata (D)

Cercidiphyllum japonicum (D)
Fraxinus mandshurica (R)

Fig. 4-4Phylogenetic tree of sample species (from the APG009 with a
program, Phylomaticttp:/phylodiversity.net/phylomatjdast accessed 14
December 2014). R, ring-porous species; D, diffosus species.

4.4.1.2 Timing of narrow vessel formation in ringrpus species

The first-formed narrow vessels in ring-porouscépe are thought to be completed
around the time of full leaf expansion (Suzuki le2800), coinciding with final leaf expansion
(Lodewick 1928). However, the non-pore zone wasomep to form several weeks after
maturation of foliage ifQuercus rubra (Zasada and Zahner 1969). In the present studsgwa
vessels were lignified 2—8 weeks after full leapamsion in flush-type species (Fig. 4-21), as
described by Zasada and Zahner (1969). In contragipw vessels were also lignified between
full leaf expansion and the end of shoot elongafleigs. 4-21, 4-2J) or immediately after full
expansion of successive leaves in intermediate-spEeies, consistent with the findings of

Lodewick (1928) and Suzuki et al. (2000). Thusyifigation of narrow vessels might occur after
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full leaf expansion in flush-type species and atbiinal leaf expansion in intermediate-type

species.

4.4.2 Leaf emergence pattern and vessel arrangement

There is no apparent association of wood stru@ndeleaf development synchronicity,
because within both ring- and diffuse-porous grogpecies with flush- and intermediate-type
leaf emergence patterns were observed (TablesFlgl4-1). Ring-porous species can have
abrupt or gradual transitions between pore- andpue zones (Woodcock 1989; Carlquist
2001). In the ring-porous species investigatedimgtudy, | noted abrupt transitions in flush-type
species and gradual transitions in intermediate-ggecies (Table 1-1, Fig. 4-1), although there
was no relationship between leaf emergence pattednvessel arrangement in diffuse-porous
species (Table 1-1, Fig. 4-1).

Ladefoged (1952) and Denne (1976) described thetiomships between vessel
diameter and shoot elongation. Findings of thislstsuggest that these relationships apply to
ring-porous species only, which form leaves andge&ksssynchronously. Thus the leaf emergence

pattern might be predicted from the observationgestel arrangement, avide versa.
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Chapter BPhenologicarelationship between leaf appearance and vesseafan in

twigs and stemsf species with contrasting vessel arrangement

5.1 Introduction

Temperate broad-leaved trees have evergreen wudes leaf habits, and their woody
tissue is classified by porosity to ring-porougfudie-porous, and semi-ring-porous (Wheeler et
al. 1989). Radial-porous wood is characterized égsels in radial pattern (Wheeler et al. 1989;
Hayashi 1991; Itoh 1995). | attempt to clarify hdikferent leaf habits and variation in porosity
and vessel arrangement affect species adaptatibeitcenvironment by examining the temporal
association of vessel formation in relation to lagpearance.

In Chapter 3, the ring-porous species were shampréduce single-year leaves and
most functional vessels in a short period; wherdes diffuse-porous species produced
single-year leaves and multiple-year vessels ong period. In ring-porous and diffuse-porous
species, twig vessel lignification occurs arouraf Eppearance (Chapter 3). However, studies of
leaf and vessel production in deciduous specieg@renany, as are studies of seasonal changes
in vessel formation in evergreen species. The poigpus evergreerspecies,Castanopsis
sieboldii, and the radial-porous evergreen spedigbpcarpus edulis, have shown completion of
secondary wall deposition in the stem at the tifrleaf appearance (Hirano 1998). Phenological
studies on vessel formation lead to the followingpdtheses that ring- and radial-porous
evergreen species show leaf and vessel productisihart duration.

Regarding water distribution, vessels in sevdarajs adjacent to the cambium retain
their water transport ability through the yeardiffuse-porous (Umebayashi et al. 2010) and
radial-porous evergreen species (Hirose et al. 200Bebayashi et al. 2010). The
semi-ring-porousleciduous specie8canthopanax sciadophylloides, has narrower vessels in the
pore-zone compared to those in ring-porous specidsometimes has porosity similar to that of
diffuse-porous species. Umebayashi et al. (200@goaizedAcanthopanax sciadophylloides as
ring-porous species, because water is transportastlyrthrough its wide vessels during the year
and these vessels are formed in the same manimeoth&r ring-porous species. Studies on water

distribution lead to the following hypotheses tddfuse- and radial-porous evergreen species
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show leaf and vessel production in long duratiomgared to the semi-ring-porous deciduous
Acanthopanax sciadophylloides with leaf and vessel production in short duration.

| tested above-mentioned hypotheses and aimed laofyc the developmental
coordination among different aspects of plant fiomctin particular, phenological relationship
between leaf appearance and twig and stem vesssfion was studied in nine tree species with
different porosity and vessel arrangement in a tatp forest, where all species grew in the

same forest stand.

5.2 Materials and methods
5.2.1 Sampling

The study was conducted at the Kamigamo Experiahéfdrest Station (Chapter 1).
Sample trees (Table 1-2 in Chapter 1) with sixedéht types of porosity and vessel arrangement
from nine species were selected. Cylindrical womd samples were collected with an increment
borer (Chapter 2) from three to six trees of egetes.

Twigs with sun leaves were collected from eack wesing 12-m-long pruners or by
climbing using 3-m-long pruners. Three to five §@& each species were sampled. In this study,
twigs that were newly extended within the previgear were regarded as 1-year-old twigs. In
Acanthopanax sciadophylloides, | observed vessel formation in 1-year-old twigd accasionally
in 2- to 4-year-old twigs at 0.5-1.5 cm above thd base.

Twig samples were collected biweekly between Mdkdhand June 6 in 2006. Stem
samples were collected biweekly, between March ddl June 20, and additionally monthly,

between July 4 and August 29, in 2006.

5.2.2 Assessment of vessel formation
Lignification of the first-formed vessels was deted by the same procedure used in
Chapter 3. Lignification date was defined as tineetion which lignification of almost all the

first-formed vessels was observed.
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5.2.3 Observation of leaf phenology
Leaf observation began on March 14 and was coedwegekly, between March 29 and

June 20, 2006. Completion of leaf appearance wssreéd (Chapter 1).

5.3 Results
5.3.1 Time of twig vessel lignification in relatida leaf appearance

Lignification of the first-formed twig vessels wadbserved concurrently with leaf
appearance in the ring-porous deciduQuserrata, and 0—3 weeks before leaf appearance in the
diffuse-porous deciduous styraciflua (Fig. 5-1). Differences in the time of vessel ligration
between ring-porous and diffuse-porous species wetesignificant (Table 5-1). Twig vessel
lignification occurred 0-1 week before leaf appeaeain the semi-ring-porous deciduous
Acanthopanax sciadophylloides; 0—2 weeks before leaf appearance in the ringysoevergreen

Castanopsis cuspidata; 2 weeks before to 1 week after leaf appearanteeinliffuse-porous

Species

Deciduous Ring-porous
Quercus serrata 3)

Diffuse-porous
Liquidambar styraciflua (4) ’ y

""" Semi-sing-porous |
Acanthopanax sciadophylloides (5)

Evergreen  Ring-porous
Castanopsis cuspidata 3) |+
Diffuse-porous
Cinnamomum camphora 3) A
llex pedunculosa (4) =
Symplocos prunifolia (5) A
Radial-porous

Quercus glauca (4)
Quercus myrsinaefolia (4)

4 3 -2 -1 O 1 2

Time after leaf appearance (weeks)

Fig. 5-1 Lignification time of the first-formed twig vesseih relation to the time
leaf appearance at the whole-tree levillimbers in parentheses indicatethe
number of treesfjlled triangles averagebar range
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evergreerCinnamomum camphora, I. pedunculosa, andS. prunifolia; and within 1 week after
leaf appearance in the radial-porous everg@eglauca and Q. myrsinaefolia (Fig. 5-1). The
time of twig vessel lignification was different Wwinh diffuse-porous evergreen species; twig
vessel lignification was observed just after lggd@arance i€innamomum camphora, while inl.
pedunculosa and S. prunifolia, it was observed just before leaf appearance (Fit)). The
Dunnett’s test results showed that the time of twégsel lignification was not significantly
different between the semi-ring-porous deciduousg-porous evergreen, diffuse-porous
evergreen, or radial-porous evergreen speciestandrig-porous deciduous or diffuse-porous
deciduous species (Table 5-1). The time of thé-fasned twig vessel lignification was close to
the time of leaf appearance and ranged betweereBsAmefore and 1 week after leaf appearance

(Fig. 5-1).

Table 5-1Differences of 3 temporal traits of vessel formatin ring-porous and diffuse-porous species coep&s other species

Lignification of the Leaf habit Deciduous Evergreen total
first-formed vessel&/essel arrangemerRing-porous  Diffuse-porous Semi-ring-porous _Ring-paroDiffuse-porous Radial-porous(trees)
in twigs compared count (trees) 3 4 5 3 12 8 35
to leaf appearance mean (weeks)0.0 & -1.4 a -0.3 a -10 @ -1.2 a 00 2

var  0.00 1.67 0.33 1.00 1.41 0.76
in stems compared count (trees) 5 6 6 3 13 10 43
to leaf appearance mean (weeks)2.4 @ 9.5 b 4.6 » 50 * 8.2 b 115 °

var 0.80 18.18 3.81 19.00 17.86 17.07
in stems compared count (trees) 3 4 5 3 12 8 35
to twigs mean (weeks) 2.0 2 120 ° 5.2 @ g0 97 °* 105 °

var  0.00 18.32 5.20 28.00 18.79 16.86

*Different letters within each column indicate @ifences at 5% significance level by Dunnett’s test.

5.3.2 Time of stem vessel lignification in relatitanleaf appearance

Lignification of the first-formed stem vessels wabserved 2—-4 weeks after leaf
appearance in the ring-porous deciduQuserrata, and 7—-18 weeks after leaf appearance in the
diffuse-porous deciduous. syraciflua (Fig. 5-2). Ring-porous deciduous trees showed
significantly earlier vessel lignification than filife-porous deciduous trees (P < 0.05, Table 5-1).
Stem vessels lignified 2—7 weeks and 0-8 weeks kit appearance in the semi-ring-porous

deciduousicanthopanax sciadophylloides and the ring-porous evergre€astanopsis cuspidata,
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respectively (Fig. 5-2). On the basis of resultstef Dunnett’s test, the time of stem vessel
lignification was not significantly different betwe the semi-ring-porous deciduous or
ring-porous evergreen species and the ring-poreaisldous or diffuse-porous deciduous species
(Table 5-1). On the other hand, stem vessels ofdiffase-porous evergree@innamomum
camphora, |. pedunculosa, andS. prunifolia lignified 1-13 weeks after leaf appearance, while
those of the radial-porous evergreg@nglauca andQ. myrsinaefolia lignified 6—17 weeks after
leaf appearance (Fig. 5-2). Stem vessel lignifizain these two species occurred significantly
later than that in ring-porous deciduous species QFD5, Table 5-1), but it was not significantly
different from that in diffuse-porous deciduous @pe (Table 5-1). The time of stem vessel
lignification was different within diffuse-porous@rgreen species. Stem vessel lignificatioh in
pedunculosa occurred 1-6 weeks after leaf appearance, whick earlier than that in
Cinnamomum camphora (7—13 weeks after leaf appearance) an&. prunifolia (8—12 weeks

after leaf appearance) (Fig. 5-2).

Species
Deciduous  Ring-porous
Quercus serrata (5) 0—i
Diffuse-porous
Liquidambar styraciflua 6) [, @ 1
Semi-ring-porous
Acanthopanax sciadophylloides (6) .—.—.
Ewvergreen  Ring-porous
Castanopsis cuspidata ?3) . 4
Diffuse-porous
Cinnamomum camphora (3) ! @ 1
Ilex pedunculosa (5) r———
Symplocos prunifolia (5) r———
Radial-porous
Quercus glauca (5) ' @ 1
Quercus myrsinaefolia (5) ' | 1

-1 01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19

Time after leaf appearance (weeks)

Fig. 5-2 Lignification time of the first-formed stem vesséi relation to the time of leaf appearance awthele-tree level.
Numbersin parentheses indicate the number of treeflled circles averagebar range
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The time of lignification of the first-formed stemessels in relation to the time of leaf
appearance was earlier in ring-porous deciduousiepehan in diffuse-porous deciduous,
diffuse-porous evergreen, and radial-porous evergrepecies (Fig. 5-2). Semi-ring-porous
deciduous and ring-porous evergreen species fotloawdime pattern of vessel lignification

similar to ring-porous and diffuse-porous deciduspscies (Fig. 5-2).

5.3.3 Time of stem and twig vessel lignification

Lignification of stem vessels occurred 2 weekerathe lignification of twig vessels in
the ring-porous deciduou@. serrata, while that in the diffuse-porous decidudusstyraciflua
occurred 8-18 weeks after the lignification of twigssels (Fig. 5-3). Vessel lignification
occurred significantly earlier in ring-porous thiandiffuse-porous deciduous species (P < 0.05,
Table 5-1). Stem vessel lignification occurred 2v&ks and 0-10 weeks after twig vessel
lignification in the semi-ring-porous deciduouscanthopanax sciadophylloides and the
ring-porousevergreenCastanopsis cuspidata, respectively (Fig. 5-3), and the time was not
significantly different from that for ring-porous diffuse-porous deciduous species (Table 5-1).
On the other hand, stem vessel lignification of th#use-porous evergree@innamomum
camphora, |. pedunculosa, andS. prunifolia and the radial-porou3. glauca andQ. myrsinaefolia
occurred 2-14 weeks and 6-16 weeks after twig Vdigsdfication, respectively (Fig. 5-3),
which was significantly later than that for ringrpas deciduous species (P < 0.05, Table 5-1),
but not significantly different from that for difée-porous deciduous species (Table 5-1). The
time of stem vessel lignification was different kit diffuse-porous evergreen species. Stem
vessel lignification if. pedunculosa occurred 2—8 weeks after twig vessel lignificatitome that
was comparatively earlier than this @innamomum camphora andS. prunifolia that occurred
6—12 weeks and 10-14 weeks after twig vessel lgatibn, respectively (Fig. 5-3).

The time of the first-formed stem vessel lignifioa in relation to twig vessel
lignification was earlier in ring-porous decidu@pecies compared to diffuse-porous deciduous,
diffuse-porous evergreen, and radial-porous everggpecies (Fig. 5-3). Some individuals of

semi-ring-porous deciduous and ring-porous evergspecies followed a time pattern of stem
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vessel lignification in relation to twig vessel fi§ication similar to that by ring-porous or

diffuse-porous deciduous species (Fig. 5-3).

Species
Deciduous Ring-porous
Quercus serrata (5) o
Diffuse-porous
Liquidambar styraciflua (6) ¢ @ J
Semi-ring-porous
Acanthopanax sciadophylloides (6) [} . ]
Evergreen  Ring-porous
Castanopsis cuspidata (3) | J
Diffuse-porous
Cinnamomum camphora 3) k o i
Ilex pedunculosa (5) ! 9 ']
Symplocos prunifolia (5) [ ——
Radial-porous
Quercus glauca (5) t @ J
Quercus myrsinaefolia (5) [ @ 1
1 1

-1 01 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19
Time after lignification of the first-formed vesselsin twigs (weeks)

Fig. 5-3 Lignification time of the first-formed stem vess i relation to lignification time of twig vesselSumbersin parentheses
indicate the number of treefljed circles averagebar range

5.4 Discussion
5.4.1 hypothesis test

In the ring-porous deciduouWd. serrata, stem vessels were lignified shortly after leaf
appearance (Fig. 5-2). Lignification of stem vesselthe diffuse-porous deciduousstyraciflua
occurred long after leaf appearance (Fig. 5-2). dlfuse-porous evergree@innamomum
camphora, I. pedunculosa, andS. prunifolia, and the radial-porous evergre@nglauca andQ.
myrsinaefolia showed a time pattern of stem vessel lignificationilar to that for diffuse-porous
deciduous species (Fig. 5-2). The semi-ring-pombersduousAcanthopanax sciadophylloides
and the ring-porous evergre@astanopsis cuspidata showed a time pattern of stem vessel
lignification either similar to ring-porous decidu® species or to diffuse-porous deciduous

species (Fig. 5-2). The time of stem vessel ligaifon in relation to leaf appearancelin
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pedunculosa was earlier than that in other evergreen diffusep® species (Fig. 5-2). The results
for the diffuse-porous evergre&innamomum camphora, . pedunculosa andS. prunifolia and
the radial-porous evergreéh glauca and Q. myrsinaefolia were consistent with the hypothesis
of long duration in leaf and vessel productionhaltgh a few individuals of diffuse-porous
evergreen. pedunculosa showed leaf and vessel production different frois hypothesis. Some
individuals of the semi-ring-porous deciduou#santhopanax sciadophylloides and the
ring-porousevergreenCastanopsis cuspidata differed from the hypothesis of short duration in

leaf and vessel production.

5.4.2 Relationship between leaf phenology and véssmation
5.4.2.1 Comparison of ring-porous and diffuse-perdeciduous species

| found that the first-formed twig vessel ligniition occurred concurrently with leaf
appearance in the ring-porous deciduQuserrata and 0—-3 weeks before leaf appearance in the
diffuse-porous deciduous styraciflua (Fig. 5-1), indicating that time difference betwdbese
two species is not significant, similarly as in @tea 3.

Lignification of the first-formed stem vessels ooed 2—4 weeks after leaf appearance
in the ring-porous deciduou®. serrata and 7-18 weeks after leaf appearance in the
diffuse-porous deciduouk. styraciflua (Fig. 5-2). Hence, a ring-porous deciduous species
showed significantly earlier stem vessel formatltan a diffuse-porous deciduous species (Table
5-1). Stem vessel formation in relation to leaf egmance in ring-porous species tends to occur
earlier than that in diffuse-porous species, siryilas in Chapter 3.

| also found that the lignification of stem vessetcurred 2 weeks after the twig vessel
lignification in the ring-porous deciduou@. serrata and 8-18 weeks after the twig vessel
lignification in the diffuse-porous deciduous styraciflua (Fig. 5-3). Thus a ring-porous
deciduous species showed significantly earlier ste®ssel formation than a diffuse-porous
deciduous species (Table 5-1). Lignification ohsteessels occurs later than that of twig vessel
in both ring-porous and diffuse-porous species, thedtime-lag between these two events is

longer in diffuse-porous than in ring-porous spgcgmilarly as in Chapter 3.
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5.4.2.2 Comparison between semi-ring-porous decigluing-porous evergreen, diffuse-porous
evergreen, or radial-porous evergreen species, rangdporous or diffuse-porous
deciduous species

| found that lignification of the first-formed tgiivessels occurred between 2 weeks
before and 1 week after leaf appearance in the-gagiporous deciduougcanthopanax
sciadophylloides; the ring-porous evergre&astanopsis cuspidata; the diffuse-porous evergreen
Cinnamomum camphora, |I. pedunculosa, andS. prunifolia; and the radial-porous evergre@n
glauca andQ. myrsinaefolia (Fig. 5-1). Same results were also obtained frbenrtng-porous
deciduousQ. serrata and diffuse-porous deciduouls styraciflua (Table 5-1; Fig. 5-1). This
suggests that twig vessel lignification followsmitar time pattern in these species. On the other
hand, ring-porous deciduous species tend to sheigrdficantly earlier twig vessel formation
than diffuse-porous deciduous species (ChaptéruBjher studies are required to elucidate these
findings.

The first-formed stem vessels lignified 0-8 weelter leaf appearance in the
ring-porous evergree@astanopsis cuspidata (Fig. 5-2). Hirano (1998) reported that secondary
wall deposition in stems completed concurrentlyhwieéaf appearance in the ring-porous
evergreenCastanopsis sieboldii. | suggested that ring-poro@vergreen species have a time
pattern of stem vessel lignification similar togiporous and diffuse-porous deciduous species.
Stem vessel lignification occurred 6-14 weeks anti77weeks after leaf appearance in the
radial-porous evergreeQ. glauca andQ. myrsinaefolia, respectively (Fig. 5-2). Hirano (1998)
also showed that secondary wall deposition in siongpleted concurrently with leaf expansion
in the radial-porous evergreé&rthocarpus edulis. | showed that radial-porous evergreen species
had a time pattern of stem vessel formation simdadiffuse-porous deciduous species (Table
5-1), and the results were not consistent withéhindHirano (1998), suggesting that the time of
stem vessel formation in radial-porous evergreantglmay be species-specific.

In the semi-ring-porous deciduouscanthopanax sciadophylloides, stem vessel
lignification occurred 2—7 weeks after leaf appeaea(Fig. 5-2). This result indicates that
semi-ring-porous deciduous species have a timenpattf stem vessel lignification similar to

other deciduous species. Diffuse-porous evergrpecdiss showed stem vessel lignification later
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than ring-porous deciduous species but not diftefeom diffuse-porous deciduous species
(Table 5-1). Stem vessel lignification in the df&iporous evergredn pedunculosa occurred
1-6 weeks after leaf appearance, which was 7-1Bsnesrlier an@—-12 weeks later than that in
Cinnamomum camphora andS. prunifolia, respectively (Fig. 5-2). Stem vessel lignificatiof
somel. pedunculosa individuals was earlier than other diffuse-poraesiduous trees, but not
different from ring-porous deciduous species.

Stem vessel lignification in relation to twig vebdignification occurred relatively
earlier in the ring-porous deciduou3. serrata than in the diffuse-porous deciduols
styraciflua; diffuse-porous evergreeinnamomum camphora, |. pedunculosa, andsS. prunifolia;
and radial-porous evergreénglauca andQ. myrsinaefolia. Variation in the time of stem vessel
lignification in relation to twig vessel lignificain observed within species of the
semi-ring-porous deciduousicanthopanax sciadophylloides and ring-porous evergreen
Castanopsis cuspidata (Fig. 5-3). These time patterns of stem vessaeifiation in relation to
twig vessel lignification were similar to those stem vessel lignification in relation to leaf
appearance (Figs. 5-2, 5-3). These results sugpestthe time lag between stem vessel
lignification and leaf appearance is caused byttaesition of vessel formation from twigs to
stems. It is known that the time lag between treebaf cell division (Ladefoged 1952) and radial
growth (Priestley & Scott 1936; Wareing 1950) a thud and stem base is different among

species.

5.4.3 Differences in phenological traits of species

The ring-porous deciduou3. serrata produces leaves and vessels in shorter duration
compared to the diffuse-porous decidubustyraciflua; diffuse-porous evergreéinnamomum
camphora, |. pedunculosa, and S. prunifolia; and radial-porous evergre€h glauca and Q.
myrsinaefolia. The rate of leaf and vessel production varieshiwitthe semi-ring-porous
deciduousAcanthopanax sciadophylloides and ring-porous evergredfastanopsis cuspidata.
Chapter 3 also showed that ring-porous deciduoesiasp produces single-year leaves and
functional vessels in short duration compared tffusi-porous species, which produces

single-year leaves and multiple-year vessels ig kuration.

50



Wide vessels of ring-porous deciduous specieskaosvn to transport water mostly
during the year in which they are formed (Greenitl§85; Chaney & Kozlowski 1977; Elimore
& Ewers 1986; Utsumi et al. 1999; Umebayashi e2@08), and these species produce leaves and
vessels in a short period. These results suggastritig-porous deciduous species produces
leaves and wide vessels in a short period of timenable effective photosynthesis and water
transport as the temperature rises in the spriigwimg winter dormancy. Furthermore,
diffuse-porous deciduous species begin to formdsand twig vessels in spring, but stem vessel
formation begins later. This suggests that diffpsesus deciduous species, similar to
ring-porous deciduous species, produces leavesvaigdvessels in short duration, to enable
photosynthesis and water transport in twigs asdimperature rises, but these species do not need
to form stem vessels shortly after leaf appearafitis.is possible because vessels in several rings
adjacent to the cambium retain their water trartsphitity through the years (Greenidge 1955;
Chaney & Kozlowski 1977; Utsumi et al. 1998; Umedistyi et al. 2008).

In diffuse-porousnd radial-porous evergreen species, the timeabhlgpearance, twig
and stem vessel formation were similar to thatiiéfise-porous deciduous species. Additionally,
vessels in several rings adjacent to the cambidainréheir water transport ability through the
years in diffuse-porous (Umebayashi et al. 201@) radlial-porous evergreen species (Hirose et
al. 2005; Umebayashi et al. 2010). This suggestsdiffuse-porousnd radial-porous evergreen
species do not need to produce leaves and steely@sshort duration, because they have leaves
and usable vessels all year round and can statbgmihesis and water transport even before
new leaf appearance (Miyazawa & Kikuzawa 2005). Samdividuals of evergreen species with
diffuse-porous wood in the current study, such.gsedunculosa, were observed to develop
leaves and vessels synchronously, suggesting tasshich development of diffuse-porous
wood coincide with leaf development.

The semi-ring-porous deciduouBcanthopanax sciadophylloides has narrower
first-formed vessels compared to ring-porous setiat are similar to diffuse-porous species in
porosity. Umebayashi et al. (2008) categoriaestiadophylloides as ring-porous species, based
on the observation that its wide vessels transpatér only in the outer-most ring, as in typical

ring-porous species. It is also known that tylasfecanthopanax sciadophylloides are present in
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several inner rings under the bark (Saitoh et 8B3}. In this study, som@écanthopanax
sciadophylloides individuals produced leaves and stem vessels amt sturation similarly to
ring-porous deciduous species, while other indialdyproduced leaves and stem vessels in long
duration similarly to diffuse-porous deciduous ¢$psc It seems thatAcanthopanax
sciadophylloides does not need to form stem vessels shortly aftaf dppearance, probably
because small vessels in several rings adjacéiné tcambium of the non-pore zone contribute to
effective water transport.

In ring-porous evergreen species, some individpalguce leaves and stem vessels in
short duration similarly to ring-porous deciduopsaes, while other individuals produce leaves
and stem vessels in long duration similarly towdi#f-porous deciduous species. The absence of
tyloses ofCastanopsis sieboldii in several outermost rings (Saitoh et al. 1998)gest that the
vessels in these multiple outer rings of ring-psreuergreen species function for water transport.
It is also reasonable that hydraulic conductanceamtained in previous years’ wood before the
formation of current year vessels in evergreenispewith ring-porous wood, given that they

maintain functional leaves all year.
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Chapter 6 General discussion

| clarify how plant functions relating photosynsigeand water transport are coordinated
developmentally for species with different poroséigd vessel arrangement, comparing the
timing of leaf phenology and vessel formation ingisvand stems based on an ecophysiological
viewpoint.

Fig. 6-1 summarizes the timing of vessel formatiotwigs and stems in relation to leaf
phenologyfor species of ring- and diffuse-porous deciduous trees (Chapter 3). The
first-formed vessels in twigs were lignified arouthe time of leaf appearance at the whole-tree
level in the case of flush-leaves and at or befolideaf expansion of the tree in both ring- and
diffuse-porous species, although the timing tenelde slightly later in diffuse-porous species
(also Figs. 3-1, 3-4). In almost all ring-porougsaps, stem vessels were lignified starting within
a short time of leaf appearance and ending byirtie af full leaf expansion (also Figs. 3-2, 3-5).
Fraxinus mandshurica had the earliest vessel lignification, with indivals typically showing
vessel lignification prior to leaf appearance, andtomentella had somewhat later vessel
lignification. In contrast, lignification of stemesgsels in diffuse-porous species occurred long
after leaf appearance and after full leaf expanéiso Figs. 3-2, 3-5). Overall, lignification of
vessels in stems occurred concurrently or soorr digaification of vessels in twigs in

ring-porous species but relatively later in diffysrous species (also Fig. 3-Fraxinus

Vessel formation

lignification of the first-formed vessels
in ring-porous species

in twigs ‘_‘

in stems [ o
indifuseporous species

in twigs 'S -4

in stems o = = =

1 1 1 1 ~
T T T T 7
just before leaf appearance full leaf expansion  soon after

leaf appearance full leaf expansion
Leaf phenology (—time axis)

Fig. 6-1 Summary of the relationship between the order @midg of leaf phenology and vessel formation irgrimorou:

species fpper panel ) and diffuse-porous specieloger panel ). Filled trianglesindicate timing in twigsfilled circles
timing in stemsbar range
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mandshurica had somewhat earlier vessel lignification in stémslation to twigs.

Fig. 6-2 summarizes the time of twig and stem eefsrmation in relation to leaf
appearance for deciduous and evergreen speciesdiffithent types of porosity and vessel
arrangement (Chapter 5). The first-formed twig ekssvere lignified around the time of leaf
appearance in all species (also Fig. 5-1). In itg-porous deciduou®. serrata, stem vessels
were lignified shortly after leaf appearance andytvessel lignification (also Figs. 5-2, 5-3). In
contrast, lignification of stem vessels in the usk-porous deciduolss styraciflua occurred long
after leaf appearance and twig vessel lignificatfalso Figs. 5-2, 5-3). The diffuse-porous
evergreenCinnamomum camphora, |. pedunculosa, and S. prunifolia, and the radial-porous
evergreenQ. glauca and Q. myrsinaefolia showed a time pattern of stem vessel lignification
similar to that for diffuse-porous deciduous spec@so Figs. 5-2, 5-3). The semi-ring-porous
deciduousAcanthopanax sciadophylloides and the ring-porous evergre€astanopsis cuspidata
showed a time pattern of stem vessel lignificagdher similar to ring-porous deciduous species
or to diffuse-porous deciduous species (also Figh.5-3). The time of stem vessel lignification
in relation to leaf appearance and twig vesseifigation in |. pedunculosa was earlier than that

in other evergreen diffuse-porous species (alsse. B¢, 5-3).

Vessel formation
Lignification of the first-formed vessels
in twigs ) .

deciduous ring-porous

deciduous  diffuse-porous
semi-ring-porous
evergreen ring-porous

evergreen diffuse-porous
radial-porous ‘ ‘

Lignification of the first-formed vessels

in stems
deciduous ring-porous [ )
deciduous  diffuse-porous ®
evergreen radial-porous
deciduous semi-ring-porous ® P
evergreen diffuse-porous
evergreen ring-porous ,
1 1 M ~
- T T T — 2
just before leaf appearance  soon after long after
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From above results, | discuss how porosity andelearrangement affects species’
adaptation to their environment for species witlifedent types of porosity and vessel
arrangement coexist throughout the temperate zone.

In ring-porous deciduous species, all of the fiosmed vessels in twigs and stems
prepare to transport water by the time when thehflleaves reach near-maximal rates of
transpiration, and allow photosynthesis to procgedothly. These species produces leaves and
wide vessels within a short period, to enable ¢ffeqohotosynthesis and water transport as the
temperature rises in the spring following winterrdancy. It is vital that trees complete the
first-formed vessels in twigs and stems before neatimal transpiration is reached at the time of
full leaf expansion, because wide vessels transypater only in the year they develop (Greenidge
1955; Chaney and Kozlowski 1977; Ellmore and EVI&8&6; Utsumi et al. 1999; Umebayashi et
al. 2008). Ring-porous species produce leaves argd hydraulically functional vessels within a
short time in the early stage of annual ring foiorat after early growth, these species
synchronously produce subsequent leaves and vessels

Furthermore, in diffuse-porous deciduous spethesfirst-formed vessels in twigs are
prepared to transport water by the time transpinatieeds are near-maximum. Stem vessels are
prepared after the rapid increase in transpiradiwh allow photosynthesis to proceed at a steady
rate. These species, similar to ring-porous decidwepecies, produce leaves and twig vessels in
short duration, to enable photosynthesis and vietasport in twigs as the temperature rises, but
do not need to form stem vessels shortly afterdppkarance. This is possible because vessels in
several rings adjacent to the cambium retain thaiter transport ability through the years
(Greenidge 1955; Chaney & Kozlowski 1977; Utsumiabt1998; Umebayashi et al. 2008).
Diffuse-porous species produce leaves and vesgelsnig duration in the early stage of
annual-ring formation and produce subsequent leands/essels asynchronously after the early
growth.

The semi-ring-porous deciduoAsanthopanax sciadophylloides has narrower vessels
in the pore-zone compared to ring-porous specidsametimes its porosity is similar to that of
diffuse-porous species. Someanthopanax sciadophylloides individuals produced leaves and

stem vessels in short duration similarly to ringeas deciduous species, while other individuals
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produced leaves and stem vessels in long duratigtagy to diffuse-porous deciduous species.

In ring-porous evergreen species, some individpadguce leaves and stem vessels in
short duration similarly to ring-porous deciduopsaes, while other individuals produce leaves
and stem vessels in long duration similarly towdiff-porous deciduous species. Vessels of the
pore- or non-pore zone of several outer ringsraj-porous evergreen species may contribute to
effective and indispensable water transport in otolé&eep leaves all year round.

In diffuse-porous evergreen species, the timeaf dppearance, twig and stem vessel
formation were similar to that of diffuse-porousidieious species. These species do not need to
produce leaves and stem vessels in short durdimause they have leaves and usable vessels all
year round and can start photosynthesis and waesport even before new leaf appearance
(Miyazawa & Kikuzawa 2005). Additionally, vessets several rings adjacent to the cambium
retain their water transport ability through theasg in diffuse-porous evergreen species
(Umebayashi et al. 2010). Some individuals of eremrg species with diffuse-porous wood in the
current study, such &spedunculosa, were observed to develop leaves and vessels ymalsly,
suggesting cases in which development of diffuseymwood coincide with leaf development.

In radial-porous evergreen species, the time aff é@pearance, twig and stem vessel
formation were similar to that of diffuse-porousidieious species. These species do not need to
produce leaves and stem vessels in short durdtmause they have leaves and usable vessels all
year round and can start photosynthesis and waesport even before new leaf appearance
(Miyazawa & Kikuzawa 2005). Additionally, vessefs several rings adjacent to the cambium
retain their water transport ability through thesgein radial-porous evergreen species (Hirose et
al. 2005; Umebayashi et al. 2010). Hirano (1998p ahowed a short production of leaves and
stem vessels in the radial-porous evergiaémocarpus edulis, so a few species might use stem

vessels at the time of leaf appearance.

| clarified the relationship between the timingvessel formation and leaf phenology in
ring-porous and diffuse-porous species. Diffusesper and ring-porous species generally
followed similar patterns of vessel-leaf phenologihin each group. The diffuse-poro®s

rhoifolia has wider early vessels than other diffuse-porqesiss, but still followed the same
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patterns as other diffuse-porous species. On ther dtand, there were some fluctuations by
species or by year within ring- or diffuse-poropeaes. It is unclear why some individuals of
Fraxinus mandshurica or H. tomentella formed vessels in stems earlier or later than other
ring-porous trees. Similarly, the timing of vesfgmation in twigs fluctuated between the years.

Kudo et al. (2014) experimentally showed thapaatially elevated temperatures of the
stem, ring-porous species formed the first veskahents (as well as a few narrow vessel
elements) even in the absence of buds. Therefariner studies are warranted to elucidate the
cause and effect of leaf and vessel formation imeation with environmental factors.

More studies are needed to clarify the relatigpshietween the timing of vessel
formation and leaf phenology of species with diéfer wood porosities in different climatic
regions. Systematic elucidation of the relationshiptween leaf phenology and vessel formation
requires the analysis of additional species. Funtbee, new methods need to be developed for
quantifying phenological characteristics of leavasd vessels at the whole-tree level, to
accurately trace the periodic process of vesseidition less destructively but more conveniently

and for observing seasonal changes in trunk véssehtion at a given location.
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Summary

| attempt to determine how different aspects ahplffunction relating photosynthesis
and water transport are coordinated developmentatlgpecies with different vessel porosity
and arrangements that coexist in the temperate toserved the timing of leaf phenology and
vessel formation in twigs and stems from an ecojplygical viewpoint, focusing on how vessel
porosity and arrangements affect species’ adapt&titheir environment.

Chapter 1 reviews the previous studies of theaason between leaf production and
vessel formation, and describes the study sitessantple trees examined, and the methods for
observation of leaf phenology.

Chapter 2 describes the increment borer methothte tthe periodic process of vessel
formation. The results suggest that the negatifexebn trees caused by sampling is small, and
vessel formation in sample trees is traced despitasional separation of cambial zone from core
samples. Based on a comparison of dying methodgeket double staining with safranine and
fast green and the phloroglucinol-hydrochloric acehction, the former was considered
applicable to investigate vessel formation, inahgdihe timing of vessel lignification.

In Chapter 3, by using the method of Chapter Xan@ned the temporal relationship
between leaf phenology and vessel formation in $wagd stems for species of ring- and
diffuse-porous deciduous tree species in a tempéoatst. Ring-porous deciduous species form
new wide twig and stem vessels concurrently withf lappearance, because vessels of the
pore-zone formed in the previous year have becoys@udctional. In contrast, diffuse-porous
deciduous species can transport water in severgs, rthus new twig vessels are formed at the
time of leaf appearance, long before stem veggafication. Although phylogenetically distant,
various ring-porous species showed the same tepaéieaf and vessel formation and, although
phylogenetically distant, various diffuse-porouga@ps showed the same tendency of leaf and
vessel formation.

By using the sample trees of Chapter 3, | detezththe temporal relationships between
vessel formation and leaf phenology throughoutethidy stage to the later stage of annual ring

formation in Chapter 4. | distinguished betweesslilleaves and successive leaves and three size
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classes of vessels were measured. The resultssubge ring-porous species form leaves and
vessels synchronously to accommodate water-trahspquirements, whereas diffuse-porous
species form these organs asynchronously; thugeuttie latter, the former species change
vessel diameters according to leaf formation.

In Chapter 5, phenological relationship betweeaf Bppearance and twig and stem
vessel formation was studied in evergreen and deasltree species with different porosity and
vessel arrangement in a temperate forest. Theeifée was tested between the semi-ring-porous
deciduous, ring-porous evergreen, diffuse-porowsgreen, or radial-porous evergreen species
and the ring-porous deciduous or diffuse-porousddetis species. These results may indicate a
variation in phenology of organ development witbath species. Ring-porous deciduous species
show leaf and vessel production in shorter durattompared to diffuse-porous deciduous and
radial-porous evergreen species. In diffuse-pomugggreen species, a few individuals showed
leaf and vessel production in short duration, whike majority of trees showed a production in
long duration. Individuals within semi-ring-porodsciduous and ring-porous evergreen species
showed characteristics similar to those of ringepsror diffuse-porous deciduous species.

Chapter 6 determined how different aspects of tplamction are coordinated
developmentally for species with different porosityd vessel arrangement coexist throughout
the temperate zone and attempted to clarify howsityrand vessel arrangement affects species’

adaptation to their environment by determining.this
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