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Introduction
The structure of the vessel wall is complicated by sculptures, such as perforation plates, pits, spiral thickenings and warts (or vestures)···, arising as normal
features of the vessel wall1l . To obtain an exact knowledge of the morphology of
the sculptures, therefore, is very important for better understanding of the actual
vessel wall structure.
Morphology of the sculptures of a vessel wall such as perforation plates, pits
and spiral thickenings has been investigated in many species of Japanese hardwoods
from various standpoints at a light microscopic leveI2- w . The micromorphology of
them and other sculptures which cannot be clearly observed by light microscopy
(LM) has been observed in a limited number of species by transmission electron
microscopy (TEM)W-l!Ol, but not systematically in many species compared with the
sculptures of softwood tracheid wall until the advent of scanning electron microscopy
(SEM) which has widely been applied in the observation of wood structure.
It was demonstrated by early SEM investigations21-29l that SEM was an excellent
tool for the observation on micromorphology of sculptures of wood cell wall, which
are particularly complicated in their three-dimensional structure, because of the
great depth of focus of the microscope. Subsequently, therefore, numerous valuable
information regarding the sculptures of vessel wall using SEM has been reported
to the present.
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The three-dimensional structure of the perforation plates which is difficult to
observe by LM and TEM has been clarified in different species by means of SEM
22,80-"), though the formation process of them has been investigated by LM60·61l,
TEM62-Ml and SEMsr,89,~) . Micromorphology of the perforation plates has been
observed in a wide variety of New Zealand woods by MEYLAN and BUTTERFIELDu,w
and of Japanese woods by ORT ANI and ISHIDA'7) using SEM. In particular, valuable
information about microfibrillar webs~,571 and combination perforation plates (and
mismatching perforation plates)U,'81 obtained from SEM observation is worthy of
notice. SEM micrograph of the microfibrillar webs in modern angiosperms has
first been represented as seen in Cercidiphyllum japonicum by ISHIDA22). Occurrence and various textures of them in scalariform perforation plates in several
species have been found by ISHIDAS8), MEYER and MUHAMMAD57), MEYLAN and
BUTTERFIELD.oJ and BUTTERFIELD and MEYLANS2l • Later SEM observations have
confirmed that these webs are remnants of the former primary walls-middle lamella
partition that survive the enzymatic breakdown process during perforation plate
differentiation and that they occur in openings not only of scalariform perforation
plates but also of multiple perforation plates except the scalariform in mature wood
in some speciess7 ,4U7,'9). Micromorphology of combination perforation plates (and
mismatching perforation plates) has also been clearly illustrated by SEM micrographs, although these perforation plates have been found in several species by
LM58-60). Various types of such perforation plates in different species have been
reported by MEYLAN and BUTTERFIELDu ,4S), OHT ANI and ISHIDA'5,(7), BUTTERFIELD
and MEYLANS() and PARAMESW ARAN and LIESE.aJ.
After thirty years of monumental work on vestured pits by BAILEy61 ,62), early
TEM observations68- 66) confirmed that the findings of BAILEY'S investigation were
substantially correct. According to the TEM6S-69) and later SEM observations70- 62),
the extent of vesturing in pit chamber is frequently characteristic of a particular
wood, and the size and shape of individual vestures vary not only among species
but also within a species. Several attempts to categorize pit vestures (and vestured
pits) into distinct types have been made6s,77,60,82). Much attention on the relationship
between vestures and warts in vessel wall has been paid by many investigators 19,20,
68,78,77,79-88) Similarities on both structures have been recognized on the basis of
their occurrence20 ,68,73,77,79,60,83,87,88), micromorphology7S,77,79), chemical nature6S ,79,851 and
formation processS4), although a difference in the formation process between both
structures has been reported 19,86).
Fine structure of pit membranes in vessels has not been investigated in many
species. On the basis of the evidences on the pit membrane in a limited number
of species 89- UO), the vessel pit membrane is described as a simple membrane without
any visible openings consisting of the two primary walls of the adjacent cells and
the intercellular layer 16 ,19). And also it is well known that such pit membranes
do not have a centrally thickened torus like many softwood pits 16). However,
BONNER and THOMAS lli) have reported that the newly matured intervessel pit
membranes of Liriodendron tulipifera contain distinct openings and that with age
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the membranes become progressively occluded with incrustations which obstruct
the small openings. The pit membranes with torus were first found in the intervascular pits of Daphne odora by the author112). From extensive SEM observation
on the intervascular pit membranes in 187 species (109 genera, 47 families) of
Japanese dicotyledonous woods by OHTANI and ISHIDA US), 7 species belonging to
Daphne and Osmanthus have been confirmed to invariably have the torus in their
intervascular pit membranes.
From observations on the occurrence and morphology of spiral thickenings in
a wide variety of species at a LM level114- U7), spiral thickenings have been considered
to be an important diagnostic featureD. Fine structure of them in the vessels of
Tilia americana has been investigated using TEM16,9B>. SEM observations on their
micromorphology have been reported by PARHAM and KAUSTINENUB>, MILLER119,120),
OHTANI and ISHIDA121>, and MEYLAN and BUTTERFIELDl22>. The following three
attempts have been made to classify spiral thickenings. The first separates them
into three main types of unbranched, branched and swirled llB>. The second is
based on the dominant helical direction, separating them into (1) S helix, (2) Z
helix, (3) Sand Z helix and (4) thickening forming no spiral121>. The third is
based on the prominence of the thickenings, separating them into (1) fine striations,
(2) light helical thickenings sometimes merging with the vessel wall, (3) prominent
helical thickenings and (4) very close prominent helical thickenings 122). Extensive
SEM observations on the occurrence and micromorphology of spiral thickenings
in vessel wall have been carried out in a wide variety of Japanese woods by OHTANI
and ISHIDA121> and of New Zealand woods by MEYLAN and BUTTERFIELD44,l!!), respectively.
Although warts in the tracheid wall in numerous softwood species have been
investigated from various aspects99 ,12S-m), warts on the vessel wall have been mostly
investigated in association with vestured pits and much attention has been paid to
the relationship between warts and pit vestures as described above19,2o,6s,73,77,79-SS).
Therefore, the number of species examined is rather limited 1s,6s,7o,7s,77,79-ss,97,15Z-156),
although a survey on wart occurrence in many species has been carried out using
LM142,157). Recently, extensive SEM observations on the occurrence of warts in
vessel walls were reported on Japanese dicotyledonous woods of 221 species by the
authorlM>.
The occurrence and morphology of trabeculae in vessels have been observed
in many species belonging to Vitis etc. by LM159-1671. Using SEM, valuable information on the micromorphology of them in the vessels in some species has been
reported l68-172>. The SEM observations have confirmed the general similarity in their
micromorphology between the trabeculae occurring in the various gymnosperm
woods examined by KEITHl7S> and those found in vessels. On the basis of SEM
observation on the occurrence of them in New Zealand hardwoods 169), their distribution has been reported to be low and irregular.
The purpose of the present study is to show the characteristic features on
micromorphology of vessel wall sculptures of Japanese dicotyledonous woods at a
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SEM level. To obtain these information is of considerable importance in elucidating
characteristic wood properties of individual species from the aspect of their wood
structure at a SEM level. The present paper deals synthetically with the results
obtained regarding vessel wall sculptures using SEM including the information
in the earlier papers published by OHTANI I58,172) and OHTANI and ISHIDA46-'7,77,118,121).
Because the sculptures are very complicated in their three-dimensional structure,
the micromorphology should be exactly illustrated by SEM micrographs showing
details. However, they have already been published in earlier papers46-'7,77,llS,121,158,I72).
In the present paper, therefore, they are not shown to avoid overlapping. Readers
should refer to papers46-47,77,llS, 121,158, 172) .

]fateriaIs and ]fethods
The names of the species (223 species, 120 genera, 51 families) examined in the
present study are listed in Table 1. The species named used mostly follow OHwr I7.,.

Table 1.
Family
Salicaceae

Myricaceae
J uglandaceae

Betulaceae

Fagaceae

List of species examined
Species

Populus nigra LINN. var. italica MUENCHH.
Populus sieboldii MIQ.
Populus maximowiczii HENRY
Salix bakko KIMURA
Salix kinuyanagi KIMURA
Salix sachalinensis FR. SCHM.
Myrica rubra SIEB. et ZUCCo
Platycarya strobilacea SIEB. et ZUCCo
Pterocarya rhoifolia SIEB. et ZUCCo
Juglans ailanthifolia CARR.
Carpinus tschonoskii MAXIM.
Carpinus laxiflora (SIEB. et ZUCC.) BLUME
Carpinus japonica BLUME
Carpinus cordata BLUME
Ostrya japonica SARG.
Corylus sieboldiana BLUME
Betula maximowicziana REGEL
Betula PlatYPhylla SUKATCHEV var.
japonica (MIQ. HARA
Betula ermanii CHAM.
Betula grossa SIEB. et ZUCCo
Alnus firma SIEB. et ZUCCo
Alnus maximowiczii CALLIER
Alnus hirsuta TURCZ.
Alnus serrulatoides CALLIER
Alnus japonica (THUNB.) STEUD.
Fagus crenata BLUME
Fagus japonica MAXIM.
Quercus acuta THUNB.

Japanese name
Seiye,hakoyanagi
Yamanarashi
Doroyanagi
Bakkoyanagi
Kinuyanagi
Onoeyanagi
Yamamomo
Nogurumi
Sawagurumi
Onigurumi
Inushide
Akashide
Kumashide
Sawashiba
Asada
Tsunohashibami
Udaikanba
Shirakanba
Dakekanba
Yogusominebari
Yashabushi
Miyamahannoki
Keyamahannoki
Kawarahannoki
Hannoki
Buna
Inubuna
Akagashi

No.*
1
1
1
1
1
2
3

1
1
4
3
2
2
6
3
1
5
3
2
2

1
1
3
1
1
6
1
3
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Table 1 (Continued)
Family

Ulmaceae

Moraceae

Proteaceae
Cercidiphyllaceae
Ber beridaceae
Magnoliaceae

Lauraceae

Species

Quercus sessilifolia BLUME
Quercus gilva BLUME
Quercus myrsinaefolia BLUME
Quercus glauca THUNB.
Quercus salicina BLUME
Quercus phillyraeoides A. GRAY
Quercus mongolica FISCHER
Quercus mongolica FISCHER var.
grosseserrata (BLUME) REHD. et WILS.
Quercus serrata THUNB.
Quercus dentata THUNB.
Quercus variabilis BLUME
Quercus acutissima CARRUTH.
Castanea crenata SIEB. et ZUCCo
Castanopsis cuspidata (THUNB.) SCHOTTKY
Casianopsis cuspidata (THUNB.)
SCHOTTKY var. Siebold (MAKINO) NAKAI
Pasania glabra (THUNB.) OERST.
Ulmus davidiana PLANCH. var.
japonica (REHD.) NAKAI
Ulmus laciniata (TRAUTV.) MAYR
Zelkova serrata (THUNB.) MAKINO
Celtis sinensis PERS. var.
japonica (PLANCH.) NAKAI
Aphananthe aspera (THUNB.) PLANCH.
Morus bombycis KOIDZ.
Broussonetia papyrifera (LINN.) VENT.
Ficus pumila LINN.
Ficus erecta THUNB.
Ficus erecta THUNB. var. yamadorii MAKINO
Helicia cochinchinensis LOUR.
Cercidiphyllum japonicum SIEB. et Zucco
Berberis thunbergii DC.
Nandina domestica THUNB.
Michelia compressa (MAXIM.) SARG.
Magnolia obovata THUNB.
Magnolia salicifolia (SIEB. et ZUCC.) MAXIM.
Magnolia kobus DC. var. borealis SARG.
Illicium religiosum SIEB. et ZUCCo
Liriodendron tulipifera LINN.
Cinnamomum camphora (LINN.) SIEB.
Cinnamomum japonicum SIEB., ex NAKAI
Machilus thunbergii SIEB. et Zucco
Lindera erythrocarpa MAKINO
Lindera umbellata THUNB.
Parabenzoin praecox (SIEB. et ZUCC.) NAKAI
Neolitsea sericea (BLUME) KOIDZ.

Japanese name

No.*
3

Tsukubanegashi
Ichiigashi
Shirakashi
Arakashi
Urajirogashi
Ubamegashi
Mongorinara
Mizunara

2
3
3
2
1
3

Konara
Kashiwa
Abemaki
Kunugi
Kuri
Tsuburajii
Sudajii

2
1
1
1
2
3
3

Shiribukagashi
Harunire

1
4

Ohyo
Keyaki
Enoki

1
2
2

Mukunoki
Yamaguwa
Kajinoki
Oitabi
Inubiwa
Keinubiwa
Yamamogashi
Katsura
Megi
Nanten
Ogatamanoki
Honoki
Tamushiba
Kitakobushi
Shikimi
Yurinoki
Kusunoki
Yabunikkei
Tabunoki
Kanakuginoki
Kuromoji
Aburachan
Shirodamo

1
4
1
1
1
1
2
6
2
1
2
5
3
2
3
1
4
2
3
2
2
2
1

4
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Table 1 (Continued)
Family

Species

Neolitsea aciculata (BLUME) KOIDZ.
Actinodaphne lancifolia (SIEB. et ZUCC.)

Japanese name

No.*

Inugashi
Kagonoki

2
2

Baribarinoki
GotOzuru
Noriutsugi
Utsugi
Mansaku
Isunoki
Ume
Momo
ChOjizakura

3
1
1
2
1
1
2
2
1

Mamezakura
Edohigan

1
1

Yamazakura
Ezoyamazakura
Miyamazakura
Rinboku
Shiurizakura
Uwamizuzakura
Inuzakura
Kanamemochi
Biwa
Zumi
Kamatsuka

2
2
2
3
3
1
2
1
1
1
2

Nanakamado
Azukinashi
Urajironoki
Nemunoki
SOshiju
Saikachi
Jaketsuibara
Enju
Inuenju

1
8
2
3
1
1
2
1
1

Fujiki
Miyamatobera
Yamahagi

1
1
2

MEISN.
Saxif ragaceae

Hamamelidaceae
Rosaceae

Actinodaphne longifolia (BLUME) NAKAI
Hydrangea petiolaris SIEB. et ZUCCo
Hydrangea paniculata SIEB.
Deutzia crenata SIEB. et ZUCCo
Hamamelis japonica SIEB. et ZUCCo
Distylium racemosum SIEB. et ZUCCo
Prunus mume SIEB. et Zucco
Prunus persica (LINN.) BATSCH.
Prunus apetala (SIEB. et Zucc.)
FRANCH et SA VAT.

Prunus incisa THUNB.
Prunus pendula MAXIM. forma ascendens
(MAKINO) OHWI

Leguminosae

Prunus jamasakura SIEB., ex KOIDZ.
Prunus sargentii REHDER
Prunus maximowiczii RUPR.
Prunus spinulosa SIEB. et Zucco
Prunus ssiori FR. SCHM.
Prunus grayana MAXIM.
Prunus buergeriana MIQ.
Photinia glabra (THUNB.) MAXIM.
Eriobotrya japonica (THUNB.) LINDL.
Malus sieboldii (REGEL) REHDER
Pourthiaea villosa (THUNB.) DECNE. var.
laevis (THUNB.) STAPF
Sorbus commixta HEDL.
Sorbus alnifolia (SIEB. et ZUCC.) C. KOCH
Sorbus japonica (DECNE.) HEDL.
Albizia julibrissin DURAZZ.
Acacia confusa MERR.
Gleditsia japonica MIQ.
Caesalpinia japonica SIEB. et ZUCCo
Sophora japonica LINN.
Maackia amurensis RUPR. et MAXIM. var.
buergeri (MAXIM.) C. K. SCHN.
Cladrastis platycarpa (MAXIM.) MAKINO
Euchresta japonica HOOK. fil.
Lespedeza bicolor TURCZ. forma acutifolia
MATSUM.

. Rutaceae

Caraganachamlagu LAM.
Pueraria lobata (WILLD.) OHWI
Wisteria floribunda (WILLD.) DC.
Millettia japonica (SIEB. et Zucc.) A. GRAY
Robinia pseudo-acacia LINN.
Zanthoxylum piperitum (LINN.) DC.

Muresuzume
Kuzu
Fuji
Natsufuji
Harienju
SanshO

2
2

2
2
11
2
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Table 1 (Continued)
Family

Simaroubaceae
Meliaceae
Euphorbiaceae

Buxaceae
Anacardiaceae

Aquifoliaceae

Celastraceae

Staphy leaceae
Aceraceae

Hippocastanaceae

Species

Zanthoxylum ailanthoides SIEB. et ZUCCo
Phellodendron amurense RUPR.
Ailanthus altissima SWINGLE
Picrasma quassioides (D. DON) BENN.
Melia azedarach LINN.
Cedrela sinensis JUSS.
Daphniphyllum macropodum MIQ.
Daphniphyllum teijsmannii ZOLL.
Mallotus japonicus (THUNB.) MUELL. ARG.
Aleurites cordata R. BR.
Sapium japonicum (SIEB. et ZUCC.)
PAX et HOFFM.
Buxus microphylla SIEB. et ZUCCo var.
japonica (MUELL. ARG.) REHD. et WILS.
Rhus succedanea LINN.
Rhus verniciflua STOKES
Rhus sylvestris SIEB. et Zucco
Rhus trichocarpa MIQ.
Rhus javanica LINN.
!lex macropoda MIQ.
flex micrococca MAXIM.
flex sugerokii MAXIM. var. longipedunculata
(MAXIM.) MAKINO
flex crenata THUNB.
flex pedunculosa MIQ.
flex rotunda. THUNB.
flex integra THUNB.
!lex latifolia THUNB.
Celastros orbiculatus THUNB.
Euonymus sieboldianus BLUME
Euonymus oxyphyllus MIQ.
Euscaphis japonica (THUNB.) KANITZ
Acer sieboldianum MIQ.
Acer japonicum THUNB.
Acer palmatum THUNB. var. palma tum
Acer palma tum THUNB. var. matsumurae
(Koroz.) MAKINO
Acer mono MAXIM.
Acer miyabei MAXIM.
Acer distylum SIEB. et ZUCCo
Acer ukuronduense TRAUTV. et MEY.
Acer carpinifolium SIEB. et ZUCCo
Acer crataegifolium SIEB. et ZUCCo
Acer rofinerve SIEB. et ZUCCo
Acer cissifolium (SIEB. et ZUCC.) K. KOCH
Aesculus turbinata BLUME

Japanese name

No.*

Karasuzansh6
Kihada
Shinju
Nigaki
Sendan
Chanchin
Yuzuriha
Himeyuzuriha
Akamegashiwa
Aburagiri
Shiraki

2

1
1
1
1
1
2
2
2
2
2

Tsuge

1

Haze
Urushi
Yamahaze
Yamaurushi
Nurude

1
1
3
3

Aohada
Tamamizuki
Ushikaba

3
3
1

Inutsuge
Soyogo
Kuroganemochi
Mochinoki
Taray6

1
1
3

Tsuruumemodoki
Mayumi
Tsuribana

2

2

2

1
2
2

Gonzui
Kohauchiwakaede
Hauchiwakaede
Irohamomiji

2

Yamamomiji

3

Itayakaede
Kurobiitaya
Hitotsubakaede
Ogarabana
Chidorinoki
Urikaede
Urihadakaede
Mitsudekaede
Tochinoki

4
1
1
1

1
1
1

2
2

3
1
2
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Table 1 (Continued)
Family
Sapindaceae
Sabiaceae
Rhamnaceae

Elaeocarpaceae
Tiliaceae
Malvaceae
Sterculiaceae
Theaceae

Flacourtiaceae
Thymelaeaceae

Lythraceae
Araliaceae

Cornaceae

Clethraceae
Ericaceae

Myrsinaceae
Ebenaceae

Species

Sapindus mukorossi GAERTN.
lI'feliosma rigida SIEB. et Zucco
Meliosma myriantha SIEB. et Zucco
Zizyphus jujuba MILL. var. inermis
(BUNGE) REHD •.
Hovenia dulcis THUNB.
Elaeocarpus japonicus SIEB. et Zucco
Tilia japonica (MIQ.) SIMONKAI
Hibiscus syriacus LINN.
Firmiana simplex (LINN.) W. F. WIGHT
Camellia japonica LINN.
Camellia japonica LINN. var. hortensis
(MAKINO) MAKINO
Stewartia monadelpha SIEB. et ZUCCo
Ternstroemia gymnanthera (WIGHT et ARN.)
SPRAGUE
Cleyera japonica THUNB. (p. p., em. SIEB. et
ZUCC.)
Eurya japonica THUNB.
Idesia polycarpa MAXIM.
Daphne kiusiana MIQ.
Daphne odora THUNB.
Daphne miyabeana MAKINO
Daphne pseudo-mezereum A. GRAY
Daphne kamtschatica MAXIM. var.
jezoensis (MAXIM.) OHWI
Lagerstroemia subcostata KOENE
Lagerstroemia indica LINN.
Aralia elata (MIQ.) SEEMANN
Dendropanax trifidus (THUNB.) MAKINO
Acanthopanax sciadophylloides FRANCH. et
SAVAT.
Evodiopanax inn ovans (SIEB. et Zucc.)
NAKAI
Kalopanax Pictus (THUNB.) NAKAI
Cornus controversa HEMSLEY
Cornus brachypoda C. A. MEY.
Cornus kousa BUERGER, ex HANCE

Japanese name

No.*

Mukuroji
Yamabiwa
Awabuki
Natsume

2
2
2
1

Kenponashi
Kobanmochi
Shinanoki
Mukuge
Aogiri
Yabutsubaki
Tsubaki

3
2
2
1
1
3
1

Himeshara
Mokkoku

3
2

Sakaki

2

Hisakaki
Iigiri
Kosh6noki
Jinch6ge
Karasushikimi
Onishibari
Naniwazu

2
3
2
3
2
1
3

Shimasarusuberi
Sarusuberi
Taranoki
Kakuremino
Koshiabura

1
1
1
3
1

Takanotsume

2

Harigiri

3

Mizuki
Kumanomizuki
Yamab6shi

3
2
2

Ry6bu
Asebi
Nejiki

5
1
1

Benid6dan

2

Clethra barbinervis SIEB. et Zucco
Pieris japonica (THUNB.) D. DON
Lyonia ovalifolia (WALL.) DRUDE var.
elliptica (SIEB. et Zucc.) HAND.-MAZZ.
Enkianthus cernuus (SIEB. et ZUcc.)
MAKINO forma rubens (MAXIM.) OHWI
Vaccinium bracteatum THUNB.

Shashanbo

1

Myrsine seguinii LEV.
Diospyros morrisiana HANCE
Diospyros lotus LINN.

Taimintachibana
Tokiwagaki
Mamegaki

1
1
1
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Table 1 (Continued)
Family

Symplocaceae

Styracaceae

Oleaceae

Verbenaceae
Scrophulariaceae
Bignoniaceae
Caprifoliaceae

Species

Diospyros kaki THUNB.
Symplocos coreana (LEv.) OHWI
Symplocos lancifolia SIEB. et Zucco
Symplocos theophrastaefolia SIEB. et ZUCCo
Symplocos glauca (THUNB.) KOIDZ.
Symplocos prunifolia SIEB. et ZUCCo
Styrax japonica SIEB. et ZUCCo
Styrax obassia SIEB. et Zucco
Pterostyrax corymbosa SIEB et Zucco
Ligustrum japonicum THUNB.
Ligustrum obtusifolium SIEB. et Zucco
Osman thus aurantiacus (MAKINO)
NAKAI var. thunbergii (MAKINO) HONDA
Osman thus aurantiacus (MAKINO) NAKAI
var. aurantiacus
Osman thus fragrans LOUR.
Osmanthus heterophyllus (G. DON)
P. S. GREEN
Osmanthus fortunei CARR.
Osman thus insularis KOIDZ.
Osman thus rigidus NAKAI
Syringa reticulata (BLUME) HARA
Fraxinus spaethiana LINGELSH.
Fraxinus mandshurica RUPR. var.
japonica MAXIM.
Fraxinus japonica BLUME
Fraxinus lanuginosa KOIDZ.
Clerodendrom trichotomum THUNB.
Paulownia tomentosa (THUNB.) STEUD.
Catalpa ovata G. DON
Sambucus sieboldiana BLUME, ex GRAEBN.
var. miquelii (NAKAI) HARA
Viburnum dilatatum THUNB.
Viburnum awabuki K. KOCH

Japanese name

No.*
1
3
2
3
2
3

Kakinoki
Tannasawafutagi
Shirobai
Kanzabur6noki
Mimizubai
Kurobai
Egonoki
Hakuunboku
Asagara
Nezumimochi
Ibotanoki
Usugimokusei

1
1
2
1
1

Kinmokusei

2

Ginmokusei
Hiiragi

1

Hiiragimokusei
Nataorenoki
6mokusei
Hashidoi
Shioji
Yachidamo

2
3
1
3
1
2

Toneriko
Aodamo
Kusagi
Kiri
Kisasage
Ezoniwatoko

1
2
2
1
1
2

Gamazumi
Sangoju

1

2

4

2

* Number of sampling trees

Wood samples were obtained from living trees grown normally and/or the
wood collections of the Department of Forest Products, Hokkaido University etc.
Small blocks were taken from the outer sapwood. Various surfaces, mainly longitudinal radial and tangential surfaces, to be observed were obtained by splitting,
and cutting using a single-edge razor blade. Final cuts were done with a new
razor blade. Specimens were finished in the form of ca. 6 mm X 6 mm X 1 mm and
dried at room conditions. They were stuck on the brass standard stub with electrically conductive paste. The surfaces to be observed were coated with carbongold while being rotated in a high vacuum evaporation unit. Observations were
made with a JSM-2 SEM at 15-25 kV.
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In addition to the SEM observations, observations on some items were also
carried out with field emission SEM, TEM using direct carbon replica I16 ,114», polarizing microscope (PM) and LM.

Results and Discussion
1. Perforation plates
1. 1.

Micromorphology of perforation plates
According to the definition of lAW Aim, vessel perforations are distinguished
into simple and multiple perforations, and three kinds of multiple perforation plates,
i. e., scalariform, reticulate and ephedroid perforation plates, are defined in the
glossary. However, the terms for various forms of the multiple perforation plates
except the scalariform in past works are not consistent as pointed out by GRAY
and DEZEEUWS6). To avoid the confusion of the term, therefore, the multiple
perforation plates examined were distinguished into scalariform perforation plates
and multiple perforation plates except the scalariform in the present study. The
term "multiple perforation plate" used in this paper is defined as the latter.
Simple perforation plates examined were divided into the following four types
on the basis of the form of rim.

Type
Type
Type
Type

1····· .Simple
2······Simple
3······Simple
4······Simple
edge.

perforation
perforation
perforation
perforation

plate having prominent bordered rim.
plate having bordered rim.
plate having non-bordered rim with blunt edge.
plate having non-bordered rim with pointed

Apart from these types of simple perforation plates, simple perforation plates
with so-called vestures on their rim were found only in Caragana chamlagu having
vestured pits. Such simple perforation plates have been found in 9 species (4 genera,
3 families) indigenous to New Zealand by KUCERA et a1. 38) and in Leptospermum
crassipes by BAASSO).
Scalariform perforation plates examined were divided into the following three
types on the basis of the number of bars within a scalariform perforation plate.
Type 1······Few-barred (1-20 bars) scalariform perforation plate.
Type 2······Intermediate-barred (21-40 bars) scalariform perforation plate.
Type 3······Many barred (over 41 bars) scalariform perforation plate.
According to the previous reports I18- 1SO), scalariform perforation plates with 5
or few bars are placed in the "few" class, with 5 -15 in the "intermediate" class,
and over 15 in the "many" class. However, application of such a division was
inadequate to the scalariform perforation plates observed in the present study,
because the majority of them had bars over 15.
Various forms of multiple perforation plates were observed in the present study.
Most of their forms corresponded with those reported already by several investigators31 ,S6,.S,.8,68,181l. Although they were difficult to divide into main types, they
were divided into the following three types.

aa4
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Type l······Multiple perforation plate having many small slit-like or oval openings which are similar in shape and size.
Type 2······Multiple perforation plate having many slit-like or oval openings
which are different each other in shape and size.
Type 3····· ·Multiple perforation plate having several irregular openings in shape
and size.
Besides three kinds of perforation plates described above, transitional forms
between different typical kinds of perforation plates were always found in the
species having more than one kind of them.
Microfibrillar webs40.57) were observed in the openings in the lateral margin of
some scalariform perforation plates in all the species having the plates of types 2
and 3. They were also commonly found in the last few openings at each end of
long scalariform perforation plates. Complete microfibrillar webs,o.57), which are
present in most or all regions of all openings of a scalariform perforation plate,
were found in some plates in all the species having the plates of type 3 and in
6 species having the plates of type 2. The microfibrils forming a complete microfibrillar webs were mainly oriented perpendicularly to the bars (orthogonal microfibrillar webs4o.67») in some plates and arranged in a reticulate fashion (reticulate
microfibrillar webs40.67») in others. It should be noticed that the scalariform perforation plates with complete microfibrillar webs had promiment bordered bars and
narrow openings between them as pointed out in the preceding papers37 .47).
It is well known that the openings in each half perforation plate in adjacent
vessel members normally coincide exactly31.37>. This fact was also confirmed in
almost all perforation plates except particular ones in some species. The perforation plates in which openings between adjacent vessel members are not coincident
have been referred to as combination perforation plates (a perforation plate consisting
of different kinds of two half perforation plates in adjacent vessel members) and
as mismatching perforation plates (a perforation plate consisting of the same kind
of two half perforation plates in adjacent vessel members)34.42.431. Various forms
of combination perforation plates, i. e., simple-to-scalariform, simple-to-multiple, and
scalariform-to-multiple plates, were observed in different species. Simple-to-scalariform plates were found in Idesia polycarpa and Sambucus sieboldiana var. miquelii
having both kinds of simple and scalariform perforation plates, and in Fagus crenata
and F. japonica having three kinds of simple, scalariform and multiple perforation
plates. Simple-to-multiple plates were found in the five species (Helicia cochinchinensis, Pourthiaea villosa var. laevis, Sorbus commixta, S. alnifolia and S. japonica)
having both kinds of simple and multiple perforation plates and in Fagus crenata
and F. japonica. Scalariform-to-multiple plates were found in Fagus crenata and
F. japonica. In this connection, BUTTERFIELD and MEYLAN 34), and MEYLAN and
BUTTERFIELD431 have observed a wide range of combination plates (simple-to-scalariform, sim ple-to -part -scalariform, sim ple-to -reticula te, and scalariform -to-reticulate
plates) in 22 different New Zealand woods belonging to 9 angiosperm families.
MEYLAN and BUTTERFIELD4S) have suggested that it is possible that combination
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plates occur in most woods having more than one type of perforation plate.
Mismatching perforation plates in simple and multiple plates were often observed in
the 5 species (Helicia cochinchinensis, Pourthiaea villosa var. laevis, Sorbus commixta, S. alnifolia and S. japonica) having both kinds of simple and multiple
perforation plates and in Fagus crenata and F. japonica. Most of scalariform and
multiple perforation plates in Fagus crenata and F, japonica were mismatching
plates. Three kinds of mismatching perforation plates were also rarely found in
some species besides the species described just above.
1. 2. Description on the micromorphological variation of perforation
plates of the species

On the basis of the occurrence of various forms of perforation plates in each
species, the species examined were divided into 6 groups (Table 2). In this paper,
for convenience, three kinds of combination perforation plates, i. e., simple-to-scalariform, simple-to-multiple and scalariform-to-multiple, are entered into each category
of scalariform, multiple and multiple perforation plates, respectively. And also
three kinds of mismatching perforation plates, i. e., simple, scalariform and multiple,
are regarded as simple, scalariform and multiple perforation plates, respectively.
Table 2.

Group No.

0:

Grouping of species examined divided on the basis
of the occurrence of perforation plate kind

Number of species
(genera, families)

Kind of perforation plates
Simple

I

Scalariform

I

Multiple

1

136 (71, 32)

0

-

-

2

46 (24, 15)

-

0

3

24 (15, 9)

0

0

-

4

9 ( 7, 5)

-

0

0

5

5 ( 3, 2)

0

-

0

6

3 ( 2, 2)

0

0

0

Present
Absent

1) Species with exclusively simple perforation plates

136 species (71 genera, 32 families) belonged to this group. The species names
are listed in Table 3. Although the simple perforation plates of type 1 were found
in only 16 species among 136 species, those of types 2, 3 and 4 were found in
most species. In most ring-porous woods, the simple perforation plates of type 4
were mostly present in the earlywood vessels and those of type 2 and/or 3 were
present in the latewood vessels.
2) Species with exclusively scalariform perforation plates

46 species (24 genera, 15 families) belonged to this group. The species having
exclusively or mostly scalariform perforation plates of types 1, 2 and 3 were 17,
19 and 10 in number, respectively. The species names are listed in Table 4.
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Table 3.
Family
Salicaceae
Juglandaceae
Betulaceae
Fagaceae

Ulmaceae
Moraceae
Berberidaceae
Rosaceae

Leguminosae

Rutaceae
Simaroubaceae
Meliaceae
l):uphorbiaceae
Anacardiaceae

Species with exclusively simple perforation plates
Species

Populus nigra var. italica, P. sieboldii, P. maximowiczii, Salix bakko,
S. kinuyanagi, S. sachalinensis
Platycarya strobilacea, Pterocarya rhoifolia, Juglans ailanthifolia
Ostrya japonica
,Quercus acuta, Q. sessilifolia, Q. gilva, Q. myrsinaefolia, Q. glauca,
Q. salicina, Q. phillyraeoides, Q. mongolica, Q. mongolica var. grosseserrata, Q. serrata, Q. dentata, Q. variabilis, Q. acutissima, Pasania
glabra
Ulmus davidiana var. japonica, U. laciniata, Zelkova serrata, Celtis
sinensis var. japonica, Aphananthe aspera
Morus bombycis, Broussonetia papyrifera, Ficus pumila, F. erecta, F.
erecta var. yamadorii
Berberis thunbergii, Nandina domestica
Prunus mume, P. persica, P. apetala, P. in eisa, P. pendula forma
ascendens, P. jamasakura, P. sargentii, P. maximowiczii, P. spinuwsa,
P. ssiori, P. grayana, P. buergeriana, Photinia glabra, Eriobotrya
japonica, Malus sieboldii
Albizia julibrissin, Acacia confusa, Gleditsia japonica, Caesalpinia
japonica, Sophora japonica, Maackia amurensis var. buergeri, Cladrastis platycarpa, Euchresta japonica, Lespede%a bicolor forma acutifolia, Caragana chamlagu, Pueraria lobata, Wisteria floribunda, Millettia japonica, Robinia pseudo-acacia
Zanthoxylum piperitum, Z. ailanthoides, Phellodendron amurense
Ailanthus altissima, Picrasma quassioides
Melia azedarach, Cedrela sinensis
Mallotus japonicus, Aleurites cordata, Sapium japonicum
Rhus succedanea, R. verniciflua, R. sylvestris, R. trichocarpa, R. javanica

Celastraceae
Aceraceae

Celastrus orbiculatus, Euonymus sieboldianus, E. oxyphyllus
Acer sieholdianum, A. japonicum, A. palmatum var. palma tum, A.
palma tum var. matsumurae, A. mono, A. miyabei, A. distylum, A.
ukurunduense, A. carpinifolium, A. crataegifolium, A. rufinerve, A.
cissifolium

Hippocastanaceae
Sapindaceae
Rhamnaceae
Elaeocarpaceae
Tiliaceae
Malvaceae
Sterculiaceae
Thymelaeaceae

Aesculus turbinata
Sapindus mukorossi
Zizyphus jujuba var. inermis, Hovenia dulcis
Elaeocarpus japonicus
Tilia japonica
Hibiscus syriacus
Firmiana simplex
Daphne kiusiana, D. odora, D. miyabeana, D. pseudo-mezereum, D.
kamtschatica var. je%oensis
Lagerstroemia subcostata, L. indica
Aralia elata, Dendropanax trifidus, Acanthopanax sciadophylwides,
Evodiopanax inn ovans, Kawpanax pictus

Lythraceae
Araliaceae
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Table 3 (Continued)
Family

Species

Myrsinaceae
Ebenaceae
Oleaceae

Verbenaceae
Scrophulariaceae
Bignoniaceae

Myrsine seguinii
Diospyros morrisiana, D. lotus, D. kaki
Ligustrum japonicum, L. obtusifolium, Osman thus aurantiacus var.
thunbergii, O. aurantiacus var. aurantiacus, O. fragrans, O. heterophyllus, O. fortunei, O. insularis, O. rigidus, Syringa reticulata, Fraxinus spaethiana, F. mandshurica var. japonica, F. japonica, F. /anuginosa
Clerodendrom trichotomum
Paulownia tomentosa
Catalpa ovata

Table 4.
Family
Betulaceae

Cercidiphyllaceae
Magnoliaceae
Saxifragaceae

Hamamelidaceae
Buxaceae
Aquifoliaceae

Staphyleaceae
Sabiaceae
Theaceae

Species with exclusively scalariform perforation plates
Species

Carpinus cordata
Corylus sieboldiana
Betula maximowicziana
Betula platyphylla var. japonica
Betula ermanii
Betula grossa
Alnus firma
Alnus maximowiczii
Alnus hirsuta
Alnus serrulatoides
Alnus japonica
Cercidiphyllum japonicum
Michelia compressa
Liriodendron tulipifera
Hydrangea petiolaris
Hydrangea paniculata
Deutzia crenata
Hamamelis japonica
Distylium racemosum
Bu:z:us microphylla var. japonica
flex macropoda
flex micrococca
flex sugerokii var. longipedunculata
flex crenata
flex pedunculosa
!lex rotunda
flex integra
!lex latifolia
Euscaphis japonica
Meliosma rigida
Stewartia monadelpha

Type*
1
1
1
1
1
1
2
2
2
2
2
2
1

1
1
3
3
1
1
1
2
2
2
2
2
2
2
2

2
1
1
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Table 4 (Continued)
Family

Cornaceae

Clethraceae
Symplocaceae

Styracaceae

Caprifoliaceae

Type*

Species

Ternstroemia gymnanthera
Cleyera japonica
Cornus controversa
Cornus brachypoda
Cornus kousa
Clethra baroinervis
Symplocos coreana
Symplocos theophrastaefolia
Symplocos glauca
Symplocos prunifolia
Styrax japonica
Styrax obassia
Pterostyrax corymbosa
Viburnum di/atatum
Viburnum awabuki

2
3
2
2
2
3
3
3
3
3
1
1
1
3
3

* Type of scalariform perforation plates.
1 ...... Few-barred (1-20 bars)
2...... Intermediate-barred (21-40 bars)
3 ...... Many-barred (over 41 bars)

Table 5.
Subgroup No.
1

Species with both simple and scalariform perforation plates
Family
Myricaceae
Fagaceae

Ericaceae
2

Betulaceae

Magnoliaceae

Lauraceae

Sabiaceae
Flacourtiaceae
Caprifoliaceae

Species

Myrica rubra
Castanea crenata
Castanopsis cuspidata
Castanopsis cuspidata var. siebold
Pieris japonica
Carpinus tschonoskii
Carpinus laxijlora
Carpinus japonica
Magnolia obovata
Magnolia salicifolia
Magnolia kobus var. borealis
Cinnamomum camphora
Cinnamomum japonicum
Machilus thunbergii
Lindera erythrocarpa
Lindera umbellata
Parabenzoin praecox
Neolitsea sericea
Neolitsea aciculata
Actinodaphne lancifolia
Actinodaphne longifolia
Meliosma myriantha
Idesia polycarpa
Sambucus sieboldiana var. miquelii
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3) Species with both simple and scalariform perforation plates
24 species (15 genera, 9 families) belonged to this group.
are listed in Table 5.

The species names

3, 1) Species with both kinds of the plates occurring regularly
within an annual ring
5 species belonged to this subgroup. In Pieris japonica, the simple perforation
plates of types 2 and 3 were present in the inner part of an annual ring, and the
scalariform perforation plates of type 1 were present in the outer part. Although
perforation plates in Myrica rubra were almost similar in their micromorphological
variation to those in Pieris japonica, simple perforation plates were present in only
few vessels at the beginning of an annual ring. In Castanea crenata, Castanopsis
cuspidata and C. cuspidata var. siebold, the simple perforation plates of types 2, 3
and 4 were present in the earlywood vessels and in most latewood ones. The
scalariform perforation plates of type 1 were rarely found in only small vessels
In latewood.
3, 2) Species with both kinds of the plates occurring irregularly
within an annual ring
19 species belonged to this subgroup. The occurrence of scalariform perforation plates in Meliosma myriantha was almost similar in their frequency to
that of simple perforation plates. Scalariform perforation plates in this species were
of type 1, and simple perforation plates were of type 2. In the remainder of the
species belonging to this subgroup, the simple perforation plates of types 2, 3 and
4 were present in most vessels and the occurrence of scalariform perforation plates
of type 1 had a tendency to be restricted to smaller vessels.
4) Species with both scalariform and multiple perforation plates
9 species (7 genera, 5 families) belonged to this group.
are listed in Table 6.
Table 6.
Subgroup No.
1

Species with both scalariform and multiple perforation plates
Family
Theaceae

Ericaceae

2

The species names

Species

Camellia japonica
Camellia japonica var. hortensis
Eurya japonca
Lyonia ovalifolia var. elliptica
Enkianthus cernuus forma rubens

Magnoliaceae

Illicium religiosum

Euphorbiaceae

Daphniphyllum macropodum

Symplocaceae

Symplocos lancifolia

Daphniphyllum teijsmannii
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4, 1) Species with both kinds of the plates occurring regularly
within an annual ring

5 species belonged to this subgroup. In Camellia japonica and C. japonica
vlu. hortensis, the scalariform perforation plates of type 1 were present in the
inner part of an annual ring, while the scalariform perforation plates of type 1
and the multiple perforation plates of types 1 and 2 were present in the outer
part. In Eurya japonica, the scalariform perforation plates of type 3 were present
in most vessels, and the multiple perforation plates of types 1 and 2 were present
in the terminal zone of an annual ring. In Lyonia ovalifolia var. elliptica and
Enkianthus cernuus forma rubens, the scalariform perforation plates of types 2
and 3 and the multiple perforation plates of type 2 were present in the inner part
of an annual ring, and the multiple perforation plates of type 1 were exclusively
present in the outer part.
4, 2) Species with both kinds of the plates occurring irregularly
within an annual ring

In 4 species belonging to this subgroup, most perforation plates were scalariform and multiple perforation plates were rarely present. The scalariform perforation plates of type 3 were present in the 4 species. The multiple perforation plates
of type 2 were exclusively present in Illicium religiosum, Daphniphyllum macropodum and D. teijsmannii, whereas those of types 1 and 2 were present in Sym-

plocos lancifolia.
5)

Species with both simple and multiple perforation plates

5 species (3 genera, 2 families) belonged to this group. The species names
are listed in Table 7. In these species both kinds of perforation plates were irregularly present within an annual ring. Most perforation plates were simple, and
multiple perforation plates were also present.
Both kinds of the plates occurred regardless of the diameter of the vessels in
Helicia cochinchinensis and Pourthiaea villosa var. laevis, whereas the occurrence
of multiple perforation plates were limited to some of smaller vessels in the 3
species belonging to Sorbus. The simple perforation plates of types 1 and 2 were
present in Helicia cochinchinensis, whereas those of Pourthiaea villosa var. laevis
were of type 1. Simple perforation plates in the 3 species of Sorbus were of types
1, 2 and 3. The multiple perforation plates of only type 3 were present in Helicia
Table 7.
Family

Species with both simple and multiple
perforation plates
Species

Proteaceae

Helicia cochinchinensis

Rosaceae

Pourthiaea villosa var. laevis
Sorbus commixta
Sorbus alnifolia
Sorbus japonica
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cochinchinensis, whereas those of types 1, 2 and 3 were present in Pourthiaea
villosa var. laevis and in the 3 species of Sorbus. Although micromorphology
of the multiple perforation plates in each of these species was very complicated,
no differences were found among the 3 species belonging to Sorbus. It should be
noticed that the perforation plates (multiple and simple) except typical simple perforation plates with smooth rim were mismatching or combination perforation plates
In the 5 species.
6) Species with simple, sealariform and multiple perforation plates

Three kinds of perforation plates occurred regularly in association with the
position of the vessels within an annual ring in the 3 species (2 genera, 2 families)
belonging to this group (Table 8).
Table 8.
Family
Fagaceae
Ericaceae

Species with simple, scalariform and
multiple perforation plates
Species

Fagus crenata
Fagus japonica
Vaccinium bracteatum

In Fagus crenata and F. japonica, the simple perforation plates of types 2
and 3 were present in the vessels in the inner part of an annual ring and the
scalariform perforation plates of type 1 were present in some of the vessels in the
outer part. Various forms of multiple perforation plates were present in others.
These plates were of types 1, 2 and 3. In the 2 species most scalariform and
multiple perforation plates were mismatching or combination plates. In Vaccinium
bracteatum, the simple perforation plates of types 2 and 3 and the scalariform
perforation plates of type 1 were present in the vessels of the inner part of an
annual ring. The latter plates were also present in the outer part. The occurrence
of multiple perforation plates were limited to the terminal zone. These plates
were of types 1 and 2.

2. Pits
Although there are many aspects on the micromorphology of pits which should
be observed using SEM, SEM observation was focused on vestured pits and intervascular pit membranes in the present study.
Because vestured pits are very complicated in three-dimensional structure,
micromorphology of them is very difficult to be observed by the microscopes except
SEM. On the other hand, the presence or absence of torus in the pit membranes
was detected clearly using SEM, though fine structure of the pit membranes was
not able to be exactly observed by SEM. Therefore, field emission SEM and TEM
were applied to the observation of their fine structure.

M2"
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.2,.·1. Vestured pits

2. 1. 1. . Definition of term "vesiured pits" used in this paper

The term "vestured pits" was first used by BAILEyel,etl to describe the bordered
pits in dicotyledons which have ininute projections arising from the pit border. He
confirmed' that these projections, i. e., vestures, also occurred on the inner surface
of secondary wall of vessels as well' the .bordered pits in certain sPeciesGl,62). On
the other hand, "warts" were first found by KOBAYASHI and UTSUMI 1Sl1) and LIESE
186), on the inner' surfaee and, the inside of the pit chamber of tracheid wall of
Pinus specieS. Therefore, it shoUld be noticed that the terms "vestures" and
'~warts" are derived from the evidences of minute projections on the inner surface
wall and the pit chamber wall in the vessels of angiosperms by LM and in the
tracheids of gymnosperms by TEM, respectively.
According to the author's judgement on the basis of the observations on vestures
and warts reported in the previous papers, morphological differences between "vestures" of angiosperms and "warts" of gymnosperms are mainly recognized in their
size and shape. In general, the vestures are larger in size and more complicated
in shape compared with the warts .. Accordingly, the larger branched projections
on the pit chamber wall and on the inner surface of the vessel wall have been
termed "vestures", while the smaller unbranched ones on the inner surface of
vessel wall which are almost similar in size and !$hape to warts on the tracheid
wall of gymnosperms have been termed "warts".,
In the 12 species examined in the preserit study (i. e., Fagus rrenata, F. japonica, Albizia julibrissin, Acacia confusa, Gleditsia japonica, Caesalpinia japonica,
Sophora j(lPr;mica, Maackia amurensis var. buergeri, Cladrastis platycarpa, Lespedez(l bicolor forma acutifoliq, Lagerstroemia subcostata· and L. indica), however,
th.e larger branched projections and the smaller unbranched ones were impossible
to be distinguished distinctly on the basis of the siz~ and shape of them, ,because
the two projections were present not· only on the pit' chamber wall within the same
pit of ~essel. wall but alsQ on the inner surf~ce wall and furthe~more various. forms
showing continuous transition from the larger branched projections to the smaller
unbranched ones were invariably found both on the pit chamber wall within the
same pit and on a limited inner surface of vessel wall. These facts have also
been ·recogni.zed in different species besides the species described just above20 ,1S,76,79,
80.~). Both projections were attacked in the same degree by some chemical treatments such as delignification et aI, as reported in the previous papers63 ,79). Therefore, the two projections, i. e., vestures and warts, should be regarded as the same
structure on the inner surface of the vessel wall including the surface of the vessel
waH lining the pit cavity. . Accordingly, in this paper the "vestures" are defined
as all the projections on the inner surface of. the vessel wall including the surface
of ' the vessel' wall lining the pit cavity and the "vestured pits" are defined as the
pits having these projections, i. e., "vestures".
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2. 1. 2. MicrolMrphology of vestured pits
Pit vestures varied remarkably in shape and size. As"pointed out by C6Tt and
DAYIIS) , categorizing pit vestures into distinct types was very difficult, becaUse of
variation and overlapping of characteristics in shape. Unbranched ·vestureswer(!
limited to small ones. They corresponded well with wart-like vestures described
by SCURFIELD and SILVAN ). Branched vestures varied remarkably in shape and
size. Branched vestures t~nded to be more complicated in shape as they became
larger in size. In many cases, larger vestures branched in several times from
their bise to tips and shape of them varied among species and genera. For
example, "coraloid"62) vestures were found in Lagerstroemia subcostata and L.
indica, and "filamentous"62) vestures were found only in Pueraria Zobata.
Size of vestures was up to ca. 1 p in diameter at base and up to ca. 3 p in
height. In many cases, vestures were larger in height than in wi(;hh." When
branches of vestures expanded widely, however, such vestures were larger in width
than in height. Vestures with such branches occasionally reached ca. 5 p in their
maximum width.
Pit vestures showed a certain pattern in their size, shape and distribution
within a pit associated with the extent of vesturing. Therefore, the vestured pits
observed in the present study were divided into the following three types on the
basis of the extent of vesturing within a pit chamber.
Type l ...... Pits of slight vesturing. Several simple vestures arise from only
the margin of the outer pit aperture on the pit" chamber wall, or
numerous smaller unbranched vestures' arise ftom near the outer
pit aperture on the pit chamber wall. Vestu~es are not present
near the pit annulus on the pit chamber wall." Vestures do not
occulude the outer aperture. ,
.
Type 2· .... ·Pits of moderate vesturing. Vestures mostly occulude the outer
pit aperture but not occupy the entire pit chamber. Larger branched vestures arise from the margin of the outer pit aperture. They
project toward the pit membrane and,in many cases, branches of
them expand widely in the pit chamber. Many smaller simple
vestures always occur near the base of the larger branched vestures
on the pit annulus side. Vestures are not present near the pit
annulus on the pit chamber walL
Type 3 ...... Pits of remarkable vesturing. Vestures arise from the whole surface
of pit chamber wall. Vestures arising from the marginal zone of
the outer pit aperture are larger in size and more complicated in
shape, and they become smaller in size and less complicated in
shape toward the pit annulus. Small unbranched vestures always
occur near the pit annu1us on the pit chamber wall. In many
cases, all vestures project toward the pit membrane until they
reach it. Tips of them are closely arranged parallel to th~ pit
membrane. In such cases, therefore, pit chamber is almost occupied
by the vestures.
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2. 1. 3.

Description of the micromorpholegical Tariatioa of netured
pita of the species

On the basis of the occurrence of vestures in pits in each species, the species
examined were divided into 3 groups (Table 9).
Table 9.

Grouping of species examined divided on the basis
of the occurrence of vestures in pits
Number of species
(genera, families)

Group No.

17 (17, 6)
21 (10, 6)
185 (96, 48)

1
2
3
0:

Present

o.

I

Vestured pits

Non-vestured pits

I

0
0

0

I

0

Absent
Table 10.

Su~roup

Uccurrence of vestures in pits

I

Subgrouping of the species with exclusively vestured
pits divided on the basis of the extent of vesturing
in each pit kind
Species

1

Acacia confusa2 )
Lespedeza bicolor forma acutifolia

2

Alhi:zia julibrissin 2)
Caesalpinia japonica2 )
Pueraria lobata 2)

t;xtent of vesturinll in pit"'

I

V-V pit

I

3

I V-R

I

3

V-P pit

pit

I

3

IV-F pit
I

3

2,3

2

2

3

Gleditsia japonica
Sophora japonica2)
Maackia amurensis var. buergen'2)
Cltzdrastis pltztycarpa2)
Euchresta japonica

2

2

2

2

4

Caragana chamlagu
Aleurites cordata2)
Sapium japonicum2)
Meliosma myriantha1)2)
Zi:zyphus fttjuba var. inermis
Clethra barbinervis
Enkianthus cernuus forma rubens

1

1

1

1

l)...... No V-V pits were found.
2)- .... ·No V-F pits were found.
* V-V pit.. ·· .. Intervascular pit
V-R pit······Vessel to ray parenchyma pit
V-P pit···· .. Vessel to axial parenchyma pit
V-F pit· .. ···Vessel to wood fiber pit
l ......Slight vesturing
2.. ·· .. Moderate vesturing
3· .. · .. Remarkable vesturing
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1) Species with excI.iveI, vestured pita
17 species (17 genera, 6 families) belonged to this group. The extent of vesturing in each pit kind (i. e., v-v pits······Intervascular pits, V-R pits······Vessel .to
ray parenchyma pits, V-P pits······Vessel to axial parenchyma pits, V-F pits·· ....
Vessel to wood fiber pits) in the vessel wall of the 17 species is shown in Table
10. The 17 species were divided into 4 subgroups (Table 10).
In Acacia con/usa and Lespede%a bicolor forma acutifolia of the 1st subgroup,
all the pits were the vestured pits of type 3 regardless of pit kind.
In Albi%ia julibrissin, Caesalpinia japonica and Pueraria lobata of the 2nd
subgroup, V-V pits were the vestured pits of types 2 and 3, while V - R and V - P
pits were the vestured pits of type 2. In Albi%ia julibrissin, vesturing in V-V
pits was more remarkable in the vessels in the outer part than in the inner part
of an annual ring. In Caesalponia japonica and Pueraria lobata, the extent of
vesturing in V-V pits varied regardless of the vessel member diameter and its
position within an annual ring.
In the 5 species of the 3rd subgroup, all the pits were the vestured pits of
type 2.
In the 7 species of the 4th subgroup, all the pits were the vestured pits of
type 1.
2) Species with vestured and non-vestured pits
21 species (10 genera, 6 families) belonged to this group. On the basis of the
extent of vesturing in each pit kind, the 21 species were divided into 5 subgroups
as shown in Table II.
In Lagerstroemia subcostata and L. indica of the 1st subgroup, V-V pits were
the vestured pits of type 3, while V-R and V-P pits varied remarkably in the
extent of vesturing not only within a vessel member but also in the limited region
of vessel wall. The extent of vesturing in V-R and V-P pits varied regardless
of the vessel member diameter and its position within an annual ring. Vestured
pits of them were those of types 1, 2 and 3, and non-vestured pits were also present.
In Wisteria floribunda and Millettia japonica of the 2nd subgroup, V-V pits
were the vestured pits of type 2, while V -Rand V - P pits varied considerably in
the extent of vesturing. Non-vestured pits and the vestured pits of types 1 and 2
were found in each of V-R and V-P pits. The extent of vesturing varied regardless of the vessel member diameter and its position within an annual ring.
In Robinia pseudo-acacia of the 3rd subgroup, vestured pits in all the pit
kinds were those of types 1 and 2, though non-vestured pits were also present in
V-R and V-P pits. The extent of vesturing in V-V pits was more remarkable
in the outer part than in the inner part of an annual ring, while that of V-R
and V -P pits varied regardless of the vessel member diameter and its position within
an annual ring.
In Symplocos coreana of the 4th subgroup, V-V pits were the vestured pits
of type 1, while others were non-vestured pits and the vestured pits of type 1.
In pits except V-V pits, pit vestures tended to be more densely developed in the'
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Table 11.

Subgrouping of the species' with vestured andnon~vestured
pits divided on the basis of the extent of vesturing in each
pit kind

Subgroup
,No.

Species

1

Lagerstroemia subcostata 2 )
Lagerstroemia indica2 )

3

0, I, 2, 3

0, I, 2, 3

2

Wisteria jloribunda2 )
Millettil! japonica 2 )

2

0, I, 2

0, 1,2

3

Robinia pseudo-acacia2)

1,2

0, I, 2

0, 1,2,

4

Symptocos coreana

1

0,1

0,1

0, 1

0,1

0,1

0,1

0,'1

5

Fagus, crenata
Fagus japonica
Quercus acuta 1)
QuerCus sessilifolia1)
Quercus gilva 1)
Qu,ercus myrsinae!olia1 )
Quercus glauca 1)
Quercus salicina1)
, Quercus, phillyraeoides1 )
Quercus variabilis1)
Quercus acutissima1)
Pasania glabra 1)
Eurya japonica1)
Ligu~trum japonicum
Ligustrum obtusifolium

v-p pit

V-F pit

l) ...... No V-V pits were found.
2) ...... Ne V-F pits w~re found.
* V-V pit .. ·· .. lntervascular pit
V-R pit .... ··Vessel to ray parenchyma pit
V~p pit ...... Vessel to axial parenchyma pit
V-F pit ...... Vesselto wood fiber pit
O·· .... Non-vestured pit
1 ...... Slight vesturing
2 ...... Moderate vesturing
3...... Remarkable vesturing
o~ter

part than in the inner part of an annual ring.
In the)5~pecies of the 5th. subgroup, non-vestured . and vestured pits Were
fQund in· .each of pit kinds. All the vestured pits of these species were those of
~yp~ lr-ega..rdless .of pit kinds. In Fagus cfenata and F. japonica, vestured pits
were found in the vessels, in the outer part of an annual ring, but not in those
in- the' inner part. In Quercus variabilis and Q. acutissima,vestured pits were
found in some' of the vessels in the outer part of
annual ring. In Quercus acuta,
Q. sessilifolia, Q. gilva, Q. myrsinaefolia, Q. glauca, Q. salicina, Q. phillyraeoides
and Pasania glabra, vestured' pits tended to be found in the smaller vessel members. In Eurya japonica, occurrence of pit vestures varied regardless of the vessel
member diameter and its position within an annual ring. In Likustrum japonicum

an
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and L. obtusifolium, the extent of vesturing tended to be more remarkable in the
outer .part than in the inner part of an annual ring.
3) Species with exclusively non-vestured pits

185 species (96 genera, 48 families) except the species listed
11 belonged to this group.

1D

Tables 10 and

2. 2. Pit membrane
2.2. 1. Micromorphology of pit membrane

The vessel pit membrane is described as a membrane, without torus and any
visible openings, consisting of two primary walls of the adjacent cells and the
intercellular layer1 •16l • However, this description is based on mainly TEM observations on a limited number of species 89- uol • Therefore, a further observation on the
pit membranes in a wide variety of angiosperm species was considered to be needed.
Microfibrillar orientation in the pit membrane was not always exactly detected by
SEM observation due to thickness of C-Au coating layer on the surface of specimens used in the present study: However, the presenc~ or absence of torus in
the intervascular pit membranes was clearly able to be confirmed using SEM.
Therefore, the presence or absence of torus iri them was mainly observed; Of the
223 species examined in the present study, intervascular 'pits" were present in 197
species (110 genera, 50 families).
2.2.2. Description on the intervascular pit membrane" of the species
1) Species having the intervascular pit membrane with torus

10 species (2 genera, 2 families) were confirmed to invariably, have the torus
in their intervascular pit membranes (Table 12). The pit membranes with torus
were invariably found in the 3 species which belong to subsection Daphnanthoi4es
of the 5 species examined of section Daphne of Daphne, and in all of the 7 species
examined of Osmanthus. According to OHW1 174l , Daphne kiusiana, D. miyabeana,
D. pseudo-mezereum and D. kamtschatica var. jezoensis, and Osmanthus aurantiacus
var. thunbergii, O. fragrans, O. heterophyllus, O. fortunei, O. insularis and, O.
Table 12.

Family

Species having intervascular pit membranes
with torus
Genus

Thymelaeaceae

Daphne

Oleaceae

Osman thus

Species

D. kiusiana
D.odora
D. miyabeana
O. aurantiacus var. thunbergii
O. aurantiacus var. aurantiacus
O. fragrans
O. heterophyllus
O. fortunei
O. insularis
O. rigidus

us
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rigidus are described as the species belonging to Daphne and Osmanthus indigenous
to Japan, respectively. Of the 4 species of Daphne, Daphne kiusiana and D.
miyabeana belong to subsection DaphnanthoideslB2>. Therefore, the presence of the
torus in the intervascular pit membranes is a characteristic feature in the species
belonging to subsection Daphnanthoides of Daphne and Osmanthus indigenous to
Japan.
2) Species having the intervascular pit membrane without torus
Of the 197 species (110 genera, 50 families) having intervascular pits, 187 species
(109 genera, 50 families) except the 10 species described just above were confirmed
to invariably have the intervascular pit membranes without torus.
No openings were detected in the pit membranes in the 185 of 187 species
having the intervascular pit membrane without torus. However, the openings that
were distinctly detected at magnification of 10,000 times using SEM were occasionally
present in the intervascular pit membranes in the 2 species (Daphne pseudo-me%ereum and D. kamtschatica var. je%oensis) belonging to subsection Pseudo-me%ereum of Daphne.
2. 2. 3. FiDe structure of the pit membraJle with torus
Fine structure of the intervascular pit membranes with torus in the 3 species
belonging to subsection Daphnanthoides of Daphne and the 7 species of Osmanthus
was examined by means of field emission SEM and TEM using direct carbon
replica 1711,170) •
Solvent-dried intervascular pit membranes without extraneous materials llv had
a common feature within the species belonging to each of subsection Daphnanthoides and Osmanthus. In the 3 species belonging to subsection Daphnanthoides,
the torus was incrusted with amorphous substances and the margo consisted of
randomly oriented microfibrils. Openings in the margo were occasionally present
in these species. In the 7 species belonging to Osmanthus, the torus was incrusted
with amorphous substances, similar to that in subsection Daphnanthoides, but margo
had a structure which consisted of both dominant randomly oriented microfibrils
and radiating ones. In many cases, the radiating microfibrils were oriented in
several directions, but sometimes they were oriented in all or in only limited
directions. They were intermingled with the randomly oriented microfibrils.
Openings in the margo were also occasionally present in the these species, as in
subsection Daphnanthoides.
The amorphous substances of the torus in all the species belonging to subsection
Daplmanthoides and Osmanthus, were almost removed by the treatment with
sodium chlorite. In the subsection Daphnanthoides, the torus treated with this
reagent showed a structure consisting of randomly oriented micro fibrils continued
from the margo. In the pit membrane treated there was no distinction between
torus and margo because thickening of the central part disappeared. On the other
hand, in the Osmanthus, the torus treated showed a structure which consisted of
both randomly oriented micro fibrils and radiating ones continued from the margo.
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A
Fig. 1.

B

Diagr~matic representation of the intervllllcular pit membrane
structure in Daphnantkoides (A, left) and Osman thus (B, right).

In most cases, the radiating microfibrils in the torus were densely arranged parallel
with each other in several directions and a crossed texture was found, thus showing a slight thickening in the central part of the pit membrane.
Fig. 1 shows a diagrammatic representation of the fine structure of intervascular
pit membrane in subsection Daphnanthoides and in Osmanthus.

3. Spiral thickenings
3. 1. Micromorphology of spiral thickenings

The spiral thickenings varied remarkably in their micromorphology (i. e., the
helical direction, helical winding angle to the long axis of the vessel member,
interval between ridges, magnitude of branching, and width, height and shape of
ridge.) not only among the species but also within the same species as described
in the previous reportsl.118.l2ll.18S>.
It was found in the present study that categorizing the spiral thickenings
occurred within the same species into distinct types on the basis of micromorphology
of the spiral thickenings except their helical direction was most difficult, because
of complication of variations of their micromorphology within the same species in
many cases. In order to describe the observations briefly and precisely, therefore,
outer appearance of the spiral thickenings was divided into the four types as follows,
on the basis of the dominant helical direction of the spiral thickenings within
a vessel member.
Type l······All the spiral thickenings within a vessel member are "S" in their
helical direction ("S" spiral thickenings)
Type 2······All the spiral thickenings within a vessel member are "Z" in their
helical direction ("Z" spiral thickenings)
Type 3······Spiral thickenings within a vessel member are not constant in their
helical direction ("SZ" spiral thickenings)
Type 4······Localized thickenings are present in a limited region of the inner
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surface wall within a vessel member and do not extend so long
as they form spiral to the vessel member axis (Thickenings forming
no spiral)
The spiral thickenings of type 1, i. e., "S" spiral thickenings, were found in
the 122 of the 141 species having spiral thickenings. This fact corresponded well
with the general description that the spiral thickenings are usually oriented in an
"S" helix1,1U>.
The spiral thickenings of type 2, i. e., "Z" spiral thickenings, were found in
the 44 species. The occurrence of them was restricted to the species belonging
to certain genera.· Especially, the species belonging to Sorbus, Berberis, Ligustrum
and Osmanthus were characterised by the presence of "Z" spiral thickenings.
The spiral thickenings of type 3 that are not constant in their helical direction
within a vessel member were found in the 37 species. Even in the species in which
their occurrence is the highest in frequency, the spiral thickenings of the other
t~pes were dominantly present. The occurrence of them was relatively high in
their frequency in Carpinus cordata, Ostrya japonica, Acer mono, Morus bombycis
and: Robinia pseudo~acacia. In this connection, PARHAM and KAUSTINEN118) have
reported that swirled spiral thickenings are distinct in Acer saccharum and in some
veSsels ·of Carpinus caroliniana near the cell tips. MEYLAN and BUTTERFIELD122)
have pointed out that the "swirling" phenomenon is frequently associated with the
cell tips though it is not entirely confined to them. This tendency of their occurrence was also confirmed by the present study.
The spiral thickenings of type 4, i. e., localized thickenings forming no spiral,
were fOl,lnd in the 81 species. They were present in all of the 70 species having
spiral thickenings in some vessel members, because they were found as the transitional forms between typical spiral thickenings and smooth inner surface wall. Because the spiral thickenings of type 4 do not exhibit "spiral" in their appearance,
it may be inadequate for them to be entered into the category of the spiral thickenings. For the reason described just above, however, they should be considered as
the modification of normal spiral thickenings.
3. i. Description on the micromorphological variation of spiral thickenings
of the species

On the basis of the occurrence· of spiral thickenings in each species, the species
examined were divided into 3 groups (Table 13).
Table 13.

Group No.
1
2
3
0:

Present

I

Grouping of species examined divided on the basis
of the occurrence of spiral thickenings

N umber of species
(genera, families)

-

71 (32, 19)
70 (47, 27)
82 (46, 27)

Absent

Occurrence of spiral thickenings
Vessel member with Vessel member without
spiral thickenings
spiral thickenings

I

0

-

0

0

-

0

351
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Speci~s

1)

with spiral thickenings in all the vessel members

71 species (32 genera, 19 families) belonged to this group. The species names
are listed in Table 14. On the basis of the occurrence of types of spiral thickenings, these species were divided into 8 subgroups as shown in Table 14.
In the 20 species of the 1st subgroup, the spiral thickenings of type 1 were
present in all the vessel members in each species.
In the 9 species of the 2nd subgroup, the spiral thickenings of type 2 were
present in all the vessel members in each species.
In the 13 species of the 3rd subgroup, the spiral thickenings of types 1 and
2 were present. In Nandina domestica, SQrbus commixta and the 5 species belonging to Daphne, the spiral thickenings of type 1 were present in only larger vessel
members in the inner part of an annual ring and spiral thickenings of type 2
Table 14.

Subgrouping of species with spiral thickenings in all the
vessel members divided on the basis of the occurrence of
spiral thickening types

Subgroup
No.

Species

Types of spirale
thickenings*

1

Helicia cochinchinensis, Michelia compressa, Illicium religiosum,
· Euchresta japonica, Carag~na chamlagu, Il~x '-macropoda, 1. micrococca, 1. sugerokii var. longipedunculata, 1. crenata, 1. pedun· culosa, 1.. rotunda, 1. latifolia, Euonymus sieboldianus, E. oxyphyllus, .Tilia japonica, Vaccinium bracteatum, Symplocos theophrastaefolia, S. glauca, S. lancifolia, S. prunifolia

1

2

Ligustrum japonicum, L. obtusifolium, Osman thus aurantiacus
var. thunbergii, O. aurantiacus var. aurantiacus, O. fragrans, O.
heterophyllus, O. fortunei, O. insularis, O. rigidus

2

3

Nandina domestica, Prunus mume, Photinia glabra, Eriobotrya
japonica, Malus sieboldii, Sorbus commixta, Ternstroemia gymnan thera, Daphne kiusiana, D. odora, D. miyabeana, D. pseudo·mezereum, D. kamtschatica var. jezoensis, Pieris japonica

1,2

4

Carpinus cordata, Ostrya japonica, Ilex integra, Elaeocarpus japonicus, Cleyera japonica

1,3

5

Deutzia crenata, Camellia japonica, C. japonica var. hortensis,
Syringa reticuiata, Viburnum dilatatum, V. awabuki

1,4

6

Prunus apetala, P. incisa, P. pendula forma ascendens, P. jamasakura, P. sargentii, P. maximowiczii, P. spinulosa, P. ssiori, P.
grayana, P. buergeriana, Sorbus alnifolia, S. japonica, Aesculus
turbinata

1,2,3

7

Pourthiaea villosa var. laevis

1,2,4

8

Acer sieboldianum, A. japonicum, A. mono, A. miyabei

1,3,4

* 1······"S" spiral thickenings
2····· ·"Z" spiral thickenings
3 .. ··· ·"SZ" spiral thickenings
4······Thickenings forming no spiral

au
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were present in others. Those of the latter type were predominant in their occurrence. In the remainder, the spiral thickenings of both types were present regardless
of the vessel member diameter and its position within an annual ring. The spiral
thickenings of type 1 were found in most vessel members in Prunus mume, whereas
remarkable difference between both types was not found in frequency of their
occurrence in the other species.
In the 5 species of the 4th subgroup, the spiral thickenings of types 1 and
3 were present. In all of them, both types were irregularly present within an
annual ring and the spiral thickenings of type 1 were predominant in their occurrence. In llex integra, Elaeocarpus japonicus and Cleyera japonica, the spiral
thickenings of type 3 were rarely found.
In 6 species of the 5th subgroup, the spiral thickenings of types 1 and 4 were
present. In Camellia japonica and C. japonica var. hortensis, the thickenings of
type 4 were present in most vessel members and the spiral thickenings of both
types were present regardless of the vessel member diameter and its position within
an annual ring. In the remainder, the thickenings of type 4 were present only
in vessel members in the inner part of an annual ring and the spiral thickenings
of type 1 were present in others. Those of the latter type were predominant in
their occurrence.
In the 13 species of the 6th subgroup, the spiral thickenings of types 1, 2
and 3 were present. In Sorbus alnifolia and S. japonica, the spiral thickenings
of type 1 were present in only the vessel members in the inner part of an annual
ring and the spiral thickenings of types 2 and 3 were present in others. The
spiral thickenings of type 2 tended to be present in the outer part and were predominant in their occurrence than the other types. In the remainder, three types
were present regardless of the vessel member diameter and its position within an
annual ring. In the 10 species belonging to Prunus, the spiral thickenings of type
1 were predominant in their occurrence than the other types. In Aesculus turbinata,
remarkable difference between the spiral thickenings of types 1 and 2 was not
found in their occurrence and the spiral thickenings of type 3 were rarely found.
In only one species, Pourthiaea villosa var. laevis, of the 7th subgroup, the
spiral thickenings of types 1, 2 and 4 were present regardless of the vessel member
diameter and its position within an annual ring. Although difference between the
spiral thickenings of types 1 and 2 was not found in their occurrence, the two
types were predominant in their occurrence than the thickenings of type 4.
In the 4 species belonging to Acer of the 8th subgroup, the spiral thickenings
of types 1, 3 and 4 were present regardless of the vessel member diameter and
its position within an annual ring. Although the spiral thickenings of type 1 were
present in most vessel members, the spiral thickenings of types 3 and 4 were also
present in others.
2) Species with spiral thickenings in some vessel members

In 70 species (47 genera, 27 families) belonged to this group. The species
names are listed in Table 15. On the basis of the occurrence of types of spiral
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Table 15.

Subgrouping of species with spiral thickenings in some
vessel members divided on the basis of the occurrence
of spiral thickening types

Subgroup
No.

Species

Types of spiral
thickenings·

1

Quercus mongolica, Q. mongolica var. grosseserrata, Q. serrata,
Euscaphis japonica, Eurya japonica, Clethra barbinervis, Lyonia
ovalifolia var. elliptica, Myrsine seguinii, Sambucus sieboldiana
var. miquelii

4

2

Carpinus tschonoskii, C. japonica, Ulmus davidiana var. japonica,
U. laciniata, Zelkova serrata, Celtis sinensis var. japonica, Aphananthe aspera, Magnolia obovata, M. salicifolia, M. kobus var.
borealis, Cinnamomum camphora, C. japonicum, Machilus thunbergii, Lindera erythrocarpa, L. umbellata, Paraben%Oi1l praecox,
Neolitsea sericea, N. aciculata, Actinodap1l1le lancifolia, A. ltmgifolia, Cladrastis platycarpa, Wisteria floribunda, MilleUia japonica, Phellodendron amurense, Rhus verniciflua, R. trichocarpa,
R. javanica, Celastrus orbiculatus, Acer palmatum var. matSNmurae, A. distyium, A. carpinifolium, A. crataegifolium, A. rufinerve, A. cissifolium, Hibiscus syriacus, Firmiana simplex, Stewartia monadelpha, Catalpa ovata

1,4

3

Berberis thunbergii

2,4

4

Platycarya strobilacea, Ficus pumila, F. erecta, F. erecta var.
yamadorii, Prunus persica, Alhi%ia julibrissin, CtuMllpinia japonica

1,2,4

5

Carpinus laxiflora, Corylus sieboldiana, Morus bombycis, Broussonetia papyrifera, Gleditsia japonica, Sophora japonica, Maackia
atn#rensis var. buergeri, Robinia pseudo-acacia, Ailanthus altissima, Melia azedarach, Cedrela sinensis, Acer palma tum var. palmatum, A. ukurunduense, Sapindus mukorossi, Paulownia tomentosa

1,3,4

• l······"S" spiral thickenings
2····· ·"Z" spiral thickenings
3·· ····"SZ" spiral thickenings
4······Thickenings forming no spiral

thickenings, these species were divided into 5 subgroups as shown in Table 15.
In the species with typical spiral thickenings in some vessel members, the
thickenings of type 4, i. e., localized thickenings forming no spiral, were always
present because they were found· as the transitional forms between typical spiral
thickenings and smooth inner surface wall.
In the 9 species of the 1st subgroup, only the thickenings of type 4 were
present. In Quercus mongolica, Q. mongolica var. grosseserrata and Q. serrata,
the thickenings of type 4 were present in some vessel members in the outer part
of an annual ring. In Euscaphis japonica, Clethra barbinervis, Myrsine seguinii
and Sambucus sieboldiana var. miquelii, they were occasionally present regardless
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of the vessel member diameter and its position within an annnal ring. In Eurya
japonica and Lyonia ovalifolia var. elliptica. they were limited to some vessel
members in terminal zone of an annual ring.
'In. the 38 species of the 2nd subgroup, the thickenings of types 1 and 4 were
present. In the 3 species of Magnolia, Stewartia monadelpha, and the 6 species
of Acer, the thickenings of types land 4 were present regardless of the vessel
member diameter and its position within an annual ling. In the remainder, no
spiral thickenings were found in the larger vessel members in diameter and the
thickenings of both types were present in only smaller vessel members.
In only one species, Berberis thunbergii, of the 3rd subgroup, the thickenings
of types 2 and 4 were present. Spiral thickenings were not present in the larger
vessel membels in the inner part of an annual ring and the thickenings of both
types were present in others.
In the 7 species of the 4th subgroup, the thickenings of types 1, 2 and 4
were present. In Platycarya strobilacea and Albizia julibrissin, spiral thickenings'
were not found in larger vessel members in the inner part of an annual ring and
the thickenings of types 1, 2 and 4 were present in othels. The spiral thickenings
of type 2 were predominant in their occurrence in Albizia julib:rissin, whereas
remarkable difference among three types was not found in their occurrence in
Platycarya strobilacea. In the 3 species of Ficus and Caesalpinia japonica, vessel
members with the thickenings were irregularly present within an annual ring. In
the 3 species of Ficus the thickenings of type 2 were predominant in their occurrence, whereas in Caesalpinia japonica remarkable difference among three types
was not found in their occurrence. In Prunus persica, spiral thickenings were not
present in larger vessel members in the inner part of an annual ring and the
thickenings of the three types were present in others. The thickenings of types
1, 2 and 4 were irregularly present within an annual ring and the spiral thickenings
of type 1 were predominant in their occurrence.
In the 15 species of the 5th subgroup, the thickenings of types 1, 3 and 4
were present. In the 13 species except the 2 species of Acer, spiral thickenings
were not present in larger vessel members and the thickenings of types 1, 3 and
4 were present in others. In the 2 species belonging to Acer, the thickenings of
types 1, 3 and 4 were present regardless of the vessel member diameter and its
position . w~t~in. an annual ring. In all the ~pecies belonging to this subgroup, the
spiral thi,ckenin~s of type 1 w:ere predpminant in their occurrence than ~he other
types. In Robinia pseudo-acacia and Morus bombycis, the spiral thickenings .of
type 3 w~re often found compared. with other species.
o

0

0

0

3) Species without spiral thickenings in all the vessel members
82 species (46 genera; 27 families) belonged to this group. The species names
are listed in Table 16.
In the present study, the vessel members in which the occurrence of spiral
thickenings' were restricted to only their tips were' regarded as those' without the
spiral thickenings, because it was very difficult to confirm exhaustively their presence.
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Table 16.

Species without spiral thickenings

Family
Salicaceae
Myricaceae

J uglandaceae
Betulaceae

Fagaceae

Cercidiphyllaceae
Magnoliaceae
Saxifragaceae
Hamamelidaceae
Leguminosae
Rutaceae
Simaroubaceae
Euphorbiaceae
Buxaceae
Anacardiaceae
Sabiaceae
Rhamnaceae
Flacourtiaceae
Lythraceae
Araliaceae
Cornaceae
Ericaceae
Ebenaceae
Symplocaceae
Styracaceae
Oleaceae
Verbenaceae

Species

Populus nigra var. italica, P. sieboldii, P. maximowiczii, Salix
bakko, S. kinuyanagi, S. sachalinensis
Myrica rubra
Pteroca1ya rhoifolia, Juglans ailanthifolia
Betula maximowicziana, B. platyphylla var. japonica; B. ermanii,
B. grossa, Alnus firma, A. maximowiczii, A. hirsuta, A. serrulatoides,A. japonica
Fagus crenata, F. japonica, Quercus acuta, Q. sessilifolia,' Q. gilva,
Q. myrsinaefolia, Q. glauca, Q. salicina, Q. phillyraeoides, Q. dentata, Q. variabilis, Q. acutissima, Castanea crenata, Castanopsis
cuspidata, C. cuspidata var. siebold, Pasania glabra
Cercidiphyllum japonicum
Liriodendron tulipifera
Hydrangea petio/aris, H. paniculata
Hamamelis japonica, Distylium racemosum
Acacia confusa, Lespedeza bicolor forma acutifolia, Pueraria lobata
Zanthoxylum piperitum, Z. ailanthoides
,Picrasma quassioides
Daphniphyllum macropodum, D. teijsmannii, Mallotus japonicus,
A leu rites cordata, Sapium japonicum
Buxus microphylla var. japonic,!Rhus succedanea, R. sylvestris
Meliosma rigida, M. myriantluz
Zizyphus jujuba var. inermis, Hovenia dulcis
Idesia polycarpa
Lagerstroemia subcostata, L. indica
Aralia elata, Dendropanax trijidus, Acanthopanax sciadophy/loides, Evodiopanax innovans, Kalopanax pictus
Comus controversa, C. brachypoda, C. kousa
Enkianthus cemuus forma rubens
Diospyros morrisiana, D. lotus, D, kaki
Symplocos coreana
Styrax japonica, S. obassia, Pterostyrax corymbosa
Fraxinus spaethiana, F. mandshurica var. japonica, F. japonica,
F. lanuginosa
Clerodendrom trichotomum

4.

Vestures
This chapter deals with the vestures on the inner surface of vessel wall except
the pit region.
4. 1. Micromorphology of vestures

The shape, size and distribution of vestures were variable in many of the species
with vestures in the inner surface except the pit region of the vessel walL The
shape of vestures was able to be divided into main two categories: unbranched
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and branched. Unbranched vestures corresponded well with the warts described
in the previous reports"·7S·7lI-82,9'I'.I561. They were similar in shape to the warts of
softwood tracheids U6l • They were found in all of the species with vestures. They
were hemispherical, conical, rod-like and massive etc. in shape. Although hemispherical and conical vestures were present in all the species with vestures, rod-like
and massive ones were present in certain species. Branched vestures were restricted
in their occurrence to the following species; Fagus crenata, F. japonica, Albizia

julibrissin, Acacia con/usa, Gleditsia japonica, Caesalpinia japonica, Sophora
japonica, Maackia amurensis var. buergeri, Cladrastis platycarpa, Lespedeza bicolor
forma acutifolia, Lagerstroemia subcostata and L. indica. Unbranched vestures
were also always present in these species. Continuity in shape and size between
simple unbranched vestures and complicated branched ones were always recognized
in the species with branched ones.
The size (i. e., diameter at the base) of vestures ranged from 50 to 700 nm.
These values were almost the same as the warts in the softwood tracheids14~).
Only small vestures of 50-200 nm were present in Enkianthus cernuus forma
rubens. Yestures bigger than 500 nm were often found in Fagus crenata and F.
japonica, but numerous smaller ones were also present as already reported18,9Tl.
The height of unbranched vestures ranged from 50 to 400 nm in many species.
However, vestures in Fagus crenata occasionally reached to 750 nm in height. In
general, branched vestures were bigger in height than unbranched ones. Some
branched vestures in Caesalpinia japonica were bigger than 1 f1. in height.
In many of the species with vestures, distribution of vestures varied among
vessel members within the same species. Accordingly, vesture distribution was
divided into the following two types on the basis of the difference of the distribution on the entire inner surface wall except the pit region within a vessel member regardless of their shape and size.
Type 1······ Yestures are sparsely or locally present.
Type 2······Yestures are densely present.
4. 2. Description on the micromorphological variation of vestures of the species
The species examined were divided into 3 groups by the presence or absence
of the vessel members with vestures (Table 17).
Table 17.

Grouping of species examined divided on the
basis of the occurrence of vestures
Occurrence of vestures

Group No.

0:

Number of species
(genera, families)

Vessel member
with vestures

I

Vessel member
without vestures

1

20 ( 15, 10)

0

-

2

25 ( 9, 4)

0

0

3

178 (101, 47)

-

0

Present

Absent
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1) Species with Teatvea on the inner surface waU of all the veuel members

20 species (15 genera, 10 families) belonged to this group. The species names
are listed in TaWe 18.
On the basis of the difference of vesture distribution on the inner surface wall,
these species were divided into 2 subgroups as shown in Table 18.
In the 7 species (6 genera, 5 families) of the 1st subgroup, only the vessel
members with the vestures of type 2 were present.
In the 13 species (9 genera, 5 families) of the 2nd subgroup, the vessel members with the vestures of types 1 and 2 were present. In Albizia julibrissin,
Lespedeza bicolor forma acutifolia and Symplocos coreana, the vessel members
with the vestures of type 1 were present in the inner part of an annual ring and
those of type 2 were present in the outer part. In the remainder, distribution
of vestures varied regardless of the vessel member diameter and its position within
an annual ring.
Table 18.

Subgroup No.

Subgrouping of species with vestures in all the vessel
members divided 011 the haBis of vesture distribution
Species

Types of vesture
distribution*

1

Aleurites cordata
Sapium japonicum
Zizyphus jujuba var. inermis
EU7ya japonica
Lagerstroemia subcostata
Lagerstroemia indica
Enkianthus cernuus forma ruhens

2

2

Quercus acuta
Quercus sessilifolia
Quercus myrsinaefolia
Quercus glauca
Quercus salicin a
Pasania glabra
Albizia julibrissin
Acacia confusa
Caesalpinia japonica
Lespedeza bicolor forma acutifolia
MeZiosma myriantha
Clethra barbinervis
Symplocos coreana

1,2

* l······Vestures are sparsely or locally present
2······Vestures are densely present

2) Species witlt vestures en the Doer surface wall of Mae vessel members

25 species (9 genera, 4 families) belonged to this group. The species names
are listed in Table 19. On the basis of the difference of vesture distribution on
the inner surface wall of vessel members, these species were divided into 2 subgroups
as shown in Table 19.
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Table 19.

Subgroup No.

Subgrouping of species with vestures in some vessel
members divided on the basis of vesture distribution
Species

1

Fagus crenata
Fagus japonica
Quercus gilva
Quercus phillyraeoides
Quercus variabilis
Quercus acutissima
Acer japonicum

2

Castanopsis cuspidata
Castanopsis cuspidata var. siebold
Liriodendron tulipifera
Gleditsia japonica
Sophora japonica
Maackia amurensis var. buergeri
Cladrastis platycarpa
Acer sieboldianum
Acer palmatum var. palmatum
Acer palmatum var. matsumurae
Acer mono
Acer miyabei
Acer distylum
Acer ukurunduense
Acer carpinifolium
Acer crataegifolium
Acer rufinerue
Acer cissifolium

Types of vesture
distribution*

0,1,2

0,1

* O······Vestures are not or scarcely present
1······Vestures are sparsely or locally present
2······Vestures are densely present

In the 7 species (3 genera, 2 families) of the 1st subgroup, the vestures of types
1 and 2 were found in some vessel members. In Fagus crenata, F. japonica,
Quercus variabilis and Q. acutissima, vestures were more densely distributed in the
outer part of an annual ring than in the inner part. In the remainder, vesture
distribution varied regardless of the vessel member diameter and its position within
an annual ring.
In the 18 species (7 genera, 4 families) of the 2nd subgroup, the vestures of
type 1 were found in some vessel members. In Castanopsis cuspidata and C.
cuspidata var. siebold, the vessel members with the vestures of type 1 were rarely
found in the outer part of an annual ring. In Liriodendron tulipifera, the vessel
members of type 1 were present in the terminal zone. In Gleditsia japonica,
Sophora japonica, Maackia amurensis var. buergeri and Cladrastis platycarpa
belonging to Leguminosae, branched and unbranched vestures were occasionally
found to arise on some of the spiral thickenings of the vessel members in the
outer part of an annual ring. Vestures adhering to the spiral thickenings have
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been also found in three species having vestured pits indigenous to New Zealand"·122).
In the 11 species belonging to Acer, vessel members with the vestures of type 1
occurred irregularly within an annual ring.
3) Species without vestures on the inner surface wall of all the vessel members
178 species (101 genera, 47 families) except the species listed in Tables 18 and
19 belonged to this group.

5.

Trabeculae
Trabeculae were found in the vessel members of the 11 species (11 genera,
8 families) listed in Table 20.
Table 20.
Family
Salicaceae
Ulmaceae
Lauraceae
Rosaceae

Celastraceae
Thymelaeaceae
Araliaceae
Caprifoliaceae

Species in which trabeculae were found in vessel members
Genus
Salix
Ulmus
Neolitsea
Prunus
Pourthiaea
Sorbus
Celastrus
Euonymus
Daphne
Acanthopanax
Sambucus

Species
S. bakko
U. davidiana var. japonica
N. aciculata
P. buergeriana
P. villosa var. laevis
S. commixta
C. orbiculatus
E. sieboldianus
D. kiusiana
A. sciadophylloides
S. sieboldiana var. miquelii

The trabeculae were bar- and spool-like structures extending radially across
the lumen of the vessel member from one tangential wall to the other. They
showed an increase in diameter toward their bases contacting the tangential wall
as reported in the vessel members168.170) and in the softwood tracheids 17S). However,
deviations from the typical rod- and spool-like trabeculae were also rarely found.
The typical trabeculae consisted of a central core and a shell of cell wall
substance enclosing it. The central core of trabeculae was connected with the
intercellular layer of the tangential wall and the cell wall enclosing the core had
a structural continuity with the tangential wall.
It was found from the SEM and PM observations that the dominant direction
of microfibrillar orientation in the secondary wall enclosing the central core was
parallel to the long axis of the trabeculae except for the basis. This structure of
tra beculae corresponded well with that in softwood tracheids 17S).
The occurrence of trabeculae varied among the species in which they were
found. Moreover, trabeculae were present in the wood samples from only one
tree of the same species, but not in them from the others. As pointed out by
BUTTERFIELD and MEYLAN169), therefore, the presence of the trabeculae cannot be
considered to be a normal feature in wood structure.
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6. Charaeteristic featUl'es on the micromorphology of vessel wall sculptures
in the species examined
The results obtained on micromorphological features on the perforation plates,
pits, spiral thickenings and vestures in each of the species examined are summarized
in Table 21. Observations on the trabeculae are not shown in Table 21, because
their occurrence cannot be considered to be a characteristic feature of the species
in which they were found as already described.
The figures in Table 21 indicate the following features in each of the vessel
wall sculptures.

A.

Perforation plates
1···Simple perforation plates are exclusively present.
2·· .Scala riform perforation plates are exclusively present.
2-1···Few-barred scalariform perforation plates are exclusively (or mostly)
present.
2-2···Intermediate-barred scalariform perforation plates are exclusively (or
mostly) present.
2-3·· ·Many-barred scalariform perforation plates are exclusively (or mostly)
present.
3···Both kinds of simple and scalariform perforation plates are present.
4···Both kinds of scalariform and multiple perforation plates are present.
5·· ·Both kinds of simple and multiple perforation plates are present.
6·· .Three kinds of simple, scalariform and multiple perforation plates are present.
B. Pits
B. 1. Vestures
1· .. Vestured pits are exclusively present.
1-1·· .Slight vesturing
1-2· .. Moderate vesturing
1-3···Remarkabl.e vesturing
2··· Vestured and non-vestured pits are present.
2-1·· .Slight vesturing in the vestured pits.
2-2···Moderate vesturing in the vestured pits.
2-3···Remarkable vesturing in the vestured pits.
3···Non-vestured pits are exclusively present.
B. 2. Pit membranes
1···Pit membranes with torus are exclusively present.
2···Pit membranes without torus are exclusively present.
- .. Intervascular pits are absent.
C. Spiral thickenings
1 .. ·Spiral thickenings are present in all the vessel members
1-1···"S" spiral thickenings are present.
1-2···"Z" spiral thickenings are present.

Micromorphology of Vessel Wall Sculptures (OHTANI)

361

1-3· .. "SZ" spiral thickenings are present.
1-4···Thickenings forming no spiral are present.
2···Spiral thickenings are present in some vessel members.
2-1··· "S" spiral thickenings are present III the vessel members with spiral
thickenings.
2-2·· ·"Z" spiral thickenings are present III the vessel members with spiral
thickenings.
2-3··· "SZ" spiral thickenings are present in the vessel members with spiral
thickenings.
2-4··· Thickenings forming no spiral are present in the vessel members with
spiral thickenings.
3·· .Spiral thickenings are absent in all the vessel members.
D. Vestures
1··· Vestures are present in all the vessel members.
1-1···Vestures are sparsely or locally present.
1-2···Vestures are densely present.
2···Vestures are present in some vessel members.
2-1··· Vestures are sparsely or locally present in the vessel members with
vestures.
2-2···Vestures are densely present in the vessel members with vestures.
3···Vestures are not or scarcely present in all the vessel members.
Wood samples examined' were collected from more than one sampling tree
in each of as many species as possible, but not in all the species examined (Table
1). The wood samples from different trees of the same species revealed common
micromorphological features of vessel wall sculptures. Therefore, it is reasonable
to conclude that micromorphological features of vessel wall sculptures indicated in
Table 21 show characteristic features of each of the species examined. The results
in the table are considered to provide fundamental information helpful for the
elucidation of characteristic wood properties in individual species from their vessel
wall structure.
Sculptures observed in the present study varied considerably in their micromorphology not only among the different species but also in the same species.
In order to describe the observations briefly and precisely, they were divided into
several kinds and types on the basis of certain criteria. The characteristic features
in each of the species examined are shown in Table 21. Therefore, detailed observations on differences within micromorphological features described in the same
categories and patterns of micromorphological variation of vessel wall sculptures
within a species are not sufficiently shown in Table 21. However, common characteristic features of the micromorphology of the vessel wall sculptures including
these observations among the species were recognized as follows, within the range
of the species examined, although this problem cannot be discussed sufficiently
because of the limitation of 'number of the species examined.

Table 21.

Family
Salicaceae

Genus

Populus

Salix

Myricaceae
Juglandaceae

Betulaceae

Myrica
Platycarya
Pterocarya
Juglans
Carpinus

Ostrya
Corylus
Betula

Alnus

Fagaceae

Fagus
Quercus

~

Characteristic features on micromorphology of vessel wall
sculptures in the species examined
Species

P. nigra var. italica
P. sieboldii
P. maximowiczii
S. bakko
S. kinuyanagi
S. sachalinensis
M. rubra
P. strobilacea
P. rhoifolia
J. ailanthifolia
C. tschonoskii
C. laxiflora
C. japonica
C. cordata
O. japonica
C. sieboldiana
B. maximowicziana
B. platyphylla var. japonica
B. ermanii
B. grossa
A. firma
A. maximowiczii
A. hirsuta
A. serrulatoides
A. japonica
F. crenata
F. japonica
Q. acuta
Q. sessilifolia
Q. gilva
Q. mvrsinaefolia

Perforation
plates
1
1
1
1
1
1
3
1
1
1
3
3
3
2-1
1
2-1
2-1
2-1
2-1
2-1
2-2
2-2
2-2
2-2
2-2
6
6
1
1
1
1

Pits
Vestures
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2-1
2-1
2-1
2-1
2-1
2-1

.

Imem~tranes
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
-

I Splra
. 1
thickenings
3
3
3
3
3
3
3
2-1,2,4
3
3
2-1,4
2-1,3,4
2-1,4
1-1,3
1-1,3
2-1,3,4
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

Vestures
:;d

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2-1,2
2-1,2
1-1,2
1-1,2
2-1,2
1-1,2
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Castanea
Castanopsis

Ulmaceae

Moraceae

Proteaceae
Cercidiphyllaceae
Berberidaceae
Magnoliaceae

Lauraceae

Pasania
Ulmus
Zelkova
Celtis
Aphananthe
Morns
Broussonetia
Ficus

Helicia
Cercidiphyllum
Berberis
Nandina
Michelia
Magnolia

Illicium
Liriodendron
Cinnamomum
Machilus

Q. glauca
Q. salicina
Q. phillyraeoides
Q. mongolica
Q. mongolica var. grosseserrata
Q. serrata
Q. dentata
Q. variabilis
Q. acutissima
C. crenata
C. cuspidata
C. cuspidata var. siebold
P. glabra
U. davidiana var. japonica
U. laciniata
Z. serrata
C. sinensis var. japonica
A. aspera
M. bombycis
B. papyrifera
F.' pumila
F. erecta
F. erecta var. yamadorii
H. cochinchinensis
C. japonicum
B. thunbergii
N. domestica
M. compressa
M.obovata
M. salicifolia
M. kobus var. borealis
1. religiosum
1.. tulipifera
C. camphora
C. japonicum
M. thunbergii

1
1
1
1
1
1
1
1
1
3
3
3
1
1
1
1
1
1
1
1
1
1
1
5
2-2
1
1
2-1
3
3
3
4
2-1
3
3
3

2-1
2-1
2-1
3
3
3
3
2-1
2-1
3
3
3
2-1
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3
3
3
3
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3
3
3
3
3
3
3
3
3
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2
2
2
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
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2-4
2-4
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3
3
3
3
3
3
2-1,4
2-1,4
2-1,4
2-1,4
2-1,4
2-1,3,4
2-1,3,4
2-1,2,4
2-1,2,4
2-1,2,4
1-1
3
2-2,4
1-1,2
1-1
2-1,4
2-1,4
2-1,4
1-1
3
2-1,4
2-1,4
2-1,4

1-1,2
1-1,2
2-1,2
3
3
3
3
2-1,2
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3
2-1
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Table 21 (Continued)
Family

Genus

Lindera
Parabenzoin
Neolitsea
Actinodaphne
Saxifragaceae

Hamamelidaceae
Rosaceae

Hydrangea
Deutzia
Hamamelis
Distylium
Prunus

Photinia
Eriobotrya
Malus
Pourthiaea
Sorbus

Leguminosae

Albizia

Species

L. erythrocarpa
L. umbellata
P. praecox
N. sericea
N. aciculata
A. lancifolia
A. longifolia
H. petiolaris
H. paniculata
D. crenata
H. japonica
D. racemosum
P.mume
P. persica
P. apetala
P. incisa
P. pendula forma ascendens
P. jamasakura
P. sargentii
P. maximowiczii
P. spinulosa
P. ssiori
P. grayana
P. buergeriana
P. glabra
E. japonica
M. sieboldii
P. villosa var. laevis
S. commixta
S. alnifolia
S. japonica
A. julibrissin

IPerplates
f oration I
Pi"
Vestures I

I

S Ira I
Vestures
Pit
thic&enings I
membranes

3
3
3
3
3
3
3
2-1
2-3
2-3
2-1
2-1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
5
5
5
5
1

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
1-2,3

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

2
2
2
2
2

2-1,4
2-1,4
2-1,4
2-1,4
2-1,4
2-1,4
2-1,4
3
3
1-1,4
3
3
1-1,2
2-1,2,4
1-1,2,3
1-1,2,3
1-1,2,3
1-1,2,3
1-1,2,3
1-1,2,3
1-1, 2, 3
1-1, 2, 3
1-1, 2, 3
1-1,2,3
1-1,2
1-1,2
1-1,2
1-1,2,4
1-1,2
1-1, 2, 3
1-1,2,3
2-1,2,4

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
1-1,2
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Rutaceae

Acacia
Gleditsia
Caesalpinia
Sophora
Maackia
Cladrastis
Euchresta
Lespedeza
Caragana
Pueraria
Wisteria
Millettia
Robinia
Zanthoxylum

Euphorbiaceae

Phellodendron
Ailanthus
Picrasma
Melia
Cedrela
Daphniphyllum

Buxaceae
Anacardiaceae

Mallotus
Aleurites
Sapium
Buxus
Rhus

Aquifoliaceae

Ilex

Simaroubaceae
Meliaceae

A. confusa
G. japonica
C. japonica
S. japonica
M. amurensis var. buergeri
C. platycarpa
E. japonica
L. bicolor forma acutifolia
C. chamlagu
P. lobata
W. ftoribunda
M. japonica
R. pseudo-acacia
Z. piperitum
Z. ailanthoides
P. amurense
A. altissima
P. quassioides
M. azedarach
C. sinensis
D. macropodum
D. teijsmannii
M. japonicus
A. cordata
S. japonicum
B. microphylla var. japonica
R. succedanea
R. verniciftua
R. sylvestris
R. trichocarpa
R. javanica
1. macropoda
1. micro cocca
1. sugerokii var. longipedunculata
1. crenata
1. pedunculosa

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
4
4
1
1
1
2-1
1
1
1
1
1•
2-2
2-2

2-2
2-2
2-2

1-3
1-2
1-2,3
1-2
1-2
1-2
1-2
1-3
1-1
1-2,3
2-1,2
2-1,2
2-1,2
3
3
3
3
3
3
3
3
3
3
1-1
1-1
3
3
3
3
3
3
3
3
3
3
3

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2
2
2

2
2
2
2

3
2-1,3,4
2-1,2,4
2-1,3,4
2-1,3,4
2-1,4
1-1
3
1-1
3
2-1,4
2-1,4
2-1,3,4
3
3
2-1,4
2-1,3,4
3
2-1,3,4
2-1,3,4
3
3
3
3
3
3
3
2-1,4
3
2-1,4
2-1,4
1-1
1-1
1-1
1-1
1-1

1-1,2
2-1
1-1,2
2-1
2-1
2-1
3
1-1,2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
1-2
1-2
3
3
3
3
3
3
3
3
3
3
3
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Table 21 (Continued)
Family

Celastraceae

Staphyleaceae
Aceraceae

Genus

Celastrus
Euonymus
Euscaphis
Acer

Hippocastanaceae
Sapindaceae
Sabiaceae

Aesculus
Sapindus
Meliosma

Rhamnaceae

Zizyphus
Hovenia
Elaeocarpus
Tilia
Hobiscus
Firmiana
Camellia

Elaeocarpaceae
Tiliaceae
Malvaceae
Sterculiaceae
Theaceae

Stewartia

Species

I. rotunda
1. integra
1. latifolia
C. orbiculatus
E. siebolianus
E. oxyphyllus
E. japonica
A. sieboldianum
A. japonicum
A. palma tum var. palmatum
4. palma tum var. matsumurae
A. mono
A. miyabei
A. distylum
A. ukurunduense
A. carpinifolium
A. crataegifolium
A. rufinerve
A. cissifolium
A. turbinata
S. mukorossi
M. rigida
M. myriantha
Z. jujuba var. inermis
H. dulcis
E. japonicus
T. japonica
H. syriacus
F. simplex
C. japonica
C. japonica var. hortensis
S. monadelpha

Pits

I Perforation
plates

Vestures

2-2
2-2
2-2
1
1
1
2-2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2-1
3
1
1
1
1
1
1
4
4
2-1

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
1-1
1-1
3
3
3
3
3
3
3
3

Spiral
Pit
thickenings
membranes
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
-

2
2
2
2
2
2
2
2

-

1-1
1-1,3
1-1
2-1,4
1-1
1-1
2-4
1-1, 3, 4
1-1, 3, 4
2-1,3,4
2-1,4
1-1, 3, 4
1-1, 3, 4
2-1,4
2-1,3,4
2-1,4
2-1,4
2-1,4
2-1,4
1-1,2,3
2-1, 3, 4
3
3
3
3
1-1,3
1-1
2-1,4
2-1,4
1-1,4
1-1,4
2-1,4

Vestures
3
3
3
3
3
3
3
2-1
2-1,2
2-1
2-1
2-1
2-1
2-1
2-1
2-1
2-1
2-1
2-1
3
3
3
1-1,2
1-2
3
3
3
3
3
3
3
3
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Flacourtiaceae
Thymelaeaceae

Temstroemia
Cleyera
Eurya
Idesia
Daphne

Lythraceae

Lagerstroemia

Araliaceae

Aralia
Dendropanax
Acanthopanax
Evodiopanax
Kalopanax
Comus

Cornaceae

Clethraceae
Ericaceae

Myrsinaceae
Ebenaceae

Clethra
Pieris
Lyonia
Enkianthus
Vaccinium
Myrsine
Diospyros

Symplocaceae

Symplocos

Styracaceae

Styrax
Pterostyrax

T. gymnanthera
C. japonica
E. japonica
1. polycarpa
D. kiusiana
D.odora
D. miyabeana
D. pseudo-mezereum
D. kamtschatica var. jezoensis
L. subcostata
L. indica
A. elata
D. trifidus
A. sciadophylloides
E. innovans
K. pictus
C. controversa
C. brachypoda
C. kousa
C. baroinervis
P. japonica
L. ovalifolia var. elliptica
E. cemuus forma rubens
V. bracteatum
M. seguinii
D. morrisiana
D. lotus
D. kaki
S. coreana
S. lancifolia
S. theophrastaefolia
S. glauca
S. prunifolia
S. japonica
S. obassia
P. corymbosa

2-2
2-3
4
3
1
1
1
1
1
1
1
1
1
1
1
1
2-2
2-2
2-2
2-3
3
4
4
6
1
1
1
1
2-3
2-3
2-3
4
2-3
2-1

2-1
2-1

3
3
2-1
3
3
3
3
3
3
2-1,2,3
2-1,2,3
3
3
3
3
3
3
3
3
1-1
3
3
1-1
3
3
3
3
3
2-1
3
3
3
3
3
3
3

2
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

2
2
2

1-1,2
1-1,3
2-4
3
1-1,2
1-1,2
1-1,2
1-1,2
1-1,2
3
3
3
3
3
3
3
3
3
3
2-4
1-1,2
2-4
3
1-1
2-4
3
3
3
3
1-1
1-1
1-1
1-1
3
3
3

3
3
1-2
3
3
3
3
3
3
1-2
1-2
3
3
3
3
3
3
3
3
1-1,2
3
3
1-2
3
3
3
3
3
1-1, 2
3
3
3
3
3
3
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Table 21 (Continued)
Family
Oleaceae

Genus

Ligustrum
Osman thus

Syringa
Fraxinus

Verbenaceae
Scrophulariaceae
Bignoniaceae
Caprifoliaceae

Clerodendrom
Paulownia
Catalpa
Sambucus
Viburnum

Species

L. japonicum
L. obtusifolium
O. aurantiacus var. thunbergii
O. aurantiacus var. aurantiacus
O. fragrans
O. heterophyllus
O. fortunei
O. insularis
., .
O. rigidus
S. reticulata
F. spaethiana
F. mandshurica var. japonica
F. japonica
F. lanuginosa
C. trichotomum
P. tomentosa
C.ovata
S. sieboldiana var. miguelii
V. dilatatum
V. awabuki

Pits

I Perforation
plates

Vestures

Imembranes
Pit

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
2-3
2-3

2-1
2-1
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

2
2
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2

I Spua
' I .
Vestures
thickenings
1-2
1-2
1-2
1-2
1-2
1-2
1-2
1-2
1-2
1-1,4
3
3
3
3
3
2-1, 3,4
2-1,4
2-4
1-1,4
1-1,4

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
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Characteristic features of the sculptures were consistent within each of 10
families (Salicaceae, Ulmaceae, Lauraceae, Hamamelidaceae, Meliaceae, Lythraceae,
Araliaceae, Cornaceae, Ebenaceae and Styracaceae), but not within each of 24
families (Juglandaceae, Betulaceae, Fagaceae, Moraceae, Berberidaceae, Magnoliaceae,
Saxifragaceae, Rosaceae, Leguminosae, Rutaceae, Simaroubaceae, Euphorbiaceae,
Anacardiaceae, Aquifoliaceae, Celastraceae, Aceraceae, Sabiaceae, Rhamnaceae, Theaceae, Thymelaeaceae. Ericaceae, Symplocaceae, Oleaceae and Caprifoliaceae). In
the 24 families, their features was consistent within each of 14 genera (Betula,
Alnus, Fagus, Castanopsis, Ficus, Magnolia, Zanthoxylum, Daphniphyllum, Euonymus, Camellia, Ligustrum, Osmanthus, Fraxinus and Viburnum), but not within
each of 10 genera (Carpinus, Quercus, Prunus, Sorbus, Rhus, [lex, Acer, Meliosma,
Daphne and Symplocos). Special considerations on micromorphological features of
the sculptures should be paid in the species belonging to each of these 10 genera.
Classification of the species within Quercus, Prunus, Sorbus, [lex, Acer, Daphne
and Symptocos follows KITAMURA and MURATAl84,185l.
In the 4 species belonging to Carpinus, common features were found in the
pits and vestures, but not in the perforation plates and spiral thickenings. Both
simple and scalariform perforation plates were present in C. tschonoskii, C. laxiflora
and C. japonica, whereas few-barred scalariform perforation plates were exclusively
present in C. cordata. Spiral thickenings were present in some vessel members
in C. tschonoskii, C. laxiflora and C. japonica, whereas they were present in all
the vessel members in C. cordata. Although "S" spiral thickenings and thickenings forming no spiral were found in the former, "SZ" spiral thickenings were also
found in C. laxiflora. In the latter, "S" and "SZ" spiral thickenings and thickenings forming no spiral were found.
Common features in all of the sculptures were not found even within the
species belonging to each of subgenera Cyclobalanopsis and Lepidobalanus of Quercus. In the 6 species (Q. acuta, Q. sessilifolia, Q. gilva, Q. myrsinaefolia, Q.
glauca and Q. salicin a) belonging to subgenus Cyclobalanopsis, common features
were found in the sculptures with the exception of vestures. Vestures were present
in some vessel members in Q. gilva, whereas they were present in all the vessel
members in the other species. In each of the latter, they were sparsely present
in some vessel members and were densely present in others. In Q. variabilis
and Q. acutissima of section Cerris and Q. phillyraeoides of section [lex belonging to subgenus Lepidobalanus, common features were found in all the sculptures.
In the 4 species (Q. mongolica, Q. mongolica var. grosseserrata, Q. serrata and
Q. dentata) belonging to section Prinus of subgenus Lepidobalanus, common features
were found in the sculptures with the exception of spirial thickenings. Spiral
thickenings were not found in Q. dentata, whereas they Were found in some vessel
members in the others. They showed thickenings forming no spiral in each of
the latter.
In the 12 species belonging to Prunus, common features were in the sculptures
except spiral thickenings. Spiral thickenings were present in all the vessel members
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in P. mume of subgenus Prunus, P. apetala, P. incisa, P. pendula forma ascendens,
P. jamasakura, P. sargentii and P. maximowiczii of subgenus Cerasus, P. spinulosa
of subgenus Laurocerasus, and P. ssiori, P. grayana and P. buergeriana of sub·
genus Padus, whereas they were present in some vessel members in P. persica of
subgenus Amygdalus. Although "S" and "Z" spiral thickenings were present in
all of the species examined belonging to subgenera Prunus, Cerasus, Laurocerasus
and Padus, "SZ" spiral thickenings were also present in the 10 species belonging
to subgenera Cerasus, Laurocerasus and Padus. On the other hand, "s" and "Z"
spiral thickenings and thickenings forming no spiral were present in P. persica of
subgenus Amygdalus.
In the 3 species belonging to Sorbus, common features were found in the
sculptures except spiral thickenings. Although spiral thickenings were present in
all the vessel members in the 3 species, the micromorphology was different between
sections. That is, they showed "S" and "Z" spiral in S. commixta of section
Sorbus, whereas they showed "S", "Z" and "SZ" spiral in S. alnifolia and S.
japonica of section Micromeles.
In the 5 species belonging to Rhus, common features were found in the sculptures except spiral thickenings. Spiral thickenings were not present in R. succedanea
and R. sylvestris, whereas they were present in some vessel members in R. vernicifiua, R. trichocarpa and R. javanica. "S" spiral thickenings and thickenings
forming no spiral were present in the 3 species.
In the 8 species belonging to flex, common features were found in the sculptures
except spiral thickenings. In l. macropoda of section Prinoides and I. micrococca
of section Prinos belonging to subgenus Prinos, common features were found in all
the sculptures. Of the 6 species belonging to subgenus flex, common features
were found in all the sculptures in the 4 species (I. sugerokii var. longipedunculata,
I. crenata, I. pedunculosa and I. rotunda) of section Lioprinus. In I. integra
and l. latifolia of section flex, however, the micromorphology of spiral thickenings
was different. Only "S" spiral thickenings were present in l. latifolia, whereas
"S" and "SZ" spiral thickenings were present in I. integra.
In the 12 species belonging to Acer, common features were found in perforation plates and pits, but not in spiral thickenings and vestures. In A. mono and
A. miyabei of section Palmata, common features were found in all the sculptures.
And also, in A. carpinifolium of section Carpinifolia, A. crataegifolium and A.
rufinerve of section Macrantha and A. cissifolium of section Cissifolia, common
features were found in all the sculptures. Among the species belonging to each
of sections Palmata and Spicata, however, common features were not found in
all the sculptures. Among the 4 species examined of section Palmata, common
features were found in the perforation plates and pits, but not in the spiral thickenings and vestures. Spiral thickenings were present in all the vessel members in
A. sieboldianum and A. japonicum, whereas they were present in some vessel
members in A. palmatum var. palmatum and A. palmatum var. matsumurae.
Although "S" spiral thickenings and thickenings forming no spiral were present
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in the 4 species, "SZ" spiral thickenings were also present in A. sieboldianum,
A. japonicum and A. palmatum var. palmatum. Vestures were present in some
vessel members in the 4 species. They were sparsely present in A. siebolianum,
A. palmatum var. palmatum and A. palmatum var. matsumurae, whereas they
were sparsely or densely present in A. japonicum. Between A. distylum and
A. ukurunduense of section Spicata, micromorphology of spiral thickenings was
different. Spiral thickenings were present in some vessel members in the two
species. "S" spiral thickenings and thickenings forming no spiral were present in
the two species, and "SZ" spiral thickenings in addition to the two types were
also present in A. ukurunduense.
Between the 2 species (M rigida and .M myriantha) belonging to Meliosma,
different features were found in the perforation plates, pit vestures and vestures
on the inner surface wall. In M rigida, few-barred scalariform perforation plates
were exclusively present and vestures were not present both in pits and on the
inner surface wall. On the other hand, in M myriantha, simple and few-barred
scalariform perforation plates were present and vestured pits of slight vesturing
were always present. Vestures on the inner surface wall were present in all the
vessel members and they were sparsely or densely present.
In the 5 species belonging to Daphne, common features were found in the
sculptures except intervascular pit membranes. Torus was always present in the
intervascular pit membranes in D. kiusiana, D. odora and D. miyabeana belonging
to subsection Daphnanthoides of section Daphne, but not in those in D. pseudomezereum and D. kamtschatica var. jezoensis belonging to subsection Pseudomezereum of section Daphne.
Between S. coreana of section Palura and the 4 species (s. theophrastaefolia,
S. glauca, S. lancifolia and S. prunifolia) of section Lodhra belonging to Symplocos,
remarkable differences were found in the sculptures except perforation plates.
Among the 4 species of section Lodhra, common features were found in the sculptures except perforation plates. Although scalariform and multiple perforation plates
were present in S. lancifolia, scalariform perforation plates were exclusively present
in the others.
As described above, when common features were not found within species
belonging to the same genus, differences on the micromorphological features of the
sculptures were often found among the subgenera, sections and subsections within
the same genus. Moreover, micromorphology of the sculptures revealed common
features in the species belonging to each of the 3 subgenera (Cerasus, Padus and
Prinos), 5 sections (Cerris, Micromeles, Lioprinus, Macrantha and Palmata) and
2 subsections (Daphnanthoides and Pseudomezereum).
These facts described just above suggest that the micromorphological features
of the vessel wall sculptures shown in the present study have taxonomic significance
and, therefore, provide useful information as diagnostic criteria for wood identification, one of the major application of wood anatomy, on the basis of micromorphology at a SEM level. Especially, many unique characteristic features of micro-
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morphology of vessel wall sculptures in certain species, such as perforation plates
in the species belonging to Fagus, Helicia, Pourthiaea and Sorbus etc., vestured
pits in the species belonging to the genera of Leguminosae and Lagerstroemia etc.,
pit membranes with torus in the species belonging to subsection Daphnanthoides
and Osmanthus, spiral thickenings in the species belonging to Sorhus, Acer, Osmanthus and Magnolia etc. and vestures on the inner surface wall in the species
belonging to Fagus, Lagerstroemia and several genera of Leguminosae, are considered to be valuable in themselves as diagnostic criteria for wood identification.
Wood identification on the basis of the micromorphology at a SEM level is
considered to have many advantages compared with that at a LM level . In
addition to the information on the vessel wall sculptures obtained in the present
study, information about other micromorphological features which can be utilized
as diagnostic criteria for weod identification should be accumulated in a wide variety
of species for the preparation of the key table at a SEM level. Therefore, further
investigations at a SEM level for the purpose of wood identification are necessary.
Summary and Conclusion
Micromorphology of vessel wall sculptures was observed in 223 species., 120
genera, 51 families of Japanese dicotyledonous woods using SEM. The present
SEM observation revealed the micromorphology of vessel wall sculptures in many
species which have not yet been recorded and also confirmed the known information obtained mainly from LM observation.
In order to describe the observations obtained in the present study on the
micromorphology of the sculptures briefly and precisely, each of sculptures was
divided into several kinds and types on the basis of certain criteria in their micromorphology. Based on the occurrence of these kinds and types of each sculpture
within a species, the species examined were classified into several groups and the
micromorphological variation in each of the species was described.
Perforation plates were divided into three kinds; i. e., simple, scalariform and
multiple perforation plates. Based on the occurrence of these kinds within a species,
the species examined were classified into the following 6 groups: (1) 136 species
(71 genera, 32 families) having exclusively simple perforation plates, (2) 46 species
(24 genera, 15 families) having exclusively scalariform perforation plates, (3) 24
species (15 genera, 9 families) having simple and scalariform perforation plates, (4)
9 species (7 genera, 5 families) having scalariform and multiple perforation plates.
(5) 5 species (3 genera, 2 families) having simple and multiple perforation plates,
(6) 3 species (2 genera. 2 families) having simple. scalariform and multiple perforation plates.
Observations on pits were focussed on vestured pits and intervascular pit membranes. Resemblance between vestures and warts was first pointed out. Judging
from the shape, size and distribution of the two projections on the pit chamber
wall and on the inner surface wall of the vessels in species having both projections,
it was concluded that vestures and warts were of the same structure. In this

Micromorphology of Vessel Wall Sculptures (OHTANI)

373

paper, therefore, the "vestures" were defined as all the projections on the inner
surface of vessel wall including the surface of vessel wall lining the pit cavity, and
the "vestured pits" were defined as pits having these projections, i. e., "vestures".
Based on the presence or absence of vestured pits within a species, the species
examined were classified into the following 3 groups: (1) 17 species (17 genera,
6 families) having exclusively vestured pits, (2) 21 species (10 genera, 6 families)
having vestured and non-vestured pits, (3) 185 species (95 genera, 48 families) having
exclusively non-vestured pits. ' Vestured pits were divided into three types from
the difference of the extent of vesturing within a pit. Based on the occurrence
of these types within a species, the species belonging to each of the first and the
second groups were divided into 4 and 5 subgroups, respectively.
The 3 species belonging to subsection Daphnanthoides (Daphne) and the 7
species belonging to Osmanthus were found to invariably have the intervascular
pit membranes with torus. The 187 species (109 genera, 50 families) of 197 species
(110 genera, 50 families) having the intervascular pits were found to invariably
have the intervascular pit membranes without torus. Although the fine structure
of the pit membranes with torus was different between the 3 species of subsection
Daphnanthoides and the 7 species of Osmanthus, they revealed common features
within the subsection Daphnanthoides and Osmanthus, respectively.
Based on the occurrence of spiral thickenings within a species, the species
examined were classified into the following 3 groups: (1) 71 species (32 genera, 1
families) having spiral thickenings in all the vessel members (2) 70 species (47
genera, 27 families) having spiral thickenings in some vessel members, (3) 82 species
(46 genera, 27 families) having no spiral thickenings in all the vessel members.
Spiral thickenings were divided into four types from the helical direction within
a vessel member. Based on the occurrence of these types within a species, the
species belonging to each of the first and the second groups were divided into 8
and 5 subgroups, respectively.
Based on the occurrence of vestures on the inner surface of vessel wall, the
species examined were classified into the following 3 groups: (1) 20 species (15
genera, 10 families) having vestures in all the vessel members, (2) 25 species (9
genera, 4 families) having vestures in some vessel members, (3) 178 species (101
genera, 47 families) having no vestures in all the vessel members. Vesture distribution was divided into two types from the difference of vesture distribution within
a vessel member. Based on the occurrence of these types within a species, the
species belonging to each of the first and the second groups were divided into 2
and 2 subgroups, respectively.
The occurrence of trabeculae was found in 11 species (11 genera, 8 families).
The occurrence of them cannot be considered to have any taxonomic significance,
because of the irregularity in their occurrence.
Micromorphological characteristic features on perforation plates, pits, spiral
thickenings and vestures in the species examined were summarized in a table
(Table 21). On the basis of the results obtained in the present study shown in
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Table 21, the micromorphology of vessel wall sculptures was discussed with respect
to common characteristic features among the species. As a result, it was concluded
that the micromorphological features of vessel wall sculptures obtained in the present
study had a taxonomic significance. Therefore, the results in the table are considered to be helpful for the elucidation of characteristic wood properties of individUal species from the aspect of their vessel wall structure. Furthermore, the
results obtained in the present study provide fundamental information not only for
wood identification by micromorphology at a SEM level, but also for systematic
investigation on the ultrastructure of vessel wall using EM.
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