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Summary
The deve10pment of bark structure of

QuercusroburL.,UlmusglabraHuds.,Po-
pulustremulaL. andBetulapendulaRothis
beingdescribed.Profoundstructuralchanges
canbe observedduring thefirst years after
secondarygrowthhasstarted.Inallfourspe-
ciestheepidermisisreplacedbyaperiderm,
thecortexshowsintensivedilatationgrowth,
and the groups of primary bark fibres are
pushed apart. The collapse of sieve tube
members startswith the secondyear. With
proceeding secondary growth, the specific
formationofsc1erenchymatic tissue,especi-
ally sc1ereids, andthedilatation growth are
processes which strongly affect the bark
structureofQuercusrobur,Populustremula
andBetulapendula.Inaddition,wide,fused
phloemraysdevelopinQuercusrobur.The
structureofUlmusglabrabarkisaffectedby
the formation ofphloemfibre-/sc1ereid-like
cells and mucilage cells and by dilatation
growth. The histological pattern ofUlmus
glabrabark stabilises to a greatextentafter
the first few years, the otherbarks investi-
gatedshowfurtherdevelopmentalprocesses
overmanyyears.Inallspeciestheformation
ofarhytidomeisthelastdistinctmodification
ofbarkstructure.

Keywords:QuercusroburL.,Ulmusglabra
Huds., Populus tremulaL.,Betulapen-
dula Roth, barkanatomy, barkdevelop-
ment.

Introduction
Inspiteofitswealthoffeaturesandpecu-

liarities bark anatomy is seldom used for
planttaxonomicalconsiderations(e.g.Zahur
1959;Richter1981;vanWyk1985;Trocken-
brodt&Parameswaran1986).Obtainingbark
samplesauthenticatedbyherbariumvouchers
is laboriousifnotimpossiblebecausebarks
rarely are a part of botanical collections.
Moreover, barktissueoftenis an extremely
heterogeneousmaterial, andcommonly ap-
plied techniquesfarsampiepreparation are
inadequate. However, the main reason far
today's limited use of bark anatomy far
taxonomical wark is a lack ofknowledge
about the structureofbarkand itsdevelop-
ment. Contrary to wood, bark structure
changescontinuouslywith age. Information
aboutthevariabilityofbarkstructure,especi-
allywithinoneindividualduringitsgrowth,
isessentialforanestimationofthediagnostic
valueofbarkanatomicalfeatures. Uptonow
onlyafewinvestigationshavedealtwiththe
developmental anatomy of bark. Some of
theseareonpharmacognosticaspectsofcer-
tainbarks(Speyer1907;Birnstiel1922;Has-
ler1936),andsomeinformationcanbefound
in moregeneralliteratureontheanatomyof
bark(e.g.Hanstein1853;Möller1882;Thore-
naar1926;Chang1954;Reinders&Reinders-
Gouwentak 1961; Esau 1969). The varia-
bilityofcertainbarkfeatures withinonein-
dividualtreewasanalysedbyRaskatovand
Kosichenko (1968), Kosichenko (1969),
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Nicholls& Phillips (1970), LieseandPara-
meswaran (1972), Parameswaranand Liese
(1974), Ghouse and Siddiqui (l976a, b),
Ghouse and Yunus (1976), Ghouse and
Hashmi (1977), Ghouse and Iqbal (1977,
1981),Yunusetal.(1977),Aday(1978),Ezell
andStewart (1978), Ghouseetal. (1982),
IqbalandGhouse(1983)andRöckle(1986).
Mostofthese papersarerestricted to short
descriptionsofcell1engthvariabi1ity.

Theintentionofthispaperistocontribute
to the broadening ofourknowledge about
structuralchanges ofbark tissue during its
development.First,qualitativechangesofthe
basicbarkstructurearedescribed.Quantita-
tivechangesandthediagnosticvalueofsin-
glebarkanatomicalfeatureswillbediscussed
in subsequentpapers.

Material andMethods
Treespeciessuitablefortheinvestigation

hadtofulfillcertainrequirements:

sufficient preservation ofbark with age,
i.e.noearlyformationofrhytidomecom-
binedwiththelossofbarktissue;
typical representativesofdifferentstruc-
turalwoodandbarktypes;
sufficientlycomplexstructure,i.e.ahigh
numberofpossiblyvaryingfeatures.

Accordingly, the ring-porous hardwood
speciesQuercusroburL. andUlmusglabra
Huds.as weil as the diffuse-porous hard-
woodspeciesPopulustremulaL. andBetula
pendulaRothwerechosen.Initially,five in-
dividuals of Quercusrobur were analysed.
Theinvestigationrevealedno tree-to-treedif-
ferencesintheirbasicbarkstructureandde-
velopment.OneindividualofUlmus glabra
andPopulus tremulaandtwoofBetulapen-
dula wereexamined. Fordetails about the
ageandheightoftheselectedtreesseeTable1.

A sampie selection following biological
andmathematicalrules(cf.Kucera&Bariska
1982)isnotpracticableforworkingonbark,
becauseallstructuralinformationis storedin
averysmallarea,andtertiarytissuechanges
impedetheremovalofexactlydefinedsam-
pies.Thus,thesampIesweretakenatregular
distancesalongthestern,regularageintervals
(determinedfromxylemgrowthrings), regu-
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Table 1. Ageand heightofthe investigated
trees.

Age Height
(years) (rn)

Oak 37 14.5

Oak 11 30 11.8

Oak III 14 6.8
Oak IV 14 4.8

Oak V 15 2.1
Elm 24 16.0
Pop1ar 12 14.5
Birch 10 5.0
Birch 11 16 10.0

larsterndiameterintervals,andaccordingto
the intactnessofthe tissue. Quercus robur
barkwassampledat5-9heightlevelswhich
correspondtoabarkageof1-33years,bark
thicknessof0.2-9.5mmandsterndiameter
of0.4-16.5cm. Ulmusglabrabarksampies
weretakenfrom 12heightlevelsrepresenting
bark age of 1-24 years, bark thickness of
0.7-10.7mmandsterndiameterof0.4-25.0
cm. Populus tremula bark sampIes derived
from 9 height levels which correspond to a
bark age of 1-11 years, bark thickness of
0.6-4.7mmandsterndiameterof1.0-14.0
cm.Betulapendulabarkwassampledat 12-
13 heightlevelswithacorrespondingageof
1-16years, bark thicknessof0.4-12.0mm
andsterndiameterof0.3-24.0cm. Sections
from all levels were preparedand analysed
withalightmicroscopeandaserni-automatic
imageanalyser.

Thesampiesincludedbark,cambialzone,
andmostlyanarrowzoneofadheringxylem.
They were fixed in formalin-acetic acid-
aicohol,penetratedwithpolyethyleneglycol
1500,andsectionedonaslidingmicrotome,
oftenwiththehelpofadhesivetape.Thesec-
tionsweredouble-stainedwithastrablueand
acridine red-crysoidin. Additional sampies
wereembedded in glycol-methacrylate (cf.
Ruetze& Schmitt 1986). Macerationswere
preparedwithJeffrey'ssolution(cf. Gerlach
1969).

The terminology follows Trockenbrodt
(1990).

Downloaded from Brill.com08/25/2022 05:58:05PM
via free access



Trockenbrodt - Structuralchangesduringbarkdevelüpment
---~-------------------------

7

Results

Quercus robur L.

Allfiveüaktreesanalysedrevealasimilar
develüpmentüfbark structure. Differences
are müreüfaquantitative nature thandevi-
atiüns from a basic pattern. Therefüre the
barkdevelüpmentüfüaks I-Vis described
tügether.

TheyüungestsampIesrepresenttheshüüt
shürtly after secündary growth has started
(Fig. 1).Thecüurseüfthevascularcambium
is still irregular. Groups üf primary bark
fibres are arranged parallel tü the vascular
cambium.The individualgrüups are linked
byslightlyenlargedselereids. Insidethepri-
mary bark fibre groups, primary phlüem
elements are lücated füllüwed by the first
secündary phlüem elements. The phlüem
rays are exelusively uniseriate. The cürtex
üutside thebandüfprimarybarkfibres cün-
sistsüfan innerzoneüfiSüdiametriccürtex
parenchymacells, slightly enlargeddue tü
dilatatiüngrowth,andanarrüwüuterzoneüf
small cürtex cüllenchyma cells. The üuter-
müstlayerüfthe shüüt is the intactepider-
mis. Immediatelybeneath theepidermis the
fürmatiünüftheperidermhasstarted.

Caused by the progressing secündary
growth,barkstructurealreadychangeswith-
in the first year (Fig. 2). The epidermis is
ruptured, and remnants adhere tü the inten-
sivelydevelopingperiderm.Thecortexcol-
lenchymaprimarilyexpandsthroughantieli-
nalcelldivisiün.Theparenchymacellsüfthe
cürtex undergo. intensivedilatatiün growth.
Theyare partlyenlargedand stretched tan-
gentiallyürdividedanticlinally.Thegrüups
üfprimarybark fibres arepushedapartand
müstüfthe gapsare filled withdevelüping
selereids. These are enlargedünly slightly.
Theirshapevaries. Theyüften stretch tan-
gentiaIly, rarelyradially,ortheyare iSüdia-
metric.Theprimaryphlüemiscüllapsedürit
dilates. First grüups üf secündary phlüem
fibres shüw thick-walled, lignified, cham-
bered, crystal cüntaining cells üfapprüxi-
matelyequallengthat theirinnerand üuter
sides. In thesecündaryphlüemafew iSüdia-
metric selereids are fürmed. Thecüurseüf
thevascularcambiumisstillirregular.

With secündarygrüwthproceeding(Fig.
3) additiünal tangential bandsüfsecündary
phlüemfibregrüupsüfupto. 8cellsindepth
havedevelüped.Theyalso. areacco.mpanied
bychamberedcrystalliferüuscells.Uniseriate
phloemrays traverse the fibre grüups. The
first broad phlüem rays develüp when the
cambialinitialsbetween3-5uniseriaterays
areeliminated.Thisfusio.nisstro.ngestwhere
the cambium bends distinctly. Süme fibre
groups with a radial width üf15-20cells
can be füund elüse tü the broad rays. The
rays are subject tü slightdilatatiün, i.e. the
cellsenlargeslightlyandroundo.ff, butthey
dünütdivide.

Thecürtexselereidso.fülderbarkdevelüp
sülitarilyorinsphericalgrüups(Fig.4).The
sclereid grüups between the groups üfpri-
mary bark fibres enlarge. Thefürmatiün üf
selereidsin thesecündaryphloemincreases,
especially between adjacent phlüem fibre
groups.Thetransfürmatiünüfphloemparen-
chymacellsintüsclereidsisüfteninitiatedby
ünecell,anditproceedsce'ntrifugally (Figs.
5 & 6). In transverse sectiüns the sclereid
groups üften appear spherical ür stretched
tangentially (Fig. 6), in radial sectiünsalso.
sphericalbutstretchedaxially. Sülitaryscle-
reidsarecümmün,too. Thesclereids' fürms
anddimensio.ns vary a lüt. As a rule, scle-
reidsinthesecündaryphloemarelargerthan
theünesin thecürtexandinthebandüfpri-
marybarkfibresandsclereids.

After several years, bark shüws grüwth
ringpatterns(Fig.6).Atthebeginningüfthe
growth periüdünly nün-lignifiedcells, pre-
düminantlysievetubemembersarefürmed,
füllüwed by tangential secündary phlüem
fibre bands (groups) üfdifferent tangential
length (O.l-several mm). Subsequently a
zoneüfnün-lignifiedcells is fürmed, süme-
timesfüllüwedbya secündbandüfsecünd-
aryphlüemfibres. Attheendüfthe growth
period a narro.w layer (1-3 cells) üfaxial
phlüemparenchymacells is fo.rmed. Hüw-
ever,thissequenceisnütübligato.ry,itmight
beincümplete.Italso. canbedisturbedbya
cüllapseüfsieve tube members, sclerifica-
tiün, and beginningdilatatiün growth. The
zigzag cüurse o.f the vascular cambium is
restricted tü the areaüffused rays. Thefu-
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sionofphloemraysproceeds(15-25cells),
theyoftenprotrudeinto the xylem (Fig. 7).
Within theoutersecondaryphloemtheuni-
seriatephloemraysbecomeindistinguishable
from the surrounding tissuedueto thedila-
tation ofboth therays and the surrounding
tissue.

Withincreasingsecondarygrowththedis-
tancebetweengroupsofprimarybarkfibres
stronglyincreasesandoftentheyaredifficult
to localise.Thebandofprimarybarkfibres
andsclereidsnowmainlycomprisessclereid
groups of irregular width, and it is often
interrupted by gaps. Dilatation growth and
sclerification increaseresultingin an irregu-
lar, less organisedouter secondary phloem
and cortex. The groups ofsclereids partly
fuselongitudinally.

Duringtheformationofarhytidomeparts
of the first formed periderm, cortex, and
phloem are isolated from the tissue by se-
quent periderms (Fig. 8). Ifthese parts ad-
here to the last formed periderm, even pri-
maryelementsofthebarkmayremaininthe
outer rhytidome (Fig. 8). More often, the
isolatedpartsareshed,leavingabarkwhich
exclusively consists of living secondary
phloemandthelastformedperiderm.There-
foreitcontainsafewsclereids,anditappears
weil organisedbecause the tissue modified
bysclerificationanddilatationgrowthispart-
ly shed.

Ulmus glabra Huds.

The youngest sampie (Fig. 9) shows an
almostcircularcourseofthevascularcam-

bium.Outwardsuptothreetangentiallayers
ofaxial phloem parenchyma strands are
formed, each ofthem 1-3cells wide. The
cells contain organic material. The layers
alternatewith twolayersofsievetubemem-
bers,companioncellsandcrystalcontaining
phloemparenchymacells. Adistinctpattern
in theradialsequenceoftheselayershasnot
developed yet. The layersofpredominantly
sieve tube members are up to 8cellsdeep;
1- 3 seriate phloem rays run through the
secondary phloem. Outside the outermost
tangential phloem parenchyma layer, ele-
mentsoftheprimaryphloemcan be found
(Fig.10),somearepartlyortotallycollapsed.
Groups ofprimary bark fibres are located
outside the primary phloem. These groups
areseparatedbutappearas acontinuoustan-
gentialband.Thecortexconsistsofazoneof
round, slightly enlargedcortex parenchyma
cellswithmanyintercellularspacesandscat-
tered secretorycells (mucilage cells) and a
narrowzoneofcortexcollenchymacells. Im-
mediatelybeneaththeepidermistheperiderm
isformed.

WithproceedingsecondarygrowthaStra-
tificationofthe secondaryphloem becomes
moreevident(Fig. 11).Theepidermisisrup-
tured within the first year, theperidermbe-
comesanoticeablepartofthebark.Thecor-
texcollenchymacellsexpandvigorouslyand
divide anticlinally. The cortex parenchyma
cellsenlarge, stretch tangentiallyanddivide
anticlinally; intercellularspacesdevelop.Due
to dilatation growth, the groupsofprimary
bark fibres are pushed apart. The primary
phloem elements and the outermost sieve

Figs. 1-6.Quercus roburL. Transverse section. - I: Bark in thefirst yearofdevelopment
shortlyaftersecondarygrowthhad started(blackasterisks= primarybarkfibre groups,white
asterisks=cortexcollenchyma, blackarrow=epidermis,whitearrows=sclereids,whitear-
rowheads=periderm,cp=cortexparenchyma).- 2:Barkinthefirstyearofdevelopmentafter
proceedingsewndarygrowth(blackasterisks=secondaryphloemfibregroups,whiteasterisks
=primarybarkfibregroups,whitearrows=sclereids).- 3:Fewyearsoldbark(blackarrows=
secondaryphloemfibregroups,whitearrow=widersecondaryphloemfibregroupintheprox-
imityoffuseduniseriatephloemrays). - 4: Severalyearsoldbark(asterisks= sclereidsin the
cortex,arrows= sclereidsbetweenprimarybarkfibregroups).- 5: Centrifugallyorienteddif-
ferentiationofasclereidgroup.- 6: Barkwithdistinctgrowthrings(arrowheads)andsc1ereid
groupsinthesecondaryphloem(partlyinthestageofdifferentiation).
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Figs.7&8.QuercusraburL.Transversesection.-7:Mu1tiseriatephloemrayprotrudinginto
thexylem.- 8: Oldbarkwithdistinctrhytidome(blackarrows=sequentperiderms,whitear-
rows=remnantsoftheringformedbyprimarybarkfibresandsclereids).

tubemembersofthe secondaryphloemare
collapsed. Anentirelydifferenttypeofcells
isformedresemblingphloemfibres in shape
(Figs. 12& 13) and sclereids because they
develop from axial phloem parenchyma
strands (Figs. 13 & 14). Aclassification as
either sclereids or phloem fibres appears
to be impossible (cf. Trockenbrodt 1990).
Closetothevascularcambium,thetwonew-
ly formed tissue zones consist mainly of

~ 

sievetubemembers.TheydonotcontaiQ any
ofthecellsmentionedbefore.Secretorycells
are only located in the cortex. Due to the
straight course ofthe phloem rays and the
stratification ofthe secondary phloem, the
barkpresents a regular geometrical pattern
(Fig. 11).

Each following year 3or4 tissue zones
are formed consistingmainlyofsieve tube
members. They are separatedby tangential

Figs.9-14.UlmusglabraHuds.Transversesection.- 9: Barkin the first yearofdevelopment
shortlyaftersecondarygrowthhadstarted(blackarrows=epidermis,whitearrows=periderm,
whiteasterisks= secretorycells(mucilagecells)ofthecortex,ce=cortexcollenchyma,cp =
cortexparenchyma,sp= secondaryphloem).- 10:Barkin thefirstyearofdevelopmentshortly
aftersecondarygrowthhadstarted(bf=primarybarkfibres,arrows=elementsoftheprimary
phloem).- 11: Barkinthefirstyearofdevelopmentafterproceedingsecondarygrowth(white
arrows=periderm,blackarrows=primarybarkfibregroups,blackarrowheads=axialphloem
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Trockenbrodt - Structuralchangesduringbarkdevelopment 11

parenchymacellswithphenoliccontent,blackasterisk=secretorycell(mucilagecell)inthecor-
tex,ce=cortexcollenchyma,cp=cortexparenchyma).- 12: Barkinthefirstyearofdevelop-
mentafterproceedingsecondarygtowth(arrowheads=sclerenchymacellsresemblingphloem
fibres). - 13:Developmentofphloemfibre-/sclereid-likecellsfromaxialphloemparenchyma
strands(arrow=formerconnectiontoaneighbouringcell).-14:Developmentofphloemfibre-
/sc1ereid-likecellsfromaxialphloemparenchymastrands(arrow=slightlyelongatedcellswith
bluntends).
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Figs. 15-20.UlmusglabraHuds.Transverseseetion.- 15:Lastformedgrowthringofthebark
(earlyphloemsievetubeswithlargerdiameterthanlatephloemsievetubes, sclerenchymatic
cellsabsentinthisgrowthring).- 16:Tangentialagglomeratesofthephloemfibre-/sclereid-like
cells.-17:Phloemfibre-/sclereid-likecells(arrows)inthelastformedgrowthring.-18:Secre-
tory(mucilage)cells(arrows)inearlyphloem.-19:Dilatationrestrictedtowedge-shapedareas
beneaththeperiderm(outlinesofdilatedarearedrawn).- 20:Barkaftertheformationofarhyti-
dome.Secondaryphloemuptothelastformedsequentperiderm(arrows)appearshomogeneous.
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Trockenbrodt - Structuralchangesduringbarkdevelopment 13

layers (2-4cellswide)ofaxialphloempa-
renchymastrands.Thewidthofthezonesas
wellascelldimensionsdecreasefromearly
to latephloem (Fig. 15).Thetissueischar-
acterised by acollapseofsieve tubemem-
bers,theformationofphloemfibre-/sclereid-
like cells, the formation ofsecretorycells,
anddilatationgrowth.Mostofthesievetube
members collapse during the second year.
Thoseofthelatephloemcollapsecompletely,
whereas some ofthe early phloem remain
intactfor some years. When the sieve tube
members collapse, phloem fibre-/sclereid-
likecellsdevelopandprotrudeintothespace
formerly occupied by the sieve tube mem-
bers. These cells appear as tangential ag-
glomerates in transverse sections (Fig. 16).
Buttheyarenotascloselyconnectedtoeach
otheras thesecondaryphloemfibres (e.g.in
oak bark),because theydevelopfrom axial
phloemparenchymastrands(Figs. 13&14).
They always occupy less space than non-
collapsedsievetubemembers.Thusthegrowth
rings become compressed. The time when
cellsstarttodevelopvarieswithinthetree.In
youngersampiesfirst developmental stages
maybepresentintheperipheryofthecurrent
growth ring (Fig. 17). In old sampies the
phloemfibre-/sclereid-like cells develop in
theprecedingyear'sgrowthring(Fig. 18).

With increasing secondarygrowthmore
secretorycellsareformed (Fig. 18),yetthey
areabsentclose to the cambium. Dilatation
growthismainlyrestrictedtowedge-shaped
zonesattheperipheryofthebark(Fig. 19).
Herethecellsaretangentiallystretched,some
divideanticlinally.Inadjacentbarkareastan-
gential growth stress is compensated by a
radial compressionofthe tissue, tangential
expansionofcellsandtheformationofinter-
cellularspaces. Duetoaconstantrepetition
oftheseprocesses, even older samples ap-
peartoberelativelyhomogeneous.When a
rhytidomeisformedinolderbark,thishomo-
geneity is ir.tensified by the separation of
tissuemodifiedbydilatationgrowth(Fig.20).

Populus tremula L.

Theyoungestsamplerepresentsthebark
shortly after secondary growth has started
(Fig. 21). The courseofthe vascularcam-

biumiscircular.Thesecondaryphloemcon-
sists of sieve tube members, companion
cells,axialphloemparenchymacellsanduni-
seriatephloemrays. Outsidethe secondary
phloemprimaryphloemelementsandprimary
barkfibres are located.Theareasofprimary
phloemare stronglypushedapartby dilata-
tion growth. In the secondaryphloemonly
phloemraysdilate. Inthecortexallcellsare
affected,theyareconspicuouslyenlargedand
roundedoff. Tangential rowsofcloselyre-
latedcellsrevealthatanticlinaldivisionsof
cortex parenchyma cells are frequent. The
outercortexconsistsoftangentiallystretched
collenchymacellsandafewslightlyenlarged
sclereids.Theoutermostlayeroftheshootis
the newly formed periderm with adhering
rernnantsoftheepidermis.

Groupsofsecondaryphloemfibres up to
15 cell wide develop within the first year
(Fig. 22). Some of these groups are very
closetoeachother,resemblinganearlycon-
tinuoustangentialband.Theyareaccompan-
ied by thick-walled, lignified, chambered
crystalliferouscells.Phloemraysrunthrough
the fibre groups and undergo sclerification
when in direct contactwith the secondary
phloem fibres. Numerous small groups of
sclereids are scatteredimmediatelybeneath
the periderm. Some groups of sclereids
develop in the cortex. Most sclereids are
rounded irregularly or isodiametric. Some
sclereidsdevelopbetweenthegroupsofsec-
ondary phloem fibres, the first formed al-
waysincontactwith thefibre groups. Dila-
tation growth proceeds; some phloemrays
exhibit a funnel-shaped dilatation growth,
others only partly dilate, and some rays
remainunchanged(Fig.22).

With increasing secondary growth the
oIdestgroupsofsecondaryphloemfibresare
connectedbysclereidgroups(Fig.23).These
sclereidsdevelopfrom axialphloemparen-
chymacells anddilatedphloemrays. Thus,
in transverse sectionssomesclereidsappear
moreorlessisodiametricand some tangen-
tiallyextended. Inradialsectionsmostscle-
reidsareround,andsclereidgroupsareoften
axiallyelongated.

Even young bark exhibits growth rings
(Fig. 24). They resuIt froma sequentialde-
velopmentofdifferentcell typesduringone
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Figs.26-29.BetulapendulaRoth.Transverse section.- 26: Barkin the first yearofdevel-
opmentshortlyaftersecondarygrowthhadstarted(whiteasterisks=cortexcollenchyma,black
asterisks=primary barkfibre groups, arrows=sc1ereids, pe=periderm,cp=cortexparen-
chyma).- 27: Barkin thefirstyearofdevelopmentafterproceedingsecondarygrowth(small
whiteasterisks=cortexcollenchyma, largewhiteasterisks=sclereids,blackasterisks=pri-
mary bark fibre groups,pe =periderm,cp =cortexparenchyma). - 28: Threeyearoldbark
(arrowhead= growthringboundary, arrow=continuousbandofsclereidsandprimarybark
fibres) .- 29:Severalyearoldbark.Extensivesc1erification.

f-
Figs.21-25.PopulustremulaL.Transversesection.- 21:Barkin thefirstyearofdevelopment
shortly aftersecondarygrowthhadstarted(whitearrows=periderm,blackarrow =primary
phloemelements, asterisks=primarybarkfibre group,ce=cortexcollenchyma,cp=cortex
parenchyma, sp = secondaryphloem). - 22: Bark in the first yearofdevelopmentafterpro-
ceedingsecondarygrowth(smallblackasterisks=sclereidsinthecortex,largeblackasterisk=
funnel-shapedphloemraydilatation, smallwhiteasterisks= primarybarkfibre groups, large
whiteasterisks=secondaryphloemfibre groups,blackarrow=unchangedphloemray,white
arrow=sclerifiedphloemraytraversingagroupofsecondaryphloemfibres, blackarrowhead=
phloemraydilatationrestrictedtoacertainarea).- 23: Secondaryphloemfibregroups(large
whiteasterisks)connectedbysclereidgroups(blackasterisks).Smallwhiteasterisks=primary
barkfibre groups.- 24: Growthrings (arrowheads=growthringboundaries) in severalyears
oldbark.- 25:Oldbarkafterformationofarhytidome.
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2mm 32

Figs.30-32.BetulapendulaRoth.Transverseseetion.- 30:Growthrhythminsc1ereidgroups
(arrows= sc1ereidgroup boundaries). Radiallyelongatedsc1ereids. - 31: Fewgrowthrings
visibleinthenotsc1erifiedsecondaryphloembetweenthesc1ereidgroups.- 32:Oldbarkwith
extensiveformationofarhytidome(arrows=lastformedsequentperiderm).
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growthperiodaccompaniedby the collapse
ofsievetubemembers.Atthebeginningofa
growthperiodazoneofpredominantlysieve
tubemembersisformedfollowedbytangen-
tiallyarrangedgroupsofsecondaryphloem
fibres. Thesizeofthesegroupsvariesalot,
but theirradial width (3-15cells) tends to
decrease with age. A second zone ofsieve
tube members, companion cells, and axial
phloemparenchymacellsdevelops. At the
endofthe growthperiodanarrow layerof
1-3axialphloemparenchymacellsisform-
ed. The sieve tube members usually start
collapsinginthelastyear'sphloembutintact
onesmaystillbepresentinolderpartsofthe
phloem. The growth ring patternis signifi-
cantlydisturbedbyincreasingselerification
anddilatation growth. Groups ofselereids
develop in the entiresecondaryphloemex-
ceptthecurrentgrowthring.They fuse and
form large, irregularly shaped groups. Fre-
quentlyselereidgroupsstartdevelopingelose
to secondaryphloemfibres. Theirdevelop-
mentis sirnilarto theone in oakbark. The
patternsofdilatationgrowtharemaintained
withincreasingage.Cortexcellsenlargeand
divide,axialphloemparenchymacellsround
offandenlargeonlyslightly.Thephloemray
dilatation is funnel-shaped in theoutersec-
ondaryphloem.Itisrestrlctedtopartsofthe
ray in the innersecondaryphloem. Primary
elementsofthebarkarestillpresentbutmore
andmoresegregated.

Inoldbarkarhytidomeisformedbutthe
numeroussequentperidermslieveryeloseto
eachotherseparatingonlysmallpartsofthe
tissue (Fig. 25).

Betulapendula Roth

Because both sampie trees do notdiffer
very much with regard to their basic bark
structure theirdevelopmentisdescribed to-
gether.

The youngest sampie shows the shoot a
shorttimeaftersecondarygrowthhasstarted
(Fig. 26).Fromthevascularcambiumanar-
row zone of secondary phloem is formed
consistingofsieve tubemembers,compan-
ioncells,axialphloemparenchymacellsand
1-3seriatephloemrays.Theprimaryphlo-

emelementsbetweenthe secondaryphloem
and groupsofprimarybarkfibres arecom-
pletelycollapsed.Thefibre groupsarepush-
edapartduetothedilatationofphloemrays
and especially of the cortex parenchyma
cells.Thelatterenlarge,roundoffanddivide
anticlinally,thecortexcollenchymacellsex-
pandtangentiallyordivideanticlinally.Some
slightlyenlargedselereidsdevelop between
thegroupsofprimarybarkfibres. Theouter-
mostlayeroftheshootis adistinctperiderm
withadheringremnantsoftheepidermis.

Selerification anddilatation growth pro-
ceeds (Fig. 27) in the first year. Funnel-
shapedphloemraydilatationoccurs.Thedis-
tancebetweengroupsofprimarybarkfibres
increasesand thegaps arepartlyfilled with
selereidgroups.Togethertheyformanirreg-
ulartangentialband.Sclereidsalsodevelopin
thecortex.

Withincreasingsecondarygrowththebark
exhibits growth rings (Fig. 28). In every
growthperiodazoneconsistingofsievetube
memtJers,companioncells,axialphloempa-
renchymacells and phloemrays is formed.
Thediameterofthesievetubemembersde-
creasesfrom thebeginningto theendofthe
growth period. At the end of the growth
perioda layerof1-4axial phloem paren-
chyma cells is formed. Secondary phloem
fibres are absent. Thecollapseofsievetube
members starts in the precedingyear'ssec-
ondaryphloem,butitremainsincompletefor
severalyears. The latestgrowthringis free
ofselereids. Funnel-shapedphloemraydila-
tationstartsinthelastyear'ssecondaryphlo-
emandisrestrlctedtomultiseriaterays.Cells
oftheuniseriateraysenlargeslightlybutthey
donotdivide.Thebandofsclereidsandpri-
mary bark fibres is nearly continuous (Fig.
28). Beneath thisbandsclereidgroupshave
developed and have partly fused with the
band.

The influence of sclerification on bark
structureincreaseswithgrowth.Huge,most-
ly radiallyoriented groups ofsclereidsde-
velop(Fig. 29).Sclerificationproceedsfrom
initialcellsoutwards.Whenanoldersclereid
group is reached, both groups fuse. Thus
largesclereidgroupsexhibitgrowthrhythms.
Sclereidsnotfullydifferentiatedmay liebe-
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sidecompletelydevelopedones,ortheinner
sclereidsofanoldgrouparesmallerthanthe
outeronesofayoung group (Fig. 30). But
these growth rhythms do not correspond
to the annual ring pattern ofthe secondary
phloem.Theaxialdimensionofthe sclereid
groupsoftenexceedsseveralmillimetres. In
addition,thegroupsenlargetangentiallyand
thereforecompress theremainingsecondary
phloem. Rarely more than 3 or 4 growth
ringsarediscernible(Fig. 31). Theindivid-
ualsclereidsvaryalotinformandshape,but
they often are radially extended (Fig.31).
Remnantsofthe formercontinuousbandof
sclereids and primary bark fibres are still
visible.Becauseoftheintensivesclerification
dilatationgrowthisrestrictedtothecortexcells
andaslighttangentialenlargementofphloem
raycellsoutsidethelatest growthring.

In older bark a massive rhytidome is
formed. Largepartsofthebarkareisolated
by sequentperiderms, butadhere to the re-
mainingbark(Fig.32).

Discussion
Literaturedataonthebarkofthe investi-

gatedtreespeciesoftencorrespondtooneof
the developmental stages described above,
butsometimestheydeviate.

According to Hanstein (1853), isolated
groupsofprimarybarkfibresarearrangedin
acircleinthebarkofQuercusrobur. Afew
sclereids lie between thegroups. Groupsof
sclereids are scattered in the tissue. The
amountofsclereids increaseswith growth.
Möller (1882) observed the same arrange-
ment ofprimary bark fibres. He mentions
that the sclereid groups of the secondary
phloemarere1ative1y small.Bothauthorsin-
vestigated young bark. Speyer (1907) de-
scribesthestructureofyoungandoldbarkof
Quercus robur. The first does not show a
continuous sclereid-fibre ring, whereas the
oldbarkdoes.ThebarkofQuercusroburex-
aminedbyHoldheide(1951)doesnot show
anysuchring-likestructurebuthisdescrip-
tioncorresponds to theoldersampIeofthe
present study. He observed growth layers,
broadphloemraysprotrudingintothexylem,
and an intensivedilatation growth close to
these rays. AccordingtoHoldheide (1951),
the 'splitting' ofthe broad phloem rays is

IAWA Bulletin n.s.,Vol. 12 (1),1991

caused by dilatation growth or"during the
formationoftherays."In thepresentinvesti-
gationthestudyofthephloemrayformation
revealed that the broadraysdevelop by fu-
sion ofnarrow phloem rays. The fusion is
causedbytheeliminationofcambiuminitials
as itwasdescribedfor woodrays by Braun
(1955). Reinders and Reinders-Gouwentak
(1961)describe1,2,5,and42yearoldbark
sampIes ofQuercus robur and Q. petraea.
According to these authors the two species
shownodifferencesin theirbasicbarkstruc-
ture. This is supported by observations by
Holdheide (1951). Ouring the first year the
groups ofprimary bark fibres are connect-
ed toacircle by sclereids. Already in the 5
yearold sampie theringconsistsmainlyof
sclereids.Remnantsofthisringarepresentin
rhytidomepartsofthe42yearoldbark. The
intensityofsclerificationanddilatationvar-
iesconsiderablybetweenthedevelopmental
stages. The stages correspond to those de-
scribedabove.

Theprimaryelementsofthebarkaredealt
with in thepapersofMöller(1882),Speyer
(1907), and Reinders & Reinders-Gouwen-
tak(1961);Holdheide (1951)doesnotmen-
tionthematall.

OescriptionsofotherQuercusspeciesof-
tendifferfrom thoseonQuercus robur, see
Howard(1977)andNanko& Cote(1980)on
several oak species from North America,
Babos (1979)onQuercus cerris Loud. and
Röckle (1986) onQuercus rubra L. Partof
thesedeviationsmightbedueto geneticdif-
ferences betweenspeciesorspeciesgroups;
Chang(1954)proposedthisfor theoaksub-
generaErythrobalanusandLepidobalanus,
butthecharacteristicsheclassifiesasgeneral
differences (e.g. the arrangement of scle-
renchyma) were not confirrned by Howard
(1977).Möller(1882)andRöckle(1986)dif-
ferently describe the presenceofasclereid-
fibre-ring and the degreeofsclerificationin
barksampIesofQuercusrubra.Thesediffer-
encesmightbecausedbyadifferentdevelop-
mentalstageofthesampies.

Oevelopmentalstudiesofelmbarkarenot
available.Thedescriptionofmaturebarkof
Ulmus glabra by Holdheide (1951) corre-
spondsto theolder, thickerbarksampIesde-
scribedabove.
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Hanstein (1853), Möller (1882), Chang
(1954), andNanko & Cote (1980) describe
barkofdifferentdevelopmentalstagesofUl-
muslaevis,U. campestrisandU. americana.
Hanstein(1853)observesprimarybarkfibres
forming a continuous ring whereas Möller
(1882) reports isolatedgroups. The authors
donotmentionanydilatationgrowthforelm,
only Holdheide (1951) finds wedge-shaped
dilatationareasinolderbarkofUlmusglabra.
The analysis of Ulmus americana and U.
alatabyNankoandCote(1980)isverysimi-
larto theoneofUlmusglabrabyHoldheide
(1951).

Literaturedataon the presenceofmuci-
lagecellsinUlmusbarkdiffertoagreatex-
tent. According toMöller(1882), Solereder
(1899),andMetcalfe& Chalk(1950)muci-
lagecellsareoftenpresentinthebarkofthe
Ulmaceae,butindividualswithoutthesecells
maybefound.Möller(1882)describesmuci-
lagecellsin thebarkofUlmusproceraand
U. rubra, Melchior(1927) in Ulmus laevis,
U. glabraandU. rubra,Holdheide(1951) in
UlmusglabraandU.minor,andChang(1954)
in Ulmus americana and U. rubra. Möller
(1882)doesnotmentionanymucilagecells
in hisdescriptionsofthebarkofUlmus lae-
vis. NeitherdoNankoand Cote (1980) fot
UlmusalataandU. americana. In addition,
MetcalfeandChalk(1950)reportofgroups
ofmucilagecellswhichcoalescetocavitiesin
thecortexofthegenusUlmus. Suchcavities
were notobserved in the investigatedbark
sampiesofUlmusglabra.

Comparedtothedescriptionsofoakbark
thoseofelmbarkshowmoresimilaritiesbe-
causeinelmbarkenlargedsclereidsarenot
formed, only slightdilatationgrowthoccurs
andthemainchangesofthe tissuetakeplace
withinthefirstfewyears.

Developmentalstudiesofpoplarbarkwere
conducted by Kosichenko (1969), Rees &
Shiue (1957/58), and Bosshard & Stahel
(1969). According to Kosichenko (1969),
elliptic groups of secondary phloem fibres
are formed in Populus tremuladtiring the
first 10 years. These groups are located at
considerable tangential distance. After the
10thyearthefibre groupsbecomenarrower
and connect to tangential bands. Therefore
ageanddilatationgrowth seemtocausethe

largetangentialdistancebetweenthesecond-
aryphloemfibregroupsintheyoungbarkof
theinvestigatedpoplartree.Mostobservations
ofKosichenko (1969) stand in accordance
with the barkdescription above. However,
his conclusion that tissue starts changing
earlier in young bark than inolderbark is
untenable. The fact that in young bark of
the highersternphloemraydilatation starts
closerto thecambiumthan inolderbarkof
the sternbase shouldnotberelated to time
but to a response to an increase ofgirth
which is considerably stronger in a young
tree. Moreover, the present studydoes not
revealanearliersclerificationwithincreasing
height.

Theobservationsfor thedevelopmentof
barkofPopulus tremuloides described by
ReesandShiue(1957/58)correspondswith
ours. According to Bosshard and Stahel
(1969),sclerificationisamodificationofthe
barkofPopulusrobusta,especiallyinajuve-
nilestageofdevelopment.Theformsofscle-
rificationobservedduringthepresentinvesti-
gationaresimilartothosefoundbyBosshard
andStahel(1969)but, incontrast,thescleri-
fication is more intensive in theolderbark
thaninthejuvenilestage.

Other papers on the anatomy ofpoplar
barkare thoseofMöller(1882)onPopulus
alba,P.nigra,P.pyramidalisandP.tremula,
Perredes(1903)on11differentpoplars,Hold-
heide (1951) onPopulus nigra and Chang
(1954) on Populus tremuloides. In mostof
thesestudiesonlyonedevelopmentalstageis
described, mostly that ofthin, young bark
(Möller 1882; Perredes 1903). Especially
Perredes(1903)mainlyanalysescortex,pri-
marybarkfibres andyoungsecondaryphlo-
em.Hefindsonlyfunnel-shapedphloemray
dilatation.But,dilatationgrowthrestrictedto
smallpartsisnotclearlyvisiblebeforeanage
ofapproximately 10 years. Perredes (1903)
mentions 'older'barkswith5layersofsec-
ondary phloem fibres, so his bark is still
quite young. Holdheide (1951) and Chang
(1954)analyseoldsecondaryphloemwithout
further informationonprimaryelementsof
thebark.

The anatomical structure ofthe barkof
different birch species is subjectofonly a
few investigations. There are no develop-
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mental studies. Thedescriptionofprimary
elementsofBetulapendulabarkbyMöller
(1982) corresponds to thatgivenabove,his
informationon how sclereidgroups are ar-
rangedinthe secondaryphloemreveals that
hissampIeswereyoung.Theobservationsof
Holdheide (1951) show many similarities
withthoseoftheoldersampIesofthepresent
investigation.Hedescribesthesamemechan-
ismofsclereidgroupdevelopment.Thestudy
by Bhat (1982) on'Betula pendula and B.
pubescensisnotsufficientlyinformativewith
regard to basic bark structure. Only he ob-
serves secondary phloem fibres in birch
bark. All the otherauthors neverobserved
any secondary phloem fibres. Only these
threepapersdealwithBetulapendulabark.
In all the otherpapersdifferent species are
analysed.

According to Chang(1954), the sclereid
groupformationinBetulaalleghaniensisand
B.papyrijeraissimilartothecentrifugalone
observedinQuercusroburandPopulustre-
mula.Ingeneral,thesclerificationappearsto
belessintensivethanin theBetulapendula
trees of the present investigation. While
Chang's (1954) description of the young
barkagreeswiththeaboveobservations,that
ofthe older bark reveals large differences.
Thesemaybeduetotheselectionofdifferent
speciesortodifferences in ageorthe sam-
pIes' thickness.

Thevarietyofdevelopmentalprocessesin
bark and the variability of bark characters
within and between species werestudiedin
relation to bark age, bark thickness, stern
height,andsterndiameter.Itis impossibleto
determine the degree ofinfluence ofeach
separate factor. These quantifiable factors
onlyaffectbutdonotdeterminethephysio-
logicalcausesofvariation. Everyvariation
dependsonthedifferentsupplywithcarbo-
hydrates, phytohormones, water and nu-
trients, which is causedby avaryingmeta-
bolism. The metabolism changes with a
numberofabioticandbioticfactorsliketem-
perature, light intensity, precipitation, etc.
Thereis notmuch informationavailableon
the relations between these factors and the
structurewithregardto treebarkorphloem.
This, and the small number ofindividuals
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investigated, do not allow to consider the
detailsofbarkdevelopmentobservedin the
presentinvestigationtobegenerallyvalid.It
isunknownwhetherthestructuralvariability
observedherereflectsonlyapartofthevari-
ation possiblein bark structure. Additional
studiesonthevariabilityanddevelopmentof
barkstructureareurgentlyneeded.
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