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Abstract
Leaf anatomy and morphology in eleven common arboreal species representing eleven families from

Central Amazonian floodplain forests (Brazil) were analysed with SEM microscopy. Species differed in

leaf-fall behaviour (evergreen, deciduous) as well as in the fate of submerged leaves (species either shed

or keep their submerged leaves). Leaves of all species showed various traits generally related to leathery

leaves and/or xeromorphism, e.g., large epidermal cells, thick outer epidermis walls, thick cuticula,

compact spongy parenchyma with only few and small intercellular spaces, sunken stomata, and transcurrent

vascular bundles with a strong sclerenchymatous bundle sheath. We found no trend to differentiate

evergreen from deciduous species by leaf morphology and anatomy. Species that shed their submerged

leaves showed similar characteristics than species that keep their submerged leaves. A high level ofscrelo-
phylly in most species suggests that the trees might experience water stress in their floodplain habitats,

independent ofleàf-fall behaviour. However, as leathery and/or xeromorphic leafare the typical pattern in
tropical trees, leaf structures found here are unlikely to represent adaptations to floodplain conditions.

Keeping submerged leaves apparently does not require different or additional morphological or anatomical

characteristics.
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Resumo
A anatomia e a morfologia folia¡ de onze espécies arbóreas representando onze familias das florestas

inundáveis da Amazonia Central (Brasil) foram estudadas com um microscópio de varredura. As espécies

diferenciaram-se no seu comportamento foliar (sempre-verdes e deciduas) assim como no "destino" das

folhas submersas (mantê-las ou não). As folhas de todas as espécies apresentaram várias característricas

descritas na literatura como coreaceas e/ou xeromórficas, como por exemplo células grandes na epiderme,

paredes celulares exteriores da epidermis espessas, cutícula espessa, parênquima lacunoso compacto com

alguns pequenos interceiulares, estômatos aprofundados na epiderme, feixes vasculares transcorrentes com

cinto esclerenquimático forte em volta. Não foi encontrada uma tendência que pudesse dife¡enciar as
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espécies sempre-verdes das deciduas quanto a anatomia e morfologia foliar. Espécies que perdem as folhas

submersas apresentam características foliares similares. O alto nível de sclerofilia na maioria das espécies

indica um possível estresse de falta de água nos ambientes alagáveis, independente das árvores serem

sempre-verdes ou deciduas ou perderem as folhas submersas ou não. Mas como folhas xeromórficas e/ou

coreaceas são o padrão típico para florestas tropicais, as estruturas encontradas neste estudo provavelmente

não representam adaptações às condições de inundação. Manter folhas submersas aparentemente não requer

características morfológicas ou anatômicas adicionais ou diferentes.

Introduction
Floodplain forests of Central Amazonia are inundated for up to 6.5 months every year'

corresponding to a submersion depth of up to 8 m (JUNK et al. 1997; ruNK & KRAM-
BECK 2000). Tree species that do not shed their leaves during the whole year including

the inundation period are generally classihed as evergreen species whereas species that

shed their leaves, usually during rising water levels, are refened to as deciduous. The

latter flush new leaves between the high water peak and the end of the aquatic phase

(woRBES 1986; WITTMANN & PAROLIN 1999; PAROLIN 2000; PAROLIN et al.

2001; scHÖNGART et aL.2002). Most of the evergreen species even keep their

submerged leaves and maintain their capacity for photosynthesis (FURCH 1984;

SCHLÜTER & FURCH 1992; SCHLÜTER et aI.1993; WALDHOFF et al. 1998,2000,

2002).
Leaves are the most exposed organs ofthe plant. Evolutionary changes in shape and

structure are therefore interpreted as adaptations to specifltc envirorunents (FAHN &
CUTTLER 1992). Morphological and anatomical differences found in leaves within the

same individual have been especially related to the extent of sun exposure or water

availability (BARTHLOTT 1989; NIINEMETS & KULL 1994; SMITH et aL.1997).

The upper leaves oftrees in tropical forests face high insolation and a scarce water

supply. Correspondingly, their leaves are xeromorphic and of the so called sun-type:

increased number of palisade layers (2-5 layers, in some cases the entire mesophyll is

transformed into palisade cells) and elongated palisade cells (ROTH 1984; BOLHAR-
NORDENKAMPF & DRAXLER 1993). WALTER & BRECKLE (1984) emphasise the

leathery consistence of leaves in tropical trees as a special form of xerornorphism'

VARESCHI (1980), on the contrary, argues that leathery leaves may be xeromorphic in

some species but are hygromorphic in others. A quantification of sclerophylly (relation

of dry mass with surface area) indicates the extent of adaptation to potential water

shofiages. Several characteristics have been described as conunon in xeromorphic and/or

leathery leaves, e.g., large-celled epidermis with water-storing cells, thick outer epider-

mis walls, thick cuticula, compact spongy parenchyma with few and small intercellular

spaces, high stomata density, sunken stomata, and transcurrent vascular bundles with a

strong sclerenchymatous bundle sheath (ROTH 1984; WALTER & BRECKLE 1984;

BOLHÀR-NORDENKAMPF & DRAXLER 1993).

Floodplain forests have to cope with an excessive amount of water in the ecosystem.

WORBES (1986, 1997) reported on a water deficit in the canopy of Central Amazonian

floodplain forests during the inundation period similar to the one found in trees on terra

firme during the dry season. This is likely to be caused by reduced root activity and

water conductance due to anaerobic conditions in flooded soils. Trees in Central Ama-

zonian floodplain forests should additionally experience water stress during the dry

season, especially those growing both at the higher and the very low along the flooding
gradient (for climatological details cf. JUNK & KRAMBECK 2000). The latter are
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more exposed to insolation and often grow on sandy sediments. A xeromorphic leaf
morphology and anatomy is therefore expected in these trees. FERNANDES-CORREA
& FURCH (1992) and SCHLÜTER & FURCH (1992), although focussing on differenr
topics, showed morphological feafures related to xeromorphism in selected tree species
from these floodplain forests: sunken stomata, thick cuticula and wax layers, and large
epidermal cells. WALDHOFF et al. (2002) reported on similar traits in leaves of
symmeria paniculata (Polygonaceae), a light-demanding tree species growing at the
lowest part of the flooding gradient. Detailed investigations on leaf morphology and
anatomy with respect to xeromorphism were not undertaken hitherto.

In this study we analyse the morphology and anatomy of the upper leaves in eleven
conìmon arboreal species from white- and blackwater floodplain forests (vërzea attd
igapó, respectively; cf. PRANCE 1979,2001) of Central Amazonia. We expect xero-
morphic leaf structures. Deciduous species might show a lesser degree of xeromorphism
whereas evergreen species that do not shed their submerged leaves are expected to show
the highest degree of xeromorphism as they have to withstand the mechanical impact of
the inundation and avoid influx of water (SCHLÜT¡R et al. 1993).

Materials and methods
We selected eleven common species that differ in leaf-fall behaviour (Tab. 1) from eleven different
species-rich families (cf. HALLÉ et al. 1978; WORBES 1997) to study leaf morphology and anatomy.
Mature sun leaves (> 5 month, < l2 month) were collected in May 1996 (rising water levels) from trees

located in floodplain forests on the Marchantaria Island (located in the Rio Solimões/Amazonas,vârzea,
I 5 km from Manaus) and along the Tarumã River (igapó, 20 km north-east of Manaus). Surface cuttings
and cross-sections of material were transportedinl0% alcohol from Manans (Brazil) to Kiel (Germany).
The samples were investigated with a scanning electron microscope (LEITZ SEM 1000). There they were
dehydrated and transferred into acetone (steps 25 %, 50 %,70 o/o, and 100 % acetone), dried using the
critical-point method and then sputtered with gold. Stomata and glands were counted on several samples
from the leaflar¡ina between the principal veins. The size ofthe cells and the thickness ofcuticula and the
epidermis wall were measured in typical cells on the photographs presented here and others of higher
magnification. To describe the degree ofsclerophylly the following index was determined from l-5 leaves:
(dry mass) /2 (leaf surface). Leaf material was provided by the herbarium of the INPA/Manaus.

Results
cell sizes in different leaf components are summarized in Table 2. Two out of six
species that keep submerged leaves showed a very thick cuticula and outer wall on the
upper leaf side (ã. tenuiþlia, R. brasiliensls; Figs. 15,27,28). On the contrary, three
out of five species that shed submerged leaves showed an upper epidermis with a thin
outer wall/cuticula (S. reticulcttct, S. guianensis, V. cymosa; Figs. 7, 10, 12). All others
presented either medium (L. apetala, N. ømazonum; Figs. 19, 22) or thick (8. inundata,
H. spruceøna, H. sucuuba, P. glomerazø; Figs. I, 4, l7 , 24) cuticula and outer walls.
The outer walls and cuticula of the lower epidermis tended to be rather thin in all spe-
cies. With the exception of P. glomerata (Fig.2l) all species showed medium (Figs. 7,
15), large (e.g., Figs. I, l0) or even very large (Fig.4) upper epidermal cells, long
palisade parenchyma cells, and medium to small spongy parenchyma cells.

All species that shed submerged leaves showed only one layer of palisade parenchy-
ma except for V. cymosa. Those that do not shed submerged leaves showed more than
one, some times even one additional layer at the lower leaf side, with the exception of
P. glomerata (Tab. 3). In leaves with multiple palisade parenchyma layers the cell
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(1992), and SCHLUTER & FURCH (1992) also described sunken stomata in several
tree species that do not shed submerged leaves from Central Amazonian floodplains.
The latter two studies ascribed this structure to a postulated function they called "re-
verse plastron respiration" which would enable a "plastron photosynthesis". ln analogy
they interpreted the existence of wax layers as an adaptation to avoid water influx in
submerged leaves.

Secretory canals in leaves of.R. brasiliensis and H. spruceana repÍesent peculiarities
of the families, clusiaceae and Euphorbiaceae, respectively, and do not seem to be
related to xeromorphisrn (ROTH 1984). Most species showed either glandular or non-
glandular hairs which is not in accordance with ROTH (1984) who reported thar both
Irair types are very rare in the humid tropics. Papillas as found in two species are also
repor-ted to be scarce in the tropics (ROTH 1984). Cuticular ornamentations as found in
this study are reported to be quite commoll in leaves of trees from tropical rainforests
(RorH 1984). The sculpturing of H. spruceana (Fig.5) is very similar to that of H.
brasiliensis from terra firme uplands (WILKINSON 1979; SENA GOMES & KOZ-
LOWSKT r988).

seven out of eleven floodplain tree species showed a high degree of sclerophylly
which suggest that they might experience water stress in their environment" A relatio¡
of sclerophylly with nutritional lirnitation which rnight be the case for the species frorn
the nutrient poor igapó is not evident from the present data as species from the nutrient
rich várzeas showed similar levels of sclerophylly. The lack of a clear trend differentiat-
ing deciduous froln evergreen species might be due to the fact that deciduous species
face the same conditions as evergreen species at least during part of the aquatic phase
because the leafless period is only 2 month (SCHÖNGART er al. 2002) while flooding
lasts up to 7 months. Apparently keeping subrnerged leaves does not require different
or additional rnorphological or anatomical traits. Overall, the xerornorphic and/or
scleromorphic features found here are unlikely to be adaptations selected under flood-
plain conditions but rather represent wide spread and common traits in tropical trees
both from terra finna and floodplain habitats alike.

rhis study was parr of a cooperation r",*TT;""rf"x*'.iï.t"ì"r, working Group of ttre M¿rx-ptanck-
Institute for Lintnology (MPIL) at Plön/Gerrnany, the National Institute for Amazonian Research (INPA)
at Manaus/Brazil (Projeto INPA/Max Planck), and the Botanical Institute of the Christian-Albrechts-
University of Kiel/Gennany. We are grateful to Prof. Dr. Wolfgang Junk. MPIL/Plon ancl Dr. Gercilia
Mota Soares, INPA/Manaus, for their support. Carlos H. Franciscnn, herbariunr of the INPA. kindly
provided leaf material for quantification of sclerophylly. Eyke Kirchhof and Susanne Schulz (University
of Kiel) are thanked for the SEM rnicroscopical work. Dr. Matthias Zerm is thanked for helplul connrer'ìts
on the manuscript.
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length decreased towards the inner layers (Tab. 2; Figs. 12, 15, 19,22,27)'
the compactness of the spongy parenchyma ranged from loose in R. brasilieltsi.s and

S. guianensis, regular in E. inundata, and compact to very compact in the other species

GaU. :; Figs.27, 10, l, 4,7, 15, 19,24). The spongy parenchyma was completely

missing it V. cymosa and N. amazonum (Figs. 12, 22). The extension of the vascular

bundles as well as the form of the sclerenchymatous sheath varied between species in

different combinations (Tab. 3). The degree of sclerophylly was high in seven out of
eleven species as indicated by index values around 0.4 and higher.

Stomata density at the lower leaf side varied between 4 and 1188 mm-2 (Tab. 4). In

two species the stomata were sunken to an extent that made them invisible from the leaf

surface (Tab. 4; E. tenuiþliø, L. apetala (Fig. 21)). Three species showed amphisto-

matic leaves (Tab. 4). All species had sunken stomata at the lower side of the leaf,

some even showed stomataburied in acavity orpit-like hole (Tab.4; Figs. 3,6,9,14,
16, 18, 21,23, 26,29; cf .).

Glandular hairs where found in five species (Figs.2, 11, 13, 16) whereas four

species showed non-glandular hairs (Tab. 5; Figs. 8, 13,23,25). The lower leaf surface

o,f L. apetalø attd S. reticulata was covered with papillas (Tab. 5; Figs. 8, 20). Four

species exhibited wax deposits (Tab.5; Figs.6, 8,9, 14,23), seven showed cuticular

omarnentations, mostly at the lower leaf side (Tab. 5; Figs. 2, 3,5,6, 11, 13, 18,26,

2e).

Discussion

Coresponding to the taxonomic diversity, leaf morphology and anatomy varied greatly

between the eleven investigated species. However, despite the differences in leaf-fall

behaviour and fate of submerged leaves, all species showed leaf characteristics usually

attributed to either leathery leaves and sclerophylly (VARESCHI 1980) or to xeromor-

phism (ROTH 1984; WAI.TER & BRECKLE 1984; BOLHAR-NORDENKAMPF &
bnaXlBn 1993). Among the characteristics investigated no clear trend was found to

differentiate deciduous from evergreen species by leaf morphology and anatomy. The

same holds for species that either keep or shed their submerged leaves, with the possible

exception of the thickness of cuticula and outer epidermal walls being thin in three out

of five species that shed submerged leaves.

The stomata densities documented here lie well within the typical range of 100-600

mm-2 repofted for many tropical trees (ROTH 1984) which also hold.s for the few tree

species form Central Amazonian floodplains sfudied so far (SCHLUTER & FURCH

lbgZ; WALIHOFF er aL.2}}2;WALDHOFF unpubl.). Stomata density was apparently

not associated with a çertain type of leaf-fall behaviour, which corresponds with the

literature on the relation of stomata density with xeromorphism (WILKINSON 1979;

ROTH 1984; BOLHÀp-NOruBNKAMPF & DRA¡LER 1993;CAo 2000;DONG &
ZHANG 2000). While hypostomatic leaves represent the usual pattern among dicotyle-

donous trees, additional stomata at the upper leaf side may have elnerged as an adapta-

rion to dry habitats in some species (BOLHAR-NORDENKAMPF & DRAXLER 1993).

Amphistomatic leaves are commonly found in members of the family Caesalpiniaceae

(ROTH 1984; METCALFE & CHALK 1950).

Sunken stomata are generally conìmon in xeromorphic leaves because they reduce

warer losses through transpiration (ROTH 1984; BOLHAR-NORDENKAMPF &
DRAXLER 1993). WALDHOFF et al. (2002), FERNANDES-CORREA & FURCH
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Fiss. l5-21:

l5-16: Esthu.eiteriu tenttilì¡liu. l5: (lross sectìon throLrgh lca{ì l6: L.ou'cr cpìclcrntis rvith sttnkclr stol'ì11til

17-18: Ílintalctnlhtts.su(uttlxtt l7: Cross scction through the lowcr cpiclernris rvith vcl.y thìck oLtte'r waìl ancl

cLrticula. lS: 1.-orver cpidcrrìis rvith sullkcn stoll]ata, antl concclrtric llngs of strìac. l9-21: I'it'unitr u¡telultr

l9: C'ross section through lcaf.20: Lolver c¡ritlernris rvith pallillose hairs and stlllkcn stotìratâ 21: Cross

section through a storìtata sunken in cleep pits lornlecl by papilìosc cells'

Frgs.22-2t):

22-23: Nct'tutttlt'ú untd:onltnti 22: Cross section through ìeaf. 23: Sunken stor.nâtr in the lorver c¡ridcrrrris.

rods ofwax ancl unicellular hails.24-26: Poutct'iu glomerulu;24: Cross section through leaL 25: Lou,er

epidcrrnis rvith hairs.26: Sunkcn stomata wjth raised stonlatal rinr antl long. narrorv allcrtr¡rc, conrplcx

nctrvork ofundulated striae, lolver epidernris. 27-29: Rheedia ltrasiliensis,27: Cross section through leaf'.

28: Cross section through the lower cpidclrnis rvith a very thick outcr lvall ancl cuticula.29: Slonrata

sunken in pit forrlcd by thick cuticula. concentric rings of striac.
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Table 2: Cell size in different leaf conrponents (all measures in ¡rm). Epiciernris cells, width*length.
small: <10*5, mediurn: >10*5. large: >15*10, very large: >30+15. Thickness of cuticula in-
cluding outer cell wall, thin: <2. medium: >2. thick: >3, very thick: >9. Length of palìsade

parenchyma cells. small: <30. medium: >30, long: >40. very long: >70. Width of spong¡,

parenchyrna cells, small: <10, mediur¡: >10, large: >15. le = lower epidcnnis. ue = upper

epidermis, + = papilla, missing data: cells not visible (see text).

Species Epidcrnris cell size

ue le

Outer wall - cuticula
ue le

Palisade
parenchyma

cell size

Spongy

parcnchyma

cell size

E. inundata

H. spruceana

S. retículota

S. guiunensis

L', c1t¡7¡.9¡¡

E. tenuilolia
H. sucuul¡a

L. upetola

N. amazonum

P. glonteratcr

R. hrasiliensi.r

large

very large

mediunr

large

large

medium

large

large

large

small

large

small

large

medium

small

large

small

thick
+

large

small

largc

th ick

thick

thin

th in

thin

very thick

thin

medium

medium

thick

very thick

thin

thin

thin

th ick

thin

thick

medium

very long

long

medium

long/small/small

long/small/small

rnediurn

medium

mediunr

small

not existing

medium

+

medium

long/small/srnall

long/snrall/small

medium

medium/small

medium

not existing

small

mediumth ick
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Table l: Tree species investigated: scientific name. farnily, local name. occurrence, leaf-fall behaviour,

and fate of submerged leaves.

Species Family Local name Floodplain
type

Leaf-fall
behaviour

Submergcd

I ea vcs

Eugenia inundoîu DC. Myrtaceae

Hevea spruceorut Euphorbiaceae

(BENTH.) MUELL.-ARG.

araça

seringa

barriguda

rgapo

ìgapó

deciduous

deciduous

shed

shed

Senna reticulala Caesalpiniaceae

(WILLD.) IRWIN & BARN

nlata-pasto vârzea evergreen shed

Simoha guianensis Simaroubaceae

AUBL.
caJurana v aÍzea deciduous shed

Vitex cyntosa llENTH. Verbenaccae

EX. SPRENCL.

tarurrà varzea deciduous shed

Eschtreilera tenuilì¡liu Lecythidaceae

(BERG.) MIERS

macacancura rgapo evergreen kept

Hinrulunthus.sucuLtha Apocynaceae

(SPRUCE EX MUELL.-
ARG.) WOOD.

suct¡úba igapó evergreen kept

Licunio upetala

(E. MEY.) FRITSCII

Chrysobalanaceae uchirana igapó evergreen kept

Neclandra 0mazonum Lauraceae

NEES

louro v aïzea evergreen kept

Pouteritt glomerata

(MIQ.) RADKL.
Sapotaceae abiurana varzea evergreen kept

Rheediubrasiliensi,s Clusiaceae bacurí v afzea evergreen kcpt

(MART.) TR, & PL
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