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SUMMARY

Liana regeneration in secondary and primary forests of

Central Amazonia

Lianas are an important component of tropical fisteBespite their moderate contribution to
forest biomass and diversity, they have a strorflmence on forest dynamics. Lianas are
particularly abundant in disturbed forest areathsag forest edges and small fragments, tree-
fall gaps, and secondary forests. Because old gréwests are becoming more fragmented and
the area covered by secondary forests is increatiegimportance of lianas is expected to
increase. Studies of liana communities in forestsniy focus on stem densities of mature
ascending plants. Data on liana seeds, seedlirggdjngs and sprouts are scarce, but
regeneration is implicated in ecological proceseésall scales and may indicate future
vegetation. Thus, knowledge about liana regeneratam be useful in forest management and
conservation.
The objectives of the research were:

1) To assess how primary and secondary forests witreint histories of land
use are related to the density, diversity, traits growth rates of liana
regeneration,

2) To investigate the seed traits and germinationaztaristics of 20 liana
species.

Field work was conducted in a primary forest antina regionally dominant secondary forests
in Amazonia near Manaus, Brazil. The primary forgas a non-inundated tropical evergreen
lowland forest. The secondary forests were \freenia forest, established after formerly clear
cut land was used for pasture and intensively lijraed theCecropia forest, established on
formerly clear cut land but without pasture usagéntensive fires. Liana regeneration, which
includes seedlings, saplings and spreauts7m in length, was assessed in 8-10 plots pestfor
type, with a total of 27 plots used. The distanic#he secondary forest plots to the next primary
forest edges ranged between 0.03 and 1.2 km. $tardcteristics, such as canopy cover based
on analyses of hemispherical photos, basal arease@$ and stem density of other growth

forms, were investigated in each plot.

The first study investigated the density and spgedighness of liana regeneration in the three
different forest types. The density of liana regatien was 50% lower in the secondary forests

than in the primary forests; whereas, the shaileoés on woody regeneration was similar in
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all forest types. Species richness was higheshenprimary forest and lowest in thésmia
forest. Accumulated species richness in @&eropia forest was similar to that in the primary
forest. With increasing distance from the primaokebt, species richness and the proportion of
lianas on woody regeneration in the secondary ferdecreased; however, distance did not
explain all variations between secondary forestses€ results indicate that secondary forest

types influenced species richness of liana regénarbaut not liana density.

The second study focused on leaf and plant trditheo 26 most abundant species from the
survey of the first part. Growth rate during onaryand plant traits, that include specific leaf
area, leaf size and shape, plant length, leaveslgmgth, ratio of stem slenderness, and
herbivory, were assessed at species and at conyniohitt) level. A principal component
analysis suggested that most of the primary fdrasa species exhibited similar plant and leaf
traits and were characterized by short shoots amall sround leaves with low specific leaf
area; whereas, secondary forest species had a tapngd of trait characteristics. At the plot-
level, separation of primary and secondary foreshraunities was confirmed. Plant size of
lianas varied more within the secondary than withi@ primary forest plots. With increasing
canopy cover, herbivory increased and variabilityleaf size and plant length per plot
decreased. The relative growth rate of lianas as®d with decreasing canopy cover and was
highest inVismia forest plots. We concluded that plant functionbbracteristics of liana
regeneration were more converged in the primarestorand differed substantially from

secondary forests, yet canopy cover explained patity the observed differences.

The third study presents seed and germination ctaarstics of 20 liana species. Biometrical
data of seeds (mass, moisture content, longest shiattest axes, desiccation tolerance
calculated by seed-coat-ratio) were collected aedseedling type was classified. Germination
trials for desiccation tolerance and light depemdewere conducted at constant 25 °C. For a
subsample of species the influence of 12/12h alterg temperatures (20/30 °C and 15/35 °C,
12 h light) on germination was tested. Dry seed srdiffered 1000 fold between species
(0.009-10.7 g). Species with desiccation sensgeeds all had above 0.27 g dry seed mass. In
five species desiccation sensitive seeds were fourate so far only desiccation tolerant seeds
have been reported in the same genus or familyhtldgpending germination was found in
three small seeded species (0.01-0.015 g) and ivgasdéscribed for two of these species;
however, it has to be noted that the results aseda&n seeds of only one mother plant per
species. Further studies should validate thesenfijsd Alternating temperature influenced

germination of four out of the nine species. Coradaio constant temperature of 25 °C, daily
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alternations between 15/35 °C always decreased¢hmination rate for these four species;
alternations of 20/30 °C increased, decreasedidonat affect germination rate, depending on
the species. The seed and germination charaatsrddtthe studied species ranged from pioneer

to climax traits, indicating that liana speciesldasucceed in a range of environments.

In conclusion, the growth form liana comprised age of leaf, plant and seed traits what
emphazises the functional diversity of the groupe Success of liana regeneration in disturbed
habitats depends on species identity and envirotah&rctors; thus, it is difficult to identify

when, where and how lianas will benefit during 8treuccession.
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Lianenverjungung in Primar- und Sekundarwaldern

Zentralamazoniens

Lianen sind ein wichtiger Bestandteil tropischerldfé¢d. Obgleich sie nur im geringen Malie
zur Waldbiomasse und -diversitat beitragen, habien esnen grofRen Einfluss auf die
dynamischen Prozesse im Wald. Besonders in gesttvadflachen, wie Bestandeslicken,
Waldrandern oder Sekundéarwaldern, finden sich Inanehoher Abundanz. Da Primarwalder
immer mehr fragmentiert werden und die Flache @du8darwalder zunimmt, ist zu erwarten,
dass die Bedeutung der Lianen in Zukunft steigt.shBiige Untersuchungen zu
Lianengesellschaften konzentrierten sich meist chef Erhebung von Stammdichten groR3er
kletternder Pflanzen. Dagegen gibt es wenige Inédionen Uber Lianensamen, -keimlinge, -
jungpflanzen und vegetative Sprosse (Trieb, Schmigsl obwohl Verjingung in viele

Okologische Prozesse unterschiedlichster Skalemerogen ist und Hinweise auf die
zukunftige Vegetation gibt. Das Wissen uber diejldegung von Lianen kann fur Naturschutz

oder Waldbau von Bedeutung sein.

Die Ziele dieser Arbeit waren:

1) den Einfluss verschiedener Waldtypen wie Primarwald Sekundarwalder
mit unterschiedlicher Nutzungsgeschichte auf diehi, Artenvielfalt,
funktionelle Pflanzenmerkmale und Wachstumsratenluanenverjingung
zu untersuchen,

2) die Samen- und Keimungsmerkmale von 20 Lianenadrestimmen.

Die Freilanduntersuchungen wurden in einem Primiiwand zwei regional typischen
Sekundarwaldtypen in Amazonien nahe Manaus (Beasillurchgefuihrt. Der Primérwald war
tropischer immergruner Tieflandregenwald. Die zwekundarwaldtypen waren zum einen
Vismiawald auf Flachen, die nach Kahlschlag abgebranut heweidet wurden, und zum
anderenCecropiawald auf ehemaligen Kahlschlagflachen ohne nackfalg Beweidung oder
intensives Abrennen. Lianenverjingung, welche Kiigd, Jungpflanzen und vegetative
Sprosse< 1,7 m Lange einschloss, wurde auf 8-10 Probeftagive Waldtyp erhoben, auf
insgesamt 27 Probeflachen. Der Abstand der Sekwadt#tichen zum Primarwald betrug
zwischen 0,03 und 1,2 km. Bestandesmerkmale wienéfrdeckung, basierend auf
hemisphéarischen Fotos, Grundflache des Baumbestandd die Stammanzahl anderer

Wuchsformen wurden auf allen Probeflachen aufgenemm
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In der ersten Studie wurden die Dichte und Artefslievon Lianenverjingung in den drei
genannten Waldtypen untersucht. Im SekundéarwalddveaDichte der Lianenverjingung 50 %
geringer als im Primarwald. Der Anteil der Lianem der Gesamtverjiungung aller holzigen
Pflanzen unterschied sich allerdings nicht zwiscldem Waldtypen. Die Artenanzahl pro
Probeflache war im Primérwald am hdchsten und aedrigsten imVismiawald. Die
aufaddierte Artenanzahl war &hnlich @ecropia- und Primarwald. Mit zunehmendem Abstand
zum Primarwald nahmen der Anteil der Lianen an @asamtverjingung sowie die
Artenanzahl ab. Diese Ergebnisse zeigen, dass elamn8arwaldtyp zwar die Artenvielfalt,

nicht aber die Dichte der Lianenverjingung beesstu

Die zweite Untersuchung behandelte die funktiomelflanzen- und Blattmerkmale der
26 haufigsten Lianenarten aus der ersten Studienktiewmelle Merkmale (spezifische
Blattflache, BlattgroRe und -form, Pflanzenlangec¢hl8nkheitsgrad des Stamms und
Herbivorie) sowie die Wachstumsrate wahrend einakre$ wurden pro Art und pro
Probeflache evaluiert. Die meisten Primérwaldahaiten eine ahnliche Form und waren durch
kleinen Wuchs und kleine, runde Blatter mit geringpezifischer Blattflache gekennzeichnet,
wahrend die funktionellen Merkmale der Sekundaradé&h stark variierten. Die Auswertung
der funktionellen Merkmale pro Probeflache bestétden Unterschied zwischen Priméar- und
Sekundarwald. Mit zunehmender Kronendeckung natenHerbivorie zu und die Variabilitat
der Blattgré3e ab. Die relative Wachstumsrate natiinsteigender Kronendeckung ab und war
am hdochsten inVismiawald. Aus den Ergebnissen kann man folgern, dasdutktionellen
Merkmale der Lianenverjingung im Primarwald &hnlidren und sich deutlich von denen im
Sekundarwald unterschieden; die Kronendeckung korjetloch nur einen Teil dieser

Unterschiede erklaren.

Der dritte Teil der Arbeit stellt die Samen- unditdangseigenschaften von 20 Lianenarten vor.
Biometrische Daten der Samen (Masse, Wassergeldalgste und kirzeste Achse, die
errechnete Austrockungstoleranz basierend auf cemes/Schalenverhéltnis) wurden erhoben
und der Keimlingstyp bestimmt. Zusatzlich wurdenirkeersuche zur Untersuchung von
Austrocknungstoleranz und Lichtabhangigkeit durdiiges. Flr einen Teil der Arten wurde der
Einfluss von 12stiindig wechselnden TemperaturefB(ROC, 15/35° C, mit 12 Lichtstunden)
auf die Keimrate getestet. Die Trockenmasse dereSamterschied sich 1000-fach zwischen
den Arten (0,009 g-10,7 g). Die Arten mit austragkgssensitiven Samen hatten alle
Trockensamenmassen verD,27 g. Fur funf Arten mit austrocknungssensiti&men wurde

bisher in denselben Genera oder in einem Fall insalleen Familie nur von
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austrocknungstoleranten Samen berichtet. Lichtabgan Keimung wurde bei drei

kleinsamigen Arten gefunden (0,01-0,015 g Samek#rmnasse) und fur zwei dieser Arten
erstmals beschrieben. Es muss jedoch beriucksichggten, dass nur Samen von einer
Mutterpflanze pro Art untersucht wurden. Weiteredstn sollten die gefundenen Ergebnisse
validieren. Wechselnde Temperatur beeinflusstekeéienung von vier von neun untersuchten
Arten: Fir alle vier Arten verminderte sich die Keate bei taglicher Temperaturschwankung
zwischen 15 und 35 °C, bei wechselnde Temperatawgsthen 20 und 30 °C war die Keimrate
je nach Art vermindert, erhdht oder gleichbleibémadvergleich zu konstanter Temperatur von
25 °C. Samen- und Keimungseigenschaften der umfetesu Arten reichten von typischen

Pionier- bis zu Klimaxartenmerkmalen, was bedewtass die Lianenarten in einer Bandbreite

von Lebensraumen keimen kdnnten.

Diese Arbeit hat gezeigt, dass die Wuchsform Liaime weite Bandbreite von Pflanzen- und
Samenmerkmalen umfasst, womit die funktionelle Biitét dieser Gruppe unterstrichen wird.
Der Erfolg der Lianenverjingung in gestorten Habitast artspezifisch und von verschiedenen
Umweltfaktoren abhangig. Es ist somit schwer varhsagen, wann und wie Lianen wahrend

der Waldsukzession erfolgreich sind.

Vi



1. INTRODUCTION

1. Introduction

1.1Lianas

Lianas are one of the most conspicuous charaatsrist tropical forests (Richards 1996). Even
though they can be found in many climatic zonesy treach their highest abundance and
diversity in tropical lowland forests (Gentry 1991kianas are a taxonomically diverse growth
form and are defined as woody climbers, which gjastving from the ground, ascend to the
canopy and stay rooted throughout their lives (Rutklooney 1991). Since they use other
plants merely for support, they are so called stirat parasites. Three major functional guilds
depending on the modes of climbing can be diststged: stem twiners, tendril twiners and
branch twiners (Hegarty & Caballé 1991). Furthermather modifications for climbing exist,
including roots, adhesive hairs or hooks (Fig 1lid)a systematic view, lianas have developed
independently in different taxa. Climbing gymnospsrexist (e.g. lianas of the gerfasetum)

as well as monocotyledonous lianas like the Asiamling palm rattan Qalamus sp.) or
Smilax. Many eudicot families ranging from the ancientridpermaceae and Aristolochiaceae
to more recent ones like Fabaceae and Bignonianehmle climbing growth forms. A shared
anatomical feature of lianas, or climbers in gehexee the extremely long and wide vessels
which ensure efficient water transport over longtatices, but also make the plants susceptible
for freezing damage (Ewers et al. 1991, Tyree & BWi996). Even so a clear definition of

lianas exists, transitional life forms such as bling shrubs, subwoody persistent climbers and

even woody hemiepiphytes may be included in liamaeys.

Figure 1.1: The stem form of liana ranges from oifpike (a) to round (d). Lianas connect treesgil use
various modes of climbing e.g. stem winders (aj)bor using modified leaves (c). Often lianas cliogon
the canopy using other lianas (d).
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Lianas typically account for 25% of woody plant sies in regions of tropical lowland forests,
however, at site level this share might range frof®% to > 40% (Gentry 1991, Appanah et al.
1992, Pérez-Salicrup et al. 2001, Schnitzer & Bon@®02). They make up ~25% of woody
stems ¢ 2.5 cm diameter) in tropical forests worldwide (8g 1991). Up to half of the trees,
i.e. 34% to 50%,X 10 cm diameter above breast height, DBH) in ingastd neotropical and
paleotropical forests had lianas in their crownsgtZPL984, Putz & Chai 1987, Laurance et al.
2001). As structural parasites they invest litlesiructural support and allocate more resources
in stem and root elongation, reproduction and léafass (Putz & Mooney 1991). Due to this
strategy, they usually contribute less than 5% lodva-ground biomass of mature humid
tropical forest, but can account for up to 30%atalk foliage biomass and 40% of leaf litter fall
(summarized by Hegarty & Caballé 1991). The diaméterement of lianas is very slow
compared to trees which means that old growth ferean be identified by the presence of

lianas with large diameter rather than by the presef large trees (Emmons & Gentry 1983,

Putz 1990, Schnitzer & Bongers 2002), (Fig. 1.2).

Figure 1.2: In old growth forest lianas can reacragdiameters (a, b) and are especially abundat#liorees
with large diameters (c) (Putz 1984).

Lianas are an important component of forests aatt thfluence on forest dynamics is severe,
despite their delicate habit and small fractiontattl biomass. They connect canopies and
create an intercrown pathway for arboreal animigZ 1984, Emmons & Gentry 1983), offer
habitats for many canopy insects (Odegaard 200D peovide food that is especially important
for primates (Emmons & Gentry 1983, Putz 1990). liBking trees together they also tear
down neighbouring trees in cases of tree fall aredtherefore a major concern for tropical
silviculture. Lianas compete with trees for aboared below-ground resources (Schnitzer et al.
2005), and can suppress tree growth, decreasediécamd encourage tree mortality (e.g. Putz
1984, Laurance et al. 2001, Schnitzer & Bonger228@iner et al. 2006, Heijden & Phillips
2009). They alter the competition among trees dretefore influence the dynamics and

community of a forest. Some tree taxa are mordylitee be infested than others, for example,
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lianas suppress growth and inhibit abundance o¥ gimwing, shade tolerant tree species but
hardly affect pioneer species (Putz 1984, Schnérat. 2000, Schnitzer & Carson 2001).

Lianas are known to reach especially high densiiesturally or anthropogenic
disturbed areas, such as gaps or forest bordexsrghce et al. 2001, Schnitzer & Bongers
2002) and are generally classified as a light delimgngroup (Putz 1984, DeWalt et al. 2000,
Gerwing 2004). During forest succession liana stemsity declines with increasing stand age
and canopy closure (Putz 1984, DeWalt et al. 2D8ther & Chazdon 2009). In tree fall gaps
lianas can dominate the regeneration so that viegeta blocked in a low canopy state over
many years (Schnitzer et al. 2000), they may alamtain their diversity by colonizing gaps
(Schnitzer & Carson 2001). However, there are asords of numerous shade tolerant liana
species (Putz 1984).

In Amazonia, like everywhere in the tropics, olangth forests are becoming more and
more fragmented and areas covered by secondastdarerease. Therefore, the importance of
lianas in the remaining primary forest fragmentd anforest regrowth is expected to increase
in the future. Even in natural tropical forestanks have become more abundant in the recent
past. Long term monitoring over the last two decalas detected increasing leaf biomass in
central America (Wright et al. 2004a) and increggilensity, basal area and size all over the
neotropics (Phillips et al. 2002). The underlyimggess is not fully understood yet; probably
lianas benefit from elevated G@oncentrations in the atmosphere (Granados & K&082).
Although lianas are very productive, they compensatly for a small fraction of biomass lost

from death of trees so as a result less carborfigets(Laurance et al. 2001).

For human use, various parts of diverse tropicahlwrs, e.g. fruits or fibre, are
utilized. Of particular interest are the highly centrated secondary compounds of many
species for producing poisons or medicines, formgpta curare, alkaloids against plasmoids or
vegetale insulin (Phillips 1991, Steele et al.19%&pato et al. 2003).
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1.2 Regeneration

Regeneration of plants is the production of thet g@neration either by seeds or vegetative
organs like resprouts of rhizomes or spreadingtbpss (Black et al. 2006). The regeneration
mode is determined by species specific featurag, dispersal characters or germination
requirements, and its success is influenced by maatic and abiotic factors including

environmental microsite conditions, predation orbhery. Plants have developed numerous
strategies to secure success of regeneration, leovreg major functional types of regeneration
can be distinguished (Grime 1979), of which fowg applicable to woody plants: (a) vegetative
expansion, (b) the formation of persistent seeck$aft) the production of exceedingly wind

dispersed seeds with limited persistence and @)etablishment of seedling banks, where

plants persist long term in a juvenile state.

Seeds, seedlings and sprouts are implicated iogical processes of all scales — from
the persistence or change of a single populatigdhgaliversity and dynamics of large units like
communities, landscapes or local floras. Grime Hiticer (2000) postulated that the danger for
ecosystem functions resulting from species losg wuclimate change or land use, is the
impoverishment of seed rain and seedling bankss ®ads to a decline of recruitment and
subsequently often the traditional dominant vegatats decreased and replaced by other
species. Therefore, ecosystems lose their propeatiel convert into other land cover types.
Knowledge of regeneration of species enables tadigion of the future vegetation coverage
and is therefore important for silviculture or censtion management. For realistic
predictions, changes of the environment during #nge light availability or competition during
forest succession and microhabitat preference edlsgs and adults have to be considered,
which can only be completed with prediction modé&lse base for any model is a databank that
has to be filled with a minimum of information, whi nowadays is readily available for

grassland or tree species but is lacking for oginewth forms such as lianas.

Knowledge about the regeneration of lianas is gcarbe number of publications about
lianas has increased in the last few decades bat stodies provide data on diversity, stem
diameters or biomass of large sized lianas witmste 0.5 cm diameter (e.g. Laurance et al.
2001, Phillips et al. 2002). Compared to trees)dgaremain an understudied group and are
usually excluded from forest inventories. Like athody plants, lianas are able to regenerate
by seeds, seedling bank or sprouting. Additiondhgy also resprout immediately from fallen
mature stems which normally survive the tree fallheir hosts (Putz 1984). Lianas can grow

laterally into gaps and produce several indepemgemtoted stems. Resprouts do not
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necessarily compete with each other for above-gtoasources since they are not restricted to
vertical growth like trees, if enough support pbagies are provided. Studies on several
species in the Neotropics showed that establisharehgrowth of liana seedlings required high
light availability (e.g. Hattenschwiller 2002, Saes and Valio 2002, Gerwing 2004, Dupuy
and Chazdon 2006), however, there are also reaufrdpecies specialized to median light
levels (Gerwing 2004). On the other hand, juvehdeas contribute a large proportion to the
community of woody understory plants in mature $tsewhich indicates shade tolerance at
least during seedling or sapling stages (Richa@8#6)l Shade tolerance of regeneration has
been shown in experiments and field surveys foersswletailed studied liana species (Putz
1984, Hegarty & Caballé 1991, Gentry 1991b, Sancke¥alio 2002, Gerwing 2004).
Disturbance, for example the removal of all seeglifrom the forest floor, increased
subsequent liana recruitment (Benitez-Malvido & tife@z-Ramos 2003); fire decreased the
abundance of liana saplings more than that of {#i¢esnard et al. 2002). Liana seed ecology is
rarely studied because liana seeds are difficuttbt@ain and many liana species can reproduce
asexually. However, reproduction by seeds is Btijportant to secure genetic exchange, to
increase the dispersal range and to overcome aduerglitions in the dormant stage. Seeds of
liana species of the Amazon are predominantly vdisgpersed (Gentry 1991b). The seeds of
most liana species are suspected to be non-dorfBaskin & Baskin 1998) and are probably

desiccation tolerant.
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1.3. Objectives
The general aim of the present study was to inerkaewledge about regeneration of liana

communities and to investigate when and if lianasdht from disturbed environments

during regeneration. This aim led to the specibgotives:

(1) to assess the influence of forest types witfedint land use histories, and the effect of
the distance to primary forest on density and @ryerof liana regeneration and compare

these findings to primary forest.

(2) to assess the differences and variability aftarand growth of liana regeneration

communities of different environments.

(3) to investigate seed traits and germination irequents that could predict germination
success of a species in different environments, igh as desiccation tolerance, light

dependence, or tolerance to daily temperatureailbais.
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2. Methodology

2.1 Study site

The Amazon Basin, ranging over nine countrieshéslargest continuous tropical rain fores
the world. The study site is located in tcentral Amazon(Fig. 2.1), 7+90 km north of
Manaus, Brazil (2°2@25°S, 60°W) in the area of the Biological Dynamios Forest
Fragmentation Project, BDFFP (Lovejoy & Bierregadr@90). Annual rainfall in Manat
averages 2285 mm (1961990, INMET 2010) with a distinct y season from June to Octok
In the study area rain fall is assumed to exceaddhManaus, and the dry season is prest
to be milder (Laurance 2001). The annual mean testype is 26.7 °C (Lovejoy & Bierraard
1990, Laurance 2001). The topografconsists of plateaus and steep and deeply diss
valleys. Elevation ranges from-100 m above sea level (Laurance 20@bils were classifie
as nutrient poor acidic xanthic ferralsols (FAO 2D@ith high clay content and the soil dra
well (Ranzan1980, Chauveet al. 1987, Laurance et al. 1999).

Figure 2.1: T Amazo Basih ar\'i‘d greater area afadsa including the study ste. Map Creditsn-fr-

free.com and NASA (visibleearth.nasa.g
The mature vegetation is evergreen, -inundated (terra firme) tropical lowland forest m
trees 3540 m tall and emerging trees that reach over 4Ramkin de Mérona et al. 1992). T
density of trees is high (613 stems/>10 cm diameter at breast height (DBH)), small treex
abundant, but few trees reach ove cm DBH (Laurance 2001). The undwory is dense and
has abundant stemless palrAstrocaryum sp., Attalea sp.) (Lovejoy & Bierregrad 1990). Tl
most abundant trees are from the families Lecytieda, Fabaceae, Sapotaceae
Burseracaeae, these families are also among the spesies ric (Rankin de Méron:et al.
1992). Tree diversity in the greater area is antbeghighest in the world, with more than 1(
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tree species (Rankin de Mérona ¢. 1992, Ribeiro et al. 1999, Laurance 20and 280 tree
species Ha>10 cm DBH (Oliveira and Mri 1999).

The project BDFFP was established in the 1980shiattime the Brazilian governme
promoted cattle ranching in the Amazon and heneectbaring of forest land for pasture |
(Lovejoy & Bierregard 1990). 11 forest fragments of differeizes were isolated in thre
cattle ranches and 12 control areas of the sanee ve&ze established in the neighbout
continuous forest. Today, in total eight researtdtians are used in three ranches an
continuous forest. Large parts of the formleared areas are now covered with secon
forest. After forest clearance and before abandomns®me areas were actually used as ¢
pasture for about four years and experienced regeatense burnings (Mesquita et al. 20!
Secondary forest thatstablished in these areas was, at the time oy $2@07 to 2008), 17 t
19 years old (pers. comm. Vizcarra 2007). In teisomdary forest type the tree communit
dominated by the genudsmia (Clusiaceae) and species of Melastomataceae (nmBelucia
sp) and will be consequently referred Vismia forest. Other areas had either hardly or nc
all been burned after clear cut, mainly becausedhg season began very early in the yee
clearance, and these areas have never been usatllapasture (Gascon & Bierregard 20(
Here, first aCecropia (Urticaceae) dominated forest grew up (Mesquital.e2001) which wa
at the time of the study up to 25 years old. Thiest type is characterized by a larger
species diversity than thésmia forest but usually has few or sometimes barny Cecropia

trees still alive. Nevertheless, in accordance whth former work of Mesquita et al. (2001)

this dissertation it will be referred Cecropia forest. See Fig. 2.2.

Primary forest: high density of  Cecropia forest: old (or dead) Vismia forest: High density o
seedlings and understorey Cecropia sp. trees, diverse tree thin stemmed trees cVismia
palms, tree stems of various community, some stemless sp. or Belucia sp., sparse

sizes, high tree diversity palms, high density of thin vegetation of grass (Poace
stemmed vines, thick litter layer or Selaginella on the ground,
of gross leaves. less canopy closur

Figure 2.2: Typical optical features of the threeekt types used in the study of liana regenerabatailed
structural data of forest stande given in chapter 3, Table :
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2.2. Sampling Design

27 plots were established in three forest typasots in primary forest, 10 iVismia forest and
8 in Cecropia forest. One plot consisted of 3 long subplots (f.% 30 m, Fig. 2.3) resulting
a total area of 1362 The shape was chosen to assure access inpbotsewithout steppin
inside and to radcover the single subplots easily. Within the datspall lianas and othe
vegetation was surveyed. Tre> 10cm DBH were measured in addition to the subplothe
corridors in order to get a higher repetition numi8oil samples were taken in thorridors
and hemispherical canopy pictures in the middlepkb. A 3(m x 3Cm sampling area

including the plot arewas used for the survey of tall liana density (Zig).

|:| 3 sub plots = 135 m?

30m * canopy pictures
E{ A O soil samples
T e O O )
. TSNS - §
0 O O O

30mx 30 msampling area
tall liana (> 0.5 cm diameter) survey

Figure 2.3:Plot design: In the grey subplots, lianas of aksiwere measured, in the 30 m x 3isampling
area lianag 0.5 cm diameter were counted. Spots for canopyrgstand soil samples are indica
Due to given vegetation, the replicaper forest typevithin theresearch stations were

not balanced (Fig. 2.4). As many plots as posgibi¢ were loceed next to plots of other, lo-
term projects (phytodemographic project and piorpeject, BDFFP), which provided w-
distributed sites, easy access additional informationd.g. tree height in the primary fores
If no permanent plots of these projects were alka|gplots were chosen to have a maxin
distance to another plot of the same forest typegiba plateau and be of about the same
and land use history in case of secondary forests. plugs of secondary forest we

heterogeneous in terms of distance to primary fcedge andlistance to pasture or trails. T
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minimum and maximum distances to nearest primargsfoedge were 25 m and 600 m

respectively for plots in th€ecropia forest, and 45 m and 1200 m for plots in Wemia

forest.
Srwl =AU ( : Secondary
f'fr:j’x,, ===t Porto Alegre Primary forest regrowth
Dimbnéa { A

@® Plotin primary forest
A Plotin Vismiaforest

% Plotin Cecropiaforest

Fazenda Esteio with research
statiol oIossoElnd Gavido

Fazenda Porto Alegre

‘ 3000 m

ZF03

Figure 2.4: Distribution of the research stations atudy plots in the area of the BDFFP. SourceFBB
1995 and redrawn after BDFFP.

2.3 Survey of lianas

Regeneration - From April to July 2007 all liana regeneratiae€dlings, saplings and sprouts)
up to 1.7 m in length were marked and length, nunatbdeaves and length and width of the
biggest leaf were measured. After twelve monthsri{Ap August 2008), all plants were

surveyed again and also all overseen or new plaets included. Additionally, the diameters

at the base 9l in the middle (¢ and below the last leaf {dwere measured, the herbivory per
leaf was estimated and the biggest, fully develolead was harvested for determination of
specific leaf area. From the measured data setraitd and the relative growth rate of height
were calculated, details are given in Chapter 4Ldses of vegetative connection, only plants
that were individually rooted entered the evaluatigig 2.5). In cases of several ground
forking branches with one rooting point, the tdlless measured. It was noted if individuals
were climbing or free-standing. Plants with skewgeowth were regarded as support-needing,
and therefore not free-standing when the maximuootslength was at least twice the height

above ground.
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2. METHODOLOGY

The origin of regeneration in the ground was detkdty shallow digging and was assigned to
three groups: (1) vegetative origin, like connettiasible or sensible, or sprouts from old
stumps/stems (2) seed or cotyledon visible or rtdwds originated from seeds, (3) not able to
specify.

shoot length

diameter 2

diameter 1

plant 1 plant2

Figure 2.5: Example of individually rooted lianasat entered the evaluation as two plants, although

vegetative connection existed. All conducted mearsents are indicated at plant 1.

To verify the inclusion of all lianas in the studyrea, experienced parataxonomists
inspected all plotsPlants were identified as morphospecies in tHd iad samples were taken
as a voucher specimen outside the plots (in 2007%he individual itself (in 2008), and
sometimes additional photographs were taken at dibe. Species identification was
accomplished by comparison with specimens of thibdraim of the Instituto Nacional de
Pesquisas da Amazonia (INPA) and with the helpasifaxonomists. The species names
follow the Flora da Reserva Ducke (Ribeiro et &99) and the INPA herbarium. When
identification at the species level was not possispecimens were grouped as sp. A-Z
within a genus or family. Absolute species numbsase to be considered with caution
because of difficulties in identifying sterile sihalaterial and singletons. Specimens that
could not be confirmed as liana were excluded fatidata sets. Specimens were deposited
at the INPA-Coordenacao de Pesquisa em Silviculluopical (CPST), Manaus. Species

and morphospecies were separated into two growih geoups based on literature or field
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observations: (1) true woody species capable afhiag large diameters as well as the
palm Desmoncus polyacanthos and Smilax sp., and (2) delicate lianas that seldom reach 1
or 2 cm diameter (e.gciadotenia eichleriana) and vines with persistent but fibrous stems
(Mikania sp., Byttneria sp., Passiflora sp.), henceforth termed ‘fibrous lianagiemi-
epiphytes, epiphytes or climbing herbs were exaudd growth forms included for analysis

are consistent with the protocol on liana censu&béswing et al. (2006).

Middle sized lianas - Lianas, that did not fulfil the criteria of regeagon nor of tall lianas ( see
next paragraph) were grouped together (‘middledsiznas’, > 1.7 m height and < 0.5 cm
diameter or > 1.7 m < 5 m height) and counted &1tB5-m? plots. Separately rooted vegetative
off sprouts were counted as separate stems. Thetha was taken following the same census
as for tall lianas (see next paragraph) and whessiple the height was recorded. Identification

was not always possible, because access to leagedifficult.

Tall lianas - Since the 30 m long plots served only for the eatadun of seedlings, a 30 m x 30
m sampling area was set up including the plot ez 2.3). Within these 900 m? all lianas
were measured and temporarily marked when theyléalffollowing criteria: climbing (= not
free standing), woody, reaching the canopy or seaat the primary forest, ascending the trees
so high, that the end was not visibte).5 cm diameter at the measuring point. The meagur
point was determined following Gerwing et al. (2p@®&d Schnitzer et al. (2008). In case of
multiple stems each rooted sten®.5 cm diameter was counted, however multiple stefthis
size accounted only for 3 % of all stems. Diametas measured with a manual calliper up to 5
cm, for stems exceeding 5 cm the perimeter wastakh a measuring tape. From elliptic or

ribbon-like stems, two diameters were taken, treathest (goag and the thinnest side (@)
and the diameter (d) was calculated as the geammagdiumd = \/m (Gerwing et
al. 2006). Calculated diameters smaller than 0.5vare excludedLianas in this group were
not identified to species-level but could be cheatistinguished from trees, shrubs or
hemiepiphytes.

2.4 Stand structural and soil data

All plants within the plots were counted and gradipato the life forms tree, palm, shrub and
herb and into two size classes1.70 m and > 1.70 m). For creeping vegetationpreentage

of cover was estimated. Diameter at breast hel@BH) was taken from trees 10 cm DBH.

12
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For a more reliable estimation of stem density badal area, the corridors were included,
resulting in 225 m2. In secondary forest plots, hleeght of ten trees and botanical families of

all trees>5 cm DBH were noted.

Canopy coverage - In each plot five hemispherical photographs weleenawith a digital
camera (Nikon coolpix 4500) provided with a fistedgns (Nikon FC E8 0.21x) and mounted
on a tripod, levelled by a bubble level. The pietuwere taken on the midline of the plot at a
height of 0.73 m above the ground and a distan&eroffrom one point to the next in order to
cover the whole plot area. The hemispherical pgsfwere analyzed for cover fraction of the
canopy (f-cover) using the programme CAN_EYE V5 HAMRA, Avignon, France). The
optical parameters were kept at default settingsidal centre row and line, horizon, radius),
circle of interest was 60° and the sub sample facts set at 2. The angular resolution was
also kept at default (zenith 2.5°, azimuth 5°, #eangle for the f-cover-A0°).

Soil - In each plot, the thickness of the leaf litter layes measured and the mineral soH1(@

cm depth) was sampled at six locations in the dors between the subplots. Two samples
were combined into one mixed samptesulting in three samples per pl&amples were
transported in micro perforated bags, air driedgiroximately 3540 °C for two weeks and
afterwards sieved through a 2 mm mesh. Soil pHm@asured in pD. Total nitrogen (N) was
determined using Kjeldahl digestion, phosphorusgi®) potassium (K) were extracted with
Mehlich | solution and determined with atomic alpgmm spectrophotometer (EMBRAPA
1999). Analyses were conducted in the laboratorgodfand plants (LTSP-INPA). Soil texture
was determined by the “finger test” (VDLUFA Methadbeich 1997).

2.5 Seeds

Mature seeds of 20 liana species from 12 familiesevcollected close to their natural time of
dispersal. Seeds (used here in a broader sendm$more) of most species were harvested from
only one plant per species. Biometric data weraiobtl from at least 30 seeds (except two
species with 15 and 25 seeds) and included frestl seass, moisture content, longest and
shortest seed axes, and dry mass of seed coatcégpdand/or testa) and of seed content
(endosperm and/or embryo). Seed moisture contestcakulated as the percentage of fresh
mass. The ratio of seed coat to total seed massused to calculate the probability of

desiccation tolerance or sensitivRy(DT/DS) based on Daws et al. (2006).
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Germination trials were conducted at constant teaipee of 25 °C with 12 h
photoperiod or in complete darkness, and for sgesith sufficient seed material at 12/12 h
alternating temperatures of 20/30 °C and 15/35wfere the period of higher temperature
coincided with the 12 h light period. Desiccatiofetance was also tested in germination trials.
Two sub-samples of seeds were dried in two stepsr (eentilator and over silica gel) for
approximately two weeks. Seed moisture was deteudnior a sub-sample, and the other seeds
were re-hydrated slowly for seven days in an athesp with saturated relative humidity,
avoiding eventual imbibition damage by direct conhtavith water (Ellis et al. 1990).
Subsequently, seeds were sown at 25 °C and 12hh(kig. 2.6). Germination was assessed
after radical protrusion (> 1 mm) and also aftee ttevelopment of a normal seedling
(Bekendam & Grob 1979). Seedling type was deterchaeeording to the position and reserves
of the cotyledons following the classification olaldik & Miquel (1990) and Garwood (1996).

Available seeds

Yy
Biometry of Desiccation Germination Germination Germination Germination
~ 30 fresh over 25°C, 25°C, 20/30°C, 15/35°C,
seeds ventilator 12h light dark 12hlight 12hlight
-/
Desiccation
over
silica gel
-/
4 N
Moisture Moisture Re-
content & content & hydration
dry mass dry mass

Germination
Seed coat 25°C,
ratio 12hlight \

[ Seedling type }

Figure 2.6: Schematic overview of the compartmémtadvf seeds for biometric measurements, desiatatio
treatment and germination tests. Total seed avktijahnd repetition size for desiccation and geration test
varied for the species. Treatments with dasheds limere only conducted for species of sufficient300)
seeds.
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Abstract

Background: Lianas are considered to be particularly abundanttropical forests after
disturbance, however information on their regenenaby seedlings, saplings, and sprouts is

scarce.

Aim: We assessed how forest types, primary vs. secprideest types with different land use

history are related to the density and diversitiiasfa regeneration.

Methods: Liana regeneratior<(1.7 m in length) was counted and identified inrary and
secondary forest plots in Amazonregar Manaus, Brazil. The primary forest was nomdaied
evergreen tropical lowland foreSecondary forest types wekésmia (on land formerly clear

cut, used for pasture and intensively burned)@emlopia (on land formerly clear cut, no pasture

usage nor intensive fires), with distances betw®88 and 1.2 km to the primary forest edge.

Results: The density of woody regeneration (trees, liapasns and shrubs) was 50% lower in
the secondary forests than in the primary foreke 3hare of lianas of woody regeneration (10-
13%) hardly differed among forest types. Liana sgsecichness per plot was highest in the
primary forest and lowest in théismia forest. Accumulated species richness in @eeropia

forest was similar to that in the primary forestittincreasing distance from the primary forest,

species richness and the proportion of lianas avdyoegeneration decreased.

Conclusion: Our results indicate that secondary forest typé/lase history influenced liana
regeneration diversity but not density. Distancprimary forest influenced both.

Key words: density, diversity, seedlings, sprotés;a firme, tropics
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Introduction

Lianas are woody climbers that reach a maximum @oce in tropical lowland forests, where
they significantly influence forest dynamics. Thgdants are frequent in old-growth or primary
forests, and many studies have documented theaseren liana abundance following forest
disturbance. In tree fall gaps, lianas can dominageneration for years (Schnitzer et al. 2000),
and such gaps may play a central role in lianarditye(Schnitzer and Carson 2001). Moreover,
the edges of forest fragments exhibit higher liatemnsities and diversities compared with
undisturbed areas in the inner part of a continymimary forest (Laurance et al. 2001). In
secondary forests, recovering from a complete iclgaof the original forest, lianas can be very
common. For example, in the eastern Amazon, higimaliabundances were recorded in
successional forests on abandoned pastures (l#hl £088). In central Panama, 20 to 40 years
old secondary forests exhibited higher liana aboodaand diversity than old-growth forests
(DeWalt et al. 2000). In Costa Rica, liana stemsiétgrwas highest in secondary forests less than
20 years old, declined with increasing age of theoadary forest, and was lowest in the old-
growth forest (Lechter and Chazdon 2009). On tls#tes, species richness of lianas showed no
change or a slight decline with forest age, dependn the method of assessment (Lechter and
Chazdon 2009). However, the cited studies considerdy larger-sized lianas. The small-sized
regeneration of lianas, important for consequeméedio dynamics, has so far received little
attention. According to Chazdon (2008), most steidie tropical forests including successional
stages, have generally emphasised the tree comipombite disregarding the dynamics of

seedlings, saplings, and non-tree life forms.

Lianas reproduce by seeds or by sprouting, whictbkes them to colonise and become
established in a broad range of habitats (NabesBireand Hall 2002). They can survive falls
from their host trees (Putz 1984) and afterwardsrapidly produce many ramets by sprouting
from the stem on the ground. Although tropical §iamelong to various families, their seeds are
primarily wind-dispersed and small (Gentry 1991bjlependent of the dispersal mode, the
distance to seed source areas may influence legemeration density and diversity. The
seedlings of several well-studied liana specigh@Neotropics require high light availability for
establishment and growth (e.g. Hattenschwiller 2@hches and Valio 2002, Gerwing 2004,
Dupuy and Chazdon 2006). On the other hand, thercaece of many liana species under the
closed canopy of primary forests point to shaderéwice during seedling or sapling stages, which
has been shown by several detailed studies (P8#%, Hgarty and Caballé 1991, Gentry 1991b,
Sanches and Valio 2002, Gerwing 2004). Intensies ftan decrease the abundance of liana
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saplings more than that of trees, as indicatetuitiess from felling gaps in the tropical dry forest
of Bolivia (Kennard et al. 2002). Based on eanherk, one may infer that several factors such as
intensive fire, landscape position, and canopy caffect liana regeneration. However, compared
to other growth forms, studies on regenerationaofd communities, as opposed to studies on

selected species are scarce, and these factoryétateebe addressed in a single study.

The objective of the present study was to assessnfluence of forest types with different
land use histories, and the effect of the distangarimary forest on the density and diversity of
liana regeneration (< 1.7 m length). The study we@sducted in a terra firme region of central
Amazonia, where primary forests are very rich getspecies but liana density and diversity is
considered medium (Gentry 1991a, Laurance .e2@01). According to Mesquita et al. (2001),
the two main types of secondary forest found inrdgton result from different land use histories.
If clearcut land is used for cattle ranching anemsely burned, a secondary forest dominated by
trees from the genugismia develops after land use is abandoned (Mesquith &001). If the
primary forest is clear cut and not intensivelyr®d, initially the genu€ecropia dominates, and
afterwards a tree species assemblage developss thettre diverse than that in tMesmia forest
(Mesquita et al. 2001).

Methods
Sudy site

The study was conducted in the area of the Bio&gixynamics of Forest Fragments Project
(BDFFP) (Lovejoy and Bierregaard 1990) located @kenh north of Manaus, Brazil (2°20-25S,
60°W). The annual rainfall in Manaus averages 2885 (INMET 2010) with a June-October dry
season. In the study area, the rainfall is assutmeskceed that of Manaus, and a milder dry
season (> 150 mm per month) is presumed (Laurad@g) 2The mean annual temperature is 26.7
°C in Manaus (Lovejoy and Bierregaard 1990). Seikre classified as nutrient-poor acidic
xanthic ferralsols (Ranzani 1980, FAO 2003) witghhclay content and well draining (Chauvel
1987, Laurance et al. 1999). Topography consisigaitaux and deeply dissected valleys. The
elevation ranges from 50 to 100 m above sea leialrance 2001). Mature vegetation is
evergreen, non-inundated (terra firme) lowland italp forest with trees 35-40 m tall and
emerging trees reaching over 45 m in height (RadkitMérona et al. 1992). Tree density is high,
on average 613 stems per hal0 cm diameter at breast height (dbh). There buvadant small
trees, but few large ones (> 60 cm DBH) (Lauran661). The most abundant trees species

belong to the families of Lecythidaceae, Fabac&apotaceae and Burseracaeae (Gascon and
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Bierregaard 2001). The tree diversity in the broadea is among the highest in the world, with
over 1000 species (Rankin de Mérona et al. 199%¢iRi et al. 1999, Laurance 2001) and 280
species ha> 10 cm DBH (de Oliveira and Mori 1999).

The BDFFP consists of forest fragments of diffe@né that were isolated in the early 1980s,
as well as control areas in the continuous foi®steral research stations are distributed in three
cattle ranches (fazendas) and adjacent forestgelzarts of the formerly cleared area have since
been covered with secondary forest. After initalet clearance and prior to abandonment, for
about 4 years, some of these areas were usedti@spzature and experienced repeated intense
fires (Mesquita et al2001). At the beginning of our study (2007), thew®lary forest in these
areas was 17 to 19 years old (T. Vizcarra 2007s.peom.). As the tree community was
dominated by the genudsmia (Clusiaceae) and members of the Melastomataceeestfoon
these former pasture lands will henceforth be reterto asVismia forest. In areas that
experienced few or no fires and no cattle ranchi@geropia-dominated forest developed
(Mesquita et al. 2001). This forest type of abobity2ars old was characterised by greater tree
species diversity than thésmia forest. Although few livingCecropia (Urticaceae) trees remain,
in accordance with the former work of Mesquitale{(2001), we refer to this secondary forest as

Cecropia forest.

Sudy design

Eighteen secondary forest plots (¥@mia and eightCecropia), and nine primary forest plots
were studied (Figure 3.1). As many plots as posgibd) were located next to plots of other, long-
term projects (phytodemographic project and pion@eject, BDFFP), which provided well-
distributed sites, easy access and additional nmétion (e.g. tree height in the primary forest).
The plots were all located on flat terrain andrdisted on four research stations (Figure 3.1). A
plot consisted of three long subplots (1.5 m x 30with 1.5 m distance from each other. Total
plot area was 135 m2. A detrended component asal@sLA) of log-transformed tree family data
using tree stems 5 cm dbh confirmed the separation of the seconftagsts into two groups.
Eigenvalues were 0.48 for the first axis and O&ltie second. Together the two axes explained
35.4% of the total variance. Clusiaceae and Metaataceae correlated with the first axissR
0.82 and R= 0.76, respectively.

For secondary forest plots, the distance to theaseéarimary forest edge was estimated in the
field and confirmed via Google Earth (Google Inghe minimum and maximum distances were

25 m and 600 m respectively for plots in ®@eeropia forest, and 45 m and 1200 m for plots in
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theVismia forest. Stand structural characteristics of akéhforest types are provided in Table

3.1
Fazenda Dimona I
=
_Dimona fPortp Alegre— Q
B [ 47 G \
2'7# P b PRVl L5
e - Ko 41
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ZE 02 '

Fazenda Porto Alegre

Keserva
Ducke 25

‘ 3000

Fazenda Esteio —with research station

ZF03

Colosso and Gavido

@ primary forest plot
A Vismia forest plot
*Cecropia forest plot

‘ primary forest

secondary forest or

pasture

Figure 3.1. Location of the study site and plotsurSe: BDFFP, 1990 & 1995.
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Table 3.1. Forest structure and soil properties of oumary and secondary forest types near Manaus, alentr
Amazonia. Values are means and standard devighensite. Lowercase letters indicate significaffitedénces

(P < 0.05) in ANOVA followed by post-hoc Tukey HSDste Tree height and distance to primary forest was
compared with T-Test, t= literature data (RankirMé#gona et al. 1992).

primary forest

secondary forest

Cecropia Vismia

number of plots 9 8 10
research stations 3 3 3
tree basal area (10 cm dbh, m?/ha) 33.2 +16.6a 20.1 £b.7 16.5+74Db
tree height¥ 10 cm dbh, m) 35-40 (some 45)t 224 £28a 17.7+23b
tree stem density>(10 cm dbh n/ha) 721 +191a 639 +184a b3 a
tree stem density (< 10 cm dbh n/ha) 6524 +1803a 5417+1917a 6169+ 3356 a
liana stem density>(0.5 cm d., n/ha) 1025+ 340 a 2147 +291b 91994 a
cover fraction of canopy 0.87 £+0.03 a 0.87 @50a 0.74+0.05b
distance to primary forest (m) - 176 ha 433 143 a
thickness of litter layer (cm) 08 +0.7a l61l4a 12 +10a
mineral soil (0-10 cm)

total N (g/kg) 1.4 +05a 19 +06a 1#0.3 a

P (Mehlich extraction) (mg/kg) 35 +06a 4412 a 3.1 +08a

K (Mehlich extraction) (mg/kg) 224+58a 284 a 251+49a

pH in HO (median) 4.1 3.9 4.1

soil texture loamy sand loam clay loam

Liana regeneration

We marked and counted all liana regeneration (Begglsaplings, sprouts) up to 1.7 m in length
in all plots between April and August 2008. Plantre identified as morphospecies in the field
and samples were taken as a voucher specimen @utsdplots or the individual itself, and

sometimes additional photographs were taken asitbe In case of vegetative connection, only
plants that were individually rooted entered thaleation. In case of several ground forking
branches with one rooting point, the tallest wasasneed. It was noted if individuals were

climbing or free-standing. In case of skewed growthere the length was at least twice the
height above ground, plants were regarded as stippeding, and therefore not free-standing. To

verify the inclusion of all lianas in the study arexperienced parataxonomists inspected all plots.

Species identification was accomplished by comparisith specimens of the herbarium of
the Instituto Nacional de Pesquisas da Amazoni®AINand with the help of parataxonomists.
The species names follow the Flora da Reserva D(Rieeiro et al. 1999) and the INPA
herbarium. When identification at the species lava$ not possible, specimens were grouped as
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sp. A-Z within a genus or family. Absolute specmesnbers have to be considered with caution
because of difficulties in identifying sterile sinalaterial and singletons. Specimens that could
not be confirmed as liana were excluded from athdsets. Specimens were deposited at the
INPA-Coordenacgédo de Pesquisa em Silvicultura Tadp{€PST), Manaus. All growth forms
included for analysis are consistent with the protan liana census by Gerwing et al. (2006).
Species and morphospecies were separated into rovattghabit groups based on literature or
field observations: (1) true woody species capableaching large diameters as well as the palm
Desmoncus polyacanthos and Smilax sp., and (2) delicate lianas that seldom reach 2 om
diameter (e.gciadotenia eichleriana) and vines with persistent but fibrous stefkkania sp.,
Byttneria sp., Passiflora sp.), henceforth termed ‘fibrous lianas’. Sincecsgpe richness per plot
also depends on abundance, Fisher’ alpha was osealdulate diversity, which is a relatively

density-independent index.

The origin of liana regeneration was assesseddrfighd and included shallow digging and
classification into one of three groups: (1) vetetaorigin with verifiable connection or sprouts
from old stumps/stems, (2) generative origin witeds or cotyledons visible or roots that

originated from seeds, and (3) unclear.

In addition to the lianas, we also counted all sbmbing plants within the plots, assorted
them to the life forms of trees, palms and shrults grouped them into two size classed (7 m
and> 1.7 m in height).

Tall, ascending lianas

Stem density of tall ascending lianasQ.5 cm diameter) was determined in 27 samplingsacé
30 m x 30 m (900 m?), that were set up around epértyand included the original plot area of
135 m2. The measuring point was determined byvioilg Gerwing et al. (2006) and Schnitzer et
al. (2008). In the case of multiple stems, eacmstgth a> 0.5 cm diameter was counted, but
multiple stems of this size made up only 3% ofsédéims. From elliptic or ribbon-like stems, two
diameters were taken, the broadest.{gl and the thinnest side (@), and the diameter was
calculated as the geometric medium (Gerwing e2@06). Lianas were not identified to species-

level but could be clearly distinguished from treggubs or hemiepiphytes.

Lianas, that did not fulfil the criteria of regeagon nor of tall lianas were grouped together
(‘middle sized lianas’, > 1.7 m in length and < @rA diameter or > 1.7 m < 5 m in length) and

counted in the 135-m?2 plots.
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Soil

For each plot, the thickness of leaf litter layerswmeasured. The mineral layer10 cm depth)
was sampled at six locations per plot, and two $esnwere combined into one mixed sample,
resulting in three samples per plot. Soil pH wasasneed in HO. Total nitrogen (N) was
determined after Kjeldahl, phosphorus (P) and patas (K) were extracted with Mehlich |
solution and determined with atomic absorption sppbotometer (EMBRAPA 1999). Soil
texture was determined by the ‘finger test’ (VDLURPethodenbuch 1997).

Canopy cover

In each plot, five hemispherical photographs wailen with a digital camera (Nikon coolpix
4500) equiped with a fish eye lens (Nikon FC E81R)2and mounted on a tripod. The
photographs were taken on the middle line of tloe gt a distance of 5 m from one point to the
other and at a height of 0.73 m above the grournichwwas above the average height of liana
regeneration (0.3 m). The hemispherical picturesevemalysed for cover fraction of the canopy

(f-cover) using the programme CAN_EYE V5 Hem (INR¥ignon, France).

Satistical analysis

Differences among the forest typedigmia secondary forest, éropia secondary forest, and
primary forest) were analysed by a one-way ANOVA anbsequent Tukey HSD post hoc test, in
which our plots served as replicates. Prior toahalysis, the distribution of values was checked
for normality with the Shapiro-Wilk test, for homexgity of variances, with the Bartlett and the
Levene tests and graphically for normal distribotaf residuals. Nearly all variables were log-
transformed to meet the conditions of ANOVA, excepie square root transformed variables
(density of liana and palm regeneration) and nangdformed data (species richness, Fisher’'s
alpha, percentage of vegetative and generativea li@mgeneration). The difference between
research station locations (Figure 3.1) was teftedorimary forest plots with an ANOVA.
ANCOVA was used to integrate distance to primame$b and canopy cover in the analysis of
secondary forest data. For correlation, Pearsontupt-moment correlation was used.
Significance level was set Bt< 0.05 for all analyses. Most statistical analysese carried out
with R-2.8.1 (R Core Development Team 2009). Fer dietrended component analysis (DCA)
and species area curve PCord 5.0 (mjm softwareneden Beach, OR, USA) was used. DCA
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was performed with log-transformed data of treeansteer family. Species-area curves were

constructed by random subsampling of the data.

Results
Density of lianas

Stem density of tall, ascending lianas (stents5 cm diameter, in 30 m x 30 m sampling areas),
extrapolated to 1 ha was highestOecropia secondary forest at 2147 + 291 SD, and signifigant|
lower in theVismia secondary forest (912 + 594 SD) and in the prinfargst (1025 + 340 SD)
(Table 3.1). The difference was primarily due te thigh density of stems of up to 3 cm in
diameter, which represented 93% of all stems inGb&opia forest. Liana stems with 5 cm
diameter were most abundant in the primary forést an average of 73 stems’hahe biggest
observed liana stem found on primary forest rea@8dm in diameterCecropia forest had 29

liana stems Ha> 5 cm diameter andismia forest on average 4 stems'ha

The density of middle-sized lianas per 135pot did not significantly differ between forest
types, yet liana abundance was slightly highereroadary forestGecropia forest 12 + 6 SD per
plot andVismia forest1l £ 6 SD) than in primary forests (7 + 4 SD petpIThis size class was

less abundant per plot than tall lianas or regdioera

Overall, the density of woody regeneration (trgedms, shrubs and lianas) was significantly
higher in the primary forest than in the secondargsts. Liana regeneration was 2.8 and 3.1
times more abundant in the primary forest tharhmQecropia andVismia forest, respectively
(Table 3.2). The density of liana regenerationrditi differ significantly between the two types of
secondary forest (Table 3.2). The density of ialhds per sampling area and liana regeneration
per plot were not correlated (R = -0.084= 0.678). Tree regeneration density was 2.7 and 3.5
times higher in the primary forest than in tbecropia or Vismia forests, respectively. The density
of palm regeneration in the primary forest was t81#s higher than in th€ecropia forest and
6.9 times higher than in tRdsmia forest. Shrubs, mainly Piperaceae, were partiuddyundant
in the Vismia forest, where on average 200 shrubs per plot ereceuntered. Significantly fewer
shrubs were found i€ecropia forest (60 shrubs per plot) and in the primarnes$bdr(nine shrubs
per plot). The proportion of lianas of the totalogly regeneration per plot was similar in all forest
types: 13% in primary forest, 12%ecropia and 10% inVismia forest. Fibrous climbers (e.g.
Passiflora sp.or Mikania sp) contributed on average 17% of liana regeneratiorismia forests,

8% in Cecropia forest, and only 1% in primary forest. The diffeces were not statistically
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significant (Table 3.2). Most liana regeneratio6%@ stood free and did not climb or lie on the
ground. The smallest climbing plant recorded wasndong. Free-standing plants were up to 1.7
m tall, which defined the upper limit of height laded in our study. Slightly more climbing
lianas occurred in th¥ismia forest (19%) than in th€ecropia (15%) or in the primary forest

(12%). However the differences were small and tadtstically significant.

Regeneration that originated from seeds made upd@3#e liana regeneration in the primary
forest and significantly less i@ecropia forest (20%); the share in thdsmia forest was in
between (45%). In absolute numbers, the primargstohad more generative regeneration than
the secondary forests. The share of vegetativaugpras significantly higher iGecropia forest
(63%) than in the primary forest (28%), and intedrate in thevismia forest (44%). The absolute
numbers of vegetative regeneration did not diffaoag forest types. The origin of regeneration
could not be determined for 486% of saplings (Table 3.2).

Distance to primary forest used as a covariatalfdested variables only influenced the share
of lianas in the woody regeneration (Table 3.3)e Tpercentage of lianas in regeneration
decreased with increasing distance (R = -0.644, 17, P = 0.004). Canopy cover had no effect
on any variable in the ANCOVA of secondary forestad(Table 3.3).

No differences were found for liana regenerationsity (F=0.408, df=2P=0.682) or tall
lianas density (F = 0.142, df =R,= 0.871) among research stations for primary fquess.
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Table 3.2. Liana and other woody regeneration iimairy forest and two types of secondary for€scfopia andVismia) in central Amazonia. Values
are mean (xSD) per 135 m? plot, significant highedties are in bold font. Differences between folgses in the Tukey Post Hoc test (significance
level P < 0.05) are indicated by different lowercase tstt€lot numbera = 9, primary forestn = 8, Cecropia forest;n = 10, Vismia forest.

primary forest

secondary forest

Cecropia Vismia
unit per F’ 4 P mean = SD mean = SD mean * SD
plot :

regeneration density liana N 13.19 0.001142 £+ 64a 51+21b 46+27 b
trees N 25.45 <0.001 870+ 241la 319+145b 243 +150 b
palms N 30.05 <0.001 84 t24a 27+21b 12+12b
shrubs N 20.34 <0.001 9+8 a 60+60b 200+143c
share of fibrous lianas % 258 0097 2tla 8+7a 17+20a
on liana regeneration
share of llanas % 098 0391 13:6a 12+5a 10+5a
on woody regeneration

liana diversity species richness N 10.50 <0.001 26 +5a 19+7ab 13+7b
Fisher's Alpha 2.04 0.152 10+2a 13+7a 8at 6

liana origin generative % 5.65 0.010 55+22a 20£13Db 45 £ 27 ab
vegetative % 5.66 0.010 28+24a  63+14b 44 + 23 ab
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Diversity of regeneration

One hundred and sixty-seven morphospecies andespe@re found, and both categories were
consequently termed ‘species’. Fifty percent cdaddassigned to species level and another 37%
to genus level. Thirty-nine percent of all spediedonged to two plant families: Bignoniacaea
(22%) and Fabaceae (17%). Species richness alahleyel was highest in the primary forest (26
species per 135 fiplot) followed byCecropia forest (19 species per plot), axibmia forest (13
species per plot). Only the difference betwadamia and primary forests was statistically
significant (Table 3.2). Whespecies richness was accumulated over all ploterferforest type,
the primary forest an@ecropia forest had similar absolute species richness &gt plots
(equals 0.11 ha): 95 and 93 species respectiviedyyismia forest had 62 species (Figure 3.2).

None of the species-area curves seemed to level off

120 Figure 3.2.
Cumulative species-area curve
of liana regeneration<(1.7 m
100 A ) .
in length) for plots of primary
o forest and two types of
.g 80 - secondary forest. Each plot had
@ an area of 135 m2. Species
Q.
) numbers are the average of
S 60 random subsampling of all
@ plots.
e}
g 40 -
< —{— primary forest
20 —A— Vismia forest
—@— Cecropia forest
O T T T T T T T

Number of plots (each 135 m?)

In Cecropia forest, the number of individuals was low, andcsge numbers were medium per
plot, resulting in a higher Fisher’s alpha (14.8)npared to the primary (10.2) bismia forest
(7.4), but the differences were not statisticaligngicant (Table 3.2). Species richness was
influenced by the distance to the primary forest bat by canopy cover. Species richness
decreased with increasing distance to the primargst (R = -0.647, df = 1R > 0.01). The
difference between secondary forest types wasniigignt. Fisher’s alpha was not influenced by

distance or canopy cover as a covariate (Table 3.3)

28



3. DENSITY & DIVERSITY

The most abundant species per forest type, whictiemg 50% of the individuals, hardly
overlapped between forest typderris floribunda (Benth.) Ducke was very abundant in the
primary forest, but also in som€ecropia forest plots. The two secondary forests shared
Doliocarpus dentatus (Aubl.) Standl. andDdontdenia sp. A as the most abundant species (Table
3.4). In the primary forest, six plots were cleadgminated by a single species, and species
identity differed from plot to plot. Each of thevéi abundant species listed in Table 3.4 dominated
a single plot, whileDerris floribunda dominated two plotsAmpel 0zizyphus amazonicus Ducke
andMachaerium sp. Poccurred, in addition to the plot they dominatedtwo to three other plots

but only with one to two individuals.

The most frequent species in the primary foresewduta rufescens Aubl., Rourea cuspidata
Benth. Ex Baker, andPaullinia sp. A. They all occurred in every plot and were moderately
abundant. In the secondary forest the most freqepeaties wa®oliocarpus dentatus, which
occurred in nind/ismia forest plots and seve®ecropia forest plots, followed bypdontadenia sp.

A that was found in five plots (Table 3.4). Botlesjes were also among the most abundant. In
the Cecropia forest,Arrabidaea egensis Bureau & K. Schum. was another frequent species (f

from eight plots). In th&ismia forest,Mikania sp. was present in six out of 10 plots.

The density of the most abundant species, whichroed in several plots of secondary forests
was not correlated with distance to the primargs$bor Only forAristolochia rumicifolia Mart. &
Zucc., there was a weak tendency for the abundpacelot to be negatively correlated with
distance (R =-0.660, df = B,= 0.053).
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Table 3.4. The most abundant species that madeoup@50 % of liana regeneration accumulated pessto
type. Species are ordered in abundance rank, desgitlap between forest types. ind = individuaisisied up
across all plots per forest type, plot= numberlofgper forest type in which the species occurfdet three
most frequent species of liana regeneration pesfdype are marked with (freq) when overlappinthwi
abundant species. Plot numbars 9, primary forestn = 8, Cecropia forest;n = 10, Vismia forest.

primary forest Secondary forest
Cecropia Vismia
species ind plot species ind plot species ind plot
Derrisfloribunda 251 3 Derrisfloribunda 25 2
Ampelozizyphus amazonicus 149 3
Machaeriumsp. P 110 3
Maripa glabra 93 6
Paulliniasp. A (freq) 66 9
Adenocalymna subicanum 31 4
Mimosa guilandinaevar. 2 31 2
Arrabidaea sp. A 28 1
Memora adenophora 23 3
Doliocarpus dentatus (freq) 19 7 Doliocarpus dentatus (freq) 34
Odontadeniasp. A (freq) 15 5 Odontadeniasp. A (freq) 67
Acacia altiscandens 11 3
Memora moringiifolia 10 2
Aristolochia rumicifolia 10 4
Senna tapajozensis 43
Mikania sp. (freq) 35
Davillasp. H 25

Malpighiacaeae sp. R(cf

Mascagnia) 25 3

Discussion

Density of tall lianas and liana regeneration

The stem density of tall lianas in the primary &tsefound in our study (320 + 100 SD stem$ ha
> 2 cm) only slightly deviates from an earlier stu@p0-500 stems hHa> 2 cm diameter) in
primary forests of terra firme regions in centrahdzonia (Laurance et al. 2001). Earlier studies
have found that liana stem density decreased witstf age. In a chronosequence study in central
Amazonia tall liana stem density has been foundeiorease with forest age and was lowest in
primary forests (Gehring et al. 2005). In Panarha,density of lianas in 2@0 years old forest
was twice as high as in old-growth forests (DeVéalal. 2000). In the lowlands of Costa Rica,
highest liana stem densities (c. 1500 stenish#.5 cm) were observed in young secondary
forest (< 1520 years old), with a decrease in older secondassfs, and lowest densities in the
old-growth forest (Letcher and Chazdon 2009). Camgbawith the latter study, our secondary
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forests were of similar age and had lower stemitieasf lianas in th&/ismia forest (mean 912
stems ha > 0.5 cm diameter), and higher densitieCtropia forest (mean 2147 stems™ha

0.5 cm diameter). Frequent fires during former laed as pasture land may be one reason for the
relatively low density of lianam Vismia forests, as Gerwing (2001) showed that burning aves
effective treatment for liana density reductioncémtrast, lianas i€ecropia forest could resprout
from fallen stems. The differences in stem deneityall lianas betweeWVismia and Cecropia
forest, as observed in our study, emphasise thertanpce of previous land use for the abundance

of lianas in secondary forests.

We found a relatively low abundance of middle-sitadas when compared with tall lianas
and with liana regeneration density. Such a diarrdgasity distribution was earlier observed by
Putz (1984) in a Panamanian old-growth forest. Heeoved that lianas of intermediate size
classes (&4 m) were missing and suggested that seedlings nar successful in climbing up

through the mature forest.

The density of total woody regeneration in the puiynforest found in our study was
somewhat lower than results of previous studigénregion: we found eight plants’whereas
Benitez-Malvido and Martinez-Ramos (2003) foundpliBits n¥ in continuous forest, and Sizer
and Tanner (1999) observed-18 plants 7 in large forest fragments. In our study, the studre
lianas in woody regeneration (1IB%) was lower when compared to previous findimgsther
old growth forests: in the slightly drier easterm&zon, lianas contributed 19% of regeneration (<
2 m) (Gerwing and Farias 2000), and-20% in lowland forest in Panama (Putz 1984, Schnitz
and Carson 2001). In secondary forests, we encathtenly half the number of woody
regeneration including lianas than in primary ftsetn forests of comparable age on abandoned
pastures in Costa Rica, liana seedlings contribbetdieen 612% of woody regeneration and

decreased within a chronosequence from 13 to 26 y€arpers et al. 2005).

In our study, the secondary forest differed from phimary forest in total abundance of liana
regeneration, but not in the share that lianasritwted to total woody regeneration. The share of
lianas in secondary forests decreased with inargagpatial distance to primary forest, whereas
the total woody regenerations density remainedlaimrhis suggests that lianas did not have an
advantage compared to other woody growth formshduestablishment and growth in secondary
forests. Comparing only the abundance of treediands, lianas had a higher share in\th@nia
forest (19%) than in the other forests (14% in prynforest and 15% iCecropia forest). A
seedling study in the same primary forest (BDFFFapfound tree seedlings to be 120 times more
abundant than lianas (Benitez-Malvido and MartiRamos 2003). The authors of thstudy
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reported a total of two lianas in 20 m? (much |#smn in our study), however methodological
differences limit comparability. Theismia forest had the highest share of fibrous liana84q 17
Vimsia forest, 8% inCecropia forest, 2% in primary forest). These plants akelyi to be short-
lived and possess pioneer characters, thus dedreaveindance during succession. Aside from
the described differences in fibrous lianas, neittensity nor percentage of liana regeneration

was affected by the land use history of the tw@sdary forest types.

The mode of regeneration differed among forest dype the primary forest, where seed
sources from seed rain or seed bank can be asstartssl high, regeneration from seeds was
dominant (55%). Th&ecropia forest had few seedlings, and a high percentageggneration
was of vegetative origin (63%). Sprouts from fallgams and a vegetative net in the ground are
probably the primary source of regrowth for liamaghis forest type. The areas, that were now
covered byismia forest, had experienced intensive repeated fiedgré the forest established,
and one would expect that regeneration mainly oaigd from newly dispersed seeds. A former
study in the Bolivian tropical dry forest reportébat high intensity fires reduced vine
regeneration and the share of sprouts on regeoer@ennard et al. 2002). Still, the regeneration
mode was fairly mixed invismia forest. The unexpectedly high percentage of véigeta
regeneration could be due to the abundanceOddntadenia sp. A, Mikania sp. and the
Malpigiaceae species in tismia forest plots. Though now spreading mainly by vatyet
means, it is very likely that these species orifynastablished on the sites through their wind
dispersed seeds. The adjacent primary forest mpyesent an important seed source for
regeneration in secondary forests, but in our stualycorrelation between distance to primary

forest and share of generative regeneration wasvened.
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Diversity

In contrast to the outstanding high and much bettpiored tree diversity, liana species richness
of the central Amazon is considered intermediatt @mparable with the African lowland forest
(Gentry 1991a). Close to Manaus, 300 liana spetere identified in a 10 km x 10 km reserve
(Reserva Ducke, Ribeiro et al. 1999). In the prinfarest of our study area, earlier surveys found
13 species hhof big stemmed lianas (diameterLO cm) on flat terrain (Oliveira et al. 2008), 83
species and morphospecies for sten¥&scm diameter in 2.9 ha (Laurance et al. 2001)yhirch
subsamples of 1 ha averaged c. 70 species. GA9®l4) counted on average 39 species per 0.1

ha for stems > 2.5 cm diameter in several sitesnofizonian lowland forest.

In the present study we considered liana specietbats only of regeneration. Considering
the species-area curve, which was made by randdasaspling of plots, the studied primary
forest had c. 95 species of liana regeneratiorOdeha (Figure 3.2). The number is probably an
overestimation due to difficulties in the ident#ton of immature, small plants and singletons.
Including this uncertainty we found twice as mapgdes in the primary forest as Gentry (1991a)
counted at several sites in Amazonian lowland fofes bigger-sized lianas. However, this
difference may also be partly explained by our usmn of many species that never reach a
diameter of 2 or 2.5 cm. The inclusion of such tetems in surveys of liana communities

naturally accounts for higher diversity (Hegartyl@aballé 1991).

Species richness per plot was highest in primamgstoand lower for secondary forests but did
not significantly differ between secondary foregies. A high diversity foCecropia secondary
forest was indicated by Fisher’'s alpha. This wath&r suggested by the aligning of the species
area curves which resulted in similarly high values primary and Cecropia-dominated
secondary forests, whereas thfesmia forest had a shallower curve progression. The high
diversity could be due to the co-occurence of ololagh as well as secondary species in some
Cecropia plots, which were located close to primary fore$tss suggestion would be supported
by the fact that species richness decreased wdtiardie to primary forest. However, no such
relation could be found for Fisher’'s alpha. Yetids¢s of tall lianas suggest that diversity is @ith
similar or higher in secondary forests than in gidwth forest (DeWalt et al. 2000, Letcher and
Chazdon 2009). Combining the results of both methae suggest that species richness of liana
regeneration in our study was similar in the priynand Cecropia forests and that theismia
secondary forest had lower species richness angrsiy. Besides species numbers, species
community differed between all three forest typakhough we considered only the most

abundant species and did not use similarity indaresrdination. Both secondary forests shared
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two very abundant species, the other common spearésd in identity and also in growth form,

e.g. Mikania sp. and the Malpighiacaeae species, both commotharVismia forest were

considered as fibrous.

Conclusions

The main findings of our study on liana regeneratiotwo types of secondary forest and in

primary forest of central Amazonia are as follows:

Density of liana regeneration was significantlytegin primary forest compared to both
types of secondary forests.

Highest species richness per plot was found irptimeary forest and lowest in thdsmia
forest. Accumulated species richness in@eeropia forest was similar to that in the
primary forest.

Generative regeneration occurred predominantlyimary forest whereas vegetative
regeneration was prominent@ecropia forest.

Secondary forest that established directly aftedear cut had twice the stem density of
tall lianas as secondary forest on former pasamd.|[However, for liana regeneration, our
data could not confirm this difference in densigivieeen secondary forest types.
Nevertheles¥ismia forest had a slightly higher percentage of fibrbaisas, and

Cecropia forest more vegetative regeneration than the ddnest type, respectively.
Compared t&Cecropia secondary forest with no pasture histdfigmia forests, which had
experienced intense land use, including fire, aiiblower species richness and partly
other abundant species of liana regeneration icessoon.

Increasing distance to primary forest also decikapecies numbers and the share of
lianas on woody regeneration. The effect of larelhistory or distance could not be
untangled in our study.

Canopy cover of secondary forest had no influemcany measured values of liana

regeneration.

So far it is difficult to identify where and wheiathas benefit in the course of secondary forest

succession, which includes deterministic but aleohastic processes (Chazdon 2008).
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Abstract

Lianas are considered to be particularly abundatrbpical forests after disturbance, however
information on liana seedlings, saplings, and sigraiscarce. We assessed plant functional traits
as well as growth rates of liana regeneratorl(/ m length) in two secondary forest types in
comparison to primary forest. The study was coretlicear Manaus, Brazil, and secondary forest
types wereVismia (on land formerly clear cut, used for pasture artdnsively burned) and
Cecropia (no pasture usage or intensive fires after cledy. @ principal component analysis
suggested that the majority of the primary forggtcges exhibited a similar habit and were
characterized by short shoots and small, roundeeawith low specific leaf area, whereas
secondary forest species had a broad range of/&daies. At the plot-level, separation of primary
and secondary forest communities was confirmed plimt length and leaf size being the most
influential traits. Plant size varied more withiacendary than within primary forest plots. The
two secondary forest types could not be separatedtivo groups based on their traits of liana
regeneration. Herbivory increased and variabilityeaf size and plant length per plot decreased
with increasing canopy cover. Relative growth (&®&R) did not correlate significantly with any
measured plant trait, except for a negative refatio initial length. RGR increased with
decreasing canopy cover and was highesVimmia forest plots. We concluded that plant
functional characteristics of liana regeneratiorrenmore converged in the primary forest and
differed substantially from secondary forests,ggtopy cover explained only partly the observed

differences.
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Introduction

Lianas are an important component of tropical fisteShey contribute around 25 % of the stem
density and diversity of woody plants in many togpilowland forests (Schnitzer & Bongers
2002) and influence the biological dynamics of e in various ways. Natural disturbances and
anthropogenic activities have been documenteddeease liana abundance such as in tree fall
gaps, forest borders, forest fragments and secprol@sts (Schnitzer et al. 2000, Laurance et al.
2001, Letcher & Chazdon 2009). Therefore, lianasadten regarded as light-demanding growth
forms. On the other hand a lot of species are kntawpersist in the understory of old grown
forest and are shade tolerant at least in the srgBan stage (Putz 1984, Gerwing 2004).
Although lianas can be easily distinguished frommeotgrowth forms in the adult stage, the habit
of seedlings and saplings ranges from tree-liké;sspporting plants to delicate, thread-like
seedlings that are obligate climbers. The habaref seedling can change with environment cues

(e.g. sudden light availability) and time.

Differences in habit and seedling performance eaddscribed by traits and shed light on the
functional diversity of growth forms or speciesancommunity. Analyses of traits has gained
importance in ecological research over the last fiweades and many studies have been
conducted in different biomes (e.g. Chapin et 896l Garwood 1996, Ackerly et al. 2002,
Poorter & Bongers 2006) or even across biomes {@&wmght et al. 2004b). Performance of
seedlings was found to be closely related to séleahtraits (e.g. Reich et al. 1992). The most
obvious difference of performance in plant regemenais the trade-off between growth and
survival, resulting in persistent, slow growing sigs with high survival rates on the one hand and
fast growing species with low survival rate on titber hand. However, the whole continuum
between these extremes in trade-offs exists (algefGet al. 2006). Trait values might serve as
predictors of the success of a species in diffeegwironments and different trait combinations
may allow coexistence of species in the same emviemt. In the ideal scenario, traits that are
easy and fast to obtain may be able to predict hvéned species will, for example, be able to
establish under low light conditions or whethewill be successful in disturbed areas. Trait data
also offer the possibility to describe main feasucé a plant community without the need for
species identification. This could be a very hdlpfoproach particularly in tropical environments,

due to the high diversity and the scarcity of kredge on some groups such as lianas.

With the increase of disturbed areas in tropicgiams e.g. secondary forest or fragmented
forests, the density of lianas is expected to ee However, species with trait combinations

resembling pioneers might in the main part beredin these areas and liana infestation will also
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be influenced by land use history, for examplensiee fires. Studies on the regeneration of
lianas in secondary and primary forest are in gdrerarce; performance and traits of seedlings
and sprouts have barely been studied. One studgeafling and sapling performance in primary
and secondary forest of Panama (BCI) indicated lfamtas and tree seedlings had widely

overlapping ranges in growth rate and survivall{&il et al. 2006).

We investigated the following main questions: Daits of liana regeneration differ in
secondary forest types of varying land use historg primary forest? Is the variability of traits
and growth different in the forest types? To anstmse questions, we used traits related to
whole plant habit and leaf morphology as well asbivery and relative growth rate during one
year of liana seedlings, saplings and sprouts.tdfranh community and species level were
investigated in primary forest and in the two migipes of secondary forest found in the region,
central Amazon, Brazil. The two secondary foregtety resulted from different intensities of
former land use. If clear-cut land was used fotleatinching and intensely burned, a secondary
forest dominated by trees from the gehisnia developed (Mesquita et al. 2001). If the primary
forest was only clear cut and not intensively bdrngitially the genusCecropia dominated, and
the subsequent tree species assemblages were ivengedhan in th&ismia forest (Mesquita et
al. 2001).

Sudy site

The study was conducted in the area of the Bio&gixynamics of Forest Fragments Project
(BDFFP) (Lovejoy & Bierregaard 1990), north of MasaBrazil (2°20-25°S, 60°W). The annual
rainfall in Manaus averages 2285 mm (INMET 2010hva June-October dry season. The mean
annual temperature is 26.7 °C (Lovejoy & Bierregad©90, Laurance 2001). Soils were
classified as nutrient poor acidic xanthic ferrlds@Ranzani 1980, FAO 2003) with high clay
content and drain well (Chauvel 1987, Laurancd.€t99). Elevation ranges from 50 - 100 m asl
and topography consists of plateaux and deeplyedied valleys. Mature vegetation is evergreen,
non-inundated (terra firme) lowland tropical foresth trees 35 - 40 m tall (Rankin de Mérasta

al. 1992). Density of trees is on average 613 steris>ha0 cm diameter at breast height (DBH)
(Laurance 2001). Tree diversity is high with mohart 1000 species in the area (Rankin de
Mérona et al. 1992, Ribeiro et.&l999, Laurance 2001) and 280 species>h&a0 cm DBH
(Oliveira & Mori 1999).
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The area of the PDBFF includes primary forest andime of the study, 17 - 25 year old
secondary forest which established after clearAttording to Mesquita et al. (2001), two main
types of secondary forest¥igmia and Cecropia forest) developed in the aredismia forest
established when areas were used as cattle péstuabout four years and experienced repeated
intense fires. At the beginning of our study (20aAg secondary forest in these areas was 17 to
19 years old (T. Vizcarra, pers. com.) and domuhdig the genus/ismia (Clusiaceae) and
species of the Melastomataceae family. In areasek@erienced few or no fires and no cattle
ranching, initially a forestominatedby Cecropia (Urticaceae) developed. This forest type of
about 25 years old was characterized in 2007 bgtgreree species diversity than tismia
forest and few livingCecropia trees remained, however it will be consequentfgrred as

Cecropia forest.

Material and M ethods
Sudy plots

Plots were established at four sites which hadkm@o ~8 km distance to each other. Initially 18
secondary forest plots (tevismia and eightCecropia), and nine primary forest plots were
studied, later on three (in growth analysis foudtpwere excluded from analysis due to small
plant sample size. Plots of the same forest type @abvays distributed over three sites and within
a site had 0.5 km — 3 km distance to each othetabce to primary forest was between 25 m and
1200 m for secondary forest plots. A plot consigiethree long subplots (1.5 m x 30 m) with 1.5
m distance to each other, resulting in a total atetn of 135 m2. Stand structural characterisfics o
all three forest types and data on soil propegresprovided in Table 4.1. Details on soil analysis
methods are described elsewhere (Roeder et alegsp A detrended component analysis (DCA)
of log-transformed tree family data from stem$ cm DBH confirmed the separation of the
secondary forests into two groups. Eigenvalues vied® for the first axis and 0.21 for the
second. Together the two axes explained 35.4% ef tttal variance. Clusiaceae and
Melastomatacea correlated with first axis with R.82 and R= 0.76 respectivelyismia forest
had significantly lower values of canopy cover #).thanCecropia or primary forest (both 0.87)
(Table 4.1).

Sudy species

During the survey of liana regeneration in all 2@tg more than 160 species or morphospecies

including many single- and doubletons were foundhiwi 2319 plants, details are described
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elsewhere (Roeder et al. in press). Species rishagsvell as regeneration density per plot was
highest in primary forest (Table 4.1). For the présstudy, the 26 most important species
(including morphospecies) were chosen, which cal&@2% of all measured plants. Importance
was calculated as modified importance value indek,(Kershaw & Looney 1985) as relative
abundance + relative frequency and species wittel¥lwere included (Appendix 4.1). Sample
size per species was between 17-286 plants, ihi542 plants were used. Many species were
spatially clumped and occurred only in one or thatgp Species were assigned to a main habitat
(primary, Vismia or Cecropia forest) when two-thirds of plants occurred in drabitat type;
otherwise species were regarded as co-occurringnwiaits were examined per plot, only plots
that contained at least fifteen plants of the 2&mnabundant species were included, resulting in 24
plots with 15-209 plants. Per forest type, plotsenstill distributed over three sites, repetitions
wereVismia = 8, Cecropia = 7, primary forest = 9 plots. Species richnessrageneration density

was still significantly different between forespgs with the reduced data set.

Table 4.1. Forest structure and soil propertiesafme/- 1 standard deviation) of the studied primang
secondary forest types near Manaus, central Amazawercase letters indicate significant differen¢Bs<
0.05) in ANOVA followed by Tukey post-hoc HSD tdst each row. Tree height was compared with T-Test,
T = literature data (Rankin de Mérona et al. 1992).

primary forest

secondary forest

Cecropia Vismia

initial number of plots 9 8 10
tree basal arez (@0 cm dbh, m?/ha) 33.2 +16.6a 20.1 £b.7 165 £74Db
tree height¥ 10 cm dbh, m) 35-40 (some 45)t 224 £28a 177 £23b
tree stem density>(10 cm dbh n/ha) 721 +*191a 639 +184 a ‘#5853 a
tree stem density (< 10 cm dbh n/ha) 6524 +1803a 5417 +1917a 6169 + 3356 a
cover fraction of canopy 0.87 £0.03 a 0.87 @50a 0.74 £0.05b
density of liana regeneration (n/plot) 142 +64 a 51+21b 46 £27b
species richness of liana regeneration 26+5a 19+ 7 ab 13 +7b
(n/plot)
mineral soil (0-10 cm)

total N (g/kg) 14 +05a 19 +06a 1#0.3 a

P (Mehlich extraction) (mg/kg) 35 +£0.6a 4412 a 3.1 +08a

K (Mehlich extraction) (mg/kg) 224+58a 284 a 25.1+49a

pH in HO (median) 4.1 3.9 4.1

soil texture loamy sand loam clay loam
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Traits

From April to July 2007 all individually rooted ha seedlings, saplings and sprowtsl(7 m in
length) were marked, identified, and the lengthmbar of leaves, length and width of the biggest
leaf were measured. After twelve months (May ty A@08), all plants were surveyed again and
also all overseen or new plants were included. #althlly, the diameters at the base)(dh the
middle (&) and below the last leaf {dwere measured, the herbivory per leaf was estichahd
the biggest, fully developed leaf was harvesteddetermination of specific leaf area. Seven
traits, describing leaf and plant habit, were used:

(1) Plant length — maximum shoot length of plant, upper limit 1.7 m

(2) Leaves per length- leaf number of whole plant (incl. all branches)ided by maximum shoot

length.

(3) Leaf size — Leaf size was leaf width x length x 2/3 (Cain & €asl959). In case of composed
leaves, only the biggest leaflet was used. The teumsed to differentiate from leaf area, where all

leaflets were included.

(4) Width/length ratio (WLR) — WLR was width divided by length of the leaf. lase of
composed leaves, only the biggest leaflet was (Sedtrasting to the mechanical measured leaf
area for the specific leaf area (SLA), length andtlvof the biggest leave measured in the field

were available for every plant. WLR describes d@ves are elongated or round.

(5) Specific leaf area (SLA) — The biggest and fully developed leaf of a plaas scanned with an
area meter (Li 3050A, Li-Cor, Lincoln, Nebraska,A)JSwhile in full turgor, and afterwards dried
at 80 °C for 2 days and weighed to 0.1 mg accurdacgase of compound leaves, all leaflets were
included and the mid vein was excluded. SLA was aleided by weight (m?/ kg). For very
abundant species a maximum of 10 leaves were sdrpplespecies and plot. When analysed per
plot, missing values were completed by mean SLA pdts) of the species. SLA is a

measurement of leaf thickness or tissue density.

(6) Herbivory — Damage of every leaf per plant was estimatetierfield. Leaves were assigned
into five groups: no damage (0 %),1D%, 1125%, 2550%, 506-100% damage. The leave
damage (LD) was calculated as

o3
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where n = number of leaves in category i, ¢ = milpof category e.gcs = 75%, N = number of

leaves on the plant. Heavy leaf damage due to funfgstation was treated as herbivory (adapted
from Morrow 1984 and Benitez-Malvido et al. 2008grbivory should be reduced when leaves
are hard structured or accumulate high secondanpoand contents, which is often the case in

long lived leaves and slow growing plants.

(7) Ratio of stem slenderness (RSS) — Based on the ratio of slenderness used in eagige(e.g.
Kuhlmann 2004), the relation of diameter to stength was calculated, as length divided by the
mean of the three diameters d;, k. RSS reflects the gradient between free standidgsapport

needing plants and also influences persistenceplzird.

Relative growth rate

Performance of seedlings and sprouts was deschpedlative growth rate (RGR). Calculation
followed Hunt (1990)

RGR=INH, -InH,
t, -t

whereH;, = height (here length) &tin cm andHy; = height at;, t; = time of the first measurement
andt, = time of the second measurement, which was irptesent study 1 year. For the analysis
the data set had to be reduced to 22 species leeczplEates were lower than ten plants for some
species in 2007; in total 1040 plants were analysild 10-259 plants per species. Individuals
that died during the year were excluded; annuakatity was 4.9% during the study period. The
RGR per plot, on the basis of the 22 species detanas used in 23 plots with 485 plants.
Four plots, which had less than ten plants, wereluded. Per forest type plots were still
distributed over three sites, repetitions wersmia = 8, Cecropia = 6, primary forest = 9 plots.
Since some variables were only measured in 2008,(BISS, herbivory), and the other variables
were highly correlated between years (R > 0B4 0.001, mean per species), only values of
2008 (but of the corresponding smaller datase2dfzcies) were used for correlation with RGR,

though we included initial plant length of 2007l analysis.
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Canopy coverage

In each plot, five hemispherical photographs walen with a digital camera (Nikon coolpix
4500) equipped with a fish eye lens (Nikon FC EBLR) and mounted on a tripod. The pictures
were taken on the mid-line of the plot at a heigh®.73 m above the ground and at a distance of
5 m from one point to the other. The hemisphengelures were analyzed for cover fraction of
the canopy (f-cover) using the programme CAN_EYEH&nN (INRA, Avignon, France).

Data analysis

The arithmetic mean per species (or per plot) vedsutated for the seven traits (length, SLA,
herbivory, WLR, leaf size, RSS, leaves per lengti] relative growth rate. As a measure of the
variability of traits within a plot, standard detten (SD) was used. Data was jgtransformed if
necessary to reach normal distribution. Pearsaorelation was used for the correlation matrix
of traits and the relationship between traits, ggnoover and growth rates. Differences between
forest types were verified via one-way ANOVA. Primincipal component analysis (PCA), the
untransformed data were centralized and standakdBmgnificance level was set Bt< 0.05.
Analyses were carried out using R-2.8. 1 (R Corgelpement Team 2009), for multivariate
statistic PCOrd 5.0 (mjm software, Gleneden Be@t, USA) was used.
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Results
Traits per species

Differences between species. Species differed significantly in the studied s&giseven ANOVAS,
all F > 5.5, and alP < 0.001); it was not verified which species costied with another. Mean
values of six traits varied between two fold for R/0.259 cm/cm foAdenocalymna subicanum
and 0.543 cm/cm fdPaullinia sp. A) and nine fold for leaves per height (0.088mfor Maripa
glabra and 0.745 n/cnfor Cheiloclinium hippocrateoides). Leaf size had the biggest variation
between species (88 fold variation), and rangeah fadeaflet size of 1.1 cmRA@achaerium ferox)

to leaf size of 100.4 cmA@enocalymna subicanum). See Appendix 4.1.

Correlation of traits. Four pairs of traits correlated significantly ovke 26 species. The ratio of
stem slenderness (RSS) increased with increasemgt pength and also with increasing SLA,
whereas number of leaves per stem length decresgldncreasing RSS. These correlations
were mainly driven by three very delicate, alwajislbing species icranostyles scandens,
Maripa glabra, Aristolochia rumicifolia), which had high slenderness ratios. Leaf sizeedesed
with increasing width-length ration of the leaf, anéng that small leaves were rounder (Table
4.2).

Table 4.2: Pearson’s correlation coefficient (R)eaff and plant traits of 26 liana species in thetal Amazon,
Brazil. Significant correlationd(< 0.05) are bold. SLA = specific leaf area, WLR th-length ratio of a leaf,
RSS = ratio of stem slenderness.

trait (mean per species) leaf area leaf/ length herbivory length (log) SLA (log) RSS (log)
(log) (log)

leaves per length (log) 0.165

herbivory (log) 0.160 -0.108

plant length (log) 0.344 -0.085 0.094

SLA (log) -0.368 -0.249 -0.142 0.097

ratio of slenderness (log) -0.098  -0.442 -0.256 0.436 0.530

WLR (log) -0.477 -0.201 0.008 -0.324 0.022 -0.326

Ordination of species traits. The first axes of the PCA explained 29% of vaoiatof the studied
traits between species. It related to the traitd 8hd slenderness (positively) and to leaf size and
leaves per length (negatively). The second PCA exjgained 27% of variation and was mainly

determined by WLR and plant length. Most primare&t species were found in one cluster that
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was characterized by round leaves and short gré&dabondary forest species were more scattered
in the ordination plot than primary forest speci€mne group of secondary forest species
(exception Cheiloclinium hippocrateoides, a primary forest species) could be separated and
described as tall plants with abundant, big, eltedjdeaves. Three species from primary and
secondary forestD{cranostyles scandens, Maripa glabra, Aristolochia rumicifolia) formed a
distinct, isolated group: they all had long delgawinding stems (low ratio of slenderness) with

scarce foliation. See Fig. 4.1a.

Traits per plot

Influence of forest type and canopy cover. Mean values of traits per plot differed betweeresbr
types in four cases: Liana regeneration had lospeots and bigger leaves @ecropia forest
than in primary forest, plants had more leaveslpegth in theVismia forest than in primary
forest and herbivory was higher @ecropia than inVismia forest (all F > 3.7P < 0.05).
Variability of traits within a plot (here expressasl SD) was significantly smaller for plant length
and leaf size in the primary forest than in the ezondary forest types. SLA was higher in
Vismia than in primary forest (all F > 4.8,< 0.05, Table 4.3). Canopy cover and trait vadabl
correlated in two cases: Herbivory increased wiginér canopy cover and the variability of leaf

size was higher when canopy cover decreased (fiadble

Ordination of plot traits. The ordination of traits on plot level (mean pkat) gave a result similar

to the ordination of species traits, although axese rotated by 90%. The first axis (33%) was
mainly determined by the length of the plant, lsaé and WLR, while the second axis (24%) was
determined by leaves per length (Fig. 4.1b). Masmary forest plots formed one cluster,
characterized by a trait combination of short lengimall and round leaves and few leaves per
length. Five out of sixCecropia forest plots had intermediate values for mostdrand therefore
clustered in the middle of the ordination graptsmia forest plots were widely scattered in the

ordination.

Ordination of plot trait variability. The first axis explained 37% of variation, the setaxis
18%. Standard deviation of plant length, of SLA afdratio of stem slenderness correlated
positively with the first axis, standard deviatiohherbivory and of WLR mainly determined the
second axis. Primary forest plots were groupedoy Variability of the mentioned influencing
traits, whereas standard deviation of traits inosdary forest varied widely. Plots of the two

secondary forest types were not separated alonigshevo axes (Fig. 4.1c).
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Table 4.3: Differences of traits of liana regeneratfor three different forest types in the centhahazon,
Brazil. Given are the F- arfdtvalues of ANOVAs and the significant pairs of fhekey post-hoc HSD test. We
tested the mean of trait values per plot and thiab#ity per plot (standard deviation). WLR = widkength ratio
of a leaf, SLA = specific leaf area. RSS = ratiostdm slenderness. SLA and leaf size were logfwamed
prior to analysis. Sample sizes were: n = 9 fompry forest (PF), n = 7 fo€ecropia forest (C), n = 8 for
Vismia forest (V). Significant result$?(< 0.05) are bold.

Mean per plot Variation per plot (SD)
L
leaf size (log) 3.941 0.035 C>PF 6.428 0.006 C,V>PF
leaves per length ~ 3.658 0.043 V > PF 2.635 0.094 -
herbivory 4.938 0.017 C>V 2.147 0.142 -
plant length 4.720 0.020 C>PF 16.031 >0.001 C,V>PF
SLA (log) 0.907 0.419 - 5.200 0.015 V> PF
RSS 0.188 0.830 - 1.745 0.199 -
WLR 3.244 0.059 - 2.151 0.141 -

Table 4.4: The relationship between canopy covdrteait values of liana regeneration in 24 plotsétondary
and primary forest, central Amazon, Brazil. We u&eghrson’s correlations of the mean value per qildhe
indicated traits or the standard deviation (SDhimita plot. WLR = width length ratio of a leaf, SIFAspecific
leaf area. RSS = ratio of stem slenderness. Balt$ fimdicate significant correlationB € 0.05).

Correlation of canopy cover with

trait (mean per plot) r P trait (SD per plot) r P

leaf size (log) -0.317 0.131 SD leaf size (log) -0.482 0.017
leaves per length -0.371 0.074 SD leaves per length -0-311 0.139
herbivory 0.420 0.041 SD herbivory 0.273 0.197
plant length -0.064  0.764 SD plant length -0.204 0.339
SLA (log) -0.203  0.341 SD SLA (log) -0.289 0.172
RSS -0.044  0.838 SD RSS -0.145 0.499
WLR 0.389 0.184 SD WLR 0.303 0.150
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Relative growth rate per species

The relative growth rate (RGR) of the 22 studieelcsgs was negatively correlated with the initial
plant length (r = -0.51F = 0.015). No other correlation of RGR or variapilif RGR (SD RGR)
and any of the seven measured traits could be foR@R for most primary forest species was
around zero and RGR did not differ between seconaiad primary forests species (F = 0.0B7,

= 0.934).Davilla kunthii had the highest growth rate (0.4 cm™tyr?). One secondary forest
species Adenocalymna subicanum) and one primary forest specieb(ta imene) had negative
growth rates. When ordered after increasing stahdaviation, most primary forest species were
on the side of low variabilty and secondary forgsecies showed higher variability (Fig. 4.2).
Four of the five species with the highest varigypivere secondary forest species. This separation
of secondary and primary species regarding vaitgbiif RGR forest was confirmed by an
ANOVA (F115= 5.41,P = 0.032).Smilax syphilitica and Memora moringiifolia could not be
assigned to secondary or primary forest and thexefere excluded from this ANOVA.
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Figure 4.2: Relative growth rate (mean per spe@&® Amazonian liana species. Mean
value and standard deviation are given. Speciesoetered according to increasing
standard deviation. Main habitats of species ateated by varying symbols. For species
names and sample size see Appendix 4.1.
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Relative growth rate per plot

Relative growth rate per plot was different in theee forest types. Théismia forest plots had
higher growth rates than plots in primary aDetropia forest. The variability of RGR per plot
was lower in the primary forest thafismia forest (Table 4.5). Canopy cover was negatively
correlated with RGR (r = -0.50P, = 0.014) and but not with the standard deviatibRGR (R =
-0.396,P = 0.061) (Fig 4.3).

0.4 N Figure 4.3:
—~ a A r=-0.507 * Relationship of canopy
D cover and mean growth
e 0.3 1 rate per plot of liana
= regeneration in  three
© 0.2 different forest types in the
g central Amazon, Brazil.
Y Different symbols indicate
< 0.1 different  forest types.
< Replicates  (plots) per
2 00 1 forest type were:
5 primary forest n = 9,
o @ primary forest o Cecropia forest n = 6,
T -0.14| O Cecropiaforest = Vismia forest n = 8.
I3 A Vismia forest Pearson’s correlation was
o2 ‘ used, significance level is

‘ ‘ ‘ ‘ | | * P < 0.05.
060 065 070 075 0.80 0.85 090 095 1.00

canopy cover

Table 4.5: Differences in growth rate of liana negiation for three different forest types in thatcal
Amazon. Measures were the mean growth rate per(RIBR) and the standard deviation of growth rate
per plot (SD RGR). Given are results of ANOVAs ahd significant pairs of the Tukey-post hoc test.
Sample sizes were: n = 9 for primary forest (PB, fifor Cecropia forest (C), n = 8 foWismia forest (V).
Significance level was set Bt< 0.05.

Significant differences

Source of variance  df MS F P in Tukey Post Hoc Test
RGR (per plot) forest type 2 0.1151 20.334 <0.001 V>PF, C
residuals 20  0.0057
SD RGR (per plot) forest type 2 0.193 7.060 0.005 V > PF
residuals 20 0.027
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Discussion
The separation of primary forest

Traits of lianas in primary forest could be cleasgparated from traits in the two secondary forest
types at the species level and the community |&u@ary forest species were more clumped in
the PCA, meaning they had similar trait values wherspecies of secondary forest were widely
scattered and thus had more heterogeneous traitessalMultivariate analysis of liana
communities per plots revealed an even more distiuster of primary forest plots. The similar
cluster pattern in the ordinations of speciesdrait plot traits may be explained by the fact that
many plots were dominated by only one or two seriehe primary forest (pers. observation).
The grouping of primary forest species or plots wharacterized by short plants with small,
round, thick leaves. Correlations confirmed thedgrat of species that were short and thick-
stemmed with more leaves per length (shrub-likethadwvards long, thin stemmed saplings or
sprouts with few leaves (vine-like habit). The oatif stem slenderness also correlated positively
with SLA. SLA, which to a great extent explainee ffirst axis in our ordination of species, is a
major predictor of plant strategies: it has beeomghto be related with growth rates and traits
such as leaf life span, leaf size and nitrogenergnif leaves (Reich et al. 1992, Ackerly & Reich
1999, Westoby et al. 2002, Sterck et al. 2006). LA generally occurs in persistent, slow
growing plants. Plants with long thread like steamsl high SLA should be more vulnerable and

less persistent than plants of shrub like habit.

Size-related traits such as length and leaf size wery important in all analyses. The liana
community in the primary forest consisted of snpddints with small leaves. Size-related features
such as plant height and leaf size obviously chamigje age, especially for seedlings, and are
probably not very consistent within a species. Havgeleaf and twig size has been described as
one of four leading dimensions of ecological vaoiatamong species (Westoby et al. 2002). In
temperate woody species, leaf size increases wdnt pheight (Cornelissen 1999). In a
comparative study of tree leaf traits in Indonessacondary and primary forest stands, mean
values of leaf size and SLA were around three araltimes higher respectively in secondary
than in primary forest communities (Holscher et 2006). Adult lianas do not possess a
characteristic height such as freestanding treesut case shoot length, which was restricted to
an upper limit of 1.7 m, gave an idea about the siza plant, not necessarily its possible access
to light since it could also creep on the groundwoTprimary forest speciedD{cranostylens
scandens andMaripa glabra) were light foraging (climbing), but most specasl individuals in

the primary forest could be assigned to the sitwaid strategy (Clark & Clark 1992) of shade
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tolerant plants. Overall, the liana regeneratiomun primary forest plots can be described as a
typical shade tolerant community.
Variability and light

Variability also separated secondary and primangdts. Trait values were more consistent in
primary than in secondary forests (Fig. 4.1c), thg.variability of leaf size, plant length and SLA
was significantly lower in primary forest than ihlaast one secondary forest type. It has to be
taken into account however that the variability plat was also enhanced by the significantly
lower plant densities in secondary forest compatedprimary forest (Table 4.1). High
intraspecific variation in traits may be interpettas an adjustment to the changing and
heterogeneous environmental conditions of succeaki@bitats (Martinéz-Garza et al. 2005); the
same might apply for interspecific variation ofitsain coexisting species. Increased canopy
openness usually goes alongside with increaseddgeteeity of light availability. However, in
the present study only leaf size variability wasr@ased in plots with low canopy cover and
therefore with increased light availability. Thedenstory of primary forest is a more homogenous
environment (at a small scale similar to the piné sised in this study) than secondary forest in
terms of many environmental variables (e.g. liggtperature) (Richard 1996). Therefore, similar

trait combinations and similar performance of pdamiay be found across primary forest sites.

While Cecropia forest and primary forest had similar canopy cagerin most cases, plants
were taller or longer, had bigger leaves and shogvedter variability in these traits (leave size,
plant length) inCecropia as compared to primary forest. FurthermdZegropia and primary
forest plots rarely overlapped in the ordinatiohisTenhances the separation of the different forest
types at the trait level. These trait differencesbpbly reflect differences in species compositions

complexity of forest structure, light quality ogeneration mode between these forest types.

The two secondary forests of different past lanel (¢ésmia and Cecropia) only differed in
herbivory and could not be separated from eachr athihe ordinations. Herbivory was correlated
to canopy cover, but, unexpectedly, herbivory weesatgr in darker forests. According to other
findings (Coley 1988), herbivory should be greateplants with higher SLA and high growth
rate, which applies to thésmia forest plots and is in contrast to our findings.
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Growth rate

According to expectations, average growth ratepp@rcorrelated positively with increasing light

availability, measured here as decreasing canopgrdéig 4.3). Canopy cover was significantly
lower inVismia forest plots compared to the other two forest sypiewas not possible to untangle

whether the relative growth rate may have beendmnipecause of better light conditions in the
Vismia forest, or because the species composing/tseia liana community were characterised
by high intrinsic growth rates. In former experirteewith subtropical and tropical tree seedlings,
early successional, fast growing species had thneletecy to have higher RGR than late
successional species, also in low light environséRborter 1999, Souza & Valio 2003). The
variability of growth rates per plot was also highthe Vismia forest, indicating that some plants

hardly grew at all and others produced metre-ldr@pts during one year. In primary forest, low
RGR and low variability of RGR within a plot comp#d the picture of persistent, slow growing

regeneration.

Growth rates of secondary or primary forest spewiese not significantly different in our
study but most of the secondary forest species astiayveater variabilty in RGR than primary
forest species. High variation of growth rates rhayexplained by species-specific high potential
growth rates which can reach their maximum in faeduenvironments, but stay close to zero in

unfavoured environments.

Negative growth rates were included in this analysi capture the actual performance of
plants in the different environments and not jig potential growth rate of plants without any
growth-reducing factors. The negative growth ratesulted from dieback of shoots due to
necrosis or other damage, which should be enhancsaft, fast grown shoots. Three out of five
species with the highest standard deviation of ¢nawate, which included negative and positive
growth, were all climbing and some of them subwosggcies Nlikania sp.,Odontadenia sp. A,
Dicransostylens scandens). This vine-like habit enables fast cheap growtht also increases
vulnerability. The average growth rate in ma@gcropia plots was even below zero and
variability was intermediate between primary avidmia forest. Another reason for negative
growth rates beside the mentioned species-spéwfiits could be as well the higher amount of

litter and the falling debris of dying trees in tBecropia forest (pers. obs.).

Leaf and plant traits were not correlated to grovate in the present study, except for the
initial length of plants. This is in contrast witBsults of numerous former studies of global or

local tropical datasets where RGR was related t@raé leaf traits like leaf life span, SLA,
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assimilation rate and nitrogen contents (Reichl.e1 292, Cornelissen et al. 1997, Cornelissen
1999, Cai et al. 2007). Similarly, we did not fisdpport for herbivory correlating with RGR.

Coley (1988) found that herbivory rates increash Wwigher RGR, which can be explained by the
fact that long-lived leaves had higher concentregtiof immobile chemical defences. However,
the comparability is limited because negative glowates were included in the present study.
This should impede a strong correlation with tratdely related to photosynthesis and primary

production, but structural traits like stem slemdess could be expected to be correlated.

Conclusion

Traits differed clearly between primary and secopdarest at community and species level.
Primary forest communities revealed typical shaderant traits and very low variability of traits
and growth, meaning regeneration in all plots l@bkery similar regarding their traits. Canopy
cover alone could not describe this convergendeads§, since canopy cover was similar in some
someCecropia and primary forest plots, however trait valuesiadmwidely between secondary
forest species and within communities. Fukami e¢20105) showed with a grassland biodiversity
experiment that during succession communities a@®¢e in species traits; even so species
composition remained divergent. The comparabilitthwur study is limited, since the different
forest type caused very different environmentsrémeneration and the succession of secondary
forest will not necessarily result in a primarydst. However thinking about primary forest as an
advanced successional state, our result would roorthe development of low species numbers
and varying traits towards high species numberscamyerged traits. The two secondary forests
only differed in growth rates and herbivory, whislere both strongly related to canopy cover.
Canopy cover was one of the most important strattdifference between secondary forests

resulting from differences in land use intensity.
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Appendix 4.1: Trait values (mean per species) ofABGazonian liana species. Sample size varies farestraits, and is indicated behind the trait. 1¥Ithe

importance index of species; main habitats aregmyrforest (p)Cecropia forest (c) and/ismia forest (v). RSS = ratio of stem slenderness, Slspecific leaf area,

WLR = width length ratio of the leaf and RGR = tela growth rate. Species names according to Ritegil. 1999.

abbre- leaves /

species family viation VI habitat length RSS leaf size length herbivory WLR SLA RGR
(cm) (cm/cm) n  (cm?®  (n/cm) (%) (cm/cm) n  (m#¥kg) n  (cm/(cm *yr)) n

Abuta imene Menisperma- Abuime 2.2¢ p 24.8 110 20 35.: 0.21( 6.2 0.43¢ 2C 12.0¢ 17 -0.235 10
Abuta rufescens Menisperma-  Abu ruf 6 p 18.9 105 66 32.5 0.240 105 0.493 66 20.76 50 0.138 52
Abuta sandwithiana Menisperma- Abusan 35¢ p 224 102 31 457 033 9¢ 0.43¢ 31 17.91 22 0.092 32
Adenocalymna subicanum Bignonia- Ade sub 3.94 c 46.0 119 47 96.7 0.236 15.1 0.295 47 1592 45 -0.147 19
Ampel 0z zyphus amazonicus Rhamna- Ampama 7.79 p 26.8 94 150 374 0.214 6.9 0.384 150 19.66 15 0.065 134
Aristolochia rumicifolia Arsitolochia-  Ari rum 273 vc 57.9 528 21 311 0.170 5.0 0.441 21 51.63 17
Arrabidaea egensis Bignonia- Arrege  3.12 cp 59.7 102 17 65.8 0.170 195 0.384 17 27.10 10
Cheiloclinium hippocrateoides Celastra- Chehip 268 p 68.1 143 20 46.0 0.735 8.3 0.323 20 13.26 18 0.074 18

Dav spH 2.47 \ 19.6 76 28 58.2 0.745 5.1 0.302 28 2044 21 0.303 25

Dav kun  2.53 \ 57.4 174 25 66.5 0421 5.6 0.433 25 18.66 23 0.399 13
Derrisfloribunda Der flo 14 p 31.6 99 286 56.1 0.165 7.1 0.490 285 21.46 68 0.060 259
Dicranostyles scandens Convolula- Dicsca 295 p 42.7 446 34 311 0.113 7.2 0.259 33 26.51 22 0.093 16
Doliocarpus dentatus Dillenia- Dolden 6.69 v 56.4 167 60 81.6 0.278 8.2 0.448 60 1850 51 0.107 43
Machaerium ferox Faba- Macfer 249 p 22.4 141 20 45 0.313 135 0.350 20 29.30 15
Machaerium hoehneanum Faba- Mac hoe 3.44 p 34.2 127 32 27.9 0.185 7.2 0.526 32 22.07 23 0.219 16
Machaeriumsp. 1 Faba- Mac spl 3.57 p 33.7 159 39 315 0.116 12.4 0.504 39 21.99 34 0.074 19
Machaeriumsp. P Faba- MacspP 597 p 20.0 132 111 17.2 0.112 5.9 0.455 111 18.42 26
Maripa glabra Convolula- Margla 6.28 p 47.3 572 97 34.3 0.086 8.0 0.352 97 25.87 44 0.186 16
Memora adenophora Bignonia- Memade 539 p 45.9 106 78 26.7 0.293 12.8 0.965 78 18.45 48 0.088 71
Memora moringiifolia Bignonia- Mem mor 3.06 p 60.4 134 28 8.6 0.229 9.8 0.471 28 2456 19 0.082 22
Mikania sp. Astera- Mikania  3.38 Y 415 205 39 314 0.358 9.7 0.367 38 29.96 22 0.070 22
Odontadenia sp. A Apocyna- OdospA 6.78 v 40.9 224 91 48.1 0.363 6.3 0.339 89 23.02 43 0.169 a7
Paullinia sp. A Sapinda- Pau spA 5.55 o] 12.5 96 73 10.0 0.350 10.0 0.543 73 20.36 46 0.106 52
Rourea cuspidata Connara- Roucus 566 p 40.0 108 63 34.7 0.235 8.3 0.513 63 18.68 41 0.096 12
Senna tapajozensis Faba- Sentap 3.03 v 22.9 139 43 6.1 0.309 4.9 0.404 43 39.11 15 0.133 19
Smilax syphilitica Smilaca - Smisyp 3.11 vcp 24.9 125 24 51.0 0.226 4.6 0.357 24 19.75 19 0.292 22
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M Roeder, IDK Ferraz, D Holscher

57



5. SEEDS & GERMINATION

Abstract

Lianas are an important component of tropical lowldorests, influencing the dynamics of
forests and may be of interest for medical purpoBes conservation, storage, cultivation and
forest management, information about seed and gatian characteristics of lianas could be
important, but is generally scarce. For 20 Amazori@na species we studied the seed biometry
(mass, moisture content, longest and shortest desg;cation tolerance calculated by seed-coat-
ratio) and conducted germination trials for dedioeatolerance and light dependence at constant
25 °C. For a subset of nine species germinati@bstat alternating temperatures (20/30 °C and
15/35 °C with 12 h light) were conducted. Dry semdss differed 1000 fold between species
(0.009 g-10.7 g), and was not correlated to freslsture content, which ranged from 13 to 68 %.
Desiccation sensitive seeds were all above 0.2Tygsded mass. In five species desiccation
sensitive seeds were found where so far only dasactolerant seeds have been reported in the
same genus or family. Light depending germinati@s ¥ound in three small seeded species (0.01
—0.015 g) and was firstly described for two, howatvéas to be noted that the results were based
on seeds obtained once and from only one mothent.phdternating temperature influenced
germination of four out of the nine species: 15/@%always decreased final germination for these
four species, 20/30 °C increased, decreased oradishfluence germination compared to constant
temperature of 25 °C. The seed and germinationackenistics ranged from pioneer to climax
traits, indicating that the studied species wouldcsed in a range of environments, such as in

gaps or closed old growth forests.
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Introduction

Lianas are woody climbers. They germinate on tloeigu, stay rooted throughout their lives and
use other plants as structural support. Due to dhisvth form they invest few resources into
structure and more in leaf and reproductive bionfBs$z & Mooney 1991). Lianas influence the
dynamics of forests in various ways: they contebia forest species diversity and offer habitat
and food for canopy insects or primates (Emmons ént& 1983, Odegaard 2000). By
connecting crowns, lianas create pathways for addanimals and also tear down neighboring
trees in case of tree fall and are therefore aewnfor forest management. They compete with
trees for nutrients, water and light and can desrégee growth and fecundity (Putz 1984, Kainer
et al. 2006, Schnitzer et al. 2005) or may evenegwe death mortality of trees (Laurance et al.
2001). Beside edible parts, fibers or ornamentagje8, the high content of secondary compounds
of many liana species is interesting for human aisé may have applications as medicine or
poison (Phillips 1991).

Liana seed germination is rarely studied becausagssare difficult to obtain and many species
can reproduce asexually. As well as sprouting froots, most lianas can survive when they fall
down from their host trees (Putz 1984) and aftedwarapidly produce a lot of ramets by
sprouting from the stem on the ground. Reprodudtiprseeds is however still important, as it
secures genetic diversity, increases the disparsal of a species and in case of dormant seeds
could overcome adverse environmental conditiondirme. Although belonging to different
families, liana seeds are mainly wind dispersedsandll (Gentry 1991). Particularly in naturally
or anthropogenically altered areas such as trégdpk or secondary forests lianas occur in high
densities and they are presumed to benefit fromeasing areas of altered forests (Hergarty &
Caballé 1991, DeWalt et al. 2000, Laurance et @012 Schnitzer & Carson 2001).With the
increase of secondary regrowth the importancegemeration by seeds will change: In areas after
slash and burn, succession by new dispersed sekt® \wore important than in areas where the
vegetation was slashed without burning where liaaasresprout from fallen stems (Roeder et al.
in press). Compared to the almost stable envirotetheonditions in the understory of primary
forest, disturbed areas are a challenge for seet=sms of tolerance of desiccation, alternating

temperature and higher irradiation.

Biometric and germination data have been intehsigellected for non-cultivated seeds in
temperate regions and also for many tree specig®itropics (e.g. Seed Information Database of
Kew Garden, Liu et al. 2008). Yet for other grovitiims of tropical forests little information

exists. Useful information on seeds can be obtafr@d very few seeds. For example, Pritchard
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et al. (2004) suggest a protocol of only 100 sdedtesting desiccation tolerance of rare species,
where exploitation of seeds could be critical fog survival of the population. In our case, it was
not species rareness but seed availability thaticeesd the number of studied seeds and species.
The aim of this study on liana species of the e@rdmazon, Brazil, was to collect trait data
connected to seeds and seed germination inclu@isigahtion tolerance, amount of seed reserves,
photoblastism, temperature dependence of germmatinod seedling type which provide
information not only for seed storage and cultmatof the species, but also for predicting success

of species establishment in changing environments.

Material and Methods

Mature fruits and seeds of 20 liana species betantp 12 families were collected close to their
natural time of dispersal in the surrounding andau®0 km north of Manaus (Table 5.1). Some of
the species are subwoody to woody persistent chisndoied one is a climbing shruefina sp. 2),

but were included here, referring to the liana asnsf Gerwing et al. (2006). It was possible to
obtain seeds (used here in a broader sense f@odegsrom three to five individual plants of six
species Anemopaegma oligoneuron, Mimosa guilandinae, Anomspermum solimoesanum, Senna

sp. 2 Arrabidaea trailii, Passiflora nitida); the collection of the other species was restddb
one mother plant per species. The time betweeratah, transport and implementation of the
trials did not exceed 10 days. At arrival in thbdeatory fruits and seeds were maintained at 15
°C. Immediately after extraction of the fruits, wlesucculent pulp was eliminated if necessary,
biometric measurements were done with at leaste¥ilss For two species less seeds were
available (Table 5.2). Maximal, length, width aneight were measured with a digital caliper
(0.01 mm). Fresh seeds were weighed individuall§1@§) and subsequently dried until constant
dry mass at 105 °C for 24-62 hours (depending @d seze). Seed moisture content was
calculated as the percentage of fresh mass. SeatdRatio (SCR; endocarp and/or testa versus
endosperm and/or embryo) was determined by disgp€t20 dried seeds, and the probability of
desiccation tolerance or sensitivRy(DT/DS) was calculated based on Daws et al. (200&)e
adapted form of Gold & Hay (2008).P> 0.5 seeds are probably desiccation sensitive.ratio

of shortest to longest seed axis was used to cerat@dex for seed shape, (1 = round seed,

towards O = flat seed).

60



5. SEEDS & GERMINATION

Desiccation tolerance

Seeds were dried in two sub-samples in an air tondd room (25 + 4 °C, 60 = 10 % relative
humidity) above a fan until reaching equilibriumtivienvironmental conditions, which took
between five to eight days, depending on seed Aiterwards they were dried for another seven
days over the same amount of silica gel as seed iméiree layers of hermetically closed plastic
bags. Seed moisture was determined for a sub-saapldescribed above, and the other seeds
were re-hydrated slowly for seven days in an atmesp with saturated relative humidity,
avoiding eventual imbibition damage by direct cohteo water (Ellis et al. 1990), before the

assessment of germination.

Germination test

Germination was assessed immediately or shortér aftrival at the laboratory. Seeds were sown
on water saturated fine or medium grain vermicu(icatex Agro®) in transparent plastic
containers (11 x 11 x 3 cm3 “gerbox”), or in casesmall seeded specieSefina sp. 2,Acacia
multipinnata) in petri dishes (9 cm diameter) with vermiculite substrate. The containers were
wrapped in loosely closed transparent, thin plalstigs to avoid excessive desiccation. Three
temperature conditions were provided, each with imeubators (FANEM Mod. 347 CDG Séao
Paulo, Brazil and LMS cooled incubator, York, UK):constant temperature at 25 °C with either
a 12 h photoperiod (white fluorescent light withpegximately 70 pmol f s* PAR) or in
complete darkness, (i) 12/12h alternating tempeest of 20/30 °C and (iii) 12/12h alternating
temperatures of 15/35 °C, the period of higher terajure coincided with the 12 h light period in
both (ii) and (iii). The thermal input for all treedemperature conditions was, on average, 25 °C.
For dark treatment the containers were wrappedalayers of aluminum foiand germination
was assessed only after the stabilization of tbegss under light condition&ermination in
light was assessed after radical protrusion (> 1) mna also after the development of a normal
seedling (Bekendam & Grob 1979). Depending on teengation speed of the species the
observations were daily, three times per week arklye Non germinated seeds were tested for
viability at the end of the germination trials wtaining (2,3,5 triphenyl tetrazolium chloride, 1 %
solution) or cutting test. Seedling type was deteeh according to the classification of Hladik &
Miquel (1990) and Garwood (1996), and describethleycombination of the following traits: (P)
phanerocotylar - visible cotyledons or (C) cryptiytar - cotyledons do not emerge from seed
coat, (E) epigeal - hypocotyl was elongated, or li)ogeal - hypocotyl was not elongated and

cotyledons would remain theoretically below thel,sand (F) foliaceous cotyledons or (R)
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cotyledons as reserve organs. In cryptocotylarledons (C), no distinction was made if reserves

were located in the endosperm or in the cotyledons.

Satistical analysis

The requirement for light during germination wastedmined by using the relative light
germination (RLG) based on Milberg et al. (2000)eTndex was calculated as RLG = Gl / (Gd +
Gl) where Gl = the germination percentage in lightd Gd = the germination percentage in
darkness. RLG = 1 when germination is obligate tligapending. The number of seeds per
replicate and the number of replicates dependeseed availability (Table 5.1). Differences of
germination between control and alternating tentpeea were tested via Kruskal Wallis Rank
Sum Test and subsequent pair wise Wilcoxon Teatis8Btal analyses were carried out with R-
2.8.1 (R Core Development Team 2009).
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Table 5.1: List of 20 central Amazonian liana speakvith herbarium register at the Instituto NaciatePesquisas da Amazénia- INPA (Manaus, BR) atanic family.
Germination trials were conducted at 25 °C congtamperature or 12 h/12 h alternating temperatof@9/30 °C and 15/35 °C with daily 12h photoper{t)or in
complete darkness (D). Given are treatment periepée) and available number of seeds and repic&pecies names according to TROPICOS (MissoudrBzal Garden

2010).
treatment
INPA fresh seed dried seedeplicates

. herbarium . . 25°C 20/30°C 15/35°C  25°C x seed

species family- subfamily
number L L number

Acacia multipinnata Ducke Fabaceae- Mimosoidae + n. a. n. a + ax1
Anemopaegma floridum Mart. ex DC 231931 Bignoniaceae + + + + 2x10
Anemopaegma oligoneuron (Sprague & Sandw) Gentry 231927 Bignoniaceae + + o+ + 25x 10
Anomosper mum solimoesanum (Moldenke) Krukoff& Barneby 231935 Menispermaceae + + + + 5x4
Arigtolochia silvatica Barb. Rodr. 231928 Aristolochiaceae + + + + X
Arrbidaeatrailii Sprague 231926 Bignoniaceae + + + + 4x16
Cissus sicyoides L. 231923 Vitaceae + + + + 4x25
Coccoloba sp. 231936 Polygonaceae + + + + 4x20
Gnetum c.f. nodiflorum Brongn. 231933 Gnetaceae + + + + 3x5
Matelea badilloi Morillo 231924 Apocynaceae- Asclepiadoideae + + o+ + 6 x 25
Mimosa guilandinae var. spruceana (Benth.) Barneby 231932 Fabaceae- Mimosoidae + + + + 5x20
Mucuna sp. 231940 Fabaceae- Faboideae n.a n.a n.a + 2x3
Passiflora c.f. acuminata DC. Passifloraceae + n.a n. a + 2x15
Passiflora nitida HBK 231937 Passifloraceae + + + + 8x25
Paullinia c.f. capreolata (Aubl) Radlk. 231939 Sapindaceae + + + + 2x20
Paullinia rugosa Benth. ex Radlk. 231938 Sapindaceae + n.a na + 2x10
Senna sp.2 231922 Fabaceae- Caesalpinioideae + + + + 9x12
Smilax sp. 231930 Smilaceae + n.a n.a + 1x10
Srychnos c.f. amazonica Krukoff 231925 Loganiaceae + n.a n.a + 1x10
Srychnos glabra Sagot ex Progel 231929 Loganiaceae + + + + 2x1
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Results
Seed biometrics and seedling characteristics

The range of seed sizes covered three orders ofitndg from 0.0085 gMatelea badilloi) to
10.7 gdry seed mas@viucuna sp.). The length of the longest seed axes differght fold in the
extremes, from 5.1 mmCpfccoloba sp.) to 38.8 mmMucuna sp., Table 5.2, Appendix 5.1).
Large seeds were rounder than smaller ones, addskape index correlated positively with seed
dry mass (Pearson’s R = 0.6095 0.004, data of seed mass was log transformedjl ®®isture
content at dispersal for all species ranged betvi@ei70 % and was not significantly correlated

to dry seed mass (Pearson’s R = 0.B850.094, data of seed mass log transformed, Fij. 5.
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Fig 5.1: Seed moisture at dispersal of 20 lian&isgeof the central Amazon in relation to seed
size (dry mass) with indication of desiccation talece or desiccation sensitivity of the seeds
and necessity of light for germination (photoblasteds). Note log-scale at x-axis.

The seedling type of nine small seeded species qeegls mass < 0.03 g) was phanerocotylar
epigeal with foliaceous or reserves holding cotgtexi(PEF or PER, Table 5.2). Above 0.07 g dry
seed mass the seedling type was cryptocotylar legdd@HR) with the exception of two species
with PEF seedling typedpccoloba sp. 0.15 g an&rychnos amazonica 0.31 g).
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Desiccation tolerance

Species were clearly separated into desiccati@naiot and desiccation sensitive seeds along the
dry seed mass axis (Fig. 5.1). The ten smallerexsbeppecies (up to 0.07 g dry seed mass)
germinated after desiccation to a moisture conterf% (3.7-8.8%) and had a calculated
probability of desiccation tolerance P (DT/DS) § QTable 5.2). Eight species with dry seed mass
> 0.27 g Paullinia rugosa, Paullinia capreolata, Srychnos amazonica, Srychnos glabra, Smilax

sp., Gnetum nodiflorum, Anomospermum solimoesanum, Mucuna sp.) did not germinate after
desiccation, and probability calculation was inadance P (DT/DS) > 0.5). The large seeds of
Gnetum nodiflorum and Anomospermum solimoesanum, though dried for 15-20 days, still
contained 17% and 12% moisture content respectatellye implementation of germination trails
after desiccation. Two specie€agccoloba sp. andAnemopaegma floridum) did not germinate
after desiccation (0% germination) but should bsiaation tolerant according to the calculated
probabilityP (DT/DS) = 0.22 and 0.06 respectively.

Light germination

Two speciesNlatelea badilloi 0.009 g Aristolochia silvatica 0.03 g) needed light for germination
(photoblastic seeds), RLG wad.99 , as there was no germination in darknessganaination

in light was 60% and 90% respectivel@issus sicyoides (0.02 g), with 25% germination in
darkness and 93% in light, had a RLG of 0.79. Tinneee species had RL&0.68 (Tab. 5.2), but
repetition size Anemopaegma floridum, Passiflora acuminata, Table 5.1) or germination of the
control was very low Gnetum nodiflorum, one seed). Thus data interpretation should be done

cautiously.
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5. SEEDS & GERMINATION

Germination at constant and alternating temperatures

Final germination of the seeds at constant 25 °@ Wght was above 90% for eight species
(Anemopaegma floridum, A. oligoneuron, Aristolochia silvatica, Arrabidaea trailii, Cissus
sicyoides, Paullinia capreolata, P. rugosa, Senna sp. 2), between 61-88% for five speciésatia
multipinnata, Anomospermum solimeosanum, Matelea badilloi, Mucuna sp. Srychnos glabra),
and 32-50% for four speciedccoloba sp. Passiflora acuminata, Smilax sp. Srychnos
amazonica). The lowest final germination were found Rassiflora nitida (20%) andGnetum
nodiflorum (7%). Seed viability of all seeds at the end & ¢ermination trials ( excluding the
desiccation treatment) was > 91% for ten specms, $pecies had between 78—88Maielea
badilloi, Mimosa guilandinae, Coccoloba sp., Srychnos glabra), Mucuna sp. had 67% and
Srychnos amazonica had 55% seed viability; three species were neede@assiflora acuminata,

Passiflora nitida, Gnetum nodiflorum).

Amongst all species, the time required until thistfseed showed radicle protrusion at the
constant temperature of 25 °C was between two fodHys. In six species (two Fabaceaes, two
Sapindaceaes and an Apocynaceae) first germinatioarred after two to nine days and 50%
germination of germinable seeds was reached withidays (Table 5.2). Four speci€agsiflora
acuminata, Passiflora nitida, Gnetum nodiflorum, Anomosper mum solimeosanum) needed more

than 90 days for the protrusion of the radical (€&h2).

Germination at alternating temperature was testé&ti W5 species. For six species
repetition size was too low for further statistieadalysis fAcacia multipinnata, Anemopaegma
floridum, Anomospermum solimeosanum, Gnetum nodiflorum, Paullinia capreolata, Strychnos
glabra, Table 5.1) and germination success at alternaéingpératures did not deviate more than
10% from germination at constant 25 °C. Exceptiorese Srychnos glabra with 40% less
germination at 15/35 °C anshomospermum solimoesanum with 36% less germination at 20/30
°C. Gnetum nodiflorum had two germinated seeds at 20/30 °C and nong/35 2C.

For nine species a comparison between germinatiorcoastant and alternating
temperature could be analysed statistically (Tabl8). Five species Afrabidaea trailli,
Anemopaegma oligoneuron, Cissus sicyoides, Mimosa guilandinae, Senna sp. 2) had similar final
germination at alternating and constant tempersfurad final germination was 90% at all
temperature conditions, except fddimosa guilandinae. For these species germination was
slightly delayed $enna sp. 2 Anemopaegma oligneuron) or accelerated Gjssus sicyoides,
Arrabidaea trailii) by alternating temperatures at 15/35 °C (Fig .5&t)ernating temperatures
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5. SEEDS & GERMINATION

affected final germination in four specieiistolochia silvatica and Coccoloba sp. reached the
same final germination result with constant tempeeaor with a small daily temperature cycle
(30/20 °C), however with the larger daily temperateycles (35/15 °C) germination dropped
down to 0% and 5% respectively. Repetitions Aorstolochia silvatica were insufficient for
Kruskal-Wallis—Rank Sum test (Table 5.3), but anG\WA revealed significant differences (F =
66.6, df = 23P < 0.001, Tukey post hoc test constant 25 °C velsiB5 °C,P > 0.001).Matelea
badilloi had the highest germination with small daily terapere cycles (20/30 °C, 84%),
intermediate at constant temperature (52%) andenmigation with a large temperature cycling

(35/15 °C).Passiflora nitida only germinated at constant 25 °C (Table 5.3, 5ig).
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Fig. 5.2: Germination curves of nine liana spedi$) of the central Amazon at constant (25 °C)larl2h
alternating temperatures (20/30 °C, 15/35 °C) Wizhh light daily. The species were ranged by insireadry

mass of embryo and endosperm (dry mass of whold segiven in brackets). For significant differeace
between temperature conditions see Table 5.3.
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5. SEEDS & GERMINATION

Table 5.3: Germination percentage (mean + SD) é tiana species, ranged by increasing embryo
and endosperm dry mass, at three temperature morgditonstant temperature of 25°C and 12/12h
alternating temperatures of 20/30°C and 15/35°GuRe of Kruskal-Wallis-Rank Sum-Test (Chi-
square-value, degrees of freedom) for differenees all treatments and results of subsequent pair-
wise Wilcoxon-test. Significance level$?*< 0.05, **P < 0.01, ***P < 0.001.

(***) result of ANOVA, as replicate number was maifficient (see Table 5.1)

species X2 25°C 20/30°C 15/35°C
Matelea badilloi 15.70%+* 2+10a 84 +7b 0+0c
Mimosa guilandinae var. spruc. 0.31 2 +15a 33 +10a 35+7a
Passiflora nitida 14.93*+* 20 + 22a 0+0b 0+0b
Senna sp. 2 4.16 100 + 0a 100 + Oa 98 + 4a
Cissus sicyoides 5.49 3+2a 100 * Oa 95 + 6a
Aristolichia silvatica 5.64(***) 90 + 10a 88+ 16a 0+0b
Arrabidaea trailii 2.64 95 + 6a 100 + 0a 94 +9a
Anemopaegma oligoneuron 3.49 96 + 7a 97 +5a 92 + 10a
Coccoloba sp. 7.50* 46 +13a 44 + 20a 5+4b
Discussion

The 20 tested species represented perhaps 5-78taifliana species. In a reserve (100°km
close to Manaus, around 300 liana species weralf(Ribeiro et al. 1999). Five speciddi(nosa
guilandinae, Senna sp. 2, Passiflora nitida, Arrabidaea trialii, Acacia multipinnata) are very
frequent and found mainly in disturbed areas ooseéary regrowth, four other speciddatelea
badilloi, Aristolochia silvatica, Anemopaegma floridum, Anomospermum solimoesanum) are
considered as rare and mainly occur in primary So®ibeiro et al. 1999). The remaining
species, where information was available, had iméeliate frequencies and their habitats varied
form forest valley bottoms to disturbed areas. Adewivariety of morphological traits and
physiological responses to environmental factors fwand, e. g. the very large seedsdvinicuna
species. The time required for germination exhébdevhole gradient from fast (less than a week)
to slow germinating (several months) species andamemon trait in germination velocity could
be found. Two species which needed more than threeths for germination belonged to the
Passiflora-family Passiflora acuminata, Passiflora nitida), which is known for its seeds with

physiological dormancy (e.g. Passos et al. 2004).

Seedling types could be separated by seed sizesnth#er seeded species .02 g dry
seed mass) had seedlings with elongated hypocatyts foliaceous, photosynthetic active
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cotyledons (PEF), in species with dry seed masems 0.07-0.3 g several seedling types
occurred, above 0.34 g dry seed mass only CHR isgetyipes were found. Even within one
family (Bignoniaceae) seedling types varied forcspe with different seed massés:trailii (dry
seed mass 0.025 g) had visible cotyledons, whetkeasotyledons of two larger seeded species
(Anemopaegma oligoneuron 0.07 g andAnemopaegma floridum 0.1 g) stayed in the seed coat
(cryptocotylar) (Table 5.2). In agreement to omdings, other extensive studies have found that
the proportion of species with cryptocotylar, hypabseedling type continuously increased, and
the occurrence of PEF type decreased with seedeszeWright et al. 2000, 1744 species, all life
forms; Ng 1978, 209 tropical tree species). Foeedssize of 0.3—2.0 cm, which is similar to the
seed size of most of the species presented her&985 of all tree species had epigeal seedlings
in an Asian tropical forest (Ng 1978), and ~25-306f4iana species had PEF seedling type in
African rain forest (Hladik & Miquel 1990). The camuum of seedlings types along the seed size
axis might explain the occurrence of two speciePEF seedling type with rather large seeds in
the scale of our studyCoccoloba sp. with 0.15 g an&rychnos amazonica with 0.31 g dry seed
mass). Families of both species (Polygonaceae aaogdarliaceae) are known to have
phanerocotylar seedlings (Watson & Dallwitz 1992n#e et al. 2005). PEF and CHR were found
to be the dominating seedling types in tropicak$ts (Ibarra-Manriquez et al. 2001), and in a
ecological view, they should select for differenvieonments: Species with larger seeds and CHR
seedling type should be shade tolerant and typida#l found inside the forest (Foster 1986,
Hladik & Miquel 1990), however of the liana speciegh CHR seedling type presented here,
some occurred in old growth forest and others studbed areas. Seedling type PEF is the most
successful establishment strategy in high lightiremments (Hladik & Miquel 1990), which
concords with the fact that all of our studied specf altered areas had this seedling type.
Matelea badilloi and Aristolochia silavtica, which are both recorded as rare old growth forest
species also had foliaceous epigeal seedlings,estigg that germination of these species
depends on forest gaps. Although lianas are gdynerahsidered as light loving growth forms,
which would select for mainly PEF seedling type,faono different pattern of seedling type
frequency between trees and lianas could be foaridrest communities of Mexico and Gabon
(Hladik & Miquel 1990, Ibarra-Manriquez et al. 2Q04nd in the present study as well not a
single seedling type dominated.
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Desiccation tolerance

Desiccation tolerance was estimated by the caloulaif desiccation tolerance probability based
on seed coat ratio (Daws et al. 2006, Gold & Ha§8nd from results of the germination test
(see Table 5.2). All ten species that were desmtablerant in our survey belong to families or
genera with seeds known to be desiccation tolefan€issus sicyoides species records even exist
(Liu et al. 2008). SomePassiflora species, e.gP. edulis are known to have seeds with
intermediate storage behaviour (Black et al. 208®&aning that they tolerate desiccation until
around 8% moisture content (Ellis et al. 1990) hoit below 5% like so called orthodox seeds
(Roberts 1972). In our study design it could notréeealed ifP. acuminata and P. nitida had

intermediate seeds as well.

Desiccation sensitive seeds were found in eightiepe A well studied species of
economic importance in the Amazon regiBaullinia cupana (Sapindaceae) is recorded to have
desiccation sensitive seeds (Lleras 1994) whiclpap our finding in the same genus fér
rugosa and P. capreolata. For the gener&milax, Srychnos, Gnetum and Mucuna so far no
records of desiccation sensitiveeds were found, congeners had been mentionede to b
desiccation tolerant (Liu et al. 2008). No seedorimfation was found for the genus
Anomospermum, the few investigated species of the same far(illenispermaceae) all had
desiccation tolerant seeds (Liu et al. 2008). Trationed records often included smaller seeded
species and partly from temperate regions. Desmtaensitive seeds are most common in the
tropics, and therefore the probability to find @aps with desiccation sensitive seeds of a certain
genus or family is higher in tropical than in temgie regions (Pammenter & Berjak 2000). Also
the percentage of species with desiccation seasgeeds increases with increasing seed size
(Hong & Ellis 1996). For the presented speciessadlds above 0.27 g dry mass were desiccation
sensitive. Another parallel increase connectedesicgation sensitivity is that of seed size and
moisture content, the positive relationship of thve traits was proved in former studies (e.g.
Hong & Ellis 1998). However no such correlation wasnd in the twenty species tested in this
study (Fig 5.1). As seeds were weighed immediaaéligr collection or separation of the fruits,
fresh weight and moisture content of the wingedchair tuft (coma) bearing specielldtelea
badilloi, Arrabidaea trailii, Anemopaegma oligoneuron, A. floridum and Aristolochia silvatica)
may be slightly overestimated, as these seeds wwolthbly dry for a few hours or days in the
opened fruit before being dispersed by wind. Hond BEllis (1996) also stated that for seeds of
25-55% moisture content at shedding and for a waéthge of seed sizes, no prediction about

desiccation tolerance can be drawn from these taits t(size and moisture content). Desiccation
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sensitive seeds are expected to shed during thye saason to avoid any risk of severe water loss.
In our study, seeds of five desiccation sensitpecges were shed at the end or beginning of the
rainy season (June, July and Nov.) and three sheohgdthe rainy season (April, May).

Desiccation tolerant seeds were shed during betinaimy and dry season.

Two species revealed contradicting results in tlemgnation test and calculated
probability of desiccation toleranc€dccoloba sp., Polygonaceae amthemopaegma floridum,
Bignoniaceae). Regarding the phylogenetic relaligndoth species could have desiccation
tolerant seeds, as in the Bignoniaceae family @plgcies with desiccation tolerant seeds are
known (Liu et al. 2008), and for Polygonaceae soofaly one tree with desiccation sensitive
seeds Triplaris cumingiana) has been recorded (Anno. 1993, Liu et al. 2008k lack of
germination after drying might be caused by unrgeeds, which have not acquired the
desiccation tolerance at the end of maturationngryie.g. Hong & Ellis 1997). However
Coccoloba sp. seeds were harvested several times within tegks/from the same mother plant.
In doubtful cases, the calculation Bf(DT/DS) was more reliable, because biometric aetee

more robust against difficulty in knowing exacthetright time of harvest than germination tests.

Light germination

The high RLG ofAristolochia silvatica, Matelea badilloi andCissus sicyoides suggest that these
seeds could be considered as photoblastic. Repetize was sufficient (at least 3 x 20 seeds),
yet results are not totally reliable because seesl® harvested only from one matriko our
knowledge this is the first record indicating phumé&stism ofAristolochia silvatica and Matelea
badilloi. Photoblastism ofissus sicyoides has already been documented in a field study (8snc
& Vélio 2002). The three listed photoblastic spea# had small seeds (0.009-0.03 g dry mass).
For small seeds with restricted resources lighteiguired soon after germination to support
growth for photosynthetic self sufficiency. Thusthwincreasing seed size, light dependence of
seed germination is reduced as shown for diffeggatvth forms (herbaceous plants, trees) in
tropical and temperate zones (Milberg et al. 2Q@Mkowska-Blaszczuk & Daws 2007, Pearson
et al. 2002). Besides the above mentioned casesitbke range of RLG values between 0.71 and
0.42 was found, however low repetition sizgnémopaegma floridum, Passiflora acuminata,
Smilax sp, Srychnos amazonica) or low germination of the controGhetum nodiflorum, RLG =

1, one seed germinated) does not allow an indicatiolight influence on germination at the

current time.

72



5. SEEDS & GERMINATION

Alternating temperature

The understory of old growth tropical forest prasea habitat of low temperature fluctuations
compared to open areas such as gaps (Pearson2803), borders or secondary forests. In this
study the different environments were representeddmstant temperature and two regimes of
alternating temperatures. Oscillation of tempermtnduced two responselhe final germination
was close to that of constant temperature, or seéedaot germinate at all or at very low rates.
However, in some species only the high temperdtuctuations reduced germination. Only one
species Natelea badilloi) benefitted from low oscillations (20/30 °C). Iorier studies the
influence of alternating temperature on germinaticas connected to seed size: Small seeded
tropical pioneer species (0.04—0.68 mg) were founbe intolerant to temperature fluctuations
whereas for relatively larger seeds (> 2 mg) geatom rate increased (Pearson et al. 2002).
Taking an ecological view, this intolerance mayverg small seeded species germinating in
unfavorable conditions for seedling establishmeigt éigh irradiation and drought in large
clearings, though these species still depend otieanvagetation gaps for seedling establishment.
For larger seeds the impact of alternating tempezat should be less inhibiting, since high
resources made the germination process more indepenf environmental parameters, or could
even act as a signal of the presence of large @jagp&ncourage germination (Pearson et al. 2002)
For the species presented in this study no spqudfitern of germination response to temperature
fluctuations was found with increasing seed resesireembryo and endosperm dry mass).
However the size scale for the nine tested sp&zsssomewhat limited, ranging from 3-124 mg

embryo dry mass, extremely small seeded species missing.

As summarized by Probert (2000) temperature cyete found to stimulate germination
for many species and was often linked to photoisiastAlternating temperatures may enhance
stimulation through light or even enable dark gewtion of initially photoblastic seeds.
However, in the present study one species withgtitastic seedsCjssus sicyoides) tolerated
alternating temperatures and the two others didMatelea badilloi, Aristolochia silvatica); the
combination of dark germination and alternating gematures was not tested here. This indicates
that species of the same growth form with photdldaseeds still differ in their niche of

regeneration.

One pattern observed in our study was related ¢ vélocity of germination. Fast
germinating species (first germination between 2days, 50% of germinable seeds germinated

between 2.5-24 days) were indifferent to altermptiamperatures (one exceptioktatelea
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badilloi). This germination behavior suggests that thersedfings in open areas as well as in
closed forests suits these species to germinateslba germinating or dormant seeds, high
temperature fluctuations inhibited germination. lEsample the dormancy éfassiflora nitida,
which is at least partially physiological (Passatsak 2004) could not broken by alternating
temperatures but was probably even enhanced.

Conclusion

The present study covers perhaps 5% of Amazongara lspecies and cannot describe seed and
germination traits of the whole liana communitythie area. Nevertheless, serving as a pilot study

much information can be drawn:

Desiccation sensitivity of seeds was not known fflee out of 20 liana species, light
depending germination was firstly described Amistolochia silvatica and Matelea badilloi.
However it has to be noted that the results weseda@n seeds obtained once and from only one
mother plant, and we could not validate our resuité&arger sample sizes.

The growth form of liana is very diverse; this eade applies also to seed, seedling and
germination characteristics. We could identify tgli pioneer species (photoblastic, desiccation
tolerant seeds and PEF seedling type), climax spedarge, desiccation sensitive seeds with
CHR seedling type) and species with trait comboreiin between. The survey of morphological
and physiological traits provided redundancy ofulessin cases of low germination success.
Regarding the adaptation to disturbed habitatsplgied here by alternating temperatures, we
found contrasting responses in a small range ofl ®ee (9-145 mg). It implicates that

establishment of lianas from seeds is restrictagety species specific niches.

It would be very supporting for any future use ks (cultivation, conservation and
research) to continue a screening including mogio&l and physiological seed data from any

available sample size to obtain minimum informafimnstorage and germination behaviour.
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6. Conclusions

Even though lianas are recognized as an influectiaponent of tropical forests, and studies of
lianas have exploded in the last few years, infeionaabout liana regeneration remains scarce.
This dissertation combines aspects of seedd agermination biology with
natural regeneration in different forest commusitieespite low rates of liana species coverage
due to logistic constraints, this is pioneering kvéor the Central Amazon, and some overall

conclusions can be drawn:

The growth form liana comprises a broad range af, lplant and seed traits emphasising
the functional diversity of the group. Remarkabittedences of regeneration modes between
liana species were found in seed characteristiesnigation behavior and in the traits and
growth of seedlings, saplings and sprouts in oVesites. The found strategies ranged from
typical features of successional and pioneer speieclimax species, indicating that liana

species may succeed in a range of environments.

The well known high abundance of lianas in distdrleeas could be confirmed for mature
plants in the presented work, but only in forestheout intensive land use before succession.
Stem densitity of mature lianas was decreaseckimsahat suffered more intense disturbance
(burning and grazing) before forest succession.iiith@ence of land use history on liana
regeneration was less obvious, but was found inl sfetails such as the high percentage of
fibrous lianas. Repeated burnings and land usastsiie before forest succession led to low
diversity in liana regeneration, a finding that ftons observations in trees (e.g. Mesquita et al.
2001).

During succession the environmental conditiongégeneration change continuously and
predictions of future vegetation are difficult, bese many stochastic and deterministic factors
are included in this process (Chazdon 2008). Theess of liana regeneration during
succession will depend on the intensity and kindisturbance, the presence of seed sources or

vegetative organs and crucially on species identity
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