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SUMMARY 
 
Chapter 1 (Introduction)  Animal-mediated pollination is a crucial step in the 

reproductive cycle of tropical plants. Unfortunately, destruction of forests has 

become common and everyday in the tropics, and remaining forests are 

increasingly fragmented. If society is to preserve a substantial part of tropical 

plant biodiversity, we need to understand in detail how pollination, like other 

ecological interactions, works across the phylogenetic ranges of plants and 

pollinators. Many plant taxonomic groups and even whole ecological guilds are 

poorly known with regard to their pollination ecology, the knowledge of which 

is essential to assess potential risks to their long-term reproductive success and 

survival. Information about plant reproduction in disturbed and fragmented 

habitats is growing, yet is by no means sufficient for informed conservation 

management decisions. This thesis addresses the pollination strategies and 

reproductive success of selected understory trees, a guild whose ecology is 

poorly understood in the Neotropics. The study site was situated in the 

northernmost part of the Brazilian Atlantic Forest (on the property of the 

sugarcane corporation Usina São José, in the state of Pernambuco), which is 

one of the most devastated and threatened tropical ecosystems worldwide. All 

plant populations were studied in more or less small remnants of natural forest 

(6-390 ha). The four study species belonged to the Annonaceae and Violaceae 

families, both of which are structurally important in the forest undergrowth. To 

date there are limited data on the reproductive ecology of Annonaceae, and no 

information regarding vulnerability to habitat disturbance, while tropical 

members of the Violaceae family are as of yet virtually unstudied with regard 

to their pollination biology and ecology.  

 

Chapter 2 Floral biology, flower visitation rates and fruit set of Anaxagorea 

dolichocarpa (Annonaceae) is described. Flowering was continuous and fruit 

production could be delayed for up to 12 months. Flowers were protogynous, 

and the thick, fleshy petals remained almost closed, thus forming a pollination 

chamber. Anthesis spanned two days, and scent production in the pistillate 

phase started in the afternoon (14.00 h -15.00 h) of day 1. The pistillate phase 

lasted until the late morning of day 2. Pollen was released in the early 
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afternoon. The staminate phase ended with the opening and shedding of the 

petals between 14.45 h and 15.45 h. Both the pistillate and the staminate phase 

were accompanied by strong fruity, banana-like scent and thermogenesis up to 

3.8 °C (pistillate phase) and 3.7 °C (staminate phase). Experiments showed that 

A. dolichocarpa is self-compatible, but pollinator-dependent for fruit set. Only 

nitidulid beetles (Colopterus spp.) were recorded as pollinators. The beetles 

stayed inside the pollination chamber until the petals were shed. The number of 

beetle visitors to specified flowers and resulting fruit set (fruits/flower) and 

seed set (carpels/fruit) was recorded for a total of 186 individually marked 

flowers in three large and three small forest fragments. Between 64.8% (large 

fragments) and 66.3% (small fragments) of flowers received at least one 

visitor. Mean abundance was 4.7 ± 8.3 beetles flower-1. No difference in visitor 

numbers was found between large and small fragments, and no consistent 

linear relationship between visitor number and probability of fruit set was 

detected. Thus, reproductive success appeared to be largely independent of 

visitor abundances and fragment size. The data indicate that pollination of A. 

dolichocarpa is functioning well, even when relatively few beetles visit the 

flowers. 

 

Chapter 3 The floral biology, flower visitation and fruit production of two 

small trees from the Violaceae family, Paypayrola blanchetiana and 

Amphirrhox longifolia, was studied. Both species showed a “steady state” 

flowering pattern. Flowers of P. blanchetiana opened around 22.00 h and 

bloomed until the afternoon of the following day, while A. longifolia flowers 

opened at dusk and lasted 2-3 days. The petals of both species form a narrow 

corolla tube. While the corolla tube was relatively short (9-10 mm) in 

Paypayrola, it was longer (c. 14 mm) in Amphirrhox. Nectar was the main 

reward in Paypayrola, while Amphirrhox flowers offered no nectar. Flowers of 

P. blanchetiana produced a mean 4.3 µl of nectar, but little or no nectar was 

available at the onset of anthesis. Both species were self-incompatible, and 

both emitted a sweet scent dominated by benzenoid and monoterpenoid 

compounds. The scent bouquets of both flowers included substances known to 

attract euglossine bees, e.g. eucalyptol, eugenol and methyl benzoate. 
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Paypayrola flowers were visited by a broad range of night-active and 

day-active visitors including hawkmoths, one morphospecies of crepuscular 

Megalopta bees, and butterflies. Euglossine bee visits were recorded 

sporadically. A hummingbird, Phaetornis ruber, regularly visited the flowers, 

withdrawing nectar with its tongue. Video observations of 44 flowers over ten 

nights revealed that 70 % of all nocturnal insect visits took place at dawn. 

Overall fruit set was low (ca. 1 %). About 90% of flowers did not initiate a 

fruit. Of 40 initiated fruits that were monitored, only four reached maturity, 

while the rest aborted during the first 3 weeks of development. The bauplan of 

the Paypayrola flowers, where a spur typical of Viola spp. is absent, causes 

nectar and pollen to occur in close proximity at the corolla base; pollen 

therefore easily dissolves in the accumulating nectar. Experiments showed that 

pollen germination rates were low after contact with nectar. 

Amphirrhox flowers received few visits by different euglossine bees 

and by Megalopta sp., as well as pollen-collecting Heliconius butterflies. 

While Megalopta sp. collected pollen from the flowers, Euglossa spp. collected 

perfume by inserting its tongue, and then brushing the pollen from the tongue 

onto the hindlegs while hovering. All visitors are believed to act as pollinators, 

as their mouthparts contacted both pollen and stigma. No legitimate flower 

visits by moths were recorded in 55 h video observation. Fruit set (11% 

fruits/flower) was significantly higher than in P. blanchetiana, despite the low 

visitation rates. 

 

Chapter 4 Self-incompatible Paypayrola blanchetiana is a continuous 

flowerer, endemic to East Brazil, and widespread in forest fragments of Usina 

São José. Distribution is strongly aggregated (patchy), owing to restricted seed 

dispersal by an explosive capsule mechanism. Flower, fruit, and seed 

production of a total of 86 individuals were evaluated over a course of 11 

months in six different patches, one each in six Atlantic Forest fragments. Fruit 

and seed set were low (on average 1.1% fruits/flower and 0.6% seeds/ovule) 

and highly variable among individuals. Most initiated fruits were aborted. 

Reproductive success increased with fragment size (fruits/flower: R2 =0.15, 

P<0.001; seeds/ovule: R2 =0.32, P<0.001). Fruits in large fragments contained 

significantly more seeds than in small fragments. Patch flowering intensity was 
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negatively correlated with resulting fruit set in all fragments (r-values between 

-0.43 and -0.77). A threshold above which fruit set was very rarely >1% 

appears to be c. 40 blooming inflorescences among all individuals of a patch. It 

is suggested that pollen limitation was generally responsible for the low fruit 

and seed set. Lower reproductive success in the small fragments is an 

indication that pollen limitation acts stronger in more disturbed sites. Small 

fragments are expected to harbour smaller populations of Paypayrola, which 

may therefore experience more limited gene flow than in large fragments. The 

observation that fruit set declined in response to high flowering intensity was 

curious and should be further investigated, i.e. to test the hypothesis that 

pollination between neighboring trees from the same patch is less likely to 

result in fruit production than pollination with pollen brought in from outside 

the patch.  

 

Chapter 5 An isolated population of Cymbopetalum brasiliense (Annonaceae), 

a large-flowered understory tree, was studied during two consecutive flowering 

seasons in Oct/Nov 2007 and Sept/Oct 2008. Flowers showed adaptations for 

pollination by large beetles, with the petals forming a large “pollination 

chamber”. Flowers were thermogenic and emitted a strong scent during the 

pistillate and staminate flowering phase. Anthesis took place over two days: 

flowers entered the pistillate phase in the afternoon of day 1 and shed their 

pollen abruptly in mid- or late afternoon of day 2. The end of anthesis 

(shedding of petals) was well synchronized with scent production of the 

pistillate phase flowers. Heating of the floral chamber was most intense during 

the pistillate phase between 18.00 h and 19.00 h (up to 6 °C difference to air 

temperature). Floral scent consisted almost entirely of large quantities of p-

methyl-anisol (1-methoxy-4-methylbenzene). None of the 133 flowers 

examined during two seasons received any visitation by Dynastinae 

(Cyclocephala) beetles, known to pollinate congeneric flowers, nor by any 

other potential pollinator. Lycaenid larvae (Oenomaus ortygnus) attacked buds 

and flowers in both flowering seasons, and destroyed about 20% of all buds in 

the 2007 season. Fruit set was high (72% of non-predated flowers in 2007), 

despite the absence of pollinators. Field experiments showed that 



Summary 

 12 

agamospermic reproduction rather than self-pollination was most likely 

responsible for fruit production.  

 

Discussion and outlook All species displayed a steady state flowering pattern, 

producing few flowers at a time, which generally promotes outcrossing. This 

phenology contrasts with the rather short, but flower-rich episodes of many 

canopy trees (cornucopia or big bang). Steady flowering over many weeks can 

also be seen as a strategy to provide a reliable resource to flower visitors. 

Those in turn can become faithful visitors to the flowers, thus favoring 

pollinator specialization. At the study site this strategy seemed to function best 

in Anaxagorea, which has highly specialized, exclusively beetle-pollinated 

flowers. The self-compatible breeding system likely promotes seed production, 

as pollen from neighboring flowers, or flowers of closely related, neighboring 

trees, can successfully fertilize ovules. As a result, the pollination system 

appeared to be relatively stable even in small fragments. An important detail is, 

however, that the Colopterus pollinators themselves are generalists, capable of 

surviving without flowers, and thus were present even in severely disturbed 

habitat.  

Paypayrola presented a rather different picture, as fruit and seed 

production were very low despite a high abundance of floral visitors. Ovules in 

ninety percent of the flowers were presumably not fertilized at all, since no 

fruits were initiated. This is possibly explained by the fact that most pollinators 

arrived several hours after flower opening, which was especially true for 

hawkmoths, potentially important long-distance pollinators. At the time of their 

arrival, the flower nectar may have already substantially reduced pollen 

germination capability. However, of those fruits that did initiate, another ninety 

percent aborted. At this point it cannot be ruled out that resources limited fruit 

maturation, although this seems unlikely, as very few fruits were maturing 

together at any time. It is suggested that the breeding system may be at least 

partly responsible for the fruit abortions, as self-incompatibility reactions may 

extend to closely related, neighboring trees. Inbreeding depression is another 

possibility that should be tested for. Curiously, Amphirrhox flowers had a 

much higher fruit set, despite very low visitation rates. However, the flowers 

were widely scattered and pollen germinability was not compromised by nectar 
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at the corolla base. Pollination in this species seems to rely mostly on bees, but 

the exact role of scent-collecting Euglossini remains to be investigated. The 

flower opening time at dusk in combination with pollen as a reward may make 

Megalopta the ideal pollinator of A. longifolia, but more field data on this is 

clearly needed. 

Finally, Cymbopetalum brasiliense represents a likely case of 

apomixis, a reproduction mode previously unreported for the large Annonaceae 

family. The cytological and genetical confirmation and detailed examination of 

apomixis is desirable. Further, it should be investigated to what extent 

apomixis occurs across the large range of C. brasiliense. The exact ecological 

function of the flower scent also warrants further investigation. 

For all four species, detailed studies of their population genetic 

structure under fragmented and unfragmented conditions would be ideal to 

complement the existing data. This way, the hypothesis could be tested that the 

breeding system affects the degree of inbreeding, genetic diversity of 

populations and differentiation between populations. Comparative data to this 

effect would perhaps seem most promising for A. dolichocarpa and P. 

blanchetiana, as the two species have a similar dispersal mode. 
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ZUSAMMENFASSUNG 
 
Kapitel 1 (Einleitung) Die fast immer von Tieren ausgeführte Bestäubung von 

Blüten ist ein wesentlicher Schritt im Lebenszyklus tropischer Pflanzen. Leider 

ist die Zerstörung von Regenwäldern und anderen natürlichen Habitaten und 

deren zunehmende Zersplitterung in kleine Fragmente heute weltweit Realität. 

Wenn wir ernsthaft einen Großteil der tropischen Biodiversität, welche 

gebietsweise nur in solchen Fragmenten überleben kann, erhalten wollen, 

brauchen wir genaue Kenntnisse über das Funktionieren der Bestäubung, und 

zwar durch die gesamte phylogenetische Bandbreite der Blütenpflanzen. 

Zusätzlich müssen wir wissen, wie sich solche und andere ökologische 

Interaktionen bei Störung des Lebensraumes verändern. Viele Pflanzenarten, 

und teilweise sogar ganze Familien, sind diesbezüglich nicht oder kaum 

bekannt. In dieser Studie wird die Bestäubungsbiologie und 

Reproduktionsökologie einiger ausgewählter Baumarten aus dem Wald-

Unterwuchs vorgestellt. Der Unterwuchs tropischer Wälder ist hinsichtlich 

ihrer Funktionalität, etwa der Bestäubungsinteraktionen, bisher sehr wenig 

untersucht. Das Untersuchungsgebiet liegt auf dem Gelände einer privaten 

Zuckerrohrplantage, der Usina São José, im Staat Pernambuco, Brasilien. Das 

Gebiet gehört biogeografisch zum nördlichsten Teil des Atlantischen 

Regenwaldes (´Mata Atlântica`), einer der am stärksten von Waldzerstörung 

betroffenen Tropenregionen und gleichzeitig ein hotspot der Biodiversität. Alle 

untersuchten Pflanzenpopulationen befanden sich in mehr oder weniger kleinen 

Waldresten zwischen sechs und 390 Hektar Größe. Die vier untersuchten Arten 

gehörten zu zwei Familien, den Annonaceen (zwei Arten) und Violaceen (zwei 

Arten), welche beide zahlreich und strukturell wichtig im Unterwuchs 

neotropischer Wälder sind. Obwohl die besondere Blütenbiologie der 

Annonaceen in den letzten Jahrzehnten relativ viel Aufmerksamkeit erfahren 

hat, ist sie noch weit davon entfernt, als umfassend untersucht gelten zu 

können. Ausserdem liegen reproduktionsökologische Daten im Zusammenhang 

mit Waldfragmentierung für diese Familie bisher nicht vor. Die als Bäume, 

Sträucher oder Lianen wachsenden tropischen Mitglieder der Violaceenfamilie 

wurden bislang blütenbiologisch so gut wie nicht untersucht, und es gibt auch 
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keinerlei Angaben bezüglich möglicher Einflüsse der Fragmentierung auf ihren 

Reproduktionserfolg.   

 

Kapitel 2 beschreibt die Blütenbiologie, die Häufigkeit von Blütenbesuchern 

und den Reproduktionserfolg bei Anaxagorea dolichocarpa (Annonaceae). 

Blüten waren das ganze Jahr über vorhanden, und es vergingen bis zu zwölf 

Monate bis zur Fruchtreife. Die Blüten waren protogyn und hatten fast ganz 

geschlossene Petalen, welche eine Bestäuberkammer bildeten, in die nur kleine 

Bestäuber eindringen konnten. Die Anthese erstreckte sich über zwei Tage: Die 

Emission eines unverwechselbaren, bananenähnlichen Duftes begann am 

Nachmittag zwischen 14 und 15 Uhr in der weiblichen Phase. Die Narben 

waren bis zum Vormittag des zweiten Tages rezeptiv. Der Pollen wurde am 

frühen Nachmittag freigesetzt. Die männliche Blühphase endete zwischen 

14.45 h und 15.45 h, als sich die Petalen erst öffneten und kurz darauf abfielen. 

Auch die männliche Phase wurde von starkem fruchtigen Duft begleitet. 

Während der Duftemission in beiden Phasen wurde auch Thermogenese 

beobachtet, mit Temperaturunterschieden von bis zu 3.8 °C (weiblich) und 3.7 

°C (männlich) zwischen Blüte und Aussenluft. Es wurde experimentell ein 

selbst-kompatibles Reproduktionssystem festgestellt, allerdings war die 

Anwesenheit von Bestäubern Voraussetzung für Samenproduktion. Es wurden 

ausschließlich kleine Käfer aus der Gattung Colopterus (Nitidulidae) als 

Bestäuber beobachtet. Diese flogen die duftenden Blüten am Nachmittag und 

Abend des ersten Tages an, drangen in die Bestäubungskammer vor und 

verließen diese erst am Ende der Anthese. An insgesamt 186 individuell 

markierten Blüten in je drei großen und drei kleinen Fragmenten wurde die 

Abundanz der Blütenbesucher und der spätere Frucht- und Samenansatz 

festgestellt. Die Blüten wurden im Mittel von 4.7 ± 8.3 Käfern aufgesucht. 

64.8% (große Fragmente) bzw. 66.3% (kleine Fragmente) der Blüten hatten 

mindestens einen Blütenbesucher. Es gab keinen statistisch signifikanten 

Unterschied in der Zahl der Blütenbesucher in großen und kleinen Fragmenten. 

Weder die Wahrscheinlichkeit der Fruchtbildung noch die Zahl der Samen pro 

Frucht war mit der Zahl der Blütenbesucher korreliert. Der 

Reproduktionserfolg von A. dolichocarpa war demnach weitgehend 

unabhängig von der Zahl der Blütenbesucher. Stattdessen lag offenbar ein 
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stabiles Bestäubungssystem vor, welches auch in stark gestörten Fragmenten 

gut funktionierte. 

 

Kapitel 3 beschreibt die Blütenbiologie von zwei holzigem Arten aus der 

Familie Violaceae, Paypayrola blanchetiana und Amphirrhox longifolia. Beide 

Arten produzierten stetig wenige Blüten (´steady state´). Die Blüten von 

Paypayrola waren erst gegen zehn Uhr abends voll geöffnet und verblühten am 

Nachmittag des folgenden Tages. Die Anthese von Amphirrhox Blüten begann 

mit der Abenddämmerung und dauerte zwei bis drei Tage. Die Petalen beider 

Blüten bildete eine schmale Röhre, bei Amphirrhox länger (14 mm) als bei 

Paypayrola (9-10 mm). Während Blüten von Paypayrola durchschnittlich 4.3 

µl Nektar produzierten, waren die Blüten von Amphirrhox nektarlos. Beide 

Arten besitzen ein selbstinkompatibles Reproduktionssystem. Der Duft beider 

Arten ist veilchenartig süß, und bestand überwiegend aus Monoterpenen und 

Aromaten, einschließlich einiger Komponenten, von denen bekannt ist dass sie 

Prachtbienen (Euglossini) anlocken. Paypayrola-Blüten wurden nachts wie 

tagsüber von zahlreichen unterschiedlichen Insekten, zuzüglich einer Kolibri-

Art (Phaetornis ruber), besucht. Wichtige Besucher waren Nachtfalter, 

insbesondere Schwärmer, und dämmerungsaktive Bienen der Gattung 

Megalopta. Euglossinen wurden sporadisch beobachtet. Videoaufnahmen von 

44 Blüten über zehn Nächte zeigten, dass 70% aller Besuche erst während der 

Morgendämmerung stattfanden. Der Fruchtansatz war niedrig (1%), und bei ca. 

90% aller Blüten kam es offenbar zu keiner Befruchtung. Ausserdem wurden 

ca. 90% der initiierten Früchten während der ersten Wochen der Entwicklung 

abortiert. Anders als bei der Gattung Viola besitzt die Paypayrola-Blüte keinen 

Sporn, und die Stamina  befinden sich nahe am Blütengrund. Daher vermischt 

sich der dargebotenene Pollen schnell mit dem sich ansammelndem Nektar. 

Experimente zeigten, dass die Keimfähigkeit von Pollen nach Kontakt mit 

Blütennektar stark beeinträchtigt ist. Die Blüten von Amphirrhox wurden sehr 

selten von Insekten besucht, wobei Euglossa spp., dämmerungsaktive 

Megalopta sp. und ein offenbar pollensammelnder Schmetterling (Heliconius 

cf. erato) beobachtet wurden. Während Megalopta Pollen sammelte, deutet das 

Verhalten von Euglossa spp. darauf hin, dass sie auch tief in der Blütenröhre 

mit Hilfe der Zunge Duft sammelt. Nachtfalter und rein nektarivore 
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Tagschmetterlinge wurden nicht beim Blütenbesuch beobachtet. Amphirrhox 

longifolia ist offenbar eine Pollenblüte, wird aber möglicherweise auch von 

duftsammelnden Prachtbienen bestäubt. Nähere Untersuchungen hierzu sind 

erforderlich. Der im Vergleich zu P. blanchetiana wesentlich höhere 

Fruchtansatz (11% Früchte/Blüte) ist überraschend im Hinblick auf die 

niedrige Blütenbesuchsrate. 

 

Kapitel 4 Paypayrola blanchetiana ist endemisch im Atlantischen Regenwald 

Ost- und Nordostbrasiliens und kommt verbreitet im Untersuchungsgebiet der 

Usina São José vor. Die Art hat aufgrund ihrer Samenausbreitung über kurze 

Distanz, mittels eines explosiven Kapselmechanismus, eine stark geklumpte 

Verbreitung mit räumlich klar trennbaren, kleinen Teilpopulationen. Die 

Produktion von Blüten, Früchten und Samen von 86 Bäumen, verteilt auf sechs 

Populationen (je einem in drei großen und drei kleinen Fragmenten) wurde 

über elf Monate erfasst und quantitativ ausgewertet. Die Früchte/Blüten-Rate 

(1.1%) sowie die Samen/Ovula-Rate (0.6%) waren generell niedrig, variierten 

jedoch stark von Pflanze zu Pflanze. Fruchtansatz und Samenansatz der 

Baumindividuen waren positiv mit der Fragmentgröße korreliert. Früchte aus 

großen Fragmenten brachten signifikant mehr Samen zur Reife als solche aus 

kleinen Fragmenten. Legte man die zeitliche Dimension innerhalb der 

einzelnen Populationen zugrunde, so ergab sich eine negative Korrelation 

zwischen der Blühintensität (Blütenzahl innerhalb einer Population) und des 

resultierenden Fruchtansatzes in allen sechs Fragmenten. Der niedrige 

Fruchtansatz ist wahrscheinlich auf Bestäuberlimitierung zurückzuführen, 

welche in kleinen Fragmenten stärker war als in großen. Ein möglicher Grund 

ist die kleinere effektive Populationsgröße, dementsprechend limitierter 

Genfluss in den kleinen Fragmenten, welche erhöhte Inzucht und vermehrte 

Inkompatibilität zwischen benachbarten Pflanzen zur Folge haben könnte. Die 

Beobachtung, dass der relative Fruchtansatz infolge großer Blühaktivität 

abnimmt, legt die Hypothese nahe, dass die Bestäubung zwischen 

benachbarten, und aufgrund des Ausbreitungsmodus häufig nah verwandten 

Bäumen seltener zur Fruchtbildung führt, als die Bestäubung mit aus größerer 

Distanz importiertem Pollen.  
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Kapitel 5 Eine Einzelpopulation von Cymbopetalum brasiliense (Annonaceae) 

wurde während zwei Blühperioden (Okt./Nov. 2007 und Sep./Okt. 2008) 

reproduktionsbiologisch untersucht. Die protogynen Blüten zeigten typische 

Merkmale für Bestäubung durch große Käfer, einschließlich einer großen 

Bestäubungskammer, Thermogenese und starkem Duft während der weiblichen 

und männlichen Phase. Die Anthese erstreckte sich über zwei Tage: Am 

Nachmittag des ersten Tages begann die weibliche Phase, die bis zum 

Nachmittag des zweiten Tages dauerte. Zu diesem Zeitpunkt wurde der Pollen, 

unter gleichzeitiger Ablösung der Narben, explosiv freigesetzt. Kurze Zeit 

später am Abend endete die Anthese mit dem Abfallen der Petalen, und genau 

zu diesem Zeitpunkt waren Duftemission und Thermogenese der weiblichen 

Blüten am intensivsten. Es wurde dabei ein Temperaturunterschied von bis zu 

6 °C zur Umgebung erreicht. Der charakteristisch balsamartige Blütenduft 

bestand fast ausschließlich aus p-Methylanisol. In insgesamt 133 während 

beider Blühzeiten beobachteten Blüten wurden keine Käfer oder sonstige 

potenzielle Bestäuber nachgewiesen. Eine Bläulingslarve (Oenomaus ortygnus) 

zerstörte ca. 20% der Blütenknospen im Jahr 2007. Der Fruchtansatz der nicht 

zerstörten Blüten lag bei 72% im Jahr 2007, und auch im Folgejahr wurden 

zahlreiche reifende Früchte beobachtet. Da auch emaskulierte und 

eingebeutelte Früchte einen beginnenden Fruchtansatz zeigten, muss von 

apomiktischer Samenproduktion ausgegangen werden. 

 

Diskussion und Ausblick Alle Arten hatten eine stetige Blühweise mit 

wenigen Blüten, die im Gegensatz zu dem häufig kurzen aber intensiven 

Blühen vieler Kronendach-Bäume steht. Diese Strategie leistet der 

Fremdbestäubung Vorschub und kann gleichzeitig die Entwicklung von 

spezialisierten Bestäubungssystemen fördern, weil Bestäuber eine verlässliche 

Resourcenquelle erwarten können. Dies schien insbesondere bei Anaxagorea 

dolichocarpa der Fall zu sein, deren Blüten ausschliesslich von Käfern aus der 

Gattung Colopterus bestäubt wurden. Nichtsdestotrotz funktionierte die 

Bestäubung auch in kleinen Fragmenten gut, und wenige Blütenbesucher 

genügten, um eine Bestäubung herbeizuführen. Dies dürfte durch 

Selbstkompatibilität begünstigt werden, weil auch Pollen benachbarter Blüten 

bzw. von benachbarten Individuen für eine Befruchtung geeignet ist. Das 
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System ist aber nicht zuletzt auch deshalb stabil, weil die Bestäuber selbst 

offenbar keine Spezialisten sind und auch in stark gestörten Fragmenten 

zahlreich vorkamen. Populationsgenetische Untersuchungen an A. 

dolichocarpa in fragmentierten und unfragmentierten Standorten könnten 

zeigen, ob die Fragmentierung sich genetisch auf diese Art auswirkt.  

Im Gegensatz dazu zeigte Paypayrola blanchetiana einen niedrigen 

Frucht- und Samenansatz bei gleichzeitig hoher Besucherabundanz. Offenbar 

wurde ein großer Teil der Blüten nicht bestäubt, was mit dem räumlichen 

Konflikt aus Nektarangebot und Pollenpräsentation zusammenhängen mag. Die 

meisten Blütenbesucher, insbesondere die durch ihre Flugkapazität für 

Fernbestäubung wichtigen Schwärmer, erschienen erst mehrere Stunden nach 

dem Aufblühen erstmals an den Blüten. Gleichzeitig fiel auf, dass ein Großteil 

der relativ wenigen initiierten Früchte abortiert wurde. Es sollte untersucht 

werden, ob Selbstinkompatibilität auch zwischen Blüten nah beieinander 

stehender, verwandter Individuen besteht, und ob Inzuchtdepression einen Teil 

der Fruchtabortionen verursachte. Dazu würde sich eine populationsgenetische 

Untersuchung mit geeigneten Methoden anbieten. Es war auffällig, dass A. 

longifolia, trotz geringer Besuchsfrequenz einen deutlich höheren Fruchtansatz 

aufwies als P. blanchetiana.  Amphirrhox-Blüten traten in geringer Dichte auf, 

und Pollen war nicht in Gefahr durch Kontakt mit Nektar keimunfähig zu 

werden. Die hier gemachten Beobachtungen lassen auf Bestäubung durch 

pollensammelnde nachtaktive Bienen schliessen, sowie durch Prachtbienen, die 

möglicherweise tief in der Blütenröhre abgegebenen Duft sammeln. Es sind 

aber weitere feldbiologische Beobachtungen nötig, um diese ersten 

Beobachtungen zu bestätigen.  

Cymbopetalum brasiliense ist sehr wahrscheinlich apomiktisch in 

Nordostbrasilien, was bis dato für Annonaceae nicht nachgewiesen werden 

konnte. Auch für diese Art sind Folgeuntersuchungen angezeigt, um die 

Apomixis zellbiologisch und genetisch genauer zu charakterisieren, um das 

Vorkommen von Apomixis in anderen Populationen zu ergründen, und um die 

Rolle des Duftes in dieser bestäuberlosen Populationen genauer zu bestimmen. 

Falls sich C. brasiliense innerhalb des großen Areals der Art als überwiegend 

oder vollständig apomiktisch erweisen sollte, wären Untersuchungen, die die 

genetische Variabilität innerhalb und zwischen einzelnen Teilpopulationen 
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aufklären, ein möglicher weiterer Schritt zur Neubewertung der Rolle der 

Apomixis im Evolutionsgeschehen. 
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1. GENERAL INTRODUCTION 
 

1.1 Fragmentation and pollination 
 

The Neotropics hold c. 30% of the world´s diversity in flowering plants 

(Thomas 1999), more than any other continental landmass. Much of this 

diversity is found in three species-rich blocks of tropical lowland forest: the 

Amazon, the forests of Central America including Pacific Colombia and 

Ecuador, and the Atlantic forest of Brazil, Paraguay and Argentina. The latter 

two forest blocks have been recognized as biodiversity hotspots which combine 

a large number of endemic and range-restricted species with advanced 

destruction of forests and other natural habitats (Myers et al. 2000). Like 

Central America and the tropical Andes, the Atlantic Forest (with an estimated 

20,000 species of flowering plants, 40% of which are endemic) is today a focal 

point for conservation in the New World. Unfortunately, the driving forces that 

generate and maintain such extraordinary diversity are poorly understood, and 

a better understanding of the ecological mechanisms behind this biological 

diversity is crucial for any serious conservation effort (Purvis et al. 2005).    

The maintenance of biodiversity in tropical rainforests depends on 

functioning plant-animal interactions. One of these key interactive processes is 

animal-mediated pollination, the primary step in the sequence leading to 

successful plant reproduction. Almost all plant species in tropical rainforests 

are animal-pollinated (Bawa 1990). Moreover, it has been shown that 

outcrossing is the prevalent mode of reproduction (reviewed by Ward et al. 

2005), even though conspecific reproductive trees are often widely spaced in 

tropical forest, creating a potential hazard to successful pollination when 

forests become fragmented, patchy and increasingly isolated.  

Today, increasing forest destruction is a reality throughout the tropics. 

Besides habitat destruction, fragmentation of natural habitats has been 

identified as one of the driving forces behind biodiversity loss. Abundance of 

pollinators and diversity of pollinator guilds in tropical forests have been 

predicted to decline with increasing forest destruction and fragmentation, and 

remaining plant populations are expected to become reproductively isolated. 
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Limitation of pollen receipt in animal-pollinated plants is a widespread 

phenomenon (Burd 1994), and self-incompatible species are more pollen-

limited than self-compatible ones. The same is true for woody vs. herbaceous 

species (Larson and Barrett 2000). Pollination limitation due to fragmentation 

has been shown by a number of studies (reviewed by Aguilar et al. 2006). 

Although the exact mechanisms behind this are little known, some of the 

reproductive declines have been explained by decreasing pollinator diversity 

and abundance (Jennersten 1988, Aizen and Feinsing€er 1994) or limited 

movement of pollinators (Steffan-Dewenter and Tscharntke 1999, Goverde et 

al. 2002), all of which can depress seed set by reducing pollen quantity and 

quality (Ghazoul 2005). Pollination in isolated patches with reduced plant 

populations can lead to increased inbreeding, which negatively affects 

offspring fitness (Ågren 1996, Severns 2003). On the other hand, 

fragmentation is not necessarily detrimental to plant reproduction (Donaldson 

et al. 2002), as pollinator abundance may remain stable, or generalist 

pollinators may compensate for reduced pollination in fragments (Dick 2001). 

Likewise, fragmentation of plant populations may in certain cases be 

counteracted by increased pollen flow distances (White et al. 2002, Dick et al. 

2003).  

There are numerous examples of subcanopy and canopy trees that 

have been studied in tropical forests with respect to fragmentation and 

reproduction (e.g. Nason and Hamrick 1997, Aldrich and Hamrick 1998, 

Gigord et al. 1998, Somanathan and Borges 2000, Ghazoul and McLeish 2001, 

Rocha and Aguilar 2001, Cascante et al. 2002, Dick et al. 2003, Fuchs et al. 

2003). In contrast, treelets and other plants of the forest understory are to date 

not well represented in ecological studies: for example, in a review of 36 case 

studies of pollen and gene flow in tropical trees, only three out of 45 study 

species were from the understory (Ward et al. 2005). Understory trees may 

exhibit more restricted seed dispersal than canopy species (Condit et al. 2000). 

Limited seed dispersal means that pollen flow should be the main driver of 

gene flow, thus adding meaning to the question of pollination limitation under 

fragmentation conditions.    

Several recent reviews have examined the influence of plant natural 

history and ecology on reproductive declines following habitat degradation. 
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Surprisingly, pollination specialists are not more vulnerable towards 

fragmentation than pollination generalist plants, presumably because 

pollination specialists tend to have generalist pollinators (Ashworth et al. 

2004). However, a plant´s breeding system may indeed matter: while Aizen et 

al. (2002) did not find consistent differences between self-compatible and self-

incompatible plants, a more recent review by Aguilar et al. (2006) concludes 

that self-incompatible plants are more likely to respond negatively to habitat 

fragmentation than facultative inbreeders. As in other ecological aspects, more 

research is clearly needed to examine to what extent the breeding system 

predicts whether a plant species will decline following fragmentation.   

This thesis presents four case studies of floral biology, pollination 

ecology and reproductive success of selected small understory trees growing in 

fragments of Atlantic rainforest in Pernambuco, northeastern Brazil. The 

studied fragments, between 6 and 390 ha in size, are surrounded by a matrix of 

sugar cane monoculture, as the study site is situated within the sugar cane 

production belt which today occupies most of the forest zone (Ranta et al. 

1998, Kimmel et al. 2008), a narrow (c. 50 km) strip of land locally termed 

´Zona da Mata´ along the coast of northeastern Brazil. The four studied plant 

species belong to two families, Annonaceae and Violaceae. Annonaceae is a 

species-rich, pantropical family, which plays an important part in the structure 

of undergrowth and subcanopy of moist tropical lowland forests (Burnham and 

Johnson 2004). Violaceae have a world-wide distribution, but possess their 

largest generic diversity in the Neotropics (Hekking 1988, Feng 2005). 

Although on site diversity is generally low, certain species can be very 

common in the forest understory, e.g. at Barro Colorado Island, Panama 

(Augspurger 1993, Comita et al. 2007) and La Selva Biological Station, Costa 

Rica (King 1996). In a permanent 50 ha plot at Pasoh Forest Reserve, 

Malaysia, Violaceae were represented by only three species, but one species, 

Rinorea anguifera, was the second most abundant tree in the plot (Kochummen 

et al. 1990). Both Annonaceae and Violaceae were among the most abundant 

plant families in 94 census plots throughout Amazonia and the Guiana Shield 

(ter Steege et al. 2000). 
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1.2 Pollination biology: state of knowledge for the  
Annonaceae and Violaceae families 

 
The majority of studies dealing with the floral biology of Annonaceae (c. 2,500 

spp. worldwide) are from the Neotropics (Gottsberger 1970, 1989a, 1989b, 

1999, Webber and Gottsberger 1985, Andrade et al. 1996, Webber 1996, 

Armstrong and Marsh 1997, Carvalho and Webber 2000, Silberbauer-  

Gottsberger et al. 2003, Teichert 2008, Teichert et al. 2008, Silva and 

Neta 2010), while Australasian species have been studied by Nagamitsou and 

Inoue 1997, Silberbauer-Gottsberger et al. 2003, Ratnayake et al. 2006a, 

2006b, 2007). Very little has been published about the floral biology of African 

Annonaceae. Pollination in the family is specialized, and cantharophily is the 

dominant pollination syndrome. Other typical traits of Annonaceae flowers are 

protogyny, the formation of pollination chambers by the petals which provide a 

refuge and mating site for flower-visiting beetles, strong, often fruity/spicy 

odors and thermogenesis in large-flowered species. In the family numerous 

adaptations have evolved to enhance outbreeding or attract special pollinators, 

i.e. heterodichogamy and cohort flowering (Rogstad 1994, Teichert 2008), and 

even fungus-mimicry (Teichert 2008). Despite a wealth of information, many 

genera remain largely unstudied, breeding system data are scarce, and there is 

virtually no ecological information on factors influencing reproductive success 

and seed production for this important family.  

The state of affairs regarding Violaceae is quickly told: almost all 

available information on pollination biology comes from the temperate, 

herbaceous genus Viola (Veerman and van Zon 1965, Beattie 1969, 1971, 

1976, Culley 2002, Freitas and Sazima 2003). The only in-depth account of a 

woody tropical species is that of Hybanthus prunifolius, a mass-flowerer 

visited by numerous insect taxa, but effectively pollinated by one species of 

meliponine bees (Augspurger 1980). As far as known, bees seem to play the 

most important role in pollinating Viola spp., although hawkmoths, flies and 

butterflies have been reported as pollinators, too (Beattie 1971, Herrera 1993). 
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1.3 The study area 
 

The study was carried out on the property of the private sugarcane corporation 

Usina São José S/A (thereafter: USJ), within the municipality of Igarassu, 

Pernambuco State, Brazil (07º41’04,9” to 07º54’41,6”S and 34º54’17,6” to 

35º05’07,2”W). The USJ property has an area of 247 km2 and contains at 

present 106 forest fragments with a combined forest cover of 24% and a total 

area of 66 km2. Surrounding areas have been cleared and are currently used for 

sugarcane production. Forest clearance took place during various waves, the 

last in the 1970´s and early 1980´s when the “Proalcóol” program was 

launched by the Brazilian government to develop ethanol-based agrofuel 

production (Kimmel et al. 2008). In 1975, forest cover was still at 45.6% with a 

total of 153 fragments. Since then, forest has been lost at a rate of 2.14% per 

annum, and the average distance between fragments has increased from 397 to 

695 m (Trindade et al. 2008). The predominant soil in this area is a sandy to 

loamy red-yellowed podsol. The climate is tropical with a rainy season 

between January and August and a drier season (<100 mm per month) between 

September and December. Annual rainfall is around 1,500 mm, and mean 

annual temperature is 25°C (Schessl et al. 2008). Natural vegetation is lowland 

rainforest with transition to semideciduous forest (Veloso et al. 1991). 

 

1.4 Aim and outline of the thesis  
 

The goal of this study was to provide information on floral biology, breeding 

systems, pollinators and reproductive success of four understory tree species 

occurring in fragments of Atlantic forest at USJ. Different strategies to ensure 

pollination and seed production are explored. The two most common species 

(one each from Annonaceae and Violaceae) are also assessed with regard to 

abundances and pollination effectiveness of floral visitors, reproductive 

success in different-sized forest fragments, and possible risks of pollination 

failure and long-term extinction. 
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Chapter 2 describes the floral biology of Anaxagorea dolichocarpa 

(Annonaceae). The influence of floral visitor abundance on fruit and seed 

production is examined, and large and small forest fragments are compared 

with respect to pollinator abundance and seed production. 

 

Chapter 3 describes the floral biology and flower visitation of Paypayrola 

blanchetiana and Amphirrhox longifolia, providing one of the first pollination 

biology studies for tropical woody genera of the Violaceae family.  

 

Chapter 4 is a quantitative study of the flower, fruit and seed production of six 

populations of Paypayrola blanchetiana (Violaceae) over the course of 11 

months. The reproductive success in large and small fragments is compared, 

and the influence of population flowering intensity on seed production is 

discussed. 

 

Chapter 5 is a case study of pollinator-less reproduction of a small population 

of Cymbopetalum brasiliense, an as yet undescribed reproduction mode for 

Neotropical members of Annonaceae.
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2. Floral biology, visitor abundance and 

reproductive success of Anaxagorea 

dolichocarpa (Annonaceae) in Atlantic forest 

fragments of Northeast Brazil 

 

2.1 INTRODUCTION 
 
The Annonaceae family contains roughly 2,500 species and, at present, about 

900 species are recognized from the Neotropics (Chatrou et al. 2004). The 

family is typically diverse in tropical lowland rainforests, where several species 

are often numerous and structurally important members of the understory and 

subcanopy (Burnham and Johnson 2004). The peculiar pollination biology of 

the family has received ample attention in the last decades, especially in the 

Neotropics (e.g. Schatz 1987, Gottsberger 1989a, 1989b). Protogyny and 

cantharophily have been recognized as important characteristics of their 

pollination biology, although some genera are pollinated by thrips, flies or bees 

(Gottsberger 1999, Carvalho and Webber 2000, Silberbauer-Gottsberger 2003, 

Teichert 2008). Scents consisting of few dominant compounds and 

thermogenesis are further traits shared with unrelated beetle-pollinated taxa 

such as Philodendron (Araceae) (Gibernau and Barabé 2000), or many 

Arecaceae (Knudsen et al. 2001).    

Anaxagorea is considered the sister group to the rest of the family 

(Doyle and Le Thomas 1994, Sauquet et al. 2003), sharing, among other 

ancestral characters, inner staminodes and a distinctive laminar stamen 

morphology with the Magnoliales outgroup (Scharaschkin and Doyle 2006). 23 

spp. are found in Central and South America, while 3 spp. occur in Southeast 

Asia (Maas and Westra 1984, 1985, Berry 1999). Floral biology has been 

described for several Neotropical Anaxagorea spp. (Webber 1996, Armstrong 

and Marsh 1997, Teichert 2008), including a cursory treatment of A. 

dolichocarpa studied in Guyana (Maas-van de Kamer 1993). Key results of all 

studies on Anaxagorea are diurnal anthesis with synchronization among 
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flowers and individuals, fruity scents during pistillate and staminate phases, 

and exclusive or dominant pollination by nitidulid beetles. Specific results are 

scent composition of few aliphatic esters (Jürgens et al. 2000), thermogenesis 

(Webber 1996, Jürgens et al. 2000), and heterodichogamy as an unusual 

outcrossing mechanism in one species (Teichert 2008). Information on timing 

of fruit development and reproductive success (fruit and seed set) has been 

difficult to obtain, mostly due to time constraints limiting research efforts.  

It has been argued that plants that are pollination specialists may be 

vulnerable to reproductive failure following habitat disturbance and 

fragmentation (Waser et al. 1996, Aizen et al. 2002). However, some empirical 

data suggest that specialist and generalist pollination strategies may be equally 

affected by fragmentation (Ashworth et al. 2004, Aguilar et al. 2006). 

Annonaceae possess a specialized reproductive strategy (Gottsberger 1989b, 

Gottsberger 1999, Silberbauer-Gottsberger et al. 2003), yet there is no 

information regarding their responses to habitat disturbance. Our study site is 

part of one of the most heavily impacted forest ecosystems, the Atlantic forest 

of Brazil, which is at the same time a global hotspot of biodiversity (Myers et 

al. 2000). 

In this study the floral biology of Anaxagorea dolichocarpa in 

remnants of Atlantic forest in Northeast Brazil is described in detail. The 

influence of the number of flower visitors on fruit and seed set by was 

evaluated by quantifying pollinator visitation and fruit set of individually 

marked flowers. Bud and fruit production and visitation rates in different large 

and small forest fragments were compared. Finally, a preliminary assessment is 

made of the vulnerability of this pollination system to habitat disturbance and 

fragmentation.    

 

The following questions were addressed: 

 

1. What is the timing and functioning of A. dolichocarpa flowers? 

2. Are there any mechanisms of floral dichogamy, within flowers, 

individuals and the population? 

3. What flower visitors pollinate A. dolichocarpa, or interact with flowers 

otherwise? 
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4. What are the attractants and rewards for flower visitors?  

5. How long does fruit development take? How does seed dispersal 

function?  

6. Do flowers in large forest fragments receive more visitation than in 

small fragments? 

7. Is there a positive relationship between flower visitation and fruit and 

seed set? 

 

2.2 MATERIAL AND METHODS 
 

2.2.1 Study species and populations  
 
Anaxagorea dolichocarpa Sprague & Sandwith (Annonaceae) is a small tree 

distributed in Amazonia, the Guianas and East Brazil (Fries 1959, Maas and 

Westra 1985). At the study site the species is most often found near creeks in 

valleys, but occurs also on steep slopes away from water. Distribution is highly 

patchy and densities can be locally high (>300 trees ha-1). Flower buds appear 

mostly on trunks and branches, and flowers are produced throughout the year. 

Fruits are apocarpous. Populations in six different forest fragments on USJ 

were studied, three large (240-390 ha) and three small (6-14 ha). All fragments 

were very irregularly shaped with circumference/area ratios of less than 0.4 ha 

(Trindade 2007), and much of their area was situated on steep or very steep 

slopes.   

 

2.2.2 Flower morphology and breeding system  
 
Ten flowers were dissected and the number and position of stamens, 

staminodes and carpels was determined. Measurements of flower diameter, 

length of outer and inner petals, stamen and pistil length were taken. Ovule 

numbers were counted in ten flowers. Pollen grains were counted under a 

stereo microscope in a total of twenty anthers (two anthers each of ten flowers). 

The mean pollen number per anther was multiplied with the mean anther 

number for total pollen number per flower.  P/O Ratios were calculated 

following Cruden (1977). Hand pollination experiments were carried out with 
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fresh pollen collected in situ from nearby staminate phase flowers. The pollen 

was placed on the receptive stigmas of pistillate phase flowers; either of the 

same plant individuals (geitonogamous pollination; n=12), or of a different 

individual nearby (xenogamous pollination; n=18). Fifteen flowers were 

bagged and excluded from pollinators to test for spontaneous self-pollination. 

Flowers were marked and periodically checked for fruit set; on developing 

fruits, numbers of carpels were registered for maturing (=small sized) and 

mature (=final size) fruits.  

 

2.2.3 Anthesis, scent production and thermogenesis  
 
Flowers were observed to determine the stages of anthesis: the first opening of 

petals, beginning and end of scent production, duration of the visitor attraction 

phase, timing of stigma receptivity and pollen release, and dropping of petals 

with subsequent release of visitors. Thermogenic activity was measured in five 

flowers from beginning to end of anthesis using a digital data logger and a 

thermocouple thermometer (Bioblock Scientific 16200). One simultaneous 

recording of flower and ambient temperature was taken every 10 min. Flower 

and ambient sensors were fully cross-calibrated to ensure data consistency. The 

flower sensor was placed in the petal tissue.  

Floral scent samples were obtained using standard dynamic 

headspace sampling techniques (Knudsen and Tollsten 1993). Samples were 

taken from single flowers when scent production was at its most intense, 

covering both female phase and male phase flowers (generally between 16.00 

and 19.00 h for female, 13.00-15.00 h for male flowers). Duration of sampling 

was 2 h. Flowers were covered with a scent-neutral ovenbag PET film tube 

(Bratschlauch, Melitta GmbH, Germany) for odor accumulation. With a 

battery-operated membrane pump (flow rate 200 ml min-1), the air from within 

the bag was conducted through a glass tube. Scent volatiles were captured by a 

1:1 (vol.) absorbent mixture of Tenax TA 80/100 mesh, Macherey-Nagel 

706318) and Carbopack X (20/40 mesh, supelco 1-0435). Absorbed scent was 

eluted with 0.15 ml of high grade acetone (Merck, Germany) and kept at 4 °C 

in 2 ml silanized glass vials (Sigma Aldrich Co./Supelco) until analysis. Blank 
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samples of the surroundings were obtained as controls in order to subtract 

background noise from the samples.  

Compounds were identified by GC-MS at University of Bayreuth. 

Before analysis in a Varian Saturn 2000 mass spectrometer and a Varian 3800 

gas chromatograph fitted with a 1079 injector (Varian Inc., Palo Alto, USA), 

100 µg of nonadecane was added as internal standard. Samples were analyzed 

on a Saturn 2000 mass spectrometer (MS) coupled to a Saturn 3800 gas 

chromatograph (GC) using a 1079 injector (all Varian, USA), fitted with the 

ChromatoProbe kit (Dötterl and Jürgens 2005). One µl of each sample was 

filled in a quartz vial, which was placed in the injector port by means of the 

ChromatoProbe (Dötterl et al. 2009). The split vent of the injector was opened 

and the injector heated to 40°C to flush any residual air from the system. The 

split vent was closed after 2 min and the injector was heated at 200°C and held 

at 200°C for 4.2 min, after which the split vent was opened and the injector 

was allowed to cool. A ZB-5 column (5% phenyl polysiloxane) was used for 

the analyses (60 m long, inner diameter 0.25 mm, film thickness 0.25 µm, 

Phenomenex, USA), and the helium carrier gas flow was 1.8 ml min-1. The GC 

oven temperature was held for 7 min at 40°C, then increased by 6°C · min-1 to 

250°C and held for 1 min. The MS interface was 260°C and the ion trap 

worked at 175°C. The mass spectra were taken at 70 eV (in EI mode) with a 

scanning speed of 1 scan sec-1 from m/z 30 to 350. Saturn software package 

5.2.1 was used for data processing. Component identification was carried out 

using the NIST 08, Adams (2007), or Mass Finder 3.0 mass spectral data bases, 

and confirmed by comparison of retention times with published data (Adams 

2007). Some of the components were identified by comparison of mass spectra 

and GC retention data with those of authentic standards. 

 

2.2.4 Seed dispersal and germination  
 
When fruits were ripe, seeds became visible near the tip of the opening carpels. 

The seed dispersal mode was subsequently observed and assessed. 120 ripe 

seeds were collected and laid out in six stations within a single forest fragment 

(n=20 seeds for each station). A station consisted of a 0.2 m2 patch cleared of 

leaf litter on the forest floor, with a tag marking the spot. 60 seeds at three 
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stations were deposited on Jun 5, 2008, and 60 at a further three stations on 

Aug 5, 2008. All stations were situated at least 50 m apart along a trail inside 

the forest. Seed removal was assessed by counting the remaining seeds in 

weekly intervals in the first three weeks after depositing them; later, seed 

germination rates and seedling numbers were assessed once per month for the 

next two months.   

 

2.2.5 Phenology of tree individuals and subpopulati ons 
 
Flowering phenology was observed from February to December 2008 in one 

population each of six fragments. In each fragment, between 16 and 22 adult 

trees were tagged (≥12 mm dbh, minimal observed size for bud production). 

Dbh was determined for each individual following Condit (1998). Total 

numbers of buds and flowers were counted on all marked individuals once per 

month. Only buds sufficiently mature to have discernible sepals (4 weeks or 

older) were counted. All fruits on a tree were counted and assigned to two 

classes: maturing and mature-sized fruits. All developing fruits which were 

smaller than the final size were considered to be “maturing”. Carpels were 

either counted separately when trees had <20 fruits, or estimated by counting 

the numbers of carpels of ten fruits and calculating the mean.  

 

2.2.6 Flower visitors, pollinator abundance and fru it set  
 
Arrival time and behavior of flower visitors during anthesis was observed. To 

assess whether insect larvae bore into petal tissue, the freshly fallen petals of 

ten flowers were collected and dissected after 1, 3 and 5 days under a stereo 

microscope. Pollinators per flower were quantified by taking advantage of the 

beetles´ habit of remaining in the floral chamber. Beetles gathered in the 

pollination chamber were provoked to leave the flower by repeatedly knocking 

against the petals and forcing the leaving beetles to fall into a plastic bag held 

around the flower. To determine the total pollinator visitation rate per flower, 

flowers were always sampled after the pollinator attraction phase had ended. If 

no disturbance occurred, beetles were not observed to leave the flowers until 

the petals dropped. Thus, the number of beetles in the pollination chamber was 



2. Anaxagorea 

 33 

assumed to be the total number relevant for pollination of that flower. Flowers 

were opportunistically sampled whenever available, and data were 

accumulated for all six fragments during the monthly phenology surveys. 

Therefore, pollinator sampling was distributed over most of the year 2008, 

covering both the dry and the rainy season. Flowers with a known number of 

pollinators were marked with plastic tags and regularly checked for signs of 

fruit development during the following months. Developing fruits were 

monitored until they either ripened or disappeared, and the number of carpels 

of maturing (small) as well as mature-sized fruits was determined. 

 

2.3 RESULTS  
 

2.3.1 Flower morphology and breeding system  
 
Flowers of A. dolichocarpa had three leathery sepals, 7-9 mm long, and six 

thick, fleshy, cream-colored petals arranged in two whorls. All petals had a 

bright pinkish to scarlet spot at their inner bases. The outer petals (13-14 mm 

long, 6.6-8.7 mm wide) were longer and wider than the inner petals (11.3-12.5 

mm long, 5.8-6.4 mm wide). The inner petals were thickest distally, almost 

triangular in top view, while near their bases they were recessed to form a 

cavity. This cavity was almost entirely filled with the numerous tightly-packed 

reproductive organs, consisting of a flat helix of 33 to 45 fertile, laminar 

stamens (4.5-5.5 mm long), between 12 and 18 staminodes, and 9-15 (-21) 

pistils in a triangular ensemble of two whorls (6-10 in the outer, 3-5 in the 

inner whorl). This left a narrow space of 2-3 mm between the reproductive 

organs and the petals, creating a pollination chamber. The truncate stamens had 

extrorse anthers completely embedded within a laminar, tongue-shaped 

connective with an outward-bent apex. Pistils were short (5.0-5.5 mm), 

cylindrical, with one sessile stigma and two marginal ovules.  

A. dolichocarpa flowers produced between 3,200 and 7,500 pollen 

grains (mean 4,628 ± 1,439). Mean P/O ratio per flower was 184.6 ± 33.8. 

Flowers were self-compatible, but unable to produce fruits without receiving 

pollen from another flower (Table 1). Mean natural fruit set was 31.1% for  
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initiated and 15.3% for ripening fruits. More than half of all fruits initiated 

after hand pollination experiments aborted.    

 

2.3.2 Anthesis and stages of flowering  
 
Anthesis was rather precisely synchronized. Flowers were protogynous, with a 

long pistillate phase, and a relatively short pollen-dispersing phase. In the 

morning of day 1, the slightly spread outer petals were the only sign that a 

flower would later enter the female stage. In the afternoon, normally between 

14.00 h and 15.00 h, flowers started emitting a fruity, acetonic, banana-like 

odor which was noticeable over several meters, and sometimes over so large a 

distance that the scent-emitting flower could not be visually detected. At this 

point the stigmatic surface showed a gelatinous, colorless exudate. The main 

period of scent emission was between 14.00 h and 20.00 h (with the end 

somewhat variable between 18.00 h and 23.00 h). The pollinator attraction 

phase thus lasted between 4 and 9 h flower-1. The only floral visitors at this 

point were three morphospecies of small (1-3 mm long) beetles belonging to 

the genus Colopterus (Nitidulidae). Beetles arrived from the beginning of scent 

production onwards, but most frequently between 16.00 h and 18.00 h. They 

swiftly entered the flower through the small gap between the outer petals and, 

Table 1  Fruit production and % fruit set of Anaxagorea dolichocarpa following 
pollination treatments. Bagged flowers: spontaneous self-pollination; self pollen from 
neighboring flowers of the same tree; Natural fruit set from flowers tagged in 2007 and 
2008 
 

treatment  n  initial fruits mean carpels  mature fruits 
mean 

carpels 

    
(% fruit 

set) initial fruits  (% fruit set) 
mature 
fruits 

               
         

bagged flowers  15  0 –  0 – 
         

self-pollen  12  7 (58.3)    4.3 ± 3,6  2 (16.7) 5.5 
         

outcross pollen  18  11 (61,1)       8 ± 3,5  4 (22.2) 4,8±3,1 
         

natural fruit set  209  65 (31.1)1    7.6 ± 4.1   32 (15.3)2 3.2±2.6 
                  
         
1 52.0% of the flowers that were visited by ≥ 1 beetle 
2 25.2% of the flowers that were visited by ≥ 1 beetle 
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when undisturbed, remained in the floral chamber throughout anthesis. The 

flower would remain essentially unchanged throughout the night until the next 

morning, when the stigmatic exudate assumed a reddish color and slowly dried 

up, forming a dry, dark-red plug on each stigma until 10.00 h – 11.00 h. This 

marked the end of the pistillate phase. The staminate phase began with the 

release of pollen, normally between 12.00 h and 13.00 h. At the same time, the 

staminal connectives assumed a reddish coloration. Pollen was sometimes 

released as early as 11.00 h or as late as 14.00 h, but even at the earliest time of 

pollen release the stigma had already dried up. Between 13.00 h and 14.00 h 

scent emission started accompanying the male phase, this time with a slightly 

more acrid, acetone-like note compared to the pistillate phase. Staminate phase 

flowers therefore started scent emission somewhat earlier than the pistillate 

phase flowers in the population. With a few exceptions, the end of the 

staminate phase began between 14.45 h and 15.45 h with the opening of the 

petals, a process that took several minutes. At this point, the inner staminodes,  

 

Figure 1 Colopterus spp. (Nitidulidae) ingesting pollen grains during last 
phase of flower anthesis (petal opening) of Anaxagorea dolichocarpa. 
 

hidden between the anthers and the pistils before pollen release, often (but not 

always) lengthened and bent over the stigmatic surface. Sometimes the now 

reddish staminode tips were observed to stick firmly to the stigmas. Beetles 
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voraciously fed on pollen (Figure 1), but no feeding signs on the petals or other 

flower organs were ever noted. Beetles leaving a flower were regularly covered 

with pollen on all body parts. Only when the petals started spreading did flower 

visitors other than nitidulid beetles arrive: bees (Trigona cf. spinipes), which 

collected pollen and sometimes displaced beetles still on the flower, and fruit 

flies, which made oviposition movements on the inner petals. 20-30 min after 

opening the petals fell off in quick succession. The pistil remained in place, but 

unpollinated pistils were abscised within one week. Pollinated pistils remained 

unchanged for several months before fruit initiation. No insect larvae were 

found in dissected tissues of fallen petals.   

 
Table 2  Scent composition of a pistillate and a staminate flower of Anaxagorea 
dolichocarpa 

     
Compound name RRt                 Relative amount (%) 

  pistillate flower  staminate flower 
         
     

Isobutyl acetate 188 18.8    2.7 

Ethyl 3 methyl butanoate  249 23.5  11.2 

Isobutyl isobutanoate  305   8.6  12.9 
Ethyl-(Z/E)-3-Hexenoate 393    
plus Isobutyl isovalerate1) 396 38.5  54.9 

unknown Hexenoate    6.5    9.6 
     

total  95.9  91.3 
          

1) exact proportions of the two compounds not quantifiable due to similar RRt 
 

2.3.3 Floral scent and thermogenesis  
 
There were six main components of A. dolichocarpa scent, making up 96% and 

91% of flower scent, respectively (Table 2). All main compounds were present 

in both sexes and belonged to the esters. A. dolichocarpa flowers were 

thermogenic during both the pistillate and the staminate phase (Figure 2). 

Thermogenesis lasted longer in the female phase and could extend into the 

night (19.00 h), while in the male phase the process ended with the opening 

and shedding of the petals. We recorded a maximum difference between flower 

and air temperature of 3.8 °C in the pistillate and 3.7 °C in the staminate phase 

(Table 3). In both phases, we observed an active increase of flower 
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temperature. However, part of the difference between flower and air 

temperatures was also caused by falling ambient temperatures. Heat production 

in the flowers coincided with the beginning of scent production in both phases, 

but scent production continued for at least one hour after thermogenesis had 

subsided in the pistillate phase. 

 

Table 3  Mean duration (min), timing and maximum flower-air temperature difference 
(∆temp °C) during thermogenesis of Anaxagorea dolichocarpa flowers (n=3)  

         
flowering  duration  start peak end  ∆temp °C 
phase              
         
pistillate 190  1430-1450h 1520-1700h 1710-1900h  3.2 - 3.8  

         
staminate 75  1310-1450h 1450-1525h 1500-1545h  1.7 - 3.7  
                  
 

2.3.4 Seed dispersal and germination 
 
Seeds are dispersed by an autochorous mechanism. The distal part of the 

carpels have a thickened fruit wall, which increasingly press against the convex 

sides of the two seeds during desiccation, until reaching a point of pressure that 

forces the seeds out explosively. The process could be observed with ripe fruits 

taken to the laboratory, which ejected their seeds with high speed up to a 

distance of 5 m. Of 60 seeds laid out on Jun 5, 2008, 58 were still present two 

weeks later. The first seeds germinated 2 months after deposition (Aug 5). 48 

seedlings (80%) were still present on Aug 26. Of 60 seeds laid out on Aug. 5, 

46 (77%) were present three weeks later, on Aug 26, with 27 seeds already 

germinating. On Oct 14, 10 seedlings originating from 40 seeds (25%) were 

counted in two stations, while the third station had been destroyed in the 

meantime. No seeds were found with punctured seed coats or otherwise visibly 

parasitized. The process of seed germination was very slow, taking several 

weeks until the hypocotyl was fully grown, the radicle became rooted and the 

cotyledons emerged from the opening endosperm. Cotyledons of germinating 

seeds were well developed, with a leathery texture, and much bigger than the 

original seed coat. At germination, the endosperm, which is conspicuously 

sulcate (“ruminate”), had expanded to about twice its original size (Figure 3).  
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Figure 2 Thermogenic cycles of three Anaxagorea dolichocarpa flowers, 

measured between 14.00 h (day 1) and 16.00 h (day 2): (a) Jun 6-7, 2007; (b) 

Nov 25-26, 2008; (c) Dec 7-8, 2008; black line: flower temperature, dotted 

line: air temperature. °C scale on y-axis. 
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(a) 

 

(b) 

Figure 3 Germinating Anaxagorea dolichocarpa seeds. Note (a) well-
developed cotyledon and (b) size of endosperm relative to seed coat. 
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2.3.5 Flower, bud and fruit production 
 
Reproductive trees were between 2 and 11.5 m high, and dbh ranged from 1.2 

cm (minimum observed size for bud production) to 7.5 cm. Mean bole to bole 

distance of nearest neighbors was 1.27 ± 93 m with no significant differences 

between populations (one-way ANOVA). A. dolichocarpa produced buds and 

fruits throughout the whole year in 2008. Peak bud production occurred in 

November, and most fruits ripened between January and March (Figure 4a). 

Buds could appear any time on individual plants, singly or in small numbers.  
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Figure 4 Flowering and fruiting phenology and visitor abundance of 
Anaxagorea dolichocarpa between Feb-Dec 2008; (a) cumulative number of 
buds (●), young fruits (○) and mature-sized fruits (▼), observed during 
monthly counts on 113 individuals (no data from October). Note that some 
buds and most mature-sized fruits were counted more than once because of 
persistence >1 month. (b) mean (SD) beetle visitors flower-1 month-1.  
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They reached maturity after 8-10 weeks of development. After flowering, a 

successfully pollinated pistil would remain dry and seemingly lifeless for a 

variable time (most commonly 3-6, in some cases up to 11 months) before fruit 

initiation started. Fruits with 1-15 (-20) carpels grew for about 4-5 weeks until 

reaching their final size (4-5 cm carpel length), after which they remained 

without visible change for another 6-10 weeks before the ripe seeds were 

exposed. Fruit development thus lasted for about 10-15 weeks. The complete 

cycle from bud initiation to seed dispersal regularly lasted for 10-12 months 

and could extend up to 17 months, depending on the delay between flowering 

and fruit initiation.   

 

Table 4  Number (n) and mean diameter at breast height (dbh) of Anaxagorea 
dolichocarpa trees studied in large (A-C) and small (D-F) fragments; mean number of 
buds tree-1 and fruits tree-1 and beetles flower-1 between  February and December 2008  

          
Fragment   A B C  D E F 

          
size (ha)   240 326 390  14 6 8 

                   
          
n   20 19 20  22 16 16 

 significance
1)  a ab ab  ab ab b 

 dbh mean  41.2 31.3 34.5  32.4 31.1 23.6 
 SD  16.5 13.3 18.4  10.7 14.8 8.3 

   abc a d  ab cd bcd 
buds mean  50.1 111.9 15.7  63.8 25.8 27.1 

 SD  44.4 117.2 24.7  62.7 27.8 27.9 

   abc a d  bcd ab cd 
fruits  mean  12.6 51.8 3.2  14.5 27.6 7.9 

 SD  11.5 80.2 4.1  16.9 35 11.7 
          

visitors 
flower-1 mean  1.76 4.46 14.19  0.8 6.61 6.96 

 SD (n)  2.3 (34) 4.4 (41) 18 (16)  1.4 (40) 6.6 (31) 11.4 (24) 
                    

1) same letters mark non-significant differences    
 

Dbh of the study trees did not differ significantly among populations, 

except for fragments A and F (Tukey post-hoc test, p<0.01; Table 1). Dbh was 

significantly correlated with bud production (R2 =.29, p<0.001) and fruit 

production (R2 =.10, p<0.001).   5,693 buds and 2,185 mature-sized fruits were 

counted during ten survey months on the 113 monitored trees. Mean bud 

production ranged from 15.7 and 111.9 buds tree-1 in the six populations, and 
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mean fruit counts ranged from 3.2 to 51.8 fruits tree-1 (Table 4). The 

differences were significant (buds: F (5,107) = 8.38, p<0.001, fruits: F (5,107) 

= 8.08, p<0.001). However, neither bud nor fruit numbers were significantly 

different when comparing the combined large and small fragments. 

A total of 226 flowers were counted, corresponding to a mean 0.22 

anthetic flowers tree-1 d-1   (max. 0.65 flowers tree-1 d-1 at peak flowering). 

Since open flowers were countable on two days (pre-anthesis or pistillate phase 

on the first, and staminate phase on the second day), there were actually 0.11 

new flowers tree-1 d-1, or about one flower per tree every 9-10 d. However, 

three tree individuals (2.7%) flowered on almost every survey day. On average, 

13.8% of trees had at least one open flower on any survey day (max. 31% at 

peak flowering). 23% of flowering trees had more than one flower. Frequently, 

pistillate and staminate phase flowers were observed together on the same tree. 

Many buds, especially on flower-rich individuals, were infested by butterfly 

larvae (Lycaenidae: Oenomaus sp.), which destroyed the buds completely. 

Table 5  Relationship between pollinator abundance and probability of fruit set and 
average seed production fruit -1 in 123 Anaxagorea dolichocarpa flowers with at least 
one visitor (combined data of 2007 and 2008). Non-fruiting flowers were excluded from 
calculation of mean carpels fruit -1  

       
 initiated fruits mature-sized fruits 
#  

visitors fruit set carpels fruit-1  n fruit set carpels fruit-1  n 

flower-1 (%)   (%)   
              

       
1 38.5 7.7 ± 4.1 26 30.8 4.9 ± 3.2 26 

2–3 50.0 6.7 ± 4.5 32 25.8 1.8 ± 0.9 31 
4–6 67.9 7.8 ± 3.8 28 20.8  4.0 ± 2.3 24 
7–10 46.7 7.7 ± 3.9 15 38.5 3.4 ± 3.3 13 
>10 54.5 7.7 ± 4.2 22 31.6 2.0 ± 2.0 19 

       

total 52.0         7.6 ± 4.1 123 1 28.3 3.2 ± 2.6 113  
              

 

2.3.6 Flower visitation, fruit set and fragment siz e  
 
Flowers of A. dolichocarpa contained a mean 4.7 ± 8.3 beetle visitors (n=186). 

Visitor abundance was variable over the months, peaking in June and July 

(Figure 4b). There was no significant difference between per flower visitation 

in large fragments (n=91, mean 5.2 ± 9.1) and small fragments (n=96, mean 
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4.3 ± 7.5; Mann-Whitney U test). There were, however, significant differences 

between single fragments, with visitor numbers flower-1 ranging from 0.8 ± 1.4 

to 14.2 ± 18 (Kruskal-Wallis test H (5, 186) = 42.8, p<0.001). 65.6% of all 

monitored flowers received at least one beetle visitor. The percentages of 

visited flowers ranged from 45% to 87.5%, and populations were significantly 

different in that respect (Kruskal-Wallis test H (5, 186) =23.7, p<0.001). There 

was no significant difference in proportion of visited vs. unvisited flowers 

between large (64.8% of flowers visited) and small fragments (66.3%). In 

populations with high bud production, flowers had fewer visitors (Kendall´s τ 

= -0.73, p<0.05). 

Flowers without beetle visitors did not form fruits (one observed 

exception). 52% of the visited flowers initiated a fruit, but only little more than 

half of them formed a fruit that reached mature size. Carpel numbers were 

reduced by about half between young initiated and mature-sized fruits (Table 

5). There was no apparent linear relationship between visitor number flower-1 

and fruit set probability. Also there was no correlation between flower visitors 

and number of carpels fruit-1. In young fruits, fruit set was highest after 

visitation by 4-6 beetles, but in mature-sized fruits, this category had the lowest 

fruit set.  

Table 6  Comparison of three Anaxagorea dolichocarpa populations with regard 
to: proportion visited flowers and fruit set of all flowers; visitors per flower and fruit 
andseed set of visited flowers. fs  fruit set bts flo -1 beetles flower-1 crp frt -1 carpels 
fruit-1 

          
fragment/  all flowers  visited flowers 
population          

  n % visited fs (%)  n bts flo-1 fs (%) crp frt-1 
                  
          

A  43 46.5 34.9  20 3.1 ± 2.0 70 8.6 ± 3.8 
B  21 85.7 42.9  18 7.4 ± 5.5 50 9.2 ± 3.9 
D  56 25.0 17.8  14 2.0 ± 1.8 66 7.3 ± 4.1 
                    

 

In a comparison of three fragments, the higher the proportion of 

visited flowers, the higher was the initial fruit set. However, no such relation 

was revealed when comparing the mean number of flower visitors and 

resulting fruit and carpel production in visited flowers (Table 6). The 
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difference in carpel number fruit-1 between fragments was not significant 

(assessed using one-way ANOVA).   

 

2.4 DISCUSSION 

 

2.4.1 Flower biology and pollination 
 
Floral biology of the A. dolichocarpa population studied near Recife was 

generally similar to other Anaxagorea spp. (including A. dolichocarpa in 

Guyana), with protogynous, synchronized, diurnal anthesis, fruity odor during 

both the pistillate and the staminate phase, and pollination by nitidulid beetles 

(Maas-van de Kamer 1993, Armstrong and Marsh 1997, Webber 1998, 

Teichert 2008). Thermogenesis appears to be another widespread (Küchmeister 

et al. 1998, Webber 1998, Jürgens et al. 2000), yet not universal (Teichert 

2008) trait of the genus. At our study site thermogenesis manifested itself by an 

active rise of flower temperatures, maintenance of peak temperature over a 

short time span, and a relatively short overall duration of heat production. In 

comparison, thermogenic species can maintain elevated flower temperatures 

over a much longer portion of anthesis (Ratnayake et al. 2006a, Ratnayake et 

al. 2007), or even thermoregulate at a certain temperature level for extended 

periods (Seymour and Gibernau 2008). Thermogenesis serves as a heat reward 

to pollinators, enhancing their activity (Seymour and Schultze-Motel 1997, 

Azuma et al. 1999, Seymour et al. 2003). In the case of A. dolichocarpa, it was 

notable that the timing of elevated flower temperatures corresponded well with 

the timing of scent production. A similar temporal coincidence of scent 

production and thermogenesis is present in A. brevipes and Xylopia benthamii 

(Jürgens et al. 2000). Peak thermogenesis coincided with the main pollinator 

attraction phase, but subsided soon thereafter, whereas flowers were not 

thermogenic during most of the time that pollinators actually spent in the floral 

chamber. This suggests that thermogenesis in A. dolichocarpa may primarily 

serve the enhancement of scent emission, by literally “funnelling” the floral 

odor, rather than stimulating beetle activity. However, elevated temperatures 
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during the staminate phase could possibly work in favor of stimulation of 

initial beetle flight activity after the end of anthesis.  

The composition of the floral scent consisted of aliphatic esters, 

which are dominant in all Anaxagorea spp. studied so far (Jürgens et al. 2000, 

Teichert 2008). The main compounds were identical to those found by Jürgens 

et al. (2000) in A. dolichocarpa from Guyana, except for an unidentified 

nitrogen compound not present in our samples. There were, however, 

differences in scent quality and quantity to both A. prinoides (Teichert 2008) 

and A. brevipes (Jürgens et al. 2000), which suggests that flowers of different 

Anaxagorea spp. may be consistently distinguishable to pollinators. It is 

therefore possible that individual pollinators prefer visiting flowers of the same 

plant species after learning its particular odor, but there is no conclusive data to 

prove this assumption. 

Flowers displayed effective intrafloral dichogamy, with virtually no 

incidence of self-pollination. Staminodes elongate and cover the stigmas at the 

end of the pistillate phase in several Anaxagorea spp. (Maas-van de Kamer 

1993, Webber 1996). They may therefore act as a physical barrier to pollen 

transfer at the end of the pistillate phase (Saunders 2009). The present 

observations were not consistent with this view, however, since staminodes 

usually did not elongate before pollen release. Further, they did not completely 

and effectively shield the stigmas from pollen, nor did they always bend over 

the stigmas. They did, however, provide some physical protection for the 

stigmatic surface against large flower visitors like pollen-robbing bees when 

the petals opened. Effective intrafloral dichogamy was achieved by a strict 

temporal separation of the pistillate and staminate phases. Interestingly, we 

observed a much shorter duration of the staminate phase than Maas-van de 

Kamer (1993) in Guyana, where flowers released pollen several hours earlier 

than at our study site.  

A. dolichocarpa flowered continuously sensu Newstrom et al. (1994) 

and trees produced few concomitant flowers (“steady state” flowering; Gentry 

1974). Most individuals had less than one flower per week and even during 

peak flowering there were usually several days between individual flowering 

events. A much higher flowering intensity is observed in A. crassipetala 

(Armstrong and Marsh 1997) and A. prinoides (Teichert 2008), which possess 
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a distinct flowering season. There is apparently no complete avoidance of 

geitonogamous self-pollination in A. dolichocarpa, since trees did produce 

flowers on consecutive days. This means that A. dolichocarpa displayed no 

“cohort flowering”, as in the Polyalthia hypoleuca complex (Rogstad 1994), or 

heterodichogamy, as in A. prinoides (Teichert 2008). Nevertheless, the low 

flowering levels may serve to reduce the potential for geitonogamous selfing in 

A. dolichocarpa. Pollen flow in a population should involve many different 

combinations of donor and recipient trees. Another possible cause for the 

relative scarcity of flowers is predator avoidance. Damage by lycaenid larvae 

or other predators can be larger if trees have many buds. In A. crassipetala, 

where flowering intensity is higher, curculionid larvae destroyed almost half of 

the developing flower buds (Armstrong and Marsh 1997). Yet another reason 

for a low flowering intensity may be that pollinators have fewer flowers to 

choose from, so that they visit a higher percentage of flowers. Our results 

partly support this theory. There was a negative correlation of flower density 

and per flower visitor abundance in the different fragments, but our sample size 

was small, and the trend was not universal. On a time scale, beetle abundance 

in flowers rose abruptly in July 2008, while flower numbers did not drop. 

However, the rising flower density in the following months may have 

contributed to a declining per flower visitation thereafter. 

Fruit production in Annonaceae can be a slow process, extending over 

nine months (Coates-Estrada and Estrada 1988), although in other species seed 

maturation takes only about four months (Ratnayake et al. 2006b, Ratnayake et 

al. 2007). The study showed that fruit maturation in Anaxagorea regularly 

takes from seven months to more than a year after flowering, confirming an 

assumption to this effect by Teichert (2008). Of particular interest was the long 

and variable interval between flowering and fruit initiation, but there was no 

evidence that this variation may serve to synchronize fruit maturation. 

However, there was a distinct fruiting peak in the 2008 season. This may have 

been caused by a distinct flowering peak in 2007, similar to the one observed 

in November 2008. Coincidence or not, most fruits became ripe in the early 

wet season, i.e. in March 2008, which may have been of advantage to seedling 

establishment. Most seeds laid out early (mid wet season) in the seed 

removal/seed germination experiment progressed to form a seedling. Seeds laid 
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out later (at the end of the wet season) germinated earlier and produced fewer 

seedlings. The experiment also showed that secondary dispersal by animals is 

an unlikely event, as almost no seeds vanished from the stations. More 

observations are desirable to confirm whether fruit production generally peaks 

in the wet season.  

Although seeds with ruminate endosperm are known from 58 plant 

families, the function of this morphological trait has not been elucidated (Bayer 

and Appel 1996). The observation that seeds took several weeks to germinate, 

with the endosperm stretching and covering the embryo outside the testa 

warrants further investigation of seed development in Anaxagorea. Apparently 

the endosperm takes over the function of protecting the growing embryo, since 

the testa is small, hard and unable to expand. It is proposed that the ruminations 

in the endosperm may enable it to “grow” by slowly stretching its folds, so that 

it can still nourish and protect the developing embryo when the seed coat is 

already too small to cover it.    

 

2.4.2 Visitor abundance, fragmentation and seed 
production  
 
There was no detectable effect of fragment size on pollinator abundance in A. 

dolichocarpa flowers. Since visitor abundance differed among fragments, it is 

likely that the pollinators responded to variable environmental conditions 

(other than fragment size and related effects), e.g. the presence of decaying 

fruit or other potential resources. Possibly, a fragment size effect on pollinator 

abundance exists, but was obscured by the differences in flower numbers or 

differing plant population sizes in the fragments. Further, a larger sample of 

different sized fragments may be needed to detect fragmentation effects on 

pollinator abundance. The beetle pollinators of A. dolichocarpa appear to be 

able to maintain viable populations in small fragments, and their abundance 

may not be influenced by fragmentation at all. In a recent study on pollinator 

abundance and fruit set of the beetle-pollinated palm Astrocaryum mexicanum, 

pollinator abundance was clearly related to fragment size, although fruit set 

appeared to be unaffected by this (Aguirre and Dirzo 2008). However, not all 

field data support the view of a general trend in pollinator declines (as 
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anticipated by Allen-Wardell et al. 1998), and pollinator populations in the 

tropics may actually be more stable than previously thought (see review by 

Ghazoul 2005). Colopterus spp. are not host-specific, visiting several 

sympatric Annonaceae species belonging to Anaxagorea, Duguetia and 

Guatteria in Central Amazonia (Webber 1996). In fact they are probably 

independent of floral resources for survival, as Colopterus spp. are regularly 

found foraging on decaying fruits (Gottsberger 1970, Williams and de Salles 

1986). This may help explain their apparent resilience to habitat modification, 

but raises the question how flowers succeed in attracting the beetles 

consistently, and in keeping them (and the pollen they transport) “in the 

pollination system”.  

Fruit set in A. dolichocarpa was not influenced by the number of 

beetles visiting the flowers. A single flower visitor was just as likely to effect 

fruit set as many visitors. This indicates that pollen transfer is very effective at 

the study site. In light of the presumed generalist behavior of Colopterus, this 

result was somewhat surprising, suggesting that Colopterus individuals keep 

visiting Anaxagorea flowers, so that a large proportion of flower visitors 

carried conspecific pollen. The low P/O ratio, representative of a more 

inbreeding (facultatively autogamous) reproductive system (Cruden 1977), 

may also point to an efficient pollination mechanism. In addition, this pollen 

carried into flowers must have been effectively deposited on stigmas. Efficient 

pollen carryover is probably aided by the well-synchronized flowering, with 

flowers in the female phase emitting strong scent at the same time when male 

flowers release their visitors. At USJ there are nine sympatric species of 

Annonaceae (Araújo-Alves et al. 2008), of which only Guatteria spp. - whose 

pollinators are attracted in the morning - are likely competitors for Colopterus 

pollinators (M. Braun unpublished, see Webber 1996). Therefore, it is assumed 

that most beetles consistently moved between conspecific flowers, a behavior 

also observed by Teichert (2008). Moreover, the tiny floral chamber should 

force pollinators to frequently contact the stigmatic surface with their different 

body parts. Saunders (2009) suggested that the stigmatic exudates of 

Annonaceae flowers function as an “extragynoecial compitum” to enhance 

pollination. Sticky stigma exudates may additionally function as a “pollen 

trap”, effectively picking pollen grains off pollinators´ body parts. These 
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combined factors may help explain why successful pollination apparently was 

not dependent on a high incidence of pollinators. In contrast, Armstrong and 

Marsh (1997) did not find any beetle visitors carrying pollen, and observed no 

fruit production in A. crassipetala. Ratnayake et al. (2007) explained low 

natural fruit set of Xylopia championii with the low abundance (despite regular 

appearance) of pollinating curculionid beetles. The loss of (at least) 75% of 

initiated seeds in the process of fruit maturation shows that A. dolichocarpa 

was probably not pollination limited, and more likely resource limited. The 

experimental comparison of self and outcross pollen in hand pollinations 

revealed no apparent difference in fruit production, but more data is needed to 

confirm whether geitonogamous pollination is always as likely to produce 

seeds as outcrossed pollination. Fruit abortions in self-compatible flowers have 

been linked to pollen tube competition and post-hoc abortion of selfed seeds 

(Kärkkäinen and Savolainen 1993, Rigney 1995).  

 

2.4.3 Outlook  
 
At USJ, A. dolichocarpa reproduced well in large and small fragments and 

showed no signs of widespread pollen limitation. There appeared to be no 

scarcity of pollinators, in spite of the disturbed habitat. The pollinating beetles 

are presumably generalists and maintain viable populations in small fragments, 

and also keep their ability to pollinate the specialist flowers. This agrees with 

the theory of “asymmetric pollinator interactions” reducing the extinction risk 

for specialized plants (Ashworth et al. 2004). The conspectus of phenology and 

breeding system suggests that A. dolichocarpa probably has a mixed mating 

system with a high degree of outcrossing. However, there are no comparable 

data on reproduction over a longer (>2 yr.) time frame. Further, it is not known 

whether pollinators regularly cross fragment borders and fly between 

fragments. Pollinators, even when small-sized, have the potential to carry 

pollen over long distances in disturbed and continuous forest environments 

(Nason and Hamrick 1997). However, if pollinators stay mostly within a 

fragment, plant populations isolated in small forest fragments may suffer 

genetic degradation as a consequence. In this case, we would expect a 

reduction of genetic diversity within populations in small fragments, and 
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higher levels of genetic variation between populations (Hamrick et al. 1992). 

Notably, seed dispersal is limited to a few meters in A. dolichocarpa, which 

may predispose the species to strong genetic structuring (Hamilton 1999). We 

suggest that comparative studies on the genetic structure of populations in 

fragmented and unfragmented sites would be useful to confirm if A. 

dolichocarpa is really as resilient to the fragmentation process as it currently 

appears.
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3. Who pollinates tropical woody Violaceae? 

The cases of Paypayrola blanchetiana and 

Amphirrhox longifolia  
 

3.1 Introduction 
 
The violet family (Violaceae), although best known for the mega-diverse, 

herbaceous, and largely temperate genus Viola, possesses most of its functional 

diversity in the tropics. 20 out of 22 genera in the family, holding at least 300 

species, are woody perennials (“tree violets”) which occur in tropical and 

subtropical regions of all continents. Life-forms are trees and treelets, shrubs, 

and sometimes lianas (Hekking 1988).  

Violaceae display a remarkable diversity in floral morphology, 

including genera with actinomorphic, zygomorphic, and transitional (sub-

actinomorphic) flowers. The distinction between actinomorphic (basal) and 

zygomorphic (derived) flowers has until recently been decisive for taxonomy, 

and sub-actinomorphic Paypayrola, Amphirrhox, and the recently described 

Hekkingia (Munzinger and Ballard 2003), have comprised the subtribe 

Paypayrolinae within the tribe Rinoreeae, the latter including most taxa with 

actinomorphic flowers. The validity of Paypayrolinae has recently been 

challenged following molecular taxonomic examination, which found 

Paypayrola to be basal to most other taxa in the family (Feng 2005). 

Nonetheless, flowers of Paypayrola and Amphirrhox have a rather similar 

structure with a narrow corolla tube and one broadened, bilobate petal.  

Although the floral biology of several Viola spp. (“pansies”) has been 

published (see Veerman and van Zon 1965, Beattie 1969, 1971, 1976, Culley 

2002, Freitas and Sazima 2003), the only in-depth account of the floral biology 

of a tropical, woody species has been on the mass-flowering shrub Hybanthus 

prunifolius (Augspurger 1980). This species is self-compatible, and its only 

effective pollinators were meliponine bees in Costa Rica, although a large array 

of flower visitors was recorded. Both social and solitary bees were among the 

important pollinators of Viola spp., besides other flower visitors with long 
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mouthparts, including flies, butterflies and day-flying hawkmoths (Veerman 

and van Zon 1965, Beattie 1971, Herrera 1993). Most Viola spp. are self-

compatible, and the breeding system can involve cleistogamy (Berg and 

Redbo-Torstensson 1999) and delayed selfing (Culley 2002). All species 

studied have zygomorphic flowers with nectar-secreting appendages on the 

anterior filaments. The appendages extend into a corolla spur, where nectar is 

stored. Flowers of Hybanthus prunifolius and Viola spp. function during the 

day and offer nectar from the onset of anthesis. The sweet odor of violet 

flowers is well-known and frequently mentioned (e.g., Augspurger 1980), but 

analyses of floral scent composition have been published for only two species, 

V. odorata and V. etrusca (Tsuji 1997, Flamini 2002). 

Information on the floral biology of woody members of the family is 

still almost lacking. Specifically, there is no information available on floral 

scent composition, nectar characteristics, breeding system, or even the 

pollinators of almost all tropical Violaceae. The aim of this work is to widen 

the perspective on pollination in this ecologically little known family, 

providing information on two species with non-zygomorphic flowers, 

Paypayrola blanchetiana and Amphirrhox longifolia. Flower morphology and 

anthesis, floral scent and nectar production, determination of breeding system 

and seed set, and information on flower visitors and pollinators were the focus 

of this study. 

 

3.2 Material and Methods 
 

3.2.1 Study species 
 
Paypayrola blanchetiana Tul. is a small understory tree reaching a height of c. 

12 m at the study site. Trees are locally common at USJ, forming localized 

patches of close standing individuals, sometimes with solitary individuals at 

somewhat greater distance. The species is endemic to the Atlantic Forest in 

Northeast and East Brazil (Martini et al. 2007). Flowers and fruits were 

encountered year round. Flower biology was studied between May-July 2007 

and October-December 2008 in three forest fragments at USJ: “Vespas” (14 

ha), “Pezinho” (41 ha) and “Piedade” (240 ha) (Figure 5). 
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Amphirrhox longifolia (A. St.-Hil.) Spreng. is widespread in tropical 

lowland forest from Costa Rica to East Brazil (MOBOT 2009), and is a small, 

shrub-like treelet at our study site. The species was encountered in flower 

during the dry season and early wet season (Sept-Mar) in 2007/08, and fruits 

ripened approximately 4-6 weeks after flowering. A. longifolia appears to be 

local at USJ, as only two small populations, comprising c. 20 and 2 individuals, 

respectively, were located. Observations at flowers took place between October 

and December 2008 at the larger population in “Pezinho” fragment. Most 

individuals produced few inflorescences, and fresh flowers were generally 

scarce. On some days no fresh flowers were found. Additional data on fruit set 

were gathered on a large single plant in the “Macacos” fragment (326 ha) in 

March/April 2008 (Figure 5). 

 

Figure 5 Fragmented forest landscape on Usina São José showing the fragments 
where Paypayrola blanchetiana and Amphirrhox longifolia were studied: 1 Pezinho, 2 
Vespas, 3 Piedade, 4 Macacos (adapted from Schessl 2006). 
 

3.2.2 Anthesis, floral morphology and P/O ratio 
 

Anthesis was observed on several flowers during two full nights and days in 

May 2007 for P. blanchetiana, and three consecutive nights in October 2008 

for A. longifolia. Timing of flower opening, anther dehiscence, nectar 

availability, scent production and flower senescence were noted. Receptivity of 

stigmas was verified every 3 h using H2O2 (10%). Corolla and calyx length, 
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filament, anther and pistil length were measured in 10 fresh flowers of either 

species.  The ovaries of 10 flowers were dissected and ovules counted. Pollen 

numbers were determined for 10 randomly collected flowers using a cell 

counter (CASY®1 Schärfe System, Germany). P/O-ratio was assessed 

following Dafni et al. (2005). 

3.2.3 Scent production 
 
Floral scent was obtained using standard dynamic headspace sampling 

techniques (Knudsen and Tollsten 1993). P. blanchetiana was sampled in two 

fragments in May 2007 and October-December 2008. Samples were taken at 

the beginning of anthesis (22.00 h - 00.00 h; n=3), at mid-anthesis in the 

morning (07.00 h – 10.00 h; n=3) and towards the end of anthesis (13.00 h – 

15.00 h; n=1). Scent samples of A. longifolia (n=3) were taken shortly after 

onset of anthesis (18.00 h – 20.00 h). Flowers were covered with a scent-

neutral ovenbag PET film tube (Bratschlauch, Melitta GmbH, Germany) for 

odor accumulation. With a battery-operated membrane pump (flow rate 200 ml 

min-1), the air from within the bag was conducted through a glass tube. Scent 

volatiles were captured by a 1:1 (vol.) absorbent mixture of Tenax TA 80/100 

mesh (Buchem bv, The Netherlands) and Carbopack X, 20/40 mesh (Supelco 

Corp., USA). Absorbed scent was eluted with 0.15 ml of high grade acetone 

(Merck, Germany) and kept at 4 °C in 2 ml silanized glass vials (Sigma 

Aldrich Co./Supelco Corp., USA) until analysis. Blank samples of the 

surroundings were obtained as controls in order to subtract background noise 

from the samples. Compounds were identified by GC-MS at University of 

Bayreuth. Before analysis in a Varian Saturn 2000 mass spectrometer and a 

Varian 3800 gas chromatograph fitted with a 1079 injector (Varian Inc., Palo 

Alto, USA), 100 µg of nonadecane was added as internal standard. Samples 

were analyzed on a Saturn 2000 mass spectrometer (MS) coupled to a Saturn 

3800 gas chromatograph (GC) using a 1079 injector (all Varian, USA), fitted 

with the ChromatoProbe kit (Dötterl and Jürgens 2005). One µl of each sample 

was filled in a quartz vial, which was placed in the injector port by means of 

the ChromatoProbe (Dötterl et al. 2009). The split vent of the injector was 

opened and the injector heated to 40°C to flush any residual air from the 

system. The split vent was closed after 2 min and the injector was heated at 
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200°C and held at 200°C for 4.2 min, after which the split vent was opened and 

the injector was allowed to cool. A ZB-5 column (5% phenyl polysiloxane) 

was used for the analyses (60 m long, inner diameter 0.25 mm, film thickness 

0.25 µm, Phenomenex, USA), and the helium carrier gas flow was 1.8 ml min-

1. The GC oven temperature was held for 7 min at 40°C, then increased by 6°C 

· min-1 to 250°C and held for 1 min. The MS interface was 260°C and the ion 

trap worked at 175°C. The mass spectra were taken at 70 eV (in EI mode) with 

a scanning speed of 1 scan sec-1 from m/z 30 to 350. Saturn software package 

5.2.1 was used for data processing. Component identification was carried out 

using the NIST 08, Adams (2007), or Mass Finder 3.0 mass spectral data bases, 

and confirmed by comparison of retention times with published data (Adams 

2007). Some of the components were identified by comparison of mass spectra 

and GC retention data with those of authentic standards. 

 

3.2.4 Nectar production  
 
Nectar volumes were measured using disposable glass capillaries “minicaps 

end-to-end” (Hirschmann Laborgeräte GmbH, Germany) with capillary sizes 

of 1-10 µl. After volume measurement, the nectar was transferred to screw cap 

reaction vials filled with c. 1 ml of pure ethanol (70% Vol.) and HPLC grade 

water (30%) and stored at -20°C until analysis. For laboratory analyses of 

nectar sugar composition and nectar concentration in weight percent (Bolten et 

al. 1979), water and ethanol were removed from samples by vacuum 

centrifugation at 65°C (SpeedVac SC 110, Savant Instruments Inc., USA) and 

dissolved after drying in 100 µl of HPLC grade water. Specimens were 

vortexed, collected at 1,600 rpm at the vial bottom and filtered with a nylon 

filter membrane (0.45 µm pore size, Acrodisc 4 mm syringe filter, Pall Corp., 

USA). 50 µl of the filtered sample were transferred to an autosampling HPLC 

vial and analyzed with a HPLC unit (Waters Corp. USA), consisting of an 

autosampler (Waters 717 plus), isocratic pump (Waters 510), column oven 

(Waters CHM), a sentry guard column (high performance carbohydrate, size: 

3.9 x 20 mm; Waters), a high performance carbohydrate column (size: 4.6 x 

250 mm, particle size 4 µm, pore size 6 nm, Waters) and a refraction index 

detector (Waters 410). Millennium 32 v3.0 software (Waters) was used for 



3. Violaceae 

 56 

signal analyses. As mobile phase, HPLC grade acetonitryle/pure water 72/28% 

were used with a flow rate of 1.4 ml min-1. Injection volume was 10 µl. 

40 nectar samples for HPLC analyses were obtained from a total of nine 

P. blanchetiana individuals from the three studied populations. Volume 

measurements were performed with previously bagged flowers. Volume 

samples were taken at the beginning of anthesis (22.00 h), at 06.00 h (night 

time production), and 13.00 h (shortly before flowers became senescent; for 

total production). 10 bagged A. longifolia flowers and an additional 15 

unbagged flowers were sampled for nectar at 06.00 h (after 12 h of anthesis).   

 

3.2.5 Breeding system and fruit set  
 
To determine the breeding system, the following treatments were performed: 

(i) spontaneous self-pollination of unmanipulated bagged flowers, (ii) 

geitonogamous pollination (pollen from the same individual), (iii) hand cross-

pollination, (iv) open pollination as control. To estimate the rate of fruit 

abortions in Paypayrola, 40 initiating fruits were marked when the ovary was 

just noticeably enlarged, and the number of developing fruits still present was 

counted three weeks later.    

 

3.2.6 Flower visitation  
 
Nocturnal and diurnal video observations on flowers of both species were 

carried out in the Pezinho fragment with a digital videocamera (SONY DCR-

SR 90) equipped with infra-red night shot function to avoid distraction of floral 

visitors by artificial lights. P. blanchetiana flowers (3-7 in one frame) were 

videotaped at night over a total of 70 h (10 complete nights with 7 h duration 

from 22.00 h to 05.00 h). 24 h of daytime video observation (3-7 flowers at a 

time) was obtained between 05.00 h and 11.00 h. Amphirrhox longifolia 

flowers (1 or 2 at a time) were videotaped on 14 different nights for a total of 

55 h (for periods of 3-4.5 h after beginning of anthesis), and for a further 13.5 h 

during daytime on two occasions (06.30 – 08.00 h, and 05.00-17.00 h). 

For each flower visit, the identity of the flower visitor, time of visit, 

sequence of flowers visited and the quality and duration of flower handling 
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were noted. Some flower visitors were captured with an entomological net for 

identification. Mean visitation rates (visits flower-1 h-1) were calculated by 

dividing the total number of visits by the product of flower number and number 

of observation hours.   

 

3.2.7 Pollen germination experiment  

 

The capacity of P. blanchetiana pollen to germinate after exposure to floral 

nectar was tested. Fresh ripe buds were collected in the evening before the 

experiment, and bagged flowers (which had accumulated nectar for seven 

hours) were collected in the morning of the experiment. All buds and flowers 

came from the same plant individual. The pollen of a freshly dehisced anther 

was placed in a drop of P. blanchetiana floral nectar for (i) 1 h, (ii) 3 h, (iii) 7 

h, (iv) control with no exposure, and then transferred to a Petri dish with 0.01% 

boric acid in acq. dest. and sucrose concentrations of 5, 10, 20 and 35%. After 

overnight incubation at room temperature, the percentage of germinated pollen 

grains was assessed by counting 100 grains. Pollen tube length was estimated 

in relationship to pollen size.       

 

3.3 RESULTS 

 

3.3.1 Anthesis, Flower Morphology and P/O Ratio  

 

Paypayrola blanchetiana flowers are axiallary or cauliflorous and are 

presented on racemose inflorescences with 10.9 ± 3.6 buds (range 5-20). 

Extrafloral nectary glands are present at the base and in the middle of the 

inflorescences. On each night, 0-2, rarely 3-5, flowers opened simultaneously 

on a given inflorescence, and each inflorescence presented 1.06 ± 0.7 flowers 

per day. Inflorescences flowered for approximately 10 days.    

Flowers normally opened in the evening (after dusk) and were fully 

open at about 22.00 h. At this time, flowers were emitting a sweet perfume-like 

odor which lasted throughout the night and most of the following day. Pollen 
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was released shortly before flower opening and presented on the inside of the 

anthers. Stigmas were receptive throughout anthesis. Flowers wilted between 

ca 13.00 h and 16.00 h on the following day, therefore lasting about 15 to 18 

hours. A small number of flowers began to bloom earlier, between about 15.00 

h and 16.30 h in the afternoon. These flowers were always on single plants on a 

given day, which then would open either all or the majority of its buds at this 

early time. The next day the same plants would return to normal flowering. The 

early-anthetic flowers appeared at random and seemingly without pattern in 

different localities, and the trees displaying them were scarce. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6  Above: Inflorescence of P. blanchetiana (left) and A. longifolia (right). Below 
left: size comparison of flowers; below right: Longitudinal sections of P. blanchetiana 
(left) and A. longifolia flower. Note position of anthers at the base of the corolla. 
 
 

The flowers possess a narrow tubular corolla consisting of five white to 

pinkish, unfused petals. Four of the petals are equally formed with short tips, 

while the lowermost (adaxial) petal is bilobate and slightly broadened and 

elongated (“subactinomorphic” flower type; Figure 6). The corolla tube is 

about 9 mm long (combined calyx+corolla 11.3 mm), the height of the ovoid-

shaped, superior ovary is 1.6 mm, and style length is about 3.4 mm (combined 

pistil length 5 mm). The style is straight or S-shaped, and the stigma is 

flattened with a tiny surface. There is a tube of fused filaments with a height of 
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1.4 mm at the base of the corolla, surrounding the superior ovary. The 

yellowish anthers are broad and cushion-shaped, introrse and about 1.2 mm 

long, with rudimentary connective appendages. Pollen sacs are separated by a 

groove. Ovaries produced 11.4 ± 2.4 ovules (range 8-16), and a flower 

produced 7,125.5 ± 2,862 pollen grains. The average P/O ratio was 643.5.  

Amphirrhox longifolia has cymous inflorescences with 2-5 long-

peduncled, slightly downward inclined flowers. Flowers opened at or shortly 

before dusk (17.15 h – 17.45 h), while emitting a strong, sweet odor. Anthers 

were dehisced from beginning of anthesis and stigmas receptive. Flowers 

bloomed for three nights and two days, usually falling off in the morning of 

day 3. Stigmas were receptive until the end of the second day. Floral scent was 

strongest during the first night and weak during the day or during consecutive 

nights. In general, an inflorescence presented one fresh flower per night. 

Flowers are larger than in the previous species (Figure 6). The five pure 

white, non-fused petals are about 20 mm long. The basal parts of the petals 

form a corolla tube 13 mm long, and the petal tips spread at about a right angle 

from the corolla. The bottom petal broadens abruptly to form a bilobate blade. 

The tube is slightly decurved, widest near the base (c. 3 mm) and narrowest 

near the opening, at the height of the stigma. The pistil is 10 mm long, the style 

is straight and the terminal stigma is flattened, fan-shaped and has a very small 

surface. The filaments are narrow, c. 2 mm long, and fused only at the base. 

The introrse anthers are triangular and about 1.5 mm long. There is a 

conspicuous wire-shaped connective appendage, c. 2 mm long, protruding from 

the anthers. The pollen grains measure 22-24 µm in diameter and do not stick 

together. Mean ovule number was 32.4 ± 4.8 µm, and flowers produced 

6,013.7 ± 1,769 pollen grains, resulting in a P/O ratio of 185.7. 

 

3.3.2 Floral scent  
 
A total of 84 chemical compounds belonging to eight compound groups were 

isolated (69 identified), with 23 found in both species (Table 7). P. 

blanchetiana flowers contained a total of 47 compounds, and A. longifolia  
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Table 7  Chemical compounds in scent samples of Amphirrhox longifolia (AMP) and 
Paypayrola blanchetiana (PAY), shown as mean per cent.  K RI Kovats Retention 
Index, Ve="Vespas" Population Pz="Pezinho" Population. N Number of samples  (1) 
number of samples with compound. tr  traces <0.01%. Samples taken at night (after 
anthesis begin), except two samples PAY (Pz) during day 

         
Compound group K RI  AMP  PAY (Ve) PAY(Pz) 
Compound    (N=2)  (N=2) (N=5) 
       
Fatty acid derivatives       
Z-3-hexen-1-ol 866  0.35 (1)  tr (1) tr (2) 
Z-3-Hexenyl acetate 1008     0.21 (1) 
3-Nonen-2-one 1148    1.24 (1)  
Z-3-Hexenyl butyrate 1194    0.14 (1)  
3-Decen-2-one 1247    2.19 (1)  
3-Undecen-2-one 1346    2.34 (1)  
3-Dodecen-2-one 1448    15.48(1)  
3-Tridecen-2-one 1548    10.47 1)  
Benzenoids       
Benzaldehyde 968  9.7    
Benzylalcohol 1041  2.71   7.38 (3) 

Phenylacetaldehyde 1052     9.97 (1)2 
p-Cresol 1074  2.37  0.25 (1) 0.91 
Guaiacol 1097     tr (1) 

Methyl benzoate 1104  18.5   2.93 (3)1 
2-Phenylethanol 1122  1.73   2.77 
Benzyl acetate 1170  tr  0.54 2.59 (4) 
Methyl phenylacetate 1185  tr    
Methyl salicylate 1209  0.52  0.52 1.74 (4) 
Chavicol 1256  0.51  0.47 (1) 0.45 
2-Phenylethyl acetate 1265  0.1   0.33 (4) 
4-Methoxy benzaldehyde 1269  0.17    
Benzalacetone 1272  tr  0.79 (1)  
p-Anisyl alcohol 1296    0.54 (1)  
Methyl-o-anisate 1345  0.76    
Benzalacetone derivative 1371  0.4    
Methyl-p-anisate 1387  Tr    
p-Anisyl acetate 1428    26.93(1) 0.21 
Phenyl propanoids       
Eugenol 1368  0.73   2.23 (3) 
Methyleugenol 1409  4.45    
N-bearing compounds       
3-methylbutyl aldoxime (syn or anti) 861  0.27    
2-methylbutyl aldoxime (syn or anti) 863     tr (1) 
3-methylbutyl aldoxime (syn or anti) 877  0.36    
Benzyl nitrile 1149  5.38   1.3 (3) 
2-Aminobenzaldehyde 1232  tr (1)    
Indole 1308  11.41    
1-Nitro-2-phenylethane 1313  0.45    
Methylanthranilate 1358  0.39(1)    
Monoterpenoids       
α-Thujene 935  0.3    
β-Sabinene 982  0.3    

continued  
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cont. 

b-Myrcene 994  0.65   1.88 (3)1 
α-Phellandrene 1012  0.2    
α-Terpinene 1024  0.51    
Limonene 1041  0.2   0.75 (4) 
Eucalyptol 1042  2.71   1.68 (4) 
Z-β-Ocimene 1046  1.03  0.41 (1) 0.14 (3)1 
E-β-Ocimene 1051  13.55  11.08 9.73 (4) 
γ-Terpinene 1066  0.65   0.13 (3)1 
Z-linalool oxide (furanoid) 1081  0.13    
E-linalool oxide (furanoid) 1096  0.41  0.12 0.13 (4) 
Terpinolene 1098  0.29   tr (2) 
Linalool 1101  6.99  44.13 63.39 
allo- or neo-allo-Ocimene 1133  tr    
δ-Terpineole 1179  0.13    
Z/E-Linalool oxide (pyranoid) 1184  1.91   6.65 

4-Terpineole 1191  tr   tr (3)1 
α-Terpineol 1201  2.18    
E-Linalool oxide acetate (pyranoid) 1294  tr    
Methylgeranate 1327  tr    
Sesquiterpenoids       
β-Caryophyllene 1448     0.47 (3)1 
E-β-Farnesene 1462  1.04    
unknown 1467  tr (1)    
unknown 1470  tr (1)    
α-Caryophyllene 1483     0.13 (3)1 
Germacrene D 1508  0.26 (1)    
E,E-α-Farnesene 1514  0.52    
E-Nerolidol 1573  0.12    
Dendrolasin 1586  0.11    
Irregular terpenes       
4-Oxoisophorone 1153  0.2    
α-Isophorone 1226    0.39 (1)  
β-Ionone 1503  0.23    
Miscellaneous       
2,6,6-Trimethyl-2-vinyl-5-
ketotetrahydropyran 1115  3.44    
Unknowns       
m/z: 81,79,43,109,39,41 949  0.18    
m/z: 43,39,69,41,97,42 953    16.9 (1)  
m/z: 69,95,39,55,43,67 1003    1.01 (1)  
m/z: 79,81,39,77,107,41 1027    0.18 (1)  
m/z: 67,39,41,81,79,43 1033  0.58    
m/z: 95,79,81,53,39,77 1101    0.36 (1)  
m/z: 79,67,81,91,39,109 1131  tr    
m/z: 125,43,85,43,39,41 1140  tr    
m/z: 43,67,55,111,110,39 1173    0.72 (1)  
m/z: 98,126,83,42,84,140 1180    0.67 (1)  
m/z: 43,67,55,111,153,68 1184    1.36 (1)  
m/z: 43,117,115,109,91,127 1418    0.46 (1)  
m/z: 159,131,115,116,91,57 1628    0.36 (1)  
              
1 present in night samples only   2 present in day samples only     
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contained 60 substances. Most important compound classes were benzenoids 

and monoterpenoids for both species, while sesquiterpenoids and N-bearing 

compounds were identified mainly from Amphirrhox. 

Scent samples taken from two different populations of P. blanchetiana 

were qualitatively different. Samples from the Pezinho population had a greater 

variety of benzenoids and monoterpenes, while in the Vespas population fatty 

acid derivatives were prominent in one sample. Both populations shared only 

about one third of their compounds.  

The dominant compound in all P. blanchetiana samples was linalool. 

Other important compounds were E-β-ocimene, Z/E-linalool oxide, benzyl 

alcohol, p-anisylacetate and 3-dodecen-2-one. A. longifolia scent was more 

heterogeneous with methyl benzoate, benzaldehyde, methyl eugenol, E-β-

ocimene, linalool, and the N-bearing compounds indole and benzylnitrile 

dominating the samples. Samples of both species also included small to 

moderate amounts of benzyl alcohol, methyl salicylate, eucalyptol and eugenol. 

 

3.3.3 Nectar  
 
No nectar was detected in flowers of A. longifolia. In P. blanchetiana flowers, 

mean total nectar volume was 4.3 ± 3.9 µl (n=27). Volumes from Pezinho 

population (mean 7.5 ± 3.7 µl, n=12) were significantly greater than from 

Vespas population (mean 1.7 ± 1.1 µl, n=15) (U test Z=-3.928, p<0.001). In the 

Pezinho population, total nectar volumes were significantly higher than 

volumes produced during the night (mean 3.4 ± 1.1 µl, n=17) (U test Z=-3.228, 

p<0.001). At the beginning of anthesis, very little or no nectar was present in 

flowers (0.26 ± 0.28 µl, n=10).  

Mean nectar sugar concentration (w/w) was 23.6% ± 11 (n=40). 

Concentrations did not differ significantly between populations (Kruskal-

Wallis comparison). Main sugar compositions were highly variable between 

samples, which contained a mean 159.1 ± 246 µg/µl sucrose, 113.7 ± 145 

µg/µl fructose and 96.4 ± 136 µg/µl glucose. The mean S/(F+G) ratio (sucrose 

to monosaccharids) was 0.96 ± 0.97 and varied between 0 and 3.1. There was a 

significant difference in S/(F+G) ratio between populations in different 

fragments (Figure 7; Kruskal-Wallis H=15.08, p<0.001): Piedade: mean 1.27 ± 
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0.24 (n=8); Vespas: mean 0.41 ± 0.15 (n=21), Pezinho: mean 2.29 ± 0.26 

(n=7). 

   Piedade        Vespas         Pezinho
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Figure 7  Ratio of sucrose to hexoses of Paypayrola blanchetiana nectar samples in 
three fragments. Piedade population N=8 samples, Vespas population N=21, Pezinho 
population N=7. Kruskal-Wallis test: H=15.88, P<0.001. Mean (dashed line), median 
(black line), standard dev. and 95% confidence interval are shown. 
 
 
 
 

Table 8 Number of fruits and fruit set of Paypayrola blanchetiana and Amphirrhox 
longifolia following different pollination treatments. Seeds per fruit given for natural 
pollination  
      

  Geitono-   Spontaneous 
  gamous Cross- Natural  self- 
  pollination pollination pollination pollination 
          

      
 N 30 86 2010 110 

P. blanchetiana Fruits 0 7 21 0 
 Fruit set [%] 0 8.1 1 0 
 Seeds/fruit   4.8 ± 2.8  
            

      
 N 10 5 73 - 

A. longifolia Fruits 0 1 8 - 
 Fruit set [%] 0 20 11 - 
 Seeds/fruit   7 ± 4.8  
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3.3.4 Breeding system and natural fruit set  
 
Hand pollinations showed that both P. blanchetiana and A. longifolia were 

self-incompatible (Table 8). Geitonogamous hand-pollinations did not result in 

fruit initiations in either species, suggesting an effective self-incompatibility 

mechanism. Fruit set following natural pollination was low (11%) for A. 

longifolia and very low (1%) for P. blanchetiana. Of 40 marked young P. 

blanchetiana fruits, 90% were aborted during the first three weeks of 

development. Thus, about 10% of all flowers initiated a fruit.  

 

3.3.5 Flower visitation  
 
Paypayrola blanchetiana flowers were visited both at night and during the day 

(Table 9). All visitors foraged for nectar. Insect visitation during the day was 

higher than at night (1.89 vs. 0.5 visits flower-1 h-1). Nocturnal visitors to P. 

blanchetiana were perching moths (Noctuidae, Geometridae), hawkmoths 

(Sphingidae) and the crepuscular bee Megalopta sp. (Halicticidae). Visitation  

 

Table 9  Number of flower visits, mean visitation rates and mean 
duration of flower visits by different visitor groups during 70 h  nighttime 
and 24 h daytime observation at 44 Paypayrola blanchetiana flowers 

      
 Visitors  total visits visits duration 

    flower-1 h-1  [s] 
          

      

 Sphingidae  86 0.28 1.5 ±1.2  
 Noctuidae  20 0.07 30.4 ±2.4  

Night Geometriidae  22 0.07 16.5 ±2.3  
 Megalopta sp.  24 0.08 12.5 ±2.2  
           
      
 butterflies       153 1.4 16.3 ±26.3 

Day bees  54 0.49 4.3 ±3.9 
 Phaetornis ruber  68 0.62 - 

            
 

was highest during the last hour (at dawn) with 68% of all recorded flower 

visits (Figure 8). There was little visitor activity, mainly by geometrid and 

noctuid moths, during the first four hours of Paypayrola anthesis. The 44 

monitored flowers received a mean 3.5 ± 2.8 visits during the night. 15% of 
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flowers remained unvisited during the night. Hawkmoths performed more than 

half of all nocturnal flower visits (56%), arriving mainly at dawn. Flower visits 

by Megalopta sp. (16%) were only recorded between 04.21 h and 04.50 h. 

Megalopta visitation took place on 6 out of 10 observation nights. During the 

day, P. blanchetiana was visited by various butterflies (Lycaenidae, 

Riodinidae, Hesperiidae, Ithomiinae, Heliconius spp.), bees (Euglossa spp., 

Apis mellifera) and a hummingbird, Phaetornis ruber (Trochilidae). Flower 

visits by P. ruber were always brief, and the birds did not insert their bills fully 

into the corolla, but withdrew nectar with the tongue.  

hour after start of anthesis 
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Figure 8  Insect visits per hour to flowers of Paypayrola blanchetiana during ten nights of 
videographed observation. Numbers 1-7 refer to hours after beginning of anthesis (22.00 
p.m.) Night observation ended at 05.00 a.m. (end of dawn period). 
 
 

A. longifolia received few flower visits. There was hardly any nighttime 

visitation during 55 h of observation. Megalopta sp. was videotaped once at 

dusk (17.30 h) at a freshly opened flower, while there was a record of a bee of 

the same species on a different date and plant, but at almost precisely the same 

time (17.32 h). During video observation, the bee made a directed approach, 

landed and positioned itself swiftly, and pushed its mouthparts into the corolla 

several times, presumably to retrieve pollen. Simultaneously, the bee 
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performed leg movements typical of pollen storing while perched. The visit 

lasted for approximately 10 s. All other flower visits took place at daytime. A 

male Euglossa perpulchra Moure & Schlindwein (Apidae: Euglossini) was 

videographed at 08.05 h, performing movements typical of scent-collecting 

behavior, i.e., scraping petals of two flowers while perched and making leg 

movements consistent with perfume storing while hovering. The visits lasted 

44 s at a fresh and 8 s at a 1 day old flower of the same inflorescence. On a 

different date, Heliconius cf. erato was video-recorded visiting a flower for 

about 30 s at 07.08 h, repeatedly moving its tongue back and forth, after which 

it perched on a leaf (partly visible in the video frame), where it made thrusting 

movements with the tongue for about two minutes. Finally, an unidentified 

male euglossine bee (Euglossa sp.) arrived at 07.50 h at the same 

inflorescence. During a 30 s visit to a fresh flower, the bee repeatedly perched 

on the petals and inserted its tongue fully into the corolla, which alternated 

with short hovering flights, while cleaning the tongue with the front legs and 

performing leg movements typical of scent storing. Afterwards, Euglossa sp. 

briefly probed two more flowers, one of which had previously been visited at 

length by Heliconius, before flying away. H. cf. erato appeared again at the 

same inflorescence at 10.08 h., 11.04 h. and 11.49 h, but probed only briefly. 

 

Table 10  Germination rates (%) of Paypayrola blanchetiana pollen after  
1, 3, 7 and 0 hours (control) of exposure to nectar. Relative tube length  
indicated as follows: * short (<5x pollen diameter), ** medium (ca 30x  
pollen diameter), ***long (>100x pollen diameter, as in controls) 
            

sucrose                        
  conc. [%]  1h   3h   7h   control 
                        

            
5      8***     10**   0   27 

  0   -    9*   61 
            

10  0     7*   0   95 
  <1**   <1*   0   58 
                        

 
 
 



3. Violaceae 

 67 

3.3.6 Pollen germination experiment 
 
Pollen grains of P. blanchetiana exposed to boric acid solutions with 20 and 

35% sucrose concentration did not germinate. In 5 and 10% sucrose, 

germination rates of pollen without previous nectar exposure were between 27 

and 95%, with very long pollen tubes. All pollen assays that had been exposed 

to nectar showed sharply reduced germination rates, and all but one had 

inhibited pollen growth as well (Figure 9). No successful pollen germination 

was observed following 7 h of exposure to nectar (Table 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9  Experimental germination of Paypayrola blanchetiana pollen following exposure 
to nectar (0.01% boric acid medium with 5 or 10% sucrose).  Above left  1h exposure, 
10%, above right  3h exposure, 5%, below left  7h exposure, 5%, below right  control, 5%. 

 

3.4 DISCUSSION 
 

3.4.1 Flower characteristics and floral visitors 
 
Paypayrola blanchetiana and Amphirrhox longifolia flowers open at night, 

which is different from the purely diurnal Violaceae thus far described. They 
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also differ from Viola spp. and other zygomorphic “typical” violet flowers 

(such as Hybanthus) by a simpler floral structure with a tubular corolla, but 

lacking a nectar spur. The corolla tube favors pollination by insects with long 

mouthparts. Accordingly, moths were regularly recorded visiting P. 

blanchetiana flowers during the night, and butterflies during the day. However, 

at A. longifolia we recorded no moth visitation, although flowers emitted a 

strong sweet scent throughout the night. These flowers offered no nectar 

reward, which explains why they were avoided by nectar-seeking moths. The 

apparent absence of nectar in this species appears to be a derived condition in 

Violaceae where nectar production prevails (Beattie 1969, Augspurger 1980). 

Freitas and Sazima (2003) describe the case of two Viola species from Brazil 

with reduced nectaries, which produced very little or no nectar, and were 

pollinated by pollen-collecting Andrenid bees. 

A wide range of nocturnal and diurnal visitors to P. blanchetiana 

flowers was recorded. The short corollas suggest phalenophily rather than 

sphingophily. It was therefore surprising that hawkmoths visited twice as many 

flowers than perching moths. Hawkmoths may be especially important 

pollinators, not only because they visited many flowers, but also because of 

their ability to carry pollen over long distances (Bawa 1990). Nectar production 

in Paypayrola was clearly abundant enough to attract many hawkmoths. The 

regular visits of crepuscular Megalopta sp. at this understory tree species were 

remarkable. Bees in this genus were strongly associated with the canopy during 

a long-term survey in Panama (Roubik 1993). Megalopta bees appeared at 

Paypayrola flowers exclusively in the last hour of dawn, which corresponds to 

the behavior of Megalopta ecuadoria (Roulston 1997). In general, flowers 

were not functional at dusk, when Megalopta sp. may have been active as well, 

comparable to M. genalis (Roulston 1997).  

Scent samples of both species overlapped to a great extent, although 

A. longifolia had a more complex scent composition. Both species contained 

compounds associated with moth pollination (Knudsen and Tollsten 1993), but 

also several compounds attractive to euglossine bees, notably eucalyptol and 

eugenol (Skov and Wiley 2005). Paypayrola and Amphirrhox floral scents had 

a higher content of benzenoid substances in comparison to Viola etrusca 
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(Flamini et al. 2002), one of the few examples within Violaceae available for 

comparison.  

Both species are self-incompatible, which is consistent with a general 

bias towards outcrossing in Neotropical trees (Ward et al. 2005), but quite 

different from the mixed mating system proposed for several Viola spp. (Berg 

and Redbo-Torstensson 1999, Culley 2000, Culley 2002). Self-incompatibility 

could also affect pollination strategy, e.g. by relying to some degree on long-

distance pollinators. Both species were small and displayed a “steady-state” 

flowering pattern (Gentry 1974), with relatively few flowers. They may 

therefore easily receive outcrossed pollen, and traplining pollinators may 

regularly visit them on their foraging routines.   

 

3.4.2 Fruit set and pollination in P. blanchetiana 

  
Fruit set in P. blanchetiana was notably low, but visitation rates were not. 

Observations took place during the dry season, and in the wet season visitation 

may have been more frequent. Hawkmoths (Haber and Frankie 1989) or 

nocturnal bees (Wolda and Roubik 1986) are more abundant during the wet 

season. Fruit set of P. blanchetiana was low throughout the year (Braun, 

unpublished) and can probably not be explained by insufficient flower 

visitation. 

Flowers were not visited much before dawn. There seems to be an 

unusual conflict between nectar production and pollinator attraction on one, 

and successful pollination on the other side: Since pollen is presented near the 

base of the corolla, it easily gets drowned in the accumulating nectar. The 

pollen germination experiment showed that even a short exposure to nectar 

seriously restrains pollen germinability. The longer the pollen grains are 

exposed to nectar, the lower their chances for successful germination. As a 

consequence, the majority of flowers visited may not have contained viable 

pollen. For the same reason, insects visiting flowers in the daytime are 

expected to be poor pollinators as well. This helps explain the low fruit set, but 

it is not so obvious how pollination is actually supposed to function in P. 

blanchetiana. The primary pollination rate of about 10% (initiated fruits) could 
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be the result of (i) early visits by (mostly geometrid and noctuid) moths, (ii) 

many consecutive visits to the same flower, keeping nectar standing crop 

constantly low (in which case diurnal bees and butterflies might contribute to 

pollination), and (iii) some flowers producing no or little nectar so that insects 

withdrew “dry” pollen when probing the corollas. There was no evidence for 

the latter, however. Anthesis began unusually late, several hours after sunset. 

Nectar production started only after anthesis had begun. Possibly, the 

pollination strategy includes deception of moths into probing flowers when 

nectar is still unavailable. Finally, there may be an altogether different strategy: 

some plants displayed open flowers in the late afternoon. Possibly, these plants 

had a distinct male function. Pollen-collecting bees and Heliconius butterflies 

(the same visitors we recorded at Amphirrhox flowers) may visit Paypayrola 

flowers for pollen in the afternoon or at dusk (Megalopta), connecting some 

widely scattered trees with open flowers at that time. Later at dawn or in the 

morning they may come back for nectar, thus pollinating more flowers. This 

scenario would involve very efficient gene flow, since “male” function shifts 

among individuals, and would also largely depend on highly mobile traplining 

bees as pollinators. Heliconius foraging ranges are probably more limited, 

although male Heliconius spp. disperse pollen of Psiguria warszewiczii over 

distances of several hundred meters (Murawski and Gilbert 1986). Pollen is 

actually presented before nectar production in Psiguria and Gurania (Boender 

2004). These Cucurbitaceae genera are among the most important pollen 

flowers for Heliconius spp. (Cardoso 2001), which collect pollen first and later 

visit the same flowers for nectar. 

   

3.4.3 Pollinators of A. longifolia   
 

Derived genera within the family, such as Viola spp. (tribe Violeae) store 

nectar in spurs (Feng 2005) or deep gullets (Augspurger 1980), while spurs are 

absent in Rinoreeae (Hekking 1988, Feng 2005). A possible strategy to avoid 

nectar and pollen interference in flowers with the low stamen position 

prevalent in Violaceae is not to produce any nectar. Nectarless A. longifolia 

was rarely visited by insects, yet surprisingly had much higher fruit set than P. 

blanchetiana. This suggests that pollination functioned better in Amphirrhox, 
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and that pollinator abundance was not the most important determinant for fruit 

set. The pollen, presented near the corolla tube base, did not suffer viability 

losses due to contact with nectar, and therefore flowers had a higher probability 

of receiving viable pollen after one flower visit.   

Crepuscular bees may be important pollinators, since they 

should be the only pollen collectors normally active at dusk, when Amphirrhox 

flowers start blooming. The Euglossa spp. that was videographed probing the 

corolla showed an unusual behavior, but must be regarded a potential 

pollinator. It remains to be investigated further if (i) euglossine bees regularly 

visit flowers of A. longifolia, and (ii) if they actually forage for liquid scent 

produced at the base of the flower. 

The observed fruit set was apparently affected by butterfly and bee 

visitation only, as no moths or hawkmoths visited the flowers. The latter did 

regularly visit co-ocurring P. blanchetiana. The tubular white corollas of A. 

longifolia, flower opening at dusk and emission of sweet perfume-like scent 

during the night are typical traits of moth-pollinated flowers (Oliveira et al. 

2004). Moreover, the complex scent composition of A. longifolia should be 

attractive for moths and hawkmoths, as they contain, among others, acyclic 

terpene alcohols (e.g. linalool), nitrogen compounds and benzenoid alcohols 

and esters (Knudsen and Tollsten 1993, Jürgens et al. 2002). The three 

compounds benzaldehyde, benzyl alcohol and methyl benzoate, which together 

made up about 30% of Amphirrhox flower scent composition, have been shown 

experimentally to elicit strong EAG responses in the hawkmoth Manduca sexta 

(Hoballah et al. 2005). Therefore one might assume a deceit strategy aimed at 

moths. There was no evidence that this strategy works, however. We did not 

identify possible nectar-bearing model flowers for mimicry, but there may be 

such models in other locations. Pollination solely by deceit is precarious: a 

deceit strategy resulted in low visitation and, therefore, low fruit/flower ratios 

in hawkmoth-deceiving Apocynaceae Nerium oleander and Aspidosperma 

quebracho-blanco (Herrera 1991, Lin and Bernardello 1999). However, low 

fruit set was compensated for by copious flower production and/or high seed 

set per fruit, resulting in high seed production. Deceptive orchids, especially in 

the tropics, compensate for low fruit set by exceptionally high seed numbers, 

single fruits having tens of thousands, if not millions of wind-dispersed seeds 
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(Neiland and Wilcock 1998). In the present case, A. longifolia fruits have no 

more than 30 ovules, and their seeds are only short-distance dispersed by an 

explosive mechanism. Pollinator deceit is therefore probably at most a 

complementary pollination mechanism for A. longifolia.   

 

3.4.4 Are nectar and scent production affected by 
fragmentation?  
 
The differences in nectar volumes and sugar ratios between fragments were 

striking. Whereas nectar volumes are often variable and subject to 

environmental conditions, nectar sugar composition is a much more 

conservative phylogenetic trait (Wolff 2006). The shift from hexose-dominant 

to sucrose-dominant nectar among two populations only 6 km apart (but 

isolated by an inhospitable sugarcane matrix) may be the result of severe 

landscape disturbance: if P. blanchetiana has been experiencing genetic drift 

following the fragmentation process (Hamilton 1999), the differences may 

reflect different genotypes. The fact that one scent sample from the Vespas 

population was so different from all scent samples from the Pezinho population 

(with less than half of all compounds held in common) may point to the same 

phenomenon, but more sampling would be needed to confirm if such 

phenotypical differences are consistent between fragments and populations. 

Flamini et al. (2003) propose genetic isolation as the main cause for qualitative 

differences between essential oil compositions of several Viola etrusca 

populations, with distances of 2 km or more between them.
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4. Effect of forest fragmentation and patch 

flowering intensity on reproductive success 

of Paypayrola blanchetiana (Violaceae) in the 

Atlantic rainforest of NE Brazil 

 

4.1 INTRODUCTION 
 
What mechanisms cause low fruit set and seed set in flowering plants? Most 

early studies on this subject have concluded that resource limitations are 

responsible for most fruit and seed abortions as well as below potential fruit set 

(Stephenson 1981, Udovic 1981, de Jong and Klinkhamer 1989). More 

recently, however, it has been shown that pollen limitation can lower fruit and 

seed set of many plant species (see reviews by Burd 1994, Larson and Barrett 

2000, Ashman et al. 2004). Pollen limitation has been suggested to act not only 

on the quantity of pollen grains transmitted to stigmas, but also on the quality 

of pollination (Aizen and Harder 2007). Qualitative pollen limitation may 

involve inviable pollen, or incompatible or otherwise unsuitable pollen, 

clogging stigmas or pre-empting ovules which can no longer be fertilized by 

compatible pollen (Wilcock and Neiland 2002). Further, qualitative pollen 

limitation occurs when plants carry high genetic loads and lethal equivalents 

which get exposed through matings among close relatives (Levin 1984, Wiens 

et al. 1987, Burbidge and James 1991). In outcrossing plants, recessive lethals 

act primarily during early development, causing widespread seed abortions 

(Husband and Schemske 1996). A large number of aborting young fruits and 

seeds can be an indication of post-fertilization, late-acting self-incompatibility, 

or inbreeding depression (Wiens 1984). Inbreeding depression appears to be 

most common among self-compatible plants with mixed mating systems, 

substantially raising post-fertilization outcross levels at fruit maturation 

(Kärkkäinen and Savolainen 1993, Husband and Schemske 1995, Kennington 

and James 1997). However, biparental inbreeding among mainly or completely 
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outbreeding species has been reported as well (e.g. Holtsford and Ellstrand 

1990, Richards 2000, Collevatti et al. 2001, Stacy 2001, Degen et al. 2004). 

Habitat fragmentation and subsequent isolation of plant populations 

reduces fecundity of many plant species (Aizen and Feinsinger 1994, Rocha 

and Aguilar 2001, Fuchs et al. 2003, Aguilar and Galetto 2004, Valdivia et al. 

2005). Fragmentation effects on plant fecundity are frequently caused by 

pollen limitation (Cunningham 2000, Moody-Weis and Heywood 2001, 

Johnson et al. 2004a, Aguilar et al. 2006). For example, pollinator abundance 

may be reduced in fragments, resulting in lower pollen transfer to stigmas 

(Jennersten 1988, Steffan-Dewenter and Tscharntke 1999). Alternatively, 

pollinator numbers can remain stable in fragments, but pollinator behavior 

changes, so that they move less between isolated patches and transfer more 

self-pollen or pollen of closely related, neighboring plants (Ghazoul and 

McLeish 2001, Goverde et al. 2002).  

A number of studies have found reproductive success at the seed level 

to be positively correlated with population size (e.g. Widén 1989, Ågren 1996, 

Richards et al. 1999, Ward and Johnson 2005) or population density (Talavera 

et al. 1993, Somanathan and Borges 2000, Ghazoul 2005). Apart from being 

less attractive for pollinators (Groom 1998, Johnson et al. 2004a, Somanathan 

et al. 2004), small populations display reduced allelic diversity and 

heterozygosity (van Treuren et al. 1991, Raijmann et al. 1994, Prober and 

Brown 1994, Young et al. 1999). Since plant populations decrease with 

fragment size, they should be genetically less diverse in small fragments, if 

fragment borders disrupt pollinator movements (Powell and Powell 1987, 

Severns 2003, Milet-Pinheiro and Schlindwein 2005). As a consequence, the 

potential for inbreeding effects on fruit and seed production in small habitat 

fragments may be substantial (Ellstrand and Elam 1993, Young et al. 1996). To 

our knowledge, few studies to date have explored the possibility of inbreeding 

depression as a determinant of reproductive failure in fragmented habitats (but 

see Gigord et al. 1998, Gigord et al. 1999, Severns 2003).  

Pollinator visitation rates usually correlate with floral display (Lehtila 

and Strauss 1997, Somanathan and Borges 2001), and fruit set often increases 

with display size as well (Somanathan and Borges 2000, Muñoz et al. 2005). 

On the other hand, fruit set can be a negative function of individual floral 
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display size on self-incompatible (SI) plants because of increased geitonogamy 

(de Jong et al. 1992). Pollinators are most attracted to patches during times of 

intense flowering, effecting many flower visits among close-standing trees to 

exploit resources (e.g. highly synchronous flowering described by Augspurger 

1980, Marquis 1988). When patch flowering intensity is low, pollinators are 

more inclined to fly greater distances and incorporate more distant patches into 

their foraging (Murawski 1987, Melampy 1987). Therefore, the influx of 

immigrant pollen from other patches is assumed to be proportionally higher 

when patch flowering intensity is low. While the role of patch size and plant 

density in reproductive success has received a fair share of attention, few 

studies have investigated the influence of neighborhood floral display size on 

fruit set (but see Somanathan and Borges 2004). 

Paypayrola blanchetiana (Violaceae), a self-incompatible understory 

tree, displayed low fruit and seed set, and high abortion rates of about 90% of 

initiated fruits at the study site (see Chapter 3), suggesting substantial 

biparental inbreeding as a plausible scenario. Because of its limited seed 

dispersal across a few meters and clustered distribution, a genetically 

structured population is assumed, close standing plants being more related to 

each other than to distant ones (see Degen et al. 2004, Azevedo et al. 2007). 

The continuous flowering pattern with immediately following fruit 

development provides a rare opportunity to study the influence of patch 

flowering intensity on the resulting fruit set by repeatedly sampling the same 

set of trees over a reasonable time scale. This is proposed as an indirect way to 

detect possible biparental inbreeding (or other reproductive incompatibility) 

among related, close-standing trees: if neighboring plants within a patch are 

good mating partners (no substantial inbreeding, few or no shared 

incompatibility alleles through high S-allele diversity), fruit set within a patch 

should be either unrelated to, or a positive function of the patch flower number. 

If inbreeding depression or shared incompatibility alleles causes many matings 

between related, neighboring plants to fail, then fruit set on a patch scale will 

be a negative function of within-patch flower production. 

This study compares flower and fruit production, and fruit and seed 

set of patches (clusters) in six different forest fragments during a course of 
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eleven months, considering both a spatial and a temporal dimension. The 

following questions are addressed: 

 

1.      How does fruit and seed set respond to flowering intensity within 

patches? It is hypothesized that fruit set will respond negatively to large 

flower numbers within patches because of a relatively high number of 

incompatible or inbred close-relative, close-neighbor matings. 

Alternatively, fruit set will be either unaffected or a positive function of 

within-patch flowering intensity, when related individuals are able to 

mate freely and produce viable fruits and seeds. 

2.      Does fragment size have an effect on fruit and seed production of P. 

blanchetiana individuals? It is hypothesized that small fragments are 

more affected by pollen limitation due to (presumably) smaller 

population sizes, more limited gene flow and gene diversity and reduced 

pollinator abundance, and therefore have lower fruit set and seed set than 

large fragments. 

  

4.2 MATERIAL AND METHODS 
 

4.2.1 Plant Material  
 
Paypayrola blanchetiana Tul. (Violaceae) is a small tree in the forest 

understory. The flowers have creamy white to pinkish corollas about 1 cm long 

which open at night and last one day. They are presented in small 

inflorescences with 7-15 flowers. On average, one flower per inflorescence 

opens on every night. Population flowering is continuous throughout the year, 

with varying intensity and higher flower production during the dry season. The 

species is self-incompatible and receives a wide range of nocturnal and diurnal 

flower visitors, including many hawkmoths. 

Fruit production starts about one week after flowering and it takes about 

5-7 weeks until the fruit capsule is ripe and seeds are dispersed over a few 

meters by an explosive mechanism. There was no sign for vegetative clonal 

growth, and therefore, seeds are assumed to be the only means of propagation. 

Due to its autochorous dispersal, P. blanchetiana tends to occur in distinct 
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clusters or patches, often with dense stands of trees less than 5 m apart and well 

separated from neighboring sub-populations.  

4.2.2 Flower, fruit and seed sampling 
 
Six forest fragments (A-F) ranging in size from 8 to 390 ha were chosen for 

this study (Figure 10). Fragments were selected to represent different 

combinations of size (large vs. small), connectivity (connected vs. isolated) and 

time since isolation. A total of 86 individuals were tagged. Sample sizes varied 

from 10 to 19 plants per forest fragment, each representing a sampling of a 

single patch (cluster) of close-standing trees, except for one fragment (B), 

where the studied plants were in two separate clusters containing 5 and 4 trees 

each (ca. 100 m apart) and a single individual found in between. The diameter 

at breast height (dbh), which was used as a comparative measure of plant size, 

was calculated after measuring the circumference with a tape measure.  

 

 
Figure 10  Fragmented forest landscape on Usina São José showing the  
fragments A-F, where Paypayrola blanchetiana patches were studied  
(adapted from Schessl 2006). 
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Distances between marked plants were obtained using a 20 m tape measure. 

Flowering inflorescences and fruits were counted once per month on every 

tagged individual. All fruits that could be reached (c. 85% of total fruits 

counted) were collected, and the number of seeds was obtained for each 

collected fruit. Counts were performed during eleven months (February-

December), except in fragment C with ten months sampled and fragment E 

where nine months were sampled. Observations were carried out from the 

ground, with the aid of binoculars (LEICA Trinovid 10x42 BA). Inflorescences 

produce one flower per day. The number of inflorescences was multiplied by 

30 to estimate the total number of flowers during that month. Calculation of 

fruit set was based on this estimation. Fruits were counted only when larger or 

equal to 20 mm long (a development stage after which fruit abortion rarely 

occurred and almost all fruits proceeded until maturation). 

 

4.2.3 Data Analysis  
 
A Mantel test based on distance matrices and 10,000 permutations (Fortin and 

Gurevitch 2001) was performed for flower and fruit production of all 

individuals within each fragment to test for auto-correlation of plants growing 

in close proximity. Fragment area and connectivity indices for the six sampled 

fragments were calculated with GPS Utility 4.20 based on satellite images 

dating from 2005. Connectivity indices were computed following Metzger et 

al. (2009), with AREA: the area of the focal fragment; CLU_20: AREA plus 

combined area of fragments connected by gaps of ≤ 20m of width; CLU_40: 

AREA plus combined area of fragments connected by gaps of ≤ 40m of width. 

Additionally, the predictor FOREST COVER was included, defined as the 

percentage of land covered with forest in a 2.5 km radius circle around the 

location of the study population. An aerial photograph from 1975 and the 

satellite image from 2005 were used to determine whether a given fragment 

had been created before or after 1975 (ISOLATION TIME). 

Distances of plant individuals to the nearest fragment edge were 

calculated with GPS Utility 4.20. Table 1 shows the size of each fragment with 

respect to the different fragmentation indices. Another predictor variable 

incorporated was DBH as a relative measure of plant size. To evaluate the 
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influence of conspecific trees competing for resources, the number of 

neighboring trees within 5 m was another predictor (CLOSE NEIGHBORS). 

Finally, the number of inflorescences produced by a tree was included as a 

predictor (INFLORESCENCES) for fruit and seed set. 

 

Table 11. Fragments A-F with predictor variables AREA and ISOLATION 
TIME, and number of Paypayrola blanchetiana plants analyzed for dbh, 
flower and fruit production, fruit and seed set 

 Fragment AREA ISOLATION TIME Trees analyzed 

  
[ha] created before/after 1975  total fruit set seed set 

   A 240 before 18 11 8 

   B 326 before 10 9 4 

   C 390 after 10 8 8 

   D 14 after 17 17 13 

   E 8 after 19 9 7 

   F 41 before 12 9 5 

 

 

Individual fruit set was defined as the ratio of cumulative fruit 

production to cumulative estimated flower production based on inflorescence 

counts. The fruits produced during the first sampling as well as the 

inflorescences produced during the last sampling month were omitted to adjust 

for the time difference between flower and fruit production (i.e., only fruits 

corresponding to previously quantified flower production were taken into 

account). Only plant individuals with a minimum of seven inflorescences 

counted (corresponding to at least about 200 flowers produced over the study 

time) were included in the analysis. Seed set was based on the ratio of seed 

number to mean ovule number. The combined fruit and seed set was obtained 

only for plant individuals where the seed set of five or more fruits could be 

assessed. The remaining plants were excluded from seed set analysis. Multiple 

linear regression analysis was used to explore the relationship of fruit set and 

seed set to the fragmentation-related predictors AREA, CLU_20, CLU_40, 

FOREST COVER, ISOLATION TIME, as well as to the distance of a plant to 

forest edge (EDGE DISTANCE), relative plant size (DBH) and number of 

inflorescences produced by a plant (INFLORESCENCES). To match 

parametric assumptions, plant size and fruit set were sqrt-transformed, 

inflorescence number and fruit number log10-transformed, and total seed set 

(total number of seeds produced divided by the total number of available 
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ovules) was arcsin+log-transformed. To evaluate the most important predictors 

for the models, the best subset method (Mallow´s C) was employed. The 

number of seeds per fruit was compared among sites using the non-parametric 

Mann Whitney U test, because these data could not be transformed to match 

parametric assumptions. All statistical analyses were performed with 

STATISTICA 6.1 (StatSoft Inc., 2002). 

 

4.3 RESULTS 
 

4.3.1 Autocorrelation of plant individuals  
 
Mantel-test analysis revealed that neither flower production nor fruit 

production was correlated with distances between plants. However, there was 

one exception, fragment E, with significant correlations for both flower 

production (r=0.473, p<0.001) and fruit production (r=0.125, p=0.024). Since 

the other five fragments showed no such auto-correlation, it is assumed, that 

the flower and fruit production was independent of neighboring individuals. 

Therefore, plant individuals were treated as independent replications in the 

following analyses. 

 

Table 12. Dbh, number of flowers, number of fruits produced, fruit and 
seed set of the studied P. blanchetiana individuals 

  n mean ± sd min max 
     

Tree dbh 86 32.5 ± 13.7 11 63 

Flowers 86 1 059 ± 892 210 5 070 

Fruits 86   9.5 ± 10.1 0 66 

% Fruit set 63 1.1 ± 0.9 0 5.1 

% Seed set 45 0.6 ± 0.4 0 2.6 

 

 

4.3.2 Plant dbh, flower and fruit production 

  
Mean dbh of the studied plants was 32.5 mm, and ranged from 11 to 63 mm. 

Plants produced on average 1,095 flowers (as estimated from counted 

inflorescences) and 9.5 fruits during the flowering period. Flower production 
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between studied plants was extremely variable, ranging from 210 to 5,070 

flowers. Fruit production varied a great deal as well between plants (0-64) and 

averaged 9.5 per plant (Table 12).  

Plants with greater flower production also produced more fruits. A 

simple regression of transformed flower and fruit production data showed a 

highly significant correlation between the two variables, but flower number 

only explained about 23% of variation in the number of fruits produced by a 

plant (R2=0.23, F=18.7, p<0.001). Plant dbh had a positive effect on flower 

production, i.e. larger plants produced more flowers. The correlation was weak, 

albeit significant (R2=0.15, F=10.6, p=0.002). Trees with many close neighbors 

(up to 5 m radius) produced less flowers than more isolated ones. Including the 

number of close neighbor individuals significantly improved the model, as 

DBH and CLOSE NEIGHBORS combined explained about 28% of variation 

in flower production (R2=0.28, F=12.8, p<0.001). The effect of tree dbh on the 

trees' fruit production was at best marginally significant, and dbh explained 

only a very small portion of its fruit production (R2 =0.06, F=3.97, p=0.051). 

When including the CLOSE NEIGHBORS predictor, the model fitted slightly 

better (R2 =0.10, F=4.37, p=0.017). All in all, the plants' size as measured by 

dbh influenced flower production to a limited extent, and was a poor predictor 

of fruit output. The variable CLOSE NEIGHBORS improved the predictive 

value for flower production much more than for fruit production. Fruit set and 

seed set of trees did not respond to either DBH or CLOSE NEIGHBORS as 

predictors. 

 

4.3.3 Sub-population flower production and resultin g 
fruit set  
 

When considering month by month combined flower and fruit output of the 

studied patches, a negative relationship between flower production and 

resulting fruit set was observed. The more flowers were produced in a patch 

during a given month, the less the probability of a high fruit set achieved 

(Figure 11a). Transformed data analyzed separately for all fragments (monthly 

repeated measures of the same plants) revealed a negative correlation between 

flower production and resulting fruit set in all six fragments, with r-values  
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Figure 11  Resulting fruit set as a function of monthly inflorescence production in 
patches between Feb. and Dec. 2008. (a) all fragments combined, untransformed 
data; (b) large fragments A (●) r= -0.59 B (○) r= -0.43 C (▼) r= -0.47; (c) small 
fragments D (●) r= -0.77 E (○) r= -0.61 F (▼) r= -0.76. Inflorescences log-
transformed, fruit set sqrt-transformed.  
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ranging from -0.43 to -0.77 (Figure 11b, c). The correlation was significant in 

fragments D (r=0.77, p=0.01) and F (r=0.76, p=0.016). Therefore, when many 

flowers were available, the plants within a patch failed to produce a 

proportional number of fruits. Seed set results were similar but based on a 

smaller data set (not given). In all fragments, the number of inflorescences 

counted was significantly correlated with the number of trees producing 

flowers during that month (rS values between 0.73 and 0.88). 

 

4.3.4 Fruits/flower and seeds/ovule ratios (reprodu ctive 
success) in large and small fragments  
 

Fruit and seed set were generally low, but variable between individuals. 

Average fruit set (total fruits/total estimated flowers) of plants was 1.1% and 

ranged from 0 to 5.1%. Average seed set (total seeds/total ovules) was 0.6% 

and ranged from 0 to 2.6% (Table 12). Plants in the three large fragments had 

significantly higher fruit and seed set than those in small fragments (ANOVA; 

fruit settrans: F=9.14, p=0.003; seed settrans: F=18.34, p<0.001). 

 

4.3.5 Seeds per fruit in large and small fragments  
 
Fruits in large fragments contained on average more seeds than fruits in small 

fragments. Mean values of seeds per mature fruit were 5.3 ±2.6 (n=208) in all 

large fragments combined and 4.4 ±3.0 in the combined small fragments 

(n=208). The difference was highly significant (Mann-Whitney U-Test: 

Z=4.822, p<0.001). A significant portion of fruits (33.3%) matured with only 

1-2 seeds in the small fragments, with 10.8% containing only one seed. In the 

large fragments, mature fruits with 1-2 seeds were less common (11.1% of total 

fruits, with 2.4% containing only one seed). Fruits with a high seed crop (more 

than seven seeds) were equally distributed in small and large fragments 

(17.6%, and 19.7%, respectively). 
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4.3.6 Influence of predictors on fruit set and seed  set  
 
The fragmentation related predictors AREA, CLU_20, CLU_40 and FOREST 

COVER were significantly correlated (r>0.7). Therefore, to avoid colinearity 

bias, only AREA was included in any model testing multiple predictors. AREA 

was the predictor easiest to measure and also the most suitable to explain 

variability. The predictors ISOLATION TIME, EDGE DISTANCE, DBH and 

INFLORESCENCES showed no colinearity and were all included in the 

model. 
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Figure 12  Total seed set of plant individuals in forest fragments of 
varying sizes (R2= 0.32; seed set arcsine log transformed). 
 
 

Multiple linear regression analysis showed that the fragment size had a 

strong effect on reproductive success. Simple linear regressions of AREA vs. 

fruit set and seed set were highly significant for fruit set (R2=0.149, beta 0.404 

p<0.001) and seed set (Figure 12; R2=0.317, beta=0.577, p<0.001). Therefore, 

the single predictor AREA explained about 15% of variation in fruit set, and 

nearly 32% of the variation in seed set. The full model and best model 

calculated by best subset evaluation had a much higher explanatory power for 

seed set: AREA R2=0.497 (full model) and R2=0.498 (best model). This means 

that the model accounted for roughly 50% of observed variability for seed set 

as a measure of overall reproductive success of the tree individuals. Besides the 

fragmentation parameter AREA, the number of inflorescences produced by a 

tree had a large influence on the variability of seed set. The predictor  
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Table 13  ANOVA table of the regression models for seed set (seeds/ovules)   
  df MS F P 

Full additive model (Cp=6.0) 

Regression 5 0.348 9.513 <0.001 

Residual 38 0.036   

     
Best model (AREA +TIME ISOL+ INFLOtrans;  Cp=3.919) 

Regression 3 0.557 15.24 <0.001 

Residual 40 0.0364     
 

 

Table 14  Standardized regression coefficients (β) of the predictors in the full  
additive and the best regression model for the response variable SEED SET  

           β    t    P 
Full additive model (Cp=6.0) 

Intercept 0 5.989 <0.001 
AREA 0.541 4.703 <0.001 
TIME_ISOL -0.264 -1.899 0.065 
EDGE DIST 0.073 0.491 0.626 
DBHtrans 0.136 1.065 0.293 
INFLOtrans -0.466 -3.685 <0.001 
 
Best model (AREA +TIME ISOL + INFLOtrans;  Cp=3.919) 

Intercept 0 7.243 <0.001 
AREA 0.539 4.743 <0.001 
TIME ISOL -0.194 -1.742 0.089 
INFLOtrans -0.417 -3.755 <0.001 

 

INFLORESCENCES was significant in the best model. The β value for 

INFLORESCENCES was negative at -0.417, which translates into, the more 

flowers a tree produced, the lower the seed set of the same tree. ISOLATION 

TIME also was included in the best subset, but was not significant. Therefore, 

plants in fragments that had been isolated before 1975 suffered a non-

significant negative effect on seed set compared to plants from more recently 

isolated fragments. F values and standardized regression coefficients of full 

and best models explaining seed set are given for AREA as main fragmentation 

parameter (Tables 13, 14). Plant size and plant distance from edge appeared to 

have had no effect on plant reproduction. 
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4.4 DISCUSSION 
 

4.4.1 Resource availability 
 
Could the low fruit set have been caused by low resource availability? If 

limited resources were primarily responsible for the observed seed set, this 

should have been more severe in smaller plants, because fruit production is 

regularly a linear function of plant size (Samson and Werk 1986, de Jong and 

Klinkhamer 1989, de Jong et al. 1992, Lawrence 1993, Mitchell 1993, Stöcklin 

and Favre 1994, Somanathan and Borges 2000). Plant competition for 

resources can affect reproductive success by lowering seed set in dense stands 

of conspecifics (Weiner 1988). Large P. blanchetiana trees produced more 

flowers than small ones, which may indicate that flower production was indeed 

resource-mediated to some degree. However, fruit production was only slightly 

larger in plants with larger dbh, and fruit set was not affected at all by plant 

size. Additionally, the number of close standing neighbors had a negative 

effect on flower production, but not on fruit set. Further, in resource-limited 

plants fruits with the lowest seed numbers are often selectively aborted over 

fruits with more seeds (Lee and Bazzaz 1982, Bawa and Webb 1984). Many 

Paypayrola fruits contained only one or two seeds when mature, indicating no 

brood-size influence on fruit abortion. About 90% of all flowers did not initiate 

a fruit at all. On most occasions trees initiated only one or a few fruits at a 

time, which frequently were all aborted, while sometimes, on seemingly 

random occasions, a considerable number of fruits did mature simultaneously 

on one tree. The observed pattern of abortions and the overall very small 

percentage of mature fruits did not suggest resource limitation as the primary 

cause of low seed set.  

 

4.4.2 Patch flowering intensity and fruit set  
 
Fruit set was a negative function of patch flowering intensity in all fragments. 

A patch total of about 40 flowers seemed to mark a threshold above which fruit 

set was always low. Absent resource limitation, one can assume that pollen 

limitation kept fruit production down following high patch flowering intensity. 
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There are several possible reasons: First, pollinators may have been so scarce 

that even a modest rise in flower numbers satiated their foraging needs and 

consequently, many flowers remained largely unvisited (“excess flowers”). 

However, most studies demonstrate that resources are met closely and higher 

flower density and greater population size attract more pollinators and effect 

higher visitation rates (Ghazoul et al. 1998, Somanathan and Borges 2000, 

Somanathan and Borges 2001, Waites and Ågren 2004, Ghazoul 2005). 

Second, pollinators may have visited more flowers on single plants, thereby 

transmitting mostly geitonogamous self-pollen, and then moving out of patches 

rather than to close neighbors. However, pollinators react to higher local flower 

density by visiting an equal amount of (Muñoz et al. 2005), or less flowers per 

plant (Waites and Ågren 2004, Field et al. 2005), and by moving more between 

close neighbors (Augspurger 1980, Ghazoul 1998). 

It is expected that insects moved more between trees within patches 

when flower density was high, because this would be consistent with optimal 

foraging theory (Thomson 1981). Thus, outcross pollination among 

neighboring trees should have increased, while the proportion of pollen carried 

in from outside the patch decreased. Close neighbor outcross pollen may have 

been unsuitable for successful seed production: many neighboring trees may 

have been sharing the same S-alleles and therefore been incompatible. Indeed, 

severely reduced mate-availability due to a reduction in S-allele diversity in 

small and isolated fragments has recently been proposed as an important factor 

for long-term reproductive declines of self-incompatible species (Wagenius et 

al. 2007). In crossing experiments with SI Hymenoxys herbacea, Campbell and 

Husband (2007) found a surprisingly low mean mate availability (percentage of 

successful cross pollinations) of 33.5%, indicating that two thirds of all 

outcross matings were incompatible. While the occurrence of incompatibility 

alleles is hypothetical, the notion of inbreeding depression is supported by the 

observation of widespread fruit abortions. 

 

4.4.3 Pollinator service, low fruit set…and inbreed ing ?  
 
Several studies have concluded that lower fertility in fragmented habitat was 

due to reduced pollinator activity (Jennersten 1988, Cunningham 1996, 
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Steffan-Dewenter and Tscharntke 1999, Cunningham 2000, Valdivia et al. 

2006). In all of these cases, reduced fecundity was mostly caused by reduced 

pollen transfer (pollination limitation sensu Wilcock and Neiland 2002, or 

quantity limitation sensu Aizen and Harder 2007). Paypayrola was visited by a 

wide range of flower visitors (perching moths, hawkmoths, butterflies, 

hummingbirds, bees), and most of them are assumed to have been poor 

pollinators, either because of low visitation rates or inefficient pollen transfer. 

There is only limited data of visitation rates in different fragments, but, by 

trend, plants in small fragments did not have fewer floral visitors than those in 

large ones (M. Braun, unpublished). Flower visitation rates in general seemed 

to be highly stochastic and variable among days, and many flowers probably 

did not receive adequate amounts of outcross pollen.  

Paypayrola is self-incompatible, hence initiated (and subsequently 

aborted) fruits originated from outcross fertilizations. Inbreeding depression of 

outcrossed offspring has been shown for several plant species (Levin 1989b, 

Richards 2000, Stacy 2001). Frequently, a negative correlation between 

inbreeding depression and the distance between parent plants was detected 

(Levin 1984, Levin 1989a, Hauser and Loeschcke 1994, Gigord et al. 1998). 

When inbreeding levels were experimentally controlled, seed abortion 

increased with relatedness (Krebs and Hancock 1990, Hauser and Loeschcke 

1995). Hamilton (1999) showed that populations of Corythophora alta were 

sharply genetically structured because of limited seed dispersal, and 

subpopulations in fragments of 10 ha were founded by single maternal 

lineages. This situation could well apply to Paypayrola, too, and thus the stage 

for significant close-neighbor inbreeding would be set.  

 

4.4.4 Fruit and seed production in large and small 
fragments  
 
A recent review by Aguilar et al. (2006) concluded that fragmentation has a 

general negative effect on plant reproduction, and that pollen limitation is 

likely the most proximate cause for this. These effects are stronger in self-

incompatible species (Aguilar et al. 2006). The present results are consistent 

with this evaluation, as they indicate a marked effect of fragment size on fruit 
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set, seeds per fruit, and overall seed set of self-incompatible P. blanchetiana. 

Although there was considerable variability among trees growing in the same 

fragment, fruit set and seed set were positively correlated to fragment size. 

Some of the variability is likely accounted for by the negative relationship 

between inflorescence number and fruit set, which was the only significant 

determinant of seed set besides fragment area. The effects of fragment size on 

fruits/flower ratio (fruit set) and seeds/fruit ratio were additive, so that 

fragment size was a better predictor for overall seed set than for fruit set alone.  

Again, possible explanations for the observed differences are (i) 

reduced pollinator abundance and reduced flower visitation rates in small 

fragments, and (ii) that the genetic effects outlined above acted stronger in 

small populations. The latter is perhaps more suitable to explain the 

differences. Inbreeding and reduced mate-availability will be stronger in small 

fragments, because effective population sizes are smaller and genetically less 

diverse (Young et al. 1996). Assuming that most pollen transfer was among 

trees within the same fragments, plants in small fragments have less potential 

pollen donors, which translates into lower fertilization rates. We do not know if 

pollinator activity was also lower in the small fragments. Becker et al. (1991) 

found that euglossine bee abundance was reduced only in very small fragments 

(1 ha), whereas medium sized fragments (10 and 100 ha) did not harbor fewer 

bees than continuous forest. Some pollinators may, however, be unable to 

maintain stable populations in small fragments, although they do visit flowers 

in them (Murren 2002). 

The total number of reproductive P. blanchetiana adults in each of the 

small fragments is less than 50. In the large fragments, where only a small 

sample of forest could be surveyed, the number of reproductive individuals is 

assumed to be much higher. Small populations can be subject to reproductive 

declines due to Allee effects increasing the risk of local extinction (Groom 

1998). Stacy et al. (1996) suggest that breeding neighborhoods of many 

tropical trees may become significantly reduced in isolated forest fragments of 

60 ha or smaller. If pollinators are reluctant to leave fragments and cross the 

matrix only rarely, the increase in fruit and seed set with fragment size may 

simply reflect a larger genetic neighborhood and more suitable pollen donor 

plants in the larger fragment sizes. However, increased inbreeding as a result of 
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fragmentation has been a matter of debate, as fragmentation may also lead to 

greater than expected outcrossings due to longer dispersal across the 

fragmentation matrix (White et al. 2002, Dick et al. 2003). Some pollinators 

are notable for their ability to carry pollen over long distances. For example, 

hawkmoths routinely carry pollen between plants more than 100 m apart 

(Chase et al. 1996), and the exceptional capacity for long-range pollination by 

euglossine bees is well-known (Janzen 1971). It is notable that, on a relevant 

scale, significant outbreeding depression has been observed in Syzygium 

rubicundum and Shorea cordifolia, when pollen traveled 12-35 km (Stacy 

2001). Outbreeding depression seemed to depend less on total distance but 

rather on whether pollen came from the same or from a different forest. Pisanu 

et al. (2009) found an optimal outcrossing distance of 2-3 km for the Australian 

rainforest tree Macadamia tetraphylla, with inbreeding depression at lower and 

outbreeding depression at greater distances, stating that mating partners were 

rarely available at optimum distance due to fragmentation and habitat 

destruction. Similar outbreeding depression through “overdispersal” of pollen 

from distant fragments may apply to P. blanchetiana. 

Declining reproductive success has been found most readily in small 

fragments of less than 6 ha (Aizen and Feinsinger 1994, Ghazoul and McLeish 

2001, Aguilar and Galetto 2004, Valdivia et al. 2005). Sometimes differences 

were confirmed between isolated trees and trees in continuous habitat (Rocha 

and Aguilar 2001, Cascante et al. 2002, Fuchs et al. 2003). Our results revealed 

differences in reproductive success in fragments differing in area by little more 

than one scale of magnitude.  

 

4.4.5 Conservation issues  
 
Paypayrola blanchetiana is at present widespread and locally common on the 

USJ property. However, the data raise concern about the long-term viability of 

the species in the examined fragments. The six populations studied produced 

between 250 and 1,000 seeds during the course of 10-11 months, and only five 

individuals out of 86 produced more than 100 seeds (data not shown). 

Therefore it is assumed that little recruitment is taking place. Lack of 

recruitment may drive a population towards extinction in competitive 



4. Paypayrola 

 91 

environments (Johnson et al. 2004b, Ward and Johnson 2005). Propagation 

relies entirely on seeds, and saplings were scarce (M. Braun, pers. observation). 

Small, isolated populations consisting of not more than 20-30 reproductive 

trees are especially at risk, because they may fail to attract enough pollinators, 

provoking Allee effects (Lamont 1993, Groom 1998). Reductions in mate-

availability, caused by declining S-allele diversity following genetic drift (“S-

Allee effect”, see Wagenius 2007), may further aggravate the situation. Many 

of the newly recruited plants may, as a result of inbreeding depression, prove 

partially infertile when reaching maturity (Husband and Schemske 1996). 

Nason and Ellstrand (1995) found a 60% reduction in fertility for full-sib 

crosses of Raphanus sativus. Since fragmentation and reproductive isolation 

has been fairly recent in terms of tree generation times, recruitment in this 

Atlantic forest endemic may continue to drop, as future tree generations 

experience further declines in reproductive output. Long-term viability of P. 

blanchetiana may depend on sufficiently large and connected meta-

populations. A better understanding is clearly needed as to what extent the 

long-term survival of P. blanchetiana in fragmented landscapes is at risk due to 

genetic factors. Population genetic studies using microsatellite markers could 

determine the degree of spatial genetic structuring, levels of genetic drift and 

inbreeding and effective gene flow distances (Collevatti et al. 1999, Degen et al  

2004). 
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5. Fruit production of Cymbopetalum 

brasiliense (Annonaceae) in the absence of 

pollinators in an Atlantic forest fragment in 

NE Brazil   

 

5.1 INTRODUCTION 
 
Annonaceae comprise approximately 2,500 spp. (Chatrou et al. 2004). Mating 

system studies are currently lacking for this large pantropical family (Ward et 

al. 2005). Flowers of Neotropical Annonaceae are mostly pollinated by beetles 

(Gottsberger 1999), and sometimes by other insect taxa like flies, thrips or bees 

(Webber 1996, Silberbauer-Gottsberger et al. 2003, Teichert et al. 2008). 

Autogamy has been reported for several Guatteria spp. (Gottsberger 1970) and 

Polyalthia littoralis (Okada 1990). Partial self-incompatibility is known mainly 

from Asian species (Rogstadt 1994, Nagamitsu and Inoue 1997, Ratnayake et 

al. 2006b, Ratnayake et al. 2007), but the majority of Neotropical species is 

self-compatible (Bawa et al. 1985, Webber 1996). At the same time, flowers 

possess several mechanisms to avoid or restrict self-pollination: protogyny 

occurs in nearly all species, and several mechanisms of intra-population 

dichogamy have been described (Rogstad 1994, Teichert 2008). Mixed mating 

with a large outbreeding component appears to be the predominant breeding 

system in Annonaceae. 

The Neotropical genus Cymbopetalum Benth. (Annonaceae) comprises 

27 species, the majority of which occur in a few centers of narrow endemism in 

Mexico, Central America and western Amazonia (Murray 1993). Most species 

are treelets growing in the understory of humid lowland forests. All but a few 

are narrow allopatric endemics, in some cases with strict habitat requirements. 

Pollination is little known in the genus, but large beetles belonging to the genus 

Cyclocephala have been reported as pollinators of C. torulosum (Schatz 1985) 

and C. euneurum (Webber and Gottsberger 1993).  
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Cymbopetalum brasiliense is more widespread than other members of 

the genus, occupying a disjunct range from Trinidad, Venezuela and the 

Guyanas to northern and southwestern Amazonia, East and Northeast Brazil 

(Murray 1993). The same author notes “a much higher fruit set than its 

congeners” and a preference for disturbed sites (p. 24); flowers observed by her 

in Trinidad lacked pollinators, and she states that “fruit set may occur without 

outcrossing” (p. 62). In this context, the incidence of a C. brasiliense individual 

regularly setting fruit without pollinators in the Botanical Garden of Utrecht, 

The Netherlands (L. Chatrou, pers. communication) is noteworthy. Based on 

these observations, we hypothesize that reproduction in this species functions 

without outcrossing, i.e. by self-pollination or apomixis. Alternatively, if the 

species is outcrossed, we expect large beetles as pollinators, consistent with 

similar flower-pollinator relationships in Cymbopetalum spp. and Annona spp. 

(Schatz 1985, Gottsberger 1989, 1999a, Murray 1993). 

In this study results on the floral biology of an isolated population of C. 

brasiliense are presented, including the first description of floral scent in a 

species of Cymbopetalum. Trees were studied during two consecutive 

flowering seasons in a remnant of Atlantic forest in Northeast Brazil. 

Flowering phenology and flower anthesis, as well as flower visitors and natural 

fruit set were observed, and experiments to evaluate the breeding system of this 

particular population of C. brasiliense were carried out.  

  

5.2 MATERIAL AND METHODS  
 

5.2.1 Study species and population 
 
Cymbopetalum brasiliense (Velloso) Benth. ex Baill. is a small, slender-

stemmed understory tree reaching 5 m in height, with large, pendant flowers 

and showy apocarpous fruits (Figure 13). The boat-shaped inner petals, 2.4-2.7 

cm in length, are typical of the genus. They form a large pollination chamber 

and do not open during anthesis (Murray 1993). There are 17-21 stigmas and 

numerous tightly-packed stamens in several whorls. Flowering was annual 

(Oct/Nov 2007 and Sep/Oct 2008), and developing fruits were present during 

most of the year. At USJ, the species appeared to be local, with only two 
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knownpopulations. They consisted of c. 80 and 25 reproductive individuals, 

respectively. For this study, the larger of the two populations was chosen. It 

was situated in a small (30 ha) remnant of Atlantic forest.   

 

 

 

 

 

 

 

 

Figure 13 Flowers with long peduncles (left), ripe fruit exposing seeds (right). 

 

5.2.2 Flowering phenology and fruit production  
 
In the first week of October 2007, 40 plant individuals with maturing buds 

were tagged and numbered, and all buds were marked with adhesive tape and 

numbered. Between Oct 16 and Nov 23, 2007 the flowering state of all tagged 

buds was checked twice per week. Individual plants were considered “in 

flower” during the period between anthesis of their first and last flower, even if 

they did not present anthetic flowers every day.  Subsequent fruit development 

was monitored once per month until seeds were ripe. Fruits were assigned one 

of three size classes, based on the number of carpels: small (<8), medium (8-

15) and large (>15 carpels).  

 

5.2.3 Anthesis and flower visitors  
 
Ten flowers were observed in regular intervals from beginning to end of 

anthesis, noting changes in the condition of the stigmas and the petals, presence 

of odor, timing of pollen release and presence of insect visitors. A combined 

133 flowers were monitored for beetle visitation across both flowering seasons 

(53 on fourteen days distributed over the flowering season in 2007; 80 on 

twelve days during peak flowering in 2008). Flowers were observed during the 

pollinator attraction phase (scent production) and examined again for visitors 
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on the second day of flowering in the late female or male phase. Petals that had 

fallen to the floor on previous days were examined for beetle feeding signs. 

 

5.2.4 Floral scent and floral thermogenesis  
 
Floral scent samples were obtained using standard dynamic headspace 

sampling techniques (Knudsen and Tollsten 1993). A total of 10 samples were 

analyzed (six in 2007, four in 2008). Samples were taken from single flowers 

when scent production was at its most intense, covering both pistillate phase 

(n=5) and staminate phase (n=5) flowers. Duration of sampling was 2 h in the 

pistillate phase, and from beginning of scent emission to petal dropping in the 

staminate phase. Flowers were covered with a scent-neutral ovenbag PET film 

tube (Bratschlauch, Melitta GmbH, Germany) for odor accumulation. With a 

battery-operated membrane pump (flow rate 200 ml min-1), the air from within 

the bag was conducted through a glass tube. Scent volatiles were captured by a 

1:1 (vol.) absorbent mixture of Tenax TA 80/100 mesh, Macherey-Nagel 

706318) and Carbopack X (20/40 mesh, supelco 1-0435). Absorbed scent was 

eluted with 0.15 ml of high grade acetone (Merck, Germany) and kept at 4 °C 

in 2 ml silanized glass vials (Sigma Aldrich Co./Supelco) until analysis. Blank 

samples of the surroundings were obtained as controls in order to subtract 

background noise from the samples. Compounds were identified by GC-MS at 

University of Bayreuth. Before analysis in a Varian Saturn 2000 mass 

spectrometer and a Varian 3800 gas chromatograph fitted with a 1079 injector 

(Varian Inc., Palo Alto, USA), 100 µg of nonadecane was added as internal 

standard. Samples were analyzed on a Saturn 2000 mass spectrometer (MS) 

coupled to a Saturn 3800 gas chromatograph (GC) using a 1079 injector (all 

Varian, USA), fitted with the ChromatoProbe kit (Dötterl and Jürgens 2005). 

One µl of each sample was filled in a quartz vial, which was placed in the 

injector port by means of the ChromatoProbe (Dötterl et al. 2009). The split 

vent of the injector was opened and the injector heated to 40°C to flush any 

residual air from the system. The split vent was closed after 2 min and the 

injector was heated at 200°C and held at 200°C for 4.2 min, after which the 

split vent was opened and the injector was allowed to cool. A ZB-5 column 

(5% phenyl polysiloxane) was used for the analyses (60 m long, inner diameter 
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0.25 mm, film thickness 0.25 µm, Phenomenex, USA), and the helium carrier 

gas flow was 1.8 ml min-1. The GC oven temperature was held for 7 min at 

40°C, then increased by 6°C · min-1 to 250°C and held for 1 min. The MS 

interface was 260°C and the ion trap worked at 175°C. The mass spectra were 

taken at 70 eV (in EI mode) with a scanning speed of 1 scan sec-1 from m/z 30 

to 350. Saturn software package 5.2.1 was used for data processing. 

Component identification was carried out using the NIST 08, Adams (2007), or 

Mass Finder 3.0 mass spectral data bases, and confirmed by comparison of 

retention times with published data (Adams 2007). Some of the components 

were identified by comparison of mass spectra and GC retention data with 

those of authentic standards. 

In 2008, thermogenesis was measured in five flowers from beginning to 

end of anthesis using a digital data logger and a thermocouple thermometer 

(Bioblock Scientific 16200). One simultaneous recording of flower and 

ambient temperature was taken every 10 min. Flower and ambient sensors were 

fully cross-calibrated to ensure data consistency. The flower sensor was placed 

in the petal tissue. Additionally, flower temperature was measured for a further 

five flowers during the most active periods of heat production. 

 

5.2.5 Breeding system experiments 
 

In the 2007 flowering season, the following treatments were 

performed on different days to determine the breeding system: (i) 

geitonogamous pollination (4 individuals, n=5), and (ii) hand cross-pollination 

(7 individuals, n=12). In all cases, pollen from freshly dehisced anthers was 

placed on a paintbrush and applied to receptive stigmas of first day flowers. 

Additionally, on Sep 30 and Oct 7, 2008 we (iii) bagged 10 ripe buds of 5 

individuals to test for spontaneous self-pollination of unmanipulated flowers, 

and (iv) emasculated and bagged 15 ripe buds of seven individuals to evaluate 

agamospermic fruiting capability. The last monitoring date for fruit 

development of bagged and emasculated/bagged flowers was Dec 7, 2008 (ca. 

6-8 weeks after flowering).   
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5.3 RESULTS 
 

5.3.1 Flowering phenology and fruit production  
 
In 2007, the 40 tagged trees produced 255 buds (6.4 ± 5.6 buds plant-1), of 

which 32 were lost due to abortion, or unspecified causes. Of the remaining 

223 buds, 42 (20.5%) were destroyed by butterfly larvae (see flower visitors). 

There were 181 flowers, of which 163 had natural fruit set, while 18 were used 

in pollination experiments. 118 flowers (72.4%) set fruit during the following 

months. 47 fruits were large-sized (>15 carpels), 46 were medium-sized and 25 

were small. 34 of the tagged individuals (85%) produced at least one fruit. Of 

47 flowers that were monitored for pollinators, 38 (80.6%) set fruit. 

The tagged trees flowered over a period of 40 days. This corresponded 

to the flowering time of the population. Individual flowering was staggered, 

with a maximum of 70% of all individuals in flower on day 18 (Figure 14). 

Individual trees flowered for a mean 11.8 ± 6.1 days, and most trees had open 

flowers only sporadically. 5.8 ± 3.9 flowers day-1 entered anthesis in the study 

population. Peak flowering was reached in the 3rd flowering week, and a 

maximum of 13 new flowers was recorded on day 15.  

day of population flowering

5 10 15 20 25 30 35 40

%
 tr

ee
s 

in
 fl

ow
er

0

20

40

60

80

 

 

Figure 14 Percent trees in flower during course of 2007 flowering season of 
Cymbopetalum brasiliense. 
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Fruit initiation started 3-4 weeks after flowering, and fruits reached 

their final size after 4-5 months, in March/April 2008. They remained green 

and unchanged until June/July before gradually assuming a wine red color. 

Finally, in mid-August the carpels started opening one by one, exposing the 

black and orange, arillate seeds. Single fruits offered seeds on several 

consecutive days. Ripe seeds were available in small numbers daily until the 

end of September, 2008. Birds (Pipridae: Pipra rubrocapilla, Neopelma 

pallescens; Emberizidae: Arremon taciturnus) were observed to take seeds. 

The 2008 flowering season began in the last week of September and lasted 

throughout October, for a total duration of 36 days. As in the previous year, 

most flowers started developing fruits, with the first fruit initiations in the last 

two weeks of population flowering.  

 

5.3.2 Flower anthesis  
 
During pre-anthesis, the still green stigmas started producing some exudate, 

which was present for 1-3 days before full anthesis started. Anthesis extended 

over two days and lasted 25-28 h. Flowers entering the pistillate phase began 

emitting a balsamic scent between 15.00 and 16.00 h of day 1. At this time the 

petals were slightly more yellowish, and stigmas were yellow, conspicuously 

swollen and covered with colorless exudates (Figure 15a). The floral scent 

became especially strong between 18.00 h and 19.00 h. After 19.00 h the odor 

gradually subsided until 22.00 h, after which it was not noticeable anymore. 

The flowers remained unchanged until the early afternoon, when scent 

production resumed 1-1.5 h before pollen release (14.30-16.00 h). Pollen was 

released between 15.30 h and 17.30 h (in a few cases as early as 13.00-14.00 

h). During pollen release the androecium greatly expanded, as stamens were 

shed and anthers dehisced explosively. This process took 3-5 min to proceed 

through all stamens, starting at the inner stamens and continuing to the more 

peripheral ones. When the first stamens were shed, the stigmatic plate was 

always forcefully pushed out of position (Figure 15b). Thus, the pistillate and 

staminate phases were clearly separated, though without a time interval. The 

stamens hung onto the flower base by their vascular tissues. The petals fell in 

quick succession 0.5-3 h after pollen release (17.30 h-18.30 h). The starting  
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Figure 15 Anthesis of Cymbopetalum brasiliense: left pistillate phase. Note 
larva of Oenomaus ortygnus and damage to stamens right  staminate phase 
with discarded stigmas. 
 

 

time of the pistillate and staminate phases was somewhat variable, but pistillate 

flowers were always scented after staminate flowers ended anthesis. 

 

5.3.3 Thermogenesis 
 

Flower temperatures were several degrees higher than air temperatures during 

the pistillate phase in the late afternoon and evening, and rose again on day 2 

before pollen release (Figure 16). Thermogenesis in the pistillate phase began 

between 17.00 and 17.30 h and peaked between 17.45 h and 18.50 h, with a 

mean difference of 5.5 ± 0.7 °C (n=10) between flower and air temperature. In 

the following 2-3 h flowers were between 2 and 3.5 °C warmer than air 

temperatures. Flower temperatures declined gradually, but remained slightly 

above ambient temperatures during the night (1.0-1.5 °C). In the morning, 

flower temperatures were not elevated. On the second day thermogenesis 

started shortly before pollen release and peaked between 17.00 h and 18.20 h, 

shortly before the petals dropped, with a mean temperature difference of 4.6 ± 

0.6 °C (n=10).  

 

5.3.4 Flower Scent  
 
Flowers both in the pistillate and staminate phase produced a scent which was 

largely dominated by a single compound, p-methyl anisol (1-methoxy-4-
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methyl benzene). This compound was always present in relative amounts of 

>99%. Very small quantities of p-cresol were also present in the samples.   
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Figure 16 Thermogenesis in Cymbopetalum brasiliense, during (a) pistillate 
phase, (b) staminate phase. Black line: flower temperature; dashed line: air 
temperature. 
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5.3.5 Flower visitors  
 
We did not detect any Cyclocephala or other beetles in a total of 133 flowers, 

examined over two flowering seasons. In neither seasons did we find any 

feeding signs on petals that had fallen to the floor. In 2007, two flowers in the 

pistillate phase each contained a single cockroach (Blattodea), which was not 

found again in the staminate phase. Occasionally, cockroaches were present in 

ripe buds. Four flower buds were colonized by numerous tiny ants, and in three 

ripe buds, several large ants were presents. Ants did not prevent flowers from 

undergoing anthesis. Between day 16 and day 20 of population flowering, 

larvae of the butterfly Oenomaus ortygnus (Lycaenidae) appeared in large 

numbers and destroyed about half of the ripe buds still present. The larvae 

closed the small opening between the petals with a mesh of threads spun 

between petals and consumed the inner flower organs, i.e. the inner petal 

tissue, stamens and, finally, the entire gyncoecium. This way, buds (sometimes 

flowers) were rapidly and wholly destroyed. On several occasions, larvae were 

observed moving free on branches and leaves of C. brasiliense. In 2008, 

similar larvae were present in the first week of flowering, destroying several 

buds and flowers, but were absent thereafter.  

 
Table 15  Fruit production of Cymbopetalum brasiliense flowers following pollination 
treatments. Bagged flowers to test for spontaneous self-pollination, emasculated 
flowers to test for apomixis  

        
season  treatment  n initial fruits ripe fruits carpels 

       (SD) 
              
        
  self-pollen  5 4 4 13.3 (± 7) 

2007        
  outcross pollen  12 7 7 10.9 (± 6) 
              
        
  bagged   10 9 —  

2008        
  emasculated  15 6 —  
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5.3.6 Breeding system 
 
Fruits were produced following self- and cross-pollination, and fruits were 

initiated following the autogamy and the emasculation treatments (Table 15). 

About 6-7 weeks after flowering, 6 of 15 emasculated flowers showed signs of 

fruit initiation (Figure 17), and a further three pistils had remained unchanged, 

whereas six pistils had abscised. Fruit development of emasculation treatments 

was less advanced than development of non-emasculated flowers.  

 

 
 
Figure 17 Fruit initiation in emasculated and bagged Cymbopetalum 
brasiliense flower (photo taken on Dec 7, 2008, seven weeks after flowering). 
 
 

5.4 DISCUSSION 
 
Pollinators were clearly absent from C. brasiliense flowers in both flowering 

seasons of 2007 and 2008, yet trees reproduced successfully. Three quarters of 

the observed flowers produced ripe seeds following the 2007 flowering season, 

and fruits were initiated in the 2008 season as well. 90% of flowers bagged for 

pollinator exclusion initiated a fruit. The absence of feeding marks on fallen 

petals, conspicuous on the forest floor, confirmed that no beetles visited the 



5. Cymbopetalum 

 103 

flowers. Feeding marks on the petals are typical of Cymbopetalum flowers 

visited by Cyclocephala spp. (Murray 1993, Webber and Gottsberger 1993), as 

is true for Annona spp. (Gottsberger 1989a), Duguetia riparia and D. ulei 

(Webber 1996). The cockroaches and ants that were found in the flowers are 

unlikely to have acted as pollinators. Cockroaches were scarce and were never 

found in the floral chamber during the staminate phase, nor were they observed 

carrying any pollen. Ants are generally considered poor pollinators due to the 

negative effects of their glandular secretions on pollen germination (Beattie et 

al. 1984).   

The high fructification rate was therefore remarkable and can only be 

ascribed to self-pollination or apomictic fruit production. Neither mode of 

reproduction is well known in Annonaceae, although autogamy has been 

reported by Okada (1990). We suggest that in the present case apomixis is 

more likely than autogamy for two reasons: (i) the stigmatic plates were 

effectively, and without exceptions, discharged when pollen was liberated, so 

that they could not receive self pollen. (ii) Several emasculated buds proceeded 

to initiate a fruit. The observation that C. brasiliense is polyploid (Morawetz 

1986) is consistent with the apomixis hypothesis, as gametophytic apomicts are 

almost always polyploid (Bicknell and Koltunow 2004). The development of 

the emasculation treatments was slower than that of non-emasculated flowers, 

possibly as a result of the damage inflicted on the flower organs. 

The course of anthesis in C. brasiliense was very similar to that of 

beetle-pollinated C. euneurum (Webber and Gottsberger 1993). Female flowers 

were active when male flowers ended, and flowers produced scent and heat, 

which is suggestive of a conventional pollinator attraction framework typical of 

large-flowered Annonaceae. However, the fact that most trees set fruit suggests 

that the population´s adaptation to reproduction without pollinators is not so 

recent. Therefore we rule out the possibility that the absence of pollinators has 

been caused by extinction following habitat destruction and fragmentation in 

the last decades, in which case there should not have been any significant fruit 

production. Cyclocephala spp. are not host-specific (Gottsberger 1989, Webber 

and Gottsberger 1993, Webber 1996), and several species of Cyclocephala are 

present in the forests of USJ (Maia and Schlindwein 2006).  
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The scent composition almost exclusively of p-methyl anisol was 

remarkable. In contrast to widespread fruit-mimicry in scents of Annonaceae 

(Gottsberger 1977, 1986), the scent of C. brasiliense was not reminiscent of 

fruits. There is a possibility that this scent is actually a repellent to beetles. 

Thermogenesis, which overlaps scent emission, would in this case promote 

effective scent diffusion. However, flower scents of Phytelephas spp. likewise 

contained p-methyl anisol almost exclusively (Ervik et al. 1999). These palms 

attract floral visitors (and presumably pollinators) of various beetle families, 

i.e. Nitidulidae, Curculionidae and Staphylinidae. Somewhat surprisingly, we 

observed no beetles belonging to these families responding to the floral scent 

and approaching Cymbopetalum flowers. Biotests in situ and under 

experimental conditions should help determine the potential attractiveness of 

this chemical compound for Cyclocephala and other beetles.    

Butterfly larvae were highly invasive predators which, in Nov 2007, 

appeared suddenly and in large numbers, thus demonstrating that they could 

potentially prevent most or all fruit production in C. brasiliense. There was no 

obvious reason why the larvae disappeared so promptly after attacking flowers 

early in the 2008 season. If apomixis, or even autogamy, is the only mode of 

reproduction of C. brasiliense at USJ, it must be assumed that genetic 

variability in the population is small. This could mean that all individuals are 

equally vulnerable to predation, putting the entire population at risk if predators 

go unchecked. However, most apomicts (as well as autogamous plants) are 

believed to be facultative sexual breeders (Asker and Jerling 1992). If this is 

true in the present case, then genetic variation across several populations of 

(facultative) apomicts may be high. 

There is recent evidence of apomictic fruit production in a number of 

families of tropical trees with distinct life histories and distributions. Examples 

are dipterocarps (Kaur et al. 1986) and Garcinia spp. (Richards 1990, Thomas 

1997) from Southeast Asia, Eriotheca pubescens (Oliveira et al. 1992) and 

several melastomataceous trees (Goldenberg and Shepherd 1998) from the 

Neotropics. Therefore, apomixis, like autogamy, may be a viable alternative to 

outbreeding in plant evolution (Allem 2004), especially in conjunction with 

facultative sexuality.   
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More research is desirable to determine (i) the extent to which C. 

brasiliense reproduces without pollinators across its large range (ii) to confirm 

apomixis in this species through cytological and genetical studies, and (iii) to 

conduct population genetic studies across its range to assess genetic diversity 

within and genetic divergence between populations. If other C. brasiliense 

populations are beetle-pollinated, we need to ask why this is not the case at 

USJ. If apomixis proves to be widespread in this species, we may gain 

fascinating insights into the sustainability and long-term prospects of apomixis 

as an overlooked contender in the evolutionary race (Allem 2004). 
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