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RESUMO GERAL - Cicadéceas sdo plantas que ocupam um lugar especial na botanica. A
valoracao bioldgica, social e cultural deriva do antigo registro fossil, que remontam mais de
250 milhdes de anos e dos atributos cénicos e harmonicos que elas representam. As cicadaceas
sdo predominantemente dioicas, com cruzamentos e sincronismos fenologicos obrigatdrios. A
auséncia desses mecanismos torna individuos efetivamente estéreis. No curso de sua evolucéo,
tais plantas desenvolveram interagBes com agentes bidticos, algumas indissociaveis como 0s
mutualismos envolvidos na polinizagdo, o0s servigos de dispersdo de sementes e 0S
antagonismos, como a herbivoria. Nesta tese elegemos Zamia boliviana, uma cicadacea do
Cerrado, para descrever a fenologia reprodutiva, a razdo sexual e as intera¢fes mutualisticas e
antagobnicas de suas populacGes no ambiente natural. Avaliamos o desempenho reprodutivo,
mostrado pelo padrdo da vida Util de estrébilos e da andlise do padrédo fenoldgico e da razéo
sexual, bem como, a natureza das interacdes cicadacea-insetos. Discorremos sobre como
podemos associar as descobertas ao entendimento e conservagdo deste sistema bioldgico, a luz
do sucesso ancestral da planta e do regime dos ecossistemas contemporaneos em que se
desenvolve. Argumentamos que as condi¢des bioclimaticas do Cerrado e as interagdes bidticas
envolvidas com a cicadacea, tém sido primordiais para sua sobrevivéncia. A abrangéncia de
atributos funcionais desses habitats permite que essa espécie persista como "gimnospermas em
meio a indubitavel diversidade de angiospermas" tropicais (Forzza et al. 2010; BFG, 2015), em
ecossistemas impulsionados por processos deterministicos, efeitos fundadores e estocasticos.
Em uma revisdo de literatura da familia Zamiaceae (Capitulo 1), descobrimos que o nimero de
publicac6es dobrou no século XXI, concentrando-se principalmente em genética, taxonomia e
sistematica, morfologia, interacGes ecol6gicas e um interesse crescente em ecologia e
conservacao populacional. InvestigacGes sobre esses topicos e estratégias de conservacéo,
especialmente para espécies de Zamia na América do Sul, foram apontadas como necessarias.
No estudo fenoldgico (Capitulo 1), identificamos padrdo reprodutivo sazonalmente sincrénico,
com sobreposicdo predominante das fases de emergéncia, derramamento de poélen e
receptividade dos estrobilos, igualmente compativeis entre 0s sexos, populacBes e anos
subsequentes. A vida Util dos estrobilos é semelhante a distingdo morfoldgica e temporal tipica
de Zamia spp., com marcada diferenca no desenvolvimento de estrobilos ovuliferos, em relacdo
aos poliniferos. O estudo de razdo sexual (Capitulo Il1), mostrou viés predominantemente
masculino para a maioria das populacbes examinadas. Esse resultado foi atribuido,
principalmente, aos custos diferenciais dos sexos. InteracBes antagOnicas especializadas e
obrigatdrias sdo tipicas das cicadaceas em todo o mundo, como as de Eumaeus minyas Hibn.

(Lepidoptera: Lycaenidae) (Capitulo 1V) e também foram registradas para Z. boliviana.
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Observacdes periodicas em populacdes da cicadacea e a conducao de experimentos no ambiente
natural mostraram insetos visitantes (visitantes sazonais e oportunisticamente ndo confiaveis),
seu comportamento e eficiéncia como vetores de polinizacdo (Capitulo V). Os resultados
evidenciaram que o vento ndo é necessario para a polinizacdo dessa cicadacea. Por outro lado,
revelamos a existéncia de mutualismo obrigatério e especializado envolvendo uma espécie de
besouro e essa cicadacea, um mecanismo também conhecido para outras Zamia spp.. A
cicadacea hospedeira € polinizada por uma nova espécie de Pharaxonotha (Coleoptera:
Erotylidae), descrita no decorrer desta tese. Pharaxonotha cerradensis Skelley and Segalla
mantém seu ciclo de vida em associagdo com as estruturas reprodutivas de Z. boliviana e a
sazonalidade biocliméatica do Cerrado. Provavelmente, a combinacdo de fatores fisicos,
quimicos e bioldgicos (e. eg.: bioclimaticos, morfologicos, adaptativos, defensivos e interacdes)
permitiu que essa e outras Zamia spp. tenham sobrevivido a outras plantas sub-historicas. Nossa
pesquisa mostra e corrobora estudos anteriores sobre a biologia e ecologia de Zamia spp. e
aponta para a necessidade de pesquisas com espécies dioicas e suas interagdes na América do
Sul. Esse conhecimento é fundamental para entender e conservar sistemas bioldgicos co-
dependentes de espécies endémicas, raras e de vida longa, como as linhagens reliquias e

ecologicamente restritas de Zamia spp..

Palavras-chave: Conservacdo de cicadaceas, Ciclo de vida de besouros, Interacdes ecoldgicas,
Herbivoros obrigatérios, Plantas hospedeiras, Tempo reprodutivo, Sistema reprodutivo, Viés

sexual, Custo de reproducdo, Vida util de estrobilos
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GENERAL ABSTRACT - Cycads are plants that occupy a special place in botany. The
biological, social and cultural relevance derive from the ancient fossil record, which dates back
more than 250 million years and the scenic and harmonic attributes that represent. Cycads are
predominantly dioecious, with obligate outcrossing and phenological synchronism. In the
absence of such mechanisms, individuals become effectively sterile. During their evolution,
cycads have developed interactions with biotic agents, including some inextricable
relationships such as mutualisms involved in pollination, seed dispersal services and
antagonisms, such as herbivory. In this dissertation, we chose Zamia boliviana, a cycad from
the Cerrado, to describe the reproductive phenology, sex ratio and mutualistic and antagonistic
interactions of Zamia populations in the natural environment. We evaluated Zamia reproductive
performance, including the lifespan pattern of strobili, the phenological pattern and sex ratio,
as well as the nature of cycad-insect interactions. We discussed how we could associate our
findings with the current understanding and conservation of this biological system, taking into
consideration the past success of the plant and the contemporary ecosystem regime in which it
develops. We argue that the bioclimatic conditions of the Cerrado ecosystem and the biotic
interactions involved in cycad development have been essential for its survival. The range of
functional attributes of these habitats allows this species to persist as "gymnosperms amid the
undoubted diversity of tropical angiosperms" (Forzza et al. 2010; BFG, 2015) in ecosystems
driven by deterministic process and founding and stochastic effects. In a literature review about
the Zamiaceae family (Chapter one), we found that the number of publications doubled in the
21st century, and they were mostly focused on genetics, taxonomy and systematics,
morphology, ecological interactions, with an increasing interest in population ecology and
conservation. Investigation about these topics and conservation strategies, especially for South
America species of Zamia, were pointed out as necessary. In the phenological study (Chapter
two), we identified a seasonally synchronous reproductive pattern, with predominance of
emergence stage, pollen release and strobili receptivity, which were equally compatible
between sexes, populations and subsequent years. The lifespan of strobili resembles the
morphological and temporal distinction typical of Zamia spp., with a marked difference in the
development of ovuliferous strobili in comparison to polleniferous strobili. The sex ratio study
(Chapter three) showed a predominantly male bias for most of the populations examined. This
result was mainly attributed to differences in reproductive costs. Specialized and obligate
antagonistic interactions are typical of cycads around the world, such as those of Eumaeus
minyas Hibner (Lepidoptera: Lycaenidae) (Chapter four) and those registered for Z. boliviana.

Periodic observations of cycad populations and the conduct of experiments in the natural



14

environment revealed insect visitors (seasonal visitors and opportunistically unreliable
visitors), their behavior and the efficiency as vectors of pollination (Chapter five). The results
demonstrated that wind is not necessary for pollination of this cycad. On the other hand, we
revealed the existence of obligate and specialized mutualism between a species of beetle and
this cycad, which is a mechanism also known in other Zamia spp. The host cycad is pollinated
by a new species of Pharaxonotha (Coleoptera: Erotylidae) as described in this dissertation.
Pharaxonotha cerradensis Skelley and Segalla maintains its life cycle in association with the
reproductive structures of Z. boliviana and the bioclimatic seasonality of the Cerrado. It is likely
that the combination of physical, chemical and biological factors (e.g., bioclimatic,
morphological, adaptive, defensive and interactions) allowed the survival of this and other
Zamia spp. to other understory plants. Our research corroborates previous studies on the biology
and ecology of Zamia spp. and points to the need for research with dioecious species and their
interactions in South America. This knowledge is essential to understand and conserve
biological systems co-dependent on endemic, rare and long-lived species, such as the relic and

ecologically restricted populations of Zamia spp.

Keywords: Cycad conservation, Beetle life cycle, Ecological interactions, Host plants,
Obligate-herbivores, Lifespan strobili, Reproductive system, Reproductive timing, Sex bias,
Reproductive cost
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GENERAL CONCLUSIONS

Fui criada no mato e aprendi a gostar das

coisinhas do chdo - Antes que das coisas celestiais.
(Modificado de BARROS, Manoel de.

Retrato do artista quando coisa. Rio de Janeiro: Record, 1998.)

Photo credits: Rosane Segalla, personal collection.

This dissertation presents the current knowledge on Zamiaceae, with emphasis on Zamia from South
America (Chapter I). It contains the results of phenological patterns (Chapter 11) and sex ratio (Chapter I11) from
the case study with populations of Z. boliviana in the natural environment. It also gathers biotic interactions
associated with this cycad. One case is the registration of Eumaeus minyas Hiibn. (Lepidoptera: Lycaenidae), first
for a species of Zamia in Brazil (Chapter IV). The other study case describes a species of Pharaxonotha (Chapter
V) as the only potential pollinator of this cycad. These ecological interactions and other opportunistic or non-

obligate visitors have been carefully described over approximately five years of observations.

It is promising that many of the genera and species of this family are already well-studied. However,
after considering the species richness of the genus Zamia in South America, where many of them are still
biologically, ecologically and phylogenetically little known according to the systematic review of Zamiaceae
(Chapter 1) and the case study with Z. boliviana (Chapter 11-V), we conclude that:

i) Zamia boliviana was a good model for initial studies with dioecious species, especially Zamia

from South American ecosystems;
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i) Phenological studies that identify recurrence patterns in biological events, such as the
phenological study with Z. boliviana (Chapter II), are expensive in time and resources but are
essential in the tropics. Our study with Z. boliviana consisted of populations in the natural
environment and is unprecedented for Zamia spp. from South America. The results are
promising as they showed a synchronous reproductive phenological pattern in the two
populations studied, which is an essential requirement for the reproductive health of dioecious

populations;

iii) Studies focused on the origin of patterns and processes involving dioecious systems, such as
those that pointed out a predominantly male bias in Z. boliviana (Chapter I11), are recommended
for other dioecious species. Long-term monitoring of dioecious populations in their natural
habitat may bring greater clarity to studies of this nature and lend support to the arguments that
deterministic forces (e.g., environmental filtering) and stochastic processes (e.g., anthropic
effects, variation in sex ratio and population density, resource availability) possibly regulate the
dynamics of these ecological systems. These studies are fundamental to predict the likely

responses of these systems to environmental changes;

iv) Data surveys on the natural history of tropical biodiversity, such as the antagonistic and obligate
interaction between E. minyas and Z. boliviana (Chapter 1V), are important, especially at present.
Such studies allow identifying not only agents in interaction but the dependence level with their
host plants, the areas of co-occurrences and evaluating the stability of these associations in times

of constant habitat change, and finally,

V) Studies that demonstrate opportunistic or mutualistic ecological interactions, including our
description of specialized and obligate mutualism between Z. boliviana and P. cerradensis
(Chapter V), should be prioritized. This study model show plant-pollinator interactions from the
perspective of dioecy, an obligate mutualism, and the consequences of imbalance or loss of these
interactions for both. A good understanding of these interactions will bring more light to the
accumulated knowledge and allow us to advance towards new concepts about reproductive

systems and the exactitude of these contemporary biological interactions.

Overall, our research using the case study with Z. boliviana showed that the reproductive events (as
shown in the phenological and sex ratio study) of this cycad are shaped by the bioclimatic and seasonal factors of
the Cerrado. Also, the life cycles of E. minyas and P. cerradensis are synchronized with the lifespan of the organs

of this host plant.

The biological and socio-cultural importance of cycads and other dioecious species makes studies on this
group of rare, endemic and long-lived species, as well as their interactions, even more essential. Although the
knowledge of the biological history of these species in their original habitats is challenging, they should be

encouraged within the scientific community. The gains from these efforts are directed towards science and
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societies. The integration of results, including those from this case study, to other areas of science produces more

complete responses with positive effects for different decision-making purposes.

New challenges include fostering and implementing actions with public or private organizations and
society, in general, to continue studies similar to the current study. Furthermore, the application of results in
conservation strategies of dioecious populations, especially Zamia spp., in public or private areas and biological
collections is crucial. It should be a permanent attempt to safeguard integrating and sustaining elements of a region
with marked biodiversity hotspots. Most of them are still little known and have been defined by historical processes

under the influence of contemporary factors.
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