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Foreword 1

The islands of Sdo Tomé and Principe emerged from relatively ancient volcanic
activity, dating back 30 million years. Due to their isolation from the African
continent, the fauna and flora are quite unique. The refuges that resulted from
these volcanic phenomena gave rise to a high degree of endemic species, including
bats, birds, reptiles, amphibians, butterflies, molluscs, as well as a great variety of
flora. The richness of the islands’ biodiversity is recognized by the scientific world,
which considers the tropical forest of Sdo Tomé and Principe as the second most
important for the conservation of avifauna, among 75 African forests.

Biological diversity in Sao Tomé and Principe is manifested not only in terms of
species richness and endemism. Despite the country’s relatively small area, the
diversity of its ecosystems is equally impressive, particularly in the forestry domain.
The shade forests are particularly noteworthy as they house cocoa crops that support
the national economy. Cocoa production requires the maintenance of forest cover to
shade the plants, a practice that also helps to maintain high levels of forest biodi-
versity in producing countries.

With a total land area of around 1000 km?, the islands of Sdo Tomé and Principe
are home to a great diversity of habitats ranging from savannas and mangroves in the
coastal areas, to shade forests, low and medium altitude forests, and fog forests at
altitudes of more than 2000 m. The forests are characterized by several endemic
species, including the Giant Lobelia, Lobelia barnsii and many species of mammals,
amphibians, reptiles, and insects. The birds are truly exceptional with more than
28 species of endemic birds including Maroon Pigeons, Columba thomensis, the Sao
Tomé Green-Pigeon, Treron sanctithomae, the Sao Tome Ibis, Bostrychia bocageli,
and the famous Sao Tome Prinia, Prinia molleri. The Prinia is also present in urban
areas of the country and greets the islands’ human inhabitants with its rhythmic wing
flaps in the morning.

The Tinhosas islets, located 22 km from the island of Principe, are home to one of
the largest colonies of seabirds in our African sub-region, which makes them the
main nursery of seabirds in the Gulf of Guinea. This status, according to Birdlife
International, makes them an area of worldwide importance for bird conservation.
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The extraordinary biodiversity of the islands contributed to the island of Principe
becoming part of the UNESCO World Network of Biosphere Reserves in 2012.

Throughout its existence, the population of Sdo Tomé and Principe has been
closely linked to the country’s biological resources, through agriculture, fishing,
harvesting, medicine, recreation, tourism, and also through cultural events. In
recognition of the importance of biodiversity for the lives of the population, and
that the issue of biodiversity conservation is a common concern for all of Humanity,
the Democratic Republic of Sdo Tomé and Principe became a signatory to the
Convention on Biological Diversity in June 1992, in Rio de Janeiro. States must
assume the main responsibility in the search for feasible and effective conservation.

After its ratification, several steps were taken at the international level to obtain
the necessary means to implement the recommendations contained in Article 6 of the
Convention, namely in terms of the elaboration and implementation of national
strategies, plans and programmes aiming at conservation and sustainable use of
biological diversity, as well as the integration of these same objectives in the specific
framework of the different sectoral and intersectoral plans and programmes. The
Biodiversity Action Plan of Sdo Tomé and Principe aims for the local population to
use natural resources in a way that contributes to poverty reduction and allows for
sustainable socio-economic development.

The present work “The Biodiversity of the Oceanic Islands of the Gulf of Guinea”
represents without a doubt, an important contribution to the knowledge of the rich
biodiversity of Sdo Tomé and Principe. Biodiversity is central to the current and
future socio-economic development of the county, and there is a clear need to
expand research that furthers knowledge of our biodiversity and identifies solutions
that lead to its sustainable use.

I proudly provide a foreword to the present work, certain of its potential to
encourage our national academia and inspire a new generation of researchers.

President of the Democratic Republic of Sao Carlos Vila Nova
Tomé and Principe, Neves, Sdo Tomé and Principe
December 2021
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For more than 30 years, the EU and its partners have been supporting the preserva-
tion of biodiversity and fragile ecosystems in Central Africa, notably through the
ECOFAC programme. ECOFAC was launched in 1993 with the objective to
promote the conservation and rational use of Central Africa’s forest heritage, taking
into account the socio-economic and environmental particularities of its landscapes.
This programme follows the intentions expressed in the “Lomé III” Convention
(8 December 1984), between the European Economic Community and the African,
Caribbean, and Pacific Group of States, aiming to strengthen cooperation for the
economic, cultural, and social development of these States. In the Brazzaville
Declaration of 31 May 1990, on the conservation and rational use of forest ecosys-
tems in Central Africa, the representatives of seven countries submitted a request to
the Commission, which was agreed on 26 October 1990. Sao Tomé and Principe has
been benefitting directly from the Programme since its inception.

A great deal of knowledge has been gained over the last 30 years that has helped
to shape the conservation sector in Central African countries. This knowledge has
led to a better understanding of species diversity and ecosystems, the development of
a sub-regional network of protected areas, and to valuable information for their
effective management. The ECOFAC Programme has also played a pivotal role to
build capacity and human capital in conservation in Central Africa. Over the course
of these three decades, paradigms around protected areas have evolved. These areas
were mainly oriented towards strict conservation in the beginning, but the approach
is increasingly integrating the needs of human populations and the notion of
landscape, establishing a new paradigm around “conservation for development”.
Fundamental and applied conservation research continues to be an essential compo-
nent of the management of protected areas and their surroundings. This work
encompasses a wide range of themes, and increasingly integrates socio-economic
and biological research. Understanding how ecosystems and species respond to
human pressures is essential as human population growth accelerates.

With continuous support from the European Union, the ECOFAC Programme is
now in its sixth phase. This makes ECOFAC the oldest European programme in

vii
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Central Africa, a sign of the European Union’s lasting political commitment to the
region, specifically regarding conservation. The general objective of the ECOFAC
6 Programme is to improve the governance of natural resources and the management
of protected areas, to contribute to a green economy characterized by endogenous,
sustainable, and inclusive economic development. As the implementing partner of
the ECOFAC 6 component for the Democratic Republic of Sdo Tomé and Principe,
BirdLife International has been working closely with park management authorities,
government ministries, and communities to promote research, empowerment, and
the conservation of threatened and unique birds and their habitats.

This book is an important step towards meeting these objectives, synthesizing
centuries of research into a single volume that is freely accessible to researchers,
educators, policy makers, and the public.

The oceanic islands of the Gulf of Guinea—Principe, Sdo Tomé, and Annobén—
are three small volcanic islands off the west coast of Central Africa. They are home
to a remarkable number of unique species across the tree of life, including plants,
mushrooms, spiders, butterflies, molluscs, amphibians, reptiles, birds, and mam-
mals, inhabiting the forests that envelop the islands’ inactive volcanic slopes. The
surrounding marine ecosystems are also teeming with life, hosting diverse commu-
nities that include sea turtles, sharks, cetaceans, reef fishes, and marine invertebrates.
The human populations on the islands are mostly concentrated along the coasts
where they rely heavily on the balance of both terrestrial and marine environments.

On a global scale, biological diversity is declining and the rate of species
extinction is accelerating, threatening the ecological processes that sustain life on
Earth. Unfortunately, the ecosystems of the oceanic islands in the Gulf of Guinea
have not been spared from the negative impacts of human activity. Centuries of
intensive monoculture have left a lasting imprint on the island landscapes, and the
human population has grown quickly over the last 50 years, which has increased the
pressure on already vulnerable ecosystems. It is now widely recognized that biodi-
versity conservation is a fundamental element of sustainable development, increas-
ing resilience and reducing environmental vulnerability.

The new European Green Deal adopted on 14 July 2021, identifies environmental
degradation as an existential threat to the world. To overcome these challenges, the
European Green Deal is committed to intensify the integration of environmental and
climate change objectives, in particular the biodiversity, forests, oceans, and soils,
across all sectors of cooperation. It is in this context that the EU has been fomenting
the NaturAfrica initiative, aiming to support biodiversity conservation in Africa
through an innovative, people-centred approach. NaturAfrica is the successor of
ECOFAC and it consists of identifying key landscapes for conservation and devel-
opment where the EU will focus its support for job creation, improved security, and
sustainable livelihoods, while preserving ecosystems and wildlife that are vital to all.
This initiative will directly benefit the island landscapes of Principe, Sio Tomé, and
Annobén.

Moreover, the Global Gateway Strategy launched on 1 December 2021, stands
for sustainable and trusted connections that work for people and the planet. It will
help to tackle the most pressing global challenges, including fighting climate change.
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Global Gateway is a great start to lead on climate action with developing countries,
tackling climate change with a closing window of opportunity against global
warming, taking into account the needs of partner countries and ensuring lasting
benefits for local communities.

This book is the first synthesizing knowledge on the biodiversity of these islands.
It is being published at a time when humanity is facing a serious ecological crisis due
to the unprecedented collective impacts of human activities on nature, and the timely
publication of this book will serve as an important resource to guide the next phase
of biodiversity conservation of this unique archipelago.

Thus, the information in this book is fundamental to guide development strategies
for the islands.

EU Ambassador in Gabon to Sdo Tomé H. E. Rosario Bento Pais
and Principe and ECCAS, Gabon,
Sdo Tomé and Principe
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Ex Africa Semper Aliquid Novi

Some two decades ago, I found myself on a small aircraft en route to the island of
Sao Tomé. T had just attended a meeting of the World Wildlife Fund in Libreville,
Gabon and was now headed to meet an old San Francisco family friend. Ned
Seligman, a former Peace Corps volunteer (later Country Director) and fellow
lover of Africa had moved to the island and founded a non-profit organization called
STeP UP that focused on education and health initiatives. He had been urging me to
visit for some years. As a scientist with the California Academy of Sciences in San
Francisco, I had by this time already travelled and worked in much of continental
Africa, but I was unaware that one of the most meaningful and satisfying phases of
my scientific career was about to begin; it would also be the last.

It has been said that nothing compares with the thrill of discovery. In the
academic and scientific world, this might be a single novel idea or a series of related
discoveries leading to a new understanding of a more complex whole. The Gulf of
Guinea Islands are teeming with unique species of plants, animals, and fungi whose
diversity and biology have inspired centuries of research, but the islands also present
a unique geological setting in which to understand broader questions about how
biodiversity evolves and accumulates on oceanic islands. Very early discoveries of
the unique species inhabiting Gulf of Guinea Islands collected by early explorers
such as Greef, Newton, and Fea, mostly during the nineteenth century, were
tantalizing to biologists of the time. However, after a fruitful initial period of
biological discoveries, the islands remained overlooked by the large majority of
the scientific community. More recently, the spectacular Gulf of Guinea Islands
opened again to collaborative biological exploration. The early results of this long
overdue exploration and analysis include numerous intriguing, fascinating discov-
eries, many of which are presented in this volume.

While many of these results represent work by groups and individuals from
scientific institutions in North America, Europe, and Brazil, they are most impor-
tantly the result of cooperation and efforts with the citizens and civic leaders of the
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islands. The islands’ residents are the ultimate custodians of the biological wealth
partially described herein. To that end, it must be mentioned that many of the results
presented in this volume have already been and are still being transmitted directly to
national and regional governmental entities. Past and ongoing efforts to spread
environmental awareness to island residents of all ages and to inspire stewardship
of the islands’ biological heritage are also described in this volume.

The islands’ residents are the custodians of something unique and special to the
rest of the world. It has been the honour of my career to play a small role in
advancing this new phase of discovery and collaboration.

SOMENTE AQUI! (ONLY HERE!)

Curator Emeritus of the California Robert C. Drewes, PhD
Academy of Sciences, San Francisco,
CA, USA
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Chapter 1 ®)
Biodiversity in the Gulf of Guinea Oceanic e
Islands: A Synthesis

Luis M. P. Ceriaco, Ricardo F. de Lima, Rayna C. Bell, and Martim Melo

Abstract The Gulf of Guinea oceanic islands (Principe, Sdo Tomé, and Annobén)
are among the most endemic-rich regions of the planet. Historical scientific studies
of the islands’ unique biodiversity are scattered in a variety of publications, many of
which are difficult to access. More recently, there has been a growing interest in the
islands, which is reflected in a burst of new studies, reports, and ongoing projects.

L. M. P. Ceriaco (D<)
Museu de Histéria Natural e da Ciéncia da Universidade do Porto, Porto, Portugal

CIBIO, Centro de Investigacdo em Biodiversidade e Recursos Genéticos, InBIO Laboratério
Associado, Universidade do Porto, Vairdo, Portugal

BIOPOLIS Program in Genomics, Biodiversity and Land Planning, Vairdo, Portugal

Departamento de Zoologia e Antropologia (Museu Bocage), Museu Nacional de Histdria
Natural e da Ciéncia, Universidade de Lisboa, Lisbon, Portugal
e-mail: Imceriaco@mhnc.up.pt

R. F. de Lima
Centre for Ecology, Evolution and Environmental Changes (cE3c), Faculdade de Ciéncias,
Universidade de Lisboa, Lisbon, Portugal

Departamento de Biologia Animal, Faculdade de Ciéncias, Universidade de Lisboa, Lisbon,
Portugal

Gulf of Guinea Biodiversity Centre, Sdo Tomé, Sao Tome and Principe

R. C. Bell
Department of Herpetology, Institute for Biodiversity Science and Sustainability, California
Academy of Sciences, San Francisco, CA, USA

M. Melo
Museu de Histéria Natural e da Ciéncia da Universidade do Porto, Porto, Portugal

CIBIO, Centro de Investigagdo em Biodiversidade e Recursos Genéticos, InBIO Laboratério
Associado, Universidade do Porto, Vairdo, Portugal

FitzPatrick Institute of African Ornithology, University of Cape Town, Rondebosch,
South Africa

BIOPOLIS Program in Genomics, Biodiversity and Land Planning, Vairdo, Portugal

© The Author(s) 2022 1
L. M. Pires Ceriaco et al. (eds.), Biodiversity of the Gulf of Guinea Oceanic Islands,
https://doi.org/10.1007/978-3-031-06153-0_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-06153-0_1&domain=pdf
mailto:lmceriaco@mhnc.up.pt
https://doi.org/10.1007/978-3-031-06153-0_1#DOI

2 L. M. P. Ceriaco et al.

Here we aim to provide an updated and comprehensive synthesis, covering all the
key information and references on the biodiversity of these islands. The goal of the
book is to be a comprehensive reference for students, researchers, and conservation-
ists dedicated to the study and preservation of this unique biodiversity. It also intends
to serve as a basis for local stakeholders to make informed decisions, namely
regarding conservation actions. The book is divided into three main sections: (1) a
general overview of the islands and their biodiversity, including aspects of natural
and human history (six chapters); (2) detailed accounts on different taxonomic
groups (16 chapters); and (3) the conservation, environmental education, and
research challenges that lie ahead (three chapters).

Keywords Biogeography - Conservation - Ecology - Endemics - History of science
Taxonomy

Introduction

E realmente notdvel a fauna da ilha de S. Tomé
e mais notavel é ainda a diferenca que faz da

The fauna of S. Tome Island is truly
remarkable, and it is even more remarkable

sua irmd o Principe. No Principe os animais
que se encontram sdo em grande parte do
continente, enquanto que em S. Tome ha uma
forma especial com bastantes espécies que
Jjulgo serem privativas da ilha. A distancia que
ha entre as duas ilhas é apenas de 90 milhas
mas o cabo submarino lancado tem 120 milhas
devido as ondulagoes de terreno no fundo do
mar. Com relagcdo a Atldantida, ndo serdo as
ilhas do Golpho da Guiné e mesmo as
Canarias, Cabo verde, St* Helena, Assumpgdo
etc, restos d’esse grande continente?

the difference to its sister island of Principe.
The animals that are found in Principe are
mostly from the continent, while in S. Tomé
there is a special form with several species that
I believe are private to the island. The distance
between the two islands is only 90 miles but the
submarine cable has 120 miles due to the
ruggedness of the sea floor. Regarding Atlan-
tis, aren’t the islands of the Gulf of Guinea,
and even the Canaries, Cabo Verde,

St. Helena, Ascension, etc., the remains of that
large continent?

Francisco Newton, letter from Sdo Tomé Island
23 January 1887

The Portuguese explorer Francisco Newton was one of the first naturalists to
dedicate almost one decade to the study of the outstanding diversity of the Gulf of
Guinea oceanic islands. The collections he made, in what was largely unexplored
territory for science, allowed the description of dozens of new species and began to
reveal intriguing biogeographic patterns. Gazing at the species he was collecting,
many of which would turn out to be endemic, the naturalist found them so spectac-
ular that he dared to suggest the islands could be the remains of the mythical
continent of Atlantis. While this suggestion lacks any scientific basis, it is a perfect
example of the sense of awe that the biodiversity of the Gulf of Guinea oceanic
islands imparts to any naturalist who visits them. Although Newton’s “Atlantis
hypothesis” did not gain traction, other comparisons between these islands and
other iconic places around the world have since been proposed. A quick search
about these islands on the Internet, newspapers, popular magazines, or tourism
advertisements will likely find them labeled as “a paradise on Earth” or “the
Galapagos of Africa.” The Galapagos archipelago in the Pacific Ocean is one of
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the most famous group of islands for naturalists and wildlife enthusiasts, especially
due to their role in British naturalist Charles Darwin’s (1809—1882) genesis of the
theory of evolution through natural selection. The observation of the diverse envi-
ronments, unique species, and incredible adaptations of the Galapagos fauna and
flora were fundamental to Darwin’s growing body of evidence, forever linking the
Galapagos to the theory of evolution. Darwin never set foot in the Gulf of Guinea but
the type of evidence he found in the Galapagos is also abundantly available in these
oceanic islands. Thus, the label “the Galapagos of Africa” is certainly fitting.

Since their emergence millions of years ago, due to the activity of the Cameroon
Volcanic Line, the islands of Principe, Sdo Tomé, and Annob6n have been isolated
from the African continent. Their prolonged isolation and complex geological
history led to the evolution of unique species that sustain distinctive ecosystems.
Humans arrived approximately 500 years ago, when Portuguese navigators found
these uninhabited islands teeming with biodiversity. Since then, human impact on
the islands has increased considerably, with lasting impacts to both the landscape
and biodiversity. The human impact on the biota has been considerable, and a
number of species and ecosystems are now threatened.

The islands’ unique biodiversity has attracted several generations of researchers
working in a wide diversity of taxonomic groups and biological topics. Biodiversity
research in the region received a renewed focus when in June 1993 the Jersey
Wildlife Preservation in Jersey (UK) organized a workshop on the biodiversity of
the Gulf of Guinea islands. The aim of this meeting was to synthesize the data
available at the time, and led to the establishment of a network of experts: the Gulf of
Guinea Conservation Group. Managed by Angus Gascoigne (1962-2012), a pas-
sionate British amateur naturalist who was living in Sao Tomé, it supported many
scientific endeavors. The results of the meeting were published in a special edition of
the journal Biodiversity and Conservation (Juste and Fa 1994). This issue became
the major reference for the biodiversity of the islands for more than two decades,
serving as the main source of data and theoretical support for the new generation of
island biologists and conservationists, many of whom are contributors to this
volume.

On October 16, 2020, a virtual meeting brought together several dozen scientists,
conservationists, educators, and local stakeholders, all with shared interests in
the biodiversity of the Gulf of Guinea oceanic islands. This meeting aimed to set
the foundation for the Gulf of Guinea Biodiversity Center, a collaboration to satisfy
the urgent needs of an ever-growing community to have an institution fully dedi-
cated to the biodiversity of the islands. This new generation is dedicated to surveying
the islands to document biodiversity, to understand and mitigate the current threats,
and to raise local and global awareness for this unique natural heritage. This book
aims to represent this new wave of research and to set the stage for the next phase of
biodiversity research and conservation.
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Historical Biodiversity Syntheses

Prior to the 1994 special issue of Biodiversity and Conservation (Jones 1994), efforts
to synthesize knowledge on the biodiversity of the Gulf of Guinea islands were few
and far between. Many tended to be taxonomically and geographically focused. In
the early twentieth century, the Portuguese zoologist José Vicente Barbosa du
Bocage (1823-1907) was the first to produce a synthesis on the land vertebrates of
the Gulf of Guinea islands, based on the knowledge that had been amassed during
the second half of the nineteenth century (Bocage 1903, 1905). According to him,
the list of species for Principe included four mammals, 43 birds, ten reptiles, and two
frogs, whereas that of Sao Tomé hosted 12 mammals, 64 birds, 11 reptiles, and five
amphibians. For Annobon, the species list of Bocage (1903) recorded only two
mammals, 14 birds, five reptiles, and no amphibians. Similar to Bocage’s checklists
of vertebrate fauna, the British botanist Arthur Wallis Exell (1901-1993) was the
first to publish a checklist of the vascular flora of the Gulf of Guinea oceanic islands
(Exell 1944). He benefited from the work of previous researchers, such as Jilio
Henriques (1838-1928), former director of the herbarium of the University of
Coimbra, providing an extensive series of publications (Exell 1956, 1958, 1959,
1963, 1973). By 1973 he had recorded 810 angiosperms for the islands (539 dicot-
yledons and 271 monocotyledons), of which 601 occurred on Sdo Tomé, 314 on
Principe, and 208 on Annobén (Exell 1973). Some taxonomic groups have received
special attention in comparison to others. Birds, in particular, received regular
syntheses through the years (Bocage 1889; Amadon 1953; Naurois 1994; Jones
and Tye 2006; Lima and Melo 2021).

While many syntheses have been taxonomically oriented (vertebrates, angio-
sperms), others have focused on single islands. The work of Jilio Henriques on
the natural history and agriculture of Sdo Tomé (Henriques 1917) is a perfect
example: across almost 300 pages, this monographic work aimed to cover all the
aspects of the natural history of the island, listing its fauna, flora, geology, topogra-
phy, agriculture, and even the organization of the local society. Other attempts to
compile information on the biodiversity of the islands took place later on, including
the bibliographic compilation of “pure and applied botany” of So Tomé and
Principe by Fernandes (1982), and that on the fauna of the three oceanic islands
by Gascoigne (1993, 1996).

Continuously updating species lists is vital for refining taxonomy, identifying
knowledge gaps, recording changes in species composition, studying community
ecology and biogeography, understanding ecosystem function, and supporting con-
servation decisions. Jones (1994) presented an updated overview of the number of
vertebrate species and endemics on each island (Table 1.1). According to this
compilation, the Principe species list of terrestrial vertebrates included four mam-
mals, 35 birds, eight reptiles, and three frogs, that of Sao Tomé nine mammals,
49 birds, 14 reptiles, and six amphibians, and that of Annobén two mammals, nine
birds, seven reptiles, and no amphibians (Table 1.1). Regarding plants, numbers
would not be updated until the much more recent publication of bryophyte (Sérgio
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and Gargia 2011), fern and lycophyte (Figueiredo 2002; Klopper and Figueiredo
2013), and angiosperm checklists (Figueiredo et al. 2011). There are noticeable
differences in the number of species and endemics for taxa that have multiple
checklists, reflecting the development of knowledge of the islands’ biodiversity
over the last century. New species continue to be added every year, even among
the best studied groups, representing both species that are new to science and just
newly recorded on the islands. Nevertheless, systematic and well-curated species
checklists are still the exception for most taxa in the Gulf of Guinea oceanic islands.
For many groups, notably terrestrial and marine invertebrates, there are still no
comprehensive species checklists, or they were first published recently, highlighting
how little is still known about the biodiversity of the islands (Lima 2016).

A New Synthesis

The outputs of the long history of research in the oceanic islands of the Gulf of
Guinea are scattered in hundreds of publications—scientific papers, reports, and
books. Most works published since the late eighteenth century to the present day are
very specific, focusing on few taxa and on a single island, or even a single species
and particular regions of an island. Publications are available in several different
languages—Portuguese, Spanish, English, French, German, Italian, Latin,
Russian—and formats—from books to peer-review scientific journals, theses,
unpublished reports, and more recently also in non-printed media, such as online
images, audio, and video. Access to many historical works has greatly improved in
recent years, especially due to important online platforms, such as the Biodiversity
Heritage Library (Gwinn and Constance 2009). However, this immense diversity of
sources also makes it challenging to gain a complete and updated view on the
biodiversity of these islands. Similarly, thousands of scientific specimens are held
in natural history collections around the world, providing the baseline to our present
knowledge and enabling exciting new findings and research. Many of these collec-
tions have not been included in recent studies and some have only recently been
rehabilitated and once more made accessible to the scientific community (e.g.,
Monteiro et al. 2016; Ceriaco et al. 2021). For such a small area, the Gulf of Guinea
oceanic islands may be one of the most intensively studied parts of Africa (e.g.,
Droissart et al. 2018). However, most of the scientific output and associated data are
not synthesized or readily available.

This book attempts to compile the key information and references regarding the
past and current knowledge on the biodiversity of the Gulf of Guinea oceanic
islands. The goal is to be a comprehensive reference for students, researchers, and
conservationists dedicated to the study and preservation of this unique biodiversity.
It also intends to serve as a basis for local stakeholders to make informed decisions,
namely regarding conservation actions. Above all, it is an act of celebration of the
scientific achievements of several generations of biologists and conservationists, a
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manifest in support of the astonishing biodiversity of these islands, and a plea for its
conservation.

Book Structure

The book is divided into three main sections: (1) a general overview of the islands
and their biodiversity, including aspects of natural and human history (six chapters);
(2) detailed accounts on different taxonomic groups (16 chapters); and (3) the
conservation, environmental education, and research challenges that lie ahead
(three chapters).

Section one starts with an outline of the physical geography, geological history,
climate, and sea level evolution of the study area, providing also its political
boundaries and administrative divisions (Chap. 2; Ceriaco et al. 2022a). This is
followed by a revision of the classification and cartography of the terrestrial ecosys-
tems (Chap. 3; Dauby et al. 2022). Chapter 4 (Muifioz-Torrent et al. 2022) analyzes
the five centuries of human presence on the better-known island of Sao Tomé,
presenting demographic trends, cultural heritage, and how the history of the main
economic activities has impacted biodiversity. Chapter 5 (Cerfaco et al. 2022b)
reviews the history of scientific research, from mid-eighteenth century to the
twenty-first century. The fascinating evolutionary patterns that shaped the biodiver-
sity of the “Galapagos of Africa” are presented in Chap. 6 (Melo et al. 2022a). In
Chap. 7 (Soares et al. 2022), our current understanding of island species ecology is
synthesized, including information about species distributions, habitat preferences,
species assemblages, and the interactions that maintain functioning ecosystems.

The second section constitutes the bulk of the book and corresponds to the
taxonomic chapters. The level of detail varies between chapters, mostly reflecting
disparities in knowledge across taxonomic groups. However, all chapters have a
similar structure, including an introduction to the group, a brief review of the history
of research on the islands, an account of the group’s diversity and endemism, an
updated checklist, and a section on conservation. Most of these chapters also
highlight important areas for future research.

Chapter 8 (Desjardin and Perry 2022) reports 260 species of mushrooms and
allies of the Agaricomycetes lineages of the Basidiomycota in Sdo Tomé and
Principe. These correspond to 109 genera, 51 families, and 13 orders, and given
how little scientific attention this group has received, species richness will likely
increase with future work. Chapter 9 (Garcia et al. 2022) provides a review of the
bryophytes of Sdo Tomé and Principe, based on historical herbarium data
complemented by the results of recent fieldwork. A preliminary list of 299 taxa
(128 mosses, 171 liverworts and hornworts) is provided, and the authors note that
several species likely remain undescribed or at least undocumented. Chapter 10
(Stévart et al. 2022) presents an updated checklist of vascular plants, combining data
from historical material and bibliographic references with extensive new field
surveys conducted since 2017. The current number of vascular plants includes
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1285 taxa, with 164 endemics, of which at least 18 are new to science. A report on
medicinal plants is also provided.

Six chapters focus on invertebrate groups. Chapter 11 (Crews and Esposito 2022)
explores the diverse and little-known arachnid fauna of Sdo Tomé and Principe,
which includes 266 recorded species of six different orders. Chapter 12 (Neéve et al.
2022) provides a first checklist for the beetles of the three oceanic islands, listing
403 species, of which 190 are endemic. The butterflies and skippers (Lepidoptera:
Papilionoidea) are reviewed in Chap. 13 (Mendes and Bivar-de-Sousa 2022), with
91 confirmed taxa, and extensive discussion resolving previous doubtful records.
Chapter 14 (Dijkstra and Tate 2022) notes the impoverished dragonfly and damselfly
fauna of the islands, which includes only 22 confirmed records and one endemic
species, from Principe. Chapter 15 (Loiseau et al. 2022) reviews the arthropod
species that can act as vectors of diseases. Given the particularity of this group,
the structure of this chapter is slightly different but its scientific relevance is
undisputable due to the public health implications. The chapter also provides
important insights into species interactions, and underscores the possibility of new
vector-borne diseases arriving on the islands. Chapter 16 (Panisi et al. 2022) deals
with the 96 species of land gastropods, of which 62 are endemic, providing new
insights on the ecology, biogeography, and conservation of these species, including
the famous endemic giant land snail Archachatina bicarinata Bruguiere, 1792.

Regarding vertebrates, there are four taxonomic chapters for terrestrial groups
and three for aquatic taxa. Chapter 17 (Costa et al. 2022) lists and discusses the more
than 1000 species of fishes that potentially occur in the fresh and marine waters of
the islands. Chapter 18 (Bell et al. 2022) deals with amphibians, which include three
species on Principe and six on Sdo Tomé, all of which are endemic (Annobdn has no
amphibians). The chapter provides a detailed overview of species biology, ecology,
and biogeography. Chapter 19 (Cerfaco et al. 2022c) presents the 29 species of
established terrestrial reptiles, reporting also historical and recent records of vagrant,
doubtful, or introduced species. The five species of sea turtles that occur on the
islands are reviewed in Chap. 20 (Ferreira-Airaud et al. 2022). All sea turtles are
threatened, and this chapter includes extensive discussion of conservation successes
and challenges. Chapter 21 (Melo et al. 2022b) revises information on birds, one of
the best-known and most charismatic taxa from the islands that includes at least
29 endemic species. It summarizes historical data and provides updated insights into
a group that has been at the forefront of research and conservation. Chapter 22
(Rainho et al. 2022) revises information on the 19 species of non-domesticated
resident land mammals, including 11 bats, seven endemic species, and six intro-
duced species. Finally, Chap. 23 (Carvalho et al. 2022) draws on new data collected
since 2002 to present the updated list of the 12 cetaceans confirmed in the waters of
the region, five of which are recent records. This chapter also provides a synthesis of
the whaling history in the region.

The final section of the book focuses on the conservation, education, and future of
research in the oceanic islands of the Gulf of Guinea. Chapter 24 (Lima et al. 2022)
summarizes the state of conservation: from the cultural links to nature to the history
of conservation initiatives. This chapter also lists priority species, sites, and actions.
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Chapter 25 (Ayres et al. 2022) assesses recent strategies of formal and non-formal
environmental education on Sdo Tomé and Principe, which are vital to augment
local capacity for conservation and scientific research. Chapter 26 (Bell et al. 2022)
proposes a path toward biodiversity resilience for future naturalists, biologists,
conservationists, and educators.

Current Numbers, Current Biases

Comparing the number of species presented in previous compilations, such as
Bocage (1903, 1905) or Jones (1994), with those recorded in this book is not a
straightforward task. The coverage of previous syntheses was taxonomically more
limited than the present work, and methods for counting endemic and non-endemic
species varied. In comparing the number of vertebrate species and endemics pro-
vided by Jones (1994) with those in the current synthesis, however, one major trend
stands out—our improved understanding led to an increase in endemism across most
taxa (Table 1.1). In many cases, this was due to recognizing that each island had a
distinct endemic species, and that shared endemics are rare. While it is likely that
these numbers change little for vertebrate groups, they will certainly keep changing
for less studied taxa, such as fungi, plants, invertebrates, and marine vertebrates.

There are several other biases in our knowledge of the biodiversity of these
islands. Annobén is by far the least studied island. Most of the chapters focus on
terrestrial habitats and species, and while several teams and projects are currently
focusing on marine biodiversity and conservation, knowledge is still very limited.
The study of marine biomes in the Gulf of Guinea oceanic islands is of critical
importance, not only because the region is likely an important hotspot for marine
biodiversity, but also because human residents depend heavily on marine resources.
Another major gap is the limited number of ecological and natural history studies.
While there is now a considerable amount of traditional and modern taxonomic
research—describing, naming, and listing the several thousands of species known
from the islands—there are very few studies on the ecology and natural history of
these taxa. For most species, almost nothing is known besides the diagnosis and a
few anecdotal pieces of information about its ecology. This lack of information
hinders the development of effective conservation measures, which are increasingly
necessary to ensure a thriving future for this unique archipelago.
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Oceanic Islands

Luis M. P. Ceriaco, Bruna S. Santos, Ricardo F. de Lima, Rayna C. Bell,
Sietze J. Norder, and Martim Melo

Abstract The Gulf of Guinea, in the Atlantic coast of Central Africa, has three
oceanic islands that arose as part of the Cameroon Volcanic Line. From northeast to
southwest these are Principe (139 kmz), Sao Tomé (857 kmz), and Annob6n
(17 km?). Although relatively close to the adjacent mainland, the islands have
distinct climactic and geomorphologic characteristics, and have remained isolated
throughout their geological history. Consequently, they have developed a unique
biodiversity, rich in endemic species. We provide an integrated overview of the
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physical setting of the islands, including their geographic location, geological origin,
topography, geology and soils, climate zones, and prevailing wind and ocean
currents—key features that underlie the evolution of their biodiversity.

Keywords Annobén - Geology - Ocean currents - Sdo Tomé - Principe - Soils -
Volcanism

Introduction

The Gulf of Guinea is a major topographical feature of western equatorial Africa that
marks the distinctive shape of the continent on its Atlantic coast (Fig. 2.1). The Gulf
of Guinea has three oceanic islands (Principe, Sao Tomé, and Annobdn), one land-
bridge island (Bioko), and two seamounts, which together comprise the offshore part
of the Cameroon Volcanic Line. The biodiversity of the oceanic islands is charac-
terized by a small number of species but exceptional endemism (Jones 1994;
Gascoigne 2004; Ceriaco et al. 2022). This chapter provides an introduction to the
physical setting of the islands that created the conditions for the evolution of their
unique biodiversity, including their geography and topography, geological history,
geological substrates and soils, climate, and prevailing patterns of ocean sea
currents.

Some of the most complete sources of data for these topics are found in works
published under the seal of the Portuguese scientific colonial institute—the Junta de
Investigacoes do Ultramar—during the 1950s, 1960s, and 1970s. Of these sources,
Lains e Silva (1958) provides key information on climate, soils, vegetation, and
agricultural potential of Sao Tomé and Principe islands (see also Lains e Silva and
Cardoso 1958). Building on earlier work, Tenreiro (1961) further addressed some of
these topics for Sao Tomé Island. Cardoso and Garcia (1962) is a key reference for
the soils of Sdo Tomé and Principe—providing detailed maps of the soils of each
island. Rodrigues (1974) synthesized the information on climate and soils presented
by Lains e Silva (1958) and Cardoso and Garcia (1962). Jones et al. (1991) provide a
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Fig. 2.1 Map of the Gulf of Guinea islands, western Central Africa. This system includes an
ecological island (Mount Cameroon), a land-bridge island (Bioko), and the three oceanic islands,

which are the focus of this book. Adapted from Jones and Tye (2006)



16 L. M. P. Ceriaco et al.

useful synthesis of background information available at the time. More recently,
Diniz and Matos (2002) added to our understanding of the climate and soils of Sao
Tomé and Principe islands, providing an updated and detailed map of the ecosystems
and land-use types of the islands. A series of geological studies conducted by Munha
et al. (2002), Caldeira et al. (2003), Caldeira (2006), Munha et al. (20064, b, c, d,
2007), and Barfod and Fitton (2014) have provided important updates to our
knowledge of the geology of Sao Tomé. Chou et al. (2020) provided the first modern
analysis of the climate of Sdo Tomé and Principe, downscaling global projections of
climate change to these islands. For Annoboén, the information is scarcer with initial
geological works by Schultze (1913), petrological studies by Fuster Casas (1954)
and Cornen and Maury (1980), work on volcanic geochemistry by Liotard et al.
(1982), and a review by De Castro and De la Calle (1985), with subsequent additions
by Fa (1991) and Velayos et al. (2014). Besides these island specific studies, several
reviews summarize the main geophysical characteristics of the Gulf of Guinea
islands (e.g., Lee et al. 1994; Jones 1994; Jones and Tye 2006; Juste and Fa 1994;
Schliiter 2008).

Location, Extent, and Political Boundaries

The Gulf of Guinea island system (sensu lato) includes the ecological or “sky” island
of Mount Cameroon, the land-bridge island of Bioko, and the three oceanic islands
of Principe, Sdo Tomé, and Annobén (Fig. 2.1). They are, from northeast to
southwest:

Mount Cameroon, with an approximate area of 1750 km? (50 x 35 km), is an
ecological island in the southwest province of the Republic of Cameroon. Mount
Cameroon is the highest mountain in West Africa, with a peak elevation of 4095 m
above sea level.

Bioko Island is a land-bridge island with an area of 2027 km? (roughly
35 km x 72 km). Bioko sits upon the continental shelf 32 km from the coast of
Cameroon from which it is presently separated by a sea 60 m deep. During recent
glacial periods, however, Bioko experienced recurring cycles of isolation and
connectivity (Ali 2018), and was most recently connected c. 11,000 years ago
(Einsentraut 1965; Lambert and Chappel 2001). Rising to an impressive 3011 m
above sea level, Pico Basilé is the highest point of the island and one of its main
landmarks.

The three oceanic islands that are the focus of this book have never been
connected to the continent, and they are:

Principe Island (Fig. 2.2(1)) with a total area of 139 km? (c. 17 km x 8 km) is
located 210 km SSW of Bioko and 220 km west of continental Africa. The island has
six main satellite islets: Pedra da Galé, Mosteiros, and Bom-Bom in the north,
Caroco (also known as the Jockey’s Cap; Fig. 2.2(3)) in the southeast, and Tinhosa
Grande and Tinhosa Pequena (Fig. 2.2(2)), which are about 20 km to the south. The
highest point, Pico do Principe, is 942 m above sea level.
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Fig. 2.2 (1) Pico Agulhas, Principe Island; (2) Tinhosa islets; (3) Jockey Bonet; (4) Pico Sdo
Tomé, Sao Tomé Island; (5) Pico Cao Grande, Sdo Tomé Island; (6) Rolas islet; (7) Lagoa Amélia,
Sao Tomé Island; (8) Lake A Pot, Annobdn Island. Photo credits: (1 and 8) Martim Melo, (2, 3, 5-7)
Luis M. P. Ceriaco; (4) Ricardo Lima

Sao Tomé Island with a total area of 857 km? (47 km x 28 km) lies 150 km SSW
of Principe and 255 km west of Gabon. The island has several islets, of which Cabras
to the north, Santana in the east, and Sete Pedras and Rolas (Fig. 2.2(6)) in the south
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Fig. 2.3 Administrative divisions of Principe (a), Sdo Tomé (b), and Annobén (c)

are the largest. The Equator passes through the center of Rolas Islet. The highest
point, Pico de Sao Tomé (Fig. 2.2(4)), is 2024 m above sea level.

Annobén Island has an area of 17 km? (6 km x 3 km) and is the smallest and
remotest of the Gulf of Guinea islands. It sits 180 km to the SSW of Sao Tomé and is
about 340 km from the continent. The highest peak is Santa Mina, which rises 610 m
above sea level.

Politically, the Gulf of Guinea oceanic islands belong to two countries: the
Democratic Republic of Sdo Tomé e Principe and the Republic of Equatorial Guinea.
Sao Tomé e Principe is a nation state made up of Principe and Sao Tomé islands and
the surrounding islets. It was once a colonial province of Portugal, from which it
gained independence in 1975. It is one of the smallest countries in the world, with an
approximate area of 1001 km”. The country is internally organized into different
levels of political and administrative divisions. Sdo Tomé Island hosts the capital, the
city of Sdo Tomé, and is divided into six districts (Agua Grande, Cantagalo, Caué,
Lemb4, Lobata, and Mé-Zéchi); Principe Island is an Autonomous Region, and is
comprised of a single district, Pagué (Fig. 2.3).

Annobén (formerly known as Pagalu; Fig. 2.3), the smallest and most southwest-
ern of the Gulf of Guinea oceanic islands, is one of eight provinces of Equatorial
Guinea. This geographically disjunct country was a Spanish colony from 1778 to
1968. Equatorial Guinea is composed of a territory in continental Africa, Rio Muni,
bordered by Cameroon to the north and Gabon in the east and south, the surround-
ings islets of Corisco, Elobey Chico, and Elobey Grande, the land-bridge island of
Bioko (formerly known as Fernando P6), where the country’s capital is (Malabo),
and finally the small oceanic island of Annobén. Whereas the mainland territory and
Bioko have a long history of human occupation, Annob6n was not peopled at the
time of its discovery by the Portuguese, in 1473.

Geological History

The Gulf of Guinea islands form the southern part of the Cameroon Volcanic Line, a
1000-km line of volcanoes that has been active since the Cenozoic, and that extends
from the Mandara Mountains on the Nigeria-Cameroon border to Annobdn Island
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Fig. 2.4 Topographic representation of the offshore section of the Cameroon Volcanic Line.
Figure created with the rayshader R package (Morgan-Wall 2021) using GEBCO data (GEBCO
Compilation Group 2021)

(Burke 2001). This line runs in a NE-SW direction and includes four islands and two
seamounts (Fig. 2.4). Onshore, there are four continental massifs (Mount Cameroon,
Mount Manengouba, Mount Bambouto, and Mount Oku), all of which are in the
Republic of Cameroon. Often, the Ngaoundéré and Biu swells, also in Cameroon,
are considered part of the line, in which case the line becomes Y-shaped and
1600 km long (Fitton 1987; Lee et al. 1994; Fig. 2.5). Volcanic activity in the
continental and oceanic sector has been more or less continuous since the Cretaceous
(Fitton 1987; Lee et al. 1994; Burke 2001). There is no age progression in the line,
except in the offshore section—with the oldest sub-aerial origins estimated at about
31 Ma for Principe, 15 Ma for Sao Tomé, and 6 Ma for Annob6n (Lopes 2020).

The age of the oldest lava flows only provides estimates of the minimum age
when each island was sub-aerial because older rocks may be buried under the most
recent ones. For example, all the exposed lavas on Mount Cameroon are less than
one million years old, but the mountain is built upon much older lava flows (Fitton
1987). Furthermore, volcanic activity persisted until recently on all the islands, and
is still ongoing in Mount Cameroon and to a lesser extent in Bioko. This dynamic
aspect of the islands is well illustrated in Sao Tomé, where the oldest rocks, at about
15.7 Ma, are from the small Cabras Islet, while the surface rocks of more than half of
the island, including its highest peak, date between 1.5 and 0.4 Ma (Caldeira et al.
2003; Barfod and Fitton 2014). Although still poorly understood, the volcanic
history of the Gulf of Guinea islands has no doubt played a major role in the
assembly of their current biological communities. For instance, landslides or lava
flows can split species ranges or cause extinctions, and distinct islands and islets may
fuse and split over time (Mila et al. 2010; Gillespie and Roderick 2014; Ramalho
et al. 2015).
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Fig. 2.5 The Cameroon line of volcanoes. Note the similarity in shape between the volcanic line
(black) and the Benue Rift (grey). This was likely due to the rotation of the African plate
c. 30-35 Ma that displaced the asthenospheric hot zone underlying the Benue Rift to its current
position—resulting in a volcanic line without a rift and a rift without volcanoes, a unique feature on
Earth. After decades of debate, the alignment of the volcanic centers is now thought to be controlled
by the geometry of the northwest edge of the Congo Craton. Adapted from Lee et al. (1994)
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Quaternary Sea-Level Fluctuations

Across the globe, glacial-interglacial sea-level fluctuations have shaped insular
biodiversity and diversification by repeatedly connecting and isolating populations
on coastal landmasses (e.g., Ali and Aitchison 2014; Rijsdijk et al. 2014; Fernandez-
Palacios 2016; Weigelt et al. 2016; Norder et al. 2018, 2019). Ceriaco et al. (2020)
modeled the area of the islands throughout the last glacial period to the present day
and demonstrated that the Gulf of Guinea islands show marked changes in area in
response to eustatic sea-level fluctuations. During the exceptionally low sea level of
the Last Glacial Maximum, as much as 134 m lower than present day (Lambeck et al.
2014), Bioko was connected to continental Africa, Annobon was five times its
present size, Principe was about six times its present size, and Sdo Tomé was
approximately 50% larger than present day (Ceriaco et al. 2020; Fig. 2.6).

Topography and Hydrography

Due to recent volcanic activity, Principe, Sdo Tomé, and Annobdn are old islands
that have the topography of young islands, including rugged mountains with steep
slopes, deep valleys, volcanic chimneys, table mountains, and huge waterfalls
(Figs. 2.7). The topography varies between islands. Sdo Tomé is dominated by
steep slopes and mountains across the majority of the island, with the exception of
the flatter areas in the northeast (Figs. 2.7e, f). The maximum elevation reaches
2024 m at Pico de Sao Tomé, and several other mountain and peaks areas in the
center of the island are well above 1000 m (Figs. 2.2(5), 2.7e). Principe has a plateau
in the north but is mountainous in the south, where several peaks rise above 500 m,
including Pico do Principe at 942 m (Figs. 2.7b). Annobén is small and steep, except
for a small portion in the north, where most of the human population resides. The
elevation rises considerably in the center and south, reaching 613 m at Santa Mina
(Fig. 2.7h).

The available data on the terrestrial hydrography of the islands are limited. Both
Sdo Tomé and Principe are mostly covered by the hydrographic basin of a few large
rivers in a dense network and also include several small coastal rivers (Fig. 2.7a, d).
Sao Tomé Island has many small lagoons, estuaries, and mangroves, including the
Malanza river estuary in the south, which forms the most extensive mangrove in the
country. S3o Tomé also has a unique freshwater palustrine system in the crater of
Lagoa Amélia (Fig. 2.2(7)), which is the source of the largest rivers in the north of
the island (Fig. 2.7d). Annob6n only has a few small streams, but Lago A Pot crater
lake (Fig. 2.7g, shown in red; Fig. 2.2(8)) is a dominant feature of the island with a
diameter of approximately 700 m at 150 m above sea level.
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Fig. 2.6 Paleogeographic reconstructions of the Gulf of Guinea: (a) Area change curves of
Principe, Sdo Tomé, and Annobdn islands; (b) area of islands today (dark green), and extreme
area at the last glacial maximum (LGM, approximately 21 ka; light green). Adapted from Ceriaco
et al. (2020)
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Fig. 2.7 Overview of the hydrography and topography of (a, b, ¢) Principe, (d, e, f) Sdo Tomé, and
(g, h, i) Annobon. For each island, elevation is presented in meters above sea level and steepness in
degrees. Main rivers and waterbodies: Sao Tomé Rivers (d): 1—Provaz; 2—Lemba; 3—Xufexufe;
4—~Quija; 5—Mussacavi; 6—Pedras; 7—Gumbela; 8—Malanza; 9—Gogd; 10—Caué; 11—
Martim Mendes; 12—Miranda Guedes; 13—Jodo Nunes; 14—Ana Chaves; 15—I6 Grande;
16—Angobd; 17—Angra Toldo; 18—Pedra Furada; 19—Ribeira Afonso; 20—Abade; 22—
Ouro. Sdo Tomé Crater Lake: 21—Lagoa Amélia. Principe Rivers (a): 1—Ribeira Banzi; 2—
Ribeira Sdo Tomé; 3—Ribeira Porco; 4—Chibala; 6—Papagaio. Annob6n (g) has no significant
rivers; the crater lake Lago A Pot is shown in red
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Geology and Soils

The geology of Sdo Tomé and Principe has been well studied since the early
twentieth century. This is partly due to the importance of geology and soils for
agriculture, which has been the major driver of the local economy for centuries
(Lains e Silva 1958; Lains e Silva and Cardoso 1958; Rodrigues 1974). The first
overview of the geology of Sao Tomé Island was provided by Carvalho in Henriques
(1917), followed by a more detailed study on the microscopic characteristics of its
rocks (Carvalho 1921). Teixeira (1948-1949, 1949) provided a more complete
overview of the geology of the islands, followed by a petrological work by Pereira
(1943). The most extensive and complete contributions to the geology of the islands
were provided by the Portuguese geologist Jodo Manuel Cotelo Neiva (1917-2015),
whose work was fundamental to understanding the geochemistry and geomorphol-
ogy (Neiva 1946, 1954, 1955a, b, 1956a, b, c; Neiva and Pureza 1956; Neiva and
Neves 1956). Assuncdo (1956, 1957) and Barros (1960) also contributed to our
understanding of the geochemistry. In the twenty-first century, new research on the
geology of Sdao Tomé (Munha et al. 2002; Caldeira et al. 2003; Caldeira 2006) has
resulted in updated geological maps (Munha et al. 2006a, b, c, d, 2007). By contrast,
the geology of Annobdn has received far less attention. The first information on its
geological history and composition was provided by Schultze (1913), followed by
studies by Tyrrell (1934), Fuster Casas (1954), Cornen and Maury (1980), and
Liotard et al. (1982). More recently, De Castro and De la Calle (1985) and Fa
(1991) provided an overview of the geology of Annobdn. On Principe, basaltic rocks
predominate in the north and phonolites and tephrites in the south, whereas Sao
Tomé and Annob6n are mostly built by basaltic lavas (Fig. 2.8). A more detailed
description of the geology of the islands is provided by Schliiter (2008).

Regarding the soils of Principe and Sao Tomé, Lains e Silva (1958) and Cardoso
(1958) drafted the first maps, with a more comprehensive map and revision by
Cardoso and Garcia (1962). Other works were done by Pissarra and Rocha (1963)
and Pissarra et al. (1965). The dominant soil types of Principe and Sdo Tomé are
highly weathered, such as Ferralsols and Lixisols (Lains e Silva 1958; Cardoso and
Garcia 1962; Diniz and Matos 2002), which are typical of tropical climates. Vertisols
are restricted to the dry north and northeast of Sdo Tomé, while Lithosols can be
found everywhere on the island, often associated with ridges, steep slopes, and cliffs
near the coast (Diniz and Matos 2002). Fluvisols, as expected, are mostly associated
with riparian areas. Very little is known about the soils of Annob6n, other than that
they are ultrabasic with low silica and high proportions of ferromagnesian elements
(De Castro and De la Calle 1985; Fa 1991).

The only reported fossils are from Principe and date to the Miocene (Teixeira
1949; Silva 1956a, b, 1958a, b; Serralheiro 1957). These include marine organisms
such as gastropods, bivalve mollusks, coelenterates, echinoderms, and fishes’ teeth,
but also calcareous algae, radiolarians, and foraminifera. Modern foraminifera are
known from both Principe and Sdo Tomé beaches (Moura 1961). A palaeoecological
study is currently taking place on Principe and Sdo Tomé collecting data from
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Fig. 2.8 Geological overview of the islands of Principe, Sdo Tomé, and Annobén. Adapted with
permission from Springer Nature Geological Atlas of Africa by Schliiter © Springer-Verlag Berlin

Heidelberg 2006 (2008)

pollen, spores, charcoal, and sedimentology to reconstruct ecosystem changes asso-
ciated with glacial cycles and the impacts of human activities (unpublished data by

Alvaro Castilla-Beltran).
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Fig. 2.9 Annual average temperature (in Celsius) for the islands of Principe, Sdo Tomé, and
Annobo6n. Data obtained from the Global Solar Atlas 2.0, provided by the World Bank Group

Climate

The Gulf of Guinea oceanic islands have an oceanic equatorial climate. Mean
temperatures are above 25 °C at sea level but decrease with altitude (Fig. 2.9). The
year is divided into rainy and dry seasons, which are determined by the Intertropical
Convergence Zone, and by the interaction between the southern monsoon winds
from the Atlantic Ocean and the northern dry harmattan winds from the Sahara.
Seasons differ between the continental and the oceanic sectors. On Mount Cameroon
and Bioko, the main dry season is from December to March, and a shorter dry season
occurs from July to August (Juste and Fa 1994). In Principe and Sdo Tomé, the long
dry season, locally known as gravana, extends from June to mid-September, while a
shorter dry season, the gravanito, lasts for a few weeks that may fall anywhere
between mid-December and mid-March (Lains e Silva 1958). Annobon, south of the
Equator, has a single extended dry season from mid-May to the end of October
(Jones and Tye 2006).

Due to their small area and heterogeneity, modern rainfall and climate measure-
ments based on remote sensing likely do not accurately describe the climate of
Principe, Sdo Tomé, and Annobdn. To the best of our knowledge, until recently
Annobén had no functional meteorological station, while there was only one on
Principe and five on Sdo Tomé, of which only one had been collecting long-term
data systematically (Chou et al. 2020). This network was greatly improved over the
last decade (https://www.thegef.org/project/strengthening-climate-information-and-
early-warning-systems-sao-tome-and-Principe-climate), but detailed long-term
information on the climate of the islands is still lacking.

The topography of Principe and Sdo Tomé islands is similar, resulting in a similar
distribution of climatic zones (Diniz and Matos 2002). The high relief areas of the
south and center intercept the predominant warm and moist south-westerly winds,
creating a striking north-south divide in precipitation (the Foehn effect). The
southern-facing regions are “Super Humid,” with annual precipitation above
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Fig. 2.10 Climatic zones for the islands of Sao Tomé (left) and Principe (right). Adapted from
Diniz and Matos (2002)

3000 mm, and often much higher (c. 5000 mm on Principe, above 7000 mm on Sao
Tomé—Diniz and Matos 2002), enhanced by extremely high humidity levels and
low sun exposure (Fig. 2.10). The north, under the rain-shadow effect, has climatic
belts associated with the decreasing levels of humidity with decreasing altitude. The
higher slopes benefit from the monsoon winds that pass over the peaks, and have
precipitation levels between 1500 and 3000 mm, making the “Humid” belt
(Fig. 2.10). Lower down, from the coast to about 400 to 550 m, moderate slopes
(below 15%) receive between 1000 and 1500 mm of rain per year, making up the
“Sub-Humid” belt, which has a well-defined rainy season (Fig. 2.10). Finally, only
on Sao Tomé, the littoral area in the flatter N-NE platform, below 1000 m, has a
“Semi-Arid” belt that has annual precipitation levels between 600 and 1000 mm
(Fig. 2.10). This general zonation, with more humid climates in the south and drier
climates in the north, also seems to apply to Annobdn and to the continental islands.
Annual precipitation on the southwestern slopes of Mount Cameroon may be over
10,000 mm, and between 1500 and 2000 mm in the northern slopes. In the south of
Bioko Island, annual precipitation can be over 11,000 mm (Juste and Fa 1994) while
the capital Malabo, in the north, receives <2000 mm/year.
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Wind and Ocean Currents

Understanding the wind and ocean currents is fundamental to infer potential colo-
nization pathways for island fauna and flora. The prevailing winds in the Gulf of
Guinea are the southwestern monsoon winds and the northern dry harmattan winds.
The southwestern monsoon winds are unlikely to have dispersed colonizers from
continental Africa but may have played a role in southwest-to-northeast dispersal
between islands. During glacial cycles, the northern dry harmattan winds extended
their influence southward, displacing the meteorological equator further south
(Lézine et al. 1994), likely having a more important role in bringing colonizers to
the island during those periods.

Data on sea surface currents originate from a combination of historical ship drifts,
hydrographical data, surface-drifting buoy trajectories, and Argo floats surface drifts
(Richardson and Walsh 1986; Arnault 1987; Stramma and Schott 1999; Renner
2004; Lumpkin and Garzoli 2005; Ollitrault and Rannou 2013). The Gulf of Guinea
is dominated by two currents (northward and eastward) that follow the shoreline. In
the north, the eastward current, also known as Guinea Current (GC), moves west to
east along the southern coast of West Africa, and, when reaching the Biafra Bay,
converges with the northward current and becomes more diffuse, turning back
westward around the Equator (Feiler 1988; Haft 1993; Dupont et al. 2000;
Fig. 2.11). In the southeast, the northward current, known as the Benguela Current
(BC), moves along the northern coast of South Africa, the coast of Namibia, and is
diverted west to the Atlantic around the mouth of the Cunene River, the natural and
political border between Namibia and Angola. It also feeds the South Equatorial
Current (SEC), which represents the northern limb of the South Atlantic Ocean
subtropical gyre (Philander 2001; Rodrigues et al. 2007). Moving north, the coast of
Angola is dominated by two different currents, the Benguela Coastal Current (BCC),
a cold and less-saline northward flow, and the Angola Current (AC), a fast and
narrow southward geostrophic flow of warm and saline water found between the
equatorial band and about 15°S. The intersection of these two currents, around 15°S,
is known as the Angola Benguela Front (Hopkins et al. 2013; Lass and Mohrholz
2008, their Fig. 1; Houndegnotono et al. 2021, their Fig. 1b). The discharge of the
Congo River, which extends offshore as the Congo River plume, is a thin layer (3 m
thick at the river mouth) of fresher/lower salinity water. This freshwater plume is
entrained mostly westward, through Ekman-driven circulation in which the wind
deflects surface water to the left of its direction in the southern hemisphere.

Ocean currents are important for understanding the biogeographic history of
aquatic organisms and terrestrial organisms that disperse in water—such as some
seed plants—but, in the Gulf of Guinea, they may also hold the key to understanding
how many non-volant, non-swimming, or salt-intolerant species made their way to
the islands (Melo et al. 2022). The prevailing hypothesis to explain the origin of such
unlikely oceanic island taxa proposes that they came as passengers of natural rafts
that drifted to the islands along “freshwater pathways” on the ocean surface (Measey
et al. 2007). Such rafts would reach the islands along “freshwater pathways” created
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Fig. 2.11 Main ocean currents in the Gulf of Guinea. Angolan Current (AC), Benguela Current
(AC), Benguela Coastal Current (BCC), Guinea Current (GC), and South Equatorial Current (SEC).
Warm currents in red; cold currents in dark blue

by the large input of freshwater plumes and precipitation into the Gulf of Guinea
(Fig. 2.11; Dessier and Donguy 1994; Large and Yeager 2009; Hopkins et al. 2013;
Berger et al. 2014). Because saltwater is denser than freshwater, during the rainy
season the ocean surface in the Gulf of Guinea exhibits reduced salinity—a well-
known phenomenon by local fishermen (Measey et al. 2007; Hopkins et al. 2013).
These “freshwater pathways” would give the rafts some protection against saltwater
as they cross the sea.

The Gulf of Guinea receives the freshwater discharge of three major rivers that
originate from different regions: the Niger in West Africa, the Congo in East-Central
Africa, and the Ogooué in West-Central Africa (Fig. 2.12). The Congo River is only
second to the Amazon in terms of discharge, having an average discharge of
40x10* m?s™" (Mahé and Olivry 1999), while the Niger River has about
7x10% m’s™! (Dai and Trenberth 2002). When reaching the ocean, these waters
are directed toward the islands by the surface currents of the Atlantic Ocean.
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Fig. 2.12 Monthly average sea surface salinity for the months of February (left) and July (right)
2021. Values displayed with a range of 20 and 37 using the Practical Salinity Scale (PSS), roughly
equivalent to parts per thousand of salt. Data from the Remote Sensing Systems SMAP Ocean
Surface Salinities [Level 3 Monthly] Dataset, Version 4.0 validated release (Meissner et al. 2019)

Although the mouth of the Ogooué River is the closest to the islands (approximately
250 km), the currents in the Gulf of Guinea direct the freshwater plumes from the
Niger and Congo rivers toward the islands (Richardson and Walsh 1986), such that
vegetation rafts originating in the more distant West and East African drainages may
also reach the islands.

Conclusions

Despite their small area, the oceanic islands of the Gulf of Guinea include a wealth of
geological substrates and topographical features that underlie the development of
diverse soils and micro-climates (Fig. 2.2). This diversity of geological features has
been recognized by ten formations being proposed as geosites on Sdo Tomé Island,
which have a wide range of cultural, scientific, and scenic values (Henriques and
Neto 2015). These landscapes have also promoted the appearance of distinct eco-
systems (Dauby et al. 2022) and species (Melo et al. 2022). The location of the
islands, at moderate distances from the mainland and at the crossroads of freshwater
plumes from three large rivers, has likely further contributed toward the assembly of
their rich biological communities. These rivers are thought to have been the source
of natural rafts bringing species that would otherwise be unable to cross saltwater
barriers.
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Abstract The oceanic islands of the Gulf of Guinea display a large diversity of
environmental conditions and biological communities, whose interactions have
contributed to the development of a great variety of ecosystems, from mangroves
to montane grasslands. Human activities have extensively and profoundly altered
many of these natural ecosystems over the past five centuries. We review key studies
to propose an updated classification map of terrestrial ecosystems, taking advantage
of up-to-date spatial information on abiotic gradients and biological distributions. To
guide future research and conservation programs, we highlight challenges and
pending questions regarding our understanding of the structure, integrity, and
dynamics of terrestrial ecosystems in these islands.

Keywords Abiotic gradients - Biological communities - Introduced species - Novel
ecosystems - Topography - Vegetation types

Introduction

The oceanic islands of the Gulf of Guinea (GGOI) comprise three islands: Principe,
Sao Tomé (together forming the Democratic Republic of Sdo Tomé and Principe),
and Annobodn (part of the Republic of Equatorial Guinea). Despite their small size
(c. 1000 km?), their combined human population is ca. 225,000 inhabitants (INEGE
2017; INESTP 2020), and they are also host to a rich endemic fauna and flora (Jones
1994).

The tropical humid climate, complex topography, altitudinal gradients, and
isolation (distance to mainland from 220 to 350 km) are often invoked to explain
the endemic-rich biodiversity of these islands (Jones 1994). The abiotic gradients
generate a diversity of habitats with distinct biological communities, whose interac-
tions contribute to the development of a great variety of natural ecosystems, from
mangroves to montane grasslands (Monod 1960). Over the past five centuries,
human activities have profoundly altered most of these natural ecosystems across
large areas (Eyzaguirre 1986). Impacts have varied in intensity across time and space
among the three islands, but agricultural land use in particular has intensified (Jones
et al. 1991), which has likely facilitated the expansion of introduced species (e.g.,
Soares et al. 2020).

The first attempts to delineate the ecosystems of the GGOI date back to the first
half of the twentieth century, and aimed at documenting vegetation types (Henriques
1917; Chevalier 1938-1939; Exell 1944). These studies relied almost entirely on
variations in vegetation physiognomy and on the degree of human interference.
These authors paid particular attention to defining altitudinal vegetation belts. Other
studies tried to identify phytogeographical units based mostly on the co-distribution
of plant species, but ended up having to rely heavily on abiotic proxies (Stévart
1998; Ogonovszky 2003). Phytogeographical units can be misleading for identifying
ecosystems because biogeographical processes can lead to different species
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assemblages in similar ecosystems. However, given the relatively small size of these
islands, we can assume that the co-distributions of species within each island reflect
environmental conditions and anthropogenic disturbances, while biogeographical
processes, such as limited dispersal and speciation rates, are negligible.

Recently, many large-scale studies have inferred the integrity, distribution, and
dynamics of ecosystems, taking advantage of the increasing availability of remote
sensing data (e.g., Hansen et al. 2013; Gosling et al. 2020; Vancutsem et al. 2021).
Unfortunately, these products are of little relevance for the GGOI, due to their coarse
resolution and unavailability of high-quality aerial images without atmospheric
obstructions, such as haze and aerosols.

In this chapter, we review the key studies that attempted to document the
terrestrial ecosystems of the islands, and then propose an updated classification,
taking advantage of up-to-date spatial information on abiotic gradients and biolog-
ical communities to map proposed vegetation types. Finally, to guide future research
and conservation efforts, we identify several challenges and pending questions
regarding our understanding of the structure, integrity, and dynamics of the terres-
trial ecosystems in the GGOL.

Ecological Setting and Previous Classifications
Sdo Tomé Island
Abiotic Gradients

Rainfall measurements using remote sensing lack the accuracy required for a small
and heterogeneous area like Sdo Tomé (Chou et al. 2020). Thus, our understanding
of rainfall patterns must still rely on the rough isohyets drawn from 50-year-old
observations (Bredero et al. 1977). These isohyets show that annual rainfall varies
strongly across the island, ranging from <1000 mm in the northeast to more than
7000 mm in the southwest (Fig. 3.1). Four seasons are recognized: a humid season
from mid-September to mid-December, a mild dry season from mid-December to
mid-march (“gravanito”), a humid season from mid-March to June, and a prolonged
dry season from July to mid-September (“gravana”).

The rainfall pattern can be explained by the rugged topography and the resulting
rain shadow (“foehn effect”; Ceriaco et al. 2022). Elevation reaches a maximum of
2024 m at Pico de Sdo Tomé, to the northwest of the center of the island, which is
surrounded by a multitude of smaller peaks, ridges, and steep slopes. Overall, the
island is divided by a north—south ridge, extending from Pico de Sdo Tomé to
Cabumbé, which separates the island into a wetter west flank and a drier east
flank. Apart from the northeast and a few flat areas and gentle slopes in the south
and southeast, the topography of most of the island is complex and dominated by
steep ridges and mountains (Fig. 3.1).
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Fig. 3.1 Main physico-climatic gradients on Sao Tomé Island. Sources of data can be found on
https://github.com/gdauby/stpa_ecosystems_review
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Cloud cover influences biological processes and species distribution (Wilson and
Jetz 2016). On Sao Tomé, according to remotely sensed data, the mean monthly
cloud cover ranges from 70% in the extreme north to nearly permanent in the
western highlands (Fig. 3.1). Rainfall and cloud cover do not fully coincide,
although together they typify the constant high moisture on the west side of the
island. Persistent cloud cover coincides with altitudes between 500 and 1500 m on
the west flank, and above 1000 m on the south and east flanks as a result of the foehn
effect. Intra-annual cloud cover varies little, but reflects the stronger seasonality in
the north (Fig. 3.1).

Sdo Tomé soils have been studied and mapped, and their properties are condi-
tioned by topography and climate that often vary at fine scales (Cardoso and Garcia
1962). The most frequent soil types are highly weathered, such as Ferralsols and
Lixisols, characteristic of tropical climates. Vertisols, Lithosols, and Fluvisols are
noteworthy because they interact with vegetation. Vertisols are heavy clay soils
frequently associated with grasslands and forests that develop deep wide cracks
when dry, making them difficult to use for agriculture (Kovda 2020). This soil type is
restricted to the dry north and northeast (Fig. 3.1). Lithosols are thin soils that have
very little organic matter, and can be found everywhere on the island, often associ-
ated with ridges, steep slopes, and cliffs near the coast (Diniz and Matos 2002).
Fluvisols, derived from alluvial deposits, are nutrient-rich, often associated with
large riverbanks, and can be flooded or have weak drainage (IUSS Working Group
WRB 2015).

Human Disturbance

Around three-quarters of the native vegetation of Sdo Tomé has been lost, most of
which was converted into large plantations (Fig. 3.2a; Soares et al. 2020). This
transformation started in the late fifteenth century when humans began colonizing
the island, clearing large extents of forest mostly in the dry northern coastal areas to
establish sugarcane plantations (Eyzaguirre 1986). In the early sixteenth century, the
island became a top producer of sugar globally, developing a cash crop economy that
collapsed later that century (Garfield 1979), slowing down the deforestation rate.
Throughout the seventeenth and eighteenth centuries, the island became an impor-
tant slave trading post and the traditional “gleba” agroforestry system (based on tree
and root crops grown in dense mixed stands with minimal tillage) expanded
(Eyzaguirre 1986). In the nineteenth century, the deforestation rate increased and
expanded further inland and upland, giving way to intensive plantations dedicated
mostly to coffee and cacao, but also to oil palm, coconut, quinine, and cinnamon.
This period saw the spread of shade plantations that can be defined as plantations
where a canopy is maintained above crops (typically cacao or coffee). The canopy is
often composed of introduced tree species (typically of the Erythrina genus).
Deforestation in Sdo Tomé reached its peak early in the twentieth century, when
the island became the world’s largest producer of cacao. For various reasons, this
system became economically unsustainable and during the late 1930s many
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Fig. 3.2 (a) Degraded or transformed land cover on Sdo Tomé. Note that the “open vegetation”
category includes both agricultural lands and savanna-like vegetation (Adapted from Soares et al.
2020). (b) Annual fire frequency (data for the last 10 years). The inset barplot shows the distribution
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Table 3.1 Total area and relative importance of transformed or degraded land cover in each island
(Calculated from Norder et al. 2020; Soares et al. 2020; Frazer Sinclair and Yodiney dos Santos,
unpublished data). Note that the open vegetation category also includes naturally open
vegetation type

Land cover Annob6n Sdo Tomé Principe

Open vegetation 2.8 km? (13.4%) |92.5 km® (10.9%) 6.6 km? (4.8%)
Urban areas 1.8 km? (8.5%) 23.3 km? (2.7%) 1.9 km? (1.4%)
Industrial palm plantations — 23.4 km? (2.7%) -

Roads/paths network - 17.8 km? (2.1%) 2.9 km? (2.1%)
Secondary forest - 240.6 km* (28.2%) | 37.4 km? (26.8%)
Shade forest - 218.6 km? (25.6%) | 41.3 km?® (29.6%)

plantations were abandoned, creating large extents of secondary forests in the higher
altitudes, while the flatter lowland remained as plantations. Following independence
in 1975, and especially after land privatization in the early 1990s, logging and
residential areas expanded significantly, especially in the shade plantations. Mean-
while, swidden agriculture emerged to satisfy local food needs, producing horticul-
tural crops such as potatoes, maize, cabbage, beans, and carrots (Eyzaguirre 1986).
Strong demographic growth led to an increase in timber consumption (the main
building material in the country), resulting in increasing pressure on forest resources
(Salgueiro and Carvalho 2001). More recently, agro-industrial concessions to for-
eign companies have reconverted large areas of secondary forest to export crop
plantations, such as oil palm, cacao, and coffee (Oyono et al. 2014).

This complex history led to the patchwork of land uses that characterizes the
landscape on Sdo Tomé (Fig. 3.2a, Table 3.1; Soares et al. 2020). Native forests
(ca. 26.4% of the island) are mostly found in the rugged wetter areas at the center and
southwest. Around these are mostly secondary forests (ca. 30.5%), resulting from
agricultural abandonment, notably more widespread in the south. Agroforests
(ca. 28.5%), comprising the traditional “glebas” but also more intensive shade
plantations of cacao and coffee, are dominant in the northeast and in the south
along the coast. The remainder of the island is characterized by non-forested land
uses (ca. 14.5%), including urban areas and anthropogenic savannas in the northern
coast and horticultural areas at higher altitudes. Terrain ruggedness predominantly
shapes the extent of remaining native vegetation cover, suggesting that topography
constrains human occupation across the island (Norder et al. 2020). Anthropogenic
impacts have been felt mostly in the flat lowlands of the drier north, where fire
maintains large extents of open vegetation, even though other areas are not spared.
At higher altitudes, for instance, the distinct climate and fertile soil has promoted
agricultural expansion of crops like quina, arabica coffee, cinnamon, and annuals,
especially in the flatter areas around Monte Café.

Besides land-use change, human disturbance is also felt through more subtle
modifications, namely through the exploitation of forest resources and the facilita-
tion of introduced species. Logging (Espirito et al. 2020), hunting (Carvalho 2015),
silviculture, and the gathering of other forest products such medicinal plants
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(Madureira et al. 2008) are known to have impacts on the vegetation and overall
functioning of forest ecosystems. Being at the crossroads of the Atlantic slave trade,
having fertile soils and diverse ecological conditions, Sdo Tomé was often used as an
agricultural experimental ground, receiving crops from all over the world (Ferrdo
2005), as well as many other species of flora (Figueiredo et al. 2011) and fauna
(Dutton 1994). Agriculture greatly changed the ecology of the island, creating the
conditions for many introduced species to expand across the island (Soares et al.
2020) that sometimes also became invasive in native undisturbed forests (Lima et al.
2014; Panisi 2017; De Menezes and Pagad 2020).

Previous Vegetation and Phytogeographical Classification

Previous works aimed to document vegetation types focused mostly on its physiog-
nomy, the intensity and nature of anthropic impacts, and the use of abiotic gradients
as proxies, such as altitude and precipitation (Table 3.2).

Chevalier (1938—1939) was the first to mention different vegetation types. How-
ever, it was Exell (1944) who proposed a delimitation and detailed description of
several vegetation types. Exell recognized mangroves and coastal dunes as distinct
and narrowly distributed vegetation types, and used three altitudinal belts to distin-
guish the remaining vegetation: low-altitude (mostly degraded) forests (up to 700 or
900 m), montane rainforests (between 800 and 1400 m), and mist forests (above
1400 m; Fig. 3.3).

Silva (1958) distinguished “primary” from “secondary” vegetation, and “climate-
driven” from ‘“edaphic-driven” vegetation, including summit shrubland and dry
northern savannas in the latter (Fig. 3.3c). This approach also acknowledged the
crucial role of human activities in transforming the landscapes of Sdo Tomé.

Table 3.2 Key references proposing spatial delimitations of the islands in ecological, ecosystems,
or phytogeographical units

References Island(s) Content Criteria
Mildbraed Annob6n Five vegetation Flora and vegetation physiognomy,
(1922) types elevation
Exell (1944) Sdo Tomé Elevational belt Abiotic gradients
and Principe
Silva (1958) Sdo Tomé Map of vegetation Elevation and land use
and Principe | units
Monod Sdo Tomé Documentation of Elevation, presence of endemic plant
(1960) and Principe | vegetation type species
Peris (1962) Annobén Six vegetation types | Flora and vegetation physiognomy, ele-
vation, agricultural activities
Stévart (1998) | Sao Tomé Map of vegetation Elevation, annual rainfall, presence of
and Principe | units orchids species
Diniz and Sado Tomé Map of agro- Field observations, topography, edaphic

Matos (2002)

and Principe

ecological entities

properties, elevation
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Fig. 3.3 Previous delimitations of vegetation types or phytogeographical territories on Sdo Tomé
Island. (a) According to Monod (1960) and Exell (1944); (b) According to Stévart (1998);
(c) According to Silva (1958); (d) According to Diniz and Matos (2002). For the Diniz and
Matos (2002) map, only the main regions are shown

Monod (1960) was especially interested in the altitudinal variation of vegetation.
He extended previous classifications (Fig. 3.3a), highlighting the uniqueness of the
high-altitude shrublands distributed in several small patches above 1900 m, which
hosts some emblematic endemic plant species, such as Erica thomensis (Henriq)
Dorr & E.G.H. Oliv. 1999 and Lobelia barnsii Exell 1944.

Stévart (1998) proposed a phytogeographical classification based on the distri-
bution of orchid species and their auto-ecology (Fig. 3.3b). He was the first author to
explicitly consider the rainfall pattern distinguishing the dry north and the wet south
of the island, following the 3000 mm annual rainfall isohyet. He suggested that the
area around Lagoa Amélia could be a distinct vegetation type. Stévart (1998) also
pointed out that several ridges at lower elevation (below 800 m) in the southeast had
a unique assemblage of orchid species. The floristic distinction of those ridges could
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be driven by the combination of topographic position and high precipitation,
although data were very limited at the time.

Diniz and Matos (2002) provided a detailed map of 109 agro-ecological units
distributed in two main regions (Fig. 3.3d). Although their primary goal was to
assess the potential of each unit for agricultural production, they also provide
detailed descriptions of vegetation and flora in each unit. The northern region
broadly corresponds to the area with <2000 mm of annual rainfall, and is divided
into three sub-regions; the littoral plain with a semi-arid climate, the transition area
with a sub-humid climate, elevations between 300 and 550 m with slopes that do not
exceed 15%, and the mountainous more humid area. The southern region is
described as more homogenous, being characterized by the steep transition between
the central mountainous highland and the littoral band, composed of ridges and deep
valleys.

Principe Island
Abiotic Gradients

The mainland of Principe Island has a maximum length of 18.5 km (north to south)
and 11 km in its maximum width (east to west), with an area of approximately
139 km?. It is located 220 km off the West African coast and 146 km north of So
Tomé (Diniz and Matos 2002; Dallimer and Melo 2010). The north of the island is
relatively flat, whereas the south-center has the largest elevated area (>500 m),
including Pico do Principe that reaches 942 m, and multiple peaks surrounded by
steep slopes and ridges (Fig. 3.4).

Just like Sdo Tomé, our knowledge of rainfall patterns still relies on rough
isohyets drawn several decades ago. Annual rainfall ranges from more than
4000 mm in the southeast to <2000 mm in the northeast, which is a remarkable
contrast in such a small area. Cloud cover follows broadly the same pattern as annual
rainfall, highlighting the elevated and rugged area around the Pico Principe (Diniz
and Matos 2002). Four seasons are also recognized for Principe, following the same
patterns found in Sdo Tomé.

Soils have been studied and mapped (Diniz and Matos 2002). Bedrocks are
predominantly volcanic, mostly in the north, while Phonolite rocks are more com-
mon in the south. As on Sdo Tomé, the most frequent soils are highly weathered such
as Ferralsols and Lixisols (Cardoso and Garcia 1962).

Human Disturbance
The history of land occupation on Principe is broadly similar to that of Sdo Tomé.

However, contrary to Sao Tomé, no large areas are regularly burned. A peculiarity in
the history of Principe is the intense deforestation campaign that took place between
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Fig. 3.4 Main physico-climatic gradients in Principe Island

47



48 G. Dauby et al.

1911 and 1916 to eradicate the tsetse fly vector of sleeping sickness (da Costa et al.
1916):

The steps taken (...) consisted principally in the clearing away of herbaceous and bushy
vegetation, in the opening out to the sun’s rays of the margins of watercourses and swamps,
straightening out and leveling the banks and the beds of these, draining and filling swamps,
and forest fellings on a large scale.

More than 15 km?” of native forests in the northern part of the island were deforested
(11% of the island), while many plantations were also being abandoned (da Costa
et al. 1916; da Silva 2019).

Nearly all lowland forests in Principe have been disturbed by human activity
(Fig. 3.5), creating a mosaic of native and secondary forest, as well as active and
abandoned agricultural lands (Dallimer et al. 2012). Most of the remaining native
vegetation occurs at mid and high elevation and is included in the Principe Natural
Park, a protected area created in 2006 that covers around 21% of Principe, mostly in
the south (Ministry of Infrastructure, Natural Resources and Environment 2016).

Open vegetation
Shade forests

I Roads/paths network
Secondary forests
Urban areas

F=

Potentially native forests

Fig. 3.5 Degraded or transformed land cover in Principe (Adapted from Frazer Sinclair and
Yodiney dos Santos, unpublished data). Note that the “open vegetation” category includes both
agricultural lands and savanna-like vegetation but also potentially natural edaphic open vegetation
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The whole island was declared a UNESCO Man and Biosphere Reserve by 2012
(UNESCO 2021).

Previous Vegetation and Phytogeographical Classification

The distribution of forests on Principe was first depicted in a land cover map (IGC
1964) based on aerial photos and ground surveys. This map delimited the island
according to land use in several categories, as natural forests or abandoned planta-
tions, cacao plantations, coffee plantations, oil palm plantations, coconut plantations,
agriculture, gardens, vegetable gardens or orchards, bush, undergrowth, or
grasslands.

The native vegetation of Principe is similar to that of Sdo Tomé, with plant
families Rubiaceae, Euphorbiaceae, and Orchidaceae dominant (Figueiredo et al.
2011). It includes mangroves, but not savannas. Submontane forest is recorded only
on the summit, at Pico do Principe, though Exell (1944) claimed that the composi-
tion of the vegetation at higher altitudes on Principe (namely Pico Papagaio; 680 m
and Pico do Principe; 948 m) resembled that of lowland rainforest on Sdo Tomé.

Diniz and Matos (2002) relied on climate, topography, and soil types to identify
28 agro-ecological units, which they described and delimited in detail. The vegeta-
tion is characterized by forests, ranging from primary (“ob06”) to secondary forma-
tions (“capoeira”) and to strongly anthropized environments, including diverse types
of plantations such as shaded cacao or coconut monocultures.

Forest tree communities were recently studied across the island, documenting
floristic differentiation across north-south and altitudinal gradients (Fauna and Flora
International 2018). These patterns were driven, at least partly, by a decrease in the
relative abundance and diversity of tree species in secondary forests, highlighting the
influence of past disturbances on forest tree composition.

Annobon Island
Abiotic Gradients

Of the three Gulf of Guinea Islands, Annobén is the smallest (17 kmz) and farthest
from the mainland, located 360 km west of Gabon and 190 km southwest of Sdo
Tomé. Despite the small size, its geography is diverse. There is a 700 m wide crater
at 150 m elevation, occupied by Lake A Pot, which has several adventitious cones,
including the 400 m wide crater of Punta Manjob in the SE, the Quioveo and Santa
Mina mountains, and northeast-southwest corridor that links the bays of San Pedro
and Santa Cruz to the Anganchi river (Fig. 3.6). Santa Mina is the highest elevation
at 613 m.

Annob6n has an average temperature of 26 °C with little annual variation.
Rainfall is primarily affected by the oceanic winds that cause a pronounced dry
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season from May to October, while the rest of the year is wet (Juste and Fa 1994). No
accurate rainfall data is available, but maximum precipitation is around 3000 mm
(Juste and Fa 1994; Velayos et al. 2014). Remotely sensed data suggests that intra-
annual variability in cloud cover is less pronounced than on Principe or Sdo Tomé,
even though there is still a north-south humidity gradient, ranging from <70% in the
north to almost 90% in the south (Fig. 3.6).

The soils of Annobdn have not been thoroughly studied and mapped. However,
they are ultrabasic and have the same volcanic origin as those of Bioko with lower
silica and higher proportions of ferromagnesian elements (De Castro and De la Calle
1985).

Human Disturbance

Humans have modified most of the vegetation on Annobén (Fig. 3.7), except for the
high peaks of Santa Mina and Quioveo. San Antonio de Palé or “Ambo,” located in
the extreme north of the island, is the only permanent town. Most subsistence farms
are on the fertile plains around the town, producing yuca (Manihot esculenta Crantz
1766), banana, and malanga (Xanthosoma violaceum Schott 1853). However, these
small-scale plantations (“fincas”) can now be found everywhere on the island, even
in steep slopes (Velayos et al. 2014), and their encroachment in the montane forests
of Quioveo and Santa Mina is set to cause irreversible damage. Other villages are
temporarily occupied during the dry season or holiday months. More recently, the
expansion of the airport and seaport must have had considerable environmental
impacts.

Previous Vegetation and Phytogeographical Classification

Only two studies attempted to delineate and document vegetation on Annobén. The
first (Mildbraed 1922) proposed five vegetation types: (1) coastal “Sandstrand,”
(2) “Vorland,” a savanna-like forest mixed with plantations, (3) “Buschwald,” oil
palm artisanal plantations mixed with others tree species, (4) lowland dry forest,
“Trockener Wald,” and (5) “Nebelwald,” a cloud forest found mostly above 500 m
that is rich in orchid and fern species, including tree ferns Alsophila spp.

The second study (Peris 1962) proposed six vegetation types: (1) coastal,
subdivided into rocky and sandy shores, (2) open vegetation strongly transformed
by human activities, which was divided into herbaceous savanna-like vegetation,
large-leaved savanna-like vegetation, cassava plantation, and shrubland, (3) dry
forest, equivalent mostly to “trockener Wald,” (4) wet forest, also included in
“trockener Wald” but distinguished by the presence of Olea welwitschii Gilg &
G. Schellenb. 1913, (5) Hymenophyllum spp. cloud forest in the peaks of Santa Mina
and Quioveo (see Fig. 3.8), and (6) tree fern areas in the summit of Santa Mina.
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Fig. 3.7 (a) Degraded or transformed land cover on Annobén (Adapted from Norder et al. 2020).
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Fig. 3.8 Examples of terrestrial ecosystem types from the oceanic islands of the Gulf of Guinea.
From top left to bottom right: (1) Mesic old-growth lowland rainforest in southwest Sdo Tomé,
where upper strata is dominated by Uapaca vanhouttei Pax 1908; (2) Vegetation on the Pico
Pequeno characterized by small trees and shrub and the largest known population of Erica
thomensis (Henriq.) Dorr & E.G.H. Oliv. 1999, endemic to this area; (3) typical mangrove with
Rhizophora L. 1753 stilt roots in Sdo Tomé; (4) the mosaic of lowland deciduous forest and savanna
in the north of Sdo Tomé; (5) lowland semi-deciduous forest in the background and savanna in the
forefront, in Annobdn; (6) rainforest in Annobén on the Quioveo peak above 500 m. According to
the new classification, it is lowland rainforest, but the abundance of ferns and epiphyte suggests it is
instead submontane rainforest similar to what can be found above 800 m in Sdo Tomé; (7) Lowland
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Classification Synthesis

Ecosystems are by definition open, dynamic, and scale-dependent, emerging from
the interactions between organisms and the physical environment. Assuming that
classifications are necessarily a simplification of reality, it makes sense to use
variations in environmental conditions and biological communities to classify ter-
restrial ecosystems. Our goal here is to provide an updated classification, based on
previous attempts and current knowledge, offering baselines for management and
future scientific research on the dynamics of biodiversity.

Methodology
Spatial Information

We compiled previous classifications (Table 3.2) and mapped key ones, using QGIS
(QGIS Development Team 2021) and R (R Core Team 2021) for georeferencing and
analyzing spatial data. We retrieved several spatial features from Open Street Map
(OSM) database using “osmdata” R package (Padgham et al. 2017) and other freely
available shapefiles (see https://github.com/gdauby/stpa_ecosystems_review for fur-
ther details on codes and data sources).

Synthetic Classification Mapping

We first considered abiotic gradients that drive potential natural ecosystems (e.g.,
temperature, rainfall, topography), and then vegetation types or proxies of anthro-
pogenic impacts (e.g., secondary vegetation, shade tree plantation, fire frequency,
urban area). This approach requires defining thresholds for characterizing ecosys-
tems for continuous abiotic gradients, and acquiring spatial information on the
distribution, nature, and intensity of human impacts. Thus, one map presents “poten-
tial natural ecosystems,” which can be discussed in terms of potential vegetation
types. A second map presents the developmental stages, resulting from natural or
anthropogenic land-use changes. To analyze the relative importance of developmen-
tal stages in each ecosystem, we estimated the total area and proportion of each stage
in each potential natural ecosystem. Spatial analyses were conducted in R using the
packages “sf” (Pebesma 2018), “cleangeo” (Blondel 2019), and “sp” (Bivand et al.
2013) (see R codes here: https://github.com/gdauby/stpa_ecosystems_review).

Fig. 3.8 (continued) moist forest from the north of Principe, partly secondarized as indicated by the
presence of Elaeis guineensis Jacq. 1763; (8) Lowland wet forest from the south of Principe. Photo
credits: (1) G. Dauby, (2) D. U. Ikabanga, (3) Paula Chainho, (4) R. F. de Lima, (5,6) P. Barbéra,
(7) L. Benitez, (8) T. Stévart
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Annobdn was excluded from this analysis because rainfall data was missing, but we
still discuss similarities with the other islands.

Mapping Non-Forested Areas

To evaluate developmental stages of terrestrial ecosystems on Principe and Sao
Tomé, an important first step was to identify forested and non-forested areas. To do
so, we uploaded very high-resolution satellite images (sentinel-2) (https://peps.cnes.
fr/rocket/) from the long dry se