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Foreword

The “Quaternary Vegetation Dynamics”, and the 35th volume of Palaeoecology of Africa (PoA)
was born out of two workshops organised to relaunch the African Pollen Database initiative in
Bondy near Paris (October 2019) and Amsterdam (January 2020). These workshops brought
together researchers from around the world to showcase their work from across the African con-
tinent and to train them in data management. The training at the workshop was led by the late Eric
Grimm who sadly passed away in November 2020. We hope that Eric’s enthusiasm for collating,
standardising, and disseminating palaeoecologicial data is captured in this volume.

In total this volume of PoA, that for the first time is available as an OPENACCESS publication,
contains twenty-four papers and is organised regionally following the format of the first meeting:
westernAfrica (chapters 3–6), easternAfrica andArabia (chapters 7–11), centralAfrica (chapters
12–13), southern Africa (chapters 14–19), islands in the vicinity of Africa (chapter 20), and pan-
African syntheses (chapters 21–24). With a view to stimulate primary research and mobilise open
access publication of palaeoecological data two types of primary research papers are included:
(i) short data papers containing descriptions of new palaeoecological data sets (chapters 9, 18,
19, 20), and (ii) longer research papers providing more in-depth analysis (chapters 3, 4, 5, 7, 8,
12, 13, 15, 16 and 17). To provide a synthetic overview of the state of research into Quaternary
Vegetation Dynamics from in and around Africa we also include short perspective papers to
provide insights into key regions or issues (chapters 1, 2, 14, and 24), and extensive review
papers which bring together the growing body of research from around the continent to address
particular scientific questions (chapters 6, 10, 11, 21, 22 and 23).

We are delighted to have been able to bring together work from all parts of Africa focused on
the Quaternary. We believe that this reflects the enthusiasm and urgency for this type of palaeoe-
cological research. As current climatic and land-use changes continue to exert pressure on the
modern ecosystems, turning to the record of past environmental change to shed light on their
origins, resilience and trajectories of change becomes increasingly pertinent. While the record
of past change cannot be used to define how we should manage and develop ecosystems today,
we hope that it can provide a frame of reference and inspiration for managers and policy makers
to work with. We hope that the data, research and syntheses provided in this volume forms a
solid basis for the next generation of palaeoecological researchers from Africa to provide scien-
tifically and societally relevant information that will assist with the development of sustainable
management practices.

Finally, we would like to thank all the participants in the meetings, the authors and the reviewers
whose contributions have made this volume possible. We would like to also thank the French
Agence Nationale pour la Recherche and the Belmont-Forum (VULPES: ANR-15-MASC-0003
and ACCEDE: 18 BELM 0001 05) who have provided financial support for the meetings and
publication of this volume. We also take this opportunity to place on record our gratitude to
Senior Publisher Janjaap Blom and his team from Routledge/Taylor & Francis/CRC Press for
the continuous support to PoA.

Guest Editors: William D. Gosling (Amsterdam),
Anne-Marie Lézine (Paris),

and Louis Scott (Bloemfontein)
Series Editor: Jürgen Runge (Frankfurt)

February 2021
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CHAPTER 1

Rise of the Palaeoecology of Africa series

Louis Scott

Department of Plant Sciences, University of the Free State, Bloemfontein,
South Africa

ABSTRACT: The Palaeoecology of Africa series was founded by E.M. van Zinderen Bakker,
a biologist and palynologist who emigrated from Europe to South Africa. Ever since its origin
during the nineteen-sixties, it gave a reflection of the history and development of palaeoscience in
connection with the African continent and played a role in promoting international collaboration
with multidisciplinary reports, conference proceedings and other papers in this field.

1.1 INTRODUCTION

Palaeoecology of Africa (PoA) of which this is the 35th volume, is a series traditionally focusing
on multi-disciplinary studies on palaeoenvironments of Africa, especially on more recent parts of
geological time like the Neogene and Quaternary. The early PoA volumes reveal the development
history of these palaeoscience aspects in Africa. Thanks to the pioneering and visionary efforts
of Eduard Meine van Zinderen Bakker and the publisher A. A. Balkema, the early volumes of
PoA was a unique academic initiative out of Africa in the nineteen sixties. The series served
as a mouth piece for an international group of specialists at a time when the important role
palaeoenvironmental changes did not yet receive as much attention as today. Palaeoscience was
then, a little-known discipline for the continent except for a rich heritage of Palaoeozoic fossils
and a few important hominid cranial finds such as at such as Taung, Florisbad and a few other
sites (e.g. Dart 1925; Dryer 1935).

1.2 ORIGIN

PoA had its humble origins in the late nineteen-fifties and early sixties when van Zinderen
Bakker, a Dutch naturalist who immigrated to South Africa in 1947 (Meadows 2015; Neumann
and Scott 2018) started lecturing at the University of the Orange Free State in Bloemfontein
(now shortened to University of the Free State). Here, he formed the Palynological Research
Unit that was sponsored by the South African Council for Scientific and Industrial Research, and
by the 1950’s he was already involved in some of the first palynogical research projects in Africa,
including modern pollen surveys in Southern Africa (Coetzee and van Zinderen Bakker 1952)
and analysis of the hominin-bearing spring deposits of Florisbad near Bloemfontein (Dreyer
1935; van Zinderen Bakker 1957).

PoA started as eight soft-cover reports on pollen analysis entitled ‘Palynology of Africa’ in
which van Zinderen Bakker reported on research news and activities in palynology and related
aspects of palaeosciences in Africa covering the period of 1950–1963 (referenced in Neumann
and Scott 2018). They were later re-published by Balkema, Cape Town in 1966 in book form
as Volume 1 of Palaeoecology of Africa with the sub-title and the Surrounding Islands &
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Antarctica (Van Zinderen Bakker 1966). The sub-title reflected van Zinderen Bakker’s wide
multi-disciplinary interests, which included biological and palynological research at the Marion
and Prince Edward Islands, c. 2000 km south east of Cape Town in the Southern Ocean, to
which he organized the first biological and geological research expedition in 1965 (van Zinderen
Bakker 1976a; Van Zinderen Bakker et al. 1971). PoA Volume 1 (Van Zinderen Bakker 1966)
included accounts of activities of several well-known international scientist at the time like D.A.
Livingstone, L.S.B. Leakey, J.D. Clarke, R.J. Mason, C.K. Brain, W.W. Bishop, A.R.H. Martin,
M. van Campo, E.P. Plumstead, H. Rakotoarivelo, H. Straka, O. Hedberg, R.E. Moreau, W.F.
Libby, and others.

Volume 2, 4 and 6 followed basically the same format as Volume 1, but contained chapters
under specific topics as short reports by various authors (Van Zinderen Bakker 1966, 1967b,
1972). The chapter topics included climatology and palaeoclimatology, geology and palaeontol-
ogy, archaeology, biogeography, palynology inAfrica, Antarctica and the Southern Ocean, isotope
dates and morphology of microfossils, periglacial evidence, sea-levels, and oceanography.

The third volume of Palaeoecology of Africa contained the doctoral thesis of Joey Coetzee
(Coetzee 1967), which is a landmark publication for Quaternary palynology in Africa (Mead-
ows 2007). The early volumes also included additional lists with researcher’s addresses and
publications.

Maintaining the wide multi-disciplinary character from an international group of palaeo-
scientists, subsequent volumes of PoA began to include separately authored papers, e.g., Volume
7 that included an extended study of 106 pages by A.C. Hamilton on palynology in Uganda
(Hamilton 1972).

1.3 EDITORIAL CHANGES

Over the years the series eventually changed editors or were assisted by guest editors especially
in the case of conference proceedings. Volume 18 was edited by Joey Coetzee and served as a
dedication to the work of van Zinderen Bakker (Table S1).

Klaus Heine of Regensburg took over as editor for Volumes 19-27, of which Volume 27
was co-edited by Jürgen Runge (Frankfurt) who took over the duties for the rest of the volumes.
After 1999, CRC Press (Taylor & Francis Group/‘A Balkema Book’) became the publisher and
introduced the new current enlarged layout format and new series sub-title, Landscape evolution
and Palaeoenvironments since 2007 (Volumes 28–34).

1.4 CONFERENCE PROCEEDINGS

With the appearance ofVolume 22 in 1991, the following seven of eleven conference proceedings,
were already published in PoA of which four represented meetings of the SouthernAfrican Society
for Quaternary Research (SASQUA) (see Table S1 for the full list):

(1) Volume 5, Scientific Committee on Antarctic Research (SCAR) of the International Council
of Scientific Unions (ICSU) Cambridge in 1968 (Van Zinderen Bakker 1969). This was later
followed up byVolume 8 (Van Zinderen Bakker 1973), which did not cover the proceedings of
a specific event but expanded the topic and inspired further interest in history of Antarctica.

(2) Volume 12, Sahara and Surrounding Seas held in Mainz in 1979 under the auspices of the
Akademie der Wissenschaften und der Literatur, guest edited by M. Sarnthein, E. Siebold
and P. Rognon, (Van Zinderen Bakker and Coetzee 1979).

(3) Volume 15, SouthernAfrican Society for Quaternary Research, SASQUA VI (1981) Pretoria,
guest edited by J.C. Vogel, E.A. Voigt and T.C. Partridge (Coetzee and van Zinderen Bakker
1982).
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(4) Volume 17, Southern African Society for Quaternary Research, SASQUA VII (1985)
Stellenbosch, guest edited by H. Deacon (Van Zinderen Bakker et al. 1986).

(5) Volume 19, Southern African Society for Quaternary Research, SASQUA VIII (1987)
Bloemfontein, guest edited by J.A. Coetzee (Heine 1988).

(6) Volume 21 Southern African Society for Quaternary Research, SASQUA IX (1989) Durban,
guest edited by R.R. Maud (Heine 1990).

(7) Volume 22 (African Palynology) Rabat, guest edited by A. Ballouche and J. Maley (Heine
1991).
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CHAPTER 2

The African Pollen Database (APD) and tracing
environmental change: State of the Art

Anne-Marie Lézine

Laboratoire d’Océanographie et du Climat, Expérimentation et Approche
numérique/IPSL, Sorbonne Université, CNRS-IRD-MNHN, Paris, France

Sarah J. Ivory

Department of Geosciences, Pennsylvania State University, University Park,
USA

William D. Gosling

Institute for Biodiversity and Ecosystems Dynamics, University of Amsterdam,
Amsterdam, The Netherlands

Louis Scott

Department of Plant Sciences, University of the Free State, Bloemfontein,
South Africa

ABSTRACT: The African Pollen Database is a scientific network with the objective of providing
the international scientific community with data and tools to develop palaeoenvironmental studies
in sub-SaharanAfrica and to provide the basis for understanding the vulnerability of ecosystems to
climate change. This network was developed between 1996 and 2007. It promoted the collection,
homogenization and validation of pollen data from modern (trap, soils, lake and river mud) and
fossil materials (Quaternary sites) and developed a tool to determine pollen grains using digital
photographs from international herbaria. Discontinued in 2007 due to a lack of funding, this
network now resumes its activity in close collaboration with international databases: Neotoma,
USA, Pangaea, DE, and the Institut Pierre Simon Laplace, FR.

2.1 INTRODUCTION

International cooperation in research and decision-making is critical for solving global environ-
mental problems linked to climate and/or human impact on ecosystems, particularly at regional
level. These environmental problems include forest degradation, accelerating loss of biodiver-
sity and water resources, instability of transitional ecological domains, and change in coastal
zones. Tropical ecosystems are especially at risk as future states are likely to be beyond the
range of observations, yet their preservation is of crucial importance for the maintenance of
the Earth’s biosphere and climate. For example, the role of the equatorial and tropical forests
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in global exchanges, such as the global carbon cycle, is widely recognised (Detwiler and Hall
1988). Research developed within the general framework of international scientific programmes
(e.g., the International Geosphere Biosphere Programme, IGBP – http://www.igbp.net/) have
long highlighted the need to provide quantitative understanding of the Earth’s past environment
in order to define the envelope of natural environmental variability within which we can assess
anthropogenic impact on the Earth’s biosphere, geosphere and atmosphere. Following these rec-
ommendations, the scientific community has developed a set of analytical techniques to recover
high-resolution environmental and ecological records from different natural archives such as
tree-rings, and lake and ocean sediments, thus providing accurate scientific information for the
development of predictive models of regional and global change. The use of these data to test
Earth system model simulations requires the collection, assemblation, standardization and sub-
sequently the access to the wider scientific and modelling community in the form of specific
regional databases.

2.2 MAIN ACHIEVEMENTS

TheAfrican Pollen Database (APD) was first developed in 1996 in close cooperation with its Euro-
pean counterpart (EPD) (European Pollen Database; http://www.europeanpollendatabase.net)
and the Global Pollen Database hosted at the National Oceanic and Atmospheric
Administration (NOAA) Paleoclimatology Database (USA) (https://www.ncdc.noaa.gov/data-
access/paleoclimatology-data). The initial workshop and subsequent work, funded by the French
National Centre for Scientific Research (CNRS), the European Union (International Coopera-
tion for development (INCO-DEV) and European network of research and innovation centres
(ENRICH) programmes and the UNESCO International Geoscience Programme (PICG), estab-
lished methods of collating pollen data, developed a standardized pollen nomenclature (Vincens
et al. 2007), generated updated age models, composed images of pollen grains from interna-
tionally recognized herbaria, and created a searchable web interface. In the first stage of its
development, the APD contained 288 fossil sites and 1985 modern samples (Figure 1). Among
the numerous achievements of the APD one can highlight the following topics.

2.2.1 Pollen based biome reconstructions

Jolly et al. (1998) first demonstrated that the ‘biomization’ method for assigning pollen taxa to
plant functional types and biomes was able to predict the potential natural vegetation of tropical
Africa, despite uncertainty and variability of pollen production and dissemination (Ritchie 1995)
of an extremely biodiverse flora (26,000 plant species; Lebrun and Stork 1991–1997). This
allowed palaeoecologists working in Africa to participate in the ‘BIOME 6000’project sponsored
by IGBP (Prentice and Webb 1998). This project aimed to use palaeoecological data from the
mid-Holocene as a benchmark to evaluate simulations with coupled climate-biosphere models
and thus to assess the extent of biogeophysical (vegetation-atmosphere) feedbacks in the global
climate system (Prentice et al. 2000). After the validation of the modern pollen dataset (Gajewski
et al. 2002; Jolly et al. 1998), the biomization method was successfully applied to reconstruct
modern (Lézine et al. 2009; Vincens et al. 2006) and past biomes for selected time periods,
typically the Last Glacial Maximum (LGM) and the Holocene (Jolly et al. 1998; Elenga et al.
2000). Past biome reconstructions have also been performed for the Plio-Pleistocene (Bonnefille
et al. 2004; Novello et al. 2015) and more recent time periods such as the last glacial-interglacial
cycle and the Holocene (Amaral et al. 2013; Izumi and Lézine 2016; Lebamba et al. 2012; Lézine
et al. 2019).

http://www.igbp.net/
http://www.europeanpollendatabase.net
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data
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Figure 1. Late Quaternary African Pollen Database (APD) sites. In red: pollen data gathered during the first phase of
the APD (1994–2007). In yellow: new pollen sites to be entered into the new version of APD, in construction).

2.2.2 Quantitative reconstructions of climate variables from pollen data

Modern-analogue, regression, and model-inversion techniques have been developed to recon-
struct past climates from pollen assemblages or pollen-based reconstructed biomes worldwide.
Using the APD modern pollen dataset, Peyron et al. (2007) provided the first quantitative
pollen-based reconstruction of precipitation for all of Africa at 6000 yr BP based on the Mod-
ern Analogues Technique (MAT) and the Plant-Functional Types (PFT) climate relationships.
Results were then compared with atmospheric general circulation model output and coupled
ocean atmosphere-vegetation models developed in the frame of the Paleoclimate Model Inter-
comparison Project (PMIP) international project (Joussaume and Taylor 1995). More recently,
Wu et al. (2007) then Izumi and Lézine (2016) developed an inverse modelling approach based
on the BIOME model to quantitatively reconstruct past climates based on pollen biome scores.
The advantage of this method was to provide quantitative climate reconstructions for periods
when CO2 concentrations were different from today. While reconstruction attempts of climate
by means of pollen data in South Africa, were mostly qualitative (Scott et al. 2012), Chevalier
and Chase (2015) applied a method that related the pollen to plant distribution data to obtain
quantitative estimates.

2.2.3 Vegetation reconstructions from pollen data

Palaeoecological data from the APD led to a series of reconstructions of vegetation at a con-
tinental scale. Site-based global biome maps for Africa for the mid-Holocene and LGM were
first completed within the framework of the ‘BIOME 6000’ project (Prentice et al. 2000). More
recently, APD palaeoecological data was included in a global synthesis of changes in composition
and structure of past vegetation since the LGM performed by Nolan et al. (2018). This study
provided a baseline for evaluation of the magnitudes of ecosystem transformations under future
emission scenarios.

At a regional scale, APD data were used to reconstruct the Green Sahara and evaluate
plant migration rates during the African Humid Period (Hély et al. 2014; Watrin et al. 2009). In
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East Africa, compilation of pollen and archaeological data was used to discuss the cumulative
effects of climate and land-use on the environment (Marchant et al. 2018). Furthermore, with
the increasing recognition that fossil data can improve information about fundamental climatic
tolerances, modern and palaeoecological data from the APD have been included in estimates of
climatic niches of at-risk plant taxa (Ivory et al. 2016). This information was then used to provide
forecasts of future impacts to ranges under climate and land-use trajectories for the end of the
21st century (Ivory et al. 2019).

2.3 CHALLENGES AND FUTURE DEVELOPMENTS

All these realizations suffer from (1) an highly uneven geographic distribution of data. Pollen
data are relatively abundant in Eastern and Southern Africa where palynological research has
been ongoing since the early 1950s (Hedberg 1954; van Zinderen Bakker and Coetzee 1952). In
the former region, the abundance of lakes and swamps also provides favourable conditions for
pollen preservation and long-time series. In North and Central Africa, on the other hand, data are
less numerous and often discontinuous in time. The drying out of Holocene lakes in the Sahara,
the difficulties of access to the sites, and their rarity are all limitations to regional geographical
reconstructions; (2) the scarcity of long time series beyond the LGM (Ivory et al. 2017; Lézine
et al. 2019; Miller and Gosling 2014; Scott 2016), and therefore long-term vegetation changes
are mostly derived from marine cores (e.g., Dupont and Kuhlmann 2017; Hessler et al. 2010).

Thanks to a recent funding from the Belmont Forum for Science-driven e-infrastructure
innovation for the project ‘Abrupt Change in Climate and Ecosystems: Where are the Tip-
ping points?’, the APD is now being relaunched and developing further collaborations with
international databases (‘NEOTOMA’, ‘PANGAEA’) and the French Institute Pierre Simon
Laplace (IPSL). One of the priorities is to gather and validate data published since 2007, the
date of the closure of the French data centre Medias-France where APD was stored. Today,
67 new late Quaternary, 17 Plio-Pleistocene and 20 marine new pollen series have been col-
lated. Strong links are being developed with NEOTOMA (https://www.neotomadb.org/) and
PANGAEA (https://pangaea.de/) databases.

These new datasets benefit from improved dating techniques and age modelling methods.
The result of which is that newly acquired pollen series have reduced temporal uncertainty and
improved resolution, allowing to more precision in interpretation of local and regional ecosys-
tem dynamics and climate-vegetation interactions. All this allows to envisage new scientific
developments of which one can cite three examples here:

2.3.1 Better understanding of ecosystem-human interactions

The identification and quantification of human-induced alterations to the Earth’s surface are criti-
cal to understand the role of land-use change on ecosystems and climate. The Land Cover 6k (6000
yrs BP) project of IGBP PAGES (http://www.pastglobalchanges.org/science/wg/landcover6k)
described in Gaillard et al. (2018) is a unique opportunity to develop a methodological approach
to carefully reconstruct land cover change from pollen data and evaluate anthropogenic land-cover
change scenarios for palaeoclimate modelling. The major limitation of such a quantification in
tropical Africa is that ‘with very few exceptions, tropical trees have zoophilous pollinating sys-
tems and relatively low pollen productivity’ (Ritchie 1995; p. 487). The relationship between
pollen percentages in diagrams and actual vegetation cover is thus extremely difficult to assess.
Within the equatorial forest for instance, many tree taxa are under-represented or even absent
from the pollen assemblages.

The reliability of any landscape reconstruction requires the spatial scale represented by the
pollen assemblage to be carefully taken into account. This requires the most accurate possible

https://www.neotomadb.org/
https://pangaea.de/
http://www.pastglobalchanges.org/science/wg/landcover6k


qvd ch002.tex August 31, 2021 16: 45 Page 9

The African Pollen Database (APD) and tracing environmental change: State of the Art 9

evaluation of pollen productivity of species and pollen-rain settling time. Following the work
of Duffin and Bunting (2008) in South Africa, Gaillard and colleagues are currently apply-
ing the LOVE (Local Vegetation Estimates) and REVEALS (Regional Estimates of VEgetation
Abundance from Large Sites) models developed by Sugita (2007a,b) in Central Africa. The
development of such an approach as well as the compilation of pollen and archaeological data
(Marchant et al. 2018) can greatly improve the involvement of the palynological community in
the study of land-use as a climate forcing.

2.3.2 Improved constraint of climate variability over the last millennia

The recent publication of Nash et al. (2016) within the framework of the PAGES 2ka working
group (http://www.pastglobalchanges.org/science/wg/2k-network) showed that Africa is one of
the world’s most poorly documented regions in terms of climate reconstructions over the last
millennia. Historical archives are very rare, as are natural archives with adequate temporal
resolution and age control. Time frames where historical records overlap the prehistorical data
are important to obtain seamless reconstructions and validate reconstructions. Improving the
spatial coverage and resolution of palaeoecological records is crucial for studying natural decadal
(or multi-decadal) climate variability and associated mechanisms. It is also essential to analyze
the complexity of spatial hydroclimate patterns, such as that suggested for the Little Ice Age
(1250–1750 CE) in Africa, for which wet or dry regions have been identified.

2.3.3 Understanding vegetation responses to abrupt climate change

The evolution of northern Africa from a ‘Green Sahara’ state to one of the most arid deserts today
(Kröpelin et al. 2008) or the collapse of the equatorial forests (e.g., Lézine et al. 2013) occurred
at the end of the African Humid Period. These are among the most emblematic examples of the
extreme changes that can affect the global environment with dramatic consequences for human
populations. The tipping points and climatic drivers between extreme states remain to be studied,
as do the early warning signals of these environmental crises, which may date back several
millennia, and still need to be identified. Long-term, high-resolution and evenly distributed
pollen records are critical to address these questions.

2.4 CONCLUSION

The African Pollen Database aims at providing the scientific community, students and teachers
with scientific and educational tools (pollen grain determination tools, modern and fossil data
duly validated and dated, publications) to address key issues for understanding the vulnerability
of ecosystems facing climate change. It ensures interoperability with international databases
for multi-proxy reconstructions of the past environment. Beyond these activities, the African
Pollen Database is a scientific network to develop the sharing of data and knowledge between
researchers in different countries.
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worlds in tropical western Africa during the
Middle and Late Pleistocene
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ABSTRACT: Modern ecological studies indicate that the degree of openness in African veg-
etation cover is determined, in part, by the presence of herbivores and fire as consumers of
vegetation. Where herbivores are the dominant consumer of vegetation the resultant open state
is described as a ‘brown’ world. Where fire is the dominant consumer of vegetation the resultant
open state is described as a ‘black’ world. While if neither consumer is dominant then a more
closed canopy states arises that is described as a ‘green’world. Here we use palaeoecological data
obtained from Lake Bosumtwi (Ghana) to characterize green, brown, and black worlds during
two short sections of around 1000 years each, deposited around 200,000 and 100,000 years ago
(Middle and Late Pleistocene). We characterize the vegetation cover using pollen and phytoliths,
herbivory using Sporormiella and fire using micro-charcoal. We find that during c. 1000 years
of the Middle Pleistocene fire was the major consumer of vegetation, while during c. 1000 years
in the Late Pleistocene herbivores were relatively more important consumers of vegetation. We
therefore suggest that the Middle Pleistocene section represents a black world, while in the Late
Pleistocene section we capture a combination of green, brown and black worlds. The duration of
these states seems to range from centuries to millennia and transitions are observed to occur in
both an abrupt and a stepwise fashion. These preliminary data demonstrate how palaeoecological
information can be used to gain insights into past landscape scale processes over thousands of
years. Further work is required to test the robustness of these findings and to provide a higher
temporal resolution to aid the link with modern ecological studies.
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3.1 INTRODUCTION

The theory of ‘alternative stable states’ proposes that biotic and abiotic feedbacks can determine
the composition and structure of an ecosystem regardless of external factors, such as climate
(May 1977; Scheffer et al. 2001). The presence of herbivory and fire activity in African land-
scapes has long been suggested to be a key factor in determining the openness of the vegetation
cover (Stebbing 1937). To characterize the role of herbivory and fire as mechanisms determining
the degree of vegetation openness (alternative stable state) William Bond developed the concept
of ‘green’, ‘brown’ and ‘black’ worlds (Figure 1; Bond 2005; Bond 2019). This ‘multi-coloured’
world model comprises three vegetation states based on differences in herbivory and fire as
consumers of vegetation: (i) a ‘green’ world where consumers (herbivores and fires) are at suffi-
ciently low occurrence levels as to not influence vegetation growth and consequently vegetation
cover is more closed and primarily controlled by plant resource acquisition, (ii) a ‘brown’ world
where an abundance of herbivores consuming seeds, seedlings and saplings means a more open
vegetation structure, and (iii) a ‘black’ world where the frequent occurrence of fires consuming
vegetation means a more open vegetation structure.

Modern studies in African savannas have demonstrated that herbivory and fire play an
important role in the complex interactions that determine vegetation openness (Sankaran et al.
2008) and consequently the regulation of both are routinely used in landscape management
(Roques et al. 2001). Evidence from modern exclosure experiments has demonstrated that the
removal of animals from ecosystems can result in changes to vegetation state on timescales
of years to decades (e.g. Riginos et al. 2012; Staver et al. 2009). While the manipulation of
fire regimes, through experimental burns and fire suppression initiatives, have demonstrated
vegetation state can also be altered through these processes on decadal timescales (e.g. Enslin
et al. 2000; King et al. 1997). Over the longer-term (>100s of years) palaeoecological data
have revealed that past changes in herbivory and fire activity have altered African vegetation
composition and structure (e.g. Ivory and Russell 2016; Runcia et al. 2009; Shanahan et al.
2016). Palaeoecological data therefore provide an opportunity to search for evidence of the
green, brown and black worlds proposed by Bond (2005), test the timescales of their stability,
and discover how transitions between them occur.

Based on Bond’s multi-coloured world model it can be suggested that the addition, or
subtraction, of either herbivory or fire as a consumer of vegetation in a landscape would result
in a shift in the degree of openness (Figure 1). Here we use palaeoecological data to parametrize
vegetation openness (Poaceae pollen/phytoliths), herbivory (Sporormiella) and fire (charcoal) to
provide ‘snap shots’ of vegetation states in tropical western Africa during the Middle and Late
Pleistocene. We use these data to identify periods of time when consumers (both animals and
fires) did, and did not, exert a dominant control over the vegetation openness.

Figure 1. Conceptual panorama of vegetation change across an African landscape dependent on the dominant
consumer of vegetation. Green = absence of consumers. Brown = herbivores are the dominant consumers. Black = fire

is the dominant consumer.



qvd ch003.tex August 31, 2021 16: 51 Page 15

Preliminary evidence for green, brown and black worlds in tropical western Africa 15

Figure 2. Major vegetation types of western Africa relative to Lake Bosumtwi (Ghana). Vegetation classifications
follow White (1983).

3.2 MATERIALS AND METHODS

3.2.1 Study site

Lake Bosumtwi (06◦ 30’ 06.04” N, 01◦ 24’ 52.14” W, 97 metres above sea level; Figure 2)
was formed by a meteorite impact c. 1 million years ago and is a hydrologically closed system
(Koeberl et al. 1998). The International Continental Scientific Drilling Program (ICDP) Lake
Bosumtwi drilling project extracted a c. 295 m sediment core from the centre of the basin in 2004
(named BOS04-5B) (Koeberl et al. 2005; Koeberl et al. 2007).

Lake Bosumtwi lies within the seasonal migration path of the Intertropical Convergence
Zone (ITCZ) and moisture is also delivered to the site by the West African monsoon (Nichol-
son 2009). This climate configuration results in a strong gradient of decreasing precipitation
from south to north across western Africa. Concomitant with the climate gradient is a vegeta-
tion gradient which means that today Lake Bosumtwi is surrounded by semi-deciduous forest,
with evergreen forest to the south, and savanna to the north (Figure 2; White 1983). Analysis
of ancient pollen contained within the BOS04-5B core revealed multiple transitions between
forest and savanna vegetation during the last c. 520,000 years which have been linked to multi-
millennial, orbitally forced, climate changes (Miller and Gosling 2014; Miller et al. 2016). In
this study, two short (c. 5 m) sections of the core, in which vegetation transitions had previously
been identified, were sub-sampled for further palaeoecological analysis to explore the impact
of shorter-term landscape-scale process on past vegetation dynamics (Figure 3; Gosling et al.
2021).

3.2.2 Chronological control

Previously published radiometric dates indicate that the meteorite which formed Lake Bosumtwi
impacted the Earth c. 1.07 ± 0.05 million years ago (Koeberl et al. 1998). Subsequent sediment
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Figure 3. Position of the two sections focused on in this study (grey bars) from Lake Bosumtwi relative to previous
palaeoecological work (modified from Miller et al. 2016).

accumulation through the core has been constrained by radiocarbon, U-series and optically stim-
ulated luminance dating (Shanahan et al. 2013a). The two sections of the BOS04-5B core focused
on here were recovered from 61.25–56.05 and 38.85–33.45 metres below lake floor (mblf)
(Figure 3). Based on the radiometric dating these two sections were likely deposited during
the Middle Pleistocene (c. 200,000 years ago) and Late Pleistocene (c. 100,000 years ago)
respectively (Miller et al. 2016).

Previous studies into sediment deposition within Lake Bosumtwi indicated that the light-
dark couplets of laminations within the sediments likely represent seasonal cycles (Shanahan
et al. 2013b). Therefore, to gain a minimum estimate of the timescale over which these sections
were deposited, the number of laminations within each section was counted on the basis that the
sediment core images were included in the initial core descriptions.
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3.2.3 Palaeoecological analysis

Twenty sub-samples were prepared for palaeoecological analysis across each of the two sections
using standard techniques including density separation, acetolysis and sieving at 180 µm (Moore
et al. 1991). An exotic marker (Lycopodium) was added to each sample to allow the concentration
of microscopic remains to be calculated (Stockmarr 1971); University of Lund, batch #483216,
containing 18,583 grains ± 4.1%. Each sub-sample was analysed for the concentration of Poaceae
pollen, Sporormiella, and micro-charcoal (< 180 µm); identifications followed Gosling et al.
(2013), van Geel and Aptroot (2006), and Whitlock and Larsen (2001) respectively. Phytoliths
were also present in the prepared slides. Phytolith concentration from the same sub-samples were
analysed across the Middle Pleistocene section; phytolith identifications were based on Piperno
(2006).

3.2.4 Statistical analysis and data presentation

To assess the robustness of the palaeoecological datasets 95% confidence intervals were calcu-
lated (following Maher 1981). Bayesian Change Point (BCP) analysis (Barry and Hartigan 1993),
which determines if there is a significant change in the mean of the variable at a given point in a
time series, was used on: (i) Sporormiella (herbivore) concentration, and (ii) micro-charcoal (fire)
concentration data. The posterior probabilities of the BCP analysis indicated the likelihood of
significant change of those variables at each time step sampled (Barry and Hartigan 1993; Blois
et al. 2011). Where the posterior probability of the BCP analysis exceeded 0.8 for Sporormiella
or charcoal, a zone boundary was defined, indicating a significant change in herbivory or fire
activity. Data were plotted using C2 (Juggins 2005).

3.3 RESULTS

Previously published radiometric dating indicates that the two sections studied here were
deposited during the Middle and Late Pleistocene (Figure 3; Shanahan et al. 2013a). The results
of the younger section are presented in the upper panel (Figure 4A) and the results of the older
section are presented in the lower panel (Figure 4B).

3.3.1 Lamination counting

Approximately 1200 light-dark couplets of laminations were identified in the Middle Pleistocene
section; however, no laminations could be identified in three parts of the section at: 60.25–
59.85, 58.65–58.45, and 57.05–56.85 mblf (Figure 4B). Approximately 750 light-dark couplets
of laminations were identified for the Late Pleistocene section; however, no laminations could
be identified between 34.45 and 33.45 mblf (Figure 4A).

3.3.2 Palaeoecological analysis

For the Middle Pleistocene section two abrupt changes in vegetation consuming processes
were detected by the BCP analysis at 59.25 (micro-charcoal) and 56.65 (Sporormiella) mblf
defining three zones (Zones i, ii, and iii; Figure 4B). Within Zone i Poaceae pollen occurs
in high concentrations (mean of 38,000 grains/cm3), Poaceae phytoliths, tree phytoliths and
micro-charcoal are ever present but are highly variable in concentration (1100–46,000 Poaceae
phytoliths/cm3, 28,000–240,000 tree phytoliths/cm3, and 250,000–1,600,000 fragments/cm3),
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and Sporormiella is absent. In Zone ii Poaceae pollen is continually present at medium con-
centration (mean 26,000 grains/cm3), Poaceae phytoliths, tree phytoliths and micro-charcoal are
usually present and highly variable in concentration (4000–127,000 Poaceae phytoliths/cm3, 0–
360,000 tree phytoliths/cm3, 199,000–6,194,000 fragments/cm3), and Sporormiella is absent. In
Zone iii Poaceae pollen and phytoliths occur at high concentrations (mean 35,000 grains/cm3

and 34,000 phytoliths/cm3 respectively), but tree phytoliths are absent; micro-charcoal is vari-
able (395,000–978,000 fragments/cm3), and Sporormiella is continually present (395–1133
spores/cm3).

For the Late Pleistocene section two abrupt changes in vegetation consuming processes
were detected by the BCP analysis at 36.45 (Sporormiella and micro-charcoal) and 34.25
(Sporormiella) mblf defining three zones (Zones I, II, and III; Figure 4A). Within Zone I Poaceae
pollen (17,000 grains/cm3), Sporormiella (mean 1200 spores/cm3), and micro-charcoal (mean
291,000 particles/cm3) are all relatively highly abundant within the section. In Zone II Poaceae
pollen (mean 14,000 grains/cm3) are abundant, while Sporormiella and micro-charcoal vary
widely (0–8400 spores/cm3 and 15,000-496,000 fragments/cm3 respectively). In Zone III Poaceae
pollen (mean 2700 grains/cm3) and micro-charcoal (mean 4400 fragments/cm3) are relatively
low, while Sporormiella varies (0–4000 spores/cm3) in concentration.

3.4 DISCUSSION

3.4.1 Timescales of deposition

Radiometric dating indicates that the Middle Pleistocene section was deposited c. 200,000 years
ago during a period of high eccentricity in the Earth’s orbital cycle (Miller et al. 2016). This orbital
configuration of northern hemisphere insolation maximum, during a precession minimum and
an eccentricity maximum, extenuates seasonal variations at Lake Bosumtwi (6◦N). Therefore,
this period of time likely represents ecosystem functioning under high seasonal stress, and a
consistently low level of Lake Bosumtwi during this period (Figure 2). The Late Pleistocene
section is indicated to have been deposited c. 100,000 years ago as part of the longer transition
out of the last interglacial period and includes a period of relatively higher lake levels (Figure 2).

Lamination counting within the two sections revealed 1200 light-dark couplets in 5.2 m
of sediment in the Middle Pleistocene section, and 750 light-dark couplets in 5.4 m in the Late
Pleistocene section. These counts were derived from visual inspection of digital core scan images
and consequently likely represent an under-estimate of the true number of bands present because
some may not have been captured in the digital imagery of the core surface. To reveal all bands, and
develop a robust internal chronology, further analysis of the sediments in thin section is required.
The preliminary analysis presented here shows this is a promising line of investigation and, based
on the visible bands, it can be roughly estimated that the period of deposition represented by each
of these sections is more than 1000 years. The relatively higher number of bands in the older
section could be related to the enhanced seasonality and lower sedimentation rates during this
period.

3.4.2 Evidence for green, brown and black worlds

Fire (charcoal) was ever present, and highly abundant, in the Middle Pleistocene section (Zone
i, ii and iii in Figure 4B), while herbivores (Sporormiella) only appear in the uppermost samples
(Zone iii in Figure 4B). The first transition (Zone i to Zone ii) is defined by a change in fire
activity that is coincident with a slight drop in the average concentration of Poaceae pollen,
however, no directional change in the concentration of Poaceae or tree phytoliths is discernible at
this time. This suggests that vegetation state did not change significantly. The second transition
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Figure 4. Palaeoecological diagram from two portions of the Lake Bosumtwi (BOS05-3B) sedimentary record:
(A) Late Pleistocene (c. 39.0-33.0 mblf), and (B) Middle Pleistocene (c. 56.0–61.5 mblf). Dark grey plus symbols
indicate upper and lower confidence intervals (95%). Horizontal light grey bands indicate portions of the sediment

without laminations. For ‘Abrupt change’ curves: black dotted line indicates BCP analysis of Sporormiella
concentration data, black dashed line indicated BCP analysis of micro-charcoal concentration data, vertical solid grey

line indicates 0.8 significance threshold. In the case of one sample, at 59.25 mblf, the concentration of charcoal
fragments exceeds the scales shown and the upper value is indicated numerically. Raw data available from Gosling

et al. (2021).
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(Zone ii to Zone iii) is defined by the appearance of herbivores, and is associated with the loss
of tree phytoliths and the rise of Poaceae pollen and phytolith concentrations. This suggests that
increased herbivory did diminish, or alter, the woody component of the vegetation. Throughout
this section the high concentration of Poaceae (indicated by both pollen and phytoliths) with a
variable woody component (indicated by the tree phytoliths) suggests that the landscape around
Lake Bosumtwi during this short snapshot of the Middle Pleistocene was similar to the open
vegetation found in the forest-savannah transition zone c. 250 km north of Lake Bosumtwi today
(Julier et al. 2018), rather than the closed vegetation found close to the site today (Julier et al.
2019; Figure 1). Today in the transition zone fires during the dry season (November-March) limit
juvenile establishment and sapling recruitment (Armani et al. 2018). The enhanced seasonality
during this part of the Middle Pleistocene likely resulted in two prolonged and intense dry seasons
during which burning could have occurred. The enhanced seasonality likely meant that fire was
an even greater consumer of vegetation then than it is today in the transition zone, suggesting
that this entire section likely represents ‘black’ world open vegetation.

Fire activity and herbivory both change through the Late Pleistocene section (Figure 4A).
The first transition (Zone I to II) sees first a spike and then a persistent decline in both herbivory
and fire activity. Prior to the spike (Zone I) herbivory levels and fire activity are relatively high
and stable, and this is mirrored in the Poaceae concentration. After the spike (Zone II) herbivory
and fire activity fluctuate, and are periodically absent, which is coincident with a slight drop in
Poaceae concentration. Sporormiella and micro-charcoal concentrations relative to the Middle
Pleistocene ‘black’ world section are higher and lower respectively. This suggests that in the Late
Pleistocene section herbivores likely played a relatively more important role in determining veg-
etation structure. Therefore, it can be tentatively suggested that where Sporormiella is abundant
a ‘brown’ world persisted. Although it should be noted that both herbivory and fires were clearly
present and no doubt both helped to maintain the vegetation openness. Furthermore, it seems
that the role of both herbivory and fire as consumers of vegetation (promoting higher Poaceae
concentration and inferred openness) is diminishing through Zones I and II. The concomitant
decline in consumers and Poaceae perhaps suggests a move from a consumer controlled stable
state, towards a more closed canopy ‘green(er)’ world. The second transition (Zone II to III) is
defined by a rise in herbivory, and is coincident with a drop (to near absence) in fire activity, low
concentrations of Poaceae pollen, a sedimentological change (loss of laminations), and a drop in
lake level (Figure 2). It is consequently unclear if the lower Poaceae pollen concentration (and
inferred decreased openness) observed in Zone III are a direct result of diminishing numbers of
herbivores and fire activity leading us into a ‘green’ world, or if other, possibly climatological or
taphonomic controls are responsible.

3.4.3 Insights into past vegetation states in tropical western Africa

The preliminary data from the two sections examined here provide evidence for the presence of,
and switches between, green, brown and black worlds in tropical westernAfrica during the Middle
and Late Pleistocene. It is also apparent that different combinations of herbivores and fire in the
landscape resulted in different degrees of openness (stable states) persisting. It seems likely that
the background climatic configuration and seasonality played a significant role in determining
the relative importance of these processes; an observation that aligns with modern studies which
indicate that fire prevalence is most strongly linked to previous years’ rainfall (van Wilgen et al.
2004). The presence of both herbivores and fire within the landscape is coincident with elevated
concentration of Poaceae pollen and phytoliths in line with expectations from modern studies that
suggest these vegetation consumers promote more open ecosystems (Bond 2005; Bond 2019;
Warman and Moles 2009). The timescales over which the green, brown and black alternative
‘stable states’ persisted appears to be at least on the order of centuries to millennia.
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It can be tentatively suggested that transitions between green, brown and black worlds occur
over decades to centuries; however, it should also be noted that both gradual transitions seem to
exist (i.e. in the Late Pleistocene section herbivory, fire activity and Poaceae all decline in a step
wise fashion) as well as abrupt shifts (i.e. in the Middle Pleistocene section herbivory appears and
tree phytoliths disappear at the same time). The different modes of transition suggest a complex
series of interactions are responsible for initiating and driving vegetation dynamics during both
time windows. This finding is in line with more recent data from savanna in eastern African that
suggest that over the last 1400 years periodic fluctuations in woody cover driven by landscape
processes are the rule, not the exception (Gillson 2004). Complex landscape scale processes
have also been observed to be important over longer timescales during the transition out of the
last interglacial period at Lake Bosumtwi (Shanahan et al. 2016) and over shorter timescales in
the modern forest-savanna transition zone to the north (Ametsitsi et al. 2020). These findings
emphasize the need for further empirical data to contextualize the role of processes, such as
herbivory and fire activity, in determining vegetation states in Africa across space and through
time.

3.4.4 Future perspectives

To determine the relative importance of herbivory and fire as consumers of vegetation, and how
this changes through time, at Lake Bosumtwi further research is required. Firstly, a robust internal
chronology should be established through detailed examination of the nature and frequency of
the laminations, and secondly further details should be extracted from the palaeoecological
and palaeoclimatic record. Specifically, detailed pollen and phytolith analyses are required at a
higher temporal resolution to characterize trajectories of vegetation change. These vegetation data
need to be supported by: (i) further charcoal analyses (micro- and macro-charcoal and charcoal
chemistry) to reveal the biomass consumption and temperature of burning (Gosling et al. 2019;
Whitlock and Larsen 2001), (ii) examination of a full suite of coprophilous fungal spores (not
just Sporormiella) to provide insights into changing animal assemblages (Loughlin et al. 2018;
van Geel and Aptroot 2006), and (iii) further independent evidence for climatic change should
be sought, including further δ15N analysis to determine changes in moisture balance (Talbot
2001; Talbot and Johannessen 1992), and pollen chemical analysis to identify fluctuations in
solar irradiance (Jardine et al. 2016; Jardine et al. 2021).

3.5 CONCLUSIONS

The examination of Middle and Late Pleistocene sections of the Lake Bosumtwi sediment core
provide evidence for, and switches between, ‘green’, ‘brown’ and ‘black’ worlds. The different
coloured worlds (alternative stable states) each seem to persist for hundreds to thousands of years.
The addition, and subtraction, of herbivory and fire activity from the landscape around Lake
Bosumtwi seems to have resulted in vegetation change occurring in both an abrupt and complex
gradual fashion over decades to centuries. Although the mechanisms behind the changes in
herbivory and fire activity remain largely ambiguous, it seems likely that seasonality modulated
by orbital forcing plays a strong role in governing fire activity. To further our understanding of
the persistence of, and transition between, alternative stable states around Lake Bosumtwi we
now need to improve the chronological control, enhance our sampling resolution, and expand
the range of proxies analysed to provide a comprehensive insight into past ecosystem dynamics.
Armed with these data we will be able to better anticipate the impact of projected climate changes
for tropical western Africa.
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ABSTRACT: High mountains are sensitive to climate change. Holocene lake remnants witness
to the last Saharan Humid Period (SHP) in the Tibesti, the highest mountains of the Sahara
(>3000 m asl). The impact of Holocene climatic change on the terrestrial montane ecosystems,
however, is largely unknown. Palynological investigations on a palaeolake sequence from the
summit caldera of the Emi Koussi, the highest volcanic complex of the Central Sahara, were per-
formed to address this issue. Based on charred plant particle concentrations, the age depth model
indicates a Holocene age of the palaeolake (c. 9500-5500 cal yr BP). Shifts in the vegetation
composition indicate altered climatic conditions: high proportions of Poaceae and fern as well
as highly fluctuating Artemisia frequencies characterize the SHP, strongly dominating Ephedra
distachya-type proportions reflect the present vegetation, evidencing distinctly decreased humid-
ity. The missing mass expansion of tropical tree taxa into the summit zone meanwhile points to
persisting low temperatures during the Holocene. The absence of Mediterranean tree taxa during
the SHP indicates that migration from the Mediterranean to the southern Sahara was not pos-
sible. Hence, a survival of Mediterranean tree taxa within micro-refugia may also be excluded.
An exception is Erica (arborea) which expanded only during the Middle Holocene, relying
on relict populations. Increased precipitation at persisting lower temperatures thus shaped the

1Other affilitation: German Archaeological Institute (DAI), Scientific Department of the Head Office, Berlin,
Germany
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high altitudinal ecosystems during the SHP, triggering modifications in the vegetation compo-
sition. The ecosystem type itself, a montane steppe, remained. This is in clear contrast to the
contemporaneous marked biome changes in the surrounding Saharan plains.

4.1 INTRODUCTION

Due to their positions amidst today’s largest hot desert, the mountain complexes Hoggar and
Tibesti in the central Sahara are exceptional regions, resembling islands of increased biodiver-
sity. Even though the altitudinal change in precipitation and temperature leads to more mesic
conditions at higher elevations, there is no montane tree belt in these Central Saharan massifs,
distinguishing them from the tropical mountains in East Africa as well as from the Mediterranean
mountain ranges in the north. A combination of aridity and low temperatures is claimed to prevent
major tree growth in the Hoggar and Tibesti, fostering at their summit a vegetation formation
dominated by species of the genera Ephedra, Artemisia and Pentzia, called ‘pseudo-steppe’ or
‘steppe culminale’ (e.g. Maire and Monod 1950; Messerli and Winiger 1992; Ozenda 1991;
Quézel 1965). The steppe culminale fits the criteria of paleartic steppes characterized by (a)
the dominance of herbs, mainly grasses with high chamaephyt proportions in some regions (b)
more than 10% vegetation cover (c) occurring in climates too dry for taller woody vegetation
and at least occasionally affected by frost (Wesche et al. 2016). This definition thus includes the
naturally occurring grasslands of the Mediterranean and of the subtropical-tropical arid zones as
steppe, similar to the definition of Le Houérou (2001, 2009).

Because of the strong dominance of chamaephyts, the steppe culminale of the Tibesti
may be assigned to the desert steppes, characterized by vegetation cover of only 10–25% with
often increased dwarf shrub proportions, a vegetation formation mediating to subtropical deserts
(cf. Wesche et al. 2016). The present heterogenous biogeographical composition of the Central
Saharan montane ecosystems points to multiple floristic relations: inner Saharan, Sahelian, Afro-
alpine East African, and links to the Mediterranean phytoregion. The latter are documented
by Mediterranean woody plants at altitudes higher than 1500 m asl (Cupressus dupreziana,
Erica arborea, Olea europaea subsp. laperrinei and Rhus tripartite) and numerous annuals and
perennials. However, most of these woody taxa only occur in the Hoggar mountains, compliant
with higher proportions of Mediterranean dwarf shrubs and annuals. The more northerly position
of the Hoggar massif in comparison to theTibesti and thus (closer) proximity to the Mediterranean
phytoregion accounts for this difference (Maire 1935; Maire and Monod 1950; Médail and Quézel
2018; Ozenda 1991; Quézel 1965).

As to the African Humid Period, several dated palynological and anthracological investiga-
tions in the surrounding plains of the Eastern and Central Sahara provide evidence of profound
ecosystem changes, with tropical plant taxa migrating some 500 km northwards compared to
their present day distribution, thus as far north as the Tibesti or even further north (Gabriel 1977;
Haynes et al. 1989; Hély and Lézine 2014; Jahns 1995; Lézine 2017; Maley 1981; Ritchie
et al. 1985; Ritchie 1987; Ritchie 1994; Ritchie and Haynes 1987; Schulz 1987, 1991; Schulz
1991; Mercuri et al. 1998; Mercuri 1999; Mercuri and Grandi 2001; Neumann 1989; Trevisan
et al. 1998; Watrin et al. 2009). There is, however, no clear evidence of a similar distinct
southward migration of Mediterranean plant taxa into the Central Saharan plains during the
Holocene.

An intensified and northwards expanded summer monsoon is supposed to be the main
humidity source (Kutzbach 1981). Other atmospheric patterns are assumed to have contributed
as well, such as e.g. seasonal tropical plumes and extratropical troughs (Dallmeyer et al. 2020;
Knippertz 2005; Maley 2000; Skinner and Poulsen 2016), and interactions of extratropic cyclones
with the monsoonal system, either with or without overlaps (e.g. Baumhauer 2004; Rogerson et al.
2019) or with additional interferences of moisture from the Indian Ocean (Mercuri et al. 2018) are
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discussed. Feedback mechanisms additionally seem to play a role. In models, interactive coupling
between atmospheric and oceanic dynamics as well as land surface amplify the African monsoon
(e.g. Braconnot et al. 1999, 2007; Claussen and Gayler 1997; Claussen et al. 1999; Kutzbach
and Liu 1997; Pausata et al. 2016). The influence of land cover feedbacks is controversial (e.g.
Braconnot et al. 1999 vs. Braconnot et al. 2007), however a positive feedback seems probable
(e.g. Krinner et al. 2012).

Palaeolake remnants in the montane belt of the Tibesti and Hoggar massifs document
the impact of increased precipitation during the African humid period (e.g. Jäkel and Geyh
1982; Maley 1981; Médail and Quézel 2018). The vegetation response however remains vague,
because to date only single or few palynological samples scattered throughout the Central Saharan
Mountains have been investigated, allowing only very punctual insights. Samples of the Hoggar
tentatively dated to the beginning of the Pleistocene show high proportions of temperate and
plant taxa, interpreted as relict woodlands of the Tertiary. During the Middle and Late Pleis-
tocene, the proportions of tropical plant taxa as well as types representing the Saharan desert
vegetation increased, while Mediterranean and temperate taxa persisted, however with decreasing
importance. This led to the hypothesis that the desert vegetation established successively in the
plains and thus acted as a barrier, isolating the mountain ranges, which however were connected
by hydrogeographic networks activated during periods of increased humidity (Rossignol and
Maley 1969). As to the African Humid Periods, the involvement of Mediterranean taxa in the
Hoggar/Tassili and Tibesti mountain complexes remains ambiguous. Some authors suggest an
expansion of Mediterranean or even temperate tree taxa in the Central Saharan mountains, while
a re-investigation in the Hoggar and analyses on lake remnants in the Tibesti revealed only the
few Mediterranean tree taxa still present today (e.g. Alimen et al. 1968; Gabriel 1977; Quézel
1958; Quézel 1965; Maley 1981; Maley 2000; Prentice et al. 2000; Medail and Quézel, 2018
versus Thinon et al. 1996 and own investigations).

Here, we present the first pollen diagram encompassing the period c. 9500-5500 cal yrs
BP, based on palynological investigations of a 14C-dated sediment sequence from the deepest
subcaldera of the highest volcanic shield complex, the Emi Koussi at about 3000 m asl. This
analysis complements existing single sample investigations from various different geomorpholog-
ical contexts. Relying on the new sequence, we will: a) present a chronology of the investigated
lake remnant based on 14C-dates of organic material, b) indicate Holocene vegetation fluctu-
ations at these highest altitudes and c) deduce climatic configurations from these vegetation
reconstructions.

4.2 REGIONAL SETTING

4.2.1 Geomorphology

The Tibesti massif is one of the world’s major and most significant examples of intracontinental
volcanic provinces and covers more than 100,000 km2 (Ball et al. 2019). Intense volcanic activity
began as early as the Oligocene and intensified during the Quaternary (Deniel et al. 2015;
Gourgaud and Vincent 2004). The Emi Koussi is the largest volcano of the entire Tibesti Volcanic
Complex, with a basal diameter from 60 to 80 km and a summit caldera of 9–12 km in diameter.
Altitude differences vary between c. 3000 m compared to the Bodélé depression in the south and
c. 2300–2900 m to the Serir Tibesti in the north (Pachur andAltmann 2006). A succession of three
volcanic sequences between 2.4 and 1.3 Ma formed the Emi Koussi volcano and each is related
to the collapse of a caldera. Era Kohor is the youngest caldera that was formed during the last
sequence (Gourgaud and Vincent 2004). Basalts overlaying Terminal Pleistocene to Holocene
limnic sediments in the Emi Koussi caldera indicate volcanic eruptions until the recent past
(Messerli 1972). Seismic activities are recorded even nowadays. Groundwater-coupled processes
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like solfatars/fumaroles and hot springs are still active on the eastern slopes of Emi Koussi (Pachur
and Altmann 2006).

4.2.2 Climate

In the plains surrounding theTibesti, hot desert climates (BWh; Köppen 1918) prevail, whereas in
the mountains the climatic conditions change due to the adiabatic lapse rate to cold desert climates
(BWk) with mean annual temperatures below 18◦C. Climate data are not available for the Emi
Koussi, but some meteorological data from lower locations indicate the ‘classical’ precipitation
increase and temperature decrease with increasing altitudes. Rainfall at the Trou au Natron at
2450 m asl, thus 1000 m below the sampled Emi Koussi lake remnant, amounts to an average
annual precipitation of 93.3 mm and a mean annual temperature of 13.5◦ C (Gavrilovic 1969). The
few data allowing vague insights into the distribution throughout the year indicate a precipitation
maximum during May and another duringAugust, with highest monthly means during July (Maire
and Monod 1950). For the highest altitudes of the Emi Koussi, precipitation estimations based on
single measurements and deduced from altitude, geomorphology and vegetation range from 50 to
150 mm per year (Wininger 1972, Figure 1, Vegetation map). In contrast to the lower mountains
and plains that are mainly affected by monsoonal summer precipitation, the high altitudes seem
to profit from orographic, frequent but minor precipitations. Coupled with clouds, this effective
moisture source propagates plant growth (Quézel 1958).

Figure 1. Satellite image (Esri World Imagery) of the Tibesti massif and its surrounding plains, Central Sahara. Inlet
map: Schematic map of the vegetation zones (centres of endemism: III – Sudanian, VII – Mediterranean, and the

regional transition zones: XI – Guinea-Congolia/Sudania, XVI – Sahel, XVII – Sahara, XVIII – Mediterranean/Sahara),
following White (1983). The reconstructed northern limits of Sudanian and Sahelian plant taxa during the SHP are

indicated as green lines (Neumann 1989; Schulz 1991). Isohyetes (in grey) are from Railsback et al. (2016).
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4.2.3 Today’s vegetation of the Tibesti

After Maire and Monod (1950), Quézel (1958), Ozenda (1991) and Médail and Quézel (2018),
three main altitudinal belts can be distinguished in the Tibesti and Hoggar Mountains: a Saharan-
Tropical belt similar to the contracted vegetation surrounding the mountains, followed by a
montane Saharan-Mediterranean belt with increasingly diffuse plant cover, and a summit zone.
The generalized vegetation map after Quézel (1958, 1964, 1965) shows this altitudinal controlled
vegetation distribution on the Emi Koussi volcano itself (Figure 2).

(1) Saharan-Tropical desert vegetation of the plains: contracted desert vegetation with
Panicum turgidum and Acacia ehrenbergiana dominates.

(2) Saharan-Tropical belt up to c. 1700 m asl: the vegetation resembles the desert vegetation
of the surrounding plains, with Sahelian plant taxa such as acacias (A. tortilis var. raddi-
ana, A. laeta, A. stenocarpa), Maerua crassifolia and Capparis decidua in the wadis, and
Hyphaene thebaica and Salvadora persica bordering them. Together with a grassy veg-
etation formation in depressions or runnels (Aristidia funiculata – Indigofera sessiliflora
formation), they are supposed to represent remnants of plant formations that expanded
northwards during the African Humid Period (Médail and Quézel 2018).

(3a) Lower montane zone of the Saharan-Mediterranean belt, c. 1700–2500 m asl: in this zone
the Sahelian vegetation fades out, and the plant cover becomes increasingly diffuse. Acacia
stenocarpa and A. laeta, different Ficus species, Grewia tenax, Rhus, Capparis spinosa
and Boscia salicifolia grow in the wadis. Montane Aristida grasslands (3b1) cover the
surfaces between the wadis, with Linaria and Helianthemum as characteristic taxa. The
two Acacia species form the upper tree line at altitudes of 1800–2300 m asl, depending
on the exposition, while dwarf grown acacias may even reach 200 m higher (Messerli
1972; Quézel 1965). As to the Sahelian affinity of the acacias, temperature is claimed
as the limiting factor for tree growth. Yet, aridity seems to be a relevant factor as well:
in the Hoggar mountains relict stands of Olea europaea subsp. laperrinei trees grow in
caves at 2700 m asl, and at the Emi Koussi Erica arborea grows in ravines between 2500
and 3000 m asl, indicating that theoretically these Mediterranean trees should constitute
the upper timber line at higher altitudes or even cover the highest summit. Quézel (1965)
thus assumed that these and other Mediterranean (and Temperate) elements disappeared
4000–5000 years ago as a result of aridification.

(3b2) Upper montane zone of the Saharan-Mediterranean belt (steppe culminale), above
c. 2500 m asl: dwarf shrubs prevail at these highest altitudes. While in the Hoggar moun-
tains Artemisia herba-alba (Seriphidium herba-alba (Asso) Sojak), Artemisia campestris
(subsp. glutinosa (Besser) Blatt.), Ephedra major Host and Pentzia monodiana Maire
form these summit steppes, endemic counterparts, Artemisia tilhoana Quézel and Ephedra
tilhoana Maire, replace them, with Pentzia monodiana, Ballota hirsuta and Lotus tibesticus
accompanying them as characteristic species. Euphorbia granulata, Erodium oreophilum,
Campanula bordesiana, Helianthemum lippi and Helichrysum monodianum are also
common in these steppes. This is supposed to represent a vegetation formation with a
long-lasting Quaternary history (Quézel 1958, 1965).

4.3 MATERIALS AND METHODS

4.3.1 Sampling

Within the Era Kohor caldera, palaeolake remnants are preserved at the NW slopes, covered
by volcanic talus material (Figures 2 and 3). These diatomaceous sediments exhibit a thick-
ness of 145 cm and were sampled at an altitude of 2796 m asl (top of the sampled sequence;
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Figure 2. a) Digital elevation model (DEM) of the Emi Koussi shield volcanic complex with the three summit calderas
after Gourgand and Vincent (2004) and the generalized vegetation zones after Quezel (1958; 1964; 1965) and Maire

and Monod (1935, 1950). b) DEM of the Era Kohor caldera with the position of section W566 c) NW-SE profile across
the Era Kohor caldera.

19◦ 50.376’ N, 18◦ 33.177’ E), some 130 m above the present crater floor. The desiccated
sediments (diatomite) were sampled in subsequent monoliths (W566-1 to W566-7; Figure 2).
Sub-sampling of the monoliths was undertaken at 1 cm sample intervals where possible, after
export of the monoliths to the laboratory. However, some monoliths did not reach the laboratory
intact and for these segments a single bulk sample was taken.

4.3.2 Preparation of pollen samples and charred plant particles concentrates for
14C-dating

In a first step, samples at intervals of about 10 cm were prepared. Pollen preservation proved
highly variable throughout the profile. Subsequently the intervals with pollen preservation
were chosen for further palynological investigations. Samples were treated following common
acid/base, heavy liquid and acetolysis protocols, thoroughly washing the samples with distilled
water after each treatment (Eisele et al. 1994; Faegri and Iversen 1989; Moore et al. 1991;
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Nakagawa et al. 1998). A volume of 10cm3 sediment (diatomite) was prepared, adding marker
spores (Stockmarr 1971).

Pollen concentrations were prepared applying a combination of different protocols (Chester
and Prior 2004; Brown et al. 1992; Regnéll and Everitt 1996; Nakagawa et al. 1998; Vandergoes
and Prior 2003; Piotrowska et al. 2004) with the following preparation steps: (1) Treatment with
∼10% HCl (heated), (2) Treatment with ∼10% KOH (heated), (3) Dense-media separation with
sodium-polytungstate (SPT; ∼2.1 g/cm3), (4) Treatment with 12 M H2SO4 for 2 h, with 1.2 M
H2SO4 for 3 h (heated), (5) Microscopic analysis of the residues to decide on the next steps for
the processing procedure, (6) Density separation (1.6-1.2 g/cm3) with CsCl or repeated with 2.1
g/cm3 SPT, with microscopic control of the potential different phases, (7) Sieving (<6 µm).

Pollen slides were analysed using a transmitted light microscope (Leica DMRB) with 400–
1000× magnification. Pollens were identified by using the reference collection of the DAI
(Deutsches Archäologisches Institut, Berlin, Germany), electronic photographs of the African
Pollen Database (downloaded in 2012, www://medias.obs-mip.fr/apd) and published pollen
atlases (Bonnefille and Riollet 1980; El-Ghazali 1993; Reille 1992).

4.4 RESULTS

4.4.1 Lithostratigraphy and radiocarbon dating of W566

The diatomite is faintly laminated in its entity, structured by oxidized bands, mainly ochre, some
of them sustaining (Figure 3).

Six samples of the W566 sequence were radiocarbon dated (Table 1). The total carbon con-
tent of the diatomaceous sediments is generally extremely low and in consequence the datable
amount of organic carbon in the prepared concentrates is also low. Macroscopic charred plant
remains were not found in the sampled sequence. Thus, concentrates of microscopic charred plant
particles were prepared for 14C-dating to enrich organic carbon for the necessary minimum mass
of c. 0.1 mg to produce reliable ages. However, below 0.1mg C uncertainty increases correspond-
ingly (Kutschera 2016), in addition the risk of contamination during sample preparation rises
with decreasing sample mass. The sample with only 0.04 mg C (Poz-12905) has been excluded
from calculations of the age depth model because of the methodological uncertainties, as in other
investigations (e.g. Parker et al. 2004). To establish an age depth model, rbacon, a Bayesian
approach with an implemented outlier analysis was chosen (version 2.4.3; Blaauw and Christen
2011). The basal 10 cm were devoid of datable organic material, the ages for these 10 cm were
thus extrapolated. With these first absolute datings of the diatomite of the Era Kohor caldera, we
prove a Holocene age of the lake remnant.

4.4.2 Pollen sum and diagram

The pollen sum varies between 63 and 910, with 304 on average. It includes all terrestrial types
as well as monolete fern spores. Ferns are supposed to have been common on terrestrial sites
during the African Humid Period. Similarly, ferns were included in the main sum in earlier
investigations in the Tibesti (Maley 1981) and in Yemen (Lézine et al. 2007). Aquatics and other
spores are excluded. The pollen sum strongly depends on the pollen concentration and preser-
vation of the respective sample: very low pollen concentrations and/or higher proportions of
corroded pollen resulted in part in low pollen sums. The diagram was drawn with Tilia (Grimm
2020). The pollen types are grouped according to their ecology in representatives of desert veg-
etation (of the plains), altitudinal steppes, thorn (and deciduous) savanna, and riparian and water
vegetation.

www://medias.obs-mip.fr/apd
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Table 1. Radiocarbon dates from section W566 from the Era Kohor caldera. The 14C dates were calibrated with OxCal.
The coverage of the different dated organic components is indicated as percentage values for each sample respectively.

Depth (cm) from 14C yrs cal yrs BP Material
Lab-Nr. top of W566 BP (2sigma) dated mg C

Beta441716 0–15 4720±30 5320–5580 90% charred plant
particles, 10% tissues
and pollen

no data

Poz122314 33–36 7480±50 8180–8380 90% charred plant
particles, 10% probably
limnic tissues

0.3

Poz122366 95–96 7700±40 8400–8590 85% charred plant
particles; 10%
minerogenic particles;
5% algae remains

0.8

Beta441715 123–125.5 8360±40 9150–9490 90% charred plant
particles, 10% tissues
and pollen

no data

Poz125905 132–134 7330±170 7790–8460 80% charred plant
particles; 10%
minerogenic particles;
10% tissues and pollen

0.04 not
considered

Poz122367 136–137 7510±50 8190–8400 80% charred particles,
20% minerogenic
particles

0.35

4.5 DISCUSSION

4.5.1 Age-depth model

The sequence of the five 14C-dates clearly indicates a Holocene age of the lake sediments in
the Era Kohor subcaldera of the Emi Koussi. Considering the distribution of the 14C-dates in
respect to age versus depth, two possibilities can be proposed: (a) The 14C-date at 33–36 cm (Poz-
122314) exhibits nearly the same age as the lowest sample (Poz-122367). This can be interpreted
as indicating very high sedimentation rates, about 1 m during a few centuries around 8200 cal
yr BP. The uppermost sample at 0–15 cm dating to about 5400 cal yr BP, would thus point to
a marked hiatus between the basal metre and the upper 30 cm. (b) Assuming approximately
constant sedimentation rates, the dates at 33–36 cm (Poz-122314) has to be considered as too
old. As the lithology seems uniform and there are no distinct features indicating a hiatus in the
uppermost 30 cm, we decided to consider possibility (b).

Age-depth models can be approached by linear inter- and extrapolation or by using e.g.
Bayesian statistics. The latter method is based on a constrained ordering of the 14C-dates and
simulating numerous different accumulations in between dated depths. Especially for sequences
with low dating densities as well as dating scatter and outliers, a Bayesian approach is recom-
mended (Blaauw et al. 2018). We therefore chose rbacon to calculate the age depth model.
Because no 14C-dates are available for the basal 10 cm, ages have been extrapolated. The result-
ing age-depth model is shown in Figure 3: two radiocarbon dates (Poz-122314 and Poz-122367)
were omitted during model simulation.
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Despite the scattering of the 14C-dates, our new radiocarbon datings of organic material
that is not susceptible to hard water/reservoir effect indicate an Early and Middle Holocene age
of the lake remnant. The Bayesian approach, adapted to scattered data, resulted in an age-depth
model indicating a deposition of lake sediments between c. 9650 and 5500 cal yr BP.

Based on the published data in Lézine et al. (2011b) and complemented by 14C-dates
published in Jäkel and Geyh (1982), an extended dataset of published 14C-dates for the Tibesti
mountains was compiled. Following a modified classification scheme by Lézine et al. (2011b),
the dates were assigned to the categories lacustrine, fluviatile terraces, playas, palustrine, arid and
cultural and summed per millennium (Figure 6). The frequency distribution of dates of lacustrine
contexts peaks during the Early Holocene, as do dates from fluviatile terraces. Considering only
14C-datings other than calcareous crusts, which are possibly susceptible to the hard water effect
and volcanic CO2-gazing, sharpens the peak to the Early Holocene. The newly dated lacustrine
sequence from the Emi Koussi caldera, which covers approximately the period 9500–5500 cal
yr BP, thus fits into the palaeohydrological scheme of the Tibesti mountain range.

4.5.2 Surface pollen sample and present vegetation

The surface sample, a salt crust from the present-day bottom of the sub-caldera, shows a strong
dominance of Ephedra distachya-type pollen, followed by high Artemisia frequencies and some
Anthemis-type pollen, probably representing Pentzia (see Figure 4; Pentzia pollen belong to the
Anthemis-type, cf. Vezey et al. 1994). The surface pollen spectrum thus represents the com-
mon chamaephyte steppe with the endemic species Ephedra tilhoana and Artemisia tilhoana,
occurring at altitudes between 2400 m asl and the summit (Quézel 1959). The relationship of the
endemic Ephedra tilhoana is not investigated genetically. Based on morphological traits alone,
two Ephedra species are assumed to be closely related (or identical) to the Tibestian endemite:
Ephedra major Host var. suggarica Maire (if not flowering/fruiting) and E. distachya L. (H.
Freitag, pers. comm. 2020), both in accordance with the dominating Ephedra distachya pollen
type we identified in our samples. The distribution of both taxa indicates the above-stated rela-
tion to the (altitudinal) Mediterranean and Asian steppe (see Figure 4). The affinities of the
endemic Artemisia tilhoana are less clear. The global distribution and core area of Artemisia
coincide, however, with the distribution of Ephedra, pointing similarly to close relations to the
oro-Mediterranean and Asian steppes (e.g. Meusel and Jäger 1992).

4.5.3 Early to Middle Holocene vegetation at the summit of Emi Koussi

Migration of plant taxa in altitude, changes in the plant composition and substitution of the
respective ecosystem are possible vegetation responses to climate fluctuations in mountains (e.g
Messerli and Winiger 1992).

4.5.3.1 Altitudinal plant migration
In order to detect altitudinal migration, we define plant taxa characteristic for the lower montane
belt between about 1700 and 2500 m asl which can be traced palynologically. Common genera
with distinct pollen types are: Acacia, Rhus, Fluggea, Capparis, Boscia, Cordia, Commicar-
pus/Boerhavia, Grewia (tenax) and Fagonia (Maire and Monod 1950; Quézel 1959). Some of
these types are present in the Early and Middle Holocene spectra: Acacia, Capparis/Cadaba and
Grewia. However, in spite of the known under-representation of these pollen types (e.g. Ritchie
1994), the low frequencies point to the presence of these thorn savanna taxa close to highest
altitudes, but do not indicate a distinct invasion of tropical plant taxa. The aforementioned and
postulated persistence of lower temperatures during the Early and Middle Holocene are a plausi-
ble explanation of why there is no marked upward migration of tropical taxa at highest altitudes
during the Holocene.
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Figure 3. Stratigraphy, summary pollen diagram and age-depth plot of section W566. (a) Schematic lithography of the
sampled section. (b) The grey lines indicate the position and thickness of the 14C-sample. (c) The black lines indicate

the position and thickness of the sampled monoliths. (*) sections constitute a single sample (damaged during transport).
(d) Percentage values of a few selected vegetation formations/pollen types are summed up (light grey – altitudinal

steppe, dark grey – grasslands, black – ferns) and plotted against the depth, thus indicating the position of the analysed
pollen samples. The same graph is plotted against age in Figure 5. The depth scale is the same in all graphs. (e)

Age-depth model (simulated with rBacon).



qvd CH004.tex September 21, 2021 10: 4 Page 37

Holocene high-altitude vegetation dynamics on Emi Koussi, Tibesti Mountains (Chad, Central Sahara) 37

Figure 4. Above: Surface sample. The percentage values of the recorded pollen types are shown. Middle: Photo of the
montane steppe at the Emi Koussi. Below: Geographic distribution of the assumed two closest relatives of the endemic

Ephedra tilhoana, E. major Host and E distachya L. Only occurrences documented by plant samples are plotted
(GBIF.org).
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4.5.3.2 Mediterranean plant taxa migration?
Lower temperatures in combination with increased moisture should have allowed the spread of
Mediterranean tree taxa. Today, as mentioned in the introduction, Erica arborea is the only
woody taxa with Mediterranean distribution in the Tibesti, occurring in a few small populations
in ravines at the Emi Koussi at altitudes between 2500 and 3000 m asl, interpreted as relict.
Genetic studies on Erica arborea indicate a range of expansion during the Pleistocene from the
Eastern Africa/Arabia centre westward, pointing to its oro-African relations while colonizing
the Mediterranean region and North Africa. Range fragmentation in Northern Africa resulted in
the relicts in the Tibesti mountains (Bruneau de Miré and Quézel 1959; Médail and Quézel 2018)
and is connected to the expansion of the Saharan desert. Genetic studies of Erica arborea imply
a spread of this plant taxa during the African Humid Period (Désamoré et al. 2011). Few sporadic
pollen records of Erica before 6000 cal yr BP and higher frequencies about 6000 cal yr BP may
indicate the anticipated expansion near today’s relict on the Emi Koussi. With proportions of
6.5% Erica pollen in the youngest samples of a Trou au Natron diatomite (Maley 1981), larger
Erica stands are probable in the Tibesti mountains, corroborated by continuous Erica pollen
input during the 6th–4th millennia BP in Lake Yoa in the plains E of the Tibesti (Kröpelin et al.
2008; Lézine et al. 2011a). Except for these Erica pollen, no Mediterranean nor Temperate plant
taxa (excl. the steppic chamaephytes) are recorded in the sequence of twenty samples from the
Era Kohor lake deposit. The few and low frequencies of, e.g. Pinus and Tilia, are interpreted as
long-distance transport. In the palynological investigations of the scattered palaeolake sediments
of the Tibesti, neither Mediterranean nor Temperate pollen types are recorded (Maley 1981), in
line with palynological re-investigations of Mid-Holocene hyrax midden in the Tassili mountains,
evidencing only Mediterranean trees as still present today (Thinon et al. 1996). This argument is
strengthened by the lack of these elements in the charcoal spectra and only lowest pollen propor-
tions of temperate trees, interpreted as long distance transported, in a joint pollen and charcoal
investigation in the Tassili mountains (Amrani 2018). The samples from terraces as well as proba-
bly dammed up sediments near Bardai in the Tibesti revealed spectra dominated by temperate and
Mediterranean pollen types (compiled in Gabriel 1977). Considering the depositional settings,
a re-working of older, Pleistocene sediments bearing Mediterranean and Temperate pollen (see
Introduction, Rossignol and Maley 1969) can explain these spectra. Relying on the first sequence
from a palaeolake, and underpinned by the above-mentioned investigations (Maley 1981; Thinon
et al. 1996) and our own ongoing analyses of the Early to Middle Holocene sediments of Lake
Yoa (Dinies et al. 2019), an expansion of Mediterranean woodlands in the Tibesti can be ruled
out, though. Two circumstances or a combination of both can explain the lack of Mediterranean
woody taxa. First, the Early and Middle Holocene climatic conditions at high altitudes in the
Tibesti mountains were unsuitable (too dry). Second, a migration of Mediterranean (woody) taxa
from the source area was not possible during the Holocene, because aridity persisted in the plains
north of the Tibesti, and relicts that could expand were not present in the mountains, with the
exception of the present Erica-relict. The few records of Mediterranean taxa with low frequen-
cies in the Fezzan in the area northwest of the Tibesti mountains and the Central Saharan plains
corroborate the latter explanation (e.g. Mercuri 2008; Mercuri et al. 1998; Schulz 1991; Trevisan
et al. 1998).

4.5.3.3 Shift in the plant composition
The actual pollen spectrum is dominated by the chamaephytes Ephedra andArtemisia. In contrast
Poaceae prevail in the Early and Middle Holocene spectra, together with at times high Artemisia
proportions and high fern proportions in the lower part of the sequence. This distinct difference
between the basal pollen spectra of the palaeolake and the surface sample, though biased by the
different type of samples, evidences that at about 9500 cal yrs BP more humid conditions than
today were already established at high altitudes in the Tibesti.
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Figure 5. Pollen diagram of section W566. Percentages of pollen types plotted versus age (cal yr BP). Only pollen
types present in more than one sample are shown. The first summary graph shows the fluctuations of: light grey –

altitudinal steppe, grey – grasslands, black – ferns. The pollen types are grouped according to their ecology.

Ferns still occur today in the Tibesti mountains, however only very rarely and in specific
habitats such as shaded fissures and fumerolles at high altitudes, thus in humidity-advantaged
localities (Maire and Monod 1950; Quézel 1958). The high fern proportions during the Early and
Middle Holocene therefore point to increased humidity, most probably especially to an extended
wetter period that fostered their growth, as indicated in the Lake Yoa record in the southeast-
ern foreland (Lézine et al. 2011a). Some scattered palynological investigations of palaeolake
sediments in the Tibesti revealed high fern spore proportions which are similarly interpreted
as mirroring wetter conditions (Maley 1981). Ferns were also abundantly recorded in an Early
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Holocene lacustrine deposit in the present-day desert of Yemen (Lézine et al. 2007). In an anal-
ysis of surface samples throughout the African continent, higher fern proportions are assigned
to mean annual precipitation amounts >100 mm, peaking about 1200 mm, corroborating the
connection to increased humidity (Gajewski et al. 2002). The simultaneously high Poaceae fre-
quencies in our Era Kohor sequence fit into this assumption. Following the interpretation of
shifts between Artemisia (and Amaranthaceae) versus Poaceae by El Moslimany (1987, 1990),
higher grass proportions indicate an increase in humidity during the growing season of grasses.
The highest altitudinal pollen spectra in the Early and Middle Holocene thus show a distinct
switch in plant composition, indicating increased humidity, probably encompassing a large part
of the year. However, despite the marked shift in plant taxa composition, the steppe ecosystem
persisted. This is corroborated by the records of additional plant taxa typical for the altitudinal
steppes such as Campanula filicaulis or C. bordesiana, included in the Campanula type, or e.g.
Erodium malacoides included in Geranium/Erodium pollen type.

4.5.3.4 Shallow water and riparian vegetation
Myriophyllum-type includes the tropical genus Laurembergia and Myriophyllum. Due to the
temperature considerations, an occurrence of Myriophyllum is more probable. Myriophyllum
spicatum occur on the Djebel Marra at elevations between 1160 and 2450 m asl (Wickens 1967),
commonly growing in shallow water habitats (Hegi 1975). The continuous record of Myriophyl-
lum-type pollen indicates the persistence of a shallow water zone throughout the Early and Middle
Holocene. A continuous riparian belt is similarly corroborated by the continuous records ofTypha
domingensis and Typha latifolia (Quézel 1958). While Myriophyllum spicatum and Typha species
tolerate brackish water, at least the recent genus Pediastrum is mainly restricted to fresh-water
habitats, and is very rarely recorded in brackish biotopes (Hegi 1975; Komarek and Jankovska
2001). However, freshwater influxes into a brackish lake may as well explain the occurrence of
Pediastrum. The riparian and water vegetation thus indicate a shallow and freshwater-to-brackish
lake throughout the Holocene, at least at the position of the sampled lake remnants on the slopes
of the Era Kohor crater, some 145 m above the caldera floor.

4.5.4 Early and Middle Holocene high altitude climate settings derived from montane
vegetation

Ferns, grasses and the records of some tropical taxa at highest altitudes suggest humid conditions.
In contrast, higher Artemisia proportions can be connected to an increase in aridity. Though the
genus Artemisia is characterized by a wide range of bio-climatic requirements, the opposed
progression of grasses and Artemisia points to the validity of this assumption for the Tibesti (e.g.
Langgut et al. 2011; Lézine et al. 2011a; Subally and Quézel 2002). Ephedra distachya-type is
another indicator for aridity: low proportions of Ephedra distachya-type in the Middle Holocene
spectra (cf. also Maley 1981) as compared to its highest frequencies in the surface sample, as well
as the general bioclimatic interpretation, evidence its positive correlation with aridity (Gajewski
et al. 2002; Qin et al. 2015).

Based on these assumptions, a humidity progression including ferns and Poaceae versus
Artemisia and Ephedra distachya-type may be postulated (Figure 5). Highly fluctuating, but
basically more humid conditions characterize the period between 9500 and 8500 cal yrs BP, while
three samples about 8000 cal yr BP point to decreased humidity. These more arid conditions may
be concomitant with the arid ‘8.2’identified elsewhere inAfrica event (e.g. Gasse 2000). Whether
more arid conditions prevailed until about 7000 cal yr BP or whether results are biased by relying
on only one sample remains an open question. During the period from about 7000 to 6000
cal yrs BP humidity increased again, however tentatively less distinctly than during the Early
Holocene. Interestingly, the humidity index is roughly in line with the frequency distribution
of the hydrological indicators: with the peak in lacustrine dated deposits, the humidity index,
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Figure 6. Humidity index and frequency distribution of hydrological indicators by age: (a) Frequency distribution of
14C-dates from different geomorphological and archaeological formations including all 14C-datation, (b) excluding the

calcareous crusts. Black = lacustrine sediments, grey = fluviatile terraces, grey/dashes = palustrine sediments,
grey/lines = playa sediments, white/points = arid settings, white = cultural layers (c) Humidity index: The proportions

of Poaceae and ferns versus Artemisia and Ephedra distchya-type, scaled to 1, are plotted against age. The surface
sample mirroring the present climatic conditions is shown as a separate point.

though distinctly fluctuating, reaches high values during the 9th and 8th millennia BP. Both
proxies show a depression during the 7th millennium, pointing to reduced humidity, while in the
6th millennium wetter conditions were established again, with a maximum of the humidity index
and (augmented) lacustrine and fluviatile sedimentation.

As to precipitation estimates, the major issues are the distinct shift in vegetation composi-
tion and the persistence of the steppe ecosystem at high altitudes. To assess rainfall amounts, the
bioclimatic requirements of Mediterranean, North African steppes as well as altitudinal, conti-
nental dry steppes dominated by dwarf shrubs may be considered. The precipitation marge for
the Mediterranean, North African steppes varies between 100 and 400 mm/a (Le Houérou 1995,
2001). To get a notion of the altitudinal factor, altitudinal, continental dry steppes dominated
by Artemisia in SW Asia (Iran) may additionally be considered an equivalent. In an altitudinal
vegetation-pollen-rain transect in SW Iran, rainfall amounts of about 100–300 mm/a are assigned
to Artemisia-dominated steppes at altitudes about 800-1500 m asl mirrored by high Artemisia
pollen proportions. The subsequent, treeless montane and alpine grass-dominated belt at >1500
m asl, characterized in the pollen spectra by high Poaceae frequencies, profits from orographic
rainfall increase of about 300–500 mm/a (Dehghani et al. 2017). Because of the recurrent high
Artemisia proportions in the W566 sequence, underpinned by high Artemisia frequencies in a
sample from another Early Holocene lake remnant of Emi Koussi (Maley 1981), a range near the
threshold betweenArtemisia – Poaceae dominated zones may be assumed at about 300–400 mm/a,
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and up to 500 mm/a for the grass-dominated sections. By applying the actual adiabatic lapse rate
(roughly 50 mm per 1000 m), rainfall similarly would amount to 370–540 mm/a. Precipitation
estimates for the Middle Holocene in the Ounianga Basin southwest of the Tibesti massif based
on transfer functions resulted in 250–420 mm/a (Kröpelin et al. 2008; Lézine et al. 2011a).
At present <5 mm/a are indicated for the Ounianga Basin and 80–150 mm/a are estimated for
the high altitudes of the Emi Koussi. Indications concerning temperature fluctuations are less
distinct. The lack of a mass expansion of tropical trees points to (persisting) low temperatures.
Diatom spectra of the Emi Koussi similarly speak in favour of persisting low or even lower tem-
peratures at the beginning of lake formation (Messerli 1972). Both assumptions are in line with
continental scale pollen-based climate reconstructions at 6000 years BP for the region Northern
Chad and Southern Libya, indicating an increase of precipitation >200 mm/a with an inconsistent
pattern for temperature, however also in parts indicating a temperature decrease, resulting from
an increased monsoon (Bartlein et al. 2011).

4.6 SUMMARY AND CONCLUSIONS

The age-depth model of a lake remnant based on 14C-dates of charred plant material and the
investigation of a sequence of 20 pollen samples from this palaeolake in the Emi Koussi crater,
SE Tibesti mountains, allow inferences on some pending issues:

There is no palynological evidence of an Early and Middle Holocene expansion of Mediter-
ranean (and Temperate) plant taxa in the Tibesti mountains (except for the relict Erica). For the
first time, a palynological sequence has been analysed, improving the previously erratic data
basis of single pollen samples. None of the newly investigated pollen samples shows higher fre-
quencies of Mediterranean or Temperate taxa. This is in line with the single-sample palynological
investigation of lake remnants in the Trou au Natron and the SE Tibesti (Emi Koussi, Mousko-
rbé, Tarso Yega, Maley 1981). Neither a re-migration of Mediterranean tree taxa from the north,
nor an expansion from possible refuge habitats was thus possible during the Holocene. A rather
poorly developed palaeohydrological network reconstructed for the surroundings of the Tibesti
(HydroSHEDS; https://www.hydrosheds.org/) seems to corroborate its more isolated situation
when compared to the Hoggar mountains in the NW, where there are more Mediterranean tree
relicts (Cupressus dupreziana, Olea europaea subsp. laperrinei e.g. Quézel 1965). An exception
is the spread of Erica arborea at the end of the African Humid Period in the Tibesti. However,
relict stands of Erica continue to exist today at the Emi Koussi. Similarly, Erica arborea may
have outlasted the last Glacial and expanded under favourable conditions about 6000 years ago.

Lake formation at the highest altitudes of the Tibesti and the surrounding plains is syn-
chronous. The radiocarbon-dated charred plant particles from the diatomite W566 of the Era
Kohor caldera clearly indicate its Holocene age. The lake formation at highest altitudes thus fits
into the main phase of lake and terraces formation in the Tibesti mountains, as shown by the
frequency distribution of 14C-dates of these geomorphological formations – and is synchronous
to the well-defined palaeolake phase in the Saharan plains (e.g. Cremaschi and Zerboni 2009;
Hoelzmann et al. 1998; Holmes and Hoelzmann 2017; Kuper and Kröpelin 2006; Lézine et al.
2011b; Lécuyer et al. 2016; van Neer et al. 2020). This does not exclude an increase in humidity
pre-dating the formation of lakes: the high Poaceae frequencies in the basal pollen samples of
the Emi Koussi sequence indicate wetter conditions already at the beginning of lake formation.

Distinct changes in plant composition with the persistence of the montane steppe ecosystem
indicate increased humidity and probably continued low temperatures. Palynological investiga-
tions on the W566 lake sediments in the Era Kohor sub-caldera document the persistence of a
steppe at high altitudes. Changed climatic conditions, however, are indicated by high Poaceae
and fern frequencies and strongly fluctuating Artemisia proportions during the African Humid
period versus strongly dominating Ephedra distachya-type proportions, together with Artemisia,

https://www.hydrosheds.org/
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reflecting the present vegetation. The resultant calculated humidity index indicates wetter con-
ditions during the Early Holocene, more arid conditions about 8200–8000 cal yr BP presumably
lasting until about 7000 cal yr BP, and an increase in humidity during the 6th millennium.

In analogy to Mediterranean andAsian chamaephyte steppes, a three- to fivefold increase in
precipitation (c. 400–550 mm/a) may be estimated. The lack of a mass expansion of tropical taxa
at high altitudes points to persisting low temperatures during theAfrican Humid period. Holocene
climate fluctuations thus impacted the surrounding plains more strongly, triggering large-scale
ecosystem changes. High altitudinal ecosystems in the Tibesti were less affected, probably in
consequence of the persisting specific climatic conditions (low temperatures) that still prevail
today due to the singular geographic position of the Tibesti between the Mediterranean and the
tropical climate regimes.

With its additional habitats such as riparian vegetation and additional grass-dominated plant
formations at highest altitudes, the mountain ranges of the Tibesti may have attracted humans
and wild animal populations. Due to the more stable conditions than in the plains, the Tibesti has
acted (and acts) as a refuge, e.g. for Ephedra during the African Humid period or today for Erica
relict stands – which of course holds true for humans and animals as well.
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CHAPTER 5

Timing and nature of the end of the African
Humid Period in the Sahel: Insight from pollen
data

Kévin Lemonnier & Anne-Marie Lézine

Laboratoire d’Océanographie et du Climat, Expérimentation et Approche
Numérique/IPSL, Sorbonne Université, CNRS-IRD-MNHN, Paris, France

ABSTRACT: Pollen, spores, and algae from a 4m-long sediment core at the Mboro-Baobab site
(15◦8′58.49′′N, 16◦54′34.37′′W), in the Niayes region of Senegal were used to provide a record
of the end of the African Humid Period (AHP) in the western Sahel. We show that the drying
of the Mboro-Baobab landscape was gradual, starting from 3750 cal yr BP then culminating at
1300 cal yr BP. In contrast, the response of the lake system and the gallery forest developed in
two main phases: the sharp decline of tropical humid forest elements at 3200 cal yr BP followed
by the almost complete collapse of the gallery forests at 2500 cal yr BP. Our results are consistent
with those from the central Sahel, which show a gradual transition from the AHP to the modern
landscape.

5.1 INTRODUCTION

At the end of the African Humid Period (AHP), tropical North Africa experienced a major
environmental crisis. The southward displacement of the desert margin (Kuper and Kröpelin
2006) with the related loss in biodiversity (Hély et al. 2014; Watrin et al. 2009) along with
the decline of wetlands (Lézine et al. 2011) had dramatic consequences for human populations
through a decline in population density, cultural adaptations with the development of pastoralism
and migrations toward the main rivers (Nile, Senegal, Niger) (Manning and Timpson 2014 and
references therein) and the Equatorial forest block (Lézine et al. 2013). How long was this
transition from a “green Sahara” to the hyper-arid desert of today? This question remains largely
unanswered, as the number of palaeorecords with adequate temporal resolution and age control
is low and often contradictory. Based on marine records, deMenocal et al. (2000) showed that an
abrupt increase in dust transport to the ocean between 5579 and 5299 cal yr BP marked the end
of the AHP in the Saharan desert. Studies in the central Sahara suggested that the modern desert
was definitely established at 2700 cal yr BP after a period of gradual drying likely originating
from the mid-Holocene and intensifying at 4300 cal yr BP (Kröpelin et al. 2008; Lézine et al.
2011; Lécuyer et al. 2016).

In the Sahel, interdunal depressions of Senegal and Nigeria provided detailed records of
environmental change during the AHP (Lézine 1988; 1989; Salzmann and Waller 1998; Waller
et al. 2007). The presence of a water table near the surface favored the development of forest
galleries along water bodies. However, pollen studies suggest a contrasted situation: in Senegal,
an abrupt change c. 2500 cal yr BP, interpreted as the crossing of a biological threshold, brought
about the destruction of the forests and the decline of tropical humid elements (Lézine 1989).
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In Nigeria, the modern vegetation was established earlier, c. 3300 cal yr BP (Salzmann and
Waller 1998). However, new data from Jikaryia Lake (Waller et al. 2007) suggest that “rather
than a single abrupt event, Late Holocene aridification appears to have occurred progressively”
from 4700 cal yr BP onward. Here we present a new and high-resolution pollen record from
Mboro-Baobab in the “Niayes” coastal region of Senegal (15◦8′58.49′′N, 16◦54′34.37′′W). We
focus on the period between 4300 cal yr BP (the base of the Mboro-Baobab pollen sequence) and
the last millennium, which has been the subject of a separate publication (Lézine et al. 2019).
Our goal is to determine whether the transition from AHP to the present was abrupt or gradual
in this area, to discuss the turnover of species and the response times of forest trees to changes
in hydrological conditions.

5.2 GENERAL SETTING

Niayes are interdunal depressions with accumulations of organic sediments, formed between
linear fixed and partially fixed coastal dune ridges, located along the Atlantic coast between
15◦ N and 16◦ N, at roughly 17◦ W. The mean annual rainfall (369 mm) is characteristic of the
Sahel, but in response to local soil moisture conditions, the depressions support an array of plant
communities that include an azonal extension north of Guinean humid forests and Sudanian dry
forests and wooded grasslands (Trochain 1940) (Figure 1A).

The Mboro-Baobab depression is located 2.3 km from the seashore west of the Mboro
paleoriver (Figure 1B), at the edge of the central zone of the Niayes where the sub-surface aquifer
is the most developed (Putallaz, 1964). The Mboro-Baobab depression is 570 m long and 310 m
wide. To the south, it is covered with vegetation and partially exploited for agricultural purposes.

Figure 1. (A) vegetation map of Senegal from Trochain (1940) showing the azonal position of the Niayes along the
Atlantic Ocean, north of the Dakar peninsula. Trochain described the vegetation of the Niayes as belonging to a
“sub-Guinean domain” owing to its strong relation with the Guinean (rain) forests today found in the Casamance

region, south of Senegal. (B) Location map of the Mboro-Baobab interdunal depression west of the Mboro paleoriver
channel. In gray, inundated sectors (ORSTOM 1962). (C) Satellite image showing the Mboro- Baobab depression

surrounded by dunes fields covered with Sahelian vegetation. The localization of the core in the northern part of the
depression is shown.
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Its northern part is an open water basin of 270 m by 90 m wide and 0.4 m maximum depth (Figure
1C). Mboro-Baobab is currently filled by brackish waters and occasionally desiccated.

5.3 MATERIAL AND METHODS

A 4 m long core was collected near the northeastern shore of the open water basin using a manual
Russian corer (Jowsey 1966) in 2016 (Lézine et al. 2019). It was divided into 8 sections of 50
cm each. The sediment consists of homogeneous organic clay. Samples (1 cm3 each) were taken
at 5 cm intervals for pollen and non-pollen palynomorphs (NPP = freshwater algae (Pediastrum,
Botryococcus, Coelastrum, Scenedesmus, Tetraedron and undifferentiated fungi) analyses. They
were processed using the standard HF method described by Faegri and Iversen (1977). Pollen
identification was based on the reference slide and photo collections of the LOCEAN laboratory
and the Musée National d’Histoire Naturelle in Paris as well as on pollen atlases of tropicalAfrican
flora from e.g. Maley (1970), APLF (1974), Ybert (1979) and Bonnefille and Riollet (1980).
Pollen nomenclature, which follows the standard defined by theAfrican Pollen Database (Vincens
et al. 2007), was based on Lebrun and Stork (1991-2015). The pollen spectra was composed of
105 taxa among which 57 trees, shrubs, lianas and palms, 21 herbs, 16 undifferentiated (trees,
shrubs or herbs), 7 aquatics and 4 ferns (Table 1). Pollen taxa have been grouped according to
the phytogeographical affinity of the parent plants following Trochain (1940) and White (1983)
(Table 1).

Table 1. Mboro-Baobab pollen taxa. A: trees; AL: tree/lianas; L: lianas; I: undifferentiated; N: herbs; Nq: aquatics.
Nomenclature from the African Pollen Database. According to Vincens et al. (2007) a “type” is added to the name of

the taxon (1) to the genus when several plant genera display similar pollen morphology. The species name can be added
in case of monospecificity or when the species is dominant or characteristic in the study area (2) to the species when,
the genus being clearly identified, several species can be concerned. SH: Saharan. SL: Sahelian; SU: Sudanian; GU:

Guinean.

Life
Family Taxon form SH SL SU GU

ACANTHACEAE Hygrophila N x
Justicia-type I x x
Justicia-type flava N x x

AMARANTHACEAE Achyranthes-type aspera N x x
Aerva-type lanata N x x
Alternanthera N x x
Amaranthaceae undiff. I x x
Celosia-type trigyna N x x
Chenopodium-type N x x x
Gomphrena N x x
Suaeda I x x

ANACARDIACEAE Anacardiaceae undiff. A x x
Lannea-type A x x x

APIACEAE Apiaceae undiff. I x x

(continued)



qvd CH005.tex September 21, 2021 10: 56 Page 54

54 Kévin Lemonnier & Anne-Marie Lézine

Table 1. Continued.

Life
Family Taxon form SH SL SU GU

APOCYNACEAE Apocynaceae undiff. I x x x
Tabernaemontana AL x x

ARECACEAE Elaeis guineensis PA x
Phoenix reclinata-type PA x x x x

ASCLEPIADACEAE Gymnema AL x

ASTERACEAE Asteraceae undiff. I x x x
Centaurea-type perrottetii N x x
Cichorieae undiff. I x x x

BOMBACACEAE Adansonia digitata A x x

BURSERACEAE Commiphora africana-type A x x

CAESALPINIACEAE Detarium senegalense A x x

CAPPARACEAE Capparis fascicularis-type AL x x
Cleome-type gynandra N x x

CARYOPHYLLACEAE Caryophyllaceae undiff. I x x
Cerastium-type N x x
Polycarpaea-type N x x x
Polycarpon-type N x x x x

CASUARINACEAE Casuarina equisetifolia-type A

CELASTRACEAE Celastraceae undiff. AL x x x
Salacia AL x x

CHRYSOBALANACEAE Chrysobalanus/Parinari A x x

COMBRETACEAE Combretaceae undiff. A x x x

COMMELINACEAE Commelina-type benghalensis N x x x
Commelina-type forskalaei N x x

CONVOLVULACEAE Convolvulus-type N x x x
Ipomoea-type I x x x

CYPERACEAE Cyperaceae undiff. Nq

DILLENIACEAE Tetracera AL x x

EBENACEAE Diospyros A x x
Ebenaceae undiff. A

EPHEDRACEAE Ephedra AL x

(continued)
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Table 1. Continued.

Life
Family Taxon form SH SL SU GU

EUPHORBIACEAE Acalypha I x x
Alchornea A x x
Anthostema-type A x
Antidesma-type A x x
Bridelia-type A x x
Erythrococca-type A x x
Hymenocardia A x x x
Macaranga-type A x x
Mallotus-type A x x
Uapaca A x x

FABACEAE Aeschynomene I x x

HALORRHAGACEAE Laurembergia tetrandra Nq

LAMIACEAE Basilicum-type polystachyon N x

LORANTHACEAE Tapinanthus-type L x x x

MALVACEAE Hibiscus I x x x

MELIACEAE Khaya-type senegalensis A x

MENISPERMACEAE Cissampelos-type AL x x
Cocculus L x x x
Tinospora bakis L x x x

MIMOSACEAE Acacia AL x x x
Prosopis-type africana A x x x

MORACEAE Ficus A x x
Musanga-type A x x x
Myrianthus-type A x

MYRTACEAE Syzygium-type guineense A x x

NYMPHAEACEAE Nymphaea Nq

OCHNACEAE Lophira A x x

ONAGRACEAE Ludwigia-type ascendens Nq

POACEAE Poaceae undiff. N x x x x

POLYGALACEAE Polygala-type I x x x

POLYGONACEAE Polygonum senegalense Nq

POTAMOGETONACEAE Potamogeton Nq

(continued)
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Table 1. Continued.

Life
Family Taxon form SH SL SU GU

RANUNCULACEAE Clematis-type AL x x x

RUBIACEAE Leptactina A x
Hymenodictyon-type A x x
Ixora-type A x x
Mitracarpus villosus N x x
Mitragyna-type inermis A x x x
Morelia senegalensis A x x x
Pavetta AL x x
Rubiaceae undiff. I x x x x
Spermacoce-type radiata N x x

RUTACEAE Zanthoxylum-type zanthoxyloides A x x

SALVADORACEAE Salvadora persica-type A x x

SAPINDACEAE Allophylus AL x x x
Paullinia pinnata L x x
Sapindaceae undiff. AL x x x

SAPOTACEAE Sapotaceae undiff. AL x x x
Vitellaria-type paradoxa A x

SOLANACEAE Solanum-type I x x x

STERCULIACEAE Dombeya-type A x x

TAMARICACEAE Tamarix A x x

TILIACEAE Triumfetta-type I x x

TYPHACEAE Typha Nq

ULMACEAE Celtis A x x x

ZYGOPHYLLACEAE Tribulus N x x

Data are presented as percentages and influx values (number of grains/cm2/year) and dia-
grams are drawn using Tilia and CONISS (Grimm 1991). Pollen percentages were calculated
against a sum excluding aquatics and ferns, the percentages of which were calculated separately
against a sum including all the pollen grains and fern spores counted. Algae and fungi percent-
ages were calculated against the sum of NPP. Correspondence statistical analyses (CA) were
performed on the raw pollen counts using the Package ‘Rcmdr/FactoMinR’ (Husson et al. 2020).

An age model was derived from three Accelerator Mass Spectrometry (AMS) radiocarbon
dates and an additional control point given by the first occurrence of Casuarina equisetifolia
pollen grains, the parent trees of which were planted in 1948 along the coast (Ndiaye et al.
1993), using the Bacon age-depth modeling (Blaauw and Christen 2011) from calibrated 14C
ages (Reimer et al. 2013) (Table 2).
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Table 2. Mboro-Baobab ages. Radiocarbon dating (99.5 cm, 299.5 cm, and 399.5 cm) was conducted at
UMS-ARTEMIS AMS Facilities (France). At 30.5 cm downcore, the first appearance of Casuarina equisetifolia pollen

grains provide a date of 1948 CE. The age of the surface is that of coring (from Lézine et al. 2019).

Lab. Mean Radiocarbon Age cal
number depth (cm) Nature Age BP Error δ13C yr BP

0 Date of coring –66
30.5 Casuarina pollen –2

49827 99.5 Bulk sediment 580 30 −22.40‰ 604
49828 299.5 Bulk sediment 3265 30 −28.60‰ 3496
49829 399.5 Bulk sediment 3865 30 −29.10‰ 4298

5.4 POLLEN DIAGRAM

Based on the variations in percentages of the main pollen taxa and NPP types, four zones corre-
sponding to the main phases of landscape evolution over the last 4300 years can be distinguished.
Zones 3 and 4 were presented in detail in Lézine et al. (2019, Figure 2).

5.4.1 Zone 1A: 4300 − 3700 cal yr BP

Guinean tree taxa such as Mallotus (3%), Zanthoxylum (2.4%), Uapaca (2.5%), Alchornea (15%)
and Macaranga (11%) characterized this zone. Lakeshore populations are reduced with Typha
percentages less than 1%.

Among the NPPs, Pediastrum and Coelastrum are largely dominant with percentages that
can reach values above 80% for Pediastrum and 30% for Coelastrum.

5.4.2 Zone 1B: 3700 − 3050 cal yr BP

There is little change from the previous zone. However, the forest taxa listed above decreased
significantly (e.g. Uapaca (0.3%)). Other tree taxa such as Lannea (1.2%) and Mitragyna (1.2%)
increased, along with taxa from lakeshore populations, Syzygium (7.2%) and Elaeis (1.2%).
Upland herbaceous taxa, such as Amaranthaceae and Aerva, which were occasionally present in
zone 1A, also increased. However, their percentages remained low (less than 1.5%).

Among the NPPs, this zone is characterized by the rapid development of Tetraedron, which
reached up to 80% reflecting the onset of the lake level lowering.

5.4.3 Zone 2A: 3050 − 1600 cal yr BP

This zone is characterized by the sharp increase inTypha percentages (15%) and the more gradual
increase of Cyperaceae (22.8%) showing the development of reed swamp populations around
the lake. Among the trees, Mallotus or Uapaca gradually decrease to less than 0.5%, whereas
Alchornea increased (16.5%). Dry herbaceous taxa, such as Mitracarpus and Spermacoce,
already present previously, increased with percentages up to 4%.

NPP are characterized by the progressive increase in the percentages of Botrycoccus,
(maximum = 17%).

5.4.4 Zone 2B: 1600 − 700 cal yr BP

Cyperaceae (23%) then Elaeis (2.6%) increased in this zone. Some tree taxa of Guinean affin-
ity (Mallotus, Anthostema, Zanthoxylum, Celtis) or wetlands decreased or even disappeared
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Figure 2. Figure showing from left to right, a simplified diagram of pollen percentages for Mboro-Baobab (Senegal).
Black shading shows selected taxa. Light-gray shading shows the same results, multiplied by 10 for highlighting. On

the right, the main NPP (Algae and Fungi) are shown.

almost completely, while others were stable (Alchornea 19%) or even increased (Detarium 2.1%,
Mitragyna 1.6%). Typha percentages decreased significantly (5%) while another aquatic plant,
Potamogeton (1.9%), appeared.

Among the NPPs, Tetraedron and Botryococcus continued to increase until reaching 85%
and 47%, respectively.
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5.4.5 Zone 3: 700 − 129 cal yr BP

Alchornea and Elaeis dominated this zone though following an opposite trend. Elaeis reached its
highest value (12%) while Alchornea decreased steadily (minimum at 4.5%). Syzygium remained
well represented (2%). Among read swamp populations, Typha increased remarkably, up to
35% and Cyperaceae decreased (7%). NPPs were dominated by Tetraedron (up to 90%) and
Botryococcus (up to 60%).

5.4.6 Zone 4A: 129 −14 cal yr BP

This zone is characterized by the massive increase in Poaceae (90%) and the correlative decrease
inTypha (17%). The percentages of Elaeis remained at the level reached in the previous area (7%).
Botryococcus almost exclusively dominated the algae assemblage. This zone is also characterized
by the noticeable presence of fungi.

5.4.7 Zone 4B: 14 cal yr BP – Modern

This zone differs from the previous one by the appearance of Casuarina equisetifolia, which
reaches up to 16%. Poaceae decreased to 55%, in contrast to Typha, which increased to values
above 30%. Botryococcus totally dominated the assemblages of algae.

5.5 ENVIRONMENTAL RECONSTRUCTION AND DISCUSSION

5.5.1 The decline in tropical humid plant taxa

Figure 3 is the graphical representation of a correspondence analysis using the microfossil assem-
blages for the environmental evolution of the Mboro-Baobab area. Three groups of taxa emerge
from this analysis. The first is dominated by tropical humid (Guinean) tree taxa (e.g. Dictyandra,
Macaranga, Mallotus, Syzygium, Uapaca), the second group is a mixture of taxa from trees and
herbs of drier, Sudanian, phytogeographical affinity or having a wide spatial distribution (e.g.
Alchornea, Asteraceae, Celtis, Mitracarpus). The third group is dominated by herbs found today
in dry places in the Sahara and Sahel (e.g. Aerva lanata, Tribulus, Amaranthaceae). Only few
trees are found in this group (e.g. Acacia, Adansonia digitata).

The most striking result of the analysis of these groups is the major environmental change
revealed at 3200 cal yr BP (Figure 4A). The most humid tree taxa (group 1) which dominated
earlier in the record, and particularly around 3875 cal yr BP (Figure 4B), dramatically declined
in favor of drier plant taxa (group 2). This decline continued into the late Holocene in two main
stages respectively around 2500 and 1300 cal yr BP. Contrasting with this step-like evolution of
forest diversity, the regional, dry elements (group 3) exhibit a slow increasing trend starting from
3700 cal yr BP and peaking around 1600-1300 cal yr BP.

5.5.2 Changes in the hydrological regime

The 3200 cal yr BP event closely matches a major change in the hydrological regime (Figure 4C):
changes in the algal community show that the lowering of the water level was initiated as soon
as 3750 cal yr BP (cf. expansion of Tetraedron, Figure 2). At 3200 cal yr BP, the development
of the oligotrophic algae Botryococcus (Figure 2 and 4C) mark the reduction in nutrient supply
due to increasingly dry conditions, which culminated during the last millennium. The strong
decline in the freshwater algae Pediastrum and Coelastrum, followed by the development of
Typha populations, confirms this major change in the hydrological regime and the lowering of
the lake level.
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Figure 3. Correspondence analyses on the Mboro-Baobab pollen counts allowing distinction of tree main groups of
taxa according to a decreasing humidity gradient. These groups define three periods (in bold).

5.5.3 Timing of the end of the AHP in the Sahel

Earlier work by Lézine (1988, 1989) in the Niayes suggested the sudden disappearance of the
gallery forests around 2500 cal yr BP as illustrated at Diogo, only a few kilometers north of
Mboro (Figure 1A). Diogo illustrates the magnitude of this environmental crisis by showing the
drop in the water level allowing for the development of a Cyperaceae swamp contemporaneous
with the collapse of most of the trees, which established during the AHP (Figure 5). Only swamp
forest (Syzygium) and pioneer (Alchornea) trees were able to persist in a context of increased dry
conditions (Braconnot et al. 2019).

Our Mboro-Baobab record does not show such an abrupt shift from a humid to a dry
environment. The tree cover (AP%, cf. Lézine et al., this issue) was never highly developed,
probably due to the distal position of the site with respect to the core of the Niaye groundwater
system (Diogo) (Putallaz 1962) and seems to have only slightly varied over the last 4300 years
(Figure 2). Forest composition however strongly changed. Guinean taxa underwent a clear phase
of expansion centered at 3875 cal yr BP. A similar phase of development of tropical trees is seen
at Jikariya (Waller et al. 2007) in the Manga grasslands of northern Nigeria between 3800 and
3500 cal yr BP that points to the regional character of this short phase of forest recovery. At
Mboro-Baobab, this forest phase ended rapidly with steppic conditions increasing as soon as
3750 cal yr BP. Interestingly, this increase in aridity did not have an immediate effect on the
composition of the forest gallery but probably only on its density. It is only at 3200 cal yr BP
that the replacement of the wettest forest elements by forest taxa more adapted to drier climatic
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Figure 4. Summary of the evolution of the environment at Mboro-Baobab over the last 4300 years. (A) Percentages of
the three groups of pollen taxa revealed by the CA statistical analysis; (B) influx values of these groups; (C) influx

values of the algae Pediatrum, Coelastrum and Botryococcus. The gray bars (from dark to light) show the progressive
decline of the most humid elements. The dotted line shows the onset of dryness in a still humid context. Note that

curves are superimposed and not cumulative.

Figure 5. Percentage pollen diagram of main taxa from Diogo in the Niaye area of Senegal (Lézine 1988).
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conditions occurred. This replacement was not as abrupt as at Diogo but its amplitude was not
negligible as shown by the decrease in percentages of group 1 by about 10% (Figure 4A). Taking
into account the chronological uncertainties between sites, our Mboro-Baobab record closely fits
with that of Jikaryia, which dates the decline of tropical humid trees at 3150 cal yr BP.

5.6 CONCLUSION

As already noted by Waller et al. (2007), significant differences in the timing and amplitude of
similar events may occur in pollen records from the same region. The size of the sites and their
location with respect to groundwater availability are among the parameters that can influence the
local response of plants to climate change in terms of amplitude and timing. Compared to the
other Niaye sites (Lézine 1988) Mboro-Baobab contains the most complete and detailed record of
the end of theAHP. Despite its location on the edge of the wettest zone of the Niayes region, where
the forest gallery was only poorly developed, it has undergone profound environmental changes
allowing distinction of the successive phases in the establishment of the modern landscape.
The drying of the Mboro-Baobab landscape was gradual, starting from 3750 cal yr BP then
culminating at 1300 cal yr BP. In contrast, a major shift in the lake system and the forest diversity
occurred at 3200 cal yr BP, marked by the lowering of the water level and the sharp decline of
the tropical humid forest elements. The species turnover initiated at that time continued up to
2500 cal yr BP. Our results are consistent with those obtained in the central Sahel, which place
the end of AHP between 3300 and 3150 cal yr BP depending on the site (Salzmann and Waller
1998; Waller et al. 2007). According to our study, the end of AHP (i.e. the retreat of the most
humid elements from the gallery forests of the Niayes region) lasted about 700 years between
3200 and 2500 cal yr BP. The duration of this transition period was likely favored by the presence
of a water table close to the surface, which was able to maintain humid conditions for several
centuries after the major event of 3200 cal yr BP.
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ABSTRACT: Existing pollen datasets from northernAfrica stored in theAfrican Pollen Database
were used to assess changes in landscape physiognomy at the end of the African Humid Period
(AHP) from 5000 cal yr BP to the present using arboreal pollen percentages. The thirty-six sites
available were used to map changes in arboreal cover at a sub-continental scale. Based on their
location in present-day forested and non-forested areas and their relatively higher temporal reso-
lution eight of them were selected to examine the timing and amplitude of the vegetation response
in more detail, and particularly in the Sahel. In spite of low pollen production and dispersal of
many tropical plants, which lead to the under representation of most of the trees relative to their
abundance in the landscape, we were able to distinguish the geographical pattern and timing of
vegetation changes. The landscape response to the end of the AHP was far from homogeneous
particularly in the Sahel where a clear east-west gradient of changing tree cover is indicated with
the central Sahel being notably species poor. In areas where forests were well developed during
the AHP, i.e. in the south and west, the establishment of the modern landscape was abrupt with
a threshold crossed between 3300 and 2500 cal yr BP according to local conditions. Elsewhere
in northern Africa the switch from tree (C3) to grass (C4) dominated landscapes occurred more
gradually during the same period. This review shows that the timing of the ecosystem response
at the end of the AHP was remarkably synchronous throughout northern Africa.

1Other affiliation: Faculté des Sciences appliquées, CUAM, Université Ibn Zohr, B.P. 8106 Agadir, Morocco
2Akaegbobi, I.M., Assi-Kaudjhis, C., Ballouche, A., Buchet, G., Kadomura, C., Lebamba, J., Maley, J., Marchant,
R., Mariotti Lippi, M., Médus, J., Mercuri, A.M., Njokuocha, R.C., Roche, E., Salzmann, U., Schulz, E., Sowunmi,
A., Tossou, M., Vincens, A.
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6.1 INTRODUCTION

Reconstructing vegetation changes in tropical North Africa during the Holocene and understand-
ing how the landscape has evolved from a ‘humid’ state characterized by the development of
numerous lakes and wetlands into the today’s hyper-arid desert continues to be the subject of
extensive research (e.g. Dallmeyer et al. 2020; Krinner et al. 2012; Lézine et al. 2011; Shanahan
et al. 2015). Pollen data have been successfully used to assess biodiversity changes that occurred
during the African Humid Period (AHP) (deMenocal et al. 2000) such as the penetration of
tropical trees into the Sahara and the Sahel at its onset or their retreat at its termination (e.g. Hély
et al. 2014 and references therein). Pollen data are however extremely complex and changes in
plant cover and related land-surface albedo remain difficult to be quantified. A large part of this
complexity is due to the uneven geographical distribution of the data, difficulties in establishing
robust chronologies, and the incomplete and/or discontinuous nature of the sedimentary series
(Watrin et al. 2009). The desiccation of the ancient Saharan lakes and the deflation of exposed
lacustrine deposits, still continuing today, have eroded lake sediments and considerably hampered
the preservation of pollen grains. Therefore, preserved sediments provide limited time windows
mainly concentrated in wettest periods. Only a single, continuous, sequence covering a time
interval from the end of the AHP to the present is available for the entire Sahara (Lézine et al.
2011). Continuous pollen series with high temporal resolution are however more numerous to
the south, from the Sahel to the Congo basin (e.g. Lézine et al. 2013a; Maley and Brenac 1998;
Ngomanda et al. 2009; Salzmann et al. 2002; Vincens et al. 2010; Waller et al. 2007).

Differences in pollen production and dispersal between tropical plants means that interpre-
tation of vegetation cover within the landscape from ancient pollen records is further complicate,
especially in the driest regions. Most of the trees have a low pollen productivity, disperse pollen
entomophilously, and are thus under-represented in the pollen spectra (Ritchie 1995). While the
presence of tree pollen, even a single grain, may be indicative of the presence of the correspond-
ing plants (Watrin et al., 2006), it is extremely difficult given the current state of knowledge, to
quantify the importance of these trees in the landscape. Therefore, the timing and magnitude of
the environmental change related to the end of the AHP remains poorly documented.

Here we use a simple index: the percentage of tree pollen (AP %) from selected high
resolution pollen records from both continental and marine environments in northern Africa,
from 5◦ to 19◦N, in order to characterize the environmental change at the end of the AHP. This
index is commonly used to qualitatively evaluate woody cover in temperate regions where most of
the tree species are wind-pollinated. Our goal is to discuss how well this index can be applied to
northern Africa, given the particularities of the pollen production and dissemination syndromes
of tropical tree species.

6.2 ENVIRONMENTAL SETTING

The climatic features of northern Africa are related to the Atlantic monsoon circulation and
the seasonal migration of the Intertropical Convergence Zone (ITCZ). In January, the monsoons’
influence is confined to the periphery of the Gulf of Guinea and the northernmost areas are subject
to the hot, dry continental trade winds. In July, the ITCZ reaches its northernmost position at
22◦N allowing moist monsoon air to extend over north tropical Africa up to the southern fringe
of the Sahara.

The progressive decrease of the monsoon influence and related rainfall on the continent is
correlated with the latitudinal distribution of the vegetation. Five major floristic regions can be
delineated from south to north: Guineo-Congolian forests of different types (evergreen and semi-
evergreen forests) and secondary wooded grasslands (mean annual rainfall more than 1200 mm),
Sudanian dry forests and wooded grasslands (1500–500 mm yr−1), Sahelian wooded grasslands
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Figure 1. Location map of the Holocene pollen sites used in this study (Table 1). In bold and italic, pollen sites
detailed in the text (Figure 3). Boxes define the two sectors shown in Figure 5.

and grasslands (500–100 mm yr−1) and Saharan steppes (less than 100 mm yr−1) (White 1983)
(Figure 1). In addition, Afromontane forests occur in the Cameroon Volcanic Line between
roughly 1800–2300 m asl (annual rainfall: 2000 mm yr−1; mean temperature: 18 ◦C) bordered
at upper elevations by Afroalpine grasslands and at lower elevations by sub-montane forests and
wooded grasslands.

Along the coast, mangrove forests expand at the mouth of rivers where they benefit from
both brackish waters and large muddy areas. Their optimal growth is attained under a rain forest
climate but two main components expand northward along the coast of West Africa: Rhizophora
racemosa reaches its northern limit at the mouth of the Senegal River near 16◦N and Avicennia
germinans extends up to Tidra at 19◦50 N.

6.3 DATA USED

In this study, we use all the available Holocene pollen data from northern Africa stored in the
African Pollen Database (APD) (Figure 1; Table 1). We focus on changes in landscape physiog-
nomy, i.e. the shift from a C3 plant dominated landscape to a C4 plant dominated one at the end
of the AHP. Therefore, pollen records from equatorial lowland forests (e.g. Elenga et al. 1994,
1996; Reynaud-Farrera et al. 1996) were excluded, since the impact of the environmental crisis,
which occurred at the end of the AHP in the Congo Basin, was more a change in forest compo-
sition and density than the replacement of lowland forests by grasslands or wooded grasslands
(Vincens et al. 1999). The dataset consists of 36 sites among which seven continental (Bambili,
Mbalang, Diogo, Mboro-Baobab, Kajemarum, Jikaryia, Yoa) and one marine (GeoB 9503-5)
pollen records have been selected in order to characterize the evolution of the landscape in the
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Table 1. List of the pollen sites used in this study according to latitude from north to south in the two sectors defined in
this study. In bold and italic = selected sites, see black dots on Figure 1.

Time
Altitude frame

Site name Latitude Longitude (m asl) Country (cal yr BP) Reference

Central sector
SETTAFET 25.35 11.43 1100 Libya 5000 Schulz (1980)
UAN TABU 24.86 10.52 915 Libya 4000–4250 Mercuri, and

[UTB] Grandi (2001)
UAN 24.84 10.51 915 Libya 4000–4250 Mercuri et al.

MUHUGGIAG (1998)
[UMH]

YOA 19.03 20.31 380 Chad 0–5000 Lézine et al.
(2011)

OURSI 14.65 −0.49 290 Burkina 0–3500 Ballouche and
Faso Neumann

(1995)
KISSI 14.62 −0.14 280 Burkina 500–750 Ballouche

Faso (1997)
TJERI 13.73 16.50 275 Chad 500–4750 Maley

(2004)
JIKARYIA 13.31 11.08 343 Nigeria 0–5000 Waller et al.

(2007)
BAL 13.30 10.94 300 Nigeria 250–5000 Salzmann and

Waller (1998)
KAJEMARUM 13.30 11.02 300 Nigeria 2750–5000 Salzmann and

Waller (1998)
KAIGAMA 13.25 11.57 330 Nigeria 3500–5000 Salzmann and

Waller (1998)
KULUWU 13.22 11.55 330 Nigeria 4750–5000 Salzmann and

Waller (1998)
MOWO 10.60 13.99 574 Cameroon 500–750 Delneuf and

Médus (1997)
TILLA 10.39 12.12 690 Nigeria 0–5000 Salzmann et al.

(2002)
GROMOUI 10.32 14.32 430 Cameroon 1000–1250 Delneuf and

Médus (1997)
MBALANG 7.32 13.73 1110 Cameroon 0–5000 Vincens et al.

(2010)
TIZONG 7.25 13.58 1160 Cameroon 0–4000 Lebamba et al.

(2016)
LAC SELE 7.15 2.43 11 Benin 0–5000 Salzmann and

Hoelzmann
(2005)

OBAYI 6.82 7.37 550 Nigeria 1750–2000 Njokuocha
(2012)

OHE POND 6.80 7.37 1502 Nigeria 1250–1500 Njokuocha and
Akaegbobi
(2014)

(Continued)
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Table 1. Continued.

Time
Altitude frame

Site name Latitude Longitude (m asl) Country (cal yr BP) Reference

DANGBO 6.60 2.59 40 Benin 0–5000 Tossou (2002)
YÉVIÉDIÉ 6.53 2.37 53 Benin 1250–5000 Tossou (2002)
GOHO 6.44 2.57 35 Benin 750–4750 Tossou (2002)
MBI 6.08 10.35 2018 Cameroon 0–5000 Lézine et al.

(2021)
BAMBILI 1 5.94 10.24 2273 Cameroon 0–5000 Lézine et al.

(2013a)
NIGER 4.55 6.43 0 Nigeria 500–3750 Sowunmi
DELTA [DC2] (1981)

Western sector

BAIE SAINT 19.47 −16.30 1 Mauritania 1750–3750 Unpublished
JEAN [BSJ] (Lézine A.M.)
TIGUENT 17.25 −16.02 8 Mauritania 3000–3250 Médus and

Barbey (1979)
GeoB 9503-5 16.07 −16.65 −50 Atlantic 1500–4250 Bouimetharhan

Ocean et al. (2009)
ST LOUIS 16.03 −16.48 2 Senegal 0–1000 Fofana et al.

(2020)
POTOU 15.75 −16.50 11 Senegal 0–5000 Lézine (1988)
OGO [OS2] 15.57 −13.28 15 Senegal 750–1000 Feller et al.

(1981)
LOMPOUL 15.42 −16.72 3 Senegal 2000–5000 Lézine (1988)
DIOGO 2 15.27 −16.80 8 Senegal 250–5000 Lézine (1988)
TOUBA 15.17 −16.87 6 Senegal 1000–5000 Lézine (1988)

N’DIAYE 2
[TND2]

MBORO- 15.15 −16.91 4 Senegal 0–4500 Lemonnier and
BAOBAB Lézine

(this volume)

two main vegetation types which expanded in northern Africa during the AHP: (i) continuous
forests in the Cameroon Highlands, and (ii) gallery forests around water bodies in the Sahara
and Sahel within a dry, open regional environment. The whole dataset was then used to map
landscape changes at a sub-continental scale.

The chronology is given in calendar years BP (cal yr BP) after conversion of 14C dates to
calendar age according to Stuiver et al. (2020). The age models were retrieved from the published
articles or from the APD (i.e. based on linear interpolation between the dated samples) taking
into account possible discontinuities in sediment deposition. Arboreal pollen types (AP) include
trees, shrubs, palms and lianas. Undifferentiated pollen types (UP) include taxa corresponding
to plants with various life forms (trees, shrubs, lianas or herbs) and taxa determined at a low
taxonomic level, typically the family level (Vincens et al. 2007). Percentages are calculated
against a sum of total pollen excluding those of aquatics (including Cyperaceae), cultivated and
Mediterranean plant types.
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6.4 POLLINATION SYNDROMES OF THE TROPICAL PLANTS

The pollination syndromes of the families represented at the seven selected sites (Table 2) are
derived from Watson and Dallwitz (1992) and the gymnosperm database (www.conifers.org).
This reveals the major challenge of representing landscapes from pollen data in northern Africa.
Most of the families present in our pollen records are entomophilous or zoophilous (mainly
cheiropterophilous and ornithophilous), whereas 16% are anemophilous or entomophilous and
only 5% are strictly anemophilous. Most of the entomophilous/zoophilous plants produce small
amounts of pollen, which may be exceptionally large. As a result, they are under-represented (e.g.
Adansonia) or rarely (e.g. Isoberlinia, Daniellia) represented in the pollen assemblages (Watrin
et al., 2006). In contrast, members of the Poaceae family, which is exclusively anemophilous,
produce large quantities of pollen, and therefore largely dominate the pollen assemblages,
particularly those derived from wooded grasslands and grasslands. Taking into account these
specifications and the difficulties of measuring the quantity of pollen grains produced by the
plants, the most widely used method for describing the pollen signature of the modern vegetation
in terms of diversity, biomes or vegetation types is that of surface samples, either from soil,
mosses or pollen traps. This method has been successfully developed in tropical Africa since
Hedberg (1954). Gajewski et al. (2002) have validated the APD dataset, which covers all of
sub-Saharan Africa.

6.5 POLLEN REPRESENTATION OF THE MODERN LANDSCAPE

In northern Africa the pollen-plant and pollen-biome relationships have been extensively studied
(e.g. Lézine et al. 2009; Watrin et al. 2007 and references therein). These studies have identified
the pollen signature of common plants and biomes along latitudinal (Lézine et al. 2009) or
altitudinal gradients (Verlhac et al. 2018) in order to provide the basis for reliable vegetation
reconstructions in the past and for quantitative estimates of climate parameters from pollen data.
However, the physiognomy of the vegetation is only rarely addressed (Lézine and Hooghiemstra
1990; Vincens et al. 2000). Based on arboreal pollen percentages (AP%) and undifferentiated
pollen percentages (UP%), Figure 2A shows that the two extreme vegetation types along a south-
north transect in northernAfrica, the Guineo-Congolian forest in the south and the desert steppe in
the north, are easily identified (Lézine and Hooghiemstra 1990). The Guineo-Congolian forest is
represented by AP higher than 80% and UP lower than 8% while the desert steppe is represented
by AP lower than 10%. In desert steppe, UP (mainly herbs, sub-shrubs or shrubs from the
Amaranthaceae, Brassicaceae, Caryophyllaceae, Asteraceae families) values are exceptionally
high, representing more than 50%. While AP% consistently range between 20% and 50% in
the Sudanian dry forests of southern Senegal, they strongly vary between 5 and 35% in the
Sahelian woodlands and wooded grasslands, making the pollen signature of the tree cover in
these grass-dominated landscapes difficult to detect. The difficulty in detecting tree cover is
mainly due to the uneven distribution of the trees within the landscape. This is particularly the
case in the transition zone between forest and desert where trees are mostly concentrated along
rivers and wetlands (Trochain 1940; White 1983). In addition, these vegetation formations share
numerous tree species, the distribution of which is denser in the woodlands and sparser in the
wooded grasslands (e.g. Combretaceae, Acacia). The characteristics of their pollen production
and dispersal hampers any reliable reconstruction of vegetation types.

In the Equatorial regions, the forest-wooded grassland transect of Kandara (Vincens et al.
2000) shows AP higher than 60% in the forest. AP dramatically decrease to less than 10% in the
adjacent wooded grassland and the transition between the two is typified by intermediate values
(45%) (Figure 2B). However, as stated by the authors, the different kind of forests (Albizia forest
and Rinorea forest) cannot be distinguished, and no decrease in AP% is observed in the forest

http://www.conifers.org
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Table 2. List of the families encountered in the Holocene pollen sites used in this study (Table 1) and included in the
pollen sum with their pollination syndromes (after Watson and Dallwitz (1992) and the gymnosperm database

(www.conifers.org)).

Family Pollination system Family Pollination system

Acanthaceae entomophilous Liliaceae entomophilous
Aizoaceae entomophilous Lobeliaceae entomophilous
Alangiaceae entomophilous Loganiaceae entomophilous
Amaranthaceae entomophilous Loranthaceae entomophilous,

or ornithophilous
Anacardiaceae entomophilous Lythraceae entomophilous
Annonaceae entomophilous Malpighiaceae entomophilous
Apiaceae entomophilous Malvaceae entomophilous
Apocynaceae entomophilous Melastomataceae entomophilous,

or ornithophilous,
or cheiropterophilous

Aquifoliaceae entomophilous Meliaceae entomophilous (usually)
Araliaceae entomophilous Melianthaceae entomophilous,

or ornithophilous
Asclepiadaceae entomophilous Menispermaceae unknown
Asparagaceae entomophilous Mimosaceae entomophilous,

or ornithophilous,
or cheiropterophilous,
or anemophilous

Asteraceae entomophilous (mostly), Moraceae anemophilous,
or anemophilous or entomophilous

Balanitaceae entomophilous Myricaceae anemophilous
(mostly), or
anemophilous

Balsaminaceae entomophilous Myristicaceae entomophilous
Begoniaceae entomophilous Myrsinaceae entomophilous
Bignoniaceae entomophilous, Myrtaceae entomophilous,

or ornithophilous, or ornithophilous
or cheiropterophilous

Bombacaceae cheiropterophilous Nyctagynaceae entomophilous
Boraginaceae entomophilous Ochnaceae entomophilous
Brassicaceae anemophilous, Olacaceae entomophilous

or entomophilous
Buddleyaceae entomophilous, Oleaceae anemophilous (mostly),

or ornithophilous or entomophilous
Burseraceae entomophilous Orobanchaceae entomophilous
Caesalpiniaceae entomophilous; Palmae entomophilous (mostly),

or anemophilous
Campanulaceae entomophilous Pandanaceae anemophilous (mostly),

or entomophilous,
or ornithophilous,
or cheiropterophilous

Capparidaceae entomophilous Passifloraceae entomophilous

(Continued)

http://www.conifers.org
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Table 2. Continued.

Family Pollination system Family Pollination system

Caryophyllaceae entomophilous Phyllanthaceae entomophilous
Casuarinaceae anemophilous Plantaginaceae anemophilous,

or anemophilous
and entomophilous

Celastraceae entomophilous Poaceae anemophilous
(exclusively)

Chrysobalanaceae entomophilous, Podocarpaceae anemophilous
or cheiropterophilous

Clusiaceae entomophilous, Polygalaceae entomophilous
or ornithophilous

Cochlospermaceae entomophilous Polygonaceae anemophilous, or
entomophilous

Combretaceae entomophilous, Primulaceae entomophilous
or ornithophilous

Commelinaceae entomophilous Proteaceae entomophilous, or
ornithophilous, or
cheiropterophilous (?),
or by unusual means
(notably by small
marsupials and rodents)

Connaraceae autogamous Ranunculaceae anemophilous,
or entomophilous or entomophilous

Convolvulaceae entomophilous Resedaceae entomophilous
Crassulaceae entomophilous Rhamnaceae entomophilous
Cucurbitaceae entomophilous Rhizophoraceae anemophilous,

or entomophilous
Cupressaceae anemophilous Rosaceae anemophilous

(occasionally), or
entomophilous
(usually)

Dichapetalaceae entomophilous Rubiaceae entomophilous
Dilleniaceae entomophilous Rutaceae entomophilous
Dioscoreaceae entomophilous Salicaceae anemophilous,

or entomophilous
Dipsacaceae entomophilous Salvadoraceae entomophilous
Ebenaceae entomophilous Sapindaceae entomophilous
Ephedraceae anemophilous, Sapotaceae entomophilous

or entomophilous
Ericaceae entomophilous Scrophulariaceae entomophilous,

(usually?) or ornithophilous
Euphorbiaceae entomophilous Simaroubaceae entomophilous,

or ornithophilous
Fabaceae entomophilous, Solanaceae entomophilous

or ornithophilous,
or cheiropterophilous

Flacourtiaceae entomophilous Sphenocleaceae entomophilous
Gentianaceae entomophilous Sterculiaceae entomophilous

(Continued)
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Table 2. Continued.

Family Pollination system Family Pollination system

Geraniaceae entomophilous Tamaricaceae entomophilous,
or anemophilous

Gesneriaceae entomophilous, Thymeleaceae entomophilous
or ornithophilous,
or cheiropterophilous

Hippocrateaceae entomophilous Tiliaceae enthomophilous
Hymenocardiaceae entomophilous (mostly), Tribulaceae entomophilous

or anemophilous
Hypericaceae entomophilous Ulmaceae entomophilous
Icacinaceae entomophilous Urticaceae anemophilous
Irvingiaceae entomophilous Verbenaceae entomophilous
Lamiaceae entomophilous Vitaceae entomophilous (mostly),

or ornithophilous or anemophilous
Lecythidaceae entomophilous Zygophyllaceae entomophilous
Portulaceae entomophilous

Figure 2. Modern pollen deposition in three different sectors of northern Africa: (A): a South-North transect in
Senegal-Mauritania-Algeria (Lézine and Hooghiemstra 1990), (B): the Kandara forest-savanna transect in Southern
Cameroon (Vincens et al. 2000), and (C): an altitudinal transect in the Cameroon highlands (Verlhac et al. 2018).

Percentages calculated against a sum excluding fern spores, aquatics and Cyperaceae pollen. Dark grey: AP%. Light
grey: UP%.
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Figure 3. Percentages of Arboreal (AP) and Undifferentiated pollen types (UP) in selected sites from northern Africa
from 5000 cal yr BP to the present. In order to facilitate the comparison between sites, data are averaged by 250-years’

time bins.

gaps linked to recent settlements. A slightly different pattern is observed in the montane forests
Cameroon (Figure 2C; Verlhac et al. 2018). As expected, AP reach high values, up to 90%,
within the forest. However, they strongly vary, reflecting the highly heterogeneous forest cover
(Momo Solefack 2009) (Figure 2C). This is particularly the case at higher elevations where the
trees are irregularly distributed and the upper tree line is often patchy due to marked topography.
Afroalpine grasslands at the top of the mountains and wooded grasslands below the forest block
show AP averaging 15% and 10%, respectively.

6.6 THE HOLOCENE POLLEN SEQUENCES

Vincens et al. (1999) first reviewed the equatorial forest response at the end of the AHP. They
showed that the lowland forests changed in nature from rain or swamp forests to woodlands or
secondary forests characterized by an increase in light demanding trees. While the timing of this
change is remarkably coherent in the lowlands of Cameroon at around 2400 cal yr BP (Lézine
et al. 2013b and reference therein), it varies in Congo within a time interval from 3800 and
1800 cal yr BP according to local hydrological conditions (Vincens et al. 1999). In mountain
areas, a clear signal of forest disruption occurred at 3300–3000 cal yr BP (Figure 3): AP values
abruptly fell from 50 to 9% in theAdamawa plateaus (Mbalang) and then remained below 11% up
to the present day. At higher elevations (Bambili), AP decreases from 84% to 54% at 3300 cal yr
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Figure 4. Arboreal pollen percentage (AP%) and undifferentiated pollen percentage (UP%) from selected sites from
the Sahara and the Sahel. Dashed lines show the second order running average.

BP and then remained at this level up to 2500 cal yr BP. AP subsequently increased again to a
maximum of 65% indicating a later forested phase, albeit less developed compared to that of the
AHP. This second phase of forest development ended during the last millennium.

In the Sahel, the pollen diagrams testify to a contrasting situation: in the west, near the
Atlantic coast, AP% were remarkably high during the Holocene forest phase indicating dense
gallery forests in the coastal region (Diogo). AP decreased from 72% to 19% between 3250 and
1250 cal yr BP through a well-marked threshold at 2500 BP characterized by a drop of about
20%. In the same region however, Mboro-Baobab did not record such an evolution and AP values
displayed rather constant percentages during the last 5000 years, only slightly fluctuating between
30 and 20%. In the central Sahel, AP never reached percentages as high as those recorded in the
west, even during the AHP reflecting poorly developed gallery forests around water bodies. The
maximum of AP at Kajemarum and Jikaryia in the Manga region of northern Nigeria did not
exceed 26% and 19%, respectively. At Kajemarum, AP definitively disappeared at 3000 cal yr
BP. At Jikaryia, the transition between the Holocene and the present landscape was less contrasted
though a slight decrease in AP% was observed at the same time. At the Sahara/Sahel transition
(Yoa, GeoB 95013-5) AP were constantly less than 23% during the AHP. At Yoa, the retreat of
tropical plant species (e.g. Celtis, Piliostigma, Grewia) and the establishment of desert conditions
at the end of the AHP occurred in two phases at 4700 and 2700 cal yr BP, respectively (Lézine
et al. 2011). This transition occurred in a context of poorly developed tree cover and is therefore
not reflected by our AP index. Interestingly, AP% slightly increased during the last few centuries
which may reflect increased anthropogenic influence, for instance the establishment of palm tree
plantations atYoa (Lézine et al. 2011), or the occurrence of episodic humid events in the Senegal
River Basin (Bouimetarhan et al. 2009). In order to refine the timing and structure of the end
of the AHP in the Sahel, we plotted the undifferentiated pollen types (UP) (Figure 4) that are
especially abundant in the most arid regions as shown in the modern samples (Figure 2). Three
sectors of the Sahara and the Sahel emerge from the examination of UP %: at the Sahara/Sahel
boundary, the UP % gradually increased from 5000 cal yr BP (or even before) to the present with
a peak at 2700 cal yr BP. A roughly similar trend is observed in the Central Sahel. Here they
were present from 4000 cal yr BP and then remained constant throughout the last millennia. In
contrast, UP % increased much later, since 2700 cal yr BP in the western Sahel.

6.7 DISCUSSION

Our study illustrates one of the major problems of tropical palynology: can the abundance of
trees and grasses in the landscape be described using a simple index: the percentage of arboreal
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pollen? Open landscapes dominate in Africa today between 30◦S and 30◦N with the exception of
the equatorial mangrove, and afromontane forests. These open landscapes are of various types,
ranging from dry forests, to woodlands, wooded grasslands and grasslands (White 1983). The
particularities of pollen production and dispersal of tropical plants mean that trees are often
under-represented in pollen spectra, making distinction between these types of vegetation dif-
ficult. Based on the modern samples (Figure 2), we have considered three AP% categories to
characterize the late Holocene landscape of northern Africa (Figures 5 and 6): (i) AP higher than
45% corresponding to a dense tree cover, (ii)AP lower than 15% indicating grass-dominated land-
scapes, and (iii) intermediate values (15 <AP < 45%), secondary/dry forests. Figure 5 shows that
dense forest stands remained developed in mangroves along the coast of the Gulf of Guinea, in the
western Sahel and in the Cameroon highlands well after the establishment of xeric conditions at
the end of theAHP. Surprisingly, it suggests that there was no transition from forested to open land-
scapes from south to north throughout northern Africa with open landscapes dominating largely
from 5000 to c. 3000 cal yr BP north of 10◦N. The absence of intermediate tree cover between
forests and open landscapes is likely an artefact due to the difficulties evoked in distinguishing
woodlands from wooded grasslands and grasslands. While different kinds of open environments
are difficult to infer from AP%, it is even more difficult to derive related climatic factors. For
instance, modern AP% are higher atYoa in the Saharan steppe, where the annual rainfall does not
exceed 7 mm (23%) than at Mbalang in the Sudanian wooded grassland, where it averages 1500–
1600 mm (6.5%). Environmental reconstructions in such grass-dominated landscapes are thus
particularly challenging and new methodological approaches such as those developed by Sugita
(2007) are crucial for a better estimation of regional vegetation proportions (See Gaillard et al.,
this volume). Despite this major limitation and the purely qualitative aspect of our approach, two
key results emerge from our review (6.7.1 and following).

6.7.1 Abrupt forest collapses or gradual establishment of xeric conditions?

In densely forested areas from western Sahel (Diogo) and the Cameroon Highlands (Bambili,
Mbalang), AP% permits identification of the tipping points between forested and non-forested
(or less-forested) states that occurred at times, varying according to altitude and hydrological
conditions, between 3300 and 2500 cal yr BP (Figure 3). However, the determination is only
qualitative since the evaluation of its magnitude depends mainly on the pollen productivity and
dispersion of tropical trees (see Gaillard et al., this volume). Abrupt forest collapse most certainly
originated from the middle Holocene, when an increased seasonality in rainfall was established
(Vincens et al. 2010). At Bambili, the progressive destabilization of the forest is thought to have
originated from the ‘8.2 event’, which could thus be considered as the ‘early warning signal’
(Lenton 2011) of the environmental crisis that took place several millennia later, at 3300 cal yr
BP (Lézine et al. 2013a). Unlike these sites, where a threshold was abruptly crossed leading to the
collapse of the forests, the establishment of an open landscape at the end of the AHP was gradual
(Figure 4); tree cover decreased gradually in already arid areas, particularly in the central Sahel.
This supports the interpretations by Kröpelin et al. (2008) that the transition to xeric conditions
at the end of the AHP was a gradual one. Consequently, pollen data from the Sahel do not support
the earlier hypotheses of an abrupt environmental change at the end of the AHP as proposed by
de Menocal et al. (2000).

6.7.2 A complex pattern of environmental change

Changes in distribution of trees across the landscape was not merely latitudinal following a south-
north gradient of decreasing precipitation (Figure 5). The most striking feature is the difference
between the central and western Sahel. We therefore consider two separate transects, one along
the west coast and the other in central northern Africa. Forests widely developed in the west.
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Figure 5. (A) Spatial distribution of tree pollen percentages from 5000 cal yr BP to the present in northern Africa.
Three categories are considered with AP > 45% showing dense tree cover, 15 <AP < 45% intermediate tree cover and

AP < 15% sparse tree cover. (B) Patterns of tree cover change according to latitude in the two sectors defined in
Figure 1. The selected sites are indicated on the left column by a box.
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Figure 6. Timing of landscape change in the western (on the left) and central (on the right) sectors of northern Africa.
The curves show the number of sites in the categories defined by AP% in northern Africa (AP = O, AP < 15%,

15 <AP < 45%, >45%). Data are expressed in per cent of the total of sites present in each time bin (cf. Figure 5B).

Their expansion reached approximately 16◦N, i.e. the mouth of the Senegal River. In contrast,
forests only occurred along the coast and in the highlands in central Africa. Trees were rare north
of 10◦N in the Sahel, except during a time interval spanning from 4500 to 3500 cal yr BP in the
Manga region (13◦N) and in the central Saharan massifs in southern Libya (25◦N) where they
slightly increased (Figures 5 and 6).

Despite the limited number of sites in both sectors clear patterns can be discerned. In the
western sector, the major change in forest cover occurred from 3000 to 2250 cal yr BP. This is
shown by the opposing trends between the number of sites with AP values above 45%, which
were gradually decreasing in number and those with AP values ranging from 15 to 45%, which
were gradually increasing. Sparse tree cover became gradually commoner over the western sector
from 4250 cal yr BP with the modern landscape composed of woodlands and wooded grasslands
being definitively established after 1750 cal yr BP. Unlike the western sector, sites with sparse
tree cover dominated the central sector throughout the last 5000 years. The number of such sites
progressively increased in two phases respectively dated 3500 and 1500 cal yr BP. Sites with
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dense tree cover were restricted to the Cameroon Highlands and the mangrove areas along the
Gulf of Guinea. In both sectors, they declined from 1500 cal yr BP onwards. The most striking
result of our study is the behaviour of sites with intermediate tree cover. As already noted, trees
increased in the Manga sector of the Sahel around 3800 cal yr BP due to the recovery of tropical
taxa during a short wet phase (Waller et al. 2007). After 3500 cal yr BP, trees disappeared from
the Manga sector. Elsewhere in the central sector of northern Africa, the number of sites with
intermediate and sparse tree cover increased from 2250 cal yr BP onwards.

6.8 CONCLUSIONS

Reconstructing vegetation cover from AP% is highly challenging, particularly given the predom-
inantly open vegetation types that are widely distributed in northern Africa from the Sudanian
dry forests to the Sahelian wooded grasslands and Saharan grasslands. Despite this caveat, our
review shows that the landscape response to the end of the AHP was far from homogeneous
particularly in the Sahel where a clear east-west gradient of tree cover change is indicated, the
central Sahel being notably poor in tree species as shown for instance in the Lake Chad (Tjeri) and
the Niger bend (Oursi, Kissi) areas. In areas where forests were well developed during the AHP,
i.e. in the south and west, the establishment of the modern landscape was abrupt with a threshold
crossed between 3300 and 2500 cal yr BP according to local conditions. Elsewhere in northern
Africa the switch from tree (C3) to grass (C4) dominated landscapes occurred at approximately
the same time, but more gradually. This review allows the timing of the ecosystem response at the
end of the AHP be identified, which was remarkably synchronous throughout northern Africa,
in contrast to hydrological data, which suggest a time transgressive end to the AHP (Shanahan
et al. 2015).
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ABSTRACT: The Olorgesailie basin, located in the EastAfrican Rift System (EARS), southern
Kenya (1.5–1.6◦S, 36.4–36.5◦E, 940–1040 m asl), is an important site for palaeoanthropological,
palaeontological and geological research, with sediments dating back more than 1 Ma. Little is
known about the palaeovegetation and palaeoenvironmental context of this important site and how
this varied through space and time. Here we use phytolith data to reconstruct the vegetation history
through the Middle and Late Pleistocene (c. 670 ka to c. 64 ka). The analysis of 24 samples from
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palaeosols within the Olorgesailie and Oltulelei Formations uses diagnostic phytoliths to plot
relative phytolith abundance diagrams documenting temporal and spatial vegetation variations.
We use three phytolith indices (climate index, aridity index and tree density index) to estimate
temperature, precipitation, and vegetation structure from sediments that are well-constrained
chronologically by 40Ar/39Ar dating. Spatial vegetation variation is captured through examining
phytoliths from three distinct localities (Loc. OLT, Loc. B and Loc. G) over a distance of about
5 km. Results suggest that local vegetation changes approximately correspond with stratigraphic
units. Phytolith indices reflect warm and moist conditions c. 670 ka, with cool and dry conditions
from c. 650 ka during which time riparian and a variety of other habitats were present. An
unconformity, which extends over c. 180,000 years (500 to 320 ka), is interpreted as largely
caused by tectonic processes coupled with precipitation variability. A shift from woody vegetation
to C4 grasslands is evident following the unconformity, and riparian habitats were again present.
Considerable climate variability is apparent thereafter, with inconsistent precipitation conditions
until c. 220 ka when more stable and moist conditions set in until c. 64 ka. The study documents
vegetation dynamics directly associated with the Middle to Late Pleistocene palaeontological
and archaeological record of Olorgesailie.

7.1 INTRODUCTION

East Africa is well known for its archive of human evolutionary history and the long-term his-
tory of ecological interactions between faunal and floral species and their environments (Bobe
and Behrensmeyer 2002; Potts 1998). Tectonic processes created the episodic fossilization and
preservation of records of ancient life in the East Africa Rift system (EARS) (Brown and Feibel
1991; Feibel 1999; Campsiano and Feibel 2008). Extensively collected and documented EARS
fossils have addressed a variety of research questions including human and faunal evolutionary
history, extinction and speciation events, species-environment interactions and the impact of
climate change on past ecosystems (Bobe and Behrensmeyer 2004; deMenocal 2004; Feakins
et al. 2007; Lepre et al. 2007; Potts and Faith 2015; Trauth et al. 2007).

Previous studies suggest thatAfrican climate and vegetation cover have been highly variable
since the early Pliocene, oscillating from warm and humid to cool and dry episodes that can be
correlated with orbital oscillations (Cerling et al. 2011; deMenocal 1995; Feakins et al. 2007;
Lepre et al. 2007; Potts 2013; Trauth et al. 2007). These oscillations resulted in habitats that
varied between woodland, wooded grassland and open grassland. Such vegetation dynamics
influenced hominin diets and ecomorphology in the region, such as in the Awash and Olduvai
basins (Albert et al. 2009; Ashley et al. 2010a; Bamford et al. 2006; Basell 2007; Cerling et al.
2010; White et al. 2010; WoldeGabriel et al. 2009).

In the Olorgesailie basin, vegetation cover has previously been reconstructed in only a
single palaeosol dated c. 1 Ma, based on carbon isotope data and faunal remains (Sikes et al.
1999). The rich palaeontological, archaeological and geological data published from the basin
have otherwise lacked a parallel body of evidence on vegetation cover and how its structure
changed over time and across the landscape. Initial steps geared to reconstructing the vegetation
cover and structure were hindered by poor preservation of fossil pollen and other organic plant
remains due to high salinity in the basin (Livingstone and Mworia 1999). A subsequent feasibility
study showed the potential for using fossil phytoliths to reconstruct vegetation cover and structure
during the Middle to Late Pleistocene of the basin (Kinyanjui 2012).

Phytoliths are plant silica bodies that form when silica is deposited within and around
plants cells during evapotranspiration, resulting in cell casts/replicas that are morphologically
distinct. The silica cells are preserved in the soils after the decomposition of the parent plants
(Mulholland and Rapp 1992; Piperno 1988; 2006). They are inorganic in nature, preserve well
in a variety of depositional regimes, and are particularly useful because of good preservation in
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regions where organic plant remains are susceptible to oxidation and thus less likely to accumulate
(Piperno 2006). Phytolith research in East Africa has gained popularity as a reliable proxy for
reconstructing past vegetation cover (Alexandre et al. 1997; Bremond et al. 2005a, b; 2008;
Fredlund and Tieszen 1994) geared toward understanding past environments (Albert et al. 2012;
2015; Bamford et al. 2006; Barboni et al. 2009; 2010; Estaban et al. 2020; Kinyanjui 2013). In
addition, phytolith indices can be used to determine changes in precipitation, vegetation structure
dynamics, and provide coarse estimates of variations in temperature through time (Aleman et al.,
2008; Alexandre et al. 1997; Bremond et al. 2008; Fredlund and Tieszen 1997).

This paper presents phytolith data from the upper Olorgesailie Formation dated between
c. 670 ka and 500 ka (Deino et al. 2018; Isaac 1978) and the Oltulelei Formation dated between
c. 320 ka to c. 36 ka (Behrensmeyer et al. 2018; Deino et al. 2018). The stratigraphic sequence
covers a significant period when hominins acquired new adaptive strategies associated with
changing environments, which also coincided with replacement of mega-herbivore species by
smaller herbivore taxa in the basin (Potts 1998; Potts and Faith 2015; Potts et al. 2018) associated
with climate and local tectonic processes (Behrensmeyer et al. 2018; Potts et al. 2020).

7.2 STUDY SITE: OLORGESAILIE BASIN

The Olorgesailie basin is located in the southern part of the Kenyan Rift Valley (1◦3′S and 36◦2′E;
940–1040 m asl) (Figure 1). It is renowned for its high concentration of Acheulean hand axes
dated c. 1.2 Ma to 500 ka (Deino and Potts 1990; Isaac 1977; 1978; Potts 1989; Potts et al. 1999).
The basin lies near the southern end of the Eastern Arc of the East African Rift System (EARS).
To the south it is bounded by lavas associated with Mt. Olorgesailie, an extinct Pliocene-Early
Pleistocene age volcano, while to the north, east and west the basin is delimited by faulted ridges
of trachytes, phonolites, and basalts extruded during the Plio-Pleistocene (Baker and Mitchell
1976; Isaac 1978; Shackleton 1978). The basin’s present drainage system flows from north to
south following the slope of the rift floor (Baker 1958), and from east to west along the northern
foothills of Mt. Olorgesailie, although tectonic movements and volcanism altered these drainage
patterns in the past (Behrensmeyer et al. 2002; 2018). The main outcrops of the basin north of
Mt. Olorgesailie cover an area of c. 65 km2.

7.2.1 Present-day climate and vegetation

Climate in the Olorgesailie region is largely controlled by the annual north-south oscillation
of the Intertropical Convergence Zone (ITCZ) (Hills 1978; Kenworthy 1966; Nicholson 1996)
resulting in two distinct rainy seasons: (i) long rains from March to June, and (ii) short rains from
October to December (Asani and Kinuthia 1979; Griffiths 1958; 1972; Nicholson 1996; Sansom
1954). There are, however, anomalies in the rainfall pattern influenced by local topography. In
this regard, the southern Kenya Rift Valley receives variable mean annual rainfall, for example
1000–1500 mm in the rift-margin highlands and 250–500 mm in the rift-axis lowlands (Griffiths
1972; Mutai and Ward 2000). The mean annual rainfall around the Olorgesailie basin is less than
500 mm which, combined with an evapo-transpiration rate exceeding 2400 mm/year, results in
the negative hydrological balance responsible for the semi-arid condition of the basin (Damnati
and Taieb 1995).

Vegetation in the Olorgesailie basin today is classified as a semi-arid variant of Commiphora-
Acacia bushland (White 1983) or as a Northern Acacia-Commiphora bushland (WWF Eco-
regions) (Figure 1). The dominant woody species include Acacia tortilis (Forssk.) Hayne, A.
senegal (L.) Willd., A. mellifera (Vahl)Benth, (Figure 2B), Commiphora africana (A. Rich)
Engl., C. campestris Engl., C. samharensis Schweinf., C. schimperi (O. Berg) Engl. Terminalia
sp., Balanites spp., Grewia bicolor Juss., G. villosa Willd., Boscia coriacea Pax, (Figure 2B)
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Figure 1. Map showing the location of the Olorgesailie basin and WWF vegetation designated ecoregions
(White 1983).

and Salvadora persica L. The shrub component comprises Sericocomopsis hildebrandtii Schinz,
Barleria sp., Aerva sp. and Indigofera sp. Most of the trees are deciduous and are in leaf during
and after rains (Livingstone and Mworia-Maitima 1999; Mworia et al. 1988). Grasslands are C4-
dominated, mostly Chloridoideae family such as Chloris roxburghiana Schult., Dactyloctenium
bogdanii S.M Phillips, Eragrostis cilianesis (All.) F.T. Hubb., Tetrapogon cenchriformis (A.
Rich.) W.D Clayton, Sporobolus jacquemontii Kunth. and Brachyachne spp. (Livingstone and
Mworia-Maitima 1999; Mworia et al. 1988). Elements of riverine gallery forest are also present
along the seasonal river channels (lagas); they include Syzygium cordatum Krauss, S. guineense
(Willd.) DC., Delonix elata (L.) Gamble and Terminalia spp., while Kyllinga alba Nees and K.
welwitschii are C4 sedges common in the floodplains (Livingstone and Mworia-Maitima 1999;
Mworia et al. 1988).

7.2.2 Geoarchaeology

Current lithostratigraphic description distinguishes two units: the Olorgesailie and Oltulelei For-
mations (Behrensmeyer et al. 2002; 2018; Isaac 1978; Shackleton 1978), dated primarily by the
single-crystal 40Ar/39Ar method (Behrensmeyer et al. 2018; Deino and Potts 1990; 1992; Deino
et al. 2018; Potts et al. 2018).
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Figure 2. (A) Map showing Olorgesailie basin, localities, geo-trenches (marked with star) and the basin’s geology. (B)
Acacia melliferae and Boscia coriaceae visible in the photograph are among the dominant woody species in the basin.

7.2.2.1 Olorgesailie formation
These are deposits comprising lacustrine, wetland/swampy, fluvial and colluvial sediments form-
ing a composite thickness of c. 80 m (Behrensmeyer et al. 2002). There are fourteen members
(Isaac 1978; Shackleton 1978) with the base of the oldest member (Member 1) dated c. 1.2 Ma
and the youngest Member (Member 14) c. 499 ka (Behrensmeyer et al. 2002; Deino and Potts
1990, 1992; Deino et al. 2018). Erosion and excavations have exposed a rich archaeological
record including Acheulean stone artifacts associated with extinct mammals, butchery sites and
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Figure 3. Schematic diagram showing lithostratigraphic/age relationship between sections.

hominin remains of Homo erectus (Potts 1994; Potts et al. 1999; 2004). Stable isotope data
suggest vegetation structure around 1 Ma was predominantly C4 grasslands (Sikes et al. 1999).

7.2.2.2 Oltulelei formation
These are younger deposits that overlie the Olorgesailie Formation, dated between c. 320 ka and
c. 36 ka (Figure 3). The sediments rest on a major erosional unconformity, representing a hiatus
of c. 180,000 years (Behrensmeyer et al. 2002; 2018; Deino et al. 2018) and consist of colluvial,
alluvial, freshwater and saline lake deposits preserved in a series of erosional and channel filling
regimes (Behrensmeyer et al. 2002; 2007; 2018). There are three successive members; Olkesiteti
(c. 320–190 ka), Oltepesi (c. 190–50 ka) and Tinga (c. 50–36 ka) (Behrensmeyer et al. 2018;
Deino et al. 2018). Exposures of these sediments have yielded stone tools of Middle Stone Age
(MSA) technology and vertebrate fossils (Brooks et al. 2018; Potts et al. 2018).

7.3 METHODS

7.3.1 Laboratory methods, microscopy and identification

Phytolith extraction followed Albert’s (1999) protocol with additional Acid Insoluble Fraction
(AIF) steps (Mercader et al. 2010). All samples reached the minimum of 250 phytoliths counted
for inclusion in the analysis, of these all but three samples yielded >500 phytoliths. Phytoliths



qvd CH007.tex September 21, 2021 11: 53 Page 91

Reconstructing vegetation history of the Olorgesailie Basin 91

Figure 4. Micro-photographs of key fossil phytolith morphotypes identified. (a) Globular granulate, (b) globular
echinate (Palm phytoliths), (c) Globular echinate (d) Globular verrucate, (e) Tracheid types, (f) Blocky types, (g)

Sclereid bodies, (h) Achene (sedge phytoliths), (i) Scutiform/trichome types, (j) Crenate type, (k) Bulliform types, (l)
Trapeziforms, (m) rondels, (n) saddles, (o) bilobates, (p) crosses.

were identified at 400× magnification using an Olympus BX52 light microscope. Micropho-
tographs were taken and viewed using image processing software; Image-Pros plus 5.1 and
Infinity Capture 2. Images were stored as TIFF/JPEG files.

Morphological description and classification were based on phytolith shape and size based
on the International Codes for Phytolith Nomenclature (ICPN) (Madella et al. 2005), while addi-
tional literature was consulted for specific taxa. Grass short cell phytoliths (GSCPs) assignments
were based largely on the following studies (Barboni and Bremond 2009; Bremond et al. 2008;
Esteban et al. 2016; Mercader et al. 2010; Neumann et al. 2009; 2017; Novello et al. 2012;
Piperno 2006; Rossouw 2009; Strömberg 2004; Twiss 1992; Twiss et al. 1969), Woody (tree
and shrub) (Albert and Weiner 2001; Mercader et al. 2009; Neumann et al. 2009; Piperno 2006;
Runge 1999; Strömberg 2004) and Palm phytoliths (Figures 4b) (Albert et al. 2009; Ashley et al.
2010b; Neumann et al. 2009), Cyperaceae morphotypes (Honaine et al. 2006; Ollendorf 1992;
Piperno 2006; Strömberg 2004), while the non-diagnostic types (trichomes, bulliforms, elon-
gates) followed (Albert and Weiner 2001; Mercader et al. 2009; Neumann et al. 2009; Piperno
2006; Runge 1999; Strömberg 2004) (see Table 1).
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Table 1. Summary of the diagnostic morphotypes used to identify various taxa presented herein.

Major Taxa Diagnostic
morphotype (s)

Morphotype
description

Comparable
references

Aristidoideae • Bilobate convex
outer margin long
shaft.

• Bilobate with rounded
lobes and long shaft
(>10 µm).

Piperno and Pearsall
1998; Piperno 2006;
Neumann et al., 2009.

Panicoideae • Bilobates panicoid
type.

• Bilobates concave
outer margin
long/short shaft.

• Bilobates convex
outer margin outer
margin short shaft.

• Quadra-lobates/
crosses.

• Bilobate that is
symmetrical, with
rounded lobes.
Shaft <10 µm).

• Bilobates with lobes
curving inwards with
either long shaft
(>10 µm) or short
shaft (<10 µm).

• Bilobate with rounded
lobes and short shaft
(<10 µm).

• Equidimensional bodies
with four lobes

Fredlund and Tieszen
1994; Pieperno
2006; Fahmy 2008;
Rossouw 2009;
Neumann et al. 2009;
Mercader et al.2010;
Novello et al., 2012.

Chloridoideae • Saddle
(Figure 4n).

• Saddle squat.

• Saddle bodies with two
opposite convex edges
and two opposite concave
edges in top view.

• Saddle with side notches
and a much longer axis
than its tangential line.

Piperno 2006;
Rossouw 2009;
Neumann et al. 2009;
Novello et al. 2012;
Mercader et al., 2010.

Undifferentiated
grasses

• Bulliforms
(Figure 4k).

• Parallelepipedal
bulliform cells.

Madella et al. 2005;
Neumann et al. 2009;
Novello et al., 2012.

Palm trees • Globular echinate
(palm type)
(Figure 4c).

• Globular echinate, with
defined spines.

Albert et al. 2006;
2009; Piperno 2006;
Barboni et al., 2007;
2009.

Woody taxa
(Dicot)

• Globular granulate
(Figure 4a).

• Globular verrucate
(Figure 4d).

• Tracheids
(Figure 4g).

• Sclereids
(Figure 4e).

• Spheroid/ spherical with
fine knobs or knots,
grainy.

• Spheroid/spherical with
irregularly shaped
wart-like processes.

• Tracheids.
• Silicified elongate to

slightly curved
treachery tissue.

Strömberg 2004;
Madella et al. 2005;
Albert et al. 2005;
Piperno 2006;
Neumann et al. 2009.

Herbaceous
taxa

• Globular psilate,
elongate spiny.

• Spheroid/spherical with
smooth to sub-smooth
surface.

Madella et al. 2005;
Piperno 2006;
Neumann et al., 2009.

Cyperaceae • Achene types, hat
shapes
(Figure 4h).

• Pentagonal or hexagonal
shape, with psilate surface
and a central rounded
cone.

Ollendorf 1992;
Piperno 2006;
Neumann et al., 2009.
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7.3.2 Data analyses

Morphotypes with >2% occurrence were plotted against sampling depths and age estimates
using TILIA software (Grimm 2007).The zonation is determined statistically by constrained
incremental sum-of-squares analysis (CONISS), a component of the TILIA and TILIA GRAPH
software (Grimm 2007), based on sequential samples that coincide with the geological age bracket
from which they were sampled.

We calculated three phytolith indices: (i) tree cover density (D/P) to distinguish grassland
versus wooded vegetation, whereby a high D/P ratio indicates woody vegetation, and a low
D/P ratio indicates open grassland, (ii) climate index ((IC) to estimate the temperature gradient,
whereby high IC indicates cool climates, and low IC indicates warmer climates, and (iii) aridity
index (Iph) to estimate aridity-humidity gradient across time (Alexandre et al. 1997; Diester-
Haas et al. 1973), whereby a high Iph indicates arid while low Iph indicates moist-conditions
(Alexandre and Bremond 2009; Bremond et al. 2005a, Bremond et al. 2005b; 2008; Neumann
et al., 2009).

The D/P index is calculated as the ratio of diagnostic woody dicotyledons mor-
photypes (globular granulate/ornate) versus diagnostic grass short cell phytoliths (GSCPs)
(saddles+bilobates+crosses+polylobates+trapeziform rondels) (Alexandre et al. 1997; Bre-
mond et al. 2005b; Bremond et al. 2008; Neumann et al. 2009). The Iph index is calculated as
the ratio of Chloridoideae (saddle) versus the sum of Chloridoideae (saddle) and Panicoideae
(cross + bilobates + polylobates) (Bremond et al. 2005b; Neumann et al. 2009). The IC index
is the ratio of Pooideae C3 grasses (trapeziform and keeled rondels) versus C4 Panicoideae
and Chloridoideae grasses (saddles + bilobates + crosses + polylobates+trapeziform) (Bremond
et al. 2008).

7.4 RESULTS

7.4.1 Temporal changes

Temporal variation in phytolith assemblages are presented in summary diagrams which shows
changes in the proportion of the various morphotypes (Figure 5). Five main taxonomic categories
are identified and classified into: (i) C3 grasses (Pooideae), (ii) C4 grasses (Panicoideae, Chlo-
ridoideae and Aristidoideae), (iii) other grasses (undifferentiated grasses), (iv) tree-shrub-herbs
(woody and other taxa), and (v) aquatic taxa (palms and sedges).

A total of 18,679 phytoliths were assigned to 41 different morphotypes . Concentrations of
phytoliths averaged 747 per sample, of which around 61% were grasses, 12% trees and shrubs,
while palms and sedges morphotypes accounted for 2% each. Non-diagnostic morphotypes
accounted for 0.01% only. Of the 11,400 grass phytoliths 91% are diagnostic. Grass phytoliths
were the most prominent component in all samples except for three from the Olorgesailie Fm. (R9,
R16 and R17) which were dominated by trees/shrubs morphotypes. Variations in the phytolith
assemblage where clustered into zones using CONNISS; these vegetation based divisions were
found to correspond closely with the chronostratigraphic units (Figure 5).

7.4.1.1 Upper Olorgesailie formation zone (c. 670 ka to 500 ka)
The phytolith assemblages in the Upper Olorgesailie Fm. zone show greater abundance of
trees/shrubs morphotypes relative to the grass morphotypes (Figure 5). C4 Aristidoideae mor-
photypes are consistently low in this unit. Palm and sedge phytoliths are present in moderate
abundance in nearly all of the six samples from this zone. Phytolith indices, IC, Iph and D/P in
the Olorgesailie Fm zone are as follows:- mean and max. respectively IC (0.3, 0.6), Iph (0.5, 0.7)
and D/P (0.4, 1.0). The IC maximum is recorded in the sample prior to 650 ka while Iph and D/P
maxima are recorded around 650 ka (Figure 6).
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Figure 5. Phytolith relative abundance plotted against sample levels 10 – 250, representing the combined stratigraphic
sequence through the Oltulelei and upper Olorgesailie formations. Note that actual sample intervals are variable in
thickness but are equalized for this diagram.. See text for explanation of phytolith zones. CONISS = constrained

incremental sum-of-squares analysis, a component of the TILIA and TILIA GRAPH software (Grimm 2007).
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Figure 6. Phytolith indices plotted against samples. Climate index (IC) increases with cool conditions, Aridity index
(Iph) increases with low precipitation and Tree cover density (D/P) increases with more wooded vegetation structure.

Graph plotted with older to younger going from right to left. Geological markers indicate with dotted red lines.

7.4.1.2 Olkesiteti mb zone (c. 320 ka to 220 ka)
This zone is separated from the underlying Olorgesailie Fm. zone by the c. 180,000 year unconfor-
mity (Behrensmeyer et al. 2002; 2018). Phytolith assemblages are mostly dominated by grasses,
especially C4 Panicoideae. The Olkesiteti mb zone represents phytolith data for samples R10 to
R24 and marks the beginning of reduced frequencies of trees/shrubs phytoliths with increased
GSCPs dominated by C4Panicoideae morphotypes (Figure 5). Through the zone there is a signif-
icant increase in palm phytoliths, which had virtually disappeared following the unconformity.
Interestingly, this variation, along with increased GSCPs and reduction of trees/shrubs morpho-
types, appears to correspond with the geological marker in the unit. Phytolith preservation is
good, as indicated by the low count in the indeterminate category. Phytolith indices, IC, Iph and
D/P in the zone are as follows:- mean and max. respectively IC (0.2, 0.3), Iph (0.3, 0.5) and D/P
(0.1, 0.1) (Figure 6).

7.4.1.3 Oltepesi mb zone (c. 220 ka to 64 ka)
The Oltepesi mb zone is marked by increased GSCPs, especially C4 Panicoideae morphotypes,
similar to the Olkesiteti mb zone. However, in this zone a slight increase in trees/shrubs morpho-
types is evident, exceeding 15% in most of the samples. The zone is further sub-divided into two
sub-zones, viz. Oltepesi mb zone-a and -b following the CONNISS clustering.

a) Sub-zone Oltepesi mb-a exhibits a continuation of C4 Panicoideae and C4 Chloridoideae
grass dominance. Palm phytoliths are rare but an increase in tree/shrub phytoliths >15%
occurs, especially in samples R26 (100) and R27 (90) (Figure 5).

b) Sub-zone Oltepesi mb-b is characterized by trees/shrubs and C4 Panicoideae grasses
with the exception of sample R33 (30), which has a high occurrence of C3 Pooideae
grasses, while both C4 Panicoideae and Chloridoideae grasses are relatively low in this
sub-zone. Phytolith indices, IC, Iph and D/P in the entire zone are as follows:- mean and
max. respectively IC (0.1, 0.4), Iph (0.3, 0.4) and D/P ( 0.1, 0.2) (Figure 6).
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7.4.2 Spatial variation

We documented variations in phytolith assemblages across the three localities sampled from three
geological sections, OLT05-02, B05-04 and G08-01 (Figure 2). The distance between Localities
OLT and B is c. 2.2 km and between B and G c. 2.5 km, in the east-west direction (Behrensmeyer
et al. 2018). Summary phytolith diagrams (Figure 7) show percentage occurrence of selected
morphotypes identified and classified by taxonomic affiliation, which are then grouped into five
major categories: (i) C3 grasses, (ii) C4 grasses, (iii) woody and herbaceous taxa, (iv) Other taxa,
and (v) riparian/aquatic taxa. The percentages are plotted for each sample for the period between
c. 320 ka and c. 220 ka (Figure 7).

OLT05-02 samples, which is farthest east, show two major clusters (Figure 7). The lower
three samples are characterized by low occurrence of C4 Chloridoideae grasses (<10%) and
relatively higher occurrence of trees/shrubs and dicots phytoliths at >20%. The upper cluster is
dominated by grass morphotypes, derived especially from C4 Panicoideae and Chloridoideae.
Chloridoideae morphotypes increase to more than 10% in this cluster. C3 Pooideae morphotypes
are more or less consistent across all six samples. Palm and sedge phytoliths are rare in all samples.
Phytolith indices, mean and max. respectively for the OLT05-02 samples are as follows: IC (0.7,
max. 1.6), Iph (0.3, 0.4) and D/P (0.1, 2.1) (Figure 8).

B05-04 samples are similar except for sample number R19 (c. 320 ka), which is dominated
by tree/shrub morphotypes with a high occurrence of 60% dropping sharply to 20% or less in the
subsequent samples towards c. 220 ka. Also present in low frequencies in this sample (R-19) are
palm phytoliths, which are absent in the other samples in this section. Sedges are present in low
percentages only across all five samples. Phytolith indices, mean and max. respectively for the
B05-04 samples are as follows: IC (0.5, max. 0.6), Iph (0.5, 0.6) and D/P (0.5, 0.6) (Figure 8).

G08-01 samples from the site situated farthest to the west, are divided into two major clusters
that correspond with the red soil zone , which is geologically significant as the oldest unit of the
Oltulelei Fm. in this locality (Behrensmeyer, et al. 2018) (Figure 7); the top of the red soil forms
the ‘geological marker’ indicated in Figure 5. The lower cluster consists of samples R35, R36 and
R37. Sample R37 differs from the rest in that it has the highest occurrence grass morphotypes
coupled with lowest occurrence of tree/shrub morphotypes (10%). The upper cluster (R39, R41,
and R42) is characterized by the presence of phytolith morphotypes from all categories. Palm
phytoliths are present in significant frequencies except for R38 (c. 320 ka), which is notable for
its high proportion of dicots, trees and shrubs.

We calculated phytolith indices for only five samples because it was not possible to do so for
sample R38; C4 grass morphotypes in this sample were absent, and extremely low C3 Pooideae
and tree/shrub morphotypes did not permit calculation of indices. Phytolith indices, mean and
max. respectively for the B05-04 samples are as follows: IC (0.6, max. 0.8), Iph (0.3, 0.5) and
D/P (2.3, 7.5) (Figure 8).

7.5 DISCUSSION

7.5.1 Temporal vegetation change in the Olorgesailie basin (c. 670 ka to 64 ka)

Temporal changes in the vegetation cover and structure correspond to a relatively stable tectonic
intervals in the basin around 670 ka to 500 ka, when vegetation structure was characterized
by wooded grasslands as indicated by a higher D/P index (>0.5). The landscapes during this
time window were characterized by riparian habitats and fresh water resources indicated by
palms and sedges (Albert et al. 2009; Ashley et al. 2010 a, b; Bamford et al. 2006). Iph index
suggests moderately moist conditions in the upper Olorgesailie Formation. After the c. 180,000
years unconformity, vegetation cover transitioned to C4 Panicoideae dominated grasslands, that
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Figure 7. Phytolith relative abundance plotted against samples from the same 100 ka time interval for Localities OLT,
B and G, which shows kilometre-scale landscape variability in local vegetation across the Olorgesailie basin. In G08-01,

‘Top of red soil’ = ‘Geological Marker’ in Figures 5 and 6. See text and caption to Figure 5 for further information.
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Figure 8. Olorgesailie phytolith indices plotted against samples for localities OLT, B and G. Graphs plotted with older
to younger going from right to left. Climate index (IC) increases with cool conditions, Aridity index (Iph) increases

with low precipitation and Tree cover density (D/P) increases with more wooded vegetation structure. Geographically,
OLT05-02 is farthest east, B05-04 in the middle, and G08-01 is farthest west (Figure 2).

fluctuates subtly through to c. 64 ka. IC and Iph indices suggest warm and moist conditions.
Vegetation cover between c. 220 ka and 64 ka, was stable and dominated by C4 Panicoideae
grasslands with low proportions of woody elements. Wetlands were present through to c. 220 ka.
As mentioned earlier, variation corresponds to lithostratigraphic units.
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7.5.2 Vegetation heterogeneity across the Olorgesailie basin (c. 320 ka to 220 ka)

Vegetation heterogeneity existed across the landscapes of the Olorgesailie basin between c. 320 ka
and c. 220 ka. Within locality OLT, toward the eastern part of the rift basin (Figure 2), vegetation
cover was initially dominated by woody elements that shifted towards C4 Panicoideae grasslands.
Palms and sedges were rarely present. Locality B, near the northern shoulder of Mt. Olorgesailie,
was also dominated by C4 Panicoideae grasslands except around c. 320 ka, which was marked by
high dominance in woody vegetation. Sedges were rarely present and palms completely absent.
Locality G on the western side of Mt. Olorgesailie was consistently dominated by woody and
dicot vegetation, with abundant palms. C3 Pooideae grasses across the three localities follows an
east-west declining trend and are more prominent across the eastern and central localities (B and
OLT) than at Locality G. This suggests that topographic complexity in the basin also influenced
vegetation variation across the palaeolandscapes at least 5 km distance. Mt. Olorgesailie, which
is today characterized by C3 vegetation, likely also was a source of the C3 Pooideae phytoliths
input into the basin during the Oltulelei Fm. The evidence overall indicates considerable spatial
variation in vegetation structure across the basin during the period of sedimentation.

7.5.3 Palaeoanthropological significance of vegetation data

The phytolith data presented here represent temporal resolution of 104−5 years over a total inter-
val of c. 600,000 years and are currently the only comprehensive outcrop-based data in East
Africa for inferring vegetation during the Middle to Late Pleistocene transition in early hominin
technology from Acheulean to Middle Stone Age (MSA) tools, by c. 350 ka to 320 ka (Brooks
et al. 2018; Potts et al. 2018). Before the c. 180,000-year erosional phase, the vegetation structure
associated with the late Acheulean technology at Olorgesailie was more wooded, and included
wetlands/riparian resources, contrasting with the vegetation structure associated with MSA tech-
nology, which was dominated by warm and moist-adapted C4 Panicoideae grasslands. This
corresponds with a marked change in the geology and lithology of the basin between c. 500 and
320 ka, which exhibited a shift to a landscape with fluvial channels, flood plains and spring
deposits (Behrensmeyer et al. 2018; Potts et al. 2018). The vegetation change was accompanied
by large mammal turnover, evidenced by the paleontological evidence in the southern Kenyan rift
(Potts et al. 2018). Herbivores may have played a significant role in engineering the vegetation
structure as it shifted from more wooded to open grasslands in the basin (Potts et al. 2020).
These dynamics could have influenced human adaptive strategies that led to new technological
innovations (Brooks et al. 2018; Potts et al. 2020).

Vegetation heterogeneity, specifically the occurrence of a mosaic of riparian, grasslands
and woodland patches in the time interval between 320 ka and 220 ka, suggests a variety of
habitats that availed key resources for hominins and offered attractive spots for food resources.
Such mixed habitats have been inferred at other prehistoric sites such as Olduvai and Awash
and proved to be of palaeoanthropological significance (Albert et al. 2009; Ashley et al. 2010;
Bamford et al. 2006; Barboni et al. 1999).

7.6 CONCLUSIONS

Phytolith data show that vegetation structure and cover in the Olorgesailie basin was more wooded
prior (c. 670 ka to 500 ka) to the c. 180,000 year unconformity. Riparian habitats were present with
subtle variation between palaeolandscapes. Trees and shrubs fluctuated between landscapes while
grasslands remained stable. From 320 ka to 64 ka vegetation cover shifted to grasslands dominated
by C4 Panicoideae with some riparian habitats. Between c. 320 ka and 220 ka, our evidence shows
that relatively adjacent habitats in the basin included a diversity of open grasslands, woodland,
and riparian elements.
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Phytolith data from this study assist in developing an understanding of local palaeoen-
vironments with which early hominins interacted during the Pleistocene (c. 670 ka to 64 ka).
The data suggest that late Acheulean technology in the southern Kenya rift was associated with
more woody vegetation structure than early MSA technology, which appears to have coincided
with grassy landscapes in the Olorgesailie basin. This technological transition at Olorgesailie
represents the oldest example currently known of the replacement of the Acheulean by the MSA
(Brooks et al. 2018; Deino et al. 2018). We propose that this important transition may have
occurred in response to changing vegetation and food resources available to the fauna, and may
help to explain the replacement of large-bodied by smaller-bodied herbivores that were increas-
ingly reliant on mixed vegetation diets (Potts et al. 2020). The varied habitats present in the basin
offered critical resources such as fresh water and forage that would have sustained hominins and
other animals.

In conclusion, vegetation dynamics in Olorgesailie during the Pleistocene reflected
responses to both precipitation variability and tectonic processes. The vegetation data presented
here are significant in that they are directly extracted from and related to fossil- and artifact-
bearing outcrops and shed new light on the evidence for interactions between hominins and other
faunal and floral communities in the basin. We postulate that such interactions likely played a
critical role in shaping hominin behavior and technological innovations.
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CHAPTER 8

Sedimentological, palynological and charcoal
analyses of the hydric palustrine sediments from
the Lielerai-Kimana wetlands, Kajiado, southern
Kenya
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ABSTRACT: Intermittent and sometimes ephemeral wetlands found in savannah ecosystems are
subject to complex hydrological and geomorphological processes that influence vegetation and
fire patterns, and their use by humans, cattle and wildlife. Today these wetlands are impacted by
changes in land use, climate, and wildlife use. Small wetlands in semi-arid climates are dynamic
ecosystems that respond rapidly to biological, physical and chemical processes and accumu-
late sedimentary deposits making them excellent archives of past environmental changes. The
Lielerai-Kimana wetlands in the Greater Amboseli Ecosystem of southern Kenya are located
within the current protected area network. A 384 cm long palustrine sediment core was recovered
from the Lielerai-Kimana wetlands, radiometrically dated, and used for sedimentological, paly-
nological and charcoal analyses. The 210Pb (n = 16 ages) and 14C (n = 10 ages) results suggest a
complex depositional pattern covering c. 1500 years. The mismatches between 210Pb and 14C date
estimates suggest some degree of sediment mixing which may prevent centennial-scale interpreta-
tion of the palaeoenvironmental record. The sediments are characterised by a high silt content from
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2Other affiliation: Water Infrastructure and Sustainable Energy (WISE) Futures, Nelson Mandela African Institu-
tion of Science & Technology, Tengeru, Arusha, Tanzania; andYork Institute for Tropical Ecosystems, Department
of Environment and Geography, University of York, York, United Kingdom
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1500–600 cal yr BP with the organic content increasing from 600 cal yr BP to the present. The
pollen data show little changes in vegetation composition, suggesting a mosaic of savannah,
woody savannah, riparian, and montane forest persisted throughout the period of deposition.
Charcoal and organic content suggest the continuous presence of herbaceous fuels at the coring
site from 600 cal yr BP to the present. The results highlight the spatiotemporal heterogene-
ity and complexity of wetland records across the semi-arid landscapes of Amboseli during the
Late Holocene. Further studies on hydroclimate and vegetation change, disturbance ecology
(fire, erosion, bioturbation), and human-environment interactions would further develop our
understanding of the environmental history and drivers of environmental change across these
ecosystems that are increasingly under human land use pressures.

8.1 INTRODUCTION

Amboseli is an important ecosystem in southern Kenya due to its high biodiversity, long history
of pastoralism, rapidly developing agricultural potential, and subsequent land-use changes over
the past decades. High levels of tourism since the 1960s (Western 1973, 2007; Western et al.
2020) make Amboseli an important contributor to Kenya’s gross domestic product (GDP) and
the livelihoods of local communities (Hodgson 2000; Makindi 2016). Amboseli has experienced,
and continues to experience, wide-scale yet spatially complex habitat changes such as: Vachellia
xanthophloea woodland reduction, riparian and wetland fluctuation, introduced agriculture and
a proliferation of ruderal plant species (Western and Van Praet 1973). Within semi-arid regions,
such as the Amboseli, water is a crucial natural resource and ecosystem service. Changes in
livelihood strategies from pastoral to sedentary has led to increased pressure on water resources
for farming and irrigation (Okello and Kioko 2011; Wishitemi et al. 2015). Amboseli wetlands are
intermittently distributed across the semi-arid savannah landscape and have complex responses to
hydroclimate, land-use and land cover changes, defaunation and wildlife management (Meijerink
and Wijngaarden 1997). Increased densities of wildlife populations outside protected areas due to
fencing along migration corridors (Kenya Wildlife Service 2009; Osipova et al. 2018) and fencing
in some of Amboseli’s wetlands (Okello and Kioko 2011) has been reported. The Amboseli
Ecosystem Management Plan 2008–2018 (Kenya Wildlife Service 2009) and Kenya Wetlands
Atlas (MEMR 2012) identified wetlands as an exceptional resource value for the Amboseli
ecosystem that are susceptible to rapid and irreversible change with complex social co-benefits
and potential negative impacts on biodiversity and conservation. Palaeoenvironmental records
developed from wetland ecosystem sedimentary archives can provide a long-term context for
modern ecosystem changes and develop data suitable for characterising the wetlands, and their
histories, as part of developing evidenced-based support for management (Gillson and Marchant
2014; Githumbi et al. 2020).

The abundance of wetlands in Amboseli enabled five palaeoecological studies, focused
on a variety of proxies, to provide information relevant to understanding different aspects of
environmental, ecological and human-environment interaction change during the Late Holocene
(last c. 4200 years). Understanding how the various wetlands responded to large-scale controls
(climate variability) and internal controls (hydrological connectivity, topography) is necessary
when utilising wetland palaeoenvironmental records to observe temporal change and compare
changes across a landscape. Palynological analyses published from Amboseli wetlands, include
Namelok (Rucina et al. 2010) and Esambu, Kimana and Ormakau (Githumbi 2017) and were
presented in summary formats for discussion alongside archaeological insights (Githumbi et al.
2018a, Shoemaker 2018) and carbon accumulation in wetlands (Gallego-Sala et al. 2018). The
oldest radiocarbon dated published record from theAmboseli wetlands is currently from Indoinyo-
Esambu, which dates back to c. 5000 cal yr BP, while the Namelok record covers the past
c. 3000 cal yr BP. The radiocarbon dated sediment core presented here from the Lielerai-Kimana
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dates back to c. 1500 cal yr BP. Sedimentological, geochronological, palynological and charcoal
data from the Lielerai-Kimana sediment core are used to characterise the sediments, explore
the limitations and opportunities of the geochronological results, and interpret the pollen and
charcoal results. The findings are discussed in relation to the history of wetland dynamics in the
Amboseli area of southern Kenya.

8.1.1 Study site

Amboseli is located in southern Kenya between the northern base of Kilimanjaro, near the
Kenya-Tanzania border, Tsavo West National Park and the Chyulu Hills (Figure 1). A semi-arid
savannah and scrubland ecosystems, the Amboseli basin occupies c. 3000 km2 and experiences
bimodal rainfall distribution. Rainfall patterns are determined by the African monsoon, which is,
in turn, driven by the latitudinal migration of the Intertropical Convergence Zone (ITCZ) and its
interaction with more local climate systems and topographic feedbacks (Hulme 1996; Marchant
et al. 2007). Precipitation mainly falls in two rainy seasons: March–May and October–December.
Average annual precipitation is 586 mm year−1 although with considerable interannual variation
(range 226 to 990 mm year−1) from 1979 to 2009 (Githumbi 2017). An overall increase in
temperature (daily minimum and maximum) was observed between 1976 and 2001, however,
there was little change in precipitation (Altmann et al. 2002). Today, Amboseli supports a wide
range of wildlife including ungulates, carnivores, and birds, that co-exist with pastoralist and
agricultural land uses, making it an important wildlife conservation area and designated important
bird area (IBA).Several of the wetlands acrossAmboseli are crucial for wildlife migrations among
the network of protected (Kenya Wildlife Service 2009; Osipova et al. 2018), however, with

Figure 1. Map of the Lielerai-Kimana wetlands and study site (red boxes). (A) Inset map of Africa and (B) East Africa.
(C) The Kimana Sanctuary Lielerai-Kimana wetlands and riparian forests along the Kimana River, which flows north
and then east. The Cyperaceae and Poaceae covered riparian wetland is outlined with black and the coring location is
shown with a black circle (coordinates: 2.748833 S, 37.515367 E, 1222 m asl). The ‘V’ symbol indicates the location

and perspective of the inset photograph D, and Kenyan road C102. (D) Oblique air photograph of the wetland showing
the coring location (black circle) and landscape features around the Kimana Sanctuary protected area (Courtney

Mustaphi et al. 2014; Githumbi et al. 2014). Google Earth image dated 27 April 2014 (copyright CNES/Airbus and
Google Inc.) Basemap imagery: Google Earth, 2020, http://earth.google.com/web/.

http://earth.google.com/web/
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Figure 2. Photographs of landscapes and features around the Kimana wetland. (A) The coring location between the tall
Cyperaceae and Poaceae dominated wetland. (B) Short Poaceae and Cyperaceae that cover parts of the southern end of

the Kimana wetland. (C) The Hippo pool (viewed from the west facing southeast). (D) A biogeomorphological
riverbank feature heavily influenced by Hippopotamus amphibius and Crocodylus niloticus entering and exiting the

Kimana River (flowing to the left of photograph, northward). (E) The eastern margin of the Kimana Sanctuary viewing
northeast showing the mosaic of barren ground, savannah, woody savannahs, and wetlands. (F) An example of crops

grown in the Amboseli-Oloitoktok area. Photographs: A, Esther Githumbi, April 2014; B, D, E, Colin Mustaphi, March
2015; and C, F, Rob Marchant, March 2015.

increasing anthropogenic land-use pressures and human-wildlife conflicts are increasing (Okello
2005).

The Amboseli landscape comprises of savannah and scrubland plains, lacustrine plains,
wetlands, and volcanic footslopes (Meijerink and Wijngaarden 1997). The woody-grassy savan-
nah landscapes are dominated by Pennisetum spp., Cenchrus spp., and African Acacia species
(Vachellia and Senegalia, and referred in this paper as Acacias) (Figure 2). The Amboseli wet-
lands are located on the Kilimanjaro aquifer and they receive groundwater and surface runoff
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primarily from the slopes of Mount Kilimanjaro (Grossmann 2008; Meijerink and Wijngaar-
den 1997). Amboseli wetlands are either spring fed (Enkongu, Esambu, Ormakau, Namelok) or
riverine (Lielerai-Kimana) and highly modified through climatological, biological, geomorpho-
logical and hydrological processes. The wetlands overlie deep, well-drained and neutral pH soils
developed from lava flows and partly reworked pyroclastic deposits of Pleistocene age (Williams
1972). These wetland areas are dominated by Cyperus spp. and Sporobolus spp., while Vachel-
lia (Acacias), Balanites, Commiphora, Euphorbia and Syzygium dominate the adjacent woody
savannahs and scrublands.

The Lielerai-Kimana toponym comes from the Maa language, where ‘Lielerai’ refers to
the yellow fever trees (Vachellia xanthophloea) and ‘Kimana’ means ‘a continuous circle’. The
Lielerai-Kimana wetland is fed by the Kimana River, which flows through the wetlands towards
the Chyulu Hills. Parts of the wetland complex was under various forms of protected area sta-
tus that have included ecotourism and community-based conservation (Githumbi et al. 2018a;
Meguro and Inoue 2011) and is an ecological hotspot for wildlife migration and is a hippopotami
breeding site.

8.2 MATERIALS AND METHODS

8.2.1 Field methods

The Lielerai-Kimana core site was located, within the Kimana Sanctuary (also known as Sidai
Oleng), at 2.748833◦S, 37.5151367◦E (1222 m asl). Today the area around Lielerai-Kimana is a
Cyperaceae-covered wetland with hydric soils and palustrine sediments (Figures 2A, 2B). In July
2014, the profile of the sediments beneath the wetlands were determined through probing using
fiberglass rods. A coring location was then chosen where the organic sediment accumulation
seemed to be high and sandy layers appeared to be absent. Then the sediments were cored
using a hand operated, 50 cm long, 5 cm diameter hemicylindrical Russian peat corer (Jowsey
1966). Sediment cores from two overlapping parallel boreholes were obtained. Together the
parallel cores contained the complete sedimentary sequence and reached a maximum depth of
384 cm (Courtney Mustaphi et al. 2014; Githumbi 2017). Upon recovery, the core sections were
wrapped in plastic and aluminium foil, and transferred into split plastic PVC pipes for transport.
The sediment cores were then transported to the Palynology and Palaeobotany Section of the
National Museums of Kenya (NMK; Nairobi, Kenya) where they were placed in cold storage at
4◦C. Subsamples were later extracted at NMK, and analyses were undertaken at NMK and the
University of York (UK).

8.2.2 Laboratory methods

8.2.2.1 Geochronology
Ten accelerator mass spectrometer (AMS) radiocarbon dates were obtained from the Lielerai-
Kimana sediment core (Table 1). Two bulk sediment subsamples were sent to Direct AMS
(Bothell, WA, USA) that were acid–base–acid washed, combusted, graphitised and measured
using a National Electrostatics Corporation (NEC) 1.5 SDH Compact Pelletron 500 kV AMS.
Two bulk sediment subsamples were sent to the 14CHRONO laboratory (Queen’s University
Belfast, Northern Ireland) and acid wash pre-treated prior to combustion to CO2, graphitization
and AMS using a NEC 0.5 MV compact accelerator. Six sediment subsamples were wet sieved
using a 63 µm mesh and the fine organic detrital fraction (<63 µm) was graphitised and dated at
the East Kilbride facility of the SUERC Radiocarbon Laboratory (University of Glasgow) using
either the National Electrostatic Corporation 5 MV tandem AMS or 250 kV single-stage AMS.
Radiocarbon ages (14C years BP) were calibrated using the IntCal13 curve (Reimer et al. 2013).
Calibrated ages are presented in years BP (Before Present, CE 1950) by convention.
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Table 1. Alpha counter radioactivities (counts per second or Bq) and CRS model calendar age results of 210Pb dating
the uppermost sediments of the Lielerai-Kimana sediment core collected in CE2014 (−64 yr BP). Note that samples

below 210Pb background radioactivities (34–40 cm) do not produce CRS calendar age estimates. Acronyms: BP, before
present AD1950; CRS, constant rate of supply model; NA, not applicable, ages not modelled.

210Pb-
Dry Bulk Corrected Corrected 210Pb activity CRS CRS 2σ

Depth weight density d 209Po d 210Po 210Po activity error ±1σ year error
(cm) (g) (g cm−3) (counts) (counts) 209Po (Bq kg−1) (Bq kg−1) BP (years)

4–5 0.2523 0.2678 2073.30 134.25 0.06 23.55 2.16 −63 2.01
5–6 0.3035 0.3109 1654.24 95.75 0.06 17.50 1.89 −62 2.29
6–8 0.502 0.2614 973.14 69.73 0.07 13.10 1.66 −61 2.30
8–10 0.3801 0.2077 1760.26 88.46 0.05 12.13 1.36 −60 2.31

10–12 0.4117 0.2247 1490.22 85.34 0.06 12.77 1.46 −59 2.32
12–14 0.5203 0.2864 1375.20 135.30 0.10 17.35 1.61 −57 2.32
14–16 0.4018 0.2202 1434.21 88.46 0.06 14.09 1.59 −55 2.34
16–18 0.3981 0.2184 1486.22 139.46 0.09 21.63 1.97 −50 2.37
18–20 0.3977 0.2347 1421.21 113.44 0.08 18.42 1.85 −45 2.40
20–22 0.4735 0.2839 1999.29 218.55 0.11 21.19 1.57 −38 2.45
22–24 0.3152 0.2079 1768.26 150.91 0.09 24.85 2.17 −24 2.58
24–26 0.3312 0.1887 1197.18 53.08 0.04 12.28 1.77 −15 2.65
26–28 0.2737 0.1577 1147.17 53.08 0.05 15.51 2.23 4 3.01
28–30 0.1683 0.1607 1163.17 18.73 0.02 8.78 2.09 20 3.36
30–32 0.2761 0.1824 1835.27 38.51 0.02 6.97 1.16 37 3.84
32–34 0.2236 0.1541 1430.21 23.94 0.02 6.87 1.45 79 7.24
34–36 0.2231 0.1345 1341.20 15.61 0.01 4.79 1.24 NA NA
36–38 0.2042 0.1272 1170.17 9.37 0.01 3.60 1.2 NA NA
38–40 0.2425 0.1589 1567.23 18.73 0.01 4.52 1.07 NA NA

Lead (210Pb) dating of the uppermost sediments was done by drying sediment subsamples
from intervals between 4–40 cm depth and measured through alpha spectroscopy at the University
of Exeter, UK. A constant rate of supply (CRS) model of calendar age estimates with age estimate
errors that have a Gaussian distribution (Appleby 2005) was developed with the core top (0 cm)
set as −64 years BP, the year of core collection. 210Pb background activities were reached at
34–36 cm depth.

An age-depth model combining both calibrated 14C and 210Pb ages was developed using
Bacon (Blaauw and Christen 2011) in RStudio version 1.3.959.

8.2.2.2 Sedimentological characterisation
The Lielerai-Kimana sediment cores were longitudinally split and surfaces cleaned flat with a
knife and the composite stratigraphy of overlapping core drives was established in the laboratory.
The cores were scanned at BOSCORF National Oceanography Centre (NOC), Southampton, UK,
using a molybdenum tube ITRAX™ Core Scanner for µXRF semi-quantification of 36 elements
at 500 µm resolution (Croudace and Rothwell 2015). The X-ray beam irradiated the centerline of
the core using a 3 kW Mo X-ray tube typically run at 55 kV and 50 ma for x-radiography and 30 kV
and 50 ma for the XRF scan. A Geotek multi-sensor core logger (MSCL-XYZ) with a Bartington
MS2E magnetic susceptibility point sensor and a Konica Minolta spectrophotometer (quantified
greyscale reflectance) scanned the cores at 0.5 cm intervals from 0–384 cm stratigraphic depth.
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Loss-on-ignition (LOI) analysis (Heiri et al. 2001) was used to estimate organic matter
content, carbonate content and residuals mean clastic particle size every 5 cm down core. Wet
sediment subsamples were weighed dried at 105◦C for 24 hours, then burned at 550◦C for 5 hours
and weighed, and ashed at 950◦C for 3 hours and weighed, to calculate the dry weight (and dry bulk
density), organic matter and carbonate contents respectively. Particle size distribution analysis
used the Malvern Mastersizer 2000 laser granulometer (MEH/MJG180914). The binned particle
size distributions were aggregated into percentage clay (<1–4 µm), silt (4–63 µm), and sand
(63–2000 µm) fractions (Blott and Pye 2012). Bulk sediment C:N ratios for the top 111–0 cm at
contiguous 1-cm intervals were measured using a CHN analyser at the University of Exeter, UK.

8.2.2.3 Sieved (>125 µm) charcoal analysis
For sieved charcoal analysis, subsamples of 1 cm3 of wet sediment were removed at a continuous
1 cm resolution. Samples were soaked in a sodium metaphosphate solution (Tsakiridou et al.
2020) for >24 hours and then wet sieved through a 125-µm mesh and the larger fraction was
transferred to a gridded Petri dish. Charcoal pieces were identified and total charcoal was tallied
through visual inspection and manipulated with a metal probing needle under a Zeiss Stemi
2000-C optical stereo microscope at 10–40 × magnifications and converted to sieved charcoal
concentrations (pieces cm−3).

8.2.2.4 Pollen preparation and analysis
Wet sediment subsamples of 1 cm3 were extracted from the core at 20–cm intervals and pro-
cessed for pollen analysis using sequential sediment digestions (Fægri and Iversen 1989). One
tablet of exotic Lycopodium spores was added prior to pollen processing to act as a counter for
calculating pollen concentration or estimation of absolute influx (Lund University batch number
3862, exotic count per tablet: 9666 ± 212.3). Subsamples were chemically digested, centrifuged,
decanted, and rinsed with deionised water (or glacial acetic acid) after each digestion step. The
digestion step included 10% HCl (room temperature), 10% KOH (room temperature), 50% HF
(70◦C), dewatering with glacial acetic acid, and acetolysis (Erdtman 1960; Fægri and Iversen
1989). Digested sediment residues were transferred into vials using 96% ethanol, centrifuged
and decanted. Glycerine was added to match the volume of residue and then left for the ethanol
to evaporate in an oven at 60◦C then a droplet was mounted on standard microscope slides with
a coverslip (Bennett and Willis 2001).

Pollen counts were conducted across horizontal line scans of the coverslips using a Leica
DM4000B microscope at a magnification of 400×. Identifications were confirmed using a ref-
erence collection derived from pollen and herbarium specimens from the National Museums
of Kenya and published pollen atlases (Bonnefille and Riollet 1980; Hamilton 1976, 1982;
Hamilton and Perrott 1980; Schüler et al. 2014). Pollen diagrams were plotted using C2 v.1.7.6
(Juggins 2003). The stratigraphically constrained cluster analysis using incremental sum of
squares (CONISS, Grimm 1987) was used to delimit statistically significant assemblage zones of
the relative abundances of all pollen types using a broken stick test (Bennett 1996). Pollen were
grouped using published pollen atlases (Schüler and Hemp 2016), previously published pollen
grouping (Githumbi et al. 2018a; Rucina et al. 2010), field observation of taxa, and ecology and
habitat descriptions (Dharani 2011).

8.3 RESULTS

8.3.1 Chronology and stratigraphy

In total sixteen 210Pb (Table 1) and 10 AMS radiocarbon dates (Table 2) were used in the devel-
opment of the Bacon age-depth model (Figure 3; Blaauw and Christen 2011). The 210Pb samples
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Table 2. Reported AMS radiocarbon dates with IntCal13 calibrated ages with maximum 2σ error range (year BP,
before present; Reimer et al. 2013) from the Lielerai-Kimana sediment core.

Depth Age Calibrated age
(cm) Lab code (14C years) (year BP) Material

20–21 SUERC-64044 578 ± 37 600 ± 73 <63 µm sieved organic detritus
40–41 SUERC-64045 526 ± 37 539 ± 88 <63 µm sieved organic detritus
50–51 SUERC-57339 424 ± 37 486 ± 158 <63 µm sieved organic detritus
50–51 SUERC-58881 500 ± 37 527 ± 96 <63 µm sieved organic detritus
75–76 SUERC-64046 647 ± 37 605 ± 64 <63 µm sieved organic detritus
100–101 UBA-26122 540 ± 24 543 ± 81 bulk sediment
100–101 SUERC-64047 630 ± 35 602 ± 58 <63 µm sieved organic detritus
260–261 D-AMS 009667 946 ± 25 850 ± 67 bulk sediment
310–311 D-AMS 009668 455 ± 24 509 ± 27 bulk sediment
370–371 UBA-26122 1458 ± 31 1340 ± 44 bulk sediment

were from the top 40 cm of the core and the AMS radiocarbon dates ranged from the whole
core. There is a high degree of uncertainty in the age-depth model from 650–100 cal yr BP due
to the range of dates in this uppermost section, suggesting some degree of movement of old
carbon.

The Lielerai-Kimana core was predominantly organic rich (c. 20%), poorly sorted, sandy
and coarse silt sediments (c. 61% silt, c. 23% sand and c. 11% clay) and three broad lithological
units were observed (Figure 4). The base of the core (384 cm) to 380 cm contained very poorly
sorted dark grey sandy and coarse silts (mean particle size 70–170 µm) with light coloured sandy
laminations. The second unit from 380–103 cm was a massive, visually homogeneous, poorly
sorted, very dark brown organic sediment (10–25%), with increased clay content and less sand
content (mean particle size 23–250 µm). The uppermost unit, from 103 cm to the top, contained
very poorly sorted, medium dark brown sandy silt (mean particle size 80–250 µm) with a very
high organic content (40–90%). C/N values were relatively high and variable within the measured
section (Figure 3), 111–0 cm depth, carbon ranged in value between 16% and 48% while nitrogen
ranged between 0.6% and 1.2%, the three C/N peaks are observed at 32 cm, 44 cm and 86 cm.
Magnetic susceptibility ranges from 0 to 617.41 κ with a mean of 191.45 κ.

8.3.2 Charcoal

Sieved charcoal particle (>125 µm) concentrations ranged 2–5700 pieces cm3 with a mean of
329 (median of 104 pieces cm3) and 1σ standard deviation of 656. Throughout the core, but
particularly in the uppermost section the charcoal concentrations are highly variable. Charcoal
concentrations were generally <200 pieces cm3 from 384–100 cm and averaged 1000 pieces cm3

from 100–20 cm. Charcoal concentrations were <1000 pieces cm3 from 20–0 cm (Figure 4).
When the charcoal concentrations were converted to charcoal accumulation rates (influx, pieces
cm2 year1), the pattern is very similar to the concentration values, with the exception of a slight
increase in the top 30 cm that is not evident in the concentration values. Several surface sediment
samples of 0–1 cm depth from different parts of the swamp (n = 13) were analysed using the same
charcoal sieving method and averaged 17 pieces cm3 with a range of 0–162 pieces cm−3. The
conspicuous increase in charcoal around 100 cm is concomitant with increased organic content
and sands, and changes to the elemental composition measured by ITRAX (Figure 4).
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Figure 3. (A) Alpha radioactivities and CRS model calendar age estimates (years BP) of the uppermost sediments of
the Kimana sediment core. (B) Age-depth model iteration using IntCal13 calibration curve and default BACON settings.

8.3.3 Pollen

Forty-six pollen taxa were identified from the Lielerai-Kimana sediment core and pollen-slide
charcoal was also counted. Although the apparent variability of pollen relative abundances is
relatively low, the CONISS zonation identified two significant pollen zones and the dendrogram
showed insignificant zone breaks (subzones; Figure 5). The pollen taxa have been ordered by
dominant growth form in Figure 5. The pollen assemblages are similar throughout the past 1500
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Figure 4. Sedimentological results of the Kimana wetland sediment core and age-depth model estimated downcore
ages (at left). The visual lithological description and sediment characterisation measurements of volume magnetic

susceptibility, dry sediment bulk density, and loss-on-ignition results, particle size distribution summary and charcoal
concentrations. C:N measurements were collected for the top 111-0 cm. Elemental ratios were calculated from ITRAX

XRD results (cps units). Pollen zones delineated by horizontal lines from CONISS analysis of the pollen relative
abundances (see Figure 5).

years, consistent with the current savannah, wooded savannah, and riparian vegetation surround-
ing the site. Throughout the record the trees and shrubs have a combined mean value of c. 50%,
c. 24% and c. 26%. The herbaceous taxa are c. 31%, the aquatics c. 12% and the grass c. 6%.
The dominating taxa occurring above >2% throughout the record are Vachelia (Acacia) c. 3%,
Carissa c. 2%, Polyscias c. 2%, Balanites c. 2%, Podocarpus c. 3%, Euphorbia c. 3%, Com-
melina c. 3.7%, Commiphora c. 2.6%, Asteraceae c. 2.8%, Amaranthaceae c. 2.6%, Cyperaceae
c. 7%, Typha c. 3.5% and Poaceae c. 5%. The lowermost significant pollen assemblage zone 1,
from the core bottom to c. 900 cal yr BP (385 to 230 cm) has tree pollen abundances of c. 24%,
shrub pollen c. 27%, herbs c. 31%, aquatics c. 12% and grasses c. 6%. The uppermost significant
pollen assemblage zone 2, from c. 900 cal yr BP to present (230 cm to the top) is divided into
two subzones: zone 2a (from c. 800–500 cal yr BP, 230–90 cm) with tree pollen abundances of
c. 24%, c. 27% shrub pollen, c. 31% herbs, c. 12% aquatics and grasses c. 6%. The topmost
subzone 2b (from c. 500 cal yr BP to present, 90–0 cm) shows tree pollen abundances of c. 26%,
c. 25% shrub pollen, c. 31% herbs, c. 12% aquatics, and c. 6% grasses.

8.4 DISCUSSION

8.4.1 Sedimentology and chronology

The poorly sorted sediments and high sand content suggest complex transport and depositional
energy regimes influence the sediment deposition into the Lielerai-Kimana wetland. The wet-
land is under high bioturbation pressure from microorganisms, herbivores and has a river running
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Figure 5. Relative abundance of the total pollen sum. Select taxa shown. Pollen groups based on qualitative
predominance of taxa or structural growth forms in the Amboseli area (Githumbi et al. 2018a and 2018b; Rucina et al.

2010) with succulents shown in brackets. CONISS zonation with 1 statistically significant zone break and 1
insignificant zone bound between zone 2a and 2b (CONISS dendrogram units not shown; total sum of squares ×1000).
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through the wetland that ephemerally floods. From the base of the core (384 cm) up to 100 cm,
the sediments are characterised by moderate organic, high silt, and higher clay content. This
could reflect the ephemeral nature of the catchment that is fed by a river with the headwaters in
the nearby Kilimanjaro mountain. The low (<20%) organic content measured in the lower half
of the core (384–200 cm; Figure 4) is similar to organic content measured from modern hip-
popotamus pool margins, trails and mudflats inside the Ngorongoro Crater (Deocampo 2002);
although, Ngorongoro crater wetlands are generally much larger and far less shaded by trees
than is currently found at Lielerai-Kimana. In the uppermost unit (100 cm to the top; Figure 4),
the magnetic susceptibility drops significantly, we observe a high Fe:Mn ratio, low Ti:Si ratio,
high organic, charcoal and sand content. The radiocarbon ages suggest a high degree of remo-
bilisation of organic content from within the catchment aged between 650–400 cal yr BP. It is
frequently observed that organic matter (including charcoal after fires) and sands at the surface
are transported by surface sheet wash during intense rain events on top of the very hard com-
pacted soils (see also Shoemaker 2018, page 61). These materials could be transported into the
riverine and palustrine features from the wider Amboseli landscape and trapped by vegetation
(Courtney Mustaphi et al. 2015; Koff and Vandel 2008). Within the top 100 cm (Figure 3) the
C/N values are very high and variable, indicative of terrestrial sources and the high variability
may be due to certain layers, such as 30–50 cm and around 100 cm, having high rates of microbial
activity.

Bulk sediment radiocarbon dates can produce older 14C dates because of aggregation of
remobilised fine organic matter from the catchment and have a lower precision (Barnekow et al.
1998; Grimm et al. 2009). Bulk sediment offsets have not been explicitly investigated in wetland
ecosystems in eastern Africa. The Lielerai-Kimana record at 101–100 cm provides one example
of a comparison for a bulk sediment age estimate of 540 ± 24 (UBA-26122; Figure 3) and
<63 um sieved organic detritus age of 630 ± 35 (SUERC-64047). In this example, the age of the
finer organic detritus was older than the total bulk sediment (with visible rootlets removed). In
palustrine sediments, rootlet remains need to be avoided because of vertical movement of carbon
in the stratigraphy. The offset could be due to a remainder of younger fine rootlets persisting in the
bulk sediment sample, remobilised clay- and silt-sized organics in the catchment or remobilised
organics with a variety of radiocarbon ages deposited together – with the limited comparable
results, here it is difficult to discern the cause.

The distribution of the radiocarbon samples is less monotonic and not in stratigraphic
superposition; but overall, there is a tendency towards older dates (1500–940 cal yr BP) towards
the bottom of the core. The 210Pb profile has some evidence of disturbed sediments over the past
century, but is not completely mixed or noisy, and there are large offsets of around 400 years,
between the 210Pb and 14C radiometric dates. Offsets between radiocarbon dating of organic
content and 210Pb dating of the uppermost clastic sediments has been observed in sediments from
temperature lacustrine deposits with the potential for remobilisation of older organic detritus in the
catchment (Rinta et al. 2016). In nearby volcanic Crater Lake Duluti, Mount Meru, century-scale
disparities between the 210Pb age estimates and radiocarbon ages occurred in the top sediments
(Öberg et al. 2012). This could be due to changing sedimentation from within the closed catchment
of the crater due to land use and change cover change, and as varying water levels influencing the
submerged macrophyte coverage and resuspension and deposition of organic sediments (Öberg
et al. 2013).

The top of the record presented a reasonable curve of higher 210Pb alpha radioactivities that
decreased and reached a background activity by 34 cm depth; yet, the radioactivities suggest a
slight some degree of sediment mixing from 23 to 7 cm (Figure 3A). The uppermost radiocarbon
ages are several centuries older than the 210Pb age estimates suggesting reworking of carbon from
within the catchment for bulk and fine (<63 µm) organic matter. Potential causes include riverine
overbank flow (wetland is located close to Kimana river), deposition of sediments and organic
matter from the catchment, vegetation bioturbation through root establishment, and mammalian
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bioturbation (the wetland is a key watering point for Amboseli wildlife and a Hippo pool). This
may prevent centennial-scale interpretation of the palaeoenvironmental record. A combination
of 210Pb and radiocarbon dates at the top of our record improves the utility of the age-depth
model by highlighting the influx of old and material. The proximity of Lielarai-Kimana wetland
to Kimana River could be the main driver of the influx observed where flooding of the river and
use of the wetland by the resident hippos is a constant source of sediment flow.

8.4.2 Regional palaeoenvironmental records

Several wetlands in the region have basal ages from 3000–1500 cal yr BP, suggesting a
phase of wetland establishment and maintenance by hydroclimatic, topographical/geological
(Liutkus and Ashley 2003; Owen et al. 2004), and biogeomorphological processes (Deocampo
2002; McCarthy et al. 1998). Palustrine sediments from the Amboseli and Tsavo areas have
basal radiocarbon dates >5000 cal yr BP (Gillson 2004; Githumbi et al. 2018a; Rucina et al.
2010). Esambu had an older radiocarbon date of c. 5000 cal yr BP, and the sediments at this
age were highly represented dry savannah pollen types, such as Vachellia (acacia) and Amaran-
thaceae/Chenopodiaceae as opposed to wetland taxa (Githumbi et al. 2018b). That suggests the
landscape was an open patchy savannah where the lack of herbaceous vegetation or a contin-
uous understory indicates a dry period and that the dimensions and spatial distribution of the
hydric palustrine ecosystems within the semi-arid ecosystem varies through time in response to
hydroclimatic, topographical, and biogeomorphological processes (Ashley et al. 2002, Casanova
and Powling 2015; Jolly et al. 2008). Sediment cores collected from relatively small, montane
wetlands in adjacent highland areas have similar basal ages (5000–1500 cal yr BP), including
Kilimanjaro (Coetzee 1967; Courtney Mustaphi et al. 2020; Hamilton 1982), North Pare Moun-
tains (Heckmann 2014), and Mount Shengena (Finch et al. 2017). The Late Holocene in this
region was characterised by intermittent drought phases following the end of the African Humid
Period (Verschuren et al. 2009) that influenced the vegetation and fire regimes of the savannahs
(Gillson 2004; Nelson et al. 2012; Urban et al. 2015). The stability of wetland vegetation has
been described in coastal wetlands of eastern South Africa during the Late Holocene (Turner and
Plater 2004).

8.4.3 Land-cover and land-use change

Semi-arid savannah and shrubland ecosystems of eastern African are characterised by high spa-
tiotemporal variability in precipitation regimes that results in a diverse ecosystem composition,
structure and distribution. The Amboseli landscape has undergone a series of land-use regimes
through time and currently supports pastoralists, agriculture and wildlife. The dynamic nature
of the Amboseli local ecosystem is shaped by these interactions between climate, ecosystem,
herbivores and humans. Pollen, non-pollen palynomorph (NPP) and charcoal data from Esambu
swamp indicated that sparse woodland and shrub taxa characterised the semi-arid Amboseli
landscape from c. 5000–1700 cal yr BP (Githumbi et al. 2018b) with a change from a drier
environment with a small aquatic areas that expanded as regional climates become moist. Sev-
eral of the published archaeological records from Amboseli (Foley 1981; Shoemaker 2018) and
Kilimanjaro area (Fosbrooke and Sassoon, 1965) also published radiocarbon ages during the
late Holocene or ceramic wares dated to the Holocene and suggest extensive human land uses
across Amboseli (Iles et al. 2018; Odner 1971). The ecosystem was occupied by hunter-gatherer
groups and subsequent pastoral Neolithic communities with regionally archaeological evidence
indicating a shift in livelihood strategies with specialised pastoralism emerging c. 3000 cal yr
BP (Shoemaker 2018). The Namelok record, which covers the last c. 3000 cal yr BP, suggests
the vegetation was a savannah mosaic dominated by acacias and Amarathaceae/Chenopodiaceae,
Asteraceae, Cissampelos, Poaceae and Salvadora (Rucina et al. 2010). Pollen taxa recorded from
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the Lielerai-Kimana record (Figure 5) concur with the other wetland records where the domi-
nant taxa include Vachellia (Acacia), Asteraceae, Amaranthaceae, Commiphora, Balanites and
Euphorbia. The Lielerai-Kimana pollen taxa composition suggests that the landscape supported
an open savannah shrubland over the last c. 1200 cal yr BP with most of the change experienced
over the last c. 500 cal yr BP. This is evident from the charcoal record (Figure 4), which shows
the continued presence of fires, and low biomass consuming fires until the last 500 years where
the charcoal concentration and accumulation rate triple the mean values for the whole record.
The Lielerai-Kimana record shows a mix of taxa that occur at low and high elevations including
Afromontane taxa such as Cordia, Podocarpus and Polyscias. This suggests that Amboseli wet-
lands record some of the wind-blown pollen from vegetation taxa on Kilimanjaro and Chyulu
Hills.

During the Late Holocene, the Amboseli landscape has supported pastoralism and hunter-
gatherer livelihood strategies (Lane 2004). Caravan trade routes around Kilimanjaro penetrated
intoAmboseli and the region was exploited for the ivory trade leading to high levels of defaunation
(Håkansson 2012); notably during the 1800s and 1900s driven by high ivory prices (Håkansson
2004). The 19th century droughts and disease epidemics decimated both livestock and wild
grazer populations in the region. To date, there has been no direct evidence in the archaeological
records of agriculture or combination livelihoods of agro-pastoralism inAmboseli during the Late
Holocene, although the absence of evidence is inconclusive and does not rule out the possibility
(Githumbi et al. 2018a; Shoemaker 2018). Land uses outside of parks has placed greater pressure
on protected areas as large herbivore populations increase in density. This concentration of
elephants in the parks has led to a decline in woody taxa in particular in smaller parks such
as Amboseli (Western et al. 2020). From the 1980s, conversion of the Amboseli wetlands for
subsistence and industrial food crop agriculture was the predominant land use change (Githumbi
et al. 2018b; MEMR 2012; Okello and Kioko 2011) outside of the national park.

Over the last c. 500 cal yr BP, significant changes are observed in the Amboseli ecosystem
pollen, fire and geochemical records; the physiochemical signals indicate aridity interspersed
with intervals of increased moisture, which could be increased local rainfall or increased water
table levels caused by increased precipitation on Kilimanjaro and Chyulu. Namelok (Rucina
et al. 2010) records a dry period from c. 500 cal yr BP indicated by the continuous presence and
increase in taxa such as Vachellia (Acacia), Amaranthaceae/Chenopodiaceae, Cyperaceae and
Poaceae. This is accompanied by a significant increase in charcoal levels attributed to presence
of anthropogenic activity such as pastoralism and eventually agriculture at Lielerai-Kimana,
Namelok and Esambu. Taxa associated with human activity are not identified from the Lielerai-
Kimana record; however, Ricinus communis and Cannabis sativa are recorded with increasing
numbers in Namelok from c. 1600 cal yr BP (Rucina et al. 2010). The Esambu wetland records a
decrease in woody taxa with increasing Cyperaceae and Poaceae, a combination of a dry interval
and human presence in the savannah and surrounding highlands. The decreased charcoal content
in the top 20 cm (210Pb dates of −38 cal yr BP) is consistent with the low occurrence of fires
currently on the landscape observed by satellite observations (Githumbi et al. 2018a) and the high
level of grazing pressure both by cattle and wild herbivores on the grazing-dominated savannahs
(Bond and Keeley 2005; van Langevelde et al. 2003).

8.5 CONCLUSIONS

Small tropical wetlands provide information about the local changes in a landscape. However,
they have to be utilised with caution on their own due to the inability to discern the driver or scale
of ecosystem change. The Lielerai-Kimana wetland allows us to visualise the general Amboseli
environment, i.e. a savannah shrubland and the changes within the wetland but not the drivers
of the change. Data from Lielerai-Kimana, Esambu, Enkongu, Namelok wetlands highlight the
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continued maintenance of a semi-arid savannah with varying levels of woodland. Significant
social-ecological changes have occurred within the same interval that we observe the significant
increase of charcoal c. 500 cal yr BP; arrival of the Maa-speaking pastoralists into Amboseli,
widespread Swahili settlement increasing, arrival of the colonialist, increased elephant poaching
and more recently land management policies. These past and current land cover and land use
impacts and the timing of the vegetation, sedimentary and fire regime changes across the wetlands
indicate localised controls; this emphasises the differential ecosystem responses of each wetland
and highlights that small wetlands can be used to corroborate regional events.
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9.1 SITE DETAILS

In the context of the DFG-funded project ‘Mountain Exile Hypothesis’ (FOR2358) we retrieved a
15.5 m long sediment core from Garba Guracha (GG) (Bale Mountains National Park, Ethiopia –
BMNP) during February 2017. A 16,000 year record of 62 pollen samples has been previously
produced from GG by Umer et al. (2007). In this data paper, we present a new palynological
and macrocharcoal record, with 259 pollen and 1301 charcoal samples covering the last 14 ka
BP. Previous versions of the charcoal and Erica pollen records can be found in Gil-Romera et al.
(2019). The depth-age model for the presented record in this new manuscript can be found in
Bittner et al. 2020.

GG is a small (500 × 300 m), 6 m deep lake (6.9◦N, 39.9◦E), lying in a cirque at 3950 m
asl in the BMNP of the Bale-Arsi Massif, Ethiopia (Figure 1). GG sits in a north-facing valley
of the Sanetti plateau that was locally glaciated during the Last Glacial Maximum (Ossendorf
et al. 2019; Tiercelin et al. 2008). High seasonality characterizes the rainfall pattern with a dry
season from November to February and a bimodal wet season from March to October. Local
rainfall patterns in BMNP present an altitudinal (lowlands to highlands) and latitudinal (N to
S) increasing rainfall gradient, defining the vegetation zonation (Miehe and Miehe 1994). GG
lies between the Ericaceous and afroalpine vegetation belts, however only dispersed Erica spp.

1Other affiliation: Department of Geoenvironmental Processes and Global Change, Pyrenean Institute of
Ecology-CSIC, Zaragoza, Spain
2Other affiliation: Department of Biology, Addis Ababa University, Addis Ababa, Ethiopia
3Other affiliation: Department of Botany, Trinity College Dublin, Dublin, Ireland
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Figure 1. Map of the study area (Bale Mountains National Park) situated east of the Ethiopian Rift Valley in Ethiopia,
East Africa (made by Dr. Miguel Sevilla-Callejo). Layout of satellite image is from TerraMetrics© for Google Maps

(2019).

stands are present on the south east slopes of the catchment. The dominant plant communities
around the lake consist of Alchemilla haumannii and Helichrysum splendidum-H. citrispinum
shrublands. The northern lowland area has been heavily transformed by human activities and the
natural vegetation remaining are dry afromontane forests dominated by Podocarpus falcatus and
Olea europaea to 2700 m asl, followed by Myrica salicifolia and Dodonaea viscosa communities
that give way at the upper forest limit to Hagenia abyssinica-Juniperus procera and Schefflera
spp. communities up to 3200 m asl. Erica trimera and E. arborea, together with Hypericum
revolutum form the Ericaceous belt found from 3200 m to 4000 m asl. The southern slopes receive
rainfall throughout the year presenting a mixed broadleaved Afromontane rainforest dominated
by Pouteria aidssima, Ficus mucuso but without Juniperus (Friis et al. 2010).

9.2 SEDIMENT DESCRIPTION AND METHODS

We retrieved two overlapping cores at 4.8 m water depth with a Livingstone corer from a raft.
We obtained sediments to a maximum sediment depth of 1550 cm. Details of core retrieval,
sedimentology and lithofacies can be found in Bittner et al. (2020). Charcoal particles and pollen
data presented here cover from 13,700 to 94 cal. yr BP, as the bottom most sections were formed
by highly inorganic sediments yielding counts too low to be statistically significant. Charcoal
was sampled at contiguous intervals (1300 samples, Gil-Romera et al. 2019) and we analysed
259 pollen samples using a modified version of the laboratory protocol of Moore et al. (1994),
adding Lycopodium spores (Lund University, batch # 1031, 15,636 spores per tablet, SD 592)
to estimate concentration and pollen accumulation rates (PAR). A zonation was applied in order
to facilitate the pollen data set interpretation. These pollen assemblage zones were done using
a CONISS (Grimm 1987) cluster analysis. We calculated the Principal Curve (PrC) for our
pollen assemblage to summarize the palynological compositional turnover along one ordination
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Figure 2. Age-depth model for Garba Guracha (GG) presenting the prior parameters into the Bayesian framework on
the upper panels Modified from Bittner et al. (2020).

axis (De’ath 1999). Charcoal and pollen plots and numerical analyses were done using several
R packages (R Core Team 2012). Full code, data and further details can be downloaded from
Gil-Romera’s GitHub repository shorturl.at/rxMW1 and from Neotoma database.

9.3 DATING

The 15.9 ka BP GGU17-1B age-depth model was built combining 48 dated samples using the
Bayesian framework of the Bacon package in R (Blaauw and Christen 2011; R Core Team, 2017)
(Figure 2). Dates used in this model can be found in supporting online material, and chronological
methods are described in Bittner et al. (2020).

9.4 INTERPRETATION

We identified 98 taxa and counted an average of 456 pollen grains (SD = 120). We define six
pollen zones (GGU1-GGU6) representing the last 13.7 ka BP of vegetation dynamics in GG area
(Figure 3).

9.4.1 GGU1 Afroalpine vegetation (1170–1031 cm, 13.7–13 ka BP, 30 pollen samples)

The landscape was dominated by afroalpine vegetation reflecting cool, dry conditions (Figure 3).
PAR values indicate a clear expansion of afroalpine and dry forest communities, with a minor
development of the Ericaceous belt. At c. 13.1 ka BP we identify a large pulse of biomass burning
that may be related to local fire activity. However, we cannot discard the possibility that charcoal
particles accumulated on a frozen lake surface (Tiercelin et al. 2008) prior to the beginning of
our record, which were deposited on the lake bottom after the ice melted.
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Figure 3. Pollen diagram for lake Garba Guracha at 3950 m asl. Analyst: Graciela Gil-Romera. Vegetation belts are
presented in percentages (filled silhouette) and PAR (in bars). Taxa included in each group can be found in the

dictionary stored at shorturl.at/rxMW1.
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9.4.2 GGU2 Afroalpine-Ericaceous belt turnover (1030–637 cm,13–8.5 ka BP, 80 pollen
samples)

9.4.2.1 GGU 2.1 Amaranthacea-Poaceae dominating (1030–900 cm, 13–11.2 ka BP, 26 pollen
samples)

Afroalpine herbs (e.g. Amaranthaceae) abruptly decrease at 12.5 ka BP coinciding with Younger
Dryas-like conditions (YD).YD conditions have been described in Eastern Africa before (Talbot
et al. 2007) broadly concurring in time (12.9–11.7 ka BP) with the YD in the Greenland ice
cores (GS1, Rasmussen et al. 2006). While the YD may not have had a great impact on most
lowland African records, afroalpine communities clearly declined, especially the PAR of these
communities, except Artemisia which does not decrease in abundance. The lower forest seems to
expand despite PAR suggesting a poor development. These vegetation dynamics may be pointing
to a short and abrupt cold, dry pulse at these altitudes.

9.4.2.2 GGU 2.2 Expansion of Erica (899–637 cm, 11.2–8.5 ka BP, 54 pollen samples)
There is a notable expansion of most vegetation communities, as indicated by all PAR values and
increased PrC scores. This expansion is especially important in the Ericaceous belt, potentially
responding to increasing temperatures and moisture availability linked to the African Humid
Period onset (AHP) (deMenocal et al. 2000). Under those conditions Erica thickets may have
fostered biomass burning during the dry season, activating a fire feedback well known in the local
modern-day fire ecology (Johansson and Granström 2014). Such a mechanism would explain
the Ericaceous PAR variability – that does not always correspond to that of abundance – where
expansion events are followed by burning that leads to new resprouting thickets and therefore new
biomass to be burnt. In addition, dry forests keep a relatively constant and low presence despite
an initial PAR increase, that together with the Erica dominance, may suggests the establishment
of a wetter and warmer phase during this period. The relative expansion of hydrophytes such as
Cyperaceae would also indicate higher water availability. From 10 to 8 ka BP Poaceae expansion
coincides with reduced CHAR and Erica PAR indicating a progressive opening of the landscape.

9.4.3 GGU3 Full extension of the Ericacoeus belt (636–549 cm, 8.5–7.2 ka BP, 30 pollen
samples)

Erica spreads as indicated by its PAR, with a consequential biomass burning and decline in the
herbal community while the dry forest boundaries keep similar PAR and abundances. We infer
relatively similar climate conditions at this stage, with no clear community transformations as
supported by unchanging PrC scores.

9.4.4 GGU4 Ericaceous belt-dry montane forest turnover (548–291 cm 7.2–3.6 ka BP, 52
pollen samples)

9.4.4.1 GGU4.1 Progressive Erica decline (547–418 cm, 7.2–5.4 ka BP, 33 pollen samples)
The Ericaceous belt slightly contracts at 7.2 ka BP as the Upper dry forest boundary expands,
concurring with increasing biomass burning. The Lower dry forest expands at the end of this
zone, while the Ericaceous belt progressively contracts as illustrated by increased PrC scores.
The GG landscape may have opened up further as Erica cover declines from 6 ka BP onwards,
enabling a higher deposition of lowland dry forest pollen taxa, indicating progressively drying
conditions.

9.4.4.2 GGU4.2: Lower dry Afromontane forest expansion (417–291 cm, 5.4–3.6 ka BP, 19
pollen samples)

The Ericaceous belt and the local biomass burning continue declining while the Lower dry forest
boundary, dominated by Podocarpus and Olea, expands with varying pollen concentrations,
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concurring with the spread of Artemisia with equivalent values to those of zone GGU2a. This
landscape succession suggests drying conditions concurring with the regional AHP termination
(de Menocal et al. 2000).

9.4.5 GGU5 Upper dry forest expansion, (290–109 cm, 3.6–1 ka BP, 50 pollen samples)

This zone features the constant presence of the dry forest communities, with Juniperus dominating
until c. 2 ka BP. After this Juniperus declines in conjunction with new biomass burning and the
scarce, consistent presence of ruderals (e.g. Plantago) or other herbs in the Afroalpine domain.
We hypothesize that this landscape change is likely due to a dry forest upwards shift under similar
climate conditions to GGU4b. Increasing human pressure from c. 2 ka BP may have triggered
more frequent or intense fires to obtain new pastures at the Upper dry forest-Ericaceous Belt
limit. The increase in PAR c. 2 ka BP in all forest components might be linked to brief climate
changes, as increasing temperature or short drought spells (Marshall et al. 2009).

9.4.6 GGU6 Upper dry forests and ruderal plants presence (108–60 cm, 1000–94 yr BP,
17 pollen samples)

The last millennium at GG presents a locally open landscape with abundantherbs, especially
those indicating human agency (e.g. Plantago), with scarce Erica presence and an upwards shift
of the Upper dry forest. While we cannot discount the possibility of persistent drying conditions
and relative temperature changes, we understand landscape changes in this zone to be mainly
human-driven.
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ABSTRACT: This paper presents fossil pollen data (39 samples) available for the Lower Pliocene
outcrops at five hominid sites in East Africa located within the intertropical region between 3◦
South to 11◦ North. They are dated from 4.2 to 2.95 millions years (Ma). Most of these data
were obtained many years ago, except one additional pollen assemblage recently obtained in
the Woranso-Mille area of the Lower Awash valley, Ethiopia. In East Africa, Plio-Pleistocene
sedimentary sequences are internationally renowned for the continuous palaeo-anthropological
researches pursued for decades, following the discoveries of preserved remains of fossil hominins
associated to a rich, diversified and abundant mammalian fauna. As a result of these new dis-
coveries, geological studies have continued, being connected to following field expeditions and
exploration of new sites in the Ethiopian Rift. We present here the revised geological context,
adding chronological precision to previous age constraints of the original pollen data. For each
terrestrial Pliocene site, we also include some comments regarding the significance of pollen
counts and briefly discuss their interpretation for reconstructing past vegetation, environment,
and inferred climatic parameters at the studied hominin sites.

10.1 INTRODUCTION

Pollen data provide information dealing with plant biodiversity and composition of past vegeta-
tion. Together with other palaeoecological proxies, these results concern regional environmental
conditions, habitats, and food resources. All items are abundantly discussed to explain hominin
species niches and evolution. Pollen studies from outcrops at hominin sites – that will be pre-
sented hereafter, and from deep core sediments off eastern Africa (e.g. Feakins et al. 2013) stand
as critical contribution to the knowledge of hominin palaeoenvironments. Pollen data presented
here mostly concern (with one exception) Pliocene outcrops from northern Ethiopia and Tanzania
investigated a few decades ago.

Since the first publications of the original pollen data (Bonnefille 2010; Bonnefille and
Riollet 1987; Bonnefille et al. 1987), new dated tephra (or tuffs) have been identified in the same
outcrops (Table 1) and progress in the 40Ar/39Ar dating method have been made, notably for
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Table 1. List of dated tuffs from the Pliocene Hadar Formation (Ethiopia) used to calculate interpolated age of Hadar
pollen samples (Campisano 2007).

Tuff and basalts Abbreviation Age (Ma) Original references

Bouroukie Tuff 2U BKT-2U 2.96±0.006 Campisano 2007
Bouroukie Tuff 2L BKT-2L 2.96±0.02 Semaw et al. 1997
Kada Hadar Tuff KHT 3.20±0.01 Walter, 1994
Triple Tuff 4 TT-4 3.256± Campisano 2007
Kada Damum Basalt KMB 3.30±0.04 Renne et al. 1993
Kada Me’e Tuff KMT 3.36±0.002 Campisano 2007
Sidi Hakoma Tuff SHT 3.42±0.03 Walter and Aronson 1993

sites located in the Lower Awash Valley. Allowing previous stratigraphic placement of the pollen
samples initially positioned versus tephra layers used as marker beds, it is now possible to revise
ages of the pollen assemblages and place them in a more accurate chronological framework.

In this paper, we present the updated pollen data as supplementary data available for further
research and interpretation (Supporting Online Material [SOM] Tables S1 to S4). We discuss
them according to geographical location and chronological order. However, while addressing
past vegetation changes through time it is necessary to consider the present and past altitudinal
location at each site. Indeed, under the same global climatic conditions, past vegetation can differ
between sites at different geographic locations. It is well known that relief modifies local climatic
conditions. Altitudinal distribution of the vegetation inside zones (or belts) influences diversity in
habitat patterns (Friis et al. 2010). A key feature of tectonic activity is the disruption of the river
drainage. Geomorphological processes maintain habitats with variable topography through time
(Reynolds et al. 2011). However, establishing past elevation at each fossil site for different time
periods during the Lower Pliocene remains difficult. In this paper it is accepted that Ethiopian
rifting and architecture of the Omo–Turkana basin was already attained since the eruption of the
Gombe Group Basalt dated at c. 4.2 Ma (Erbello and Kidane 2018).

10.2 PRELIMINARY REMARKS FOR FURTHER USE OF POLLEN DATA

Pollen analysis of Plio-Pleistocene deposits from East Africa started in the 1970’s with the first
discoveries and field exploration in the search of hominin fossil remains documenting our ances-
tral origin. These initial pollen studies were strongly linked to the pioneer original stratigraphic,
geological descriptions and mapping of the sedimentary terrestrial outcrops that yielded these
remains. The universal and standardized framework, adopted at that time for collecting faunal
remains and pollen samples at Laetoli, and at Hadar (Figure 1), was shared by all scientists
involved, and still stands valid. Therefore, each pollen sample was given a label starting with
the number corresponding to the fossil fauna locality, including hominin localities such as Afar
Locality 333 (AL 333). Pollen sampling done along a section follows with underscore letters (a,
b, c, etc.) indicating the stratigraphic succession.

Progress in absolute dating techniques provided further precision to date the fossil hominins
remains, the abundant associated fauna and, therefore, pollen data. The initial stratigraphic
position of pollen samples can now be integrated into the new geological studies recently carried
out at each of the different sites (Campisano 2007; Campisano and Feibel 2008a, 2008b; Deino
2011; Harrison 2011). At the time of collecting pollen samples (except for sample MRD-210),
GPS was not available, therefore approximate coordinates for the Hadar samples had to be
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Figure 1. Location map of the Pliocene sites in Tanzania and Ethiopia (Middle and Lower Awash).

calculated by importing the initial map previously established on aerial photographs (Bonnefille
et al. 1987) into a Geographic Information System (QGIS v3.2.2) (Table 2).

In the early days of pioneer African palynology, fossil pollen studies at Olduvai, Laetoli
and Hadar were also associated to preliminary investigation of modern pollen soil samples from
various vegetation types and plant collecting in vegetation surrounding the Pliocene sites. Inter-
pretation of pollen data in term of past vegetation changes through time should also consider
additional information of the setting in which these data were obtained. Indeed, different environ-
mental contexts such as the occurrences of small or big lakes, existing delta or meandering river
and floodplains, locally modify the pattern of the regional vegetation reflected by the composition
and percentages of pollen taxa in the assemblages (spectra).

In this paper, sedimentary conditions provided by detailed and new geological studies are
briefly summarized while comparing the chronological succession of the pollen data between
the different terrestrial sites. Pliocene East African pollen sites are located at various elevations,
even in the African Rift. Researchers who will address the vegetation dynamic through time,
such as comparing with isotopic studies, have to remember that composition of modern and
past vegetation vary according to local climatic patterns, relief and occurrence of water bodies.
Moreover, EastAfrica is an area of tectonic changes and active volcanism. But palaeo-topography
and palaeo-geography are far from being established at sites older than 3 Ma.

Pollen data included in this paper inform on terrestrial past vegetation for snapshot win-
dows through the Pliocene. Considering their accurate dating they can be considered as valuable
benchmark in the expectation of continuous pollen record from terrestrial cores. Although thor-
oughly investigated, Pliocene outcrops of tropical East Africa, hardly preserved fossil pollen.
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Table 2. List of Pliocene pollen samples from the Lower Awash, Ethiopia. Nb 0 (Bonnefille et al. 1987; Saylor et al.
2019), N (Bonnefille et al. 2004).

Nb 0 N Stratigraphic position Locality Geographical 
coordinates

Collector Submember Age (Ma)

55Nj (13) Clay 2 m below tuff BKT-2 Hadar,  Kada Hadar 11° 08'31"N; 40°34'49"E RB, AV KH-2 2.95

116f (12) Clay 10 m above tuff complex TT-4 Hadar, Kada Hadar 11° 08'25"N; 40°35'34"E RB 1973 DD-1/DD-2 3.22

116e (11) Silt 2 m above tuff complex TT-4 Hadar, Kada Hadar 11° 08'25"N; 40°35'34"E RB 1973 DD-1 3.23

333d (10) Clay Ostracod layer in tuff complex TT-4 Hadar, Baruteita 11° 07'39"N; 40°34'38"E RB, AV SH-4/DD-1 3.256±0.018

333c (9) Black clay, 50 cm below ostracod layer Hadar, Baruteita 11° 07'39"N; 40°34'38"E RB, AV SH-4 3.24

333b (8)
Sandy clay below tuff complex TT-4 and Pink 

Marl
Hadar, Baruteita 11° 07'39"N; 40°34'38"E RB, AV SH-4 3.25

134b (7) Green clay 20 cm below Tuff complex TT-4 Hadar 11° 07'45"N; 40°35'53"E RB 1974 SH-4 3.25

266b (6) Green clay below  tuff complex TT-4 Hadar, Kada Hadar 11° 07'40"N; 40°35'44"E RB 1974 SH-4 3.25

228b (5) Silt lower contact of pink marl Hadar, Sidi Hakoma 11° 06'19"N; 40°34'35"E RB 1974 SH-3/SH-4 3.28

228a (4) Brown clay gastropod, 11 m above SH-3s Hadar, Sidi Hakoma 11° 06'19"N; 40°34'35"E RB 1974 SH-3 3.30

280 Nj (3) Silty clay 3 m above top  SH-3s Hadar Kada Hadar 11° 07'15"N; 40°37'53"E RB 1974 SH-3 3.30

KMm (2) Clay with plant debris, gasteropods  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.35

KMl2 (2) Silty sand with plant remains  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.35

KMl1 (2) Silty sand with plant remains  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.36

KMk (2) Laminated clay with intercalated tuff  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.36

KMj (2) Laminated clay  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.37

KMi (2) Grey clay with gastropods Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.37

KMh (2) Ostracods clay with gastropods 10 m above SHT  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.37

KMg (2) Silty sand 2 m above lignite layer Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.37

KMf (2)
Clay  gastropods and ostracods above lignite 

layer
Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.37

KMe (2) Lignite thick layer within KMT  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.36±0.02

KMd2b (2) Clay with gastropods, fishes below lignite layer  Hurda 11° 06'36"N 40°39'03"E RB, AV SH-2 3.37

KMd2a (2) Clay with gastropods, fishes below lignite layer Hadar, Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.37

KMc (2) Silty clay 2.5m above sample b  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.37

KMb (2) Brown silt 1 m above sample a  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.38

KMa (2) Black clay 26 m above SHT  Hurda 11° 06'36"N; 40°39'03"E RB, AV SH-2 3.38

398b (1) Green clay interbedded between two SHT layers  Dikika Oudaleita 11° 06'12"N; 40°36'39"E RB 1974 BM 3.42

MRD-210 Deltaic sands,  below Mille Tuff Worenso  MRD-VP-1 11°32'55"N; 40°28'01"E Levin 2018 BM 3.80

Meshellu "Lignite/coal"  20 cm thick above green clay Dikika Meshellu River 11°05'00"N; 40°40'37"E RB, JK 1973 BM 4.00

Among the whole set of sediment samples collected from the different geological strata at the
different sites, the degree of success in pollen extraction as result of preservation was <10% of
the total processed samples, despite preferentially selecting lacustrine deposits (Bonnefille et al.
1987). It is hoped that further investigation and pollen studies carried out on sediment obtained
from deep terrestrial drilling projects, such as the Hominin Sites and Palaeolakes Drilling Project
(Cohen et al. 2016) can provide additional results. Following this line, two cores (NAW14-1A,
NAO14-1B) (Figure 2) collected from the assumed position of the Hadar palaeo-lake indicate that
the core sediments cover the period between 2.91 Ma and 3.33 Ma (Campisano 2012; Campisano
et al. 2017; Garello 2019). These sediments have provided nine additional pollen assemblages
corresponding to Pliocene strata (Bourel 2020).

During the early days of development of tropical palynology, fossil pollen identifications
were based upon many botanical papers dealing with plant systematics. Descriptions of pollen
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Figure 2. Location map of the lower Pliocene pollen samples from Aramis (dated 4.4 Ma) in the Middle Awash valley.

from modern plants of tropical Africa illustrated in several pollen atlases (Bonnefille 1971a,
1971b; Bonnefille and Riollet 1980) were the basis for fossil pollen identifications. It might also
be noted that all pollen identifications and counting of the data presented herein were carried
out in the same laboratory though its location and name have changed over the years (pre-
1979: Laboratoire de Géologie du Quaternaire (LGQ) CNRS Bellevue-Meudon; 1979–1994
LGQ, Marseille-Luminy University; post-1994: CEREGE, Aix-en-Provence). Researchers and
technical staff used the same criteria and nomenclature for their pollen diagnoses and compared
fossil pollen to analogues included in the same modern pollen reference collection (n=7000
species) built by the first author, and now stored at CEREGE. This fact points to the consistency
and taxonomical homogeneity of the East African Pliocene pollen data provided in this paper.
Considering that our pollen studies were initiated before isotopic methods had been developed, the
reference collection is focused on tree species more than on herbaceous plants. The homogenous
pollen morphology of all genera and species among gramineae does not allow distinction between
C3 and C4 grasses.

From the phytogeographical point of view, the African Plio-Pleistocene sites discussed
here are located within the intertropical region. This zone belongs to the phytogeographical
domain ‘Somalia-Masai Acacia–Commiphora steppe’, mostly defined upon species endemism
and homogenous ecological climatic conditions. It is named after the abundance of more than
hundred trees species for each of these two very common genera (White 1983). This region is
now also called and mapped as ‘deciduous bushland and thicket’ (van Breugel et al. 2015). The
landscape of the ‘Somalia-Masai Acacia–Commiphora deciduous bushland and thicket’ does not
appear homogenous since a great diversity of local ecosystems exists. The density of forest cover
varies near rivers, lakes, springs, high water tables, and on mountains. On a broader regional
scale, the density of tree and shrub cover within this landscape depends on the monsoon rainfall
distribution at the different sites. Moreover, the Pliocene sites investigated in this paper are located
between 500 and 1500 m asl. Therefore, temperature, amount of rainfall, and patterns of rainfall
distribution vary accordingly to the topographic context of the Rift.
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Proximity of mountains and volcanoes allows various types of evergreen forests to be estab-
lished on their slopes. Within the large Somalia–Masai region, the vegetation belts on different
mountains have distinct floristic characteristics (such as different types of forests) and constitute
an independent phytogeographical domain called ‘Afromontane’, with specific plant taxa (White
1983). Pliocene fossil pollen assemblages from fluviatile sediment collected in the lowlands may
include pollen signal of different ecosystems mixed together. While reconstructing past vegeta-
tion around a studied site, spatial distribution of different ecosystems may be postulated using
knowledge of the palaeogeographical and geological contexts, both at the local and regional
scales. Such an approach relies on thorough studies of modern pollen deposition (taphonomy),
and appropriate assumptions based upon geological studies.

10.3 LOWER PLIOCENE DATA (4.4 TO 3.8 MA)

Palaeobotanical data from this time period come from Ethiopia (four sites) and Tanzania (one
site).

10.3.1 Middle Awash Valley, Aramis locality, 565 m asl, 10◦30′N, 40◦30′E, 4.3 Ma,
Ethiopia

Extensive Pliocene floodplain deposits occur in the Middle Awash Valley of the Ethiopian Rift.
At Aramis (Figure 2), field prospections provided fossil remains of Ardipithecus ramidus, an
interesting hominin associated with an abundant fauna dated at 4.4 Ma (White et al. 2009). Pollen
samples collected directly in the sediment that contained Ardipithecus ramidus did not provide
consistent pollen results. We found a few grains of sedges (Cyperaceae), grasses and palm tree
attributed to Hyphaene/Borassus. All these plants were later documented by abundant phytoliths
found in the same dated sediment (Barboni et al. 2019; WoldeGabriel et al. 2009). Fossil wood
studies identified trees such as Ficus (Jolly-Saad et al. 2010), Syzygium, Cordia and Rothmania
(Jolly-Saad and Bonnefille 2012), together with Celtis, a tree identified by the abundant calcified
stones of its fruits (WoldeGabriel et al. 2009). All these trees provide edible fruits. In agreement
with the fossil fauna and preserved geological evidences (tufa) for groundwater discharge areas
(springs), the palaeobotanical record is interpreted as a spring forest or palm woodland that
allowed a forest habitat for this hominin adapted to climbing within a grass-dominated landscape
(Barboni et al. 2019).

10.3.2 Lower Awash valley, Meshellu/Dikika, 500 m asl, 11◦05′N, 40◦41′E, 4 – 3.8 Ma,
Ethiopia

A pollen sample collected in 1973 by R. Bonnefille and J. Kalb from lacustrine organic sediment
exposed along the Meschellu drainage, east of the Dikika area (Figure 3) has provided a pollen
spectrum that documents a past vegetation that is fairly different from that of Aramis site (Bon-
nefille 2010, Table 1) (SOM Table S1). According to its stratigraphic position below the Sidi
Hakoma Tuff (SHT), the pollen sample belongs to the Basal Member of the Hadar Formation.
It is likely placed between the Ikini Tuff dated to 3.8 Ma (Wynn et al. 2006) and the Afar Stra-
toid Series Basalt dated to 4 Ma (Wynn et al. 2006). At Meshellu/Dikika, c. 4 Ma ago, a large
extensive swamp with abundant aquatic Typha and sedges occurred among an herbaceous vegeta-
tion including herbs such as Isoglossa, Apiaceae, Brassicaceae, Caryophyllaceae, Gentianaceae,
Polygonaceae, mostly abundant in current highland swamps or grasslands, such as observed by
the first author in the Bale Mountains. All tree pollen taxa (Alchornea, Macaranga, Hagenia,
Rubiaceae, Hymenodictyon, etc.) belong to highland humid forests in which the conifer Podocar-
pus is absent. This pollen assemblage is devoid of pollen taxa from dry evergreen bushland or
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Figure 3. Location map of the Pliocene pollen samples from Woranso/ Mille (3.8 Ma), and Hadar site (3.4 to 2.9 Ma),
in the Lower Awash valley.

sub-desert steppe which prevail in present dry climatic conditions of the Ethiopian Rift. Humid
and cool local conditions explain the occurrence of an extended swamp among a diversified trop-
ical forest with great affinities with high elevation humid forests and grasslands of the Ethiopian
plateau today.

10.3.3 Lower Awash Valley, Woranso-Mille, 660 m asl, 11◦33′N, 40◦28′E, 3.8 Ma, Ethiopia

The MRD-210 pollen spectrum was recently extracted from a sandy horizon directly provid-
ing remains of Australopithecus anamensis dated 3.8 Ma (Figure 3) (Saylor et al. 2019) (SOM
Table S2). Within the geological context of deltaic deposits, abundant pollen of the creeping
herb Tribulus terrestris and Nyctaginaceae with the forb Aerva occupied the alternatively inun-
dated floodplain such as found today in the Okavango Delta. Pollen of Acacia (a botanical genus
now separated into Vachellia and Senegalia) is exceptionally abundant. The low pollen repre-
sentation of this taxon in samples of modern vegetation, and its low dispersal ability (Hamilton
1982) indicate that dense Acacia woodland occurred locally. Including Euclea and Combretum,
such woodland seems to have affinities with modern deciduous woodland encountered today
on escarpments at c. 1300–1500 m asl. Boscia and Capparaceae together with Rhus, Acalypha
and Trilepisium could also be found in riparian forest. Other tree pollen, such as Juniperus,
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Figure 4. Topographic map showing the Laetoli location on the slopes of several volcanos around the Ngorongoro
caldera, East African Rift (Tanzania).

Podocarpus, Olea and Hagenia attest to the occurrence of a drier conifer mountain forest, sim-
ilar in composition to that present on Eastern Ethiopian highlands. Habitat scores based on
plant functional types (PFTs) method are highest for steppe (25%) and woodland (34%) whereas
riparian dry open Acacia woodland is documented, locally, in the palaeovegetation (Saylor et al.
2019).

10.3.4 Laetoli site, 1800 m asl, 3◦13′S, 35◦13′E, 3.83 – 3.8 Ma, Tanzania

In the southern part of the Eastern Rift Valley, the Laetoli site is located at much higher elevation
(1800 m asl) than other Middle and Lower Pliocene deposits from the Awash Valley in Ethiopia
(Figure 1). Deposits consist of air-fall tuffs provided by the repeated activity of Ngorongoro
volcanic highlands with no evidence of permanent water system other than possibly localized
springs, and river drainage, south of our sampling area.

Pollen preservation was very poor in most terrestrial samples (n=40) collected in the
volcanic fossil-rich deposits of the Upper Laetolil Beds yielding remains of Australopithecus
afarensis, including tracks of its fossilized footprints (Leakey et al. 1987). The Upper Laetolil
Beds revealed less productive than the other sites, a conclusion confirmed by further investigation
(Rossouw and Scott 2011).

Fossilized termite mounds were so abundant that we decided to investigate their infill in
order to obtain some information on past vegetation (Bonnefille and Riollet 1987). It is assumed
that termites feeding upon local surrounding vegetation, the ventilation shaft must have been open
to the air during the interval in which the termitary was occupied. The hives were sealed shortly
after the demise of the colony. Atmospheric pollen trapped in the hives was preserved under
anaerobic conditions and the termite structure buried and fossilized by the volcanic ash. Indeed,
macroscopic observation during field collecting showed organic matter, vegetal fragment tissues
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and pollen preserved in the hive chamber infill. Under such taphonomic conditions, possible bias
of these pollen assemblages can be expected. In order to test such hypothesis, modern soil samples
were collected in different ecosystems of the regional vegetation along a 30km altitudinal transect,
together with plant species (appendix A in Leakey et al. 1987). Modern pollen assemblages from
short and medium grasslands between 1500 to 1800 m asl are characterized by the dominance of
pollen from herbaceous plants, pollen of grasses being less abundant than pollen of others herbs
or forbs of theAsteraceae, Acanthaceae, Amaranthaceae, Fabaceae and Cyperaceae. Overgrazing
and burning by pastoralists may have contributed to increasing forbs and ligneous plants typical
of the current short or medium grasslands of Laetoli/Olduvai region. In modern pollen surface
samples collected from the wooded grassland or woodland surrounding the Laetoli area today
at 1700–1800 m elevation, tree pollen including Acacia, Euclea and other Sudano-Zambezian
taxa account for 20% of the total counts (Bonnefille and Riollet 1987). A homogenous signal
of c. 2% pollen from forests, now covering the slopes of the 20 to 30 km distant volcanoes
correspond to aeolian pollen transport. In the fossil pollen data, the distribution of the various
taxa appears consistent with that in modern soil samples, an argument bringing to the fore that
past vegetation at the site can be reconstructed from fossil pollen extracted from termite mounts
infill.

Altogether, pollen data at Laetoli consist of ten pollen assemblages sampling only the Upper
Laetolil Beds between 3.83 to 3.68 Ma. The oldest nine pollen samples collected in a 4 metres
stratigraphic interval around Tuff 1 (Hay 1987) span an interval of c. 6 ka before 3.83 Ma, on the
basis of sedimentation rate (Deino 2011). In between, there is a time span of 150 ka with no pollen
information. The youngest pollen assemblage was obtained from a hive chamber collected 3 m
below the footprint tuff (Tuff 7) dated 3.66 Ma (Deino 2011). It has an attributed age of 3.68 Ma
(youngest sample ML-81-7).

The Laetoli pollen data (SOM Table S3) total 4354 identified and counted pollen grains.
We note an important number of pollen taxa from trees and shrubs (26), most of them being
regular components of evergreen bushland and mountain forests. Some pollen taxa Boscia and
Celtis being also identified as seeds and fruit stones, macro-botanical remains recovered from
the top part of the Laetolil Beds at 3.66 Ma (Bamford 2011). It is likely that deciduous woodland
occupied the peneplain between Eyasi and Olduvai divides from 3.8 to 3.6 Ma ago. Percentages
of pollen from Afromontane forests are three to five times greater than today indicating that
such forests were more extensive or closer to the site during the Mid-Pliocene. The Laetoli
herbaceous palynoflora is also remarkable by a great number of pollen taxa (c. 54) that belong
to tropical families such as Acanthaceae, Amaranthaceae, Euphorbiaceae, Zygophyllaceae, with
many Asteraceae, Fabaceae and Solanaceae, etc. The fossil pollen composition points to rich and
diversified low and medium grasslands, together with grass pollen being more abundant than in
the pollen samples from modern vegetation, a conclusion in agreement with the record of several
grass phytoliths (Rossouw and Scott 2011).

At Laetoli, the fossil pollen data show that several different vegetation types, highland
forests, woodland and grasslands, were available to the rich fauna and bipedal hominin Aus-
tralopithecus afarensis. The local vegetation at Laetoli was woodland or wooded grassland,
whereas highland forests were located on nearby volcanoes. The nine oldest Laetoli pollen spec-
tra appear close in age to that recently obtained at Woranso/Mille, in the Lower Awash valley of
the Ethiopian Rift (Saylor et al. 2019) at more than a thousand kilometres distance in the northern
tropics. The occurrence of Acacia, Boscia, Celtis, Capparaceae, and several others at both sites
despite strongly different sedimentological contexts, indicates a great expansion of this wood-
land vegetation that was widespread in the southern and northern tropics. Woodland and wooded
grasslands close to forests were available both for A. anamensis in Ethiopia and A. afarensis in
Tanzania. At Woranso-Mille, these hominins made use of mixed grassland–wooded vegetation
more or less similar in composition to woodlands and grasslands existing in the Laetoli plains,
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but in Ethiopia such vegetation was associated with a more densely wooded riparian forest along
an important river delta.

10.4 MID-PLIOCENE (3.42-2.95 MA), ETHIOPIA

Fossil pollen from this time period are only documented at Hadar site, 500 m asl, along the
lower valley of the Awash River (11◦06′N, 40◦35′E), in the Afar depression of the Ethiopian Rift
(Figure 2). The sediments and intercalated volcanic tuffs were deposited in a low topography of a
rapidly subsiding sedimentary basin (Roman et al. 2008). Pollen data from 27 samples (totalling
over 15,000 counted grains) were obtained during the first years of palaeontological exploration
of the research area (1973–1977). They were collected from sediments outcropping in the type
sections of the Hadar Formation dated from 3.42 to 2.95 Ma (Figure 5). In the original publication,
these results were presented according to stratigraphic position and the conventional K-Ar dates
available at that time (Bonnefille et al. 1987). We revisit here the chronological attribution of
former pollen samples using the most recent tephro-chronostratigraphy, including additional
40Ar/39Ar dates and newly identified and dated tephra (tuffs) (Campisano 2007; Campisano and
Feibel 2008a, 2008b; Roman et al. 2008) (Table 2, Figure 5).

The oldest pollen sample (398b) was collected at Oudaleita, a locality on the right bank of
the Awash River (Bonnefille et al. 1987), now included in the research area of the Dikika Project,
although the outcrops still belongs to the Hadar geological Formation. It was extracted from a
lacustrine diatom-rich green clay intercalated between two layers of the Sidi Hakoma Tuff (SHT)
that separates the Sidi Hakoma Member from the the Basal Member. SHT is precisely dated
3.42±0.03 Ma at Hadar (Walter and Aronson 1993 revised by Campisano 2007) and correlates
with two other tuffs from the Turkana basin (Brown 1982), notably with the Tulu Bor B at
East Turkana also dated 3.42±0.03 Ma (McDougall et al. 2012). At the lowest level of the Sidi
Hakoma Member of the Hadar Formation, the perfectly-dated pollen assemblage 398b shows a
remarkable diversity of plants attested by 57 identified pollen taxa. This is partly explained by
the high total pollen count (c. 1200 grains) providing highly reliable information. But such pollen
assemblage fits well with deposition of fluvial deltaic channel, as shown by pollen content of
a modern sample mud from the Awash River (Bonnefille 1969). Abundant grass pollen (36%)
are associated with Afroalpine herbs such as Alchemilla, Carduus, Laurembergia, Lythrum,
Potamogeton and Hypericum, which today in Ethiopia is largely represented by an abundant
small tree (rather than herb species) at the upper limit of the the forest zone. Therefore, such
pollen assemblage likely documents mountain grassland above the forest zone, while sedges and
Typha were scarce. A total of 24% pollen from trees and shrubs indicates an important tree cover,
whereas the high pollen taxa diversity attests of extended well-established woodlands. Significant
percentages of Celtis, Acacia, Dombeya, Ekebergia, Euclea, Brucea and Juniperus indicate that
components of the present-day evergreen bushlands and deciduous woodlands that occupy the
mid-elevation vegetation zone (1500–1800 m asl) on slopes of the northern Ethiopian plateau,
were particularly dense at that time. A high percentage of ferns spores (15%) in this oldest Hadar
pollen sample is unusual and likely reflect high atmospheric humidity, or more humid conditions
such as attested also by the occurrence of Alangium and Garcinia, these trees being components
of more humid forests (Bonnefille et al. 1987).

The next samples (n = 14) were collected within a 19 m-thick section exposed at Hurda
wadi (previously spelled Ourda) and located c. 26 m above the SHT Tuff. This section of dark
clay deposits includes a thick coal/lignite layer (sample KMe) intercalated between sandy levels
of SH-2 and SH-3 sub-members. Recent geological study found that this lignite likely correlates
to the thin darker unit layer within the new Kada Me’e Tuff complex (KMT), newly identified
below the SH3 sands and dated 3.36±0.02 Ma (Campisano 2007; Campisano and Feibel 2008b).
This date was not available in former publications, although it is in fairly good agreement with
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previous estimated chronological placement of the samples (Bonnefille et al. 2004, Figure 3). The
chronology of the numerous pollen data from the lower SH-2 sub-member of the Sidi Hakoma
Member is now well constrained. It spans a time interval of c. 30 kyr, from 3.38 to 3.35 Ma. Inter-
polated ages were calculated for sample KMa to m considering that all samples are located below
the SH-3 sands. However, this unit defined in the Hadar type section is not clearly expressed
in the Hurda section where clay deposits have a greater thickness than in the Hadar type sec-
tions (Campisano and Feibel 2008a). Pollen particularly well-preserved in the Hurda section are
stratigraphically attributed to the SH-2 sub-member of the Hadar Formation. We attribute their
preservation to anoxic conditions attested by the occurrence of Cyprideis ostracods indicating
paludal environment (Peypouquet et al. 1983), and the presence of natrojarosite, a blue mineral
attesting of acidic environment without clastic input (Tiercelin 1986).

The pollen assemblages are divided into two pollen zones showing different taxonomic
composition and pollen percentages. The lower samples (KMa to i) surrounding the 3.36 Ma
lignite and KMT Tuff, are characterized by abundant pollen of grasses associated to sedges and
aquaticTypha (23% of the total pollen), a plant that requires freshwater. Typha pollen are recorded
under such high percentages only in modern samples from periodically inundated delta setting,
such as the Omo delta (Vincens 1982). Pollen of the aquatic Polygonum and abundant Asteraceae
(former Compositae) confirm that it was similar to a high elevation swamp. The next five samples
(KMj to m) show an important increase in arboreal pollen from humid forest such as Ilex, Myrica,
Prunus and Hagenia, all trees characterizing the upper limit of the forest zone, such as in humid
southwestern Ethiopian highlands (Bonnefille et al. 1993). These trees have low dispersal ability
(Hamilton 1972). A total arboreal pollen percentage of 20%, and the great number of tree
taxa, many from mountain forests, a few from evergreen woodland, indicate that a diversified
well-established humid forest occurred at a few kilometres distance from the Hurda section
located closer to the depocenter of the Hadar lake. At that time, the landscape in this area was
densely wooded with grasslands occupying the lake shores, with Typha and rare sedges swamp.
Hominin remains have not been found at Hurda, but there are many of their fossils extracted
from the Sidi Hakoma section in SH-2 and SH-3 sub-members of the Hadar area located a few
kilometres west of Hurda. At Hadar, vertisol mudstones are representative of floodplain deposits
of a meandering fluvial system in which remains of hominin fossils are found (Campisano and
Feibel 2008a).

Following the chronological succession of the Hadar Formation, four pollen samples col-
lected higher up in the stratigraphic section at localities 228, 280, 266 (Figure 2), in sediment
yielding gastropod beds and pink marl below the Triple Tuff, are dated between c. 3.30 to 3.25 Ma
(Table 2). Although sediments deposited during this time period correspond to beach/nearshore
and lacustrine environment (Campisano and Feibel 2008a), their pollen spectra strongly differ
from those of the KM section (Bonnefille et al. 1987). Collected at sites all less than 5km
apart (Bonnefille et al. 1987), these pollen spectra show consistent results characterized by the
predominance of grass pollen (c. 80%), whereas Typha (5%) and sedges (10%) are recorded
under much lower percentages. Pollen of mountain forest (0 to 5%) disappear or occur as one
or two taxa only. The herbaceous component of the pollen assemblages varies as expected in
open grasslands with rare trees occupying the flat plains surrounding a large fluctuating lake.
The occurrence of several herbs such as Alchemilla, Artemisia, Plantago, now common in the
Afroalpine grassland, together with more abundant Asteraceae, associated with the dry conifer
Juniperus, Phoenix (palm) tree, and Ericaceae shrubs indicates cooler conditions. At the top of
the SH-4 sub-member included in the Mammoth event, drier, colder, and more variable climatic
conditions were inferred by a statistical process used to calculate humidity coefficient from pollen
data (Bonnefille et al. 2004). Sample 228b collected at hominin locality 228 provided the lowest
value of humidity coefficient.

Above in the stratigraphy, a group of six pollen samples was extracted from clay deposits
in stratigraphic proximity to the Triple Tuff TT-4 initially dated at 3.26 Ma (Walter 1994), and
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now considered at 3.256±0.018 Ma (Campisano 2007). Tuff TT-4 marks the limit between the
Sidi Hakoma and the Denen Dora Members of the Hadar Formation. Abundance of grass pollen
together with fluctuating percentages of the aquatic Typha and sedges, suggest vegetation typical
of periodically flooded lake margins. The occurrence of the shrub Dodonaea viscosa observed
as a pioneer on basaltic sub-modern lava flows (field observation by RB) and known as a fire-
resistant species, appears in sediment contemporaneous with eruption of the basalt. In these
six samples, arboreal taxa such as Commiphora, Acacia, Hyphaene/Borassus, and Tamarix are
pollen markers of the arid sub-desert steppe like the one now occupying the Rift Valley. The
co-occurrences of these trees indicate that warmer climatic conditions established in the region
c. 3.25 Ma, during a period of higher global climatic variability attested by the marine isotopic
record (Dolan et al. 2015). At Hadar, in the lower Awash valley, samples dated 3.25 Ma were
collected at three distinct localities 134, 333 and 116, all found in the northern part of the Hadar
area, upstream the Kada Hadar wadi (Bonnefille et al. 1987). A sample of green clay exposed at
locality 134, below the TT-4 (top of SH-4 sub member) produced a total pollen count exceeding
2300 grains distributed among 34 distinct plant taxa. Grasses average 60% whereas tree pollen
has increased with the addition of taxa commonly found in mid-elevation woodland such as
Croton, Acacia, Dodonaea, Commiphora, Hyphaene/Borassus and Tamarix. All are indicators
of woodland located at lower elevation, under warmer climatic conditions than mountain forest
trees. Abundant pollen of herbs such as Amaranthaceae, Acanthaceae and Tribulus that grow
on delta plains also indicate higher aridity and/or temperature or increased salinity of the lake
waters and margins, a characteristic also indicated by ostracods assemblages from the same layer
(Peypouquet et al. 1983).

The next three samples come from the hominin localityAL333, but are not contemporaneous
with hominins remains since they were collected from sediment lower in the stratigraphy. A
sample of sandy clay below TT-4 shows high grass percentage (66%), associated with abundant
Typha (32%) suggesting the return of an extended marsh or a shallow freshwater fluctuating lake.
Few tree pollen grains are found in the black clay that lies 50cm below the ostracod layer. In the
sample from the ostracod layer corresponding to the boundary between Sidi Hakoma and Denen
Dora Members, grasses (98%) dominate the pollen assemblage. We also note pollen from the
aquatic herb of Onagraceae.

At locality 116, two kilometres towards the escarpment, grass pollen is still dominant (82%)
and sedges increase. A subsequent percentage of olive tree pollen associated with Combretum
and Euclea indicates that dry seasonal woodlands spread and came closer to the lake. The pollen
sample 116e, upstream of the Kada Hadar wadi, may have consisted of a wooded grassland
environment with olive trees on the northern slope towards the escarpment. In conclusion, the
composition of pollen assemblages close in stratigraphy to the 3.25 Ma dated Triple Tuff is in
good agreement with lacustrine and episodic sub-aerial exposures of depositional environment
at the top of the Sidi Hakoma Member, and the base of the Denen Dora Member (Campisano
and Feibel 2008a).

After a gap in the record of c. 300 ka with no pollen information for the Kada Hadar
Member, the next spectrum come from the brown clay exposed just below the ash fall Bouroukié
Tuff (BKT-2), at locality 55N where the first tuff sample was collected and provided the age
of 2.88±0.08 Ma (Walter and Aronson 1982). In the upper KH-2 sub-member, the BKT-2 Tuff
complex is now considered 2.95 Ma (2.94–2.96 Ma by Campisano 2007; DiMaggio et al. 2008).
A rich pollen assemblage (n > 1000) extracted from this clay shows more than 30 taxa and
7.5% trees and shrubs. The arboreal taxa are exclusively found in current Afromontane forests
(Myrica, Podocarpus, Juniperus, Hagenia and Ericaceae) and others are markers of evergreen
drier woodland/bushland (Euclea, Ekebergia, Dodonaea, Acacia and Rumex). Sedges, Typha and
grasses constitute the herbaceous cover on shores of a shallow lake. A certain degree of salinity
can be inferred from the high proportion of Amaranthaceae/Chenopodiaceae herbs or shrubs and
the low proportion of Typha.
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Figure 5. Stratigraphic position of the original pollen samples (red color) from Bonnefille et al., (1987), in the
composite section of the Hadar Formation after Campisano and Feibel (2008).

After the deposition of BKT-2 Tuff, the Hadar geological Formation ends with a well-
marked unconformity (Figure 5). The Busidima Formation lies stratigraphically above it, after
a gap of deposition of c. 0.3 Ma. Sediments of the Upper Pliocene (2.9 to 2.6 Ma) lack in the
Hadar Formation. A few additional pollen spectra were extracted from archaeological horizons
dated 2.35 Ma, i.e. in the Pleistocene Busidima Formation. They are not discussed in this paper
restricted to the Pliocene.

10.5 DISCUSSION

10.5.1 Interpretation of pollen data

In the difficult challenge of interpreting pollen assemblages in terms of pattern of past vegetation,
landscape or habitat we rely on our field experience and botanical knowledge of tropical vegeta-
tion improved by additional exploration of pollen signal from many other modern ecosystems in
East Africa (Bonnefille 2011). In pollen studies from temperate vegetation where most pollen is
dispersed by wind, taxa with the greatest percentages are assumed to reflect the local vegetation
because the greatest amount of pollen is dispersed at proximity of the plant producing them. A
similar pattern is suggested for tropical vegetation such as shown in the sub-desert vegetation
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of the plains surrounding lake Turkana (Bonnefille 1977). For example, pollen assemblages of
modern soil samples collected in different vegetation zones along the slopes of the escarpment of
the Ethiopian Rift, north of Hadar, provided pollen indicators of the distinct vegetation belts along
an altitudinal gradient, the succession comprising samples from sub-desert steppe to evergreen
bushland and Afromontane forest (Bonnefille et al. 1987). Different vegetation types illustrate a
similar gradient on a broader scale in Tanzania (Vincens et al. 2006), whereas other samples from
southwestern Ethiopia document humid forests from mountains (Bonnefille et al. 1993). How-
ever, in the tropical region, pollen from grasses, dispersed by wind, is produced in significantly
greater amounts than pollen from other tropical plants, notably most forest trees (Hamilton 1982).
As a consequence of this discrepancy, pollen percentages will not directly reflect the proportion
of plants in one given vegetation type. Moreover, the sedimentological context in which the fossil
pollen grains are deposited, modify the distribution pattern of the percentages of different taxa.
Fluvial transport over long distances, can mix distinct pollen grains from various vegetation
types, that do not necessarily reflect their surrounding ecological conditions (Vincens 1982).
Composition of the pollen assemblage varies according to the deposition mode of the sediment.
At Hadar, pollen assemblages such as from the mud of shallow fresh water lake or swamps are
characterized by the abundance of Typha. Pollen assemblages such as sample 134 which is from
a river channel deposit (Campisano and Feibel 2008a), includes a great diversity of pollen taxa
from various vegetation types covering a larger source area, thus potentially representing the
entire river basin (Bonnefille et al. 1987).

10.5.2 Environment of hominins through the Mid and Upper Pliocene

Through the million-year time span between 3.8 and 2.9 Ma, the 39 pollen assemblages discussed
in this paper clearly indicate that geographically distinct hominin sites are associated with dif-
ferent types of vegetation. Grasslands, wooded grasslands, woodlands and forests (riparian or
mountain), all existed, including different species composition and tree cover density. In a same
region, pollen studies show that past vegetation types were also changing through time. In the
lower Awash valley of Ethiopia, the oldest sample (4–3.8 Ma) from Meshellu now located at
c. 500 m elevation, indicate proximity of high elevation mountain forest. At Worenso–Mille, the
pollen assemblage associated to Australopithecus anamensis which fossil remains were found in
the same strata dated to 3.8 Ma at the same locality, documents a mid-elevation Acacia woodland
with abundant Acacia, Cordia, Croton, Rhus, Tamarix and various shrub taxa from the Cappari-
daceae and also Amaranthaceae that indicate a warm climate. Closer to the northern Ethiopian
escarpment, where deciduous and woodland dominated the local landscape some riparian forest
and grasslands occupied the delta that also received a pollen signal of distal mountain forest.
There are few highland dry conifer forests taxa such as Olea and Juniperus. A closely related
mid-elevation woodland is documented at Laetoli in Tanzania, south of the equator, at about
the time when the oldest A. afarensis appeared in the East African fossil record. Such drier past
vegetation contrasts with that of more humid conditions found in the Lower Awash valley, a few
hundred thousand years later when A. afarensis prevailed at Hadar.

It is at Hadar that well-preserved, numerous pollen data best document past vegetation. At
Hadar from 3.4 to 3.2 Ma, the remarkable feature is the floristic affinities of the fossil taxa to
components of the present Afromontane vegetation domain. These include taxonomic attribution
of fossil pollen to living plants common in high elevation evergreen bushlands, forests and
Afroalpine grasslands. These similarities clearly indicate much cooler and wetter vegetation and
a past climate that contrasts sharply with the extremely arid current climate of the Afar region.
During the Mid-Pliocene, atmospheric CO2 concentration was likely similar to today (400 ppm)
(Ning Tan et al. 2020), which may partly explain forests expansion at that time. From 3.4 Ma to
2.9 Ma, global decrease in CO2 concentration is postulated to have enhanced polar glaciation.
During the Pliocene, oceanic and atmospheric circulations were totally different from the present
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situation. Some modelling experiments indicate more precipitation over East Africa at 3.3 Ma
(Dolan et al. 2015).

At 3.4 Ma, in the oldest deposits at Hadar, all the trees belong to woodlands and forests
now encountered only in Ethiopian highlands (Friis et al. 2010). The fossil pollen data set lacks
indicators of the common sub-desert trees (such as Capparidaceae, Salvadoraceae, Ziziphus,
Combretaceae). Indeed, Mid-Pliocene vegetation at Hadar was markedly different from that of
today. Australopithecus afarensis and A. anamensis were sharing a vegetated landscape that is
difficult to reconstruct. Elevation and climatic conditions of the region differed markedly from
the current palaeogeographical setting. In a subsiding flat spreading basin, the Hadar Lake could
have been closer to the Rift escarpment and its relief. At that time, it could be postulated that
the large lake was located at elevation much higher than 500 m. Today forests are established
above 1800 m elevation, under a minimum amount of over 1000 mm/yr precipitation with no
short dry season, and an average annual temperature of 18◦C. These requirements significantly
contrast with the low rainfall, high temperature and long dry season of today’s climatic conditions
in the Rift. Regular characteristics of the sedimentology during the time interval 3.4 to 3.2 Ma,
presume of stabilized forest soil and agree with pollen indicating forests occurrences. From
3.32 to 3.22 Ma, the climatically stable and humid lacustrine phase at Hada corresponds to a
global period of low variability attested by the astronomically calculated lower insolation and
precession amplitude (Campisano and Feibel 2007, Figure 3). In contrast, during the deposition
of the KH-2 Member (3.12 to 2.96 Ma), drier conditions were inferred from faunal studies,
notably the increase in bovid tribes (wildebeests and gazelles) adapted to grazing arid lands after
3.15 Ma (Campisano and Reed 2007). The drying trend supported by faunal analysis cannot
be confirmed by pollen since no data exist for this time range. DD and KH Members were
not initially densely sampled for pollen studies. However, at the top of the KH-2 sub-member
of the Hadar Formation, the pollen spectrum BK-2 documents open woodland indicating long
dry seasons unsuitable for forest growth. Although derived from a single pollen assemblage,
this interpretation is in good agreement with sedimentological and faunal interpretation of local
environment and global climate patterns around 3 Ma.

10.5.3 Pollen reconstructed climatic conditions

An attempt to reconstruct climatic parameters from Hadar pollen data was performed (Bonnefille
et al. 2004). Such method uses references of selected taxa frequencies in pollen assemblages
obtained from 966 samples collected in different vegetation types at East African sites where
corresponding meteorological parameters were interpolated. In 2001, R. Bonnefille collected
at Hadar 13 new modern pollen assemblages from soil and river mud. Thirty years had passed
since the collection of modern pollen data had been obtained and used as a calibration data set.
We processed the new modern samples as if they were fossil ones and apply to them previous
methodological approaches developed to calculate climatic parameters from upper Pleistocene
and Holocene pollen data (Bonnefille et al. 1992; Jolly et al. 1998). The results could be compared
to measured mean annual rainfall and temperature values provided by a meteorological station
located nearby Hadar. Such procedure constituted a control test intended to validate our method.
Indeed pollen-reconstructed values obtained for both modern surface soil and river samples
collected in 2001 (these likely analogues to fossil pollen deposition) correspond closely to those
measured at the nearby meteorological station (Bonnefille et al. 2004). Our statistical method was
therefore validated. We could apply such likelihood procedure to infer mean annual precipitation
and temperature for the Pliocene. Of course, the fact that climatic requirements from plant taxa
during the Pliocene remained the same as today has to be an accepted assumption. For Hadar, the
results indicate that from 3.42 to 3 Ma, mean annual terrestrial temperature was c. 10◦C lower
than the 25◦C current value. Mean annual rainfall values average 1000 mm/yr, which is two to
three times the amount registered today (Bonnefille et al. 2004). Moreover, a noticeable cold shift
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towards 15◦C associated with a minor rainfall increase is registered at c. 3.36–3.35 Ma (samples
KMk to KMm section, Figure 3, Table 2) after deposition of the anoxic black organic layer ‘lignite’
(KMe) dated by the KMT Tuff at 3.36±0.02 Ma (Campisano 2007), and occurring in a stable
deposition of lacustrine clay. Below the lower limit of the Mammoth sub-chron (3.33 Ma), the
cool and humid event registered at Hadar appears in good contemporaneity with the oceanic first
isotopic cooling event (Shackleton et al. 1995), therefore connecting a local environmental event
to a global climatic event (Campisano and Feibel 2007). Pollen results and inferred climatic
parameters clearly show that global climatic variations had a strong impact upon climate and
vegetation in East Africa. However, the vegetation changes documented here for a few thousand
years concern changing species of trees in the forest, but the forest was maintained in the region
throughout this period. At Hadar, fossil remains of A. afarensis are found in many localities both
before and after the cooling spell (below and above the SH-3 sands). The palaeo-geographical
context indicates a permanent but fluctuating large lake, surrounded by periodically flooded
flats covered by swampy sedges and cattail tall herbs. Located near a forest with great diversity
of tree species, such environmental conditions offered various resources for food subsistence
and shelter for this hominin which maintained abundant groups for more than half a million
years.

Later, at about 2.95 Ma, when arctic glaciation extended, a single pollen assemblage doc-
uments past vegetation at Hadar. At that time a strong contrast was calculated in reconstructed
values between mean annual temperature (MAT) inferred by ‘best analogue’ statistics and mean
temperature of the coldest month (MTCO) inferred by the Plant Functional Type (PFT) method
(Jolly et al. 1998). Mean annual precipitation remained high (>1000 mm), and the humidity
coefficient showed its greatest value (Bonnefille et al. 2004). These values indicate stronger
seasonal contrast in the local terrestrial climate, in good timing correspondence with increased
variability of dust content registered in marine cores of the Arabian sea shown by a noticeable
peak at 2.9 Ma (deMenocal 1995). In the marine core DSDP 231 from the Gulf ofAden, plant wax
biomarkers show increased proportion of C4 plants, while pollen from the halophytes Chenopo-
diaceae/Amaranthaceae) are in greater percentages (Feakins et al. 2013) synchronously with the
lowest percentages of total arboreal pollen (Bonnefille 2010). Several marine indicators point
to strong changes over the whole East African region, and more contrasted climatic conditions
at Hadar. However, in the Lower Awash Valley, trends towards more aridity did not reach a
threshold that enabble forest growth from the Hadar region. Many species of forest and wood-
land trees (e.g. Olea, Podocarpus, Hagenia, Myrica, Macaranga, Acacia, Ekebergia, Nuxia,
Euclea, Juniperus, Dodonaea) persisted in the basin, until 2.9 Ma, still offering food and shelter
resources. The variety of tree species indicates a diversified forest that does not resemble riparian
forests, impoverished in species such as those found nowadays in arid region along the Awash
or the Omo Rivers. Riparian forests, although providing a locally wooded environment among
arid grassland floodplains, are less diversified in trees and herbs species (Carr 1998) and they
are geographically localized. They could not provide food and continuous long-term living con-
ditions for early hominins populations such those found in the Lower Awash Valley for a million
years. Composition of the riparian vegetation is known to change very quickly. However, when
hominins seem to have disappeared from the region (at 2.9 Ma), greater seasonal temperature
(and rainfall) contrasts possibly made living conditions more difficult than those experienced
earlier by occupants in the Hadar/Dikika region.

During the middle Pliocene, from 3.8 to 3.2 Ma, multiple, roughly contemporaneous sites,
all containing hominins, are present across East Africa, spanning regular occurrence of Australo-
pithecus afarensis. At Hadar (Ethiopia), Laetoli (Tanzania), East and West Turkana (Kenya),
hominins were rare members of large mammalian fossil communities. Significant discrepancies
in hominin abundance versus other mammalian fossils could have been caused by local ecology
rather than by taphonomic biases (Villaseñor et al. 2020). Indeed, at Hadar, local ecological
conditions with diversified woodlands and forests, and local grasslands (strongly differing from
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modern savannah/steppe) provided favourable conditions for persistence of A. afarensis in the
region. Stronger climatic changes after 2.9 Ma could have caused their extinction. But the Last
Appearance Datum (LAD) of the species is difficult to determine due to a gap in the deposition
of the sediments at Hadar after 2.9 Ma.

10.6 CONCLUSIONS

Pollen data from the Pliocene in East tropical Africa document many vegetation types that expe-
rienced strong changes in their taxonomic composition. Some of these changes occurred over a
few thousand years. However, the resolution of the record is not sufficient to attribute them to
fluctuations in precipitation following the monsoon precession cycle, although it is likely. Past
vegetation for deposits c. 3.8 Ma is reconstructed as dense woodland or wooded grassland both
in Tanzania south of the equator and Ethiopia, north of the equator. Such vegetation implies
a seasonal distribution of rainfall over a broad region in East Africa. At 3.42 Ma many indica-
tors of cool mountain forests and high elevation grasslands prevailed under humid conditions
of higher rainfall, with short dry seasons that maintained forests at Hadar for more than 200
ka. A cold event documented slightly before 3.33 Ma, close to the lower limit of the Mammoth
event, occurred in good timing connexion with the known marine isotope stage MIS M2 oceanic
cooling and rainfall increase simulated by some model experiments (Dolan et al. 2015). At Hadar
vegetation changes are indicated by modifications in the tree species composition of the forests.
It is remarkable that such noticeable changes (both in vegetation and local climate) had no effect
on A. afarensis local occurrences. Regarding hominins habitat, existing forests offered abundant
and diverse food resources and shelters for A. afarensis. At Hadar, hominin fossils are found
within sediments deposited before and after the cold spell. From 3.1 to 2.96 Ma, analyses of
the fossil fauna, notably the abundance of different bovid tribes, are interpreted as indicating
a drying trend in the palaeoenvironmental conditions. Increased body sizes of A. afarensis are
documented synchronously. A single pollen assemblage confirms the drying trend post 2.9 Ma
at a time of greater variability of the global climate following increasing arctic glaciations.
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ABSTRACT: The Arabian Peninsula hosts some of the most extreme environments in the world.
Arabian ecosystems are largely semi-arid to hyper-arid and yet are often highly biodiverse and
unique owing to a location at a biogeographic nexus. There is an urgent need to better understand
ecosystem resilience to biotic and abiotic disturbance; however, the modern vegetation across
much of the sub-continent is still poorly understood. Palaeoecological records in Arabia have
the potential to fill in gaps in our fundamental understanding of vegetation responses to climate,
disturbance, and human modification; however, to do this, data must be accessible and easy
to find. To this end, within the framework of the relaunch of the African Pollen Database,
here we review existing palaeoecological datasets from the Arabian Peninsula, inventory those
which are available, and synthesize results from these records. Due to the dearth of pre-Holocene
information, this synthesis focuses on reconstructing vegetation from the Holocene Humid Period
to today with emphasis on the impact of aridification and changing human livelihoods and culture
on landscapes. Finally, asArabia is perhaps the least well-studied region within theAfrican Pollen
Database, we offer some suggestions about fruitful directions for future palaeoecological research
in this area.

11.1 INTRODUCTION

TheArabian Peninsula hosts some of the world’s most extreme environments, including landscape
gradients from montane woodland to cloud forest to active dune fields over small spatial scales,
vast gravel deserts, and the world’s largest sand sea, the Rub al’Khali. Its flora is complex
biogeographically as well as ecologically very valuable (Kuerschner 1998). Due to its location

1Other affiliation: German Archaeological Institute (DAI), Scientific Department of the Head Office, Berlin,
Germany
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near Asia, Europe, and Africa, the flora of the Arabian Peninsula includes a high percentage
of plants with affinities to neighboring regions co-occurring in unique formations, with many
plants that only grow in these harsh climates (Ghazanfar 1992).. Further, the deserts of Arabia
are quite diverse, with the southern half situated within the Horn of Africa Biodiversity hotspot
(Mittermeier et al. 2011).

The impact of climate change in Arabia is likely to put these fragile ecosystems at greater
risk (Huang et al. 2017). Projections of climate that suggest that the “dry get drier” could further
reduce moisture in a landscape already with a strong moisture deficit (Dahinden et al. 2017;
Pachauri et al. 2014; Pausata et al. 2020). Further, the addition of increased rainfall variability
could also intensify drought periods. Although many plants in the region are already adapted to
arid and hyper-arid conditions, limited areas of grassland and woodland could undergo significant
changes.

Further, despite climate being the main determinant of vegetation, land cover throughout
the region is rapidly changing due to human activities (Alquarashi et al. 2016; Galletti et al.
2016). Rapid development following recent events, like the discovery of oil reserves in the Gulf
States, has resulted in increased pressure on ecosystems as nations industrialize (Albalawi et al.
2018). Additionally, in much of Arabia, millions of people still live pastoral or agropastoral
lifestyles and depend on ecosystem services for food, medicine, and fodder for animals (Ball
et al. 2020). Freshwater availability is another important issue that can also be directly tied to
vegetation. Ecosystem change associated with tree cover loss in wadis and southern Arabia is
known to result in decreased surface water, declining water tables, and less spring discharge
(Friesen et al. 2018; Hildebrandt et al. 2007). Thus, between the dual threats of climate and
land-use change, it is important to better understand ecosystem changes in order to help develop
sustainable management practices and validate models for an understudied region.

To this end, information is needed to better understand the relationship of Arabian vegeta-
tion to climate change on centennial timescales. Palaeoecological records, primarily from fossil
pollen, provide key insights into the natural history and origins of the modern ecosystems in Ara-
bia, feedbacks between climate and vegetation, ecosystem resilience, anthropogenic influences,
and disturbance. In other regions, dense networks of these palynological records even allow for
spatially explicit mapping of past vegetation (e.g. Dawson et al. 2016; Huntley 1990; Webb and
McAndrews 1976; Williams and Jackson 2007). In contrast, Arabia is very data poor. This results
form a few linked problems: 1) due to aridity, there is a lack of traditional palaeoenvironmental
archives like lakes that have existed continuously through multiple climatic cycles, 2) access to
regions that have potential for palaeoenvironmental work has become increasingly difficult due
to evolving global politics, 3) existing pollen data from the region were housed within the African
Pollen Database (APD), which lapsed in 2007 due to lack of funding, making accessibility of data
also difficult. While these first two issues are a challenge to address, this paper, in conjunction
with others in this special issue, emerge from an effort to renew and relaunch the APD (Ivory
et al. 2020). This comes at a very critical time for using renewed, accessible data to synthesize the
state of the art of palaeoecology in Arabia. Therefore, in this paper, we seek to: 1) review the state
of current APD data holdings and those which have been generated since 2007, 2) synthesize
these results from within the region in order to evaluate changes in vegetation since the Late
Pleistocene, 3) provide recommendations for future work.

11.2 MODERN SETTING

The Arabian Peninsula (Figure 1) is situated in a complex geographical and geological setting
between Africa, Asia, and the Mediterranean. Covering some 2.7 million km2, this sub-continent
spans approximately 15◦ latitude from the tropics to the subtropics (Kuerschner 1998). Because
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of active tectonism, Arabia is bordered on most sides by mountains, including the Zagros Moun-
tains to the north, Hajar Mountains to the east, the Hijaz, Asir and Yemen Highlands to the west,
and Dhofar Mountains and Hadramawt escarpments to the south bordering the Arabian Sea. In
the continental interior, due to significant rain shadows from these highlands, Arabia hosts exten-
sive arid and hyper-arid environments including three sand seas (Rub al’Khali, Nafud, Wahiba
Sands; Figure 1).

The climate of Arabia involves both northern and tropical atmospheric circulation systems.
Rainfall is generally low (Figure 2), with most areas receiving less than 100mm/yr. This includes
the hyper-arid interior and northwest coast (<50mm/yr), a large area from the Rub al’Khali
(with 50–50mmyr), and c. 100mm/yr along the southern coasts. Notable exceptions to this are
semi-arid regions in northern and southern Omani/Yemen mountains receiving c. 250mm/yr,
and the southwestern highlands in Yemen receiving <400mm/yr (Almazroui et al. 2012; Fisher
and Membery 1998). In the south, the summer rainfall is related to the yearly migration of the
Intertropical Convergence Zone (ITCZ), which is located just south of the Oman/Yemen coasts
in the summer months in its most northerly current position. However, despite the proximity of
tropical convergence, southwesterly winds in June-July-August result in upwelling of cold waters
off of the southern Yemen/Oman coast which limits evaporation of moisture into air masses. In
this region, cool, damp winds encounter steep, coastal escarpments and form dense seasonal fogs
in summertime (Fisher and Membery 1998; Hildebrandt et al. 2007). Thus, instead of rainfall,
a portion of annual moisture received in the coastal mountains of Yemen and Oman occurs as
dew or horizontal precipitation (Hildebrandt et al. 2007). Further, as a result of the trapping of
moisture along the coasts, there is a strong rainshadow and many inland areas receive no reliable
moisture at all. In the north, beyond the limit of summer moisture, northwesterly winds occur in
the winter months. These winds are associated with mid-latitude westerly circulation. Rainfall
typically occurs due to cyclonic systems that develop over the Mediterranean Sea. These systems
bring gentle rainfall to the Near East and may also be funneled up along the Zagros Mountains to
the Persian Gulf delivering moisture as far south as the United Arab Emirates (UAE) and northern
Oman.

The vegetation in Arabia owes its character to tectonics, geology, relief, biogeographic
histories of different adjacent regions, climate change, and human presence and cultural evolution
(Figure 1; Kuerschner 1998). Large parts of the peninsula maintained strong floral affinities
with Africa before separation of the continents due to rifting around 15 myrs ago (Kuerschner
1998). Since that time, evolutionary isolation from the tropical vegetation of Africa coupled
with new biogeographic connections with Europe and Asia and drying during the later Cenozoic
have strongly shaped vegetation structure and community composition (Patzelt 2015). Three
main phytogeographical units are found: the Saharo-Sindian/Arabian regional zone, the Somali-
Masai regional center of endemism, and an Afromontane phytogeographic unit similar to the
high mountains of East Africa. These occur along with intruders in the north and southeast of
Mediterranean and Irano-Turanian origin.

Beyond the coasts, the modern continental interior of theArabian Peninsula is dominated by
hyper-arid to semi-arid ecosystems dominated by plants with Saharo-Arabian affinities (Figure 1).
These regions have sparse vegetation with extremely low ground cover in diffuse or contracted
patterns on slopes or in depressions. A few scattered trees with tropical affinities such as Maeura
crassifolia, Boscia arabica, and Acacia tortilis also occur. To the east, species composition
changes to reflect the proximity of Asia in the Gulf of Oman desert and semi-desert, where tree
communities commonly include Prosopis cineraria.

In the inland gravel and rock deserts, shrublands with Haloxylon salicornicum cover most
of North Arabia, while shrublands with Rhanterium epapposum are most common in the eastern
part of the Arabian Peninsula. Both formations constitute highly appreciated grazing resources.
Shrublands with Calligonum comosum, Artemisia jordanica, and numerous annuals characterizes
the Great Nafud and Dahna sands. In the hyper-arid Rub’al Khali, annuals are uncommon, and
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Figure 1. Map of terrestrial ecoregions of Arabia and adjacent areas (Olson et al. 2001). Dots indicate sites with
datasets relevant to the African Pollen Database (APD), including those already in the APD data holdings (green), those
available after 2007 (yellow), and those not within the APD (red). Black dots indicate datasets in the European Pollen

Database (EPD). Dotted line indicates the boundary between dominant summer and winter rainfall.

Figure 2. Map of rainfall throughout Arabia during December (left) and July (right). Average monthly precipitation at
2.5’ resolution comes from Worldclim2 (Fick and Hijmans 2017). Arrows indicate direction of prevailing seasonal

winds.

very open shrublands cover thousands of square kilometers, dominated by the endemic species
Cornulaca arabica associated with Calligonum crinitum, Cyperus conglomeratus, and Tribulus
arabicus.

Trees are mainly restricted to vegetation on mountain slopes, wadis, and coastal plains.
Within the wadis, different Acacia species are accompanied by Mediterranean and Irano-Turanian
taxa in the northern, northwestern, and southeastern regions, such as Nerium oleander. Sudanian
taxa such as the toothbrush tree (Salvadora persica) are common in wadi communities in the
southern part of Arabia.
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In the northernmost mountains, Mediterranean taxa play an important role. Steppic forests
with pistachio (Pistacia khinjuk, P. atlantica) and juniper (Juniperus phoenicea) trees are found
in the Hijaz Mountains. In the summit zone, oak-woodlands (with Quercus calliprinos) replace
the juniper-pistachio woodlands.

In contrast, the southern and eastern mountains (Asir mountains, Yemeni highlands, the
Hadhramaut Plateau and Dhofar Mountains) show a strong Afromontane affinity. Typical repre-
sentatives are olive trees (Olea europaea subsp. cuspidata) in the western and southern Arabian
mountains and juniper (Juniperus excelsa) at highest altitudes (Kuerschner 1998). Tree heathers
(Erica arborea) in Yemen, the southwestern Asir mountains, and the southernmost Hijaz moun-
tains are another example of the close floristic connections between East-Africa (Baierle 1993;
Deil and al Gifri 1998; Ghazanfar 1992; Gil-Lopez et al. 2017; Kuerschner 1998; Mandaville
1998).

Other tropical African elements are representatives of the Somali-Masai Acacia-
Commiphora phytogeographic zone along the Oman and Yemen coasts (Ghazanfar 1992;
Mittermeier et al. 2011; Patzelt 2015). These include dense stands of seasonal woodlands and
forests dominated by Terminalia (formerly Anogeissus; including the endemics T. dhofarica and
T. bentii; Ghazanfar 1992). Some of these restricted patches owe their existence to seasonal
summer fogs and increased rainfall along the south facing seaward slopes where the rainfall may
exceed 250 mm/yr. However, due to several factors, including human modification from over-
grazing and wood harvesting, expansive coastal deserts including savanna grasslands and rocky
xeromorphic scrubland replace tropical deciduous woodland and forest today even at elevation
in many locations (Ball et al. 2020).

Mangroves are also found at stream outlets leading to coastal estuaries (kwars or khors) in
some locations along the southern coasts of Oman and Yemen (Deil 1998). In contrast with the
freshwater dominated mangroves common in southwestern Asia, with species like Rhizophora
mucronata, theseArabian mangroves are dominated by halophytic trees such asAvicennia marina.
These environments have also become relatively degraded by human land-use and are intensively
grazed by animals such as camels during the dry season.

11.3 STATE OF RECORDS IN THE AFRICAN POLLEN DATABASE

While Arabian palaeoecological records are quite few, their representation as a percentage of
those in existence in data repositories such as the APD is also exceptionally low in comparison to
other regions of Africa (Table 1). For this review, we consider only Arabian records south of the
Levant for consideration, as Levantine and Near Eastern records have been contributed commonly
to the European Pollen Database due to their Mediterranean affinity. The original data holdings
of the APD dating to 2007 includes only 7 datasets. Within the framework of the relaunch of the
APD, work has begun to inventory all Arabian records and encourage new data contributions. As
a result, Table 1 shows that, of the 40 publications including pollen datasets, 9 new datasets have
been contributed to date (total 16 Arabian records in APD). Several observations can be made
of the emerging datasets produced within the last 15 years, including new archives previously
unrepresented in Arabia (hyrax middens, archeological contexts, estuary sediment cores) which
have resulted in an influx of new information to help answer ecological questions.

11.4 VEGETATION HISTORY

11.4.1 Pre-Holocene

Little palaeoecological information exists about the Cenozoic flora of Arabia prior to the Late
Pleistocene, and none which falls under the convention of the African Pollen Database. The little
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Table 1. Inventory of all palynological records relevant to the African Pollen Database (APD).

Site Country/
Type Name Latitude (◦N) Longitude (◦E) Ocean Reference

APD Suwayh [Drill 2] 22.09 59.67 Oman Lézine et al.
(2002)

APD Suwayh [Drill 1] 22.09 59.67 Oman Lézine et al.
(2002)

APD Khor [F.B.] 25.50 51.42 Qatar Bonnefille and
Riollet (1988)

APD Khor M 25.50 51.42 Qatar Bonnefille and
Riollet (1988)

APD Site 36 25.53 51.50 Qatar Bonnefille and
Riollet (1988)

APD Mundafan 18.53 45.38 Saudi Arabia El-Moslimany
(1983)

APD al-Hawa 15.87 46.88 Yemen Lézine et al.
(1998)

APD MD92-1002 12.03 44.32 Indian Ocean Fersi et al.,
(2016).

available SO90-56KA 24.83 65.92 Indian Ocean Ivory and
Lézine (2009)

available Filim 20.60 58.19 Oman Lézine et al.
(2017)

available Khawr Al Balid 1 17.00 54.34 Oman Hoorn and
Cremaschi

(2004)
available Khawr Al Balid 3 17.00 54.33 Oman Hoorn and

Cremaschi
(2004)

available Khawr Rawri 2 17.03 54.40 Oman Hoorn and
Cremaschi

(2004)
available Khawr Rawri 4 17.03 54.41 Oman Hoorn and

Cremaschi
(2004)

available Kwar al Jaramah 22.50 59.77 Oman Lézine (2009)
available Sumharam 17.04 54.43 Oman Lippi et al.

(2011)
available Tayma 27.63 38.55 Saudi Arabia Dinies et al.

(2015)
Not in APD MD 77 202 19.22 60.67 Indian Ocean Van Campo

(1983)
Not in APD RC27-14 15.42 58.10 Indian Ocean Overpeck et al.

(1996)
Not in APD RC27-28 18.50 57.98 Indian Ocean Overpeck et al.

(1996)
Not in APD Hole 721B 16.68 59.86 Indian Ocean Van Campo

(1991)
Not in APD Hole 723 A/B 18.05 58.44 Indian Ocean Van Campo

(1991)

Continued
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Table 1. Continued

Site Country/
Type Name Latitude (◦N) Longitude (◦E) Ocean Reference

Not in APD MD 76 135 14.45 50.53 Indian Ocean Van Campo
(1983)

Not in APD MD 76 136 12.88 46.80 Indian Ocean Van Campo
(1983)

Not in APD Maqta oasis 22.77 58.96 Oman Urban and
Buerkert

(2009)
Not in APD an Nafud [profil 2] 25.85 41.43 Saudi Arabia Schulz and

Whitney
(1986)

Not in APD an Nafud [profil 3] 27.90 41.32 Saudi Arabia Schulz and
Whitney

(1986)
Not in APD an Nafud [profil 4] 28.02 41.15 Saudi Arabia Schulz and

Whitney
(1986)

Not in APD an Nafud [profil 5] 28.10 41.37 Saudi Arabia Schulz and
Whitney

(1986)
Not in APD an Nafud [profil 6] 28.45 41.22 Saudi Arabia Schulz and

Whitney
(1986)

Not in APD an Nafud [profil 7] 28.45 41.22 Saudi Arabia Schulz and
Whitney

(1986)
Not in APD As-Sirr 26.18 44.33 Saudi Arabia Schulz and

Whitney
(1986)

Not in APD Djebel Asmar 25.80 43.02 Saudi Arabia Schulz and
Whitney

(1986)
Not in APD Jebel Ghiran 20.66 46.73 Saudi Arabia El-Moslimany

(1983)
Not in APD Rub’al-Khali 19.43 46.69 Saudi Arabia El-Moslimany

(1983)
Not in APD Rub’al-Khali [AS-3-1] 21.88 49.72 Saudi Arabia El-Moslimany

(1983)
Not in APD Rub’al-Khali [XX-B-5] 17.59 46.30 Saudi Arabia El-Moslimany

(1983)
Not in APD Awafi 25.72 56.10 UAE Parker et al.

(2004)
Not in APD Mleiha 25.13 55.86 UAE Garcia Anton

and Sainz
Ollero (1999)

Not in APD OS73 25.14 60.83 Gulf of Oman Miller et al.
(2016)

Not in APD Sumharam 17.04 54.43 Oman Bellini et al.
(2020)
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that can be inferred is based on the ancient biogeographic connection of Arabia with Eastern
Africa. Prior to the inception of the East Africa Rift system, the Arabian and African plates were
joined, forming a continuous stretch of land from what is now Ethiopia into southwestern Arabia
(Yemen, Oman, and Saudi Arabia; Guba and Glennie 1998). This connection with Africa in the
Eocene and Oligocene that sets the legacy of the modern floristic affinities with the African
continent (Kuerschner 1998). By c. 30 Ma ago, the Arabian plate separated from Africa which
likely had important consequences for the climate and flora of the region. Due to the relative
biogeographic isolation of Arabia, endemic vascular plants emerged (Kuerschner 1998). During
the last 10 myrs, global cooling led to increased aridity and the rise of C4 tropical savanna and
open desert ecosystems. Pollen and carbon isotopes on leaf waxes from DSDP Site 231 in the Gulf
of Aden suggest a transition to aridity by 10Ma and from C3 woodland to C4 savanna by c. 3.5Ma
(Bonnefille 2010; Feakins 2013). Aridification progressed at the beginning of the Quaternary.
Decreases in sea levels related to glacial-interglacial fluctuations in the Red Sea and Persian Gulf
led to decreased biogeographic barriers with Africa and Asia, facilitating plant migrations when
sea levels were low (Kuerschner 1998). This likely resulted in the inclusion of many elements of
Irano-Sindian elements in plant communities of western and northern Arabia.

Over the late Quaternary, marine sediment cores from the Arabian Sea and Gulf of Aden
along with very sparse terrestrial records provide information about climate and vegetation. Geo-
morphological studies of palaeolakes and dune mobilization coupled with observation speleothem
growth phases suggest repeated oscillations of wetting and drying over at least the last 400kyrs
(Figure 3; Burns et al. 2001; McClure 1984; Preusser et al. 2002; Rosenberg et al. 2011;
Stokes and Bray 2005). This includes the development of inland lakes and aquifer recharge,
such as have been observed during MIS5e in the Near East and Saudi Arabia (Issar and Bruins
1983; Petit-Maire et al. 2010; Rosenberg et al. 2011). δ18O measured on benthic and planktic
foraminifera from marine sediment cores MD77 202 and MD76 136 suggest that climate at
least over the last 160kyrs was strongly related to glacial-interglacial cycles (Van Campo et al.
1982). In tropical Africa, palaeoclimate and palaeoecology are also mechanistically connected
to eccentricity-modulated insolation as well as teleconnections with northern latitude glaciation;
however, the record in Arabia is not long enough to resolve the impact of changes in tropical
insolation on climate.

Regardless, pollen analysis on marine sediment cores MD77 202 and MD76 136 highlight
enhanced aridity during glacial periods such as MIS 6 and MIS2 characterized by high abundances
of xerophytic herbs like Amaranthaceae (Figure 3). Despite relative wetness during interglacial
periods, pollen assemblages appear to still contain many indicators that flora on the sub-continent
has an important arid component. This includes high abundances of Asteraceae and Tribulus, but
includes some more tropical elements, such as Acacia and higher abundances of grasses. This
implies that coastal forests and mangroves may have expanded during interglacial periods (Fersi
et al. 2016; Van Campo et al. 1982). In northern Arabia, drill cores from the Dead Sea provide
insight into the environments from c. 147-89 ka. These show pronounced aridity through much
of the penultimate glacial-interglacial transition with an abrupt transition to grass and woodland
during the maximum interglacial from 124-115 ka (Chen and Litt 2018).

11.4.2 Holocene

Throughout the northern hemisphere tropics, the Pleistocene-Holocene transition was accom-
panied by an increase in summer insolation (Figure 4). This resulted in enhanced land-sea
temperature contrasts which intensified northern tropical monsoon systems and is often referred
to as the Holocene Humid Period (Mayewski et al. 2004). In North Africa, palaeoclimate and
paleeoecological research has focused on evidence of extensive closed-basin lake systems like
Lake Mega-Chad and the resultant northward migration of savanna and tropical woodland ecosys-
tems to form the “Green Sahara” (Hély and Lézine 2014; Hoelzmann et al. 1998; Watrin et al.
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Figure 3. Late Quaternary climate and vegetation of Arabia, including (from top to bottom) indication of periods of
speleothem growth (Burns et al. 2001), dune mobilization (Stokes and Bray 2005), closed basin lake deposits in Rub
al-Khali (McClure 1984), geochemical and pollen data from marine sediment core MD77 202 including δ18Obenthic,

humid-arid index, and pollen abundances (Van Campo 1983).

2009). In Arabia, however, although changes in atmospheric circulation and teleconnections with
the high latitudes resulted in increased rainfall during this time, the pattern is quite complex and
varies regionally, particularly the response of the vegetation to enhanced rainfall.

11.4.2.1 Palaeohydrology
Palaeoclimatic studies of cave and lacustrine deposits demonstrate changes hydrology consis-
tent with altered atmospheric circulation involving both a more northerly ITCZ and intensified
Mediterranean moisture source during the early and middle Holocene from at least 9-6 ka across
much of the Arabian Peninsula (Dinies et al. 2015; Enzel et al. 2015; Fleitmann et al. 2007,
2011; Lézine et al. 1998, 2007, 2009, 2014; Parker et al. 2004, 2006; Schulz and Whitney
1987). In southern Arabia, δ18O from speleothems collected across a latitudinal gradient from
northern Oman (Hoti Cave, 22◦N) to southern Oman (Qunf Cave, 17◦N) show a depletion in
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oxygen isotopes attributed to the “amount effect” as well as indications of a southerly moisture
source (Figure 4; Fleitmann et al. 2007, 2011). This implies increased tropical summer moisture
associated with a northward migration of the ITCZ between 10-9 ka (Fleitmann et al. 2007, 2011;

Figure 4. Holocene Humid Period climate and vegetation from Arabia including (from top to bottom) July solar
insolation at 15N (Berger and Loutre 1991), speleothem δ18O from Hoti Cave (northern Oman) and Qunf Cave

(southern Oman; Fleitmann et al. 2007), aridity index and percent Mediterranean trees (Quercus/Olea/Juniperus) from
Ein Gedi (Israel; Litt et al. 2012), vegetation at Awafi (UAE; Parker et al. 2004), aridity index and freshwater mangrove

pollen (Rhizophora) from Kwar al Jaramah and Filim (Oman; Lézine et al. 2017), aridity index and percent tropical
trees (Acacia, Dodonaea viscosa, Podocarpus, Ziziphus, Salvadora persica) from Al-Hawa (Yemen; Lézine et al.

1998), and frequency diagram of numbers of waterlain deposits (Lézine et al. 2014).
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Neff et al. 2001). Numerous studies link monsoon intensification to high summer insolation in
the northern hemisphere at the early to mid-Holocene.

However, monsoon intensity based on marine core records responded non-linearly to radia-
tive forcing with significantly centennial and millennial-scale variability (Gupta et al. 2003;
Sirocko et al. 1993). This work suggests both direct and indirect forcing of the monsoon with
variability mechanistically linked to teleconnections with both temperatures in the North Atlantic
as well as changes in albedo over the Asian landmass. Although no quantitative estimates of rain-
fall increase are associated with those studies, palaeoclimate model simulations by Lézine et al.
(2017) imply that large rainfall anomalies occurred in the south between 14-18◦N at least as
late as 6 ka with increased summer moisture limited mostly to southern Oman and Yemen. Only
marginal rainfall increase occurred as far north as 20-24◦N.

In addition to changes in tropical circulation, winter Mediterranean rainfall systems varied
over the Holocene. Speleothem δ18O from caves in the Eastern Mediterranean, including Soreq
Cave in Israel, lake level fluctuations, and the timing of sapropel deposition suggest that the win-
ter rainfall zone underwent several transitions. Two major wetter phases were observed: an early
Holocene Humid period (c. 10-7 ka) and a wetter phase at the end of the Middle Holocene, from
c. 65-3 ka (Bar-Matthews et al. 1999; Bar-Matthews and Ayalon 2011; Litt et al. 2012; Migowski
et al. 2004; Roberts et al. 2011; Robinson et al. 2006). This suggests an early phase of higher
moisture associated with Mediterranean cyclonic systems coeval with early Holocene monsoon
intensification in southernArabia. However, unlike tropicalArabia, where indications of moisture
persisted along the coast until 6-5 ka, the northern winter rainfall zone underwent a period of arid-
ity during the mid-Holocene followed by renewed wetting after southern Arabia was already dry.

Higher rainfall across southern Arabia along coastal escarpments and highlands during the
early Holocene resulted in increased streamflow into closed basins that comprise the continental
interior. Waterlain deposits like lakes, ponds, and marshes are found that date to between 10-6 ka in
southernArabia (Figure 4; Enzel et al. 2015; Lézine et al. 2010). This includes palustrine deposits
and extensive shallow endorheic lake systems in the Ramlat as-Sabatayn, Dhamar highlands in
Yemen, and eastern fringes of the Rub al’Khali due to increased drainage from the landward
sides of coastal escarpments (Davies 2006; Lézine et al. 1998; Parker et al. 2004). Wadis, or
dry river valleys, which today rarely have flowing water, show evidence of fluvial activity during
the early and mid-Holocene, including fine-grained deposits indicative of the development of
permanent meandering streams in places like Wadi Sana, Yemen and Dhofar, Oman (Anderson
2007; Berger et al. 2012; Enzel et al. 2015; Sander 2006). Further, other geological evidence
exists of groundwater recharge and higher water table from tufa and travertine deposits across
Oman and Yemen which also date to the early Holocene (Cremaschi et al. 2015; Sander 2006).
Carbonate-rich facies indicated by lithostratgraphic studies of the palaeolake deposits suggests
that their development is due to enhanced runoff from adjacent highlands which trapped moisture
rather than from direct rainfall onto lake surfaces (Lézine et al. 2007; Parker et al. 2004).

11.4.2.2 Southern Arabian palaeoecology
In southern Arabia, pollen, phytoliths, and macrobotanical remains show that the early Holocene
was a period of major landscape transformation resulting in a reduction of arid and hyper-arid
environments and expansion of diverse, savanna and woodland ecosystems due to increased
moisture. As far north as 27◦N, which today is largely outside of the summer southwest mon-
soon zone, phytolith, carbon isotopes, and pollen analysis from a palaeolake deposit at Awafi
demonstrate the development of a C3 Pooid grassland with higher abundances trees like Acacia,
Tamarix, Prosopis, and palms occurred from 9-6 ka (Parker et al. 2004). At Suwayh, along the
northern Omani coast, increased abundances of grasses and some tropical trees is in agreement
with denser vegetation with many taxa with Somali-Masai affinities (Lézine et al. 2002). To the
southwest, in Wadi Sana inYemen, pollen and macrobotanical evidence from hyrax middens and
alluvial sediments demonstrates the development of woodland with a dense grassy understory
along a permanent stream until at least 6-5 ka (McCorriston et al. 2002). This woodland included
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a keystone tree taxon from coastal seasonal woodlands (Terminalia dhofarica), which during the
mid-Holocene, appears to have had a more continuous range across coastal highlands, but also
may have extended further inland along waterways (Oberprieler et al. 2009).

However, despite the expansion of tropical savanna and woodland in some locations in
southern Arabia during the early and mid-Holocene, there are also many indications of persistent
aridity. This suggests strong heterogeneity in local moisture and therefore strong local controls
on vegetation. For example, pollen analysis also demonstrates the stability of many xerophytic
taxa throughout this interval. Although pollen analysis on the palaeolake sediments suggest that
the lake margin vegetation was dominated by local aquatic plants (Typha) due to the presence
of water, the terrestrial flora around the lake was characterized by Arabian desert plants like
Cyperaceae, Calligonum, and Amaranthaceae, common in the modern flora (Lézine et al. 1998,
2007). This is true as well in pollen records from coastal estuaries, which integrate pollen from a
large regional watershed. For example, at Filim and Kwar al Jaramah along the Oman coast, desert
taxa (Artemisia, Cyperaceae) increase in abundances after 6-5 ka but are a dominant component
of the pollen spectra even prior to this (Lézine et al. 2017). These regionally integrating records do
however support the idea of localized changes in vegetation structure and composition in distant
headwaters. For example, at Al-Hawa, long distant transport of pollen from Afromontane and
tropical woodland trees (Podocarpus, Erica, Juniperus) that are not observed today in modern
pollen rain occurred in small abundances until the desiccation of the palaeolake around 7.2 ka
(Lézine et al. 1998, 2007). This supports that idea that tropical African elements occurred more
abundantly in the mountains that drain into the Ramlat as-Sabatayn and that these mountains
likely acted as strong topographic barriers to rainfall even during times of enhanced monsoon
intensity. This suggests that in contrast to widespread expansion of wetter biomes in Northern
Africa, Arabian ecosystems even during the Holocene Humid Period were always on the margins
of desert, perhaps due in part to the complex topography.

An additional impact of increased freshwater flux from heavier rainfall in southern Ara-
bia during the Holocene Humid Period was the presence of Rhizophora mangrove vegetation
throughout coastal estuaries. Today, mangroves are found only in very limited patches along
the southern Arabian coast (Deil 1998). Further, species composition of modern mangroves is
closely related to water chemistry, particularly salinity, within an estuary. For example, most
mangroves remaining in arid and semi-arid regions are typically dominated by the halophytic
taxon Avicennia marina. While this tree is also present in the early to mid-Holocene, increased
abundances of mangrove pollen taxa that do not tolerate high salinity, such as Rhizophora, can
only occur in the presence of increased freshwater flux from the land. Rhizophora pollen occurs
in high abundances in sediments before 4 ka along the southern Arabian and east Asian coasts at
Kwar al Jaramah, Suwayh, and Filim as well as being present in Arabian Sea marine sediment
cores (Lézine et al. 2017). This suggests that increased freshwater runoff into coastal estuaries
altered their water chemistry, allowing taxa like Rhizophora which do not tolerate very saline
conditions to thrive during the mid-Holocene.

11.4.2.3 Northern Arabian palaeoecology
In northern Arabia, the record of early to mid-Holocene vegetation is quite different from south-
ern Arabia. In particular, there is a marked difference in the timing of the maximum in Holocene
moisture latitudinally from subtropical northern to tropical southern Arabia. Based on compila-
tions of hydrological records from southern Arabia, Lézine et al. (2014) demonstrated that the
Holocene Humid Period maximum was coeval at tropical sites and occurred from 10-6.5 ka. In
contrast, in the subtropics, δ18O measurements on lacustrine sediments suggest increased win-
ter moisture from 9-8 ka, with a marked arid interval from 8-6 ka despite continued winter rain
influence (Bar-Matthews et al. 1999; Litt et al. 2012; Roberts et al. 2011; Stevens et al. 2006).
Lithostratigraphic observations and pollen analysis from Lake Mirabad in Iran suggest warm and
dry conditions at this time favored a more arid, open vegetation characterized by low abundances
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of tree pollen in comparison to today (Van Zeist and Bottema 1977). Further south along the
Dead Sea, lake level fluctuations indicate an early Holocene Humid Period (10-8.6 ka), increased
aridity during 8-5.6 ka, and another phase of raised lake level indicating increased humidity dur-
ing 5.6-3.5 ka (Migowski et al. 2006). The early Holocene vegetation transitions based on the
core from the shoreline at Ein Gedi demonstrates low proportions of Mediterranean tree pollen
such as deciduous oak, and scattered pistachio and olive pollen probably originating from the
adjacent mountains. Amaranthaceae, together with Poaceae, Artemisia, Ephedra, and Asteraceae
are the main constituents, associated to the Saharo-Arabian and Irano-Turanian biomes, indicat-
ing increased winter temperatures (Litt et al. 2012). A milder winter during early Holocene is
in line with the increase of pistachio during this period in the Mediterranean (Rossignol-Strick
1999). Further south into Saudi Arabia, pollen from the Tayma record show regionally wetter
conditions associated with increased Mediterranean woodlands (Quercus, Pistachia) in the Hijaz
mountains in the west and expanded grasslands during the early Holocene only until 8 ka (Dinies
et al. 2015, 2016). Other shallow lake sediments from the early Holocene corroborate an increase
in humidity in this region (Crassard et al. 2013, Guagnin et al. 2017, Petraglia et al. 2020). At
about 8 ka, a distinct vegetation shift at Tayma occurred, characterized by the retreat of grasslands
and the re-expansion of desert dwarf-shrubs (i.e. Haloxylon type). This indicates the onset of
arid conditions lasting at least until 4000 yrs BP, when the shallow-water lake dried out (Engel
et al. 2012). Four pollen records (2–4 samples each) from diatomites in interdune depressions
in the Nafud sand desert date to 9.5–5.8 ka and are similar to modern pollen spectra, pointing to
persistent arid conditions throughout the Holocene (Schulz and Whitney 1987).

In the northern subtropics and into the Near East, winter moisture associated with enhanced
westerly cyclonic activity increased at 6.5 ka. This is in agreement with palaeoecological work
from Israel and Northern Jordan showing the expansion of Mediterranean forests with deciduous
and evergreen oaks and olives (wild and/or cultivated) to lower elevations than present. At this
same period, high lake levels at Dead Sea occurred between 6.3-3.3 ka (Litt et al. 2012). Indica-
tions of enhanced winter cyclonic moisture at this time extend into tropical Arabia, where Parker
et al. (2004) observed a relatively stable period of mixed C3-C4 grassland and steppe at Awafi
long after summer moisture had retreated from this region. However, there are no indications for
wetter conditions in the more southern part of northwestern Arabia, where dwarf shrub steppe
dominated until 4.2 ka.

11.4.2.4 Characteristics of the Arabian Holocene Humid Period
Modeling and empirical studies have focused on determining if the termination of the Holocene
Humid Period in the tropics and the retreat of the ITCZ was abrupt or gradual. Within Arabia,
in particular, a contrast is observed in the apparent pace of hydrological and ecological change
recorded in marine versus terrestrial settings (Lézine et al. 2014). Marine sediment cores from
the Indian Ocean and Arabian Sea capture dust sourced from deserts of Arabia and East Africa
during periods of dry or windy climate (Sirocko et al. 1993). Throughout the early Holocene,
abrupt transitions associated with centennial-millennial scale variability in monsoon intensity
are observed (Gupta et al. 2003). Further, at the end of the Holocene Humid Period, dust influxes
rose in several of these cores, interpreted as abrupt reduction of moisture in the region and
increased dust transport (Sirocko et al. 1993). However, few terrestrial archives of both climate
and palaeoenvironmental information capture this abrupt variability or termination. Speleothem
δ18O from southern Arabia exhibit a time transgressive reduction in rainfall (Fleitmann et al.
2007). At Hoti Cave in Northern Oman, a relatively rapid enrichment in δ18O occurs at c. 6 ka
leading to a hiatus marking the initial southward retreat of the ITCZ and a decrease in summertime
moisture around 23◦N. Further south at Qunf Cave (17◦N) along the Arabian Sea, δ18O instead
followed a gradual enrichment beginning just after 6 ka and continuing until a depositional hiatus
at around 2.5 ka. This gradual decline in rainfall is in agreement with palaeoclimate simulations
across similar latitudinal transect, which suggest more northerly sites saw a more abrupt, earlier
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decline in rainfall than southern sites (Lézine et al. 2017). Further evidence of a progressive
decline in moisture comes from Lézine et al. (2014) who synthesized ages of waterlain deposits
as indications of changes in rainfall. This analysis also suggests a gradual disappearance of surface
water until c. 6 ka, when most areas dried up. Most palaeoecological records from southernArabia
also agree that ecosystem change followed a similar gradual transition toward semi-arid and arid
ecosystems which resemble modern biomes, particularly after 6 ka. At Awafi, this time marked
the transition back to from C3 to mixed C3–C4 savanna (Parker et al. 2004). Macrofossils and
pollen from hyrax middens from Wadi Sana, Yemen, show a transition from gallery woodland
to semi-desert with an increase in Artemisia and Amaranthaceae (McCorriston et al. 2002).
Along the coasts in estuaries, declining freshwater inputs result in a relatively gradual decline in
freshwater mangrove taxon, Rhizophora, in favor of saltwater mangroves (Lézine et al. 2017).

Increases in rainfall and decreased rainfall seasonality throughout the Arabian Peninsula
during the early to Mid-Holocene resulted in the development of ecosystems whose composition
and dynamics were not analogous to those found today. In fact, most pollen spectra prior to 6 ka are
difficult to compare directly with pollen samples representing modern vegetation (El-Moslimany
1990; Lézine et al. 2010). We illustrate some examples of these in Figure 5 which shows affinities
of pollen taxa to modern phytogeographic regions. In this figure, most palaeoecological sites
presented here have affinities based on pollen assemblages to multiple modern vegetation types.
Here we will demonstrate those primary and secondary affinities to modern vegetation for no
analog pollen spectra.

For example, in the Near East at Wadi Faynan, increases in arboreal taxa from at least
8-6 ka suggest that SW Jordan hosted woodlands along waterways and expanded montane forest
communities (Hunt et al. 2004). Although many of these still occur either at the site or at least
within the region (Juniperus, Quercus) today, Ulmus is not recorded in modern samples in that
region. This is true for southern Arabia as well. For example, in Wadi Sana, in the modern
stony desert, occasional trees such as Maerua and Acacia are observed. In the mid-Holocene, in
addition to higher pollen abundances of these common modern arboreal taxa, higher abundances
of trees with tropical affinities only were found at the southernmost coast, such as Terminalia,
Olea, and Dodonea viscosa were also an important part of the arboreal community (McCorriston
et al. 2002; Ivory et al., 2021). However, it is important to note, that as discussed above, much of
southern as well as northern Arabia remained arid or semi-arid even at the peak in the monsoon,
thus we suggest that these changes in vegetation composition are likely linked to the presence of
increased surface water amidst persistent climatic aridity.

Finally, the increase in biomass during the early to Mid-Holocene also appears to have
resulted in a change in the dynamics of wildfires in some location in Arabia. Today through-
out Arabia, wildfire is extremely uncommon due to lack of fuel and continuity of fuel on the
landscape because of extreme aridity (Cao et al. 2015). Charcoal and microcharcoal datasets are
rarer even than other palaeoecological information; however, increased charcoal deposition in
palaeolake deposits, hyrax middens, and even the appearance of burnt surfaces in fine-grained
stream deposits is a testament to the increase in fuel locally, linked to higher rainfall seasonality
(Kimiaie and McCorriston 2014; McCorriston et al. 2002). Further, there are indications of
increased inputs of charred plant material during this time coeval with increased land use and
oasis cultivation, suggesting a relationship between fire and human presence (Dinies et al. 2016).

11.5 COUPLED HUMAN AND NATURAL SYSTEMS

Modern humans may have been present inArabia for much of the Late Pleistocene. Arabian geog-
raphy in fact likely played a strong role in early human migration (Armitage et al. 2011; Petraglia
2011). Environmental change, mainly hydrological variations related to glacial-interglacial cycles
and monsoon intensity, is thought to have contributed to the movement of early humans out of
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Figure 5. Holocene vegetation affinities in relation to ecoregion species composition as presented in Figure 1. For each
site, there are two rows which represent the primary vegetation affinity (lower row) as represented by the pollen

assemblages and the secondary affinity (upper row) in the case that pollen assemblage composition differed
substantially from modern assemblages for numerous reasons (long distance transport, no modern analog, presence of

significant aquatic vegetation).

Africa and continuous human presence (deMenocal and Stringer 2016; Tierney et al. 2017).
Increasing evidence exists of earlier lacustrine phases in central Arabia which could have sup-
ported a more resource-rich landscape into which early hunter-gathers may have migrated (Parker
2010). Further, low sea levels during glacials, particularly along the Red Sea as well as the gulfs to
the east, would have facilitated migration of early humans as they may have for plants (Lambeck
1996; Lokier et al. 2015). Evidence from mitochondrial DNA implies populations present in
Arabia at least as early as 60 ka (Fernandes et al. 2015); however, direct archeological evidence
of this time is scarce. For example, lithic piles are commonly observed throughout Arabia, but
limitations in dating complicates an assessment beyond morphological attribution of assemblages
to at least Early and Middle Palaeolithic (Groucutt and Petraglia 2012; Rose and Usik 2010).
Little palaeoecological evidence exists beyond marine sediment cores to provide an environmen-
tal context of these migrations or potential footprint of these early hunters on the landscape.
Evidence was preserved only from the Neolithic and the onset of the Holocene Humid Period to
suggest continuous human presence throughout much of the sub-continent.

During Late Pleistocene and Holocene, human-environment interactions in Arabia began to
shift through accelerated technological advancements. Notably, the cultivation and domestication
processes of annual plants started in the Fertile Crescent at this time. Numerous studies point
to a long-lasting, multi-phased, and multi-centered domestication process of cereals and pulses,
connected to multiple triggers including climatic changes as well as cultural and demographic
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developments (e.g. Fuller et al. 2012; Hillman et al. 2001; Willcox 2012; Zeder 2011). These
innovations are at the origin of far-reaching landscape transformations resulting in highly anthro-
pogenic ecosystems such as gardens and fields. Perennial fruit trees such as olive and grapes
were also domesticated and propagated from 9-6 ka (e.g. Zohary 1982). However, a much earlier
start of these processes cannot be excluded for fruit trees, as indicated by the supposed early
beginnings of domestication of figs near 11.4 ka (Kislev et al. 2006).

The spread of these Near Eastern domesticates into the Arabian Peninsula, the introduction
of cultivars from other domestication centers such asAfrican crops in SouthernArabia (e.g. millet;
Tengberg 2003), and autochthonous agricultural developments on the Arabian Peninsula are not
well known. With the exception of the southern mountains, modern precipitation is too low to
practice durable dry-land farming which requires at least 250 mm/yr rainfall (e.g. Thalen 1979).
Buried early-to-mid Holocene soils in Yemen show the potential for local agriculture during
this wetter period, however these conditions have been lacking since Bronze Age (Pietsch et al.
2010). Arable farming thus was restricted to hydrologically favorable sites in most parts of the
Arabian Peninsula, such as natural oases and wadis or depending on the development of irrigation.
Terracing slopes or wadi beds are other basic features connected to gardening and oasis cultivation,
(e.g. Avni et al. 2012; Buerkert and Schlecht 2010), often combined with run-off water harvesting
installations at least in the past. The complex nature of sedimentary deposits from terraces and
wadi beds is challenging for palaeoecological investigations. For example, these terrace features
have fluvial accumulation resulting in discontinuous sedimentation, re-deposition, and often
missing preservation of organic material. However, interdisciplinary research approaches indicate
the potential in deciphering the fluctuating multiple uses, plant cultivation, and grazing during
the past (Beckers et al. 2013; Charbonnier et al. 2017; Meister et al. 2016; Moraetis et al. 2020;
Purdue et al. 2019) These basic landscape features necessitated adapted agricultural systems
such as oasis agriculture, characterized today by it’s a combination of cultivation of perennial
fruit trees and annual crops.

Neolithic archeological assemblages in the Nafud, the northern sand desert of Saudi Arabia,
show a strong Levantine influence (Crassard et al. 2013), while southern Arabian archeological
findings point to the persistence of regional agricultural developments. Archeo-zoological records
of domesticated sheep, goats, and cattle since the 8ka point to connections to the Near East
as well. Herding (and hunting) is thought to have been a major subsistence strategy since at
least the Neolithic (c. 7-6 ka). Somewhat more favorable environmental conditions during the
early to mid-Holocene, i.e. denser and more diverse vegetation, facilitated the spread of this
new livelihood (Crassard and Drechsler 2013; Uerpmann et al. 2010). Its impact on natural
ecosystems on a regional level is quite difficult to estimate. In southern Jordan, vegetation
disturbance due to grazing is supposed to be small as compared to the impacts in later times by
industrial activities such as ore production (Hunt et al. 2007). In southern Arabia in particular,
decades of research have focused on the observation that southern Arabian populations seem to
have adopted agriculture relatively late in comparison with the Gulf region (within the last 3-2 ka;
Harrower et al. 2010; McCorriston 2013; McCorriston and Johnson 1998). Instead, Late Stone
Age and Bronze Age people in southern Arabia retained pastoral livelihoods through much of the
Holocene. Throughout Yemen and Oman, evidence of ephemeral camps exist in the highlands
as well as in the inland draining wadis and around palaeolake shorelines, suggesting mobile
lifestyles centred around animal-husbandry of cattle and goats by 8 ka, and eventually camels by
3.5ka (Lézine et al. 2010; Martin et al. 2009; McCorriston 2013).

However, despite the adoption of agriculture in southernArabia, there is still some equivocal
palaeoecological evidence for human environmental modification of the early to mid-Holocene
landscape by nomadic pastoralists. In Wadi Sana,Yemen, evidence of burned surfaces and hearths
contained in terrace sediments are coeval with evidence of dated occupation by pastoralists
(Kimiae and McCorriston 2014; McCorriston et al. 2002). This suggests that the practice of
controlled burning of the landscape to deter woody encroachment and promote tender grassy
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shoot production for animal fodder, a practice common in modern pastoralist groups, may have
been used at this time (Kimiae and McCorriston 2014). Hearths and settlement excavations
from southern Oman and Yemen attest to wood harvesting, particularly taxa known for use
as fodder, construction materials, or cooking fuel including Acacia, Terminalia, and Ziziphus.
This evidence of fire and landscape modification is also visible in pollen and macrobotanical
remains preserved in hyrax middens near archeological sites in Yemen (McCorriston et al. 2002;
Ivory et al., 2021). Further, following the initial decline in monsoon moisture around 6 ka,
construction of simple check dams and irrigation features is observed along wadis in Oman and
Yemen (Harrower 2008). This is also contemporaneous with the increase in construction of falaj
systems in northern Oman to provide an additional source of freshwater in the lowlands. These
water management structures are thought perhaps to mitigate increased moisture variability and
decreased surface runoff associated with declining monsoon intensity prior to abandonment of
the region around 5 ka (Harrower 2008).

The cultivation of crops however is unambiguous evidence of anthropogenic changes.
Although pollen of Cerealia is present in moderate abundances as early as 10 ka in sediment
cores (Hunt et al. 2004; Litt et al. 2012), these very few early Holocene pollen records do not
offer clear clues due to the challenge in reliably distinguishing wild grasses from domesticated
cereals on the Arabian Peninsula. However, since the 5 ka, the cultivation of cereals and other
annuals is attested by seeds and fruits for different regions on Arabian Peninsula, indicating con-
nectivity with the Near East (Boivin and Fuller 2009; Bouchaud et al. 2016). In the Gulf region,
records of Phoenix dactylifera predate the cereals, and so far, the oldest date palm kernels are
found on the Dalma islands dating to c. 8 ka (Beech and Shepherd 1994), with otherwise marine
food remains dominating. Since 5 ka, the date palm seemed to have played an important role in
the arable agriculture of the gulf region, while in other regions of the Arabian Peninsula, this
now dominant tree was still missing (e.g. Schiettecatte et al. 2013) and oasis agriculture relied
on other fruit trees such as grapes (Dinies et al. 2016).

The crop evidence since c. 5-4 ka agree with the emergence of large oasis settlements and
increased connectivity, including maritime trade (e.g. Boivin and Fuller 2009; Hausleiter and
Eichmann 2018). The storied “incense road” may be seen as part of this connectivity. Ongoing
residue analyses in the oasis of Tayma, NW Arabia, point to likely local resin sources (Pistacia,
Commiphora) during late mid-Holocene, while Boswellia became important during the last 3000-
2000 years. The commercial harvest and trade of Boswellia resin (luban, frankincense) resulted
in the construction of seaports such as Sumharam and Al Baleed in southern Oman to facilitate
trade of frankincense along Arabian Sea trade routes (Hoorn and Cremaschi 2004; Lippi et al.
2011). Here too, the impact of oasis agriculture on the landscape on a regional scale is hard to
estimate due to the very few palaeoecological records and probably varied depending on the local
practices. Detailed archeobotanical analyses of a NW Arabian oasis indicate the persistence of
desert vegetation without major shifts, pointing to exploitation of available natural resources, but
no over-use (Bouchaud 2011). The modern heavily overused landscape situation seems to differ
from that prevailing even just a few centuries ago, when grazing (and wood/shrub cutting) was
restricted because of a missing permanent water supply. This today has become obsolete because
of deep wells and mobile water tanks guaranteeing accessibility everywhere (Hunt et al. 2007;
Thalen 1979).

11.6 CONCLUSIONS

The vegetation of Arabia is strongly imprinted by biogeographic and palaeoecological processes
that unfolded over millions of years beginning with the separation from Africa during the Ceno-
zoic. Although little empirical palaeoecological data exist, new efforts to relaunch the African
Pollen Database including Arabia will galvanize new research efforts as well as syntheses by
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conforming to FAIR data standards that make existing data easier to find and work with (Ivory
et al. 2020; Wilkinson et al. 2016). This review attempts to summarize some of this work and
inventory data holdings currently within the APD.

Palaeoecological information from Arabia make it clear that while ecologically diverse and
endemic, Arabian ecosystems have existed on the edge of extreme aridity for at least hundreds
of thousands of years. We recognize the strong need for more palaeoecological data which repre-
sent pre-Holocene time periods in order to better disentangle the influence of climate events on
the vegetation. Although deep, long-lived lakes are rare in the region, analysis of pre-Holocene
palaeolake deposits as well as drilling campaigns in estuarine sites could help fill in some of
this gap. Further, despite the highest data density within the early Holocene, these data are still
very sparse. Improving spatial and temporal resolution of this period should also be considered a
priority. This may be achieved by continued work on classical palaeoecological archives (palaeo-
lakes, oases), complementing archeological investigations with archeobotanical research, and the
development of novel palaeoecological archives adapted to arid regions such as hyrax middens,
termite mounds, and fine-grained fluvial deposits.

The antiquity of the human legacy on the environment is not well known. The human
imprint on the landscape in Arabia locally is strong through crop cultivation in oases or wadis but
seems to be reversible and without indication of over-use in vast desert and semi-desert regions
used as rangelands. The density of palaeoecological information associated with archeological
investigations do not lend themselves to a very clear picture of human modification of landscapes
through many interventions. This region displays evidence of the some of the earliest plant
cultivation, many of which leave telltale signals in pollen and macrobotanical records. Further,
early evidence of water management and burning connected with pastoralism have acted as a
filter on species composition of local vegetation and ecosystems for thousands of years. Deeper
connections between the palaeoecological record, archeological data, and anthropological theory
through continued empirical data generation and combined empirical and modeling approaches
could prove extremely helpful for bettering understanding feedbacks between changing human
demography, culture, and the natural environment.

Finally, we observe that Arabian landscapes, particularly semi-desert and desert ecosys-
tems today are extremely fragile; however, they show an overall strong resilience throughout
the Holocene as observed through the lens of the palaeoecological record. However, while some
land-use practices have been observed by pollen data to degrade resource-rich landscapes such
as intensive agriculture, other forms of traditional management alternately enriched landscapes,
such as water management for agriculture and pastoralism. Palaeoecology in Arabia provides
an important perspective and framework for lessons in sustainable management of dryland
ecosystems under changing climate in the future.
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ABSTRACT: Quantitative pollen-based reconstruction of Holocene plant abundance has not
been attempted in the tropics so far. Tropical vegetation is characterized by a large number of
entomophilous species and pollen-vegetation modelling for such plants is widely considered too
problematic. However, there is a pressing need for quantitative reconstructions of Holocene plant
cover in tropical regions to better assess climate- and human-induced environmental crises over
time. Of particular note is the environmental crisis at the end of the ‘African Humid Period’ (c. 3
thousand years before present [ka BP]) which remains unquantified. Here, we present results from
a pilot study in the Cameroon highlands including estimates of relative pollen productivity (RPP)
for major taxa of the Afromontane forests and grasslands using the Extended R-Value (ERV)
model, and the first reconstructions of past regional and local Holocene plant cover using the
Landscape Reconstruction Algorithm (LRA). RPP estimates were obtained for 12 taxa. We found
that Celtis, Alchornea, Syzygium, Macaranga/Mallotus, Nuxia type, and Schefflera have RPPs
larger than Poaceae, and Moraceae, Combretaceae/Melastomataceae, Prunus africana/Rubus
pinnatus, Cyperaceae, and Podocarpus lower RPPs than Poaceae. The LRA was applied to three
Holocene pollen records from Cameroon (Bambili, Mbi, Mbalang) and one from Nigeria (Tilla).
The results confirm the abruptness of the forest collapse in Cameroon at 3 ka BP, and suggest
that it was faster and of larger magnitude than earlier anticipated. The LRA reconstruction also
indicates that the regional landscape in the mountain region was more open than uncorrected
pollen percentages alone suggest. Moreover, it supports the earlier interpretation of a dense
forest at Bambili 11–3.5 ka BP and the local occurrence of Afromontane forest taxa at Mbalang
in the Mid-Holocene.

12.1 INTRODUCTION: THE CHALLENGE

A way to anticipate the impact of current and future anthropogenic climate change on the environ-
ment, in particular in relation to the ongoing ‘6th extinction’ (Barnosky et al. 2011), is to study
past crises as accurately as possible. Tropical Africa experienced a major climate-driven envi-
ronmental crisis at the end of the Holocene (Lézine et al., this volume, and references therein).
This crisis affected all natural tropical African ecosystems. Near the equator this resulted in the
collapse ofAfromontane forests and the expansion of grasslands and woodland grasslands. While
in the Sahara and Sahel tropical species disappeared. This crisis is well documented by numerous
pollen records acquired over the last decades in western Africa (e.g. Hély et al. 2014; Vincens
et al. 1999). However, the resulting land-cover change remains difficult to quantify because of the
wide variety of pollen productivity and dispersal mechanisms of tropical plant species (Lézine
et al. this volume; Bouimethraan et al., this volume); which implies unexpected and variable
representation of the surrounding vegetation by pollen in studies of modern pollen-vegetation
relationships (e.g. Gajewski et al. 2002; Julier et al. 2019). The Intergovernmental Panel on
Climate Change (IPCC) pointed out that proxy-based climate reconstructions in Africa were too
limited to support regional climate change assessments (Masson-Delmotte et al. 2013). In this
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context pollen-based quantification of past land-cover change is essential for climate modelling
and the understanding of past land cover-climate interactions (e.g. Gaillard et al. 2010) as they
can be used to evaluate Dynamic Vegetation Model simulations (e.g. Lu et al. 2018) and Anthro-
pogenic Land Cover Change scenarios (Kaplan et al. 2017; Li et al. 2020), and help to better
evaluate carbon storage over time and its impact on climate.

Quantitative pollen-based reconstruction of Holocene plant abundance have not been
attempted in the tropics so far. However, some studies have estimated Relative Pollen Pro-
ductivity (RPP) of major taxa in tropical and subtropical regions of the world (e.g. Jiang et al.
2020; Wan et al. 2020), including two studies in South Africa (Duffin and Bunting 2008; Hill
et al., this volume) and one study in Namibia (Tabares et al. 2021). Here we present results from
a pilot study in Cameroon testing methods and models previously used and validated in the north-
ern Hemisphere, i.e. the Extended R-Value (ERV) model (Parsons and Prentice 1981; Prentice
and Parsons 1983) and the Landscape Reconstruction Algorithm (LRA; Sugita et al. 2007a and
2007b). The aim was to obtain first estimates of RPPs for major plant taxa and reconstruct their
cover over the Holocene at both regional and local spatial scale on the Adamawa Plateau and in
the montane/sub-montane regions of Cameroon (Figure 1). Reconstruction of the relationship
between the cover of woodland and open land over the 3 ka BP Holocene environmental crisis
in Cameroon (e.g. Lézine et al. 2013) is of particular interest and represents a first attempt to
quantify the crisis effect on the vegetation cover. We present major results of the study to illus-
trate the potential of using the ERV model and the LRA in tropical areas, and to highlight major
methodological issues and possible improvements.

12.2 MATERIALS AND METHODS

12.2.1 Study Region And Study Sites

The 30 sites selected for collection of modern soil pollen and related vegetation surveys for the
RPP study are distributed at altitudes between 432 and 2990 m asl. in the montane/submontane
and Guineo-Congolian sectors, except one sample at the southern border of the Sudano-Guinean
sector (Figure 1, Table S1). A stratified random distribution of sites was chosen to ensure
a good representation of the major taxa occurring in the Holocene vegetation history of the
study region. However, site distribution was also influenced by logistical issues related to
the number and season of the project’s field expeditions and other limitations due to local
circumstances.

The Holocene pollen sites used for the LRA reconstructions fall within the geographical
range of the modern sites and are located at different elevations in the volcanic mountain range
of Cameroon, at 2000–2200 m asl. in the Afromontane forest sector (Bambili, Lézine et al.
2013; and Mbi, Lézine et al. 2021), and at 1110–1260 m asl. in the Guineo-Sudanian wooded
grasslands (Mbalang, Vincens et al. 2010) (Figures 1, 2; Table S3). An additional pollen site (Tilla,
Salzmann et al. 2002) from the Sudanian wooded grassland at 690 m asl. in Nigeria was selected
for the REVEALS reconstruction of regional vegetation needed to apply the LOVE model for
reconstruction of the local vegetation around Mbalang (Figure 1; Table S3). For further details
on the choice of sites, please see Supporting Online Material (SOM) section 12.2.4. Henceforth,
all dates are given in calibrated 14C kyrs before present (CE 1950) (abbreviated ka BP).

12.2.2 Pollen And Vegetation Data

The collection of soil samples and vegetation surveys for the RPP study were performed in
February 2010, October 2012, and April 2015. The pollen-vegetation dataset includes data from
4 sites in semi-deciduous forests, 10 sites in mountain forests, and 16 sites in savannahs (Figure 1;
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Figure 1. Location of sites for the study of relative pollen productivities (surface soil samples and vegetation surveys)
and fossil pollen records used for the application of the Landscape Reconstruction Algorithm. Simplified vegetation

map of Cameroon (from Letouzey (1985) and White (1983), modified). Small map, lower right corner: I.
Guineo-Congolian centre of endemism; XI. Guineo-Congolian/Sudanian transition zone; III. Sudanian centre of

endemism; XVI. Sahelian transition zone. XVII. Saharan transition zone. Abbreviations: modern samples: MF montane
forest; SA savannah; SDF semi-deciduous forest; fossil pollen sites: Bb Bambili; Mb Mbi; Mg Mbalang; Ti Tilla.

Table S1). For further details on the methods used for collection of the pollen samples and
vegetation surveys, pollen analysis, vegetation data handling, and on data access please see
Supplementary Online Material, SOM-12.1.
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Figure 2. Altitudinal distribution of plant taxa discussed in the text (from Verlhac et al. 2018; modified). The
altitudinal distribution of the main vegetation types (from Letouzey 1985) is shown on the left, while the altitudinal

occurrence of Poaceae as a dominant taxon in wooded and open grasslands is indicated on the right. The colours refer
to those in Figure 1 (except for Poaceae) and Figures 3, 5 and 6. The altitudinal location of pollen sites used for the

LRA reconstructions is shown on the right, and the Nigerian site (Tilla) on the left. * indicates that the site Tilla belongs
to another grassland system than the Cameroon sites (Figure 1).

12.2.3 The Erv Model and Erv Analysis

Detailed overviews of the underlying theory and assumptions of the ERV model and its devel-
opments can be found in Gaillard et al. (2008) and Bunting et al. (2013). Details on models and
methods used for calculation of RPPs, and the computer programme for the ERV analysis are
provided in SOM-12.1.4.

In this study, we used the three ERV sub-models developed by Parsons and Prentice (1981),
Prentice and Parsons (1983), and Sugita (1994). The application of the ERV sub-models requires
the following inputs:

• Pollen data: pollen % of taxon i at site k. In this study the maximum number of taxa analysed
is 26 and k is a soil sample from a 1 m2 area, for 30 sites (SOM-12.1, Table S2)

• Radius of the sedimentary basin: distance in m. In this study this is the radius of the area from
which soil was collected, i.e. 0.5 m.

• Reference taxon: the RPP of the reference taxon is set to 1, and the RPP of all other taxa
included in the analysis are related to that reference taxon. In this study Poaceae is used as the
reference taxon.
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• Vegetation data: Non-distance-weighted vegetation abundance of taxon i around site k. In this
study percentage cover is used, from 0.5 to 3000 m in 5 m-concentric rings working out from
the sampling location.

• Zmax: distance within which most pollen comes from. In this study estimated to be 200 km (see
SOM-12.1.4).

The ERV model also requires that vegetation data is distance-weighted. We used three
alternative models, 1/d (Prentice and Webb 1986), ‘Prentice’s model’ for bogs (uses a Gaussian
plume diffusion model (P-GPM) and assumes pollen deposition at one point; Prentice (1985)),
and the Lagrangian Stochastic Model (LSM) (Kuparinen 2006; Kuparinen et al. 2007). P-GPM
and LSM describe dispersion and deposition of pollen in different ways (e.g. Theuerkauf et al.
2013). For the application of these two models, additional inputs are needed:

• Fall speed of pollen (FSP) (m/s) of each taxon used in the analysis; FSP was calculated for the
26 taxa that were used in the ERV ‘start run’ (Table S2; see SOM-12.1 for details on the ERV
analysis strategy and methods to calculate fall speed of pollen).

• Wind speed (m/s), in this study 3 m/s.; this wind speed is widely used in the RPP studies
performed in the Northern Hemisphere; it is also close to the modern average 10-m wind
speed over land in Europe and China (e.g. Grassi et al. 2015), and the global average 10-m
wind speed over land (3.28 m/s (class 1), Archer and Jacobson 2005).

The ERV analysis estimates the RPPs and their standard errors (SEs) using the maximum
likelihood method (Stuart and Ord 1994) and quantifies the best ‘linear fit’ between pollen
percentages and distance-weighted plant abundances using the likelihood function score (LFS,
Prentice and Parsons 1983) or log likelihood (log L; e.g. Li et al 2017) over distance (see SOM-
12.1 for details). Beyond the distance at which the best linear fit is achieved, the curve of LFSs
and log Ls reach an asymptote, i.e. do not decrease, respectively increase with distance.

The main outputs of one ERV analysis using the three ERV sub-models and the three
distance-weighting models, i.e. nine runs of ERV analysis in total are:

• Vegetation dispersion with distance (a measure of vegetation stationarity, see SOM-12.1.3)
(Figure 3A),

• Mean plant composition with distance for each taxon used in the analysis (Figure 3A),
• Adjusted pollen proportions (submodels 1 and 2) or relative pollen loading (submodel 3)

and vegetation proportions (1, 2) or absolute vegetation abundance (3) as calculated by the
maximum likelihood method; empirical modern pollen data are expressed in percentages,
which implies a non-linear pollen-vegetation relationship that would not have any algebraic
solution for the RPPs and the ‘background pollen’ in the ERV model equation. The pollen-
vegetation relationship needs therefore to be linearized (Figure 4) (see SOM-12.1.4 for details),

• LFS and log L with distance (Figure 3A),
• RSAP (sensu Sugita 1994) calculated with the moving-window regression approach developed

by S. Sugita (in Gaillard et al. 2008); RSAP is ZRSAP in the ERV model equation, i.e. the
distance beyond which the ‘background pollen’ (second term in the ERV model’s equation,
ωi) is constant between sites within a region characterized by stationary vegetation; it is also
the distance at which the linearity of the pollen-vegetation relationship is best and does not
improve with distance (see SOM-12.1.4 for details); stationary vegetation implies that any area
(e.g. 10 km × 10 km) has the same species composition as any other such area within the study
region,

• RPP and their standard errors (SEs) with distance for each taxon used in the analysis
(Figure 3B).

Details on the ERV analysis strategy are provided in SOM-12.1.4. The first ERV analysis
run used the 26 taxa with both pollen and vegetation data in ≥ 5 sites (Table S2). Based on plots
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Figure 3. Examples of results from the ERV analysis of pollen and vegetation data from 30 sites in Cameroon (see
Figure 1 for site distribution). This analysis used 12 taxa, ERV submodel 2 and the Prentice’s Gaussian Plume Model

for distance weighting of vegetation (see Methods and SOM-12.1.4 for details). (A) Log likelihood, vegetation
dispersion, and mean taxa composition (in proportion) over distance from the pollen sample points; note that the scale

for Poaceae is on the right of the diagram. (B) Relative Pollen Productivities (RPPs) with distance from the pollen
sample points for seven taxa. The colours relate to those in Figures 1, 2, 5 and 6; the five shades of red (dark brownish
red to light pink) relate to the red colour in Figures 1 and 2 and to the five shades of red in Figures 5 and 6; the three

shades of green relate to Figures 1 and 2 two shades of green together and to the three shade of green in Figures 5 and 6.

of adjusted pollen percentages and vegetation proportions (Figure 4), the taxa with the best linear
relationships were selected for the next runs of ERV analysis. In this paper, we present the results
of the ERV analysis that produced the curve of log L closest to the theoretically correct curve
(increases and reaches an asymptote at a certain distance; SOM-12.1.4), which was obtained
with 12 taxa, ERV sub-model 2, and P-GPM for distance weighting of vegetation (Figure 3A;
Table 1A).

12.2.4 Landscape Reconstruction Algorithm (LRA)

Details on the LRA and its assumptions are found in SOM-12.2.3. LRA comprises two mod-
els, REVEALS (REgional VEgetation Abundance from Large Sites) (Sugita 2007a) and LOVE
(LOcal VEgetation Estimates) (Sugita 2007b). Both models reduce biases due to inter-taxonomic
differences in pollen productivity and basin size. REVEALS estimates the mean regional veg-
etation composition of plant taxa in proportion (dimensionless) for a large region (minimum
100 km × 100 km; Hellman et al. 2008) using pollen records from large lakes. REVEALS
assumes that no plants are growing on the deposition basin (Sugita 2007a). Therefore, model
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Figure 4. Examples of ERV-corrected pollen-vegetation relationships for six taxa from the ERV analysis using the full
pollen-vegetation dataset (30 sites), 12 taxa, ERV submodel 2 and the Prentice’s Gaussian Plume Model for distance

weighting of vegetation (see Methods and SOM-12.1 for details). The coefficient of determination (R2) is provided as a
measure of linearity, the higher the value the more linear the relationship.

estimates from pollen assemblages in large bogs will be biased by pollen coming from the sur-
face of the bog. LOVE estimates ‘background pollen’ using REVEALS estimates of regional
vegetation, and subtracts ‘background pollen’ to derive local vegetation cover within the RSAP
(see ERV model above and SOM-12.1). The RSAP represents the smallest spatial scale of the
LOVE reconstruction. Both REVEALS and LOVE provide estimates of plant abundance/cover
with their SEs. Note that the plant abundance estimated by LOVE is distance weighted.

The application of the LRA requires a minimum of two pollen records from the same
vegetation/landscape type, one from a large lake for a REVEALS-based reconstruction of the
regional plant cover, and one from a small lake for a LOVE reconstruction of the local plant cover.
However, calculation of the RSAP of small sites requires pollen records from several sites (see
SOM-12.2.3 for further explanations). Due to the small number of pollen records appropriate for
a LRA in the study region, we made the following assumptions:

(1) Pollen of Cyperaceae are primarily of local origin, growing on the swamp (Mbi) or at lake
shores (Bambili, Tilla, Mbalang), and Cyperaceae are the dominant plants in these biotopes,

(2) The RSAP of the small sites is 2 km (SOM-12.2.3),
(3) The pollen record (Cyperaceae excluded) from Mbi and Tilla represent the mean regional

vegetation cover around Bambili and Mbalang, respectively.

Possible departures from these assumptions are described in SOM-12.2.3. A local origin
of most pollen from Cyperaceae is supported by the analysis of > 1000 modern pollen samples
from Africa, Madagascar and Arabia (Gajewski et al. 2002) suggesting that Cyperaceae pollen
is related primarily to humid regions and habitats in Africa.
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Table 1. Habitus, pollination, Fall Speed of Pollen (FSP) and Relative Pollen Productivities (RRP) with their standard
errors (SE) for 12 major taxa in: (A) Cameroon (this study), (B) from other studies in South Africa (Hill et al., this

volume); Namibia (Tabares et al. 2021); Bolivia (Whitney et al. 2018); Brazil (Piraquive Bermúdez et al. 2019); and
(C) from other studies in Subtropical China: left (Fang et al. 2020), centre (Jiang et al. 2020), right (Chen et al. 2019);
Tropical China (Wan et al. 2020). ˆ FSP from Jiang et al. (2020). Reference taxon (Poaceae=1): * indicates that Poaceae

is the reference taxon used in the analysis. ** indicates that other taxa were used as reference and RPP values were
converted to Poaceae=1. Abbreviations: H herb, S shrub, T tree; Pollinat Pollination; A anemophilous, E

entomophilous; (A) and (E) indicate that the one type of pollination is less common than the other.

(A) Cameroon (this study)

Taxa Habitus Pollinat. FSP (m/s) RPP SE

Alchornea S/T E/A 0.012 4.00 0.188
Celtis T E/A 0.010 7.00 0.270
Combretaceae/Melastomataceae T/H E 0.012 0.50 0.039
Cyperaceae H A/(E) 0.022 0.23 0.045
Macaranga T E/(A) 0.013 1.70 0.054
Moraceae T A/E 0.006 0.60 0.070
Nuxia type T E 0.003 1.40 0.397
Poaceae H A 0.035 1.00* 0.000
Podocarpus T A 0.017 0.06 0.018
Prunus africana/Rubus pinnatus T E 0.013 0.40 0.037
(Rosaceae) (0.021)ˆ
Schefflera T E 0.009 1.80 0.164
Syzygium T E 0.003 2.20 0.107

(B) Other studies: S Africa Namibia Bolivia Brazil

Taxa RPP RPP SE RPP RPP SE RPP SE

Alchornea
Celtis
Comb./Mel. 0.217 0.014
Cyperaceae 0.48 0.11 0.63 0.33
Macaranga
Moraceae 0,25
Nuxia type
Poaceae 1.00* 1.00* 0.00 1.00** 1.00** 0.00 1.00** 0.00
Podocarpus 6.50
P. africana/R. pinnatus
(Rosaceae)
Schefflera
Syzygium

(Continued)
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Table 1. Continued

(C) Other studies: Subtropical China Tropical China

Taxa RPP SE RPP SE RPP SE RPP SE

Alchornea
Celtis
Comb./Mel.
Cyperaceae
Macaranga 2.21 0.08
Moraceae 0.50 0.35 6.52 0.08
Nuxia type
Poaceae 1.00* 0.00 1.00** 0.00 1.00** 0.00 1.00* 0.00
Podocarpus
P. africana/R. pinnatus
(Rosaceae) 0.41 0.28 0.84 0.045 1.00 0.45
Schefflera
Syzygium

Relying on the three assumptions above, we used the pollen records from Mbi andTilla (large
lake sites) for REVEALS reconstructions of the regional plant abundance, and from Bambili and
Mbalang (small lake sites) for the LOVE reconstructions of the local plant abundance around
each lake. We excluded Cyperaceae from the pollen records and used the 11 taxa for which we
have RPP estimates (Table 1A). In addition, we tested alternative RPP values for Podocarpus,
i.e. the mean RPPs of Pinus (6.38) and Picea (2.62) in Europe, to evaluate their effect on the
reconstructions and discuss them in the light of the existing knowledge on the dispersal and
deposition of Podocarpus pollen. Only one additional RPP value is available for Podocarpus to
date, i.e. 6.54 (related to Poaceae) from a study in South Africa (Duthie 2015; Hill et al., this
volume) (Table 1B). Pinus, Picea and Podocarpus all belong to coniferous plants for which large
pollen productivity is common. Note also that Hill et al.’s value is very close to Pinus mean RPP
in Europe. The REVEALS and LOVE reconstructions were performed for continuous 500-year
time windows over the last 12 ka years, except for Mbalang (last 6 ka years). Zmaxwas set to 200 km
and wind speed to 3 m/s (see 12.1.4, above, and SOM-12.1.4). We used the computer programme
LRA.REVEALS.v6.2.4.exe and LRA.LOVE.v6.2.3.exe (Sugita, unpublished) to calculate the
REVEALS estimates of regional plant cover at Mbi and Tilla and LOVE estimates of local plant
cover within 2 km-radius areas around Bambili and Mbalang. See SOM-12.2.3 for details on
access to the computer programmes.

12.3 RESULTS

12.3.1 ERV analysis and RPP estimates

Vegetation dispersion and mean plant cover over distance from the pollen sample points (Fig-
ure 3A) based on the collected vegetation dataset (SOM-12.1.3) indicate that the ERV model’s
assumption of stationary vegetation is violated in the study region. Both vegetation dispersion
and mean plant cover increase with distance until maximum values at c. 50–100 m and then
decrease until c. 600 m instead of reaching an asymptote. The values of mean plant cover for
Alchornea, Macaranga, Celtis, Moraceae and Poaceae indicate that these taxa have a more stable
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composition already from c. 200 m. The log likelihood curve shows a similar pattern as vege-
tation dispersion, although with a much less prominent ‘overshoot’ of the curve at 50 m. From
600 m, the values of mean plant cover remain relatively constant for all plant taxa. This distance
also corresponds to the RSAP (585 m) as calculated from the log L curve (Figure 3A) with the
moving-window regression method. An attempt to analyse forest and savannah sites separately
to decrease vegetation dispersion did not improve the results; instead, the log L curves diverged
from the theoretically correct curve even more (results not shown).

Most curves of RPPs plotted against distance from the pollen sample point deviate from the
expected behaviour (increase to reach an asymptote at a certain distance), but the RPP values are
relatively constant from c. 1500 m for all taxa except Celtis. The RPPs of Podocarpus exhibit more
or less constant values over 3 km. The RPPs of Combretaceae/Melastomataceae and Schefflera
reach maximum values at very short distances, decrease abruptly, and maintain relatively constant
values from a few metres. The RPPs of Alchornea and Celtis increase to maximum values
at c. 200 m and then decrease gradually until 1500 m and 3000 m, respectively. The RPPs of
Moraceae and Syzygium increase until 200 m where they reach an asymptote, although the values
of Moraceae are very unstable. Because RPPs still decrease after the calculated RSAP distance
(585 m), we selected the final RPP values at the distance for which they stabilize for all taxa, i.e.
1500 m (Table1A).

Figure 4 presents examples of ERV model-corrected pollen-vegetation relationships
for six of the 12 taxa. Schefflera, Poaceae and Syzygium exhibit the most linear relation-
ships with coefficients of determination (R2) of 0.63, 0.54 and 0.58, respectively. Moraceae
and Combretaceae/Melastomataceae have weaker linear relationships with R2 values of 0.42
and 0.26, respectively. A R2 value of 0.14 indicates a very weak linearity for Podocar-
pus, Combretaceae/Melastomataceae, Schefflera, and Syzygium are strongly overrepresented,
Poaceae is slightly overrepresented, and Podocarpus strongly underrepresented by pollen.
The pollen-vegetation relationship of Moraceae clearly indicates either overrepresentation or
underrepresentation by pollen depending on the site.

12.3.2 Landscape Reconstruction Algorithm (LRA): Regional and local plant cover

The REVEALS reconstructions represent regional plant abundance in an area of c. 100 km ×
100 km around Mbi and Tilla, and the LOVE reconstructions the local plant abundance in an
area of minimum 2 km radius around Bambili and Mbalang (see Methods and SOM-12.2.4). The
REVEALS and LOVE estimates with their SEs for the 11 taxa are provided for Mbi and Bambili
in Figures S2–S5) and highlight the effect of the RPPs’ SEs on the reconstructions. Podocarpus,
Nuxia-type, Moraceae, and Prunus africana/Rubus pinnatus have the largest SEs in relation to
their RPP value (Table 1A). These taxa also exhibit the largest SEs of LRA reconstructions.
When RPP 0.06 is used for Podocarpus, SEs are very large for Podocarpus and relatively large
for Nuxia-type (for both REVEALS and LOVE plant cover) (Figure S2). SEs are also quite
large for Moraceae and Prunus africana/Rubus pinnatus (for LOVE plant cover) in the Early
Holocene (Figures S2 and S3). All other taxa exhibit small SEs over most of the Holocene. There
are generally few values not different from zero (i.e. SD ≥ REVEALS/LOVE estimate) and they
occur mainly for very low values of plant cover, except for Podocarpus (RPP 0.06) that has also
very large SEs for high LOVE plant cover over most of the Holocene (Figure S2).

12.3.2.1 Mountain woodlands: Mbi and Bambili (Figure 5; Figures S2–S5)
The pollen sum of the 11 taxa used in the LRA reconstructions represent 61–81% (mean 69.4%)
(Mbi) and 59–76% (mean 65.5%) (Bambili) of the total pollen sum of terrestrial plant taxa
(SOM-12.2.1, Table S3A). The REVEALS and LOVE reconstructions are strongly influenced
by the RPP used for Podocarpus. The low RPP (0.06) results in a very strong dominance of
Podocarpus 9.5–0.5 ka BP in the regional vegetation (Mbi) and 10.5–2 ka BP locally around
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Figure 5. REVEALS-based regional and LOVE-based local plant cover using the pollen records from Mbi and
Bambili, respectively, and three alternative RPPs for Podocarpus (0.06, 2.62, and 6.38). Plant cover in percentage of an
area of 100 km × 100 km for Mbi, and of minimum 2 km radius for Bambili. Upper panel: pollen percentages for Mbi

and Bambili, REVEALS (Mbi)- and LOVE (Bambili)-based plant cover using 0.06 for Podocarpus; Lower panel:
REVEALS (Mbi)- and LOVE (Bambili)-based plant cover using RPP 2.62 (left) and 6.38 (right) for Podocarpus. The

colours relate to those in Figures 1, 2 and 3; the five shades of red correspond to carmine red and three shades of green
to the two shades of green together in Figures 1 and 2.

Bambili. The other nine tree taxa have a reduced abundance compared to their pollen %, except
Moraceae. Regional woodland cover (Mbi) is larger than total tree pollen %, and local woodland
cover at Bambili is 100% 12–3 ka BP while percentages of total tree pollen increase from c. 50%
(12 ka BP) to 97–98% (8–4.5 ka BP) to decrease back to c. 55% at 3 ka BP.

When higher RPPs (2.62 and 6.38) are used for Podocarpus, regional openland (Poaceae)
around Mbi represents > 50% of the total vegetation cover over the entire Holocene, while
pollen % exceed 50% only 12–11 ka BP, 5–4.5 ka BP, and 1 ka BP to present. In contrast, local
vegetation cover at Bambili is 100% wooded 11–3.5 ka BP, and the decrease of woodland from
3 ka BP is much larger and more abrupt than the decrease in total tree pollen %. Woodland cover
drops from 100% to 29% (RPP 2.62) or 22% (RPP 6.38) between 3.5 and 3 ka BP, whereas
pollen % decrease from 98% to 55% between 4.5 and 3 ka BP. While Podocarpus maintains
pollen % > 10% at Bambili 7–4.5 ka BP, its reconstructed local cover around the site is <
10% and not different from zero 6–5.5 ka BP (Figure S2). The major effect of using RPP 2.62
rather than 6.38 on the reconstruction of regional vegetation is a larger cover (c. double) of
Podocarpus throughout the Holocene at the expense of Poaceae, while the cover of other trees does
not change significantly. The largest differences in composition of tree taxa between pollen %
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and regional plant cover (Mbi) is mainly a larger cover of Combretaceae/Melastomataceae in
relation to Alchornea, Macaranga, and Celtis. In terms of the local tree composition around
Bambili, the major difference between pollen percentage and plant cover is a larger cover of
Schefflera at the expense of Podocarpus 10.5–3.5 ka BP, and a larger cover of Moraceae and
Macaranga at the expense ofAlchornea and Celtis (except for the last 50 years). In recent time, the
cover of Combretaceae/Melastomataceae is larger than earlier and Schefflera dominates the tree
cover.

12.3.2.2 The Sudanian and Guineo-Congolian wooded grasslands: Tilla and Mbalang
The pollen sum of the 11 taxa used in the LRA reconstructions represent 68.1–95.8% (mean
82.7%) (Tilla) and 48.7–94% (mean 72.2%) (Mbalang) of the total pollen sum of terrestrial
plant taxa (SOM-12.2.1, Table S1A) (Figure 6). The REVEALS reconstructions of regional plant
cover around Tilla are characterized by a very large cover of openland (Poaceae) throughout the
Holocene whatever RPP is used. Moreover, the cover of Poaceae is larger than their pollen %.

Figure 6. REVEALS-based regional and LOVE-based local plant cover using the pollen records from Tilla and
Mbalang, respectively, and three alternative RPPs for Podocarpus (0.06, 2.62, and 6.38). Plant cover in percentage of an
area of 100 km × 100 km for Tilla, and an area of minimum 2 km radius for Mbalang. Upper panel: pollen percentages
for Tilla and Mbalang, REVEALS (Tilla)- and LOVE (Mbalang)-based plant cover using 0.06 for Podocarpus; Lower

panel: REVEALS (Tilla)- and LOVE (Mbalang)-based plant cover using RPP 2.62 (left) and 6.38 (right) for
Podocarpus. The colours relate to those in Figures 1 and 2; the five shades of red correspond to carmine red and three

shades of green to the two shades of green together in Figures 1 and 2.
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There is no significant difference between the three reconstructions except a slightly larger cover
of Podocarpus when RPP 0.06 is used. The total cover of trees is smaller than tree pollen %, and
Combretaceae/Melastomataceae are dominant over the other tree taxa, which is not the case in
pollen %.

The LOVE reconstructions for Mbalang exhibit a total cover of tree of 100% with RPP 0.06
for Podocarpus over the period 6–3 ka BP, and of 40–60% with RPPs 2.62 and 6.38. With RPP
0.06, Podocarpus is dominant, while all other trees have a cover smaller or much smaller than
their pollen percentage, except Prunus africana/Rubus pinnatus and Moraceae that have a higher,
respectively slightly higher cover than their pollen %. With RPPs 2.62 and 6.38, Poaceae has a
cover slightly smaller than its pollen %, especially 6–3 ka BP. Prunus africana/Rubus pinnatus
has a larger cover than its pollen % over the entire period 6–0 ka BP, as well as Moraceae
and Macaranga 6–3 ka BP, and Combretaceae/ Melastomataceae 4.5–3 ka BP. Podocarpus,
Combretaceae/ Melastomataceae, Celtis and Alchornea have a smaller cover than their pollen %.
LOVE plant cover and pollen of Syzygium and Schefflera are similar in proportions. Podocarpus
has a larger cover in the reconstruction with RPP 2.62 than in the one with RPP 6.38. The decrease
in total trees at 3 ka BP is sharp in both cover and pollen %, but the decrease in cover (48 to 9%)
is larger than in pollen % (30 to 7%).

12.4 DISCUSSION

12.4.1 Relative Pollen Productivity (RPP)

12.4.1.1 Effects of violation of model assumptions and other factors
The effects on RPPs of deviations from the ERV model assumptions and other factors have been
discussed earlier in syntheses of RPP values in Europe (Broström et al. 2008; Mazier et al. 2012),
temperate China (Li et al. 2017) and the Northern hemisphere (Wieczorek and Herzschuh 2020).
The number of factors affecting RPPs and/or causing between-study variability in RPP values
for a taxon are numerous. They span from between-study region differences in climate, land use,
vegetation type/structure and plant species (including their pollination strategies), between-study
variation in methods used to collect the pollen-vegetation dataset (including methods in field and
laboratory, and data handling), to differences between models and/or model implementation
(including dissimilarities in parameter setting, parameter values, and calculation procedures).
Because of the relatively low number of RPP values (response variables) compared to the number
of factors (explanatory variables), statistical quantification of the effect of these factors on RPP
estimates has never been attempted so far. In this pilot study, the major factors that need to be
considered with care are the violation of the ERV model’s assumptions in terms of stationarity of
the vegetation in the study area, random distribution of sites, mode of dispersal and deposition
of pollen, and taphonomy and preservation of pollen in soil samples.

Vegetation dispersion and mean plant composition over distance (Figure 3A) indicate that
vegetation is not stationary in the study region, and site distribution did not follow a true random
scheme, but a stratified random one. Both factors may explain the shape of the log L curves
obtained from the ERV runs (example in Figure 3A) (e.g. Broström et al. 2005; Li et al. 2017).
Moreover, the difference in vegetation data collection within and beyond 100 m (also seen in the
difference in mean plant composition within and beyond 100 m, Figure 3A) may also cause the
‘overshoot’ of log L values at short distances (< 100 m) before the curve decreases and/or plans
out. The shape of the log L curve implies that the definition of the RSAP is uncertain. Based on
the empirical and simulation study of Broström et al. (2005) on the effect of non-random site
distribution on likelihood function scores and the identification of the RSAP, we assume that the
large RSAP, i.e. the distance at which all curves of RPP with distance stabilize (1500 m), is most
realistic.
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Eight of the twelve plant taxa involved in the analysis are entomophilous, of which three
have been described as partly anemophilous (Table 1A). The assumption of the ERV model
that all pollen is transported by wind is therefore violated. However, these taxa are common
in lake sediments and peat deposits of tropical Africa, which suggests that part of the pollen
produced is transported by wind. Therefore, an estimate of the relationship between vegeta-
tion and pollen transported to palaeoecological archives such as lakes and bogs remains useful.
Nevertheless, such estimate will not be comparable with true pollen productivity in the plant
stamina, but can be used as a measure of the proportion of pollen transported and deposited
in soils, moss pollsters, lakes and bogs. The use of soil samples instead of moss pollsters in
regions where mosses are uncommon and/or poor in pollen (e.g. Wan et al. 2020) may also imply
biases of the pollen assemblages compared to mosses/lake sediment/peat. Gajewski et al. (2002)
analysed a database of all surface pollen data available in Africa and concluded that percent-
ages of the three most abundant pollen taxa did not show any bias among sampling methods.
However many studies have indicated biases of pollen assemblages in soil samples compared
to, e.g. pollen traps due to poor preservation conditions (e.g. Zhang et al. 2015). We there-
fore assume that the most common pollen types in soils are those that are well preserved due
to their species/taxon-specific wall structure, and that their amount corresponds to the pollen
transported and deposited in the soil. To our knowledge, little is known on the number of years
of pollen deposition in soil samples (e.g. Havinga 1984). Thus, we assume that they represent
some years of pollen deposition. One of the basic assumptions of pollen analysis as a tool to
reconstruct past vegetation change is that pollen productivity is a constant, although pollen-trap
studies have shown that inter-annual variation occurs in the absence of changes in plant cover
(e.g. Abraham et al. 2021; Gosling et al. 2005; Haselhorst et al. 2013; Julier et al. 2019). These
known variations are considered as ‘noise’ in terms of the pollen productivity measure needed
to interpret sedimentary pollen records (e.g. Fang et al. 2020). Individual pollen assemblages
from lake sediments or peat used? to be from multiple years-samples, and each quantitative
reconstruction of plant cover using the LRA (REVEALS and LOVE) seldom represents less
than 100 years, and generally covers 100 to 500 years (e.g. Cui et al. 2014; Trondman et al.
2015).

Fall Speed of Pollen (FSP) is an important parameter in pollen-vegetation modelling.
Between-study differences in FSP for a given taxon will influence the RPP results (e.g. Bunting
et al. 2004). However, there is little difference in the estimated FSPs of pollen taxa between
this study and other studies in the tropics and subtropics, except for Podocarpus (0.0175 m/s
in this study; 0.074 in Hill et al., this volume). Fall speed for Poaceae varies between studies
from 0.0133 m/s in tropical China (Wan et al. 2020) to 0.050 m/s in South Africa (Hill et al., this
volume). However, the FSP estimate from the study in Namibia (0.031 m/s, Tabares et al. 2021)
is close to the FSP we are using (0.035 m/s; Broström et al. 2004).

12.4.1.2 Comparison with RPPs from other studies in the tropics
RPP values are available from other studies in the tropics for six taxa included in our study
(number of values in brackets, our study excluded): Combretaceae/Melastomataceae (1), Cyper-
aceae (2), Macaranga (1), Moraceae (3), Podocarpus (1) and Rosaceae (3; for comparison with
the RPP of Prunus africana/Rubus pinnatus) (Table 1B). RPPs for each of these taxa are sur-
prisingly similar given that studies are from geographically very different regions and often use
different methods. The comparison confirms RPPs smaller than that of Poaceae for Combre-
taceae/Melastomataceae, Cyperaceae, and Rosaceae, and RPPs larger than that of Poaceae for
Macaranga. However, Moraceae exhibit contradicting results with RPPs that are either larger
(one value in tropical China) or smaller (two values) than the RPP of Poaceae. Similarly, Podocar-
pus has a much smaller RPP than Poaceae in our study, but much larger RPP than Poaceae in
South Africa (see Hill et al., this volume). Earlier studies have also reported that both Moraceae
and Podocarpus can exhibit high and low pollen quantities in surface samples within only a few
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meters (e.g. Gosling et al. 2005; Maley et al. 1990; Vincens 1984; Wan et al. 2020). More-
over, results indicated that Podocarpus pollen % in surface soils were often high within the
forest (up to 40% in Vincens (1984) or 60% in Maley et al. (1990)), and decreased abruptly
over the forest edge (to c. 10%) and beyond, to < 5% already 10 m from the edge (Maley
et al. 1990) or to c. 5% and 1% 10 km and 50 km from the edge, respectively (Vincens 1984).
Lézine (unpublished) also reported that Podocarpus pollen percentage in soil samples within
the Podocarpus forests of Cameroon can vary between very low and high values within a few
meters. The very low RPP of Podocarpus obtained in our study is probably due in part to the
low proportions of the taxon in the studied forests (c. 8–23%, max. 29%, in distance-weighted
plant abundance within 100 m of the studied sites) with corresponding pollen percentages of
0.2–2.5%, maximum 8% for 29% plant cover. Such ‘fuzzy’ pollen-vegetation relationships need
to be further investigated. New, carefully designed RPP studies are necessary before we can
conclude on this issue and the relevance of quantitative reconstruction for this type of taxa.
Moreover, the pollen-vegetation relationship of Podocarpus can be biased by long-distance
pollen transport, as reported in earlier studies (e.g. Maley et al. 1990; Vincens 1984; Wan
et al. 2020).

Earlier studies of modern and fossil pollen spectra and related vegetation provide some
hints on whether the RPP we obtained for the remaining six taxa roughly agree with those results
in terms of representation of vegetation by pollen. Pollen of several entomophilous tropical taxa
have been found in large numbers, e.g. Alchornea (Elenga et al. 2000; Reynaud-Farrera 1995;
Vincens et al. 1997, 2000; Watrin et al. 2007), and Celtis and Syzygium (e.g. Verlhac et al. 2018;
Watrin et al. 2007). Lézine et al. (2013) suggested that Schefflera might be overrepresented in
the pollen record from Bambili due to high pollen productivity and long-distance transport. Our
results suggest that these four taxa all have RPPs larger (Schefflera, Syzygium) or much larger
(Alchornea, Celtis) than Poaceae (Table 1A).

12.4.2 LRA reconstructions of Holocene plant cover at regional and local spatial scales

Although the 11 pollen taxa used in the LRA reconstructions generally represent > 60–70%
of the total pollen sum of terrestrial pollen types in the four pollen records (Table S3A), it is
essential to keep in mind that we are missing in many cases a third of the pollen record. Major
taxa for which we would need RPP estimates to achieve more complete reconstructions of the
plant cover are: Aerva-type, Antidesma-type, A. venosum, Ficus, Gnidia, Justicia, Maesa, and
Rapanea (mountain woodlands), and Cussonia, Hymenocardia, Ixora, Olea, Tetrorchidium, and
Uapaca (wooded grasslands). One RPP value (19.19 relative to Poaceae) is available for Justicia
(Navya 2020). Based on a large database of surface pollen samples in Africa, Gajewski et al.
(2002) concluded that Olea pollen (O. capensis-type) represent the presence and abundance of
the plant correctly. Uapaca was found to be either over-represented or under-represented by
pollen (Julier et al. 2019). The information we have so far on the pollen-vegetation relationships
of the taxa mentioned above is still too poor to anticipate the effect they would have on the LRA
reconstructions. They could influence (in terms of plant cover) the timing, rate and magnitude
of change in the woodland/openland relationship, and the taxa composition in woodlands over
time.

We consider that the LRA reconstructions using the lowest RPP (0.06) for Podocarpus are
unrealistic. The low RPP results in an extreme dominance of Podocarpus over all other tree taxa,
and over Poaceae for most of the Holocene (see also discussion on RPPs above). We therefore
focus on the reconstructions performed with the alternative RPPs 2.62 and 6.38, i.e. pollen
productivities higher than that of Poaceae. These RPP values are also in a comparable range of
values as common entomophilous tree taxa in African pollen records such as Alchornea, Celtis,
Schefflera, and Syzygium.
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12.4.2.1 Mountain woodlands: Mbi and Bambili
The assumed minimum size of the landscape represented by REVEALS estimates of plant cover
is 100 km × 100 km (see Methods), which corresponds to an area around the site Mbi covering
today montane and submontane vegetation (c. 55%), Guineo-Congolian rain and semi-deciduous
forests (c. 20%), and secondary forests and grassland (25%), i.e. vegetation types from altitudes
between c. 1000 and 3000 m asl. (Figures 1 and 2).

The REVEALS reconstructions suggest a clear dominance of grasses in the regional veg-
etation over the entire Holocene. The composition of trees is significantly different in plant
cover compared to the pollen percentages, with a generally smaller cover than pollen percentage
of Schefflera, Podocarpus (high altitude taxa) and Alchornea (low altitude taxon), and larger
cover than pollen percentage of Moraceae and Combretaceae/Melastomataceae (mid-altitude
taxa) and Poaceae (mainly mid- and low altitude) (see Figure 2 for the altitudinal distribution
of taxa). Thus, the REVEALS reconstruction suggests that the regional landscape was much
more open than suggested by the pollen percentages, and the high altitude and low altitude trees
less abundant in relation to mid altitude trees. However, the REVEALS reconstruction does not
alter the overall history and timing of changes in woodland abundance documented by the pollen
percentages.

The LOVE reconstructions represent plant cover over a 2 km-radius area (assumed RSAP,
Methods and SOM-12.1.4) around the lake of Bambili, which includes essentially afro-alpine
grasslands and montane forests. The reconstructions suggest that the vegetation at Bambili was
100% forested 11–3.5 ka BP with a stronger dominance of the high altitude taxa (including
Moraceae; Ficus in Figure 2) over the low altitude taxa than pollen percentages indicate. The
sudden decreases in cover of Podocarpus at 7 ka and 3 ka BP are more pronounced than the
declines in percentages, and the general collapse of the mountain forest more rapid. The landscape
openness (cover of Poaceae) 3–0.5 ka BP is significantly larger than suggested by the pollen
percentages.

12.4.2.2 The Sudanian and Guineo-Congolian wooded grasslands: Tilla and Mbalang
The REVEALS reconstructions of Tilla represent the regional plant cover in the Sudanian dry
forests with grasslands and shrublands at low altitudes (Figures 1 and 2) and confirm that tree
cover was very small all through the Holocene in contrast to Sahel’s more tree-rich vegetation
over early and Mid-Holocene (Salzmann et al. 2002). However, Combretaceae/Melastomataceae
might have been more abundant in relation to Alchornea, Celtis, and Macaranga than pollen
percentages suggest.

The assumed RSAP of Lake Mbalang (2 km) lies within the Sudano-Guinean wooded grass-
lands. The LOVE reconstruction suggests a 10–15% higher cover of tree taxa in the vegetation
compared to the pollen percentages 6–3 ka BP and confirms a local presence of Podocarpus and
Prunus africana/Rubus pinnatus. However, the larger abundance of trees compared to pollen
percentages might be a bias due to the pollen record from Tilla representing only the very open
regional vegetation North of Mbalang and not the areas West and South of the lake that might have
been more wooded. Therefore, the LRA might have substracted too large amounts of Poaceae
(background pollen inferred from the REVEALS-based regional vegetation of Tilla). If this is the
case, pollen percentage of Poaceae might be closer to the actual vegetation openness at Mbalang
than its LOVE-estimated cover indicates. A pollen record from a large lake closer to Mbalang
would be more appropriate for a LOVE reconstruction.

12.5 CONCLUSIONS

The results from this first attempt at estimating RPP for major taxa of the Holocene vegetation of
Cameroon confirm the insights gained earlier from traditional studies of the relationship between
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pollen and vegetation. Alchornea, Celtis, Macaranga, Schefflera, and Syzygium have been found
to be overrepresented by pollen (Elenga et al. 2000; Lézine et al. 2013; Reynaud-Farrera 1995;
Verlhac et al. 2018; Vincens et al. 1997, 2000; Watrin et al. 2007) and are also the taxa for
which the estimated RPP are larger than that of Poaceae. Of the taxa for which RPP values are
available from other studies, Combretaceae, Cyperaceae, Macaranga and Prunus africana/Rubus
pinnatus exhibit relatively small between-study differences in RPPs. Existing RPP values for both
Moraceae and Podocarpus are either lower or higher than that of Poaceae, which corroborates
earlier observations on the representation of these taxa in modern pollen samples compared to
the plant abundance in the vegetation (e.g. Gosling et al. 2005; Maley et al. 1990; Vincens 1984;
Wan et al. 2020).

The major uncertainties of our RPP study are due to the strong effect of non-stationary
vegetation in the study region on the calculation of RPPs using the maximum likelihood approach.
It implies that the RSAP of the pollen samples (here surface soil) is difficult to identify, and
therefore the best RPP values are uncertain. Nevertheless, whatever RSAP we would choose
(either a few hundred meters or 3 kilometres), ranking of the RPP values would remain the
same and, therefore, the correction of the pollen percentages identical. However, the relative
cover/abundance of taxa would probably be influenced. In regions where it might be difficult to
find large enough areas of stationary vegetation to estimate RPP of forest taxa in particular, one
might test the robustness of the obtained RPPs using other models and calculation approaches
that might be less sensitive to non-stationary vegetation (Fang et al. 2020; Tabares et al. 2021).
In future work, the use of combined satellite and drone data might help to decrease the amount of
field work and increase the consistency of vegetation datasets over large areas around each pollen
sample site. The latter would probably improve the performance of models for estimation of RPPs.

The LRA reconstructions in this study provide a first tentative quantification of changes in
the Afromontane woodlands and wooded grasslands of Cameroon over the Holocene. The results
suggest that the regional landscape in the mountain region was more open than pollen percentages
suggest, and that the collapse of the high altitude forests around Bambili at 3 ka BP was faster and
of larger magnitude than indicated by the pollen record. The latter will need to be confirmed by
further studies involving a larger number of major taxa characteristic of the Holocene vegetation
history of Cameroon. The reconstructions also suggest that the woodlands’ taxa composition, at
both regional and local scales, is different once the pollen percentages are corrected using the RPP
dataset and RPPs 2.62 or 6.38 for Podocarpus. The LRA reconstruction for Mbalang confirms
the local occurrence of mountain woodland around the lake in Mid-Holocene. The correction of
the pollen percentages indicate a larger cover of Prunus africana/Rubus pinnatus and Moraceae
than their pollen percentages. Podocarpus and Moraceae are the most problematic taxa to model
with the RPPs currently available. The reconstructions using high RPPs for Podocarpus are the
most probable so far. It is not possible, based on this study, to assess the reliability of the available
RPPs for Moraceae.
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CHAPTER 13

A Holocene pollen record from Mboandong,
a crater lake in lowland Cameroon

Keith Richards1

KrA Stratigraphic, Deganwy, Conwy, North Wales, United Kingdom

ABSTRACT: Mboandong is a small crater lake situated approximately 30 km to the north of
Mount Cameroon. A core 13 m in length was collected from the lake centre in December 1981
with the objective of studying Holocene vegetation change in the lowlands of West Cameroon.
Radiocarbon dating indicates that the base on the core is close to 7000 years old. Volcanic
eruptions of Mount Cameroon between c. 7000 and 6000 years ago are indicated by ash deposits
which are overlain by diatomite. Otherwise the lake sediments consist of fine-grained organic
mud, with no obvious sedimentary breaks or any sign of the lake having dried out. A fairly rapid
sedimentation rate of at least 1 m per 500 years is indicated. Predominantly forested conditions
existed throughout much of the Holocene, possibly of the Congo type (everwet) rainforest prior
to c. 2700 cal yr BP. At this time man was probably encouraging fruits of the ‘atili’ tree Canarium
schweinfurthii as an oil-rich food. A major increase in Poaceae pollen after c. 2500 cal yr BP is
most probably linked to a drying climate, as has now been inferred at numerous sites in tropical
West Africa. An increase in pollen from regrowth and semi-deciduous trees possibly indicates a
change to anAtlantic type (more seasonal) rainforest after this time. This climate change probably
led to subsequent forest clearance, perhaps linked to the southwards migration of the Bantu people
and spread of iron technology. Increased numbers of Elaeis guineensis pollen recorded after 1700
cal yr BP are indicative of cultivation. The oil palm appears to have replaced the atili tree as an
oil-rich food source.

13.1 INTRODUCTION

The fact that major changes in climate and vegetation occurred in Africa during the Quaternary is
now well established, with evidence from a large number of sites from around the continent (e.g.
Dupont et al. 2000; Rossignol-Strick and Duzer 1979; Lézine et al. 2013b, 2019; Maley and
Brenac 1998; Miller and Gosling 2014; Vincens et al. 1999; Sowunmi 1981; Talbot et al. 1984).
Hamilton (1976), in a review of botanical and zoological evidence, however, had proposed that
the forested areas of present-day Cameroon were part of a refugium where forest had remained
relatively unaffected by periods of climatic drying during the Quaternary. A primary aim of this
study was to collect a core from this suggested refugium region of Cameroon in order to determine
the extent, if any, of vegetation change by means of pollen analysis (Figure 1). Mboandong was
chosen for a number of reasons. A variety of lakes in Cameroon have been described, for example
by Gèze (1943), Green (1972) and Corbet et al. (1973). Of these lakes, Barombi Mbo was too

1Other affiliation: Department of Geography and Planning, University of Liverpool, Liverpool, United Kingdom
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Figure 1. Simplified map of West African vegetation (based on Keay 1959; White 1983) showing the Mboandong
study site location.
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deep for coring at the time and Barombi Kotto was excluded as its shores and island are inhabited
and it was a known centre for schistosomiasis (Awo et al. 2018, 2020; Duke and Moore 1971;
Zahra 1953). Mboandong is only 5 m deep (Green 1972), relatively undisturbed by man and
accessible by road. The base of the core has been dated within the range of 6480 to 7020 cal
yr BP and therefore provides a record of more or less the last 7000 years. ‘Mbo’ is the local
name for ‘lake’ hence there is no need to add the prefix of ‘lake’ to Mboandong (Corbet et al.
1973).

13.2 REGIONAL SETTING

Mboandong (4.4500◦N, 9.2689◦E) is situated in a shallow crater at about 120 m altitude on the
low-lying plain between Mount Cameroon, the Roumpi Hills and Mount Koupé. The area consists
mainly of basaltic rocks and evidence for widespread volcanic activity is provided by the hundred
or so historic eruption points (Figure 2), several of which now contain crater lakes. Geological
information from Mboandong is lacking but the lake may be of the same approximate age as
nearby Barombi Kotto, a larger crater lake, created by explosive action during a geologically
recent, presumably Quaternary, eruptive phase (Gèze 1943). Mboandong lies in the rain shadow
of Mount Cameroon. Annual rainfall is the region of 2000 to 2600 mm per year (Hawkins and
Brunt 1965); this compares with rainfall typically of 8500 to 10,300 mm per year to the west
of the mountain, in the Atlantic coastal region. The wettest months tend to be July, August and
September and the driest December, January and February. Even so, Richards (1963) noted that
this region of Cameroon, which falls within the ‘sous climat bas Camerounian’ of Aubréville
(1949), is characterised by the absence of a well-defined and prolonged dry season.

A detailed study of the vegetation of Cameroon was carried out by Letouzey (1968) and the
main vegetation types are shown in Figure 1. The western boundary of the Southern Bakundu
Forest Reserve is only 2 km from Mboandong. In a survey of vegetation carried out in 1948,
Richards (1963) described the Bakundu forest as ‘essentially similar’ to other African Mixed
Rain Forests, though not uniform in structure or floristic composition. Patches of high forest
with emergent trees occurred in a mosaic, together with gaps with less tall trees and climbing
plants. The exceptionally high floristic diversity of this area prompted Richards (1963) to consider
the region a likely refugium. Since the 1948 study of Bakundu, timber extraction has increased
substantially and this has also been the case for the area around Mboandong. Figure 3 shows
the vegetation in the immediate vicinity of the lake before 1976, but large tracts of forest have
been entirely removed and plantations extended since that date. In December 1981, the lake was
surrounded by a narrow band of rainforest including both primary and secondary forest elements.
Most distinctive were Musanga cecropioides, Raphia hookeri and Ceiba pentandra (Baker et al.
1986). A few patches of relatively undisturbed rainforest remained on the eastern side of the lake.
A small area had been cleared on the north western shore for cocoa plantations. Away from the
lake, large areas of land had been cleared for cultivation including oil palm, banana, plantain,
cocoa, rubber and cassava.

13.3 METHODS

A single core 13 m in length was collected from the approximate centre of the lake, using
a modified Livingstone mud sampler (Livingstone 1955; Walker 1964) operated from a raft.
Aluminium casing was used to prevent the coring rods from bending and to ensure that each
section of the core was collected from precisely the same location. A continuous sediment core
was obtained except for the interval 12.50-12.00 m which was lost. The core was extruded
and described in the field, before being sealed in polythene sheet to prevent contamination and
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Figure 2. Geological map of South-west Cameroon (modified after Gèze 1943) showing key geographical features and
study sites. Note: the many additional volcanic cones formed in recent years in the Mount Cameroon vicinity (e.g.

Wantim et al. 2013) are not shown.

oxidation during transportation. Twenty-seven samples were prepared for pollen analysis using
KOH (10%), cold HCl (20%) and warm HF (40%) following the methods described by Moore
and Webb (1978). One Stockmarr Lycopodium tablet (batch 201890) was added to 30 g dry
weight of sample. Samples were sieved using ultrasound to remove particles less than 5 µm in
diameter and subject to brief acetolysis (using a 9:1 mix of acetic anhydride and sulphuric acid)
and oxidation (using sodium chlorate and concentrated HCl). Residues were mounted in silicone
oil. A minimum of 400 pollen and spores were counted for each sample, with the exception of
10.89 m where recovery of pollen was particularly low. All laboratory preparations were carried
out at Hull University. Microscopy was carried out in 1983 and 1984 at Hull University and Duke
University. Selected grains were photographed from ancient and modern reference material to
ensure consistency in identification (Supporting Online Material [SOM] Plates I-V). Three bulk
mud samples were radiocarbon dated and results recalibrated by Beta Analytic in October 2020
using the High Probability Density Range method (Bronk Ramsey 2009). The results of the
pollen analysis were constrained by CONISS cluster analysis (Grimm 1987). The core was kept
in cold storage at Hull University but unfortunately deteriorated and was disposed of around the
year 2010 (Jane Bunting, personal communication, 2020).
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Figure 3. Map showing vegetation and land-use around Mboandong prior to 1976. Adapted from 1:50,000 Map of
Cameroon (Buea-Douala NB-32-IV sheets 1c and 1d), Centre Géographique National, Yaoundé.

Table 1. Radiocarbon ages from Mboandong bulk mud samples. Ages were calibrated by Beta Analytic Inc. in October
2020 using the INTCAL13 database and High Probability Density Range Method (HPD). No adjustments for Reservoir

Effect were made.

Depth (m) Reference 14C age δ13 C (‰) cal yrs BP (95%)

4.37 – 4.48 Beta-11198 2380 ± 70 –26.01 2310 to 2720 cal BP
8.37 – 8.48 Beta-11197 4520 ± 90 –33.29 4870 to 5330 cal BP
12.93 – 12.98 Harwell-5028 5930 ± 110 –32.30 6480 to 7020 cal BP

13.4 SEDIMENT DESCRIPTION AND RADIOCARBON DATING

Between 13 m and 10 m the core exhibits several distinct lithological changes. At least two bands
of volcanic ash occur (12.71 to 12.50 m, 12.00 to 11.80 m and 11.64 to 11.00 m). Samples from
these intervals were prepared for pollen analysis but recovery was too low to give a useable count.
The upper ash layer is directly overlain by a single bed of diatomite (11.00 m to 10.05 m). Above
10.05 m the core consists of uniform fine-grained organic mud. Results of radiocarbon dating are
shown in Table 1. The base of the core produced a conventional 14C age of 5930±110 BP which
is within the range (95% confidence) of 6480 to 7020 cal yr BP. The radiocarbon dates appear to
be fairly consistent and give no indication of any serious errors. The δ13C values of −26.01 to
−32.30‰ suggest no significant old carbon contamination. Calcareous deposits of Cretaceous
age do occur in the south-west province of Cameroon but the water catchment of Mboandong is
more or less restricted to the overlying volcanic strata. Inwashing of old carbon from calcareous
rock is therefore considered unlikely, especially as there are no rivers inflowing to the lake. No
traces of modern rooted vegetation or other sources of possible modern carbon contamination
were observed.
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13.5 PALYNOLOGY

13.5.1 General observations

The results of the pollen analysis are given in Figure 4. Assigned names have been amended to
follow the format of the African Pollen Database (Vincens et al. 2007). The pollen taxa have
been grouped in ‘ecological groups’. However, as pollen determination has often only been
possible to generic or even family level, this is problematic when a recorded pollen type could
have originated from more than one life form or vegetation type. The groupings in Figure 4,
therefore, represent the life forms and vegetation types from which the recorded pollen types
are most probably derived, although this is an over-simplification. In making this zonation, ref-
erence has been made, in particular, to Hutchinson and Dalziel (1954–1968), Hall and Swaine
(1981), Letouzey (1968, 1979), Nielson (1965) and Sowunmi (1981). Quite high percentages
of the pollen sum are taken up by Alchornea and Urticaceae undiff. but no real ecological sig-
nificance can be attributed to these widely fluctuating occurrences. Alchornea pollen is very
probably derived mostly from Alchornea cordifolia, a common understory rainforest tree, which
occurs also in swamp forest, montane forest and savanna. In Africa, Urticaceae are mainly
forest herbs, some of which are very high pollen producers (Hamilton 1982). The pollen of
this group is very small, often less than 10 µm in diameter, and may therefore have been sub-
ject to losses during decantation and ultrasonic sieving, although all samples were processed
using identical methods. A complete list of pollen and spore taxa recorded is provided in SOM
(Appendix I).

13.5.2 Pollen in relation to local vegetation

Due to time constraints, it was not possible to obtain information on modern pollen rain from
the Mboandong locality. However, the near-surface sample from the lake core (0.14 m) probably
gives a reasonable indication of modern pollen deposition at the site, and can be compared with
floral data from the nearby Bakundu Forest Reserve. The floral data from Bakundu (Richards
1963) included all tree taxa over 30 cm girth, listed as number of boles in 15 size classes ranging
from 30 cm to over 4.0 m. These data were re-calculated and compared to the pollen data from
Mboandong (Richards 1987), grouped by family rather than genera or species, except where
a finer taxonomic division could be detected in the pollen record. Percentage girth data from
Bakundu were plotted against the percentage of total tree pollen at 0.14 m in the lake core. Con-
siderable over representation in the pollen sample was shown by Elaeis guineensis, Alchornea
and Urticaceae undiff. These taxa are part of the ‘local’ pollen element and were not recorded in
the ‘regional’ tree data from Bakundu. The pollen to vegetation relationship can be summarised
as follows: 1) Taxa which feature strongly in the pollen record but have limited or no representa-
tion at Bakundu. These include a) Trees associated with semi-deciduous forest, secondary forest
or understory conditions such as Ceiba pentandra, Macaranga, Lophira, Bosqueia, Musanga,
Antidesma and Celtis; b) Trees associated with swampy conditions such as Uapaca, Raphia and
Palmae. These taxa are most probably derived predominantly from the forest edge, swamp forest
or disturbed forest and therefore represent the local pollen element, mainly from around the
study site. Rhizophoraceae pollen is most probably sourced from Anopyxis klaineana, a rain-
forest tree (a mangrove pollen source is unlikely). 2) Taxa which are represented in both the
pollen record and the vegetation survey, and are therefore likely to be good indicators of the
regional pollen component. These include: Anacardiaceae, Combretaceae, Euphorbiaceae e.g.
Phyllanthus, Rubiaceae, Pycnanthus, Coulea, Vitex and Sapotaceae. 3) Tree taxa recorded in
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Figures 4A and 4B. Diagrams showing the pollen and spores recorded in the Mboandong study. Tree and shrub pollen
are shown as a percentage of Arboreal Pollen (AP). Non Arboreal Pollen (NAP) from herbs and lianes are calculated as

a percentage of AP+NAP. Spores are calculated as a percentage of AP+Spores. Alchornea, Urticaceae undiff. and
undetermined pollen are excluded from all sums.
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the Bakundu forest that show little or no representation in the pollen record, such as Olacaceae,
Diospyros, Irvingiaceae, Cola, Annonaceae, Flacourtiaceae, Sterculiaceae, Clusiaceae, Lecythi-
daceae, Alstonia, Violaceae and Lauraceae. These taxa may be entomophilous, have low pollen
production and/or poor dispersal, have poor preservational properties or may have pollen that is
not readily distinguishable. Most of the trees and shrubs represented in the pollen study were
also identified in an ecological survey of the riparian vegetation around Lake Barombi Kotto,
situated around 2 km to the north of Mboandong (Awo 2018).

13.5.3 Pollen diagram zonation

In this section values for trees and shrubs are percentages of Arboreal Pollen (AP) whereas values
for non-arboreal pollen (NAP) are percentages of AP+NAP. Values for spores are percentages of
AP+Spores. Pollen of Alchornea, Urticaceae undiff. and undetermined taxa are excluded from
all sums. Values given for the ‘ecological groups’ are calculated in the same way. Zones are
assigned on the basis of CONISS clusters (Figure 4). Age ranges shown are estimates based on
extrapolation of the radiocarbon ages (Table 1).

13.5.3.1 Zone MB I: 12.98 -9.88 m (6800–5600 BP)
This interval is characterised by the presence of common Alchornea (11-36%) and Urticaceae
undiff. (up to 26%). Swamp forest elements are represented more or less consistently at between
28% and 36%, with a slightly lower abundance of 19% at 10.35 m. Important components in this
interval are Rhizophoraceae undiff. (3-14%), Macaranga-type (3-8%), Gilbertiodendron-type
(up to 4%) and Sapotaceae undiff. (up to 7%). Lowland forest elements are co-dominant in this
interval with abundances of between 43% and 61%, with taxa including Canarium-type (up to
11%), Lophira (up to 15%), Irvingiaceae undiff. (up to 9%) and Olacaceae undiff. (less than 1%).
Minor peaks occur in Meliaceae undiff. and Coulea edulis. Semi-deciduous forest elements are
consistently represented at between 14% and 25%. Montane elements are consistent but rare with
Podocarpus milanjianus-type occurring at 2% or less. Other taxa of note are Uncaria-type (up
to 19%) which accounts for a significant proportion of NAP (21% at 10.89 m), and Celastraceae
undiff. (up to 14%). Fern spores account for between 7% and 14% of the sum. Of the disturbance
indicators, Poaceae pollen is rare (less than 1%) as are Elaeis guineensis (2-7%), Trema-type
orientalis (up to 12%) and Musanga-type cecropioides (up to 3%).

13.5.3.2 Zone MB II: 9.35–7.88 m (5400–4700 BP)
This interval is characterised by a predominance of pollen most probably from lowland forest
and swamp arboreal sources. Frequent Canarium-type pollen (up to 18%) occurs together with
common Gilbertiodendron-type (up to 12%) and Sapotaceae undiff. (up to 9%). Pollen from
likely swamp elements is common, occurring fairly consistently at 28% to 37%. Important
components of this group are Uapaca which reaches 15% at 7.88 m and Rhizophoraceae undiff.
(up to 7%). The lowland forest elements are dominant in this interval, ranging between 42 and
56%, and include Maytenus (up to 2%), Antidesma-type (up to 2%) and Olacaceae undiff. (up to
2%) and many other rare but consistent taxa. Other important pollen types present include two
types thought likely to originate from the Anacardiaceae family: Sclerocarya-type is consistently
common (5-11%), andTrichoscypha-type occurs rarely (less than 1%) but is more or less restricted
to this interval of the core, as is Icacinaceae undiff. (3% at 9.35m). Pollen of Cissus (up to 7%),
derived from a climber in the Vitaceae family, and fern spores (up to 20%) are consistent in this
interval. Semi-deciduous forest elements are less common but occur consistently at between 15%
and 22% and include Pycnanthus angolensis-type (up to 10%). Poaceae, Elaeis guineensis and
Musanga-type cecropioides pollen are present in very low numbers.
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13.5.3.3 Zone MB III: 7.35–6.88 m (4400–4100 BP)
Elaeis guineensis pollen ranges from 1% or less to 6% at 7.35 m. A slight increase in Poaceae
pollen (7%) occurs in the same sample, which is also marked by the first major increase in
Musanga comp. (16%).

13.5.3.4 Zone MB IV: 6.35–4.88 m (3700–2800 BP)
This interval is characterised by a common presence of pollen of Canarium-type (up to 18%),
Gilbertiodendron-type (up to 13%) as well as a strong input from the Urticaceae, Rubiaceae
and Euphorbiaceae families. A slight increase in Podocarpus milanjianus-type occurs. Poaceae
and Elaeis guineensis pollen occur but are not frequent (maximum of 3% and 7% respectively).
Monolete fern spores are consistently present (6-11%).

13.5.3.5 Zone MB V: 4.35–3.35 m (2500–l900 BP)
This interval is characterised by the overwhelming abundance of grass pollen (family Poaceae)
which shows a gradual increase towards the top of the interval where it accounts for 50 to
53% of the pollen sum. Consistent Elaeis guineensis (up to 14%) is also present together with
other disturbed forest types such as Musanga-type cecropioides (up to 17%). This interval is
also marked by an increase in fern spores (up to 32%). Lowland rainforest elements are also
reduced (24-40%) and are characterised by a large number of rare taxa such as Lophira (up to
13%) and Antidesma-type (up to 6%). Also of interest is the presence of pollen types associated
with disturbed or semi-deciduous forest (up to 62%), notably Trilepisium-type madagascariense
[=Bosqueia angolensis] (up to 36%), which occurs with Milicia-type [=Chlorophora] (up to
30%), Trema-type orientalis (up to 4%) and Celtis (up to 9%).

13.5.3.6 Zone MB VI: 2.88–0.14m (1700–100 BP)
This interval is characterised by the presence of abundant Elaeis guineensis (up to 44%), and by
common Poaceae (up to 15%) but with lower proportions of grass pollen than in Zone MBV. Pollen
of understory and/or secondary forest trees, such as Alchornea (up to 26%), is well represented.
Lowland rainforest elements occur fairly consistently (18-40%) as do swamp forest elements
(13-27%). Also notably common is tree pollen from disturbed or semi-deciduous vegetation (up
to 69%), including Trilepisium-type madagascariense (up to 11%), Pycnanthus angolensis-type
(up to 11%) and Celtis (up to 9%). Pollen of Ceiba pentandra, another semi-deciduous tree,
occurs commonly (up to 11%) towards the top of this interval.

13.6 INTERPRETATION

13.6.1 The pollen and sedimentary record

Zone MB I (12.98-9.88 m; 6800–5600 BP) contains a mixture of sediment types including at
least two volcanic ash deposits and thin layers of organic mud, which are overlain by a 1 m
thick deposit of diatomite (11.00 m to 10.05 m). In all likelihood, the diatomite has formed in
response to an increased availability of silica, provided by volcanic ash fall, as described by
Wallace et al. (2006). It is likely that the ash originates from nearby Mount Cameroon which
has been active during the Late Quaternary: at least 19 eruptive events of the mountain have
been documented during the last 2500 years (Global Volcanism Program 2013). No confirmed
eruption dates are known from the earlier part of the Holocene. On the basis of the radiocarbon
age obtained at the base of the core, the volcanic ash in the core would have been deposited
between approximately 7000 and 6000 years ago. This is several thousand years after the ash
layers recorded in core at Barombi Mbo (Maley et al. 1991). Interpretation of the vegetation is
problematic due to the very high numbers of Alchornea and Urticaceae pollen. The vegetation
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close to the site probably consisted of mixed primary and secondary rainforest with some swamp
elements. The very slight increase of Trema-type orientalis and Uncaria-type pollen at 10.89 m,
immediately above the uppermost of the volcanic ash bands, may be due to localised volcanic
disturbance. Very low levels of Musanga-type cecropioides and Poaceae pollen argue against
widespread forest disturbance at this time.

Zone MB II (9.35-7.88 m; 5400-4700 BP) is characterised primarily by humid forest and
swamp tree taxa, whereas Zone MB III (7.35-6.88 m; 4400-4100 BP) probably marks the first
significant forest disturbance around the study site, after 4400 BP, on the basis of frequent
Musanga-type cecropioides pollen. A mechanism for disturbance cannot be established with
certainty, but man cannot be ruled out. The overall pollen assemblages are consistent with predom-
inantly lowland humid rainforest with swamp and regrowth components. Zone MB IV (6.35-4.88
m; 3700-2800 BP) contains mostly tree pollen indicating closed forest. The co-occurrence of
Caesalpiniaceae (Gilbertiodendron-type), Canarium-type and Podocarpus milanjianus-type in
this interval at Mboandong is explained by Giresse et al. (2020) as ‘cloud forest effect’ due
to increased condensation associated with cooling temperatures. This may also account for the
relatively high numbers of fern spores recorded.

The main feature of Zone MB V (4.35-3.35 m; 2500-l900 BP) is the major increase in
pollen from Poaceae and semi-deciduous tree taxa such as Trilepisium-type madagascariense
and Milicia-type. Swamp elements and lowland rainforest elements are reduced, whereas fern
spores are frequent. The overall assemblages from this interval conclusively show a change from
humid rainforest to more open vegetation, characterised mainly by Poaceae and semi-deciduous
trees. The uppermost interval Zone MB VI (2.88-0.14 m; 1700-100 BP) shows a marked decrease
in Poaceae pollen offset by significantly increased Elaeis guineensis. Most tree pollen taxa are
represented although it is not possible to determine if these arboreal taxa (e.g. Rhizophoraceae
undiff., Macaranga-type and Uapaca) are derived from the immediate vicinity of the lake or
from further afield. Reduced percentages of lowland and swamp forest taxa are balanced by an
increase in semi-deciduous elements. The overall assemblage points to forest disturbance with
likely cultivation of oil palm, Elaeis guineensis.

13.6.2 Vegetation representation

13.6.2.1 Swamp pollen
A fairly consistent input of pollen from swamp sources suggests that a fringing element of swamp
forest has persisted around the lake for much of the last 7000 years. Scattered Raphia palms
overhang the lake at the present time although, from the low levels of Raphia pollen recorded,
it is unlikely that extensive ‘raphiales’ swamp communities existed by the lake. Rhizophoraceae
pollen is probably derived predominantly from trees such asAnopyxis klaineana which are known
to occur in freshwater conditions, rather than as a result of long-distance transport from mangrove.

13.6.2.2 Montane pollen
Podocarpus pollen is an important indicator of Afromontane vegetation (Lézine et al. 2013a).
Podocarpus milanjianus [=P. latifolius, Migliore et al. 2020] grows on several West African
mountains but it is apparently absent from Mount Cameroon (Letouzey 1968). Low levels of
this easily dispersed pollen type occur in the Mboandong core, but had Podocarpus occurred
on Mount Cameroon at any time during the last 7000 years, the amount of Podocarpus pollen
recorded in the lake is likely to have been greater. The small amount of Podocarpus pollen present
in the lake core may be derived from the Roumpi Hills, some 15 km to the north or from peaks
such as Mount Koupé which supports well-developed montane vegetation (Baker 1986).
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13.6.2.3 Dry forest pollen
Trees such as Triplochiton scleroxylon and Celtis, which are characteristic of semi-deciduous
forest, may also occur in disturbed areas within humid forest. Trilepisium-type madagascariense
pollen, common in the upper regions of the core in Zones MB-V and MB-VI (after 2500 cal yr BP),
is most probably derived from Bosqueia angolensis, a tree characteristic of semi-deciduous forest
patches within the humid rainforest zone. Pollen of Milicia-type is probably derived from the semi-
deciduous tree Chlorophora excelsa (Moraceae), although the pollen is also morphologically
similar to Antiaris toxicaria. Milicia-type pollen is notably rare in the core with the exception
being a brief peak at around 4 m (c. 2500-2300 BP).This may be related to a short-lived abundance
of these trees at around the time when the first signs of major forest disturbance are visible, or a
response to a drying climate. The slight increase in Ceiba pentandra pollen in the uppermost few
samples in the core may be due to species protection because of its useful ‘kapok’. The consistent
presence of Ceiba pentandra pollen appears to confirm the view of Baker (1965) who considered
the species native to West Africa; Hutchinson and Dalziel (1954–1968) and others believed it to
be an ancient introduction from tropical America.

13.7 DISCUSSION

13.7.1 Floristic affinities of forest communities

The pollen assemblages indicate that predominantly humid rainforest has been present in the
Mboandong region for the last 7000 years, although it is unclear whether the rainforest represented
is of the Atlantic or Congo type, as defined by Letouzey (1968). Two important tree pollen taxa
well represented in the lower intervals of the core are Gilbertiodendron-type and Sapotaceae
undiff. The pollen attributed to Gilbertiodendron-type is fairly large and coarsely striate but
several other genera within the Caesalpiniaceae produce similar pollen. These include Berlinia,
Didelotia, Microberlinia and others which are all genera characteristic of the Atlantic type forest,
although none of these trees were found during the floristic survey of Bakundu by Richards
(1963). Gilbertiodendron-type pollen occurs only very rarely in the upper reaches of the core. If,
therefore, forest of the Atlantic type has persisted in the Mboandong region for the last 6000 or
more years, the marked decline in Gilbertiodendron-type pollen after c. 3000 BP must be linked
either to the direct felling of these leguminous trees or the overwhelming dominance of pollen
such as Poaceae and Elaeis guineensis.

Another possibility is that the abundance of Gilbertiodendron-type pollen in the lower
regions of the core is from Gilbertiodendron dewevrei. This species is characteristic of Congo
type forests and is now mainly restricted to the Dja region of south-east Cameroon, (Letouzey
1968). It is possible, therefore, that the former distribution of this forest type may have extended
further westwards than at present. The abundance of pollen from the Sapotaceae family shows
an almost identical pattern of distribution in the core to Gilbertiodendron comp. Both are more
common in the basal parts of the core, with peaks at 8.35 m and 5.90 m. It is possible that the
Sapotaceae pollen in the basal parts of the core could be derived from Baillonella toxisperma, a
large forest emergent which shows similar relict distribution patterns to Gilbertiodendron dew-
evrei in Cameroon (Letouzey 1968). Baillonella toxisperma was the only Sapotaceae species of
note recorded at Bakundu (Richards 1963), occurring as a single, very large individual tree. It is
certainly possible that forest of Congo floristic affinities could have occurred in the vicinity of
Mboandong, particularly between c. 5400 and 2500 BP. The ‘relict’ characteristics evident both
at Bakundu (Richards 1963) and in the present distributions shown by Gilbertiodendron dew-
evrei and Baillonella toxisperma (Letouzey 1968) are certainly consistent with a more extensive
distribution of Congo type forest in the past.
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Letouzey (1968) also lists Alchornea floribunda and Trichoscypha congoensis [= T. acumi-
nata] as characteristic species of the Congo type forest, although they also occur in Atlantic
type forest. Alchornea pollen is common throughout the Mboandong core and is therefore of
little interpretative value. Pollen attributed to Trichoscypha-type is present in the core but only
in low quantities in Zones MB I, II and III where Gilbertiodendron comp. and Sapotaceae are
common. Its presence, therefore, is consistent with, but not indicative of, a Congo type forest.
Similarly, pollen of Cissus and Celastraceae undiff. are also common in Zones MB I, II, III and
IV. These are also taxa considered characteristic of Congo forest by Letouzey (1968) but they
are not exclusive to it. In view of the large degree of species overlap between the Congo and
Atlantic forest types, the distinction between the two forest types could at least partly be due
to the higher degree of forest disturbance in the western regions of the country, as noted by
Letouzey (1968). The boundary between Zones MB-IV and MB-V which sees a sharp decline
in the abundance of Gilbertiodendron-type and Sapotaceae pollen also coincides with increased
evidence of forest disturbance. Additionally, the Atlantic forest occurs in the region with a more
seasonal (i.e. periodically dry) climate whereas the Congo forest occurs in the more equatorial
(i.e. everwet) regions. Hence a climatic control may partly account for the present distributions
and species composition of Atlantic and Congo type forests.

13.7.2 Climate change or man-made change?

The cause of the vegetation change evident at Mboandong after 2500 cal yr BP is the subject of
ongoing debate. Increasing aridity is invoked by Maley (2002) and Lebamba et al. (2012) as the
primary cause of the ‘late Holocene rainforest crisis’ between 2500 and 2000 years BP. Bostoen
et al. (2013, 2015) provided supporting evidence based on linguistics. Garcin et al. (2018), in
a study from Lake Barombi, however, considered that the ‘late Holocene rainforest crisis’ after
2600 cal yr BP was a consequence of human activity, and resulted from the Bantu expansion,
although this view was countered by Clist et al. (2018). The balance of pollen-based evidence
from multiple sites presented by Giresse et al. (2020), however, does support a drying climate
as the initial cause of the change from forest-dominated to grass-dominated vegetation around
2500 years ago. This is a change of emphasis from that previously reported by Richards (1986,
1987) but is made on the basis of the wealth of new information from the region that has become
available since that time.

The significant increase of Elaeis guineensis pollen (up to 23%) after c. 1700 BP suggests
that cultivation of oil palm was taking place in the Mboandong region. Low levels of this pollen
type in the lower reaches of the core may represent the natural presence in forest clearings. The
relationship between the oil palm (Elaeis guineensis) and the ‘atili tree’ (Canarium schwein-
furthii) is also relevant (Lézine et al. 2013b; Maley and Chepstow-Lusty 2001; Sowunmi 1999).
At Mboandong, based on pollen evidence, Canarium appears to have been more important in
the past than at the present time, as Canarium-type pollen accounts for 13% of the pollen sum
at 8.35 m, around 5000 years ago, but is absent from the uppermost levels of the core, where
Elaeis is an important element. Based on comparisons with reference pollen, it is almost cer-
tain that the pollen recorded in the core is from Canarium schweinfurthii. It is therefore highly
likely that Canarium was a significant oil-food source in Cameroon, very probably an example
of ‘vegeculture’ which has subsequently declined with Elaeis cultivation within the last 2000
years.

13.8 CONCLUSIONS

Early Holocene volcanic activity in the region, presumably of Mount Cameroon, is indicated by
the deposits of volcanic ash in the Mboandong core deposited between c. 7000 and 6000 years
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ago. Silica from the ash enabled a bloom of diatoms, resulting in a 1 m thick diatomite deposited
after c. 6000 cal yr BP. Since this time, the Mboandong lake sediments consist of fine-grained
organic mud, but with no evidence of any hiatus or other significant stratigraphic change. No
signs of the lake having dried out within the last 7000 years were observed. From extrapolation
of the radiocarbon ages, a fairly rapid sedimentation rate of at least 1 m per 500 years is indicated,
equivalent to c. 2 mm per year.

The pollen record indicates that predominantly forested conditions have prevailed in the
vicinity of the study site throughout much of the Holocene. Between c. 7000 and 2500 cal
yr BP, the dominant forest elements were derived from humid rainforest and swamp forest,
with important components derived from the Caesalpiniaceae and Sapotaceae families. There
is a possible affinity with Congo type (everwet) rainforest although this is speculative. During
this time, man was probably encouraging the tree Canarium schweinfurthii as an oil-rich food
source. After c. 2500 cal yr BP increased proportions of regrowth and semi-deciduous trees
are represented in the pollen record, possibly indicating a change to an Atlantic type (more
seasonal) rainforest, as occurs in undisturbed vegetation in West Cameroon at the present time.
Pollen from the oil palm Elaeis guineensis occurs throughout the Mboandong core, initially
in low numbers, suggesting that oil palm at first grew naturally as secondary forest element.
Significantly increased numbers of Elaeis pollen recorded after 1700 cal yr BP are indicative
of cultivation. The oil palm Elaeis guineensis appears to have replaced the atili tree Canarium
schweinfurthii as a source of oil-rich food.

A major increase in Poaceae pollen at c. 2500 cal yr BP is most probably linked to a drying
climate, as has now been inferred at numerous sites in tropical West Africa. This climate change
probably led to subsequent forest clearance, shown by an increase in pollen from semi-deciduous
trees such as Bosqueia angolensis, which probably exploited openings within the forest canopy.
This time-line is broadly consistent with dates for iron working in West Africa, which suggests
that iron technology and forest clearance were related events, but which followed on from a
climatic shift. It is quite conceivable that a significant drying within northern and western Africa
within the last few thousand years prompted movement of people southwards to more humid
latitudes. It is probable that iron technology was also disseminated at this time, perhaps linked
to the migration of the Bantu people. This regional picture from West Africa is supported by
the pollen data from Mboandong and suggests that a changing climate first affected the regional
vegetation around 2500 years ago, followed by forest clearance and crop cultivation within the
last 2000 years.
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CHAPTER 14

Future directions of palaeoecological research in
the hyper-diverse Cape Floristic Region: The role
of palynological studies

Lynne J. Quick

African Centre for Coastal Palaeoscience, Nelson Mandela University, Port
Elizabeth, South Africa

ABSTRACT: The Cape Floristic Region (CFR) is a key focus area within southern Africa due
to its botanical importance in terms of high levels of biodiversity as well as its rich cultural
and archaeological heritage. The area is sensitive to cycles of regional and global environmental
change, and palynological records obtained from the region can potentially provide valuable
information regarding past vegetation dynamics and climate variability. Prior to the last decade,
few high resolution palaeoenvironmental records were recovered from the CFR, and therefore its
Late Quaternary environmental history was previously poorly understood. Significant progress
was made over recent years and a considerable body of new palynological (as well as palaeocli-
matological) evidence emerged. These new records provide greater insight into the nature and
timing of past vegetation shifts and improve our understanding of how different subregions of
the CFR have responded to past climate changes. They also highlight that there is a much higher
degree of complexity, in terms of both vegetation and climate change, than previously thought.
This paper provides a perspective on the progress made towards elucidating the palaeoecological
history of the CFR, it highlights the importance of continuing and expanding upon the exist-
ing body of work and outlines current and future directions for palynological research in this
hyper-diverse southwestern corner of southern Africa.

14.1 INTRODUCTION

The southwestern Cape of South Africa has long been recognized as a unique region particularly
in terms of the distinctiveness of its flora. Due to the extraordinarily high levels of biodiversity
and plant endemism found within the region it has previously been recognized as one of the six
global floral kingdoms (Marloth 1908; Takhtajan et al. 1986) and is currently world-renowned
as a key biodiversity hotspot (Mittermeier et al. 2004; Myers et al. 2000). The Fynbos Biome
(Figure 1) and Cape Floristic Region (CFR) are considered by many to be synonymous, how-
ever the ‘biome’ refers only to the two dominant vegetation groups (Fynbos and Renosterveld),
whereas the ‘region’ refers to the general geographical area and includes other vegetation types
in the Afrotemperate Forest, Nama Karoo, Succulent Karoo and Albany Thicket Biomes. The
CFR has been the subject of decades of intensive botanical research due to its unique floristic,
evolutionary and ecological characteristics as well as its conservation appeal (e.g. Allsopp et al.
2014; Bond and Goldblatt 1984; Campbell 1985; Cowling 1992; Cowling et al. 1995; Goldblatt
and Manning 2000; Rebelo et al. 2006).
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Figure 1. The distribution of fossil pollen records for the Cape Floristic Region (as demarcated by the Fynbos Biome)
(A) and in relation to seasonality of rainfall (defined in terms of percentage of winter rainfall) (B). Records are grouped
according to subregion and the type of archive is demarcated in brackets after the site name (w = wetland deposit; h =
hyrax midden and c = cave deposit, hc =hyena coprolites). 1 – Groenkloof (w) (MacPherson et al. 2018), 2 – Pakhuis
Pass (h) (Scott and Woodborne 2007b, a), 3 – De Rif (h) (Quick et al. 2011; Valsecchi et al. 2013), 4 – Driehoek and

Sneeuberg vleis (w) (Meadows and Sugden 1991), 5 – Truitjes Kraal 4 (h) (Chase et al. 2015b; Meadows et al. 2010),
6 – Katbakkies 1 (h) (Chase et al. 2015b; Meadows et al. 2010), 7 – Vankraal Spring (w) (Forbes et al. 2018),

8 – Elands Bay Cave (c) (Meadows and Baxter 1999), 9 – Grootdrift (w) (Meadows et al. 1996), 10 – Klaarfontein
Springs (w) (Meadows and Baxter 2001), 11 – Rietvlei (w) (Schalke 1973), 12 - Cecilia Cave (c) (Meadows and Baxter

1999), 13 – Princessvlei (w) (Cordova et al. 2019; Neumann et al. 2011), 14 – Cape Flats (w) (Schalke 1973),
15 – Cape Hangklip (w) (Schalke 1973), 16 – Voelvlei (w) (Carr et al. 2006), 17 – Soetendalsvlei (w) (Carr et al. 2006),

18 – Rietvlei Still Bay (w) (Quick et al. 2015), 19 – Boomplaas (c) (Deacon et al. 1984), 20 – Norga (w) (Scholtz
1986), 21 – Eilandvlei (w) (Quick et al. 2018), 22 – Bo Langvlei (w) (du Plessis et al. 2020), 23 – Groenvlei (w)

(Martin 1968), 24 – Vankervelsvlei (w) (Irving and Meadows 1997; Quick et al. 2016), 25 – Platbos 1 (w)
(MacPherson et al. 2019), 26 – Oyster Bay (hc) (Carrion et al. 2000) [Data: South African National Biodiversity

Institute (2006- ). The Vegetation Map of South Africa, Lesotho and Swaziland, Mucina, L., Rutherford, M.C. and
Powrie, L.W. (Editors), Online, http://bgis.sanbi.org/SpatialDataset/Detail/18, Version 2018].

http://bgis.sanbi.org/SpatialDataset/Detail/18
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The southwestern Cape is also important from a climatic perspective as it is a particu-
larly dynamic region in terms of long-term climate change. Unlike most of South Africa which
receives summer rainfall, the CFR mainly falls within the winter rainfall zone (WRZ) (sensu
Chase and Meadows 2006), presently receiving most of its rainfall during the austral winter
when the southern westerly storm track migrates northward (Taljaard 1996; Tyson 1986; Tyson
and Preston-Whyte 2000). Whereas during the austral summer, the westerlies and the South
Atlantic Anticyclone shift southward limiting the influence of both frontal systems and tropical
moisture sources (Reason et al. 2006; Tyson and Preston-Whyte 2000), resulting in warm, dry
summer conditions. This Mediterranean-type climatic setting has played an important part in
the development of the CFR and is thought to have helped foster the region’s botanical diver-
sity (Bradshaw and Cowling 2014; Cowling and Lombard 2002; Cowling et al. 2015; Goldblatt
1978; Linder 2005; Linder et al. 1992). While long-term climatic stability during the Pliocene
and Pleistocene is hypothesized to be one of the key factors for the diversification of the Cape
flora (Verboom et al. 2014; Cowling and Lombard 2002; Cowling et al. 2015; Cowling et al.
1997; Linder 2005), little direct evidence is available. Furthermore, species diversity within the
CFR is not homogeneous and at finer spatial and temporal scales the concept of climatic stabil-
ity driving diversity and species richness becomes more complex (Cowling 1992; Cowling and
Lombard 2002; Cowling et al. 1997).

Palaeoecological studies within the CFR have the potential to contribute important insight
into biodiversity patterns and processes, providing long-term perspectives of climatic and ecosys-
tem changes. The CFR has a rich archaeological history as it is the locality for speciation events
that culminated in the evolution of anatomically and behaviourally modern humans (Brown
et al. 2009; Brown et al. 2012; Henshilwood et al. 2001; Henshilwood et al. 2002; Marean
2010; Marean et al. 2007). Determining the environmental context for these events represents
an essential tool to understand human evolution, behaviour, and dispersal patterns. Not only can
palaeoecology provide important insights into long-term human evolutionary trends but palaeoe-
cological studies within the CFR can also help contextualize more recent archaeological trends
such as migration patterns of indigenous pastoralists (e.g. Deacon 1992; Sadr 1998, 2008)) and
their possible impact on late Holocene environments and ecosystems (e.g. Meadows and Baxter
2001; Neumann et al. 2011).

In terms of palaeoecological data, palynology represents the principal method available to
determine the responses of vegetation to environmental change over various spatial and temporal
scales (Bennett and Willis 2001; Birks et al. 2016; Faegri and Iversen 1989). Despite being a
key focus area within southern Africa (as outlined above) no systematic study of the palynology
of the Cape Flora has been conducted, considerable efforts have however been made towards the
generation of individual fossil pollen records.

This paper presents a brief synopsis of the current state of the palaeoecological record of the
CFR, with a focus on the pollen records that have been produced over the last decade. The role
that palynology can play in advancing palaeoecological research is further explored by outlining
current initiatives and future directions for palynological research within the CFR.

14.2 THE LATE QUATERNARY PALAEOECOLOGICAL HISTORY OF THE CAPE
FLORISTIC REGION

As this is a short perspective piece, this section is not an exhaustive review of all the palynological
records that fall within the CFR (although all pollen records are presented in Figure 1), but rather
focuses on several of the most recently established records.

In general, the significant advances that were made in palaeoenvironmental/palaeoecologi-
cal research could not have been achieved without the generation and evaluation of multiple lines
of proxy evidence as well as the use of unique environmental archives. This is particularly the
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case for the CFR as organic sediments (which are traditionally the main source of fossil pollen)
are relatively rare, given the semi-arid nature of the region. Records from rock hyrax (Procavia
capensis) middens represent the single most significant contribution to a more nuanced and
detailed understanding of the palaeoclimates of the CFR as they are remarkably sensitive to
environmental changes and contain a great diversity of proxies (e.g. fossil pollen, stable isotopes,
plant biomarkers) (Chase et al. 2012; Scott 1990). Hyrax middens are however largely preserved
only within the more arid inland mountainous regions of the CFR (i.e. within mountain ranges
associated with the Cape Fold Belt) while more conventional palaeoecological archives, such
as coastal lakes and wetlands, are found along the west and southern Cape coasts. Records
derived from these sites helped to provide a more balanced coverage across the CFR (Figure
1). While inherent differences exist between pollen assemblages derived from hyrax middens
and those from wetland deposits (i.e. pollen spectra from wetland deposits often include high
proportions of local hydrophilic taxa whereas pollen found in hyrax middens is likely a more
direct representation of the terrestrial vegetation), each record is carefully considered in the
context of its unique environmental, ecological, hydrological and geomorphological setting – all
of which can influence pollen production, dispersal and representation. These factors are also
taken into account when comparing records across the CFR.

That the existing spatial heterogeneity within the CFR is a key determining factor for
the nature of any identified palaeoenvironmental changes is not a new observation (Chase and
Meadows 2007; Cowling 1992; Cowling and Holmes 1992; Meadows and Baxter 1999), however,
with more records generated, and the increasing availability of high-resolution data, we are now
able to explore this theory to a fuller extent. To best illustrate how distinct subregions of the CFR
have responded differently to palaeoenvironmental changes and to highlight the contribution of
the most recent published pollen records, two key subregions – the southern Cape coast and the
Cederberg mountains – are briefly considered.

14.2.1 Palaeoecology of the southern Cape: The significance of coastal environments

The southern Cape coastal plain forms the eastern lowland subregion of the CFR (Figure 1) and is
influenced by atmospheric dynamics associated with both the winter and summer rainfall zones
(the aseasonal or year-round rainfall zone; sensu Chase and Meadows 2007).

While several sediment cores have been extracted from the Vankervelsvlei wetland site
(Irving 1998; Irving and Meadows 1997), limited reliable palaeoenvironmental evidence has
emanated from these studies due to poor chronological control and inconsistent pollen preserva-
tion. However, with the addition of optically stimulated luminescence (OSL) as a dating technique,
Quick et al. (2016) established a chronology for a sediment sequence spanning the last 140,000
years. The variability within the pollen assemblage from this record indicates a complex response
to the transition from interglacial to glacial conditions. In general, the dominance of afrotemper-
ate forest pollen from Marine Isotope Stage (MIS) 5d (c. 108–96 ka) alludes to enhanced summer
rainfall under warmer conditions allowing for the development of more extensive forests in the
area (Quick et al. 2016). In contrast, the pollen from the last glacial period was dominated by fyn-
bos types indicating cooler temperatures and a more seasonal winter-dominated rainfall regime
(Quick et al. 2016).

Due to the virtual absence of palaeoenvironmental data from the southern Cape covering
MIS 5 to MIS 3, the Vankervelsvlei pollen data represents an important contribution, however as
no pollen was preserved from c. 27–8.7 ka, the record is incomplete. This highlights a particularly
frustrating trend of the Last Glacial Maximum (LGM; 26.5–19 cal ky BP (Clark et al. 2009))
period being absent from pollen sequences from the southern Cape coast. Either the pollen records
recovered from the subregion do not extend as far back as the LGM (e.g. du Plessis et al. 2020;
Martin 1968; Scholtz 1986) or as is the case of Vankervelsvlei and Rietvlei-Still Bay (Quick et al.
2015), there is limited to no pollen preserved. Supplementary proxy data from Vankervelsvlei
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and Rietvlei-Still Bay suggest that conditions were likely quite arid during the LGM (Quick
et al. 2015; Quick et al. 2016), which could explain the lack of pollen preservation, and is
supported by evidence of decreased moisture availability from other studies from the subregion
(Chase and Meadows 2007, and references therein). Other factors that could potentially have
contributed to decreased wetland productivity and a lack of pollen preservation within these
coastal or near-coastal wetlands during the LGM are lower sea-levels (affecting groundwater
recharge and regional hydrology) and enhanced aeolian activity. As pollen is found within the
LGM sections of records from the western interior (e.g. the Pakhuis Pass and De Rif hyrax
midden records (Quick et al. 2011; Scott and Woodborne 2007a, b; Valsecchi et al. 2013)) and
the southwestern Cape coast within the modern WRZ (Pearly Beach record (Quick et al., 2021),
the lack of preservation seems to be confined to the year-round rainfall portion of the southern
Cape (Southern Cape subregion, Figure 1) and therefore likely to be tied to subregion-scale
changes in moisture availability. This theory can be tested with the acquisition of new sites from
both the coast and the interior.

With an average sample resolution of 57 years, the pollen record from the coastal lake
of Eilandvlei (Quick et al. 2018; Figure 1) represents the most continuous and highest res-
olution record of Holocene vegetation change for the southern Cape subregion. Similar to the
Vankervelsvlei record, the Eilandvlei pollen assemblage primarily reflects shifts in the abundance
of afrotemperate forest and fynbos taxa. For example, fynbos dominates the assemblage during
the early Holocene, indicating generally cool, seasonal conditions, whereas increasing percent-
ages of afrotemperate forest taxa from 3.5 cal ky BP to present day suggest that the late Holocene
was characterized by a long-term trend of steadily increasing moisture availability (Quick et al.
2018). Comparisons of this high-resolution record with regional and extra-regional palaeocli-
matic data highlight the complex nature of southern Cape climate dynamics (Quick et al. 2018).
The similarities between the Eilandvlei record and records from more tropical regions of South
Africa led to the proposal that summer rainfall is of great importance in terms of maintaining
high moisture availability and that the Agulhas Current could be responsible for transmitting this
signal of tropical variability along the coast (Chase and Quick 2018; Quick et al. 2018). These
insights emphasize the importance of considering proxy evidence, including fossil pollen, from
sites on the coast separately from those from the interior and caution against extrapolating results
beyond the subregion scale.

14.2.2 Cederberg palaeoenvironments: Environmental stability vs. extreme palaeoclimatic
changes

The Cederberg mountains represent the core of the western interior CFR subregion (Figure 1)
and while free from the direct, localized influence of coastal dynamics, the palaeoenvironmental
history of the Cederberg is no less complex than that of the southern Cape coast.

Several fossil pollen records from this subregion infer that extremely muted changes in
vegetation composition took place during the last glacial and Holocene (Meadows et al. 2010;
Meadows and Sugden 1991; Meadows and Sugden 1993; Quick et al. 2011). It has been sug-
gested that mountain fynbos (the dominant vegetation type in the area) is highly resilient to
changes in moisture availability, which could account for the low-amplitude variability within
these palaeoecological records (Quick et al. 2011). However, this is contrasted by a growing body
of data that indicates more dynamic patterns in vegetation and, especially, climate change (Chase
et al. 2019; Chase et al. 2015a; Chase et al. 2011; Scott and Woodborne 2007a, b; Valsecchi
et al. 2013). This evidence mainly consists of stable isotope records derived from hyrax middens
situated within the central (Chase et al. 2011; Chase et al. 2015), northern (Chase et al. 2019)
and eastern (Chase et al. 2015) sections of the Cederberg. These records indicate that substantial,
rapid changes in hydroclimatic conditions occurred since the LGM, and that while the drivers
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of climate dynamics appear to be shared across the subregion, there are distinct local responses,
resulting in a great degree of variability across short spatial gradients (Chase et al. 2019).

The discrepancies between the older pollen records and the more recent stable isotope
records could be related to differences in the nature of the information obtained from these two
proxies. Stable carbon and nitrogen isotope data from hyrax middens are excellent recorders of
changes in moisture availability (Chase et al. 2012) whereas palynological data is more nuanced
and it can be difficult to disentangle ecological and climatic drivers of vegetation change. A
further possibility is that while species turnover may be high, because it is generally only possible
to identify pollen to genus or family level, this variability is not captured within the pollen
assemblages.

It is clear from the emerging complexity of the palaeoenvironmental dynamics within
these two subregions that substantial variability can occur across relatively short distances and
interpolations beyond site level cannot always be reliably applied to regional syntheses.

14.3 CURRENT AND FUTURE DIRECTIONS FOR PALAEOECOLOGICAL
RESEARCH IN THE CAPE FLORISTIC REGION

We now have a more nuanced understanding of palaeoenvironmental change within the CFR,
however new high-resolution data are still required to fully explore subregional variability and to
provide a more comprehensive understanding of the climate dynamics, drivers and the impact of
climate change on CFR environments. There is great potential for fossil pollen data to contribute
to this research agenda and to provide long-term perspectives of ecological dynamics within the
CFR. The following sections outline current and potential future research directions that align to
these goals.

14.3.1 The influence of the Agulhas Current on coastal palaeoenvironments

To expand on the theory outlined in Chase and Quick (2018) that a strong dipole in hydroclimatic
conditions exist between the coast and interior during the Holocene, and that the Agulhas Current
acts as a vector for the propagation of tropical southeast African climate signals to the southern
Cape, more data is required. For a clearer understanding of the spatiotemporal dynamics of this
hypothesized relationship additional high-resolution records extending into the last glacial period
are needed from both the interior and coastal subregions of the southern Cape as well as from
offshore (i.e. sea-surface temperature records). To begin to address this gap, a new project (by
the author and collaborators) is currently underway (2020–2023) that focuses on the generation
of palaeoenvironmental data, particularly fossil pollen, from wetland sites situated on a west-east
transect along the southern Cape coastline.

14.3.2 Exploring steep palaeoenvironmental gradients in the Cederberg mountains

As previously outlined, the findings from the high-resolution stable isotope data from the Ceder-
berg suggest that considerable palaeoclimatic change occurred across the subregion during the
last glacial and Holocene (Chase et al. 2019). To fully evaluate and contextualize these findings,
more sites from transects across the subregion are required. A range of proxies (such as stable
isotopes, pollen, plant biomarkers, phytoliths and microcharcoal) will be analysed. New pollen
data would be especially useful as it is still unclear as to whether vegetation change was in fact
relatively muted or if the pollen records currently in existence are not of high enough spatial or
temporal resolution to adequately capture the variability evident in the stable isotope records.
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14.3.3 Palaeoenvironments of the eastern Cape: The final frontier?

Encompassing the transition from fynbos to Albany/subtropical thicket as well as from fynbos
to Succulent Karoo, the eastern Cape represents an important, understudied eastern boundary of
the CFR. Palaeoecological data for the eastern Cape is extremely limited and no palynological
research has been conducted within the Albany Thicket biome. Only one pollen record exists
for the region and this record, derived from hyena coprolite samples from a Middle Stone Age
archaeological site, has no chronology and the pollen content was not sufficient for a detailed
palaeoenvironmental reconstruction to be performed (Carrion et al. 2000; Figure 1). There are
two additional publications that include pollen data from sites situated within the Eastern Cape
Province, however both of these sites fall outside the CFR: the Dunedin and Salisbury vlei pollen
records from the Winterberg escarpment (Meadows and Meadows 1988) and the more recently
published preliminary pollen results from ongoing archaeological research at Waterfall Bluff,
eastern Pondoland (Esteban et al. 2020; Fisher et al. 2020).

There is great scope for the generation of new pollen records from both the montane (e.g. the
Baviaanskloof mountains) and the coastal regions (e.g. betweenTsitsikamma and Port Elizabeth).
Stable isotope data from a hyrax midden site within the Baviaanskloof provide new evidence for
a high degree of spatiotemporal climatic variability during the Holocene (Chase et al. 2020). The
generation of pollen data from this midden is currently underway, this data will be able to shed
light on how vegetation within this ecotonal subregion of the CFR may have responded to the
documented changes in hydroclimatic variability.

14.3.4 Bridging the gap between palaeoecology and ecology

Despite the similarities in their names, ecology and palaeoecology have historically been almost
entirely distinct fields of research. Both fields have contributed to this disassociation: While ecol-
ogists generally recognize the need for long-term perspectives of vegetation change, they have
been sceptical of the robustness of palaeoecological research methods and the inferences that are
drawn from proxy records. Consequently, they have had reservations about the usefulness and
reliability of palaeoecological data for addressing ecological questions. While this may once have
been a legitimate concern, there have been vast methodological improvements to the generation
of palaeoecological data which have resulted in much higher resolution, more accurately dated,
proxy sequences (Birks et al. 2016). Conversely, due to the different spatial and temporal scales,
palaeoecologists have often assumed that contemporary ecology is too far removed method-
ologically and theoretically from their field to be truly applicable. They have tended to focus on
directly answering climate-related questions and in doing so have often overlooked the ecological
associations of the data which has significant implications for palaeoclimatic reconstructions.

While several studies integrating ecological theory and palynological research have been
conducted elsewhere in South Africa (e.g. Gillson and Duffin 2007; Gillson and Ekblom 2020;
Gillson and Marchant 2014) until recently, this approach had not been attempted for the CFR.
Drawing from the relatively muted changes within two late Holocene pollen records derived
from sediment cores from biome boundaries (MacPherson et al. 2018; MacPherson et al. 2019),
Gillson et al. (2020) present new hypotheses exploring possible ecological mechanisms to explain
the apparent resilience of fynbos to environmental change. An assessment of how the ecosystem
resilience and resistance hypotheses outlined in Gillson et al. (2020) align to the greater shifts in
fynbos-forest dynamics documented in other palaeoecological records from ecotonal regions of
the CFR (e.g. du Plessis et al. 2020; Quick et al. 2018; 2016) remains to be undertaken. However
these studies as well as Forbes et al. (2018) highlight the potential for applying a more analytical
ecological lens to CFR palynological records.

Fire is a major driving force in most Mediterranean-type ecosystems including fynbos
(Cowling 1992). Without fire, fynbos communities become senescent and other plant types can
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invade into the biome (Cowling et al. 1992; Mucina and Rutherford 2006). Information on
past fire regimes is therefore particularly important in order to understand changes at the plant
community level as well as shifts in biome boundaries, especially boundaries shared with fire-
intolerant communities such as forest and thicket (Mucina and Rutherford 2006). Microcharcoal
abundances (which are routinely counted simultaneously with pollen) can be used to reconstruct
local and regional fire regimes (Cowling et al. 1997). Determining fire intensities from charcoal
found in sedimentary sequences is now possible as a result of the development of a new method
(Gosling et al. 2019), this method should be explored within the context of the CFR.

By providing a better understanding of ecological responses to natural and anthropogenic
impacts, palaeoecological data can directly contribute to conservation management and restora-
tion practices, however this will rely on the establishment of effective multidisciplinary working
groups (Gillson, this volume; Manzano et al. 2020).

14.3.5 New methods and resources

The CREST (Climate REconstruction SofTware) method developed by Chevalier et al. (2014)
has been very successful in producing quantitative climate reconstructions for southern Africa
using contemporary climate data, modern plant distributions and fossil pollen records (Chase
et al. 2015a; Chase et al. 2015b; Chevalier and Chase 2015; Chase et al. 2017; Chevalier et al.
2021; Cordova et al. 2017; Lim et al. 2016). A major advantage of this method is that a large
modern pollen database (which does not currently exist for the CFR) is not required. The steep
environmental gradients and coastal settings of many of the CFR pollen records have proven to
introduce a great degree of complexity to the application of CREST within this region. However,
there certainly still is scope for its application particularly with the addition of a new resource:

A ‘by-product’ of the CREST method has given rise to the ‘Atlas of southern African
pollen taxa: Distributions and Climatic Affinities’ (Chevalier et al. this volume) which will
greatly improve, refine and standardize qualitative interpretations of fossil pollen data as well as
quantitative reconstructions (such as CREST). This reference atlas includes a series of diagnostic
tools and results based on statistical analyses of modern distributions of common southernAfrican
pollen taxa in relation to key climate variables. This new resource reduces the subjectivity often
inherent in more qualitative interpretations and presents more accurate determination of absolute
and relative climate sensitivities of southern African pollen types, including a large proportion
of CFR taxa.

The recent digitization of CFR pollen reference material (originally from the Palaeoeco-
logical Laboratory in the Department of Environmental and Geographical Science, University
of Cape Town) and the establishment of a new open access, searchable electronic database
(http://pollen.mandela.ac.za) represents a new primary palynological resource. While the resur-
rection of the African Pollen Database (APD, Vincens et al. 2007) and its integration into the
Neotoma Palaeoecology Database (Goring et al. 2015), will ensure that previously published and
new pollen datasets are archived within an open access online platform (Ivory et al. 2020). If the
majority of fossil pollen records for the CFR were included in the new APD - Neotoma database,
new forms of spatiotemporal analyses could be conducted which would provide greater insight
into ecosystem-climate linkages across the region.

14.4 CONCLUSIONS

While our understanding of paleoenvironmental change within the CFR has been greatly improved
by the establishment of recent high-resolution palaeoclimatic and palaeoecological records, fun-
damental questions still remain relating to the full extent of the subregional variability of both
climate and vegetation change, and how these subregions are associated/disassociated with each

http://pollen.mandela.ac.za
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other. Further insight into the long-term environmental dynamics within the CRF will be possible
if the spatial and temporal coverage of sites are expanded and by employing the new methods
and resources now available.

In the face of global climate change and ever-increasing ecological uncertainty as a result
of unprecedented climatic and societal changes, there has never been a more urgent need for
scientific collaboration and the establishment of multidisciplinary studies. The wide sphere of
applicability of pollen analysis to a multitude of fields (e.g. vegetation modelling, restoration
ecology, conservation biology, aerobiology and archaeology) highlights the incredible potential,
both current and future, of palaeoecology’s role within multidisciplinary studies. Hopefully in the
coming years palaeoecological research within the CFR will continue to advance and contribute
to a greater understanding of the region’s unique biodiversity and climatic history.
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15.1 INTRODUCTION

Fossil pollen records have been a key source of palaeoenvironmental information in southern
Africa for decades (Coetzee 1967; Finch and Hill 2008; Lim et al. 2016; Neumann et al. 2010,
2011, 2014; Quick et al. 2016, 2018; Scott and Nyakale 2002; Scott and Woodborne 2007; Scott
et al. 2012; Scott 1982, 1989, 1999; Valsecchi et al. 2013; van Zinderen Bakker and Coetzee 1988;
van Zinderen Bakker 1957, 1982; e.g. Bousman et al. 1988). While it is generally understood
that a range of edaphic and ecological factors may influence plant distributions and vegetation
composition, it is common for interpretations of pollen records to focus on plant climatic affini-
ties and the reconstruction of past climate change. However, plant-climate relationships are often
complex, and interpretive frameworks based on individuals’ assessments of climate conditions
where a given taxon occurs often lack the comprehensive consideration required to establish
the relative influence of specific climatic parameters. Further, as pollen morphotypes (here-
after referred to as pollen types) commonly comprise more than one single species, defining
the climatic affinity of a pollen type quickly becomes exceedingly complicated. These issues
are amplified in regions with high botanical diversity, such as southern Africa, where tens or
even hundreds of species, sometimes with distinct climate requirements, are subsumed within
undifferentiated pollen types that can cover wide ranges of ecological and climatic conditions.
In practice, robust statistical estimates of the specific climate affinities (both in terms of their
tolerances and associated optima) are missing for the vast majority of the commonly observed
pollen types, which often limits interpretations of fossil pollen data to relatively coarse-scale
qualitative – and often subjective – climatological and/or environmental considerations.

The development of the CREST (Climate REconstruction SofTware) method (Chevalier
et al. 2014) has enabled the production of the first quantitative climate reconstructions using
fossil pollen records in southern Africa. CREST is based on the definition of independent,
taxon-specific probability density functions (pdfs) to model a probabilistic relationship between
pollen and climate from an ensemble of modern plant geolocalised occurrence data (hereafter
‘plant distributions’). While more commonly used reconstruction techniques – such as modern
analogues (Overpeck 1985; e.g. Imbrie and Kipp 1971), or regression techniques (ter Braak
and Looman 1986; e.g. ter Braak and Juggins 1993) – rely on large collections of modern
pollen samples to estimate pollen-climate relationships, such samples cannot be obtained for
every environment or vegetation type of southern Africa. This limitation has strongly restricted
their use in the region (Chevalier et al. 2014). In contrast, CREST uses widely-available plant
distributions as calibration data (Chevalier 2019), and has proven efficient at reconstructing the
different climates and vegetation types of the region (Chase et al. 2015a, 2015b, 2017; Chevalier
and Chase 2016; Chevalier et al. 2021a; Cordova et al. 2017; Lim et al. 2016). As with all
reconstruction techniques, the most reliable results are usually obtained when the method is run
using a subset of taxa that are strongly influenced by the climatic parameter being reconstructed
(Juggins et al. 2015; Kühl et al. 2002; Truc et al. 2013). The selection of the subset of taxa
for climate reconstructions can be, however, subjective, as these selections are often based on
the field experience of individuals, which could lead to inaccuracies because either the full
distribution of the taxon is not considered, or the taxon is misattributed to certain conditions.

In this paper and accompanying supplementary atlas (Chevalier et al. 2021b), we present
a series of diagnostic tools and results based on statistical analyses of the modern distributions
of the parent plants of 140 southern African pollen types most commonly found in fossil records
in relation to five key climate variables that capture the main climate gradients of the regions.
This paper discusses how these diagnostics tools can be used to improve both palaeoecological
interpretations and palaeoclimatological analyses derived from fossil pollen records. This atlas
allows for a more accurate determination of the absolute and relative climate sensitivities of
plants that produced the pollen types considered, which will facilitate both improved qualitative
interpretations and the use of quantitative reconstruction methods. The user should be cognisant
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of the fact that this atlas does not account for the effect of non-climatic parameters, such as soil
characteristics or fire, which may also be important determinants of some plant distributions.
As such, the plant-climate relationships described in this atlas should always be balanced with
considerations of the ecology of the studied taxa.

15.2 MATERIAL AND METHODS

15.2.1 Botanical Data

To estimate the climate responses of the different taxa, we used botanical data from the Global Bio-
diversity Information Facility (GBIF) database (GBIF.org 2020a, 2020b, 2020c, 2020d, 2020e,
2020f, 2020g, 2020h, 2020f; ‘GBIF: Global Biodiversity Information Facility,’ 2018) using the
curated dataset of Chevalier (2019, 2018). These data are available as ‘presence-only’ obser-
vations (i.e. the absences and abundances are not documented) and their spatial resolution are
homogenised at 0.25◦ × 0.25◦ grid square (c. 900 km2 at the latitudes of southern Africa). To
build the atlas, we have used a total of 475,712 occurrence records, which correspond to 22,496
species grouped in 140 pollen types. The number of observed species in each grid cell varies
between 1 and 2815, with a median of 17 species and a mean of 81 species.

The distribution of these data is spatially heterogenous (Figure 1A), with >75% of the
records being concentrated in South Africa and its biodiversity hotspot (Rutherford et al. 2012;
the Greater Cape Floristic Region; Myers et al. 2000). This sampling bias is also visible along

Figure 1. (A) Distribution of presence records (plant unique observations) across the study area (note the log scale for
the colour gradient). This figure highlights the two biodiversity hotspots of the region, as well as a different degree of

sampling across the study area. (B) TWetQ across the study area.
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the South African border. The other countries composing our study area are less well represented,
especially eastern Angola and western Zambia. However, the modern climate and vegetation
gradients are less steep in those regions than they are in the southern part of the study area, where
orography increases spatial variability. As such, it may be considered that the lower sampling
density is sufficient to capture the full range of climate response of the studied taxa in these
regions. It should also be remembered that some of the botanical data has been obtained from
environments that have been influenced by human activity. While this could be considered as
a factor that might undermine the natural plant-climate relationships that form the basis for
this work, studies have shown that the plant-climate relationship remains robust as long as the
full range of conditions experienced by the plant are sampled (Chevalier et al. 2014), and any
anthropogenic bias is minimal.

Finally, it is important to note that a strict classification of plant species into pollen types is
often not possible and our classification may contain related errors and/or regional biases. As plant
and pollen taxonomies are being regularly improved, our classification is a compromise between
the most recent changes and decades of palynological expertise. In general, the classification
scheme adopted here maintains older names to remain consistent with published pollen records.
For example, we use ‘Acacia-type’, even as African Acacia are now Vachellia and Senegalia. The
full list of species composing each pollen type in southern Africa is available at the end of the
atlas (Chevalier et al. 2021b).

15.2.2 Climate Data

We used a subset of the Worldclim 2 climatology (Fick and Hijmans 2017) to generate the atlas.
These climate data represent the mean climate between the years 1970 and 2000 and are available
at several spatial resolutions. Here, we used the 5 arcmin resolution climatologies (c. 0.083◦) and
upscaled them to the resolution of the botanical data (Chevalier 2019). Among the wide range
of annual and seasonal bioclimatic variables that are generally considered important elements in
studying the eco-physiological tolerance of plants species (Guisan and Thuiller 2005; e.g. Elith
et al. 2006), we identified five key variables based on the following criteria: (i) they have a direct
impact on plants life cycle (i.e. variables also called ‘direct gradients’by Guisan and Zimmermann
2000), which is critical to estimate reliable plant-climate relationships, (ii) they are important
descriptors of southern African climates and also (iii) they are largely uncorrelated across the
study area (Table 1). Together, the selected five variables reflect many important aspects of the
regional climatic drivers and are expected to be major determinants of plant distributions. By
extension, it is expected that these variables can be reconstructed from regional fossil pollen
records (Chevalier et al. 2020). The five variables we selected are:

(1) the mean temperature of the wettest quarter (TWetQ [◦C], Figure 1B), which we use here as
a proxy for the temperature of the growing season,

(2) the minimum temperature of the coldest month (TColdM [◦C], Figure 2A) used here as a
proxy for cold/frost tolerance,

(3) the accumulated precipitation of the warmest Quarters (PWarmQ [mm], Figure 2B),
(4) the accumulated precipitation of the coldest Quarters (PColdQ [mm], Figure 2C), and
(5) an Aridity Index (Aridity [unitless], Figure 2D) also derived from Worldclim 2 as a ratio

between potential evapotranspiration (PET) and mean annual precipitation (Trabucco and
Zomer 2019; MAP; Trabucco et al. 2008). With this definition, environmental changes
along the Aridity gradient are not linear and environmental changes are larger across specific
sections of the gradient. We, therefore, calculated the square-root of the Aridity values to
‘stretch’ the spatially-abundant arid to sub-humid section of the southern African Aridity
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Table 1. Spearman’s correlation indices between the five selected climate descriptors. None of these correlations are
significant at the 5% level (without even correcting for multiple testing), highlighting the statistical independence of

our climate descriptors across the entire study area.

TWetQ TColdM PWarmQ PColdQ Aridity

TWetQ 1
TColdM -0.017 1
PWarmQ 0.004 0.014 1
PColdQ -0.006 0.019 -0.006 1
Aridity -0.002 0.011 0.003 -0.014 1

gradient and ‘shrink’ the most humid sections to increase the sensitivity of our modelling
approach (e.g. Turner et al. 2020).

15.2.3 Pollen Photographs

Most of the pollen images are taken from the reference collection of African pollen types that
was created by E.M. van Zinderen Bakker and co-workers at the University of the Free State, for
a series entitled South African Pollen Grains and Spores, between 1953 and 1970 after extensive
collection from several herbaria in Africa and Europe (Coetzee 1955; van Zinderen Bakker and
Coetzee 1959; van Zinderen Bakker et al. 1970; van Zinderen Bakker 1953, 1956). Other photos
were taken from the University of Cape Town reference collections (created by Jean Sugden and
Sue De Villiers) and the African Pollen Database.

15.3 THE CREST METHOD

CREST uses probability density functions (pdfs) to estimate univariate statistical relationships
between pollen and climate variables (Chevalier et al. 2014; Chevalier 2019). The process is based
on two steps (Figure 3). First, each plant species is considered independently to calculate its pdfs,
which can be interpreted as the realised niche of the species (Kearney 2006). Species pdfs are fully
defined by two parameters, a mean and a standard deviation, which can be interpreted as the plant’s
climate preference (the optimum position on the climate gradient) and tolerance (the shape/width
of the niche), respectively. To ensure a robust estimation of these two parameters, only species
with a minimum of 20 grid cells in their distributions are considered in this study. Climate values
are obtained by associating their occurrence data with climate gradients of interest, each being
weighted according to the inverse of their abundance in the climate space (i.e. the histograms on
Figures 1 and 2; Bray et al. 2006; Kühl et al. 2002). Following the recommendations of Chevalier
et al. (2014), we imposed a symmetrical normal distribution for the species pdfs of TWetQ and
TColdM and a right-skewed log-normal distribution (negative values have a probability of 0) for
the species pdfs of PWarmQ, PColdQ and Aridity.

Finally, all the species pdfs of the species composing a pollen type are given a weight
that corresponds to the square-root of the number of grid cells composing their distribution (i.e.
species with larger distributions get a higher weight). A weighted average of their pdfs is then
performed to integrate the full climatic spectrum occupied by the different species into one single
response curve and meet the taxonomic resolution of the pollen type. No additional constraints
are imposed to the shape of the resulting curve, which can be asymmetric (Figure 3) or multimodal



qvd CH015.tex September 21, 2021 14: 24 Page 244

244 Manuel Chevalier et al.

Figure 2. Distribution of (A) TColdM, (B) PColdQ, (C) PWarmQ and (D) Aridity Index values (low to high values for
arid to humid conditions) across the study area.
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Figure 3. Conceptual representation of the fitting of probability density functions (pdfs) using randomly generated
data. (A) Modern distribution of the environmental variable of interest. (B) Modern distribution of four species

producing undifferentiated pollen grains in the environment. (C) Four curves representing four pdfs of the species
represented in B. Inset histogram represents distribution of modern environment (white) that is occupied by at least one

of the four species of interest (black), highlighting the preference for lower values. (D) Representation of statistics
(optimum, mean, and width/uncertainty) that can be measured from each pdf to infer climate preferences and

tolerances.

(i.e. exhibiting two or more different climate preferences) if necessary. In this study, the pdfs
are only used to characterise the climatic sensitivities of various pollen types. For more details
on how to use them to reconstruct climate, we refer to the original publications (Chevalier et al.
2014; Chevalier 2019).
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15.4 IDENTIFICATION OF STRONGEST CLIMATIC DETERMINANTS

This section presents how the different diagrams and pdfs curves generated for each taxon in
the atlas (a combination of Figures 3 to 6) can be used to evidence specific or relative climate
sensitivities. The first two examples (Poaceae – Figure 4 – and Menispermaceae – Figure 5)
provide simple diagnostic criteria to identify the taxa that cannot be used as clear indicators of
climate in (semi-)quantitative frameworks, while the last one (Artemisia – Figure 6) uses the
graphical diagnostics tools to identify the most influential climatic parameters of the plant dis-
tribution. However, it is important to clearly differentiate ‘non-informative taxa’ from ‘taxa from
which quantitative information cannot be extracted’ and to stress that excluding pollen types,
such as Poaceae, from quantitative interpretations does not mean they do not convey any valu-
able information. Integrated in an ecological/qualitative, rather than in a statistical/quantitative
approach, they can provide critical indications of palaeoenvironmental changes, as shown by
the sensitive, but biome-dependent, Asteraceae:Poaceae pollen ratio at Pella, South Africa (Lim
et al. 2016) and as previously suggested in central South Africa (Coetzee 1967; Cooremans
1989). Non-informative taxa can also be used as a semi-independent, but complementary source
of information to support climate reconstructions.

Figure 4. Distribution of Poaceae (black dots) compared to Aridity Index values across the study area; refer to Figure
2D to see the masked parts (top panel). Histogram that represents the proportion of the aridity space (grey scale) that is

occupied (hatched) by at least one Poaceae species (bottom panel).
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Figure 5. (A) Distribution of Menispermaceae across the study area (661 occurrences, 494 unique occurrences). (B)
Histogram that represents the proportion of the climate space (grey scalee histogram) that is occupied (hatched

histogram) by at least one Menispermaceae species. 5-10% of each class are occupied by at least one species. (C) pdfs
fitted on each species (grey) highlighting the diversity of the individual responses and their broad combined pdf (black).
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Figure 6. Distribution of Artemisia (white dots; 172 unique occurrences) plotted against four different climate
gradients and summarised as histograms and respective pdf. The combination of TWetQ and Aridity (top row) allows

inferring that Artemisia grows in cool and mesic conditions in southern Africa.
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Finally, it should also be noted that any assessments of sensitivity from this study relate to
the southern African context and the geographical and climatic spaces here defined (Figures 1
and 2), with a clear focus on the southern half of the study area due to distribution of plant
occurrence data (Figure 1A). These results are also mainly valid at the spatial scale of the atlas
and they could be superseded by local constraints (e.g. edaphic conditions). As such, extrapo-
lating these results beyond this geographical range and spatial resolution should only be done
carefully.

15.4.1 Identification of climatically ‘uninformative’ taxa

Some pollen types are not useful for quantitative climatic reconstructions because of the diversity
of species producing pollen of indistinguishable morphologies. Best illustrated by Poaceae (1266
species grouped into 242 genera in our southern African botanical database; Figure 4), the
diversity issue highlights one limitation of many statistical tools as there is no simple, unique
link between the presence records and the associated climate values. Presumably present (almost)
everywhere in southern Africa (Poaceae species have been observed in about 60% of all Aridity
classes, see Figure 4), only their spatially-varying relative abundance in the modern environment
(unavailable data) may contain reliable climatic information. In fact, when the number of species
becomes too large, and the niches too diverse, the pdfs of such taxa are not flat - as with the pdfs
of uninformative taxa - but rather exhibit a peak that reflects the distribution of the whole climate
space rather than specific sensitivities (see Poaceae on pp. 234–235 of the atlas (Chevalier et al.
2021b), but also other taxa, such as Scrophulariaceae-type [pp. 272–273], Asteraceae [pp. 60–61]
or Fabaceae [pp. 124–125]).

The degree of scattering of the different species pdfs along the climate gradient is another
characteristic that may mask any potential climatic signal from being conveyed. As an example,
Menispermaceae - composed of 30 species in southern Africa, but with only 10 having at least
20 grid cells in their distribution - can be found in a large range of distinct environments, as
each species occupies a unique geographical and climatic niche (Figure 5). This means that
Menispermaceae pollen cannot easily be interpreted in terms of climate (at least not for the five
climate variables selected here) and, as such, cannot be directly used to reconstruct past climates
without additional assumptions to deconvolve the different species signals. Such situations can
be identified by observing the geographical distribution of the taxon (Figure 5A), but also by
looking at the distribution of the taxon in the climate space (Figure 5B) and the shape of the pdfs,
which are generally multimodal and/or associated with a high variance despite a limited number
of composing species (Figure 5C).

15.4.2 Identification of climate sensitivities

Geographical distributions, species diversity, and the shapes of the pdfs can be reliable criteria
for identifying taxa from which climatic information cannot be extracted from their distributions.
However, identifying the most important climate sensitivities of the ‘informative’ taxa (i.e. the
taxa from which specific climate sensitivities can be inferred from their distribution) is less
direct, especially since plants are often sensitive to a range of climatic parameters. In practice,
the distribution, availability and accessibility of different climates within any definite climate
space generally reduce that multifactorial sensitivity aspect to one or two specific parameters
that most strongly limit the plants’ distributions.

Using the monospecific Artemisia pollen type (Artemisia afra) as a case study to illustrate
the process of identification of climate sensitivities, the criteria aforementioned - especially the
shapes of the pdfs - are unreliable indicators of climate sensitivities (Figure 6). By construction,
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the shape of monospecific pollen types is constrained and will appear smooth. In such situa-
tions, looking at the distribution of Artemisia in the southern African climate space, and more
specifically where it grows and where it does not grow, provides additional valuable informa-
tion to discriminate between constraining and non-constraining variables. Real absence data are
not available here, but it has been suggested that when the modern presence record dataset is
sufficiently extensive, pseudo-absence records can be inferred (Elith and Leathwick 2009; Elith
et al. 2006; e.g. Birks et al. 2010). Superimposing plant distributions on climate layers thus
sheds light on whether a variable is important or not. Maps in Figure 6 show that most records of
Artemisia (c. 70% of the distribution) occur between TWetQ values of 17.5 to 25◦C. Artemisia
is rarely found in warmer or colder areas, and, therefore, TWetQ seems to apply a relatively
strong constraint on the plant’s distribution. Similarly, the distribution of Aridity Index values
seems to also constrain the distribution of Artemisia which is mainly found at values between
0.25–0.75. In contrast, Artemisia is observed across the entire PWarmQ (23 to 616 mm) and
PColdQ (1 to 340 mm) precipitation gradients. The false impression that Artemisia needs ele-
vated summer rainfall is caused by the orographic effect of the higher altitude regions of eastern
South Africa that locally correlates cool temperatures with high summer precipitation. Combined
these maps suggest that Artemisia is more directly limited by a combination of average-to-cool
temperatures of the growing season and mesic conditions rather than by precipitation amount
specifically, at least in the southern African context.

The same approach of superposing the distributions with climate gradients can be used
to highlight some specific sensitivities. For example, the distribution of Podocarpus is strongly
correlated with high humidity values (Chevalier et al. 2021b, pp. 236–237), while Zygophyllum’s
distribution is concentrated on the other side of the aridity gradient in the most arid grid cells [pp.
312–313]. Brachystegia [pp. 66–67] lives in the hottest and most humid sections of our climate
space, while Burkea [pp. 68–69] has a similar thermal niche but a preference for more mesic
climates. These assessments are consistent with previous interpretations, but the data presented
here clarifies and validates these interpretations, and perhaps more importantly, contributes to
a common understanding of a broader range of plant-climate relationships and environmental
sensitivities in southern Africa.

15.4.3 Relative comparisons of the climate preferences

The pdfs allow for an individual assessment of each pollen type for each variable. However, it can
also be useful to assess relative sensitivities (Does taxon X prefer colder temperatures than taxon
Y?) to better understand vegetation dynamics from a pollen diagram. To do so, the atlas also
contains comparative figures of the variable-specific pdfs and also an analysis of their climate
preferences by Principal Component Analysis (PCA) run on the five climate optima (Chevalier
et al. 2021b, pp. 315–338). Here, we present the same analysis performed on the 40 most common
pollen types in southern African records (Figures 7 and 8).

The first two axes represent >80% of the total variance and separate plant taxa accord-
ing to different groups. The bottom left corner is occupied with taxa with preferences for low
temperatures during the growing season, the top left quadrant shows a gradient of taxa that pref-
erentially live in arid to semi-arid conditions, while the right half consists of taxa that prefer
summer-rainfall conditions. The position of Artemisia near the centre of the PCA biplot supports
our interpretation that this taxon is preferentially associated with average climate conditions in
southern Africa. However, it should be noted that this PCA approach is only one element to
consider and is not an absolute descriptor of relative tolerances. This PCA analysis is only based
on climate optima and not the tolerances and of secondary optima of the pdfs. As shown in Figure
8, Geraniaceae has an arid climate optimum (c. 0.25), but its tolerance is large (c. 0.15 – 0.8), as
distinct Geraniaceae species can grow across the entire aridity gradient of the region (Chevalier
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Figure 7. Scatterplot of the two first principal components of the PCA run with the five climate optima of the 40 most
frequent pollen types in southern African records.

et al. 2021b, pp. 136–137). Scrophulariaceae-type (Chevalier et al. 2021b, pp. 272–273) as a
similarly broad tolerance to the aridity gradient but with an optimum towards sub-humid values.

15.5 DISCUSSION AND CONCLUSIONS

The diagnostic tools presented in this paper are derived from the statistical analyses of modern
plant distributions and provide a robust framework from which consistent interpretations of pollen
data can be obtained. The three case studies were chosen to represent specific issues associated
with the identification of climate sensitivities (high taxonomic diversity with Poaceae, scattering
in the climate space with Menispermaceae and locally-correlated factors with Artemisia). While
the first two are easily identified, confounding factors may be more difficult, and can lead to
erroneous interpretations, especially when transposed back in time (Juggins 2013; Telford and
Birks 2011). Confounding factors can only be detected when all the climatic and environmental
aspects that matter to the plant life cycle are being considered. However, it should be kept in
mind that since we only considered five climate variables, the full range of possibilities may not
be always realised, and climatic factors important to certain taxa may not have been included in
the atlas.



qvd CH015.tex September 21, 2021 14: 24 Page 252

252 Manuel Chevalier et al.

Figure 8. Aridity Index pdfs of the 40 most frequent taxa in southern African pollen records. Taxa are sorted from
bottom (drier) to top (more humid) according to their climate optimum, not their tolerance.
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Further, plant taxon distributions do not necessarily equal their pollen distributions pre-
cisely, as indicated by Hamilton (1972) for East Africa. Where available, knowledge of pollen
distribution and preservation mechanisms could be used to adjust pollen-interpreted reconstruc-
tions. It is also important to remember that non-climatic factors such as fire or edaphic conditions
are also important - even decisive - drivers of some plant distributions. Therefore, even if these
diagnostic tools represent a valuable source of information regarding plant-climate relationships,
they should always be considered in combination with ecological/botanical knowledge to ensure
that essential aspects have not been ignored.

In addition, it is important to note that a climate sensitivity does not give any indication of
the actual sign of the signal conveyed by the pollen (e.g. wetter or drier, warmer or colder). In
fact, the sign of a signal is a relative concept that depends exclusively on the assemblage in which
the taxon was observed. For instance, the relatively xeric Pentzia-type (Chevalier et al. 2021b,
pp. 224–225) was on average an indicator of more humid environments in the Desert Biome
at Pella, South Africa during the Holocene (Lim et al. 2016), while it was generally indicative
of more arid environments in records from the more humid climates of eastern South Africa
(Chevalier and Chase 2016). This relativity includes temporally-varying signatures relating to
long-term changes in climate (e.g. Tarchonanthus [pp. 292–293] as a high and low precipitation
indicator at Wonderkrater, South Africa (Chevalier and Chase 2015)).

Finally, while this paper is dedicated to the analysis of southern African pollen types, all the
diagnostic tools presented are transferable and applicable to other regions of the World and/or
different ecosystems as they are based on the crestr R package (https://github.com/mchevalier2/
crestr) and can be generated using R scripts available at https://github.com/mchevalier2/Papers/
tree/master/2021_Chevalier_etal_Pollen_Atlas_SA. This technique will help to formalise and
standardise pollen-climate interpretations and facilitate and refine interpretations of regional
fossil pollen data.

15.6 DATA AVAILABILITY

The ‘Atlas of southern African pollen types and their climatic affinities’ is available from https://
doi.org/10.5281/zenodo.4013452.
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Pollen productivity estimates from
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ABSTRACT: Pollen assemblages from sedimentary sequences reflect the landscapes surround-
ing the basin at the time of deposition, however the translation of pollen records into estimates
or maps of past landcover is complex. Models of the pollen-vegetation relationship can help, but
need to be calibrated first against modern data on pollen and vegetation for the pollen types of
interest. This study presents initial estimates of Relative Pollen Productivity in the KwaZulu-Natal
Drakensberg, South Africa, a palaeoecologically significant region of southern Africa, using the
Extended R-Value approach. Modern pollen spectra from soil surface samples were extracted
from three dominant vegetation communities, and vegetation data were collected around each
sample point using a 3-tiered ring surveying approach. Fall speeds of key taxa were calculated
using Stokes Law for spherical pollen grains and Falck’s assumption for ellipsoidal grains. Pollen
and vegetation data were subjected to Extended R-value analysis to calculate Relevant Source
Area of Pollen (RSAP) and Relative Pollen Productivity estimates (RPP). RSAPs were found to
be approximately 100–150 m in all three communities. Asteraceae and Proteaceae have low RPPs
relative to Poaceae, the RPP of Ericaceae is comparable to Poaceae, and Pteridophyte spores and
Rosaceae and Podocarpaceae pollen have significantly higher RPP values than Poaceae. These
results imply that the cover of some important shrub taxa may well be underestimated in palaeoe-
cological records from the area relative to forested communities. The number of modern pollen
samples collected and analysed was small, and therefore these results can only be considered
initial estimates, however they demonstrate that it is possible to use soil surface samples to obtain
RSAP and PPE estimates in this important ecological and cultural region of southern Africa.

16.1 INTRODUCTION

A key aim of Quaternary palynology investigations is the quantitative reconstruction of past veg-
etation (Broström 2002; Sugita 2007a). A quantified understanding of the relationship between
pollen assemblages retrieved at a site and the surrounding vegetation provides a sound basis for
quantitative reconstruction of past environments (Jackson 1994). Plants have a range of growth
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forms and reproductive strategies, and these lead to differences in the amount of pollen pro-
duced by equivalent amounts of plant and to the dispersal potential of those pollen grains. This
means pollen diagram interpretation is complicated (Jackson 1994; Prentice 1988); despite recent
developments, much of the interpretation of pollen diagrams remains subjective and based on
intuition. The challenge thus faced by contemporary palynologists has been to develop and supply
the study of pollen analysis with improved tools for quantifying past vegetation and reconstruction
techniques of palaeoenvironments (Räsänen et al. 2007).

There are three main approaches to the reconstruction of past land cover from pollen data:
biomisation, modern analogue approaches and modelling the pollen-vegetation relationship.
Biomisation approaches convert pollen data into plant functional types, then use ratios of these
types to identify the biomes present in past landscapes (Jolly et al. 1998; Vincens et al. 2006),
combining sites to map past land cover at biome level across regions and continents. Modern ana-
logue approaches take spatially extensive datasets of modern pollen assemblages and associated
environmental parameters (e.g. climate factors such as precipitation or mean annual tempera-
ture, or indices of landcover), develop transfer functions or other mathematical models such as
the CREST model (e.g. Chevalier et al. 2014), then apply these models to pollen records to
reconstruct the proxies of interest for the duration of the record (e.g. Chevalier et al. 2021).
Both approaches assume that modern biomes/ecosystems, and therefore the pollen assemblages
derived from them, are comparable with those present in past landscapes. As pollen is widely
dispersed in the landscape from the original plants, pollen assemblages reflect both the local
environment and the wider region, often referred to as a source of ‘background’ pollen. This
‘background’ component can make up 40–60% of the pollen influx recorded in a small lake or
wetland (Sugita 1994), and whilst nature reserves and areas with lower human occupation may
protect ecosystems which strongly resemble past conditions, the wider landscape has been heavily
modified. The pollen-vegetation relationship modelling approach aims to address this concern by
understanding how the pollen signal is formed, developing models of the relationship which are
parameterised against modern data. The most widely used models of the pollen-vegetation rela-
tionship are linear, building on the R-value approach suggested by Davis (1963) (Andersen 1970;
Davis 1963; Prentice 1985; Sugita 1993; reviewed by Jackson and Lyford 1999). This approach
assumes that the pollen-vegetation relationship is constant in time, but is explicitly designed to
reconstruct landcover options which have no modern analogues (Sugita 2007a 2007b; Bunting
and Middleton 2009). This paper calibrates one such model for the main plant taxa found today
in the KwaZulu-Natal Drakenberg, South Africa.

In the pollen-vegetation modelling approach, plants and their signal in a pollen assemblage
are connected through models of pollen dispersal and deposition (Abraham and Kozáková 2012;
Bunting 2008; Bunting and Hjelle 2010; Davis 2000). Using the modelling approach allows
reconstruction of both abundance and spatial distribution of past vegetation (e.g. Broström 2002;
Gaillard et al. 2008; Prentice 1985; Sugita 2007a, 2007b). The development of modern models
of pollen dispersal and deposition has been reviewed by many authors and is not considered
further here (e.g. Davis 2000; Li et al. 2018). The linear models used depend on estimates of
Relative Pollen Productivity (RPP) and pollen fallspeed for the taxa of interest, and over the last
20 years, sets of these parameters have been developed for many regions of Europe and China
(e.g. Abraham and Kozáková 2012; Broström et al. 2004; Bunting et al. 2005; Hjelle 1998; Li
et al. 2018; Mazier et al. 2008; Mazier et al. 2012; Nielsen 2003; Räsänen et al. 2007; Soepboer
et al. 2007; Sugita et al. 1999; von Stedingk et al. 2008). To date, there has been one such study
published from Africa, in which Duffin and Bunting (2008) calculated RSAP and RPP estimates
for southern Africa savanna taxa in the Savanna Biome of the Kruger National Park; a second
such paper is included in this volume (Githumbi et al.).

The aim of this study was to obtain estimates of pollen productivity in the KwaZulu-Natal
Drakensberg, to extend the range of taxa available for model use in South Africa and as a first
step towards land cover reconstruction in the wider region, in order to strengthen the quality and
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Figure 1. Location of Cathedral Peak study site in relation to: (a) orovinces and geographic features of South Africa,
(b) the Drakensberg mountains in KwaZulu-Natal, and (c) kocal geographic features. Note: the wetlands highlighted in

part c are those referred to in the study mentioned in the text by Lodder et al. (2018).

reliability of interpretations of long term palaeoecological records and improve the usefulness of
palaeoecological data for allied disciplines such as conservation and archaeology.

16.2 MATERIALS AND METHODS

16.2.1 Study site

The study was carried out in the Cathedral Peak region of the KwaZulu-Natal Drakensberg
(28◦56′26′′ S, 29◦14′06′′ E) (Figure 1). The Drakensberg mountain range is an ecologically
important area of SouthAfrica with a number of archaeological and palaeo-ecological records, and
is therefore a significant area of study (Mitchell and Lane 2013). The vegetation shows a strong
altitudinal progression from Drakensberg Foothill Moist Grassland to Northern Drakensberg
Highland Grassland, then to uKhahlamba Basalt Grassland and finally, Drakensberg Afro-alpine
Heathland at the highest altitudes (Mucina and Rutherford 2011).

Three vegetation communities were focused on for this study; Themeda dominated Highland
Sourveld (Acocks, 1988) that will be referred to as Themeda grassland, Protea savanna and
Leucosidea sericea scrubland. These three communities are the dominant vegetation communities
represented in the region, contain between them the plants producing the major pollen types seen
in palaeoecological-records, and occupy different altitudinal climate zones, therefore changes
in the distribution of these communities are expected in response to environmental change (Hill
1996). The range of altitudes sampled varies between 1300–2000 m asl mean annual rainfall in
this altitudinal range fluctuates between 700–1500 mm, and predominately falls in the summer
months between October and March.
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16.2.2 Methods

A suite of standard methods were applied to collect and analyse the data required (Figure 2).

Figure 2. Schematic breakdown of methods used in this research: Field, Laboratory and Analysis.

16.2.2.1 Field methods
A total of five samples in each of the three vegetation communities were randomly located using
ArcGIS 10.2, giving a total of 15 sample sites. Random positioning of sample locations is impor-
tant wherever possible to obtain reliable RSAP and RPP estimates (Broström et al. 2005; Mazier
et al. 2008). The central sampling point was located within a geo-rectified aerial photograph of
the site, and locations in the field were found using a hand-held Garmin eTrex 10 GPS. At each
sample site, the upper 2 cm of surface soil was collected following the methods described by
Adam and Mehringer (1975) and Bunting et al. (2013) for collection of modern pollen surface
samples. Vegetation surveys were carried out using a 3-tiered surveying approach, known as the
Crackles vegetation protocol (Bunting et al. 2013), which was developed to standardise vegeta-
tion data collection for model calibration and thereby facilitate comparison of results between
modelling studies. The vegetation surveying method is partitioned into three zones (A, B, C),
with a comprehensive vegetation survey undertaken in zone A (0–10 m from the sample point),
an intermediate vegetation survey in zone B (10–100 m), and GIS and remote sensing techniques
used to extract broad-scale vegetation data from maps in zone C (100-1000+m).

16.2.2.2 Laboratory methods
Soil surface samples were processed following standard chemical extraction methods as described
by Moore et al. (1991) and Duffin and Bunting (2008) at the University of KwaZulu-Natal
(UKZN) Palaeoecology laboratory. Count size was determined by initially processing one soil
surface sample from each of the vegetation communities, counting the pollen and recording the
results with increasing sum size, and carrying out an 2-way Analysis of Variance (ANOVA) to
assess if there was any significant difference in assemblages between sample counts of 250, 500
and 1 000 pollen grains in each community (Sokal and Rohlf 1969). In all three communities
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it was found that no statistically significant difference existed between the population means of
pollen counts of 250, 500 and 1 000 at the level of significance (α = 0.05), therefore remaining
samples were counted to a sum of 250 grains (Hill 1996). All counting was conducted at x630
magnification using a Leica DM750 light microscope, with reference to the African Pollen
database and UKZN Pollen repository specific to the region.

16.2.3 Data analysis

16.2.3.1 Estimating pollen fall speed
To use the taxon-specific Prentice-Sutton distance-weighting model to the vegetation data, esti-
mates of the sedimentation velocity of the pollen types are required. An estimation method based
on grain shape and size was used (e.g. Duffin and Bunting 2008). Pollen grains were categorised
into two shape classes – spherical and ellipsoidal. Pollen grain geometries were measured using
a Leica DM750 light microscope at ×400 magnification. Spherical grains were measured along
one axis only, recording a diameter measurement, whereas ellipsoidal grains were measured along
major and minor axes. For each taxon, a total of 50 random pollen grains were measured from
pollen reference slides collected in the region, and an average diameter (spherical) and major
and minor axis (ellipsoidal) measurement calculated. Fall speed was estimated using Stokes
Law for spherical grains (Equation 1) and Falck’s Assumption for ellipsoidal grains (Equation 2)
(Gregory 1973).

νs = 2r2 · g(ρ0 − ρ)

9µ
Equation 1. Stokes Law

where:
vs = spherical settling velocity (cm s−1)
r = pollen grain radius (cm)
g = acceleration due to gravity constant taken as 981 cm s−2

ρo = grain density (cm−3) taken as 1 cm−3

ρ = air density (cm−3) taken as 1.27 × 10−3 cm−3

µ = dynamic viscosity (cm−1 s−1) taken as 1.8 × 10−4 cm−1 s−1

νe = νs
3

√
a

b
Equation 2. Falck’s Assumption

where:
ve = ellipsoidal settling velocity (cm s−1)
vs = spherical settling velocity (cm s−1)
a = major axis (cm)
b = minor axis (cm)

16.2.3.2 Distance weighting vegetation data
Distance weighting of vegetation data is necessary before comparing vegetation with pollen
assemblages formed at a specific location, so as to account for the empirical observation that
plants situated closer to a sampling location contribute more pollen than those situated further
away. This study used the Prentice-Sugita distance weighting term (Prentice 1985, 1988; Sugita
1993), which assumes aerial transport of pollen above the vegetation canopy is the mode of
connection between plant and pollen assemblage. Vegetation data were collated into rings and
distance weighted plant abundance (dwpa) calculated using the ring-based approach described
in the Crackles vegetation protocol (Bunting et al. 2013).
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The Prentice-Sugita-Sutton weighting term gi for taxon i at distance z is calculated as:

gi(z) = biγ zγ−1ebizγ

Equation 3

where

bi = 4νg

nu
√

πCz
Equation 3a

and,
z = distance
γ = a coefficient of 0.125 (Prentice 1985)
vg = approximated by vs (fall speed, m sec−1)
Cz = the vertical diffusion coefficient (m1/8)
n = a dimensionless turbulence parameter equal to 2
u = windspeed (m sec−1), set equal to 3.

16.2.3.3 Extended R-value analysis (ERV)
Extended R-value analysis is an iterative computational approach to estimating values of relative
pollen productivity from a bivariate dataset of modern pollen counts and distance-weighted
vegetation abundance (Parsons and Prentice 1981; Prentice and Parsons 1983). By applying
this analysis to vegetation data surveyed out to different distances from the sample point, it is
possible to assess the spatial sensitivity of the pollen signal in the samples (by identifying the
Relevant SourceArea of Pollen – Sugita 1994), which provide the best estimates of relative pollen
productivity (RPP – amount of pollen produced per unit vegetation, expressed as a ratio relative
to a reference taxon) for the studied landscapes and can inform the spatial interpretation of past
land cover around pollen sites with similar characteristics.

On examination of the pollen counts and vegetation data, it was clear that the species lists of
the three communities were too different to allow all 15 samples to be analysed together, therefore
data analysis was carried out separately for each community. It is generally recommended that
the number of samples included in an analysis should be at least twice the number of pollen
taxa considered (Bunting and Hjelle 2010), however this was not possible in this study. All
pollen taxa recorded as present in both the pollen and vegetation data from all five samples in
each community were included in the analysis, and ERV analyses were run using the HUMPOL
(Hull Method of Pollen dispersal and deposition model) software suite on each of the vegetation
communities separately to estimate RSAP (Relevant Source Area of Pollen, the distance beyond
which adding additional vegetation survey data does not improve the fit between data and model)
and to calculate RPP values for dominant taxa from each community. ERV analysis was run
using sub-models 1 and 2 only, as these models use pollen and vegetation percentage data (as was
collected in this research), whereas sub-model 3 was not used as it requires absolute vegetation
data (Gaillard et al. 2008).

ERV model 1 assumes a taxon-specific background pollen component for each taxon i that
is constant relative to the total influx of pollen at a site (Parsons and Prentice, 1981), whereas
ERV model 2 assumes a taxon-specific background pollen component for each taxon i that is a
constant relative to the total plant abundance around a site (Prentice and Parsons, 1983). ERV
model 3 was proposed by Sugita (1994) and can be utilised if pollen proportion and absolute
plant abundance data are available, which it is not for this study. Gaillard et al. (2008) suggest
that similar results should be obtained from the different ERV models if the background pollen
loading is low relative to the total pollen loading at a sampling site. Broström (2002) points out
that there is no apparent motive for choosing ERV model 1 over 2 (or vice versa) a priori, and
that both should be used simultaneously to see if they provide comparable model outputs (i.e.
relative pollen productivity αi and background pollen component zi to deduce their robustness).
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16.2.4 Application of RPP estimates to palaeoecology

One published pollen record is available from the study area, an unnamed small wetland within the
management catchment called ‘catchment six’ (c. 0.1 ha – see Figure 1) (Lodder et al. 2018). The
small size of the site and lack of other nearby sites means that full reconstruction of past landcover
using the Landscape Reconstruction Algorithm (Sugita 2007a; b) is not appropriate, since this
method relies on the availability of multiple pollen sites. The Multiple Scenario Approach (e.g.
Bunting et al. 2018) could be applied to a single small site, however it is time-consuming and
will be considered for future research. As a simple demonstration of how RPP values can be used
to inform interpretation of pollen diagrams, therefore, we have undertaken a simple correction,
taking no account of background pollen influx. Using count data for the taxa listed in Table 1, we
summed data into a single sample for each pollen zone then calculated unweighted and weighted
pollen percentages for comparison. Weightings were calculated as follows:

piw = ni/Ri

1∑
m

nj/Rj

Equation 4. Simple weighting

where
piw is the weighted proportion of taxon i
ni is the count of grains of taxon i
Ri is the RPPPoaceae value for taxon i
m is the number of taxa for which RPPPoaceae values are available.

Table 1. Palynological equivalent taxa identified from Cathedral Peak. Shown are the ten most prevalent taxa for all
sample sites.
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Vegetation
Community

Sub-
sample
number

Themeda 1 2.68 9.96 2.30 0.00 1.15 55.17 0.00 0.00 5.75 0.00
grassland 2 1.18 10.20 1.96 0.39 3.53 60.78 0.00 0.00 14.12 0.00

3 0.00 8.95 2.72 0.00 1.95 62.26 1.17 0.00 14.79 0.00
4 0.79 7.91 2.77 0.00 1.98 67.98 0.79 0.40 9.88 0.00
5 0.78 5.08 4.30 0.39 3.52 73.05 0.78 0.00 5.47 0.00

Protea 1 0.00 6.25 0.00 0.39 5.08 57.81 2.34 9.38 11.33 0.00
savanna 2 0.79 3.56 9.49 0.40 1.19 54.94 1.19 6.32 8.30 0.00

3 0.39 4.28 3.50 0.00 2.33 56.81 0.39 8.17 14.40 0.00
4 1.20 3.19 2.79 0.40 1.20 41.83 0.80 5.58 36.25 0.00
5 0.39 5.43 3.88 1.94 3.88 46.12 1.94 9.69 15.89 0.00

Leucosidea 1 0.79 15.75 3.54 0.79 2.36 47.24 0.00 0.00 11.42 10.63
sericea 2 0.00 18.33 3.19 1.99 1.59 54.98 0.00 0.00 9.56 2.79
scrubland 3 0.39 24.02 2.36 1.97 1.57 41.73 0.00 0.00 14.17 1.57

4 0.40 14.68 3.97 1.59 0.79 44.84 0.00 0.00 25.79 2.38
5 1.20 14.34 3.59 1.20 0.00 44.62 0.00 0.00 20.32 1.99
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16.3 RESULTS

16.3.1 Vegetation data

Poaceae is the dominant vegetation cover type in all three studied vegetation communities, inter-
spersed with shrubs and herbs (Asteraceae, Ericaceae, Euphorbiaceae, Fabaceae, Rubiaceae and
Thymelaeaceae species). Bracken fern (Pteridium aquilinum (L.) Kuhn) is omnipresent through-
out all vegetation communities. The Themeda grassland primarily consisted of Poaceae and small
herbs and shrubs of Acanthaceae (Barleria monticola), Asteraceae (Helichrysum aureonitens,
Vernonia natalensis, Senecio coronatus), Euphorbiaceae (Acalypha punctata), and Fabaceae
(Eriosema simulans). Predominant woody vegetation cover was in the form of patchy indige-
nous Podocarpus type forest in all communities. Higher altitudes and valley areas along river
courses are dominated by scrub vegetation which was particularly evident in the Leucosidea
and Protea communities. Proteaceae (Protea caffra, P. roupelliae) was scattered throughout the
Protea community, which is otherwise dominated by grasses and shrubs. Rosaceae (Leucosidea
sericea) was pervasive throughout the Leucosidea community; vegetation in this landscape was
dominated by grasses, ferns and Leucosidea sericea, a woody species that will invade un-burnt
grassland.

16.3.2 Pollen data

Forty palynological equivalent taxa were identified from a total of 15 samples (Table 1 and 2).
All samples had high proportions of Poaceae pollen (40–70%). The Themeda grassland commu-
nity samples consistently contained Pteridophyte spores (5–15%), and herbaceous Asteraceae
pollen (5–10%). Anacardiaceae, Cyperaceae and Pinaceae pollen grains were recorded in signif-
icant quantities. Anacardiaceae can be explained by the omnipresence of Searsia dentata shrubs
throughout theThemeda grassland landscape and Cyperaceae reflects the presence of aquatic-type
environments, explained by a nearby wetland and stream system close to all Themeda samples.
The presence of exotic Pine is interesting considering the closest known Pinaceae plantation
is approximately 7 km away, however isolated pine trees were observed invading nearby sur-
rounding grasslands. Samples from Protea savanna communities contained Pteridophyte spores
(10–40%), Proteaceae (5–10%) and Asteraceae (6%) pollen. The Leucosidea scrubland samples
have substantial proportions of Asteraceae (10–25%) pollen and Pteridophyte spores (5–25%),
and lower of Rosaceae (10%), Ericaceae (<2%) and Cyperaceae (5%) pollen values.

16.3.3 Data analysis

Taxa chosen for ERV analysis of samples from the Themeda grassland were Poaceae, Pterido-
phyta and Asteraceae, ERV analysis from the Protea savannah included Poaceae, Pteridophyta,
Asteraceae, Proteaceae and Podocarpaceae, and ERV analysis from the Leucosidea shrubland
included Poaceae, Pteridophyta, Ericaceae, and Rosaceae. Outcomes of ERV analysis (using
both ERV model 1 and 2) show that all communities have a RSAP range of 100–150 m, sug-
gesting that the local vegetation cover has a strong influence in the pollen spectra (Figure 3).
Plots of likelihood function score reach an asymptote approximately 100–150 m from sample
points (Figure 3). While RSAP values from sub-model 1 and 2 were similar, Relative Pollen
Productivity values were markedly different, and the model which produced the most strongly
clustered RPP values was chosen as the most appropriate one for each habitat (Broström 2002);
this was ERV sub-model 1 in all three cases (Table 3). RPPPoaceae (pollen productivity relative to
Poaceae) values were calculated by averaging all ERV analysis estimates from distances beyond
150 m.
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Table 2. Shape, diameter and fall speeds of dominant taxa, Cathedral Peak.

Avg. Fall Avg.
Approx. diameter speed fall speed

Cathedral Peak taxa shape (µm) (m·s−1) (m·s−1)

Poaceae Themeda triandra Spherical 50.98 0.079 0.050
Alloteopsis semialata 33.91 0.035
Digitaria flaccida 37.44 0.042
Panicum natalensis 30.78 0.029
Tristachya leucothrix 46.67 0.066

Asteraceae Aster bakeranus Spherical 33.21 0.033 0.026
Helichrysum aureonitens Spherical 20.16 0.012
Vernonia type 32.62 0.032

Cornaceae Curtisia dentata Spherical 16.89 0.009 0.009
Ebenaceaea Diospyros austro-africana Spherical 48.32 0.071 0.071
Ericaceae Erica drakensbergensis Spherical 33.24 0.033 0.077

Erica cerinthoides 65.97 0.132
Erica straussianna 47.05 0.067

Euphorbiaceae Acalypha punctata Spherical 15.48 0.007 0.007
Fabaceae Eriosema simulans Spherical 36.81 0.041 0.041
Geraniaceae Pelargonium type Spherical 91.77 0.255 0.255
Rubiaceae Pentanisia prunelloides Spherical 42.12 0.054 0.054
Thymelaeaceae Gnidia kraussiana Spherical 25.79 0.020 0.020
Pteridophyte spores Pteridium aquilinum 38.18 0.044 0.044
Proteaceae Protea caffra Spherical 23.38 0.017 0.018

Protea roupillae 24.45 0.018
Anacardiaceae Searsia dentata Ellipsoid

x-axis 26.95 0.018 0.018
y-axis 22.13

Commelinaceae Commelina type Ellipsoid
x-axis 43.33 0.037 0.037
y-axis 28.61

Podocarpaceae Podocarpus latifolius Ellipsoid
x-axis 68.52 0.074 0.074
y-axis 38.19

Pinaceae Pinus patula Ellipsoid
x-axis 64.94 0.073 0.073
y-axis 37.20

Rosaceae Leucosidea sericea Ellipsoid
x-axis 29.51 0.016 0.016
y-axis 17.98

Cyperaceae Carex austro-africana Ellipsoid
x-axis 38.49 0.035 0.036
y-axis 30.26
Fionia type Ellipsoid
x-axis 37.17 0.037
y-axis 25.39



qvd CH016.tex September 21, 2021 14: 30 Page 268

268 Trevor R. Hill et al.

Figure 3. ERV analysis output for RSAP estimations. Illustrated are likelihood function score graphs for
pollen-vegetation datasets run with Sutton’s taxon specific distance-weighting using ERV model 1. RSAP is visually

estimated from the graphs where the curve tends to an asymptote. While the maximum vegetation survey distance was
5000 m, a logarithmic scale was used to 1000 m from sample points as an asymptote had been reached by this

distance.

Table 3. Calculated RPP estimates for taxa selected from sampled sites. All values indicated are unit-less ratios relative
to a reference taxon, where RPP = 1. TT =Themeda grassland, PS = Protea savanna, LS = Leucosidea scrubland.

*Taxon family names used in ERV analysis: Poa = Poaceae, Aster =Asteraceae, Pteri = Pteridophyte,
Podo = Podocarpaceae, Prot = Proteaceae, Rosa = Rosaceae, Erica = Ericaceae.

PPE
Vegetation ERV
type model Poa Aster Pterio Podo Prot Rosa Erica

Themeda 1 1 0.00015 4.60171 – – – –
triandra 2 1 0.00026 3.14094 – – – –
Protea savanna 1 1 0.00038 8.49329 6.54313 0.22356 – –

2 1 0.00057 9.51827 5.13538 0.00050 – –
Leucosidea 1 1 – 25.71204 – – 3.33815 0.80950
sericea 2 1 – 12988 – – 7291 743

In the Themeda grassland, Asteraceae pollen (RPPPoaceae = 0.00026) producing plant
species are substantially less productive in terms of pollen production than grasses, whereas
Pteridophyte (RPPPoaceae = 3.14) are significantly higher producers. In the Protea savanna,
Asteraceae pollen (RPPPoaceae = 0.00038) and Proteaceae pollen (RPPPoaceae = 0.22) producing
plant species are less productive in terms of pollen production than grasses, whereas Pteri-
dophyte (RPPPoaceae = 8.49) and Podocarpaceae pollen (RPPPoaceae = 6.54) producing species
are significantly higher producers. RPP estimates obtained for the Leucosidea scrubland show
Ericaceae pollen (RPPPoaceae = 0.81) producing plant species are less productive, whereas Pterido-
phyte (RPPPoaceae = 25.71) and Rosaceae (RPPPoaceae = 3.34) are higher palynomorph producers
(Table 2).
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Figure 4. Original and RPP-corrected pollen data for the four pollen zones from the Cathedral Peak Wetland pollen
diagram (Lodder et al. 2018). (A) comparison of uncorrected and corrected values for 7 taxa (Table 1 other than

Asteraceae – see text for details) – note variable x-axis scale. (B) Poaceae:Podocarpaceae ratio (an index of landscape
openness).

16.3.4 Application of RPP values to palaeoecological data

Counts of the taxa listed in Table 1 made up 60–74% of the total pollen count – Cyperaceae
(a local wetland taxon which dominates the pollen diagram; Lodder et al. 2018) of the four
pollen zones from the Cathedral Peak Wetland. Figure 4 (a and b) shows the results of correction
with Asteraceae excluded, since some Asteraceae may be local wetland vegetation; correction
increases the apparent abundance of Poaceae, Ericaceae, Anacardaceae and Proteaceae, and
reduces the apparent abundance of Podocarpaceae, Proteaceae and Rosaceae. An example of the
importance of considering RPP when interpreting fossil pollen data is given by the ratio between
Poaceae and Podocarpaceae pollen (Figure 4b). Podocarpaceae are forest taxa with well dispersed
pollen, whilst Poaceae dominate grasslands and rarely flower under forest canopies, therefore
this ratio provides an indication of the balance between open grassland and forested areas in the
wider landscape. Without weighting, the ratio ranges from 11 to 49 between zones, whilst with
the weighting included, values range from 44–196, giving a different impression of the role of
forest in the wider landscape.

16.4 DISCUSSION

16.4.1 Vegetation data

The vegetation survey method and distance-weighting methods used allocates surveyor effort
according to the relative importance of plants as potential pollen sources for the sample location,
since plants closer to a sample site contribute more directly to the pollen signal than those further
away. The dominant species recorded were as expected for the plant communities mapped in the
area.
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16.4.2 Pollen data

Pollen assemblages from all surface samples were dominated by Poaceae, reflecting the general
character of the research area. Bracken fern was pervasive throughout all environments, and this
was recorded by high spore counts.

16.4.3 Data analysis – estimates of RSAP and PPE

RSAP values are similar in all three communities, with estimates ranging between 100–150 m,
suggesting that the variation in pollen signal between sample locations in each community is
controlled by vegetation composition and distribution within a 100–150 m radius of the sample
point (Sugita 1994).

Where a taxon appears in more than one community, the absolute RPP values obtained
differ, however the rank of taxon RPP relative to Poaceae is consistent, suggesting that despite
the small number of samples included, real features of the pollen vegetation relationship are
being reliably detected by the analysis which can be used as the basis for future interpretation of
pollen records.

Asteraceae is under-represented compared to Poaceae in both the Themeda grassland sam-
ples and the Protea savannah, Proteaceae are under-represented in Themeda grassland and
Ericaeae are under-represented in Leucosidea scrubland. Pteridophyta are over-represented in
all three habitats, whilst Podocarpaceae are over-represented in Protea savannah and Rosaceae
are over-represented in Leucosidea scrubland.

Duffin and Bunting (2008) adopted the same approach to analyse modern pollen spectra
from 34 surface sediment samples in the Kruger National Park and present RPP values. The RSAP
for all sites was estimated at 700 m, which is considerably greater than the 150 m found in this
study, however that is expected as Duffin and Bunting (2008) sampled small ponds rather than
soil samples (e.g. Sugita 1994). RSAP differences could be partially attributed to the different
sampling strategies in zones A and B of the vegetation surveys done between the two research
projects or due to the differences in the Kruger National Park landscape and the topographical
complexity of Cathedral Peak (Gaillard et al. 2008).

The taxa studied by Duffin and Bunting (2008), other than Poaceae, were different from
those presented here. Combining the results (Table 4) and rounding RPP values, which is appro-
priate given the uncertainties associated with both studies, forms a useful basis for simulation
studies and land cover reconstruction in advance of more detailed modern pollen studies in the
region.

Results of analysis were considered more robust when using ERV model 1 rather than
ERV model 2. In theory both models should be equivalent, however model 1 assumes that
the taxon-specific background pollen (pollen travelling from beyond the RSAP) is constant
relative to the total influx of pollen at the sample location, whereas model 2 assumes that the
component is constant relative to the total vegetation abundance around the site. In landscapes
with discontinuous vegetation cover, it can be argued that the model 1 assumption is more
justifiable, which would accord with the results presented here.

16.4.4 Implications of findings for palaeoecological research in the region

The set of RPP values presented in Table 3 are an essential first step for the application of
pollen-vegetation model-based reconstruction approaches in the region. For detailed landcover
reconstruction, the next step is to compile all available pollen records and, where gaps exist,
to seek out suitable sedimentary archives. One small wetland record in the KwaZulu-Natal
Drakenberg area has produced a pollen record (Lodder et al. 2018) and a simple demonstration
of how interpretation of the record can be altered by using RPP values to adjust the pollen counts
taking into account differential pollen production presented in Figure 4.
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Table 4. Pollen productivity and fall speed estimates for taxa in South Africa; RPP estimates rounded to powers of 2.

RPPPoaceae Fallspeed
Taxon (categorised) estimate (ms−1) Source

Acacia-type 0.5 0.096 Duffin and Bunting (2008)
Anacardiaceae 0.5 0.019 Duffin and Bunting (2008)
Asteraceae 0.01 0.026 This study
Colophospermum mopane 0.25 0.042 Duffin and Bunting (2008)
Combretaceae 0.5 0.014 Duffin and Bunting (2008)
Ericaceae 1.0 0.077 This study
Podocarpaceae 4.0 0.074 This study
Protea 0.25 0.017 This study
Pteridophyte spores 8.0 0.044 This study
Rosaceae 4.0 0.016 This study

16.4.5 Limitations and future direction

Soil pollen assemblages are considered to be relatively poor analogues for the pollen trapping
properties of the sedimentary sequences palaeoecologists use for reconstruction compared to
moss or lake sediment samples (e.g. Adam and Mehringer 1975; Li et al. 2018), but are often
the only natural option in savannah and grassland environments. Future studies using a larger
number of samples, or including pollen trap studies and surface sediment studies, would enable
more robust conclusions to be drawn. However, the consistency of the results presented here,
between the different communities, suggests that despite small numbers of samples the results
do reflect meaningful properties of the studied ecosystem, allowing us to present initial values
to support simulation studies and landcover reconstruction in the region. Balancing effort/cost
with outcomes is a known and challenging issue in modern pollen studies, but the implications of
being able to better translate pollen assemblages into past land cover demonstrate the incentive
to continue to work.

16.5 CONCLUSIONS

Modern pollen and vegetation data from three dominant vegetation communities in the KwaZulu-
Natal Drakensberg were collected and analysed, producing estimates of RSAP (100–150 m) and
RPP for the dominant palynomorph-equivalent taxa in three communities, Themeda grassland,
Protea savanna and Leucosidea scrubland. Interpretation of ERV results has shown that, while the
model outputs are not ‘perfect’ as would be the case in an open, homogeneous and flat landscape,
they are perfectly coherent and within the realm of expectations of results from a study with a
relatively small amount of samples in a varied landscape. The findings of this study are therefore
that developments made in pollen modelling have a very relevant place in South African pollen
research and can significantly impact future work by strengthening the foundation from which
we base our understanding – the interpretation of results.

The results, combined with the findings of Duffin and Bunting (2008), form a solid basis
for the application of simulation and landcover reconstruction approaches in the KwaZulu-Natal
Drakensberg area, which is an area possessing rich archaeological and palaeo-ecological archives.
Further validation of these models in South African pollen research can only further serve to
improve our confidence in pollen data, and it is the hope that this research has in the very least
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informed and sparked interest for future researchers in this new and significant aspect in pollen
science.
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Modern pollen-vegetation relationships in the
Drakensberg Mountains, South Africa

Trevor R. Hill & Jemma M. Finch

Discipline of Geography, School of Agricultural, Earth and Environmental
Sciences, University of KwaZulu-Natal, Pietermaritzburg, South Africa

ABSTRACT: Contemporary pollen rain studies are conducted to determine pollen-vegetation
relationships and develop modern analogues to facilitate palaeoreconstruction from fossil pollen
assemblages. In this study, a two year modern pollen sampling campaign was conducted for
eleven vegetation communities across a range of altitudes in the Drakensberg Mountains, South
Africa. The aim was to compare pollen assemblage composition, diversity, and influx between
vegetation communities, and investigate representivity of taxa. Despite a high degree of within
and between community homogeneity, characteristic pollen taxa are suggested as indicative of
particular communities. We highlight over- and under-representation of certain taxa within the
vegetation communities and list ‘palynologically silent’ taxa – those that appear in the vegetation
but are absent from the modern pollen spectra. From the resultant modern pollen assemblages, it
is not possible to distinguish the grassland types, although the possibility does exist for the forest,
shrubland and wetland communities. Arboreal Celtis and Podocarpus pollen types are diagnostic
for the Afrotemperate forest community, and Leucosidea sericea for the shrubland community
which it dominates. We suggest that modern pollen analogues are feasible for the non-grassland
Drakensberg communities and echo the sentiments of others that modern pollen rain-vegetation
dynamics are a prerequisite to accurately constrain interpretation of fossil pollen spectra.

17.1 INTRODUCTION

The modern pollen-vegetation relationship underpins vegetation reconstructions from fossil
pollen data, and yet foundational studies exploring this relationship are often lacking, particularly
in the tropics and subtropics. Outside of temperate zones, traditional assumptions surrounding
pollen representivity of anemophilous and zoophilous taxa have been challenged, and require
further investigation to understand complex bias introduced by variable pollen production and
dispersal (Watrin et al. 2007). Detailed studies of local pollen and parent vegetation can be
used to determine pollen taphonomy, and explore representivity within the pollen rain. Few such
small-scale studies exist for the African tropics and subtropics (e.g. Elenga et al. 2000; Henga-
Botsikabobe et al. 2020; Julier et al. 2018; Marchant and Taylor 2000; Schüler et al. 2014),
thereby limiting palaeoecological inferences and attempts to model vegetation from pollen data.

Southern Africa has an established tradition of palynological research, dating back to the
pioneering efforts of van Zinderen Bakker (1950, 1951). Early palynologists often incorporated
a few surface pollen spectra to support fossil pollen records (e.g. Cooremans 1989; Scott 1982a,
b, 1989; Scott and Cooremans 1992; Scott et al. 1992), however, relatively few dedicated studies,
particularly those with a temporal component, exist (Hill 1995). A recent modelling synthesis of
modern pollen data from southern Africa pulled together a dataset of mostly surface soil samples
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from 211 sites across the subregion (Sobol et al. 2019), showing strong bias towards savanna
(n = 67) and grassland (n = 53) relative to the other seven biomes. More detailed local studies,
which employ passive pollen traps to calibrate modern-pollen vegetation relationships, include
those from the Winterberg (Meadows and Meadows 1988), Nuweveldberg (Sugden and Meadows
1989), and Cederberg (Meadows and Sugden 1990; 1991a;b), all in the winter rainfall zone. In
the absence of such detailed contemporary pollen studies, Meadows (1989, p. 160) commented
that the reconstruction of palaeovegetation communities is ‘largely guesswork’. Recent advances
in the field include modelled estimates of relevant source area of pollen and relative pollen pro-
ductivity undertaken in the Kruger National Park (Duffin and Bunting 2008) and Drakensberg
Mountains (Duthie et al., this volume). Despite these efforts, modern pollen–vegetation rela-
tionships in the subregion ‘remain poorly resolved relative to other parts of the world’ (Meadows
2015, p. 4).

In this paper, we present the results of a highly detailed modern pollen rain survey from the
KwaZulu-Natal Drakensberg, comprising data from eleven vegetation communities and corre-
sponding surface soil samples, in addition to seasonal pollen trap data spanning a two year period.
The aim is to characterise the modern pollen rain produced by each vegetation community by
(i) comparing pollen spectra, diversity and influx across the different vegetation communities;
and (ii) determining which taxa are under- and overrepresented in the pollen assemblage. The
research was carried out in the Cathedral Peak area of the northern KwaZulu-Natal Drakensberg
Mountains (29◦00′S, 29◦15′E; Figure 1), in South Africa’s summer rainfall zone. This mountain-
ous environment presents the opportunity to study a range of vegetation communities within a
confined region due to the altitudinal gradient, ranging from open grassland to ericaceous scrub,
closed woodland and forest. The broader Maloti-Drakensberg region is recognised as having the
preservation potential for late Quaternary palynological studies due to the availability of high
altitude polliniferous deposits (e.g. Fitchett et al. 2016; 2017; Lodder et al. 2018; Neumann et al.
2014; Norström et al. 2009; van Zinderen Bakker 1955).

17.2 MATERIALS AND METHODS

Sampling design was based on eleven vegetation communities from three altitudinal zones
(Table 1; Figure 2), viz. the montane (1280–1829 m asl), subalpine (1830–2865 m asl) and
the alpine belts (2866–3353 m asl) (Killick 1963). Selected communities represented either (i)
the dominant community within a vegetation belt; (ii) communities which follow a particular
successional pathway; or (iii) communities that characterise a distinct topographic or geomor-
phological feature within the altitudinal vegetation belt. Killick (1963) and Hill (1996) describe
the species composition and abundance within each of these vegetation communities in detail.

Vegetation surveys were undertaken within each of the communities and species present
and percentage aerial cover were recorded (Table 1). The percentage aerial cover was deemed
more appropriate than the more conventional basal cover (Bradshaw 1981) as aerial cover is an
estimate of the dominance of a particular species within the community. As the pollen is produced
from the upper aerial part of the plant it was presumed that this measure would provide a better
representation of the amount of pollen produced. Percentage aerial cover was measured as the
proportion of the ground occupied by perpendicular projections onto it of the aerial parts of the
individuals of a species under consideration (Kershaw and Looney 1985).

Meadows (1989) advocates for the collection of surface samples, and corresponding trap
data, from as many plant communities as possible. Here, modern pollen rain was sampled
passively using a modified version of the Oldfield pollen trap (Flenley 1973), which is easy to
construct, transport, install and recollect in an inaccessible mountainous environment. Pollen
traps were randomly installed within each community at a height of 1 m above the ground. The
number of pollen traps placed in each vegetation community varied between 5-18 based on the



qvd CH017.tex October 1, 2021 22: 34 Page 277

Modern pollen-vegetation relationships in the Drakensberg Mountains, South Africa 277

Figure 1. (a) Location map and (b) aerial photograph of the Cathedral Peak area of the KwaZulu-Natal Drakensberg,
indicating the position of vegetation communities investigated relative to important topographic features.
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Table 1. Distribution of pollen and vegetation samples among the eleven vegetation communities. Pollen traps were
sampled on a seasonal basis across a two-year period, hence total pollen samples exceeds individual samples per

community. Alpine communities were sampled using soils, while subalpine and montane communities used pollen traps.

Vegetation Geographical No. Total pollen No. of
community position Elevation pollen samples vegetation Quadrat
(code) (GPS) (m asl) samples (all seasons) quadrats size

Alpine
Alpine grassland −28.98; 3000 20 20 20 1 × 1 m
(AG) 29.13
Alpine wetland −29.01; 2965 20 20 20 1 × 1 m
(AW) 29.18
Erica Helichrysum −29.00; 3010 20 20 20 1 × 1 m
shrubland (EH) 29.18
Subalpine
Leucosidea sericea −28.99; 1895 10 63 20 10 × 10 m
shrubland (LS) 29.26
Microchloa altera −28.95; 1810 5 32 20 1 × 1 m
grassland (MA) 29.22
Subalpine −29.01; 2690 10 37 20 10 × 10 m
fynbos (SF) 29.20
Subalpine −28.99; 1975 25 175 60 1 × 1 m
grassland (SG) 29.21
Subalpine −28.99; 1890 6 31 25 1 × 1 m
wetland (SW) 29.25
Montane
Afrotemperate −28.96; 1550 18 125 20 10 × 10 m
forest (AF) 29.22
Highland −28.93; 1350 5 32 25 1 × 1 m
sourveld (HS) 29.25
Protea −28.95; 1545 18 115 20 10 × 10 m
savanna (PS) 29.20
Total 159 670 270

size and complexity of the community (Table 1). The traps have proved successful collectors
of pollen rain and, in some instances, provide a better reflection of the vegetation community
prevailing in the catchment area than surface soil samples (Crowder and Starling 1980; Meadows
and Sugden 1991b; Sugden 1990). Twenty surface soil samples were taken randomly from each
vegetation community. A sample of approximately 100 g constituting the top 3–5 cm of the soil
was collected, with overlying organic matter having been first removed. Samples were placed
into paper bags, sealed and refrigerated to reduce bacterial and fungal growth, until the necessary
laboratory techniques could be carried out (Hicks and Hyvärinen 1986).

Fieldwork was undertaken from June 1988 to June 1990, thereby gaining a full two years
of modern pollen rain data. The traps were replaced on a tri-monthly basis until November-
December 1989. A seventh sample of six months duration, December 1989 to June 1990, was
collected to compare a six month sample with the usual tri-monthly samples. Two full years of
data were not achieved for the subalpine fynbos and subalpine wetland communities (Table 1).
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Figure 2. (a) 1 × 1 m quadrat used for aerial vegetation survey; (b) passive pollen trap; (c) subalpine grassland;
(d) alpine grassland; (e) Erica Helichrysum shrubland; (f) alpine wetland; (g) subalpine fynbos; (h) subalpine wetland;

(i) Leucosidea sericea shrubland; (j) Afrotemperate forest; (k) Protea savanna; (l) highland sourveld.

Pollen was extracted from the traps and soil samples using acetolysis (Faegri and Iversen
1989). Identification was achieved using a predominantly local pollen reference collection of
c. 700 species (Hill 1992). Absolute counts of c. 500 on trap samples and c. 1000 on soil samples
were performed on pollen grains and spores (hereafter collectively termed ‘pollen’ for brevity).
Pollen influx values were calculated based on sample volume as grains/cm2/30 days (Berglund
and Ralska-Jasiewiczowa 1986). R-rel values were calculated (R-rel = % mean abundance in
pollen rain/% aerial cover of vegetation) (Davis 1963; Gosling et al. 2005) for each taxon in each
community to understand the representivity of pollen taxa across the landscape. The Shannon-
Wiener Index was calculated for each pollen sample and each vegetation community to determine
how well the pollen assemblage captured vegetation diversity. The index ranges from 0–5, with
most values falling between 1.5 and 3.5, and is a comparative index with higher values indicating
higher diversity (Barnes et al. 1998). It should be acknowledged that many pollen taxa cannot be
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distinguished below the family level and thus the diversity index was calculated at the taxonomic
level of the identified palynomorphs. The multivariate structure of the pollen assemblage data
was represented using non-metric multidimensional scaling (nMDS) using the software PRIMER
v7 (Clarke and Gorley 2015). The data were 4th root transformed to down weight the dominant
species and Bray-Curtis similarity matrix calculated. Vectors of important species were based
on Pearsons rank correlation. A pollen diagram showing characteristic taxa for each community
was plotted using C2 (Juggins 2007).

17.3 RESULTS

From a total of c. 700 pollen traps deployed over the two year period, 16 were lost or damaged by
animals or fire. All 36 traps deployed in the alpine belt over two attempts were stolen, thus surface
soil samples were relied upon as a substitute within this vegetation belt. Pollen assemblage count
size varied with an average of 1120 grains counted per soil sample in the alpine communities
(ranging from 965-1272 grains per sample), and an average of 560 grains counted per trap in the
subalpine and montane communities (ranging from 207-3392 grains per sample). A complete list
of all pollen taxa recorded together with potential parent vegetation based on vegetation survey
data is provided in supplementary information and used to infer likely parent taxa, which are
indicated in parentheses (Hill 1992; Table S1).

17.3.1 Characterisation of vegetation communities by pollen assemblage

A total of 25 characteristic taxa were designated on the basis of being recorded from at least 80%
of the samples from a vegetation community, and at >3% abundance in one sample or more
(Table S1). Asteraceae, Cyperaceae, Poaceae and Pteridophyta are ubiquitous and characteristic
across all altitudinal zones and vegetation communities, and are therefore deemed to be of limited
value as diagnostic taxa.

For pollen trap data, relative abundance data are averaged across the seven time intervals
due to a focus on spatial rather than temporal assemblage variability. Spatial variability in the
pollen assemblage, both between and within vegetation communities, is depicted according to
relative abundance of characteristic taxa, pollen influx, and assemblage diversity (Figure 3a-
c). Influx values are indicated for all subalpine and montane belt communities together with
relative abundance data for each trap (Figure 3b-c). It is worth noting that while some vegetation
communities were represented by a high number of samples (up to 25 traps or 20 soil samples), the
M. altera grassland and highland sourveld contained only five traps each, which may contribute
towards their apparent homogeneity.

17.3.1.1 Alpine belt
The alpine vegetation communities display a relatively high degree of homogeneity within each
community, and all three are distinctive for the presence of bryophyte spores which are absent from
other altitudinal zones (Figure 3a). Within the alpine grassland the diversity index ranged from
1.2–1.5 with an average of 1.4 (Figure 4), and the most abundant taxa are Poaceae and Cyperaceae.
Similar to the alpine grassland, the alpine wetland is dominated by Poaceae and Cyperaceae. The
consistent presence of Umbelliferae (Apiaceae) in the pollen assemblage distinguishes the alpine
wetland from other communities across the altitudinal range. The alpine wetland diversity ranged
from 1.6–2.2 with an average of 1.9 (Figure 4). Distinctive taxa within the Erica Helichrysum
shrubland include Ericaceae and Thymelaeaceae. Diversity ranged from 1.1 to 1.9, with an
average of 1.6 (Figure 4).
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17.3.1.2 Subalpine belt
Aside from the subalpine fynbos, the other subalpine communities are relatively homogenous
within individual communities.

Leucosidea sericea shrubland – L. sericea shrubland is distinctive for dominant L. sericea
pollen (30-60%), and the presence of Ericaceae. Diversity ranged from 1.2-2, with an aver-
age of 1.7. Influx rates varied from 65 to 275 grains/cm2/month, with an average of 107
grains/cm2/month (Figure 3b).

Microchloa altera grassland – The M. altera pollen assemblage is fairly uniform, with the
main distinction being the low presence of extra-local forest taxa Celtis (<5%) and Podocarpus
(<5%), due to the close proximity of this community to the edge of an Afrotemperate forest patch
(<300 m). In the M. altera grassland, diversity varied from 2-2.1 with an average of 2.1 (Figure 4).
Influx rates varied from 104 to 239 grains/cm2/month, with an average of 145 grains/cm2/month.

Subalpine fynbos – In the subalpine zone, the subalpine fynbos community displays a high
degree of heterogeneity across the community, largely centred around variations in three taxa, viz.
Ericaceae, Proteaceae and Scrophulariaceae (Figure 3b). In the subalpine fynbos, diversity ranged
from 1.8–2.5 (average 2.3) (Figure 4). Influx rates varied from 101 to 269 grains/cm2/month,
with an average of 172 grains/cm2/month.

Subalpine grassland – The subalpine grassland and M. altera grassland communities are
similar, with the exception of forest taxa presence in the latter. In the subalpine grassland, pollen
assemblage diversity ranged from 1.6 to 1.8, with an average of 1.7 (Figure 4). Influx rates varied
from 118 to 409 grains/cm2/month, with an average of 199 grains/cm2/month (Figure 3b).

Subalpine wetland –As with subalpine grassland communities, the subalpine wetland pollen
assemblage is Poaceae-Asteraceae dominated, and includes relatively high Cyperaceae (10–15%)
and Pteridophyta (10–20%) frequencies. Diversity ranged from 1.8–2.1 (average 1.9) (Figure 4).
Influx rates varied from 140 to 274 grains/cm2/month, with an average of 198 grains/cm2/month.

17.3.1.3 Montane belt
Afrotemperate forest – In the montane belt, there is a high degree of heterogeneity across the
Afrotemperate forest community, particularly in the relative dominance of Podocarpus (5–40%)
and Celtis (5–40%) (Figure 3c). This community displays a relatively strong arboreal pollen
assemblage, muting the ubiquitous Asteraceae/Poaceae signal evident in other communities. The
Afrotemperate forest diversity varied from 1.8–2.5 (average 2.1) (Figure 4). Pollen influx was
highly variable, ranging from 111 to 493 grains/cm2/month, with an average of 264 grains/
cm2/month (Figure 3c).

Protea savanna – The Protea savanna is distinctive for its high level of Proteaceae pollen
(15–50%). Pollen assemblage diversity varied from 1.7 to 2 with an average of 1.9 (Figure 4).
Influx rates varied from 68 to 275 grains/cm2/month, with an average of 129 grains/cm2/month.

Highland sourveld –The highland sourveld is similar to the subalpine grassland community,
with no distinctive characteristic taxa evident from the modern pollen data. In the highland
sourveld, diversity varied between 1.5–1.6, with an average of 1.5 (Figure 4). Pollen influx
varied from 94 to 185 grains/cm2/month (average 127 grains/cm2/month) (Figure 3c).

17.3.2 Representivity of the pollen assemblage

Where characteristic pollen taxa are recorded together with the corresponding parent vegeta-
tion type in the surrounding community, the relative frequencies of pollen and vegetation can
be directly compared to provide an indication of the degree of correspondence between pollen
rain and parent vegetation composition (Figure S1). The R-rel value can be used as an indica-
tor of representivity, with values <1 indicating underrepresentation and values >1 indicating
overrepresentation (Figure 5). Furthermore, we can plot pollen abundance against vegetation
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Figure 3. Pollen diagram showing pollen assemblages with samples grouped by vegetation community in the
(a) alpine belt; (b) subalpine belt; and (c) montane belt, along with total influx values for each trap. For the three alpine

vegetation communities, pollen data are derived from surface soil samples rather than traps.



qvd CH017.tex October 1, 2021 22: 34 Page 283

Modern pollen-vegetation relationships in the Drakensberg Mountains, South Africa 283

Figure 4. Boxplot showing diversity (Shannon-Wiener Index) of the pollen assemblages across each vegetation
community. Communities are ranked according to species level diversity of the plots (triangle symbols), in order of
decreasing diversity. For alpine grassland, alpine wetland, and Erica Helichrysum shrubland, pollen data are derived

from surface soil samples rather than traps.

abundance using a R-rel reference line of 1 as a guide to over- and underrepresentation (Figure S2).
Results show that for many taxa the representivity of the pollen type varies between vegetation
communities.

In both the alpine and subalpine wetland communities, Cyperaceae is notably underrepre-
sented, with a R-rel of 0.2–0.4 (Figure 5), whilst Poaceae is overrepresented. Some dominant
taxa, such as Poaceae, are highly variable in their degree of representivity between communi-
ties (Figure S2). In general, Asteraceae appear to be overrepresented with the exception of the
Erica Helichrysum shrubland where they are notably underrepresented (R-rel = 0.2) (Figure 5,
S2). Based on high R-rel values exceeding 2 (Figure 5), Scrophulariaceae pollen appears to
be highly overrepresented in all vegetation communities where it is recorded, with the excep-
tion of the L. sericea shrubland and subalpine wetland (Figure 5). Similarly, Crassulaceae are
overrepresented in the alpine wetland and Erica Helichrysum communities (Figure 5).

Ericaceae pollen appears to be fairly representative of the vegetation cover in the subalpine
fynbos and L. sericea shrubland, with a R-rel of 1.1–1.2 (Figure 5). However, in the Erica
Helichrysum shrubland Ericaceae pollen is overrepresented with a R-rel of 1.7 (Figures 5, S2).
L. sericea pollen abundance mirrors that of the parent vegetation in the L. sericea shrubland
community, with a R-rel of c. 1.1 (Figures 5, S2).

When comparing aerial vegetation cover of Celtis with the pollen assemblage in theAfrotem-
perate forest, Celtis pollen is found to be overrepresented with a R-rel value of 1.7 (Figures 5,
S2). Podocarpus pollen is underrepresented relative to the vegetation cover in the Afrotem-
perate forest, with a R-rel of 0.4 (Figures 5, S2). In the Protea savanna, Proteaceae pollen is
underrepresented relative to the surrounding vegetation, with a R-rel of 0.6 (Figures 5, S2).

In the alpine grassland, Brassicaceae (Heliophila) pollen was absent, despite the par-
ent taxon was recorded in the surrounding vegetation. These ‘palynologically silent’ taxa are
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Figure 5. Bar chart showing R-rel (representivity) values of taxa represented in both pollen and vegetation. Asterisks
indicate that the R-rel values were too high to show on the figure; For the alpine wetland Crassulaceae = 4.05,

Poaceae = 3.35; for Erica Helichrysum Crassulaceae = 3.35; For Highland sourveld Asteraceae = 3.32; For M. altera
grassland Hypoxidaceae = 5.06, Asteraceae = 4.43, Fabaceae = 3.52, for Protea savanna Scrophulariaceae = 3.60; for

subalpine grassland Scrophulariaceae = 5.78, Asteraceae = 3.07; for subalpine wetland Asteraceae = 8.09,
Poaceae = 3.99. For alpine grassland, alpine wetland, and Erica Helichrysum belt, pollen data are derived from surface

soil samples rather than traps.

unrepresented in the pollen assemblage. For the Erica Helichrysum shrubland, this included
Santalaceae (Thesium). In the alpine wetland community, all recorded vegetation types were
represented in the pollen spectra, at least at family level. Afrotemperate forest appears to have
the largest number of ‘silent taxa’, including Ilex mitis, Gesneriaceae (Streptocarpus), Impa-
tiens, Apiaceae (Conium, Sanicula) and Vitaceae (Rhoicissus). In the L. sericea shrubland,
such taxa included Sterculiaceae (Hermannia), Apiaceae (Allipedia), Malvaceae (Hibiscus), and
Melianthaceae (Melianthus). Orchidaceae (Disa) pollen was absent from the M. altera grass-
land despite being recorded in the vegetation plots. In the subalpine fynbos, Gunnera perpensa,
Melianthaceae (Melianthus), Olea and Primulaceae (Lysimachia) were absent from the pollen
spectra, however, were recorded in the surrounding vegetation. Apiaceae (Allepidea) pollen was
similarly absent from the subalpine grassland. Illecebracaceae (Silene) pollen was palynolog-
ically silent in both the subalpine grassland and wetland communities. Finally, Valerianaceae
(Valeriana) pollen was recorded from the highland sourveld community but absent from the
pollen spectra. In the Protea savanna, all plant taxa present were recorded in the pollen traps.

17.3.3 Multivariate analysis

The nMDS ordination plot depicts the distribution of the samples relative to vegetation commu-
nity groupings (Figure 6). The ordination shows discrete clustering of samples within vegetation
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Figure 6. Non-metric multidimensional scaling (nMDS) plot of pollen assemblage data, grouped by vegetation
community.

communities, with Afrotemperate forest and Erica Helichrysum shrubland being the most dis-
tinctive. Overall, the alpine communities are clearly distinct from the other vegetation belts,
illustrating the importance of altitude. The alpine grassland and alpine wetland communities
cluster fairly closely together, albeit with no direct overlap. The L. sericea shrubland and sub-
alpine fynbos show some degree of overlap. Subalpine grassland, subalpine wetland, subalpine
fynbos, highland sourveld and Protea savanna cluster fairly closely together, but with very limited
direct overlap of ordination space.

17.4 DISCUSSION

17.4.1 Modern pollen-vegetation relationships

The results provide an indication of the relative uniformity of each vegetation community. Fur-
thermore, they allow us to assess whether these vegetation communities can be qualitatively
distinguished by their modern pollen assemblages. Here we evaluate whether there is a dis-
tinctive pollen signal or are distinctive ‘indicator’ taxa that can be used to differentiate each
community.

Overall, we find that the grassland vegetation communities are relatively difficult to be
separated by their pollen assemblage, which can be attributed to the limited taxonomic resolution
achievable in identifying grass pollen types (i.e. family level). This is supported by the diversity
data, which show that the grassland pollen assemblages consistently underrepresent the diversity
of their parent vegetation, when compared with other communities. One exception to this is the
alpine grassland community, which the nMDS picks out as a separate cluster from other grassland
types.
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The alpine vegetation communities were easily distinguished from communities in other
vegetation belts using nMDS. A combination of bryophytes and Crassulaceae (likely from the
common Crassula setulosa or possibly the less common Crassula natans) in the pollen assem-
blage appears to be relatively characteristic of the alpine communities, in particular within the
alpine wetland. The alpine wetland community was rather similar to the alpine grassland, with the
only differences being a higher frequencies of bryophytes and Juncaceae (Juncus or Lezula), and
the presence of Umbelliferae in the alpine wetland. Umbelliferae pollen appears to be restricted
in its presence to the alpine wetland community, and therefore serves as a useful indicator taxon.
van Zinderen Bakker (1955) recorded Umbelliferae frequencies of 2–8% in four wetland surface
samples in Lesotho.

Scott (1982b) associates the Umbelliferae with damp conditions, however its source at
Cathedral Peak is unknown as no members of the Umbelliferae family were recorded in the
vegetation. Similar to the situation in the alpine belt, the subalpine wetland and subalpine
grassland communities showed a high degree of overlap, with differences being higher Cyper-
aceae and Pteridophyta in the former, and higher Scrophulariaceae (Selago, Zaluziantskya,
Diascia, Manulea, Nemesia, Hebenstretia, Sopubia, Sutera) and Ericaceae (Erica spp.) in the
latter.

The Erica Helichrysum shrubland is distinctive in the pollen diagram and the nMDS for
consistent, and sometimes relatively high, frequencies of Thymelaeaceae (Passerina montana or
Gnidia polystachya), and dominated by high representation of Ericaceae, occasionally exceeding
80% abundance. In contrast, subalpine fynbos is dominated by a mix of Proteaceae (Protea
subvestita), Ericaceae (Erica spp.) and Poaceae, with Rosaceae (Cliffortia or Alchemilla) and
Scrophulariaceae (Bowkeria or Halleria) consistently recorded.

The L. sericea shrubland has a distinctive pollen signature, with pollen of the shrub L. sericea
dominating the assemblage (40–60%), and relatively low Poaceae and Asteraceae frequencies
compared with other communities. In the nMDS, however, this community showed a slight
overlap with the subalpine fynbos community. Ericaceae is prominent in L. sericea shrubland, as
are the Pteridophyta.

The Afrotemperate forest has a highly unique pollen signature, clearly observed in the
nMDS, with relatively high arboreal pollen frequencies including Celtis (10–45%) and Podocar-
pus (10–40%). Sapindaceae pollen, probably from the tree Allophylus melanocarpus, is a good
indicator for this community. The Protea savanna community can be distinguished by high Pro-
teaceae pollen frequencies (20–50%). Although subalpine fynbos records high Proteaceae, the
Protea savanna assemblage can be separated by a lack of Ericaceae pollen, and the two are clearly
separated in the nMDS.

The above comparison highlights the challenges of pollen analytical research in a grass
dominated environment, and the need for additional supporting proxies such as grass phytoliths
to detect palaeovegetation change (e.g. Alexandre et al. 1997). With the potential for C3/C4 grass
species migration with climate change along a clear altitudinal gradient (e.g. Roberts et al. 2013)
it could be of some value to attempt to quantitatively distinguish C3 from C4 vegetation. Despite
these challenges, the nMDS was able to clearly separate almost all vegetation communities
sampled, with limited overlap between samples from different communities.

Those communities with a significant tree component i.e. Afrotemperate forest, Protea
savanna and L. sericea shrubland, are more easily distinguished by their pollen assemblage.
The Erica Helichrysum shrubland and subalpine fynbos, could be distinguished by their dom-
inant fynbos elements, although the latter overlapped with L. sericea in the nMDS. The two
wetland communities displayed a strong degree of overlap with the surrounding grassland veg-
etation, but with some distinctive taxa. The presence of less abundant but nevertheless useful
aquatic and ‘damp habitat’ indicators (sensu Scott 1982b) such as Dipsacaceae (Scabiosa drak-
ensbergensis) and Gunneraceae (Gunnera perpensa) may assist in distinguishing wetland pollen
communities. In the subalpine wetland community, Cyperaceae and Pteridophyta were the only
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pollen taxa to record higher abundances than in the surrounding subalpine grassland commu-
nity. The reality is that fossil pollen preserving archives in these summer rainfall mountain
environments tend to be restricted to wetland sediments (e.g. Fitchett et al. 2016 2017, Lod-
der et al. 2018, Neumann et al. 2014, Norström et al. 2009), thus the fossil pollen signal is
usually overrepresented by local wetland taxa, usually excluded from the pollen sum. In the
Cathedral Peak area, wetlands representing potential fossil pollen archives are present across
a range of altitudes (e.g. Finch et al. 2021; Lodder et al. 2018), from the montane to sub-
alpine to alpine (e.g., this study), although the depth and organic content of these sites is
variable.

17.4.2 Representivity of taxa

The modern pollen-vegetation comparison allows for some general recommendations regarding
interpretation of key taxa based on their relative representivity in the pollen assemblage. These
are compared with existing information in the available literature.

Podocarpus – Podocarpus pollen is an important arboreal pollen type in southern African
pollen records, and also constitutes an key component of Afromontane vegetation in across
Subsaharan Africa (Gajewski et al. 2002; Verlhac et al. 2018; Vincens et al. 2006). Previous
studies designate Podocarpus as a very well dispersed anemophilous pollen type (Hamilton
1972), that tends to be overrepresented within the pollen signal (Marchant and Taylor 2000;
Schüler et al. 2014). In terms of dispersal, a West African biome-scale study (Verlhac et al.
2018) found Podocarpus pollen distribution to be similar to that of the parent plant, and identified
this taxon as a good indicator of modern vegetation. Coetzee (1967) developed a guideline for
interpreting Podocarpus pollen frequencies with 10–20% indicating close proximity of the parent
vegetation, and frequencies exceeding 20% indicative of local presence of Podocarpus forest.
Schüler et al. (2014) commented that such overrepresented taxa are ‘probably significantly less
important components of the surrounding vegetation than indicated by the modern pollen-rain’
(Schüler et al. 2014, p. 710). In the Cathedral Peak area, Podocarpus pollen is likely derived
predominantly from Podocarpus latifolius, and to a lesser degree from Afrocarpus (formerly
Podocarpus) falcatus and Podocarpus henkelii (Killick 1963). Interestingly, our data suggest that
Podocarpus pollen is underrepresented relative to the vegetation cover in theAfrotemperate forest
community (R-rel = 0.4), and indeed, with the exception of the M. altera grassland, Podocarpus
pollen does not appear to be represented outside of the forest community. This is surprising given
the prevalence of small Podocarpus forest patches which form a mosaic within the grassland
community (Adie et al. 2017; Figure 1b)). The underrepresentation of Podocarpus within the
forest community could be explained by (i) high pollen production by other taxa e.g. Celtis;
and/or (ii) the size and complexity of the Afromontane forest community, which appears to
be characterised by a heterogeneous pollen signal, with Celtis dominant in some areas and
Podocarpus in others. Averaging Podocarpus abundance for both the pollen traps and the parent
vegetation across such a heterogeneous community may explain these anomalous results.

Celtis – as with Podocarpus, Celtis pollen is restricted to the Afrotemperate forest com-
munity, with the exception of the nearby M. altera community (<300 m upward of the forest
boundary). Within the forest community, Celtis pollen is overrepresented (R-rel = 1.7), aligning
with previous studies (e.g. Marchant and Taylor 2000), with Celtis being a very well dispersed
taxon (Hamilton 1972; Verlhac et al. 2018). Previous studies found Celtis to be abundant pollen
producers, present outside of the parent vegetation distribution (Watrin et al. 2007). Interestingly,
studies from east and west Africa (e.g., Livingstone 1967; Verlhac et al. 2018) have shown Celtis
to be characteristic of lower altitudes than Podocarpus, which is not the case in southern Africa.

Ilex mitis – it was found to be ‘palynologically silent’in theAfrotemperate forest community.
As a highly distinctive pollen type, this is unlikely to have been missed during analysis. Hamilton
(1972) commented that I. mitis has low to poor pollen dispersal capacity, while Marchant and
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Taylor (2000) concluded that Ilex mitis pollen was representative of the density of the parent
vegetation.

Cyperaceae – A surprising outcome of this study is that Cyperaceae pollen was found to
be underrepresented in both wetland communities, with frequencies consistently below 20%.
Cyperaceae pollen often dominates fossil pollen spectra due to the local nature of the taxon.
Scott (1982b) and van Zinderen Bakker (1955) found Cyperaceae to be a dominant pollen taxon
in modern surface samples, with high frequencies recorded. Lodder et al. (2018) investigated
a 5000-yr sediment core retrieved from the subalpine wetland community at Cathedral Peak
(Catchment VI), and recorded Cyperaceae abundance of 40–90% in the fossil assemblages, yet
in the current study the modern pollen abundance for the same site remained <20% for the
two year sampling period. The apparent underrepresentation of Cyperaceae pollen in the current
study might be attributed to pollen trap height (1 m from the ground), above the parent vegetation,
whereas the other modern sampling campaigns used surface samples. This inference is supported
by relatively higher representation of Cyperaceae pollen in surface soil samples as compared with
traps in the subalpine wetland (17% vs. 9%) (Hill 1992). In a comparison of surface and trap
data from the Winterberg, Meadows and Meadows (1988) also found that sedges were more
well represented in the surface samples than in the traps, which may be attributed to trap height.
Irrespective of differences in apparent representivity between studies, Cyperaceae are ubiquitous
across a range of habitat types and climate zones (e.g. Gajewski et al. 2002), and have limited
applicability as a palaeoenvironmental indicator.

Ericaceae – The representivity of Ericaceae pollen varied from representative in the sub-
alpine fynbos (R-rel = 1.1) and L. sericea (R-rel = 1.2) communities to overrepresented in the
Erica Helichrysum shrubland (R-rel = 1.7). Marchant and Taylor (2000) and Schüler et al. (2014)
designated Ericaceae pollen as overrepresented, although the dispersal characteristics of the
pollen taxon are debated, ranging from poorly dispersed (due to large grain size; Verlhac et al.
2018), to moderately dispersed (Hamilton 1972), and well dispersed (Schüler et al. 2014). Dis-
persal is one facet of pollen representivity, but so too is pollen production, and to a lesser degree
in modern samples, preservation.

Poaceae – The results indicate a wide degree of variability in the representivity of Poaceae
pollen between different communities, with few obvious patterns apparent. The two wetland
communities showed a high degree of overrepresentation of Poaceae pollen relative to vegetation
cover. In the closed vegetation communities, Poaceae pollen varied from representative in the
Afrotemperate forest (R-rel = 1.0) to underrepresented in the L. sericea shrubland (R-rel = 0.7)
and Protea savanna (R-rel = 0.6). Within open ecosystems and grassland communities, the degree
of Poaceae representivity was highly variable. Previous studies have designated Poaceae pollen
as a generally well dispersed taxon linked to it’s anemophilous pollination syndrome (Hamilton
1972), consequently often overrepresented within the pollen signal.

17.5 CONCLUSIONS

The original palynologists’ dream was to develop a ‘signature’ modern pollen assemblage for
each distinct vegetation community within the three recorded vegetation belts, viz. montane,
subalpine and alpine, in the KwaZulu-Natal Drakensberg. With this achieved, the aim was to cor-
relate, or cross-reference, dated fossil pollen spectra against these modern analogues to infer past
vegetation communities, which could then be extended to interpret palaeoenvironments. As with
any palaeoreconstruction proxy, the outcome is less straightforward and open to interpretation.

We identified eleven vegetation communities across the three altitudinal belts, undertook
a vegetation survey, deployed pollen traps and/or collected surface soil samples. Modern pollen
sampling was conducted over two years and influx values were calculated. Overall, a high degree
of homogeneity exists both within and between communities with regards to modern pollen,
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although characteristic taxa could be identified for certain communities. Dominant pollen taxa
were often over- or underrepresented in comparison with the surrounding vegetation composi-
tion and abundance, taking cognisance of the taxonomic resolution. We note and justify these
characteristic taxa and suggest reasons why they could prove useful as signature taxa during
fossil pollen interpretation. Perhaps unsurprisingly, there appears to be little variation across the
various grassland communities, greater opportunity exists to recognise the forest and shrubland
types, and to distinguish the communities from different altitudinal vegetation belts, e.g. alpine
communities.

The Drakensberg is a region with a high palynological potential, however it is imperative
that any palaeoreconstruction be based on a sound understanding of the modern pollen processes.
Therefore, contemporary pollen rain-vegetation relationships and modern analogues should be
considered and refined. Thus, in conjunction with other palaeoecological proxies and dating
methods, one is able to build a clearer picture of past environments in a mountainous region
which has a high biodiversity and displays clear altitudinal and latitudinal gradients, imperative
to improving our understanding of the past environments in southern Africa.
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18.1 SITE DETAILS

Eilandvlei forms part of the Wilderness Lakes system located along the southern Cape coast of
South Africa (Figure 1A, B). These lakes are located behind Pleistocene dune ridges that run
parallel along the coastline. Situated within South Africa’s aseasonal rainfall zone, climate is
influenced by both temperate and tropical circulation systems.

The regional vegetation (Figure 1B, C) is most noteworthy for the extensive development
of Southern Afrotemperate Forest (generally Afrocarpus falcatus, Podocarpus latifolius, Ocotea
bullata (Lauraceae) and Olea capensis spp. marcocarpa (Oleaceae)), which is found in valleys
and on the south-facing slopes of the adjacent river catchments A variety of fynbos types occupy

1Other affiliation: Department of Environmental and Geographical Science, University of Cape Town,
Rondebosch, South Africa
2Other affiliation: School of Geographic Sciences, East China Normal University, Shanghai, China; and College
of Geography and Environmental Sciences, Zhejiang Normal University, China
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Figure 1. (A) Map of Africa showing the location of the southern Cape coast. (B) A section of the southern Cape coast
between the towns of Wilderness and Knysna indicating the location of Eilandvlei and the current extent of

Afrotemperate forest in the region. (C) The location of sediment core EV11 and the contemporary distribution of the
dominant vegetation types (Mucina and Rutherford 2006).

this region including Garden Route Shale Fynbos (distinguished by ericaceous and tall dense
proteoid fynbos), Knysna Sand Fynbos (primarily Erica curvifolia, Metalasia densa (Asteraceae)
and Passerina rigida) and Southern Cape Dune Fynbos (predominantly Olea exasperata, Phylica
litoralis and a variety of Searsia species).

18.2 SEDIMENT DESCRIPTION AND METHODS

The EV11 core (33◦59′23.10′′S, 22◦38′17.60′′E, 0 m asl) was retrieved using a portable vibracorer
mounted on a floating platform. The final core length measured ∼1.54 m. The mean grain size
varies from 5.89 to 7.27 f with the standard deviation ranging from 1.85 to 2.33 indicating very
poorly sorted, fine to coarse silts to be the principal sedimentological components of EV11.

Forty-seven subsamples, with a minimum weight of 2 g, were analysed using standard paly-
nological methods as per Faegri and Iversen (1989) and Moore et al. (1991) with adaptations for
dense media separation (Nakagawa et al. 1998). Pollen grains were examined and counted using
a Zeiss Axiostar Plus microscope. Identifications were achieved through comparison with refer-
ence material from the Environmental and Geographical Science department at the University of
Cape Town and published material (Van Zinderen Bakker 1953, Van Zinderen Bakker and Coet-
zee 1959, Welman and Kuhn 1970, Scott 1982). Charcoal particles were counted together with
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the pollen grains using the particle count method (Tinner and Hu 2003). Fragments were clas-
sified according to size: 10–50 µm and 50–100 µm. The exotic marker Lycopodium was added
during preparation to enable pollen and charcoal concentrations to be calculated (one tablet per
sample; Lund University, Batch # 483216, 18583 ± 1708 spores per tablet). Two samples were
omitted due to insufficient pollen concentrations; depths 80 and 138 cm. A total pollen sum of
500 grains, or three slides, was achieved for each sample. On considering the results, it was
deemed appropriate to remove the local aquatic components and Amaranthaceae from the pollen
sum. Pollen assemblage zones were determined by the use of cluster analysis by the application
of CONISS (Constrained Incremental Sum of Squares) (Grimm 1987) – all identified taxa were
included in this analysis.

18.3 DATING

Seven organic sediment samples were selected for AMS-14C dating at Beta Analytic Inc (USA)
(Table 2). The two top samples returned pre-bomb ages and were calibrated using CALIBomb

Table 1. Sediment description for core EV11.

Depth from Munsell
surface (cm) Sediment colour notation Sedimentology

0–16 very dark brown 10YR 4/2 sandy clay
16–36 dark greyish brown 10YR 3/2 fine sand and silt
36–82 very dark greyish brown 2.5Y 4/1 fine sand and silt
82–115 very dark grey 2.5Y 3/1 fine silt, sand and clay
115–154 very dark grey 2.5Y 3/1 fine silt, sand and clay

Table 2. Radiocarbon and calibration details for EV11. Samples were data at Beta Analytic Inc. as indicated by the
laboratory identification.

2σ cal age Median
Lab ID Depth 14C age 1 σ Calib. range probability
(Beta-) (cm) (yr BP) error data set 	R (cal BP) (cal BP)

EV11-1 0 – – CALIBomb – – −58.7
EV11-2 20 – – CALIBomb – – −4.8
EV11-3 40 470 30 Marine13 252 ± 64 340–352 497

451–526
EV11-7 78 1290 30 Marine13 252 ± 64 1072–1192 1171

1206–1268
EV11-4 102 2140 30 Marine13 252 ± 64 2002–2154 2074

2276–2287
EV11-6 134 3300 30 Marine13 252 ± 64 3397–3568 3485
EV11-5 151 3620 30 Marine13 252 ± 64 3726–3751 3880

3791–3794
3820–3980
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Figure 2. The EV11 age-depth model. The 2σ probability distribution of calibrated 14C ages is presented in blue and
the 95% confidence intervals are represented by the grey dotted line. The red line represents the best model according

to the weighted mean age at each depth.

(Reimer et al. 2004). The remainder of the samples were calibrated with the Marine13 data
set (Reimer et al. 2013) with a marine reservoir correction of 	R = 252 ± 64 (Wündsch et al.
2016). The age-depth model (Figure 2) was developed with the R software package Bacon (v2.2)
(Blaauw and Christen 2011).

18.4 INTERPRETATION

In total 65 taxa were identified. Pollen concentrations range from 6.26 × 103 grains·g−1 near the
base, to a maximum of 7.86 × 104 grains·g−1 around the top of the assemblage, with an average
of 2.72 × 104 grains·g−1. The EV11 record extends from c. 3100 cal yr BP to present.
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The sequence is divided into five pollen zones labelled EV11-A to E as set out below.

18.4.1 EV11-A (3100 − 2560 cal yr BP; 148−130 cm; 8 samples): Drought resistant –
Afrotemperate forest taxa

Elevated levels of drought resistant taxa (i.e. Aizoaceae, Pentzia-type and Euphorbia) are seen
at the onset of record, with Euphorbia present throughout the zone. Stoebe-type percentages are
similarly increased, though decline towards the top of zone. Ericaceae pollen percentages are
somewhat higher, at an average of 5.1%, in comparison to the zone above. Afrotemperate forest
pollen (primarily Podocarpus/Afrocarpus) increase after 3000 cal yr BP, from 7.9 to 12.7% at
the top of the zone, with coastal thicket taxa (mostly Olea, Searsia and Euclea) well represented
from the start of the record with values ranging from 12 to 19.8%. The maximum number of large
charcoal fragments (50–100 µm), interpreted to be indicative of a large more local fire event, is
noted at 2600 cal yr BP. These trends suggest that moisture availability was fairly limited, but
rainfall was likely gradually increasing over this period.

18.4.2 EV11-B (2560 − 1560 cal yr BP; 128−106 cm; 11 samples): Amaranthaceae

Zone EV11-B is strongly dominated by the halophytic taxon Amaranthaceae with a distinct
increase after 2600 cal yr BP from 13.7 to 43.7%. This could be representative of expanding salt
marsh vegetation in response to lower sea levels. Fluctuating forest pollen percentages are noted
from around 2400 until 1600 cal yr BP with maximum charcoal concentrations concomitant
with the increased presence of Podocarpus/Afrocarpus at 2260 cal yr BP. Restionaceae is more
prominent in this zone than elsewhere in the record.

18.4.3 EV11-C (1560 − 670 cal yr BP; 104−76 cm; 9 samples): Afrotemperate Forest

Podocarpus/Afrocarpus pollen is more prominent in comparison to the zones below, likely repre-
senting a phase of increasing forest expansion. At the same time, fynbos (largely Ericaceae) show
a moderate decline towards the top of the zone, from 32.9 to 24.5%, indicating a shift towards a
more mesic environment with reduced rainfall seasonality.

18.4.4 EV11-D (670 − 70 cal yr BP/AD 1880; 70−30.5 cm; 13 samples): Afrotemperate
forest – drought resistant taxa; Stoebe-type

Forest development continues until 360 cal yr BP, with a sudden break in this trend around 620 cal
yr BP. After 360 cal yr BP a rather abrupt decline in Afrotemperate forest pollen is noted – from
17.5 to 10.7% in a period of c. 50 years. Drought resistant taxa (mostly Euphorbia) become more
prevalent from this point with a rapid increase in Stoebe-type pollen (13.6%) around 130 cal yr
BP. These vegetation responses are likely a result of the cooler and drier conditions experienced
in the region during the latter part of the so called Little Ice Age (650 − 100 cal yr BP) (Jones
et al. 2001; Matthews and Briffa 2005).

18.4.5 EV11-E (70 to −30 cal yr BP/AD 1880 to 1980; 26−12 cm; 4 samples): Pinus

The most recent part of the record is characterised by the appearance of Pinus pollen c. AD 1910
marking the onset of the anthropogenic influence in the region.

These results are broadly consistent with the pollen record from EV13. For a fuller discussion
on the palaeoclimatic inferences please see (Quick et al. 2018).
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Figure 3. Relative pollen percentage diagram for EV11 organised according to ecological affinity, with charcoal
concentrations and charcoal fragment counts. Pollen taxa occurring at less than 5% are not shown. Exaggeration curves

are 2x for the taxa presented here. Charcoal and pollen concentrations were calculated in the same manner using
Lycopodium counts.
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DATA AVALIABILITY

The pollen and microcharcoal data presented here is available at:
http://apps.neotomadb.org/Explorer/?datasetid=48877
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19.1 SITE DETAILS

The Vankervelsvlei wetland is situated along the southern Cape coast of South Africa, about
c. 5 km inland at an elevation of 152 m asl, surrounded by a lithified aeolian dune of Middle
to Late Pleistocene age (Illenberger 1996) (Figure 1A, B). The site falls within the year round
rainfall zone, with moisture being delivered from both temperate and tropical climate systems.

Vankervelsvlei is an enclosed and endorheic wetland that is today covered with a floating
vegetation mat primarily comprising several species of Cyperaceae, as well as some Bryophytes
and Pteridophytes (Irving and Meadows 1997; Quick et al. 2016). The surrounding dune(s) are
covered by pine plantations (Pinus) with scrub forest elements (e.g. Cassine, Euclea, Kigge-
laria) occupying the area between the plantations and the wetland. Along the wetland edges,
vegetation predominantly consists of fynbos pioneer communities (Erica, Restionaceae, Leuca-
dendron (Proteaceae), Passerina) (Quick et al. 2016). Northward of Vankervelsvlei, Southern
Afrotemperate forest is present in patches, largely represented by Ocotea bullata, Olea capen-
sis, Afrocarpus falcatus and Podocarpus latifolius (in the pollen record we cannot differentiate
between these species, as such these are all labelled Podocarpus for the purpose of this paper)
(Midgley et al. 2004) (Figure 1C).

Figure 1. (A) Map of Africa showing the location of the southern Cape coast; (B) A section of the southern Cape coast
between the towns of Wilderness and Knysna indicating the location of Vankervelsvlei and the current extent of

Afrotemperate forest in the region; (C) The location of the sediment core VVV16 and the contemporary distribution of
the dominant vegetation types (Mucina and Rutherford 2006).
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Table 1. Sediment description for core sections VVV16-4 and VVV16-1-1-1/2

Core section Depth from Sediment Other
(VVV) surface (cm) colour observations

16-4 0–41 brownish mainly roots, macro
plant remains

41–55 brownish more sediment
than above

16-1-1-1 80–90 dark brown to black vertical plant roots
wetter than above

90–137 darker than above vertical plant roots
drier than above

137–147 dark brown to redish finer roots
than above

16-1-1-2 148–183 dark brown to black fine roots
high water content

183–205 dark brown to redish fine roots

19.2 SEDIMENT DESCRIPTION AND METHODS

The sediment cores VVV16-4 (55 cm), VVV16-1-1-1 (67 cm) and VVV16-1-1-2 (57 cm)
(34◦0′46.8′′S, 22◦54′14.4′′E) were both recovered using a UWITEC piston corer. Combined,
the core sections are used here to create a 205 cm long record. Due to the nature of this water-
body, VVV16-4 was a push core from the surface while VVV16-1 started at 80 cm depth below
the surface, resulting in the c. 25 cm gap between the two sections.

A total of 24 samples, with a minimum weight of 2 g, were processed using standard paly-
nological methods as per Faegri and Iversen (1989) and Moore et al. (1991) with adaptations for
dense media separation (Nakagawa et al. 1998). LacCore’s polystaene microsphere pollen spike
(0.5 ml per sample; 5.0 × 104 sph/ml ± 7%) was added to each sample to determine pollen con-
centrations. Pollen grains were examined and counted using a Zeiss Axiostar Plus microscope.
Identification of pollen were based on comparison with reference material from the Environ-
mental and Geographical Science department at the University of Cape Town, and published
images (Van Zinderen Bakker 1953, Van Zinderen Bakker and Coetzee 1959, Welman and Kuhn
1970 and Scott 1982). Charcoal particles were counted together with pollen grains using the
particle count method (Tinner and Hu 2003), and were classified according to size: 10–100 µm
and >100 µm. Counts of 300 terrestrial pollen grains, or three slides, were performed for each
sample. Three samples were excluded due to insufficient pollen concentrations; depths 50, 54
and 182 cm.

19.3 DATING

The age-depth model for this section of the VVV16 composite record is based on three AMS 14C
ages from organic macro-particles inVVV16-1-1-1 andVVV16-1-1-2 (Table 2) and compliments
an age-depth model previously published by Strobel et al. (2019) (Figure 2). The samples were
dated at the Poznan Radiocarbon Laboratory (Poland). The resultant ages were calibrated using
the SHCal13 curve (Hogg et al. 2013). The age-depth model was developed with the R software
package Bacon (v2.3) (Blaauw and Christen 2011).
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Table 2. Radiocarbon and calibration details for VVV16. The designation Poz indicates that the samples were dated at
the Poznan Radiocarbon Laboratory. All samples were calibrated using the SHCal12 curve (Hogg et al. 2013).

Core 2σ cal age Median
Lab ID Depth section 14C age 1σ range cal age
(Poz-) (cm) (VVV-) (BP) error (cal BP) (cal BP) c. AD

92269 83 16-1-1-1 10 30 21–240 57 1893
92270 143 16-1-1-1 545 30 504–551 527 1423
102442 182 16-1-1-2 60 30 505–555 530 1420

Figure 2. The age-depth model for composite core VVV16. The grey box indicates the part of the sequence presented
in this paper (enlarged in the inset); the lower part of the record was previously published by Strobel et al. (2019)

(10–4 m composite depth). The 2σ probability distribution of calibrated 14C ages is presented in blue and the 95%
confidence intervals are represented by the grey dotted line. The dotted red line represents the best model according to

the weighted mean age at each depth.

19.4 INTERPRETATION

Fifty-nine different taxa were identified from this section of the VVV record, spanning the
period c. AD 1300 to present. Due to the core composition, the assemblage was divided into two
zones – the first comprising cores VVV16-1-1-1 and 16-1-1-2 and the second being VVV16-4.
Pollen concentrations in VVV16-1-1-1/2 vary from 2.34 × 103 to 1.15 × 104 grains·g−1, and in
VVV16-4 they range between 2.56 × 103 and 6.20 × 104 grains·g−1.
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Figure 3. Relative pollen percentage diagram for VVV16-4 and VVV16-1-1-1/2 organized according to ecological
affinity, with charcoal concentrations and charcoal fragment counts. Pollen taxa occurring at less than 5% are not

shown. Exaggeration curves 2× for the taxa presented here. Charcoal and pollen concentrations were calculated in the
same manner using microsphere counts.
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19.4.1 VVV16-1-1-1/2 (AD 1300–1720; 196–82 cm; 15 samples): Coastal thicket –
Afrotemperate Forest

Coastal thicket is prominent from the start of the record remaining elevated until c. AD 1420.
This group is mainly represented by Morella – likely the dune, scrub and heath species M.
quercifolia and M. cordifolia. Afrotemperate forest pollen percentages are low, increasing after
AD 1400 to near maximum values (5.2%) at c. AD 1420. Haloragaceae is similarly elevated
here. Fynbos pollen percentages increase towards c. AD 1460, Restionaceae displays a similar
trend. Ericaceae generally follows this pattern with Stoebe-type also present. The thermophilous
taxon Pentzia-type, is present at maximum percentages near the start of the sequence at c. AD
1310, followed by a decline in both this taxon and the drought/resistant group, to near minimum
values at c. AD 1460. Euphorbia is present in relatively substantial proportions throughout the
record (with peaks at c. AD 1430, 1580 and 1690). The sustained presence of Euphorbia could
be related to enhanced dune movement in the region as opposed to a climatic response. These
trends might indicate generally warmer and drier conditions around c. AD 1300 with moisture
availability increasing towards c. AD 1420, and a decline in temperature moving into the Little
Ice Age (LIA) – a cooling period identified in the Northern Hemisphere at this time (c. AD 1300
– 1850) (Jones et al. 2001; Matthews and Briffa 2005).

After c. AD 1420, coastal thicket percentages are lower until c. AD 1580. Afrotemperate
forest taxa are more prominent in the assemblage during this period which could reflect a stage
of vegetation succession and/or climatic conditions more conducive to enhanced forest spread.
Both Cyperaceae and Podocarpus are present at maximum percentages at c. AD 1500 which
could suggest a preceding period of enhanced moisture availability and/or reduced rainfall sea-
sonality. Maximum charcoal concentrations at c. AD 1460 are followed by a notable increase in
drier asteraceous fynbos (Asteraceae HS; high-spined) until c. AD 1580. This could indicate a
progressively drier environment or alternatively a local vegetation response to a large fire event,
as inferred from the peak in charcoal concentrations. Stoebe-type values increase after c. AD
1500, remaining elevated towards the top of this section of the record, c. AD 1690, probably
reflecting a colder LIA environment.

Throughout this part of the record Cyperaceae and Restionaceae display similar trends,
while Haloragaceae (likely Myriophyllum spicatum), the most prominent taxon in the record,
displays an opposite pattern. These trends are possibly related to changing water levels in
Vankervelsvlei.

19.4.2 VVV16-4 (AD 1870–2010/Present; 42–1 cm; 6 samples): Pinus and Myrtaceae

Pinus and Myrtaceae (most likely Eucalyptus) are first seen in this section, reflecting the influ-
ences of the forestry industry that became established in the late AD 1700’s and still remains
active in the region today.

Kiggelaria, largely absent from the pollen assemblage, becomes more prevalent in this
section. As Kiggelaria percentages increase, other scrub forest elements, i.e. Euclea and Morella,
decline. This vegetation succession was probably triggered by the establishment of the pine
plantations in the area. A significant decline in Haloragaceae is further noted in this section of
the record.
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20.1 SITE DETAILS

Lake Tsizavatsy is located at the north of the Mangoky River, in the southwest of Madagascar
(21.780◦S, 43.897◦E, at 45 m asl, Figure 1). The region has an extensive formation of sandstone
eroded from the Precambrian basement and also less eroded tertiary limestones of marls and
chalks from marine facies formed during the Eocene (Du Puy and Moat 1996; Moat and Smith
2007) that occur near the coast between 0 and 300 m asl. The region’s climate is characterised
by semi-arid conditions with pronounced seasonality (Donque 1972) and annual precipitation
ranging from 400–600 mm per year near the coast (Stiles 1998). The site’s vegetation is classified
as tropical dry forests with patches of savanna and woodland savanna and some agricultural areas
(Figure 1). These savannas include a small number of tree species belonging to the Arecaceae
family that are highly adapted to fire, such as cf. Medemia nobilis (Grubb 2003). In addition,
there is a patchy sclerophyllous forest which contains taxa such as Leptolaena spp. and a high
number of dry adapted species such as those belonging to the Euphorbiaceae and Didiereaceae
families (Moat and Smith 2007). Lake Tsizavatsy is a shallow lake of approximately 500 m
in diameter. The local community reports that the lake recedes to half its area during the dry
season. The lake did not exceed a depth of 0.5 m during our field work in September 2015.
The studied sediment core provides a record of at least 10 km2 surrounding the lake representing
local to landscape scale of vegetation change. The lake is surrounded by Cyperaceae at the
margins and is encompassed by wooded savanna with the presence of degraded and intact dry
forest in the wider landscape. Within and around the lake, taxa such as Phragmites mauritianum
(Poaceae), Cryptostegia madagascariensi (Apocynaceae), Acacia morondavensis (Fabaceae),
Hyphaene shatan (Arecaceae), and Euphorbia spp. (Euphorbiaceae) are found. The communities
surrounding this area comprise foragers and maize horticulturalists (Mikea), agropastoralists
(Masikoro), and fishers (Vezo).

DOI 10.1201/9781003162766-20 309



qvd CH020.tex September 21, 2021 14: 41 Page 310

310 Estelle Razanatsoa et al.

Figure 1. Location of the study site in southwest Madagascar. The red box (black cross) indicates Lake Tsizavatsy.
Source: Moat and Smith (2007).

20.2 SEDIMENT DESCRIPTION AND METHODS

A 48 cm sediment core was obtained from the edge of Lake Tsizavatsy using a Russian corer
in August 2015. Lithostratigraphic units were described using a modified version of the Troels-
Smith classification (Kershaw 1997; Table 1). Twelve sub-samples of 1 cm3 were taken from the
core for pollen extraction following Bennett and Willis (2001). Pollen was counted using a Leica
microscope DM750 and identification was based on published pollen references (Gosling et al.
2013; Vincens et al. 2007). A pollen sum of at least 250 terrestrial taxa was achieved for each
sample and relative abundances were calculated and plotted using C2 Version 1.7.7. (Juggins
2003). Cluster analysis was performed using the CONISS method (Analogue package) in R
(Grimm 1987; R core Team 2018) to identify zones related to temporal change of the vegetation.
Diversity was measured through rarefaction analysis and beta diversity (Birks and Line 1992).

20.3 DATING

FourAMS radiocarbon dates were obtained from sub-samples (4–10 g) of bulk sediment extracted
from the Lake Tsizavatsy core (Table 2). Measurements were made at the iThemba LABS
facility in Johannesburg (South Africa), Beta analytic Inc, Laboratory in Florida (USA), and
14-CHRONO labs in Belfast (UK) (Table 2). Dates were calibrated using the southern hemi-
sphere calibration curve (Hogg et al. 2020) and the age-depth model plotted based on the linear
interpolations of age point estimates for depths on weighted means of the dated levels.
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Table 1. Lithostratigraphic units of the sediment core from Lake Tsizavatsy.

Munsel
Depth Troels- colour
(cm) Unit Smith Description code Colour

16-0 TSZ- As3 Ld1 Clayey and not very 2.5Y 3//1 Very dark
strat 3 humified deposits or 5Y 3//1 grey

28-17 TSZ- As2 Ga1 Clayey and fine sand 10YR 4//4 dark
strat 2 Ld1 deposits, few organic yellowish

materials brown
48-29 TSZ- As2 Ge1 Clayey and coarse sand 5Y 3//2 Dark olive

strat 1 Ld1 deposits, low humicity grey
deposits

Table 2. Radiocarbon age of the Lake Tsizavatsy (TSZ) sediment core. Measurements were conducted at 14-CHRONO
Centre Queens University (code AUB), iThemba Labs (IT) and Beta Analytic (Beta) and raw radiocarbon dates were

calibrated using the southern hemisphere calibration curve (Hogg et al. 2020). Uncal. = uncalibrated. Cal. = calibrated.
Prob. = probability. BP = before present (AD 1950).

Depth Lab Uncal. δ13C Calibrated Prob.
(cm) Code ID 14C dates ‰ ages (%)

24-25 TSZ UBA- 106 ± 28 −18.55 AD 1804–1935 67.4
24 35667 yr BP

29-30 TSZ IT-C- 640 ± 62 −19.8 AD 1378–1406 68.3
29 1739 yr BP (572–544 cal. yr BP)

35-36 TSZ IT-C- 680 ± 40 −20.0 AD 1289–1396 94.5
35 1608 yr BP (661–554 cal. yr BP)

43-44 TSZ Beta- 640 ± 30 −18.2 AD 1301–1365 94.4
43 435564 yr BP (649–585 cal. yr BP)

20.4 INTERPRETATION

We identified 65 pollen taxa from 33 families, excluding broken and unidentified grains. The
pollen analysis revealed two pollen zones, TSZ_1, and TSZ_2. Radiocarbon dates revealed a
hiatus at about 24 cm dividing the core into two parts covering the 14th and the 20th century
(Figure 2). The hiatus is probably caused by sediment scouring from the floodwaters of the
Mangoky River during wet periods similar to those recorded for example at the Lake Ihotry in
the south of the river (Vallet-Coulomb et al. 2006). The two pollen zone assemblages cover the
periods from AD 1300–1420 (48–25 cm, TSZ_1) and AD 1910–2010 (24–0 cm, TSZ_2). We use
these data to compare the 14th century vegetation with that of the 20th century (Figure 3).

20.4.1 Tsizavatsy Zone 1 (TSZ_1): 5 samples, 48–28 cm depth, AD 1300 to 1420 –
Palm-Pandanus wooded savanna

The TSZ_1 zone is characterised as Palm-Pandanus wooded savanna, as indicated by a high
abundance of Poaceae, Arcaceae and tree taxa, including Acacia and Pandanus. The abundance
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Figure 2. Age depth model of the core from Tsizavatsy adapted from Razanatsoa et al. (in press). Horizontal lines
indicate the 1-sigma calibration intervals for the radiocarbon dates done at the depth indicated in the y-axis. Dotted

lines indicate the 500-year hiatus period from AD 1420 to 1910.

of Poaceae between AD 1300 and 1420 ranged between 45% and 71% (mean c. 60%), with
Arecaceae (c. 5%) and Acacia (c. 3%) the most abundant trees. Other notable tree taxa are
Pandanus, which reached a maximum of c. 5% around AD 1330 (40 cm) but decreased in relative
abundance until around AD 1420 (28 cm), while Celtis, Gnidia, and Trema have respective mean
values of 3%, 2%, and 4%. All other herbaceous (Asteraceae, Urticaceae and Amaranthaceae
type 1) and arboreal (Phyllanthaceae, Myrtaceae, Malvaceae and Moraceae) taxa were present at
low abundances in Zone TSZ_1; while aquatic taxa, mostly Cyperaceae, are equivalent to c. 10%
of the pollen sum.

20.4.2 Tsizavatsy Zone 2 (TSZ_2): 7 samples, 24–0 cm depth, AD 1910 to 2010 –
Palm-xerophytic degraded wooded savanna

The TSZ_2 zone is characterised as Palm-xerophytic degraded wooded savanna, marked by the
gradual increase in the abundance of xerophytic, herbaceous, and tree taxa, despite the high
abundance of Poaceae. Poaceae pollen is highly variable with a minimum value of 45% at AD
1940 (16 cm), and a maximum value of 71% around AD 2000 (2 cm, mean 58%). The most
abundant herbaceous taxon is Asteraceae (mean 4%) which reaches its highest value around
AD 2010 (c. 10%). All other herbaceous taxa have relatively low abundances. The minimum
value of Arecaceae was recorded around AD 2000 (2%) while the maximum value was recorded
at AD 1940 (16 cm, c. 12%). Some taxa, such as Celtis and Gnidia also increased in abun-
dance during this period with a mean value respectively of c. 3% and c. 2%. Dry adapted
taxa such as Securinega (mean c. 2%), peak in this zone with a maximum value recorded at
AD 1990 (4 cm, 7%). The aquatic taxa had a mean abundance of c. 10%; with Myriophyl-
lum (mean c. 1%), Colocasia (mean c. 2%) and Cyperaceae (mean c. 6%) being important
components.
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Figure 3. Lake Tsizavatsy summary pollen diagram, showing only taxa with relative abundance >2% of the terrestrial
pollen sum. Colours indicate taxonomic groupings: green = arboreal taxa, yellow = xerophytic taxa, orange =

herbaceous taxa, and blue = aquatic taxa.
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20.5 COMPARISON OF THE COMPOSITIONAL TURNOVER OF THE
VEGETATION DURING THE 14TH AND 20TH CENTURY

During the two periods, compositional change was recorded around AD 1360 (36cm, 2.65 SD),
AD 1920 (22 cm, 2.6 SD). During the 14th century, taxa such as Pandanus and Trema were
abundant at the beginning but decrease throughout the period which explains the massive turnover
around AD 1360 (36 cm). The turnover recorded around AD 1920 (22 cm) is linked to the
increasing dominance of pioneer and xerophytic taxa between AD 1910 to 1940 (24–16 cm).
These include Asteraceae, Gnidia, and Securinega in the 20th-century record compared to the
14th century. Overall, the data show a high rate of grass and palm in the surrounding of the
lake during both periods. The main difference in the 14th and 20th century pollen records is a
slight increase and more variable abundance of arboreal taxa during the latter. An increase in the
abundance of xerophytics taxa, possibly linked to decreasing rainfall, was also recorded during
the 20th century. Similarly, although tree abundance was higher in the 20th century compared
with the 14th century, it began to decrease from the middle of the 20th century. This reduction
in trees was associated with a rise in pioneer taxa such as Asteraceae. The pollen data suggest a
combined effect of ecosystem degradation and increasing climate impact on the vegetation which
requires further investigation.
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modern pollen rain studies are geographically unevenly distributed across the continent. We
found that most countries across tropical Africa have some modern pollen records, with East
African countries being particularly well represented in both older and more recent literature.
Many countries, arid regions and transitional phytochoria, however, require further study. This
review is intended to guide palaeoecologists and palynologists embarking on new studies by
bringing together the history of modern pollen studies conducted to date. Targeting new studies
to areas where data are currently lacking will help to build a better understanding of modern
pollen deposition on the continent. Moreover, we provide recommendations for designing studies
so that their results can be used in quantitative modelling techniques for climate or vegetation
reconstructions.

21.1 INTRODUCTION

Palaeoecological studies on sedimentary deposits use proxies such as pollen, charcoal, fungal
spores and diatoms to reconstruct changes in past environments. These proxies can reveal crucial
information about ecosystem responses to climate change, fire occurrence, herbivore activity, and
impacts of humans on landscapes on centennial to millennial time scales (Gillson 2015). As such,
palaeoecological data are hugely important in understanding the past dynamics of ecosystems and
are increasingly being used to inform management decisions and restoration targets (Manzano
et al. 2020). In order to interpret and validate records from the past, however, these proxies need
to be calibrated.

Calibration most commonly takes the form of studies of modern systems; for instance,
pollen from surface lake mud samples can be compared to the vegetational composition of the
area around those lakes (Sugita 2007a, 2007b). These comparisons allow palaeoecologists to
determine which plants produce lots of pollen grains relative to their vegetational abundance and
which produce very little. Modern pollen datasets are increasingly being used to calibrate models
of pollen dispersal and deposition, allowing for more quantitatively rigorous reconstructions of
past vegetation to be developed (Fang et al. 2019).

In temperate regions, there has been an abundance of studies conducted on modern pollen
rain (Davis et al. 2013), and these results have been used to calibrate models of pollen dispersal
and deposition (Bunting and Middleton 2005; Jackson and Lyford 1999; Theuerkauf et al. 2016).
These models have allowed increasing accuracy and precision of vegetation reconstructions, but
often rely on extensive datasets, which are relatively rare in the tropics (Bonnefille et al. 2004;
Gajewski et al. 2002; Vincens et al. 2006). Gajewski et al. is a particularly important work as
it used 1170 modern pollen samples available at the time of publication to reconstruct climate
across all major phytochoria and climatic zones (albeit with patchy coverage) in Africa. This
demonstrates the importance and potential utility of modern pollen work in Africa, and highlights
the need to target under-studied geographical regions and vegetation types.

Here, we present qualitative accounts of modern pollen work (published and unpublished,
where available) conducted to date in tropical Africa with the aim of summarising key details
from the studies, and highlighting those geographical regions and vegetation types that require
further targeted work. This review will provide a useful starting point for researchers looking
to ground their palaeoecological work in modern data, and will also highlight potential ways
forward to improve our interpretations of African palaeoecological data.

21.2 METHODS AND TERMINOLOGY

The geographical extent of this study is the tropics of Africa, the region between 23.5◦ N and
23.5◦ S (Figure 1). This is due to the global importance of the tropical regions in terms of
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Figure 1. Map showing locations of modern pollen studies and phytochoria (White 1983). Numbers refer to studies in
Table 2.

biodiversity and conservation status. Pollen studies were located by searching for country specific
papers in, for example, Google Scholar, Microsoft Academic, ResearchGate and Web of Science,
using terms such as ‘[country name] modern pollen’ ‘[country] aeropalynology’ and equivalent
terms in French. References to unpublished theses were found in existing literature; Table 2 shows
whether they are publicly available. Existing modern pollen rain studies from each country are
summarised using vegetation type descriptions as they are reported in publications so that the
studies retain their local relevance. We then use phytochoria as established by White (1983)
(eg. Guineo-Congolian Regional Centre of Endemism) to group studies. We chose this approach
to retain the diversity of vegetation classifications used in the studies, whilst also capturing
continent-scale patterns.

For each of the reviewed papers, we identified (where possible) the methods used to collect
the modern pollen data. Melissopalynological studies are excluded from this review as they are
of limited relevance to palaeoecological studies. Sampling techniques vary in how closely they
resemble the sediment records, the length of time over which they collect pollen, and which
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types of pollen they are biased towards collecting. There are a variety of methods used to collect
modern pollen data in the tropics (see Jantz et al. 2013). For details of the specific methods, refer
to the individual studies listed in Table 2. General terms used in this paper are defined as follows:

(i) Surface samples: A general term referring to samples from the uppermost sediment layer,
typically soil, peat, lake or marine sediment.

(ii) Soil samples: Samples taken from an area from the top layer of soil (including leaf litter
and humus), not from within a water body.

(iii) Core top samples: samples from the top of a sediment core that are assumed to be modern.
(iv) Pollen Traps: Artificial pollen traps come in a variety of formats (Bush, 1992; Gosling et al.,

2003; Tauber, 1967) and capture pollen over set periods of time.
(v) Moss/Lichen polsters: Samples of moss and/or lichen are harvested from the ground or

trees.
(vi) Glycerol/Silicon oil slides: These are used to sample pollen over a very short period of time

by catching grains directly onto a slide
(vii) Filters: Air filters can be used to trap pollen grains; mainly used in offshore sampling.

21.3 WEST AFRICA

West Africa has been the site of a large number of studies (Figure 1). Multiple studies have
been carried out in Senegal, Côte d’Ivoire and Togo, (Edorh 1986; Lézine 1988; Ybert 1980),
with studies covering the main vegetation types of that region. Nigeria has a large number of
pollen rain studies, with many conducted for aeropalynological purposes. Several countries do
not appear to have any published (or unpublished but cited elsewhere) modern pollen records,
namely; Guinea, Guinea-Bissau, Sierra Leone, Liberia, Gambia, Mali, and Burkina Faso.

An extensive summary of modern pollen data for west Africa was compiled by Lézine et al.
(2009), who compared modern pollen spectra to climate and vegetation. This work found that
biomes are generally well represented by their pollen spectra, which capture the main components
of the vegetation and can be used to reconstruct climatic parameters. The exceptions to this were
tropical forest biomes, likely due to their high levels of entomophily, and human-impacted dry
forest at the Sudanian-Sahelian ecotone.

Off-shore pollen studies have been conducted to complement work on marine cores in
the Gulf of Guinea (Calleja et al. 1993; Caratini and Cour 1980; Dupont and Agwu 1991;
Hooghiemstra et al. 1988; Melia 1984; Romero et al. 2003). Marine studies off West Africa are
synthesised in Hooghiemstra et al. (2006) and in this review we focus on continental records.

21.3.1 Mauritania

Only five modern pollen samples have been recorded from Mauritania, (Lézine and Hooghiemstra
1990). These samples are soil samples and record high levels of Amaranthaceae and Brassicaceae
pollen, reflecting the Saharan environment. Due to the dry environment, these samples likely
represent a maximum of one year of pollen deposition, despite being collected from near to water
sources.

21.3.2 Senegal

Modern pollen from soil and mud samples from Senegal was first studied by Lézine (1987) with
the majority of samples published in later manuscripts (Lézine 1988; Lézine and Edorh 1991;
Lézine and Hooghiemstra 1990). Samples were collected from Sudanian forests and demonstrated
that pollen and vegetation from this zone are relatively well correlated (see also Togo). A strong
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Sahelian influence was observed in the northernmost samples, typified by taxa such as Acacia
and Balanites. In southern samples, Combretaceae represents the Sudanian vegetation type. Lake
surface samples from Lake Guiers (Lézine 1988), demonstrated that the pollen record from the
lake, which is located in the Sahelian zone but has a drainage basin extending across vegetation
types, is dominated by relatively local taxa such as Poaceae, with a strong Sahelian element (7%)
and less of a Sudanian element (2%).

21.3.3 Côte d’Ivoire

Work has been conducted terrestrially and in mangrove swamps in Côte d’Ivoire. Ybert (1975)
covered the savannah-forest boundary using monthly sampled pollen traps across transects of
forest to savannah. These revealed high levels of temporal variability in pollen rain, but showed
that Poaceae dominated in the savannah sections (at percentages of >40%), along with Ulmaceae-
Moraceae type and Lippia multiflora Moldenke. Alchornea was reported as being abundant across
the transects. Fredoux (1978) presented modern samples from Mangrove swamps which showed
low levels of Rhizophora and other species typical of Mangrove swamps, instead being dominated
by dry land pollen types (Lézine 1997).

21.3.4 Ghana

Three modern pollen studies are currently known from Ghana. Maley (1983) included some
modern surface samples in a preliminary study of Lake Bosumtwi (a site which went on to yield
a c. 500,000 year record (Miller and Gosling 2014)). These surface samples were taken from
small ponds and lakes in the semi-deciduous forest region of the country and showed high levels
of Musanga, Celtis and Triplochiton scleroxylon pollen and low levels of Poaceae. These findings
correlated with those of Julier et al. (2019) which showed consistently high levels of Celtis and
Triplochiton in pollen trap samples from transects across 100 m by 100 m square vegetation
monitoring plots, with traps placed every 20 m along the transect, near to Kumasi, also in the
semi-deciduous vegetation type. Traps from a wet evergreen forest plot showed that variability
in modern pollen rain was high. Unlike traps from the semi-deciduous plot, however, the wet
evergreen traps demonstrated high spatial variability, with traps 20 m apart producing drastically
different pollen spectra.

Trap data from the savannah-forest boundary in Ghana (Julier et al. 2017) showed that
Poaceae abundances of >40% could be considered indicative of a savannah landscape. These
two studies (Julier 2017; Julier 2019) were intended to inform palaeoecological interpretations,
specifically of Lake Bosumtwi. The data gathered cover a range of vegetation types but lack
temporal resolution, with the maximum number of sampled years being three for the forested
ecosystems and one for the savannah transitional mosaic.

21.3.5 Togo

The first, and most extensive, study of modern pollen conducted inTogo was by Edorh (1986) who
collected 125 soil and river surface samples from a range of vegetation types across Togo, encom-
passing forest and savannah. It was found that pollen broadly reflected vegetation, but at a local
scale. Some of these samples were later published in Lézine and Edorh (1991), who demon-
strate that some Sudanian vegetation types such as Combretaceae woodlands and Isoberlina
woodlands are distinguishable on the basis of their pollen spectra. Anemophilous non-arboreal
taxa frequently dominated the signal, and that samples may be biased towards local representa-
tion, meaning that a high spatial density of samples is necessary to reflect regional vegetation
composition. The pollen spectra were also correlated successfully with rainfall, highlighting the
difference between the Guinea-Congolian and Sudanian vegetation zones (Chalié et al. 1990).
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A study of modern pollen from Mangroves in Togo (Edorh and Afidegnon 2008) demonstrated
that the modern pollen spectra, on the whole, represented their parent vegetation types well and
were able to distinguish between Avicennia and Rhizophora mangrove environments.

21.3.6 Bénin

The first known pollen rain study in Bénin is Tossou et al. (2012) which focuses on southern
Bénin. Surface sediments were taken from the main plant formations: semi-deciduous dense
humid forest, floodplain forest, mangrove, swampy forest, swampy meadow and plantation with
Acacia auriculiformis. Pollen analysis of 38 soil samples identified a total of 126 pollen taxa
from 65 families. The most abundant pollen taxa broadly reflect the different plant formations
recorded, therefore suggesting that they could be used to reconstruct changes in landcover from
palaeo-ecological data in Southern Bénin. A further study (Zanou et al. (2020)) focused on the
modern pollen rain in the Lama classified forest (south Bénin) from surface sediments. This study
allowed a comparison between the pollen content of the sediments and the botanical diversity of
the formation. Pollen analysis of 50 sediment samples identified a total of 62 pollen taxa belonging
to 31 families and 44 genera. The dominant taxa are Poaceae, Cassia, and Combretaceae. The
index of similarity between the species inventoried and those contained in the sediments is
greater than 50%. Aeropalynological work using traps has also been conducted in Bénin (Tchabi
et al. 2017; Tossou et al. 2016), finding higher pollen content in the air with higher winds and
temperature, but lower pollen content with high rainfall, and the most abundant pollen counts in
the dry season (November to March).

21.3.7 Niger

The only known study from Niger is an aeropalynological study from Caratini and Frédoux
(1988), which presents 27 pollen trap samples with pollen data presented as monthly values from
a savannah area in Niamey, south Niger. Around 60% of the annual pollen rain was Poaceae,
which peaked in August and September, the rainy season. Cyperaceae pollen was found to peak
in October to December and Chenopodiaceae pollen peaked at 5% in December through January,
the dry season.

21.3.8 Nigeria

In Nigeria, a large number of aeropalynological studies have been conducted (Abdulrahaman et al.
2015; Adekanmbi and Ogundipe 2010; Adeniyi et al. 2018; Adeonipekun et al. 2016; Agwu 2001
1986; Agwu and Osibe 1992; Alebiousu et al. 2018 2018; Ezikanyi et al. 2016; Ibigbami and
Adeonipekun 2020; Njokuocha 2006). These studies all use some form of pollen trap (modified
Tauber traps or ‘Gbenga 2’ aerofloral samplers) and are primarily for the study of allergenic
particles in the atmosphere. They typically record results monthly, with time periods recorded
varying from a few months (Abdulrahaman et al. 2015) to more than a year (Adeniyi et al. 2018).
The studies generally found high pollen abundances in the wet season (aside from (Adeniyi et al.
2018) who found lower abundances of pollen in the wet season) and high abundances of Poaceae,
regardless of their location and year of sampling. In some instances, forest elements such as
Celtis, Milicia, and Berlinia are found, indicating long distance transport from forested areas
(Ezikanyi et al. 2016; Njokuocha 2006). The studies are almost exclusively located in urban
areas and are therefore of limited use for palaeoecological reconstructions. Modern pollen work
on soil and trap samples from the north of Nigeria showed extremely high levels of Poaceae
and Cyperaceae (>95%), but also that modern pollen assemblages primarily reflect their local
vegetation, not long-distance transport (Salzmann 2000; Salzmann and Waller 1998).
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21.3.9 Chad (including Lake Chad)

The first modern pollen study conducted in Chad was by Maley (1972) who took surface samples
from Lake Chad and nearby areas. These results were reproduced as part of Maley’s account of
the palaeoecology of Lake Chad (Maley 1981). These samples demonstrated the importance of
rivers in the long distance transport of pollen, but that the surface samples did capture vegetation
changes from the area around the lake. Schulz (1976) also reported modern samples from Chad
and compared these with 8000–9000 yr BP samples. The study showed relatively high levels
of Poaceae pollen in both modern and fossil samples, but higher levels of montane pollen in
the fossil samples. Ybert (1980) used pollen filters to capture pollen rain from November 1971
through December 1972. It was shown that Poaceae is the most abundant taxon, and peaks
in September. Amaral et al. (2013) used modern sample data from Maley (1972) and other,
previously unpublished work to perform biomisation, thereby assigning estimates of mean annual
precipitation to time periods covered by a core from Lake Chad covering the period from 6700–
500 yr BP.

21.4 CENTRAL AFRICA

In Central Africa, Cameroon, Gabon and the Republic of Congo contain the largest number of
studies focusing on modern pollen-vegetation relationships (Elenga 1992; Elenga et al. 2000;
Henga-Botsikabobe et al. 2020; Jolly et al. 1996; Lebamba et al. 2009; Reynaud-Farrera 1995;
Tovar et al. 2019; Vincens et al. 2000). Other countries in the region lack records; the Central
African Republic yields just one study (Aleman et al. 2012), the Democratic Republic of Congo
has a single study spanning the Uganda-Congo border (Beuning and Russell 2004), and Equatorial
Guinea has one study of marine surface pollen records, offshore in the Gulf of Guinea (Dupont
and Agwu 1991).

21.4.1 Cameroon

Modern pollen studies in Cameroon are currently concentrated in the south and south-east of the
country, and focus on pollen-vegetation relationships. Vincens et al. (2000) examine the pollen in
soil and litter samples from 26 contiguous plots along a forest-savannah transect. They conclude
that the two main ecosystems, forest and savannah, are clearly represented in the surface samples
at the local scale, with few pollen grains found outside their producing communities. The density
of the forest canopy largely inhibits regionally wind-dispersed pollen from entering the forest
and in the savannah these values are typically <1% (Vincens et al. 2000).

A similar study by Lebamba et al. (2009) examines 24 surface samples from the southern
Cameroon lowlands, in forest and savannah environments. They demonstrate that major vegeta-
tion types can be differentiated using modern pollen percentages, and a distinction made between
secondary and mature forests and well drained and hygrophilous forest types, therefore the pollen
analysis is a robust way of discriminating between the maturity, structure and composition of
Central African forests. This is reinforced by a study of 50 surface samples from the forests and
savannahs of southern Cameroon which defined distinct plant communities (Reynaud-Farrera
(1995)). Verlhac et al. (2018) studied modern soil samples from across an elevational gradient
in the Cameroon highlands and found that modern pollen assemblages reconstruct the upper and
lower limits of the Afromontane forests well.

Vincens et al. (2000) note that there are individual taxa which can be misrepresented in
the pollen spectra, including markers of the main community types (e.g. Albizia and Rinorea).
The differences between the observed vegetation and the pollen analysed in surface samples is
often a function of the production and dispersal of individual taxa. However, botanical survey
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methods, such as only recording trees of more than 10 cm in diameter at breast height (DBH)
will also influence the record.

A number of modern pollen studies from Cameroon examine the transportation and dispersal
of pollen throughout the Sanaga River Basin (Bengo 1996, 1992; Bengo et al. 2020) and off-shore
in marine surface sediments on the continental shelf (Van Campo and Bengo 2004). Thirty-eight
surface samples from the banks of the Sanaga River and twelve of its main tributaries were
collected to characterize the origin of the pollen and its mode of transport to the continental
shelf. Bengo et al. (2020) demonstrate that pollen analysed in the riverbank sediment clearly
reflects the surrounding vegetation cover, and transport to the coast of the Gulf of Guinea is
essentially through the drainage of large basins. Examining seventy-one modern samples from
the continental shelf off the coast of Cameroon (Van Campo and Bengo 2004), they found a
dominance of the mangrove pollen type Rhizophora, which is located along the shoreline, a high
pollen producer and effectively transported by water. They also note the dominance of Poaceae
and Alchornea, which likely arrive on the shelf by riverine transport from the grasslands of
northern Cameroon and riverbanks and forest edges throughout the Sanaga Basin, respectively.
Analysing modern surface samples along river basins therefore greatly supports the interpretation
of source area of pollen captured in marine and off-shore sediments.

21.4.2 Central African Republic

There is a paucity of modern pollen studies in the Central African Republic. A single study
by Aleman et al. (2012) investigates modern pollen (identified as arboreal and non-arboreal),
phytoliths and stable carbon isotopes in 17 soil samples from a forest-savannah environment.
Combining these results with field Leaf Area Index (LAI) measurements, they calibrate a multi-
proxy model to reconstruct LAI in palaeo-sequences, providing a long-term estimate of tree
cover. This approach provides a useful method for assessing past changes in vegetation cover,
and transitions from forest to savannah and vice versa.

21.4.3 Equatorial Guinea

There is a lack of records from terrestrial Equatorial Guinea, however, one study exists which
examines the distribution of pollen grains within the Gulf of Guinea and the influence of wind
and water on pollen transport (Dupont and Agwu 1991), this study is reviewed in Hooghiemstra
et al. (2006)

21.4.4 Gabon

Gabon has a number of studies incorporating modern pollen samples. An early study by Jolly
et al. (1996) examined 16 surface soil samples from the rainforest of north-eastern Gabon to test
pollen-vegetation relationships along a number of transects. They establish pollen markers for
a number forest types, and explore the pollen production of individual taxa (e.g. Alchornea and
Macaranga) which showed the largest pollen abundance. Ngomanda (2005) carried out research
in the forests of Gabon, focusing on the past 5000 years, as part of a doctoral dissertation. Later
publishing, with others, palynological data from two lake cores, the tops of which represent the
modern pollen signal (Ngomanda et al. 2007).

Lebamba et al. (2009) analysed 57 surface soil and litter samples from the forests of
north-eastern and south western Gabon. They demonstrated that major vegetation types can be
differentiated by their modern pollen percentages, and distinctions made between different forest
types (e.g. secondary and mature forests).

More recently in Gabon, Henga-Botsikabobe (2015) completed a doctoral dissertation
examining surface samples and palaeo-cores from Lope National Park, to reconstruct the past
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forest composition and analyse its response to changing environmental conditions. Henga-
Botsikabobe et al. (2020) then later published detailed results from 23 tropical marshes within
the Lope National Park examining modern pollen-vegetation relationships. Surface samples were
collected from 50 random points across each marsh environment and homogenised to obtain one
representative sample per marsh. They found that the modern pollen signal is highly influenced
by the local marsh vegetation and a very high diversity of forest taxa are recorded, making it
possible to quantify changes between adjacent mature, secondary and pioneer forests. Low pro-
portions of Poaceae were found in the surface samples, which is thought to be influenced by their
mode of deposition. This challenges common interpretations, which use these proportions as a
measure of savannah vs. forest. This is a unique study from an alternative depositional context
and provides unique insights for interpreting modern samples and core sequences from marsh
environments.

21.4.5 Republic of the Congo

Modern palynological studies in the Republic of Congo are concentrated in the South and South
West of the country, within the Batéké Plateau and Mayombe massif regions and along the littoral
coast. Elenga et al. (1994) examine two cores from a swamp in the Batéké Plateaux region
of the Congo, within the Guineo-Congolian region (White 1983) to illuminate palynological
evidence of past vegetation change. While this study does not focus on modern pollen-vegetation
relationships, it utilises insights and results from a previous doctoral study by Elenga (1992)
incorporating modern pollen rain from the same region. For example, Elenga et al. (1994)
comment on the large local pollen production of Gramineae.

Elenga et al. (2000) later carry out a more focused study on the pollen-vegetation rela-
tionships in the same region. Palynological data was analysed from 12 sites, each comprising
20-30 surface subsamples and compared to forest inventory data. At the local scale, the modern
pollen rain largely reflected the forest taxa observed, and due to the dense canopy, only a few
grains originated from extra-local sources. There were variations in the pollen production of
individual species and Elenga et al. (2000) found that certain species, which are characteristic
of these forests, are found in low percentages in the surface samples, for instance, species in
the families Caesalpiniaceae, Euphorbiaceae and Annonaceae. Equally, a number of taxa may
be overrepresented in the pollen spectra due to high pollen productivity (e.g. Treculia, Syzygium
and Dacryodes).

Tovar et al. (2019) examined 12 surface samples and a core sequence from a monodominant
Gilbertiodendron dewevrei (De Wild.) J. Léonard forest in the northern Republic of Congo. The
authors found that Gilbertiodendron represented between 3.8% and 6% of the pollen count in the
surface samples from the monodominant forest patches. The most abundant taxa in these samples
were Lophira alata-type and Celtis spp. No Gilbertiodendron pollen was found in samples
outside the monodominant patches. These studies provide important insights into the pollen
production and dispersal of key Congo Basin taxa which are important for many palaeoecological
interpretations in the region.

While currently, modern pollen-vegetation studies are relatively scarce across the Congo
Basin, the recent discovery of a large area of peatland in the Cuvette Centrale (Dargie et al.
2017) has sparked new research in the region. The peatland represents an important palaeoeco-
logical archive, which may holds insights into additional pollen-vegetation relationships in this
alternative depositional context.

21.4.6 Democratic Republic of the Congo

There are no modern pollen studies solely within the Democratic Republic of Congo. A single
palaeoecological study exists from the Lake Edward Basin, which spans the Ugandan-Congo
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border (Beuning and Russell 2004). This study examines a lacustrine core to reconstruct the
climatic and vegetation history of the area, with reference to a number of modern pollen assem-
blages collected from crater lakes within Maramagambo forest reserve, on the Ugandan side of
the border. While the authors found that the modern pollen assemblages contained taxa similar
to those found in the basal metres of the Lake Edward Basin core, the percentages of Poaceae
varied, indicating that the basal metres of the core were more similar to the pollen spectra of the
semi-deciduous forest to the east of Lake Victoria, potentially representing a comparable modern
environment.

21.5 EAST AFRICA

East Africa is where some of the continent’s foundational modern pollen work was conducted
(Coetzee 1967; Hedberg 1954; Livingstone 1967). An early review of modern pollen work
conducted in the tropics included a summary of East African montane work (Flenley 1973).
Several countries, however, do not appear to have any studies of modern pollen rain; Eritrea,
Somalia and South Sudan. Laseski (1983) analysed 59 surface samples from Uganda, Rwanda,
Tanzania, Zambia, Kenya and Tanzania. These samples were used to derive relationships between
pollen and rainfall, and are included in analyses such as Gajewski et al. (2002) but the original
thesis was not available for this review and is therefore not covered in detail here. Vincens (2006)
analysed a large number (150) of modern pollen samples across seven phytogeographical regions.
These are used in biomisation with a high level of success (82.6% of sites correctly assigned).
These studies by Gajewski and Vincens demonstrate the usefulness and potential of accessible,
broad-geographical and climatic analytical studies on modern pollen in the tropics.

21.5.1 Sudan

Eleven soil samples were analysed by Ghazali and Moore (1998) from an initial set of 30, the
majority of which did not contain pollen. These were taken from desert, semi-desert, scrub
and grassland ecosystems. Poaceae was, by far, the most abundant pollen type identified in the
samples. Non-arboreal pollen dominated generally, which is a true reflection of the nature of
the ecosystems sampled. A higher proportion of entomophilous pollen than might usually be
expected was found in some samples, including Acacia pollen despite no Acacia trees being
present within a 100 m radius of the sample site. Further work by Ghazali (2002) resulted in
seven more samples (including one collected in a moving vehicle) from along a transect in the
Nile Valley, encompassing mainly desert ecosystems. The assemblages from these samples were
mostly dominated by anemophilous taxa such as Poaceae, although only 8 out of 40 pollen taxa
identified were anemophilous. It was noted by the authors that, as in their previous study, a large
number of samples of those originally collected did not contain pollen. This is likely due to the
highly arid climate and sometimes alkaline soils of Sudan.

21.5.2 Djibouti

Three modern samples, from river sediment, lake surface mud, and soil, from desert sites in
Djibouti are presented in Bonnefille et al. (1980). These samples are presented for comparison
with the results from a core dated to 45,000 yr BP, although only three samples possessed high
concentrations of pollen, likely due to arid climate conditions. The modern samples showed
higher levels of Cyperaceae and forest taxa, but lower Poaceae than those from the core.
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21.5.3 Ethiopia

Ethiopia has been the site of many studies of early hominin evolution, including some pollen work
from site Fejej FJ-1 establishing palaeoecological histories for archaeological finds (Mohamed
Umer et al. 2004).

Bonnefille et al. (1987) studied modern pollen samples from the Awash Basin from an ele-
vational range of 500–3000 m asl and four vegetation types; subdesert steppe, riparian, evergreen
bushland and montane forest. River and soil samples were taken and used to inform interpreta-
tions of the Hadar formation, from between 2.9–3.3 million years ago. These data are used to
infer climate conditions during the evolution of early hominins. Another study from Bonnefille
et al. (1993) found that modern pollen samples separated vegetation communities from different
altitudes well, although due to high levels of entomophily, the taxonomic composition was not
accurately reflected.

Recently, 20 modern pollen (and phytolith) samples from springs inAwash Valley have been
published (Barboni et al. 2019) which allowed records from fossil springs to be interpreted. These
spring environments are thought to be important environments for early hominins, as constant
supplies of water in otherwise fluctuating or arid landscapes, therefore playing an important role
in early hominin evolution and dispersal.

A large number of modern pollen samples from Ethiopia (with fewer samples from Kenya
and Burundi) were included in studies that aimed to develop transfer functions to reconstruct
rainfall (Bonnefille et al. 1992; Roeland et al. 1988) and temperature in fossil records. It was
found that it is possible to reconstruct modern temperatures and precipitation with a high degree
of accuracy based on the large and geographically widespread datasets used in the analyses.

21.5.4 Uganda

Hedberg (1954) sampled moss and lichen, predominantly from Carex bogs, within the Alpine
and Ericaceous belts of the Ruwenzori Mountains in Uganda. It was found that, within the Alpine
belt, pollen dispersal is predominantly local. Ericaceous pollen is found to be, although relatively
local in its dispersal, a potentially useful indicator taxon. For other taxa, similar conclusions were
drawn for these Ugandan samples as for those from Mount Kenya.

Osmaston (1958) conducted palaeoecological work in the same region as Hedberg (1954)
and Livingstone (1967) took cores from Lakes Bujuku, Kitandra and Mahoma, whose top-most
sediments can be considered surface samples. These core-top samples showed low levels of
Poaceae, even in alpine belts, leading Livningstone dismiss Poaceae as an indicator of cooler
alpine conditions in the past.

Hamilton (1972) analysed modern samples from Kigezi (largely samples from swamps)
and Ruwenzori (various environments) and Mount Elgon (within the ‘Montane Forest’ and ‘Eri-
caceous and Afroalpine’ Belts). These samples demonstrated that, in general, transport of pollen
to higher altitudes from low altitudes is more common than in the opposite direction. Flenley
later hypothesised that this was due to wind directions generally being up slope in the day and
downslope at night, and that pollen is generally released in the day (Flenley 1973). Hamilton
used the modern samples to develop lists of pollen types by dispersal propensity, and from these
lists made suggestions on the interpretation of pollen diagrams, including the fact that aquatic
taxa and taxa that likely represent long distance transport are omitted from pollen sums.

Vincens et al. (1997) used modern data from previous studies, as well as including original
data from surface samples from their own research and previously unpublished data to investigate
pollen rain across a wide environmental and elevational gradient in Uganda. Their study encom-
passed multiple vegetation types including savannah, forest-savannah mosaic, montane forest,
the Ericaceous belt and the alpine belt. They found that modern pollen rain can successfully
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separate different vegetation types but that characteristic plant taxa of certain ecosystems may
be completely lacking from their pollen signals.

In their paper from Mubwindi Swamp, south-west Uganda, Marchant and Taylor (2000)
present data of modern pollen spectra recovered from surface samples of sediment. Pollen types
encountered were grouped into five categories, according to their level of representivity when
compared with abundances of the same taxa in the sampled vegetation: under representative,
moderately under representative, representative, moderately over representative, and over rep-
resentative. The results of this research show that most of the dryland pollen incorporated into
swamp sediments is produced by local plants close to the site of deposition. Generally, abun-
dances of arboreal taxa such as Alchornea, Anthocleista, Croton, Dombeya, Ilex, Myrtaceae,
Newtonia, Polyscias, Prunus, Rapanea and Zanthoxylum in the modern pollen appear to closely
reflect the occurrence of their parent taxa within the surrounding vegetation. This close relation-
ship between the representation of the parent taxa in dryland vegetation and the pollen percentage
in surface samples allows the incorporation of these taxa in the nonlocal pollen sum (Marchant
et al. 1997).

21.5.5 Kenya

Hedberg (1954) conducted the first modern pollen analyses for Kenya, using moss and lichen
samples taken from the Teleki Valley, Mount Kenya. He also sampled ice from the peak of Mount
Kenya for pollen, which was found to contain many pollen grains and spores, assumed to be
from the preceding years to decades. Podocarpus was found to be abundant in the moss samples,
demonstrating long-distance transport of 6-10 km. Samples from the Bamboo forest zone were
found to contain little Poaceae pollen, which was attributed to Bamboo’s irregular flowering
and death after flowering. Alchemilla was found to be locally abundant, with poor dispersal.
Hedberg also determined that it was not possible to determine Senecio forest from its pollen
spectrum alone, as similar amounts of ‘Compositae: Tubiflorae’ (the Asteraceae pollen type
used that included Senecio) were found in samples from other vegetation types. Undifferentiated
Lobelia pollen was found but was not considered to be of any use as an indicator taxon due to the
occurrence in the area of various species of Lobelia with different environmental preferences.
Coetzee (1967) also examined modern pollen samples from Mount Kenya, and drew similar
conclusions to Hedberg (1954) around the abundance of Podocarpus. Rucina (2000) also notes
over-abundance of Podocarpus from modern samples from the Aberdare Mountains, south-west
of Mount Kenya. Hamilton (1972) noted that the analyses of Coetzee and Herberg possessed
relatively low taxonomic resolution. This issue was somewhat addressed by Livingstone (1967)
who worked from a better reference collection and published results including core-top samples
from Uganda (see Uganda).

Modern pollen on Mount Elgon (which experiences different weather patterns on its south-
ern and eastern flanks, with the southern receiving higher rainfall) was studied by Hamilton
and Perrott (1980) who used both soil samples and pollen traps along two elevational transects.
Of these transects, one was on the wetter southern side of the mountain, and the other was on
the drier, eastern side. Due to their transects being elevational, a number of different vegeta-
tion types were sampled; Montane forest, Ericaceae thicket, High altitude grassland, Alchemilla
scrub, Rocky ground communities, Mires, and agricultural land. Their findings indicated that
Montane forest produced the most pollen, and that it was represented in other areas both up
and downslope of its extent. Poaceae pollen abundances were found to reflect the local abun-
dance of grasses in the vegetation. Many pollen taxa, including Schefflera and Amaranthaceae,
were found to disperse very poorly and do not travel far from their parent plants, whereas some,
such as Acalypha, Urticaceae, Juniperus-type and Podocarpus-type, demonstrated long-distance
transport. Sediment samples taken nearly a decade apart (1967 and 1976) showed very similar
pollen assemblages, leading the authors to conclude that surface samples represent longer-term
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modern pollen deposition well. Vincens (1984) investigated modern pollen from Lake Turkana
and concluded that only 7% of pollen in the lake was aerially deposited.

A biome reconstruction using modern pollen data from EastAfrica used 40 sites from North-
ern Kenya (Vincens et al. 2006), the modern pollen rain was assigned into plant functional types
then biomes. The study indicated that modern pollen rain correctly predicted modern vegetation
types except in transition zones where the drier/more open vegetation type was predicted. This
Vincens (2006) study includes the results and data from previous unpublished studies by the same
author. A study running between 2014 and 2015 set up pollen traps in the Mau forest (around
Nyabuiyabuyi swamp) and the Amboseli Park at Kimana, Ormakau and Isinet swamps. 30 pollen
traps at each site (total 120) were left at each site for a period of 1 year (Githumbi 2017). During
the recovery of the traps a year later only at Nyabuiyabuyi were 21 of the 30 traps recovered, at the
other sites the recovery rate was less than 20%. The major cause of trap disappearance/selection
was wildlife. Due to this, new initiatives in Amboseli are in progress where new traps are to be
located in areas that can be continually monitored to ensure survival of the traps.

21.5.6 Burundi

Bonnefille and Riollet (1988) conducted a study of modern pollen as part of work on a core
from Kashiru Swamp, in the Burundi highlands. They collected soil samples from a range of
different altitudes in the Teza forest, between 2100 and 2500 m asl. These samples were taken
across the montane forest-Ericaceous moorland transition, and reflected this vegetational change.
Ericaceous pollen did not disperse far from its vegetation zone, and as altitude increased, a sharp
decrease in arboreal pollen was observed. Macaranga pollen accounts for around 40% of the
pollen from the montane forest samples, and the authors interpret this as a sign that these forests
may have been previously disturbed. They also note that the trees that are characteristic of the
forest (Entandrophragma, Prunus, Chrysophyllum and Neoboutonia) are extremely rare in the
modern pollen spectra.

21.5.7 Tanzania

Modern pollen work in Tanzania was conducted by Vincens (1987) on Lake Natron. It was
established that modern pollen assemblages recovered from the lake were relatively uniform
across the lake except from where rivers emptied into the lake. Pollen assemblages from the lake
surface samples captured the important vegetation types in the catchment basin, but not in a
representative manner.

From a modern pollen-rain study along the elevational gradient on Kilimanjaro Schüler
et al. (2014) show that it is crucial to establish a modern pollen-rain-vegetation relationship for
the calibration and interpretation of a fossil pollen record from mountain sites across a gradient of
alpine vegetation types including savannah, lower montane, middle montane and upper montane
forest types. On Kilimanjaro, the authors analysed modern pollen-rain on plant family level to
derive the elevational forest zone (lower, mid, and upper forest zone as per Hemp (2006)) of
the surrounding vegetation. Climatic conditions of the study sites were further assessed and put
into relation with pollen-rain and forest vegetation (Schüler 2013) which is important for the
interpretation of palaeo-records. However, it was shown that the occurrence of plant families
along the altitudinal gradient are differently represented in the modern pollen depending on their
various reproduction factors. This can further be quantified as a transfer factor as introduced for
montane forest taxa in south west Uganda by Marchant and Taylor (2000). The diversity trend
captured in the modern pollen-rain on the elevational gradient on Mt Kilimanjaro reflects the
plant diversity in the vegetation. However, Schüler et al. (2014) observed differences in the taxa
richness as the pollen and fern spore dispersal seems to be strongly influenced by the regional
wind patterns.
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Ivory and Russell (2016) collected modern pollen samples from Lake Tanganyika, which
showed consistently high levels of Poaceae pollen (>60% in all samples) and low levels (<6%)
of forest taxa even when intact forest was present on the shoreline very close to the sampling site.
They conclude that modern pollen assemblages in Lake Tanganyika do reflect, to some extent,
the shoreline vegetation, and that depth is not a significant factor in the assemblage composition.

21.5.8 Malawi

Modern pollen samples in Malawi were collected by Meadows (1984), who used a combination
of pollen traps and soil samples on the Nyika Plateau. Pollen traps placed at ground level and one
metre height were compared and found to produce extremely similar assemblages. The author
found that pollen trap and surface samples produced very similar pollen spectra, even with the
amount of re-worked pollen being similar. Re-worked, in this instance, implied re-floated into
the atmosphere. The three vegetation types investigated in the study, Dambo (shallow wetlands),
Grassland and Forest were able to be distinguished by their pollen spectra. Some pollen taxa were
found to be ‘well-dispersed’, including Ericaceae (in contrast to other studies from East Africa
eg. (Hamilton 1972)), Poaceae and Cyperaceae. Further samples were collected and analysed
from surface samples of Lake Malawi itself by DeBusk (1995, 1997), who found that high levels
of mixing, and different inputs (e.g. wind versus riverine) led to a very coarse signal within the
lake, from which it was not possible to distinguish distinct pollen assemblages corresponding to
vegetation types on the shores.

21.6 SOUTHERN AFRICA

Within the tropics of Southern Africa, a relatively large number of studies have been carried out
in some countries, including in Madagascar and South Africa. Angola, Botswana, Mozambique
and Zimbabwe lack any modern pollen studies in their tropical regions.

21.6.1 Madagascar

Modern pollen samples from Madagascar mostly covered the sub-humid forest grassland mosaic
of Central Highlands with little to no representation of the dry deciduous forest, savannah wood-
land, and the spiny thickets in the south western region. Early surface sample analysis for
palaeoecological purposes was conducted by Burney (1988) based on 13 perennial lakes and
bogs in the sub-humid forest grassland mosaic of Central Highlands. These wetlands were sam-
pled directly, by pushing a vial into the surface of the bog using various devices, depending on the
water depth and type of sediment (Burney 1988). Based on the rate between arboreal pollen (AP)
and non-arboreal pollen (NAP) distinction of taxa associated with grasslands (with grass pollen
≥55%), forest/grassland mosaic (grass pollen between 22–38%), and montane shrub grassland
(Ericaceae pollen ≥40%) were identified. The presence of Ericaceae-dominated montane shrub
grasslands and the forest formations of the northern and eastern parts of the island were recorded.
Along these, ecosystems such as riparian woodlands on the lakeshores, patches of montane were
also represented as the case of the sample collected at Ankazominady in the central highlands.
These findings enabled interpretations of palaeoecological work and established at least a qualita-
tive distinction between Malagasy paleoenvironments in the region. However, Burney suggested
the need for larger modern pollen datasets and the inclusion of more phytogeographic information
combined with multivariate statistical methods for better interpretations.

Straka (1991) published 89 samples from mosses and surface sediments within which
60 samples were from Madagascar. Straka’s samples represented seven vegetation types. The
humid forest included seven samples with three samples in the littoral forests, three in the
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humid forest at low altitude, and one in the secondary forest called Savoka. However, most of
the samples were collected in the subhumid forest in the Central Highlands with a total of 48
samples. The ericoid thickets were represented with four samples which were characterised by
a high percentage of Ericaceae/Vaccinaceae (45–98%) with low diversity or with a moderate
percentage of Ericaceae/Vaccinaceae combined with Asteraceae type Aster (30%). For all the
samples analysed by Straka, only one from the Spiny thicket in the south of the island was
collected. Yet, the pollen results presented taxa typical of this vegetation such as type Euphorbia
(24,5%), type Acacia and they even found one pollen grain of an Alluaudia ascendens (Drake)
Drake (Didiereaceae) and also a high percentage of Asteraceae (52%) (Straka 1991). Straka’s
analysis was however only qualitative and more advanced quantitative analysis are needed.

After almost three decades, seven samples from the top of sediment cores and surface sam-
ples were collected and analysed by Razafimanantsoa (2015) from the Northwest dry deciduous
forest in Madagascar. These samples represented taxa from different soil types within the dry
deciduous forest, but also the degraded dry forest and savannah ecosystems. Results showed the
presence of high pollen rain concentration in the dry forest and savannah ecosystem compared
to the degraded forest (Razafimanantsoa 2015). In the pollen results, the dry deciduous forest
is characterised by Commiphora and Dalbergia as well as Rubiaceae type, while Poaceae and
Ziziphus were abundant in the savannah. The degraded forest was on the other hand characterised
by the abundance of Eucalyptus sp. These initial surface sample results by Burney (1988), Straka
(1991) and Razafimanantsoa (2015) in addition to recently collected samples (fieldwork session
in 2015, 2016 and 2019) from the succulent woodland, dry deciduous and sub-humid forest could
form the basis to establish a reference based on the distribution of pollen and their representation
in the various vegetation types in Madagascar.

Similar to these surface samples destined for palaeoecological interpretations, several inves-
tigations of pollen rain based on samples from spore Brutayert traps are important tools to help
for the interpretation of past pollen record. Analysis of pollen samples from the Capital of Mada-
gascar in the Central Highlands was first published as a thesis in the early 80’ covering the period
of 1979, 1980, 1981 (Rajeriarison 1983). This study found that the pollen in the region contains a
high percentage of Poaceae which were interpreted by Straka (1991) to have reflected rice fields
and savannah that are abundant in the region (Straka 1991).

21.6.2 Namibia

Namibian modern pollen has been recently studied by Tabares et al. (2018) who used soil sur-
face samples to test the correspondence between vegetation and pollen in savannah ecosystems.
They found that pollen is able to separate out distinct vegetation types such as Acacia wood-
land and open mixed woodland well, although overall species richness is not reflected well by
pollen assemblages. Grazing pressure was found to be indicated by Alternanthera, Tribulus, and
Limeum and the co-occurrence of Dichrostachys, Phyllanthus and Crotalaria is an indicator of
environmental encroachment.

Hyrax dung middens, one of the few pollen records available from extreme arid environ-
ments such as the Namib desert, were investigated by Gil-Romera et al. (2006) and included four
modern dung samples. These modern samples were found to be more widely variable than their
fossilised equivalents, suggesting that they represented shorter time sampling periods than older
dung extracted from middens.

21.7 SPATIAL SPREAD OF MODERN POLLEN STUDIES

The spatial distribution of modern pollen studies in tropical Africa is not even, with work being
concentrated in certain areas and countries (Figure 1). Table 1 shows a breakdown of number
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Table 1. Phytochoria and number of modern pollen studies that include samples from each Phytochoria (White 1983).

Phytochoria Number of studies including
(White 1983) samples from this region

I. Guineo-Congolian regional centre of endemism 39
II. Zambezian regional centre of endemism 5
III. Sudanian regional centre of endemism 16
IV. Somalia-Masai regional centre of endemism 14
VI. Karoo-Namib regional centre of endemism 2
VII. Mediterranean regional centre of endemism 1
VIII and IX. Afromontane archipelago-like regional centre of

endemism and extreme floristic impoverishment
7

X. Guineo-Congolia/Zambezia regional transition zone. 0
XI. Guinea-Congolia/Sudania regional transition zone. 1
XII. Lake Victoria regional mosaic. 8
XIII. Zanzibar-Inhambane regional mosaic. 0
XIV. Kalahari-Highveld regional transition zone. 0
XVI. Sahel regional transition zone. 11
XVII. Sahara regional transition zone. 5
XIX and XX East and West Malagasy regional centres of

endemism
4

of studies by Phytochoria, which demonstrates that within the tropical region of Africa, the
Guineo-Congolian region is most represented, followed by the Sudanian region and the Sahel.
These regions cover large areas of land, and are also important biologically, harbouring a very
large number of species within multiple vegetation types. There are other comparably extensive
phytochoria which are much less well represented. The Zambezian region, for instance, has very
few studies but covers a large part of southernAfrica. The Guineo-Congolian/Zambezian regional
transition zone and the Kalahari-Highveld regional transition zone do not have any studies at all,
and the Guinea-Congolia/Sudania regional transition zone has just one study.

It is also apparent, from Figure 1 (and Table 2) that large swathes of Africa have few to
no studies, including much of central and central Southern Africa. Coastal regions are better
represented than inland areas, and studies tend to be clustered in countries where foundational
palaeoecological work had taken place, such as Uganda and Cameroon.

21.8 THE FUTURE OF MODERN POLLEN STUDIES IN AFRICA

21.8.1 Geographical and vegetation priority areas

Although the number of modern pollen rain studies in Africa has increased over the past few
decades, many countries and vegetation types are still under-investigated (Figure 1). Some of
these instances of under-representation, for instance in the Saharan region, are likely due to
environmental factors like aridity, meaning that gathering modern pollen samples from soil
is impractical and often unsuccessful. Any modern samples that are collected in the course of
palaeoecological fieldwork will not necessarily coincide with flowering of ephemeral species that
thrive in arid environments, potentially producing pollen that is dispersed rapidly and potentially
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Table 2. Table showing studies consulted in this study including their number for Figure 1.

Data Focus of
Number Area Reference collection the Study

WEST AFRICA

1 Mauritania Romero
et al. (2003)

Pollen traps Palaeoecology

2 Senegal,
Mauritania

Lézine and
Hooghiemstra
(1990)

Lake surface Palaeoecology

3 Senegal,
Mauritania,
Ocean

Lézine and
Hooghiemstra
(1990)

Soil, river,
marine mud
surface samples

Palaeoecology

4 Senegal,
Togo

Lézine and Edorh
(1991)

Soil, river
surface samples

Palaeoecology

- Senegal,
Mauritania

Lézine (1987) Soil and river
samples

Palaeoecology

5 Côte
d’Ivoire

Ybert (1975) Pollen traps Palaeoecology

6 Côte
d’Ivoire

Fredoux (1978)

7 Côte
d’Ivoire

Caratini et al.
(1987)

Palaeoecology

8 Côte
d’Ivoire,
Chad

Ybert (1980) Glycerine slides Aeropalynology

9 Ghana Julier et al.
(2019)

Pollen traps Palaeoecology

10 Ghana Maley (1983) Lake surface
samples

11 Ghana Julier et al.
(2017)

Pollen traps Palaeoecology

12 Togo Chalié et al.
(1990)

Soil surface

13 Togo Edorh (1986) Soil surface Palaeoecology
14 Togo Edorh and

Afidegnon
(2008)

Soil surface Palaeoecology

15 Bénin Zanou et al.
(2020)

Soil surface

16 Bénin Tossou et al.
(2012)

Soil surface Palaeoecology

17 Bénin Tchabi et al.
(2017)

Pollen traps Aeropalynology

18 Bénin Tossou et al.
(2016)

Pollen traps Aeropalynology

19 Niger Caratini (1988) Pollen traps Aeropalynology
20 Nigeria Adeniyi

et al. (2018)
Pollen traps Aeropalynology

(continued)
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Table 2. Continued.

Data Focus of
Number Area Reference collection the Study

21 Nigeria Adekanmbi and
Ogundipe
(2010)

Pollen traps Aeropalynology

22 Nigeria Ajikah et al.
(2015)

Pollen traps Aeropalynology

23 Nigeria Ibigbami and
Adeonipekun
(2020)

Pollen traps Aeropalynology

24 Nigeria Adeonipekun
et al. (2016)

Pollen traps Aeropalynology

25 Nigeria Agwu (2001) Aeropalynology
26 Nigeria Abdulrahaman

et al. (2015)
Pollen traps Aeropalynology

27 Nigeria Ezikanyi
et al. (2016)

Pollen traps Aeropalynology

28 Nigeria Agwu (1986) Soil surface/
Water samples

Palaeoecology

29 Nigeria Agwu and Osibe
(1992)

Aeropalynology

30 Nigeria Njokuocha
(2006)

Pollen traps Aeropalynology

31 Nigeria Adekanmbi
et al. (2018)

Pollen traps Aeropalynology

32 Nigeria Alebiosu
et al. (2018)

Pollen traps Aeropalynology

33 Nigeria Salzmann
(2000)

Pollen traps/
Soil surface

Palaeoecology

34 Nigeria Salzmann and
Waller (1998)

Pollen traps/
Soil surface

Palaeoecology

35 Chad Schulz (1976) Pollen traps Palaeoecology
36 Chad Maley (1972) Soil surface Palaeoecology
37 Chad Amaral et al.

(2013)
Soil surface Palaeoecology

38 Chad Maley (1981) Soil surface Palaeoecology
– Various Melia (1984) Filters and

Marine
Aerobiology,
Palaeoecology

– Various Hooghiemstra
(1988)

Littoral and
marine surface

Palaeoecology

– Various Lézine et al.
(2009)

Various Palaeoecology

– Multiple Dupont (1991) Marine surface Palaeoecology
– Ocean Calleja et al.

(1993)
Filters Palaeoecology

(continued)
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Table 2. Continued.

Data Focus of
Number Area Reference collection the Study

a Various Lézine (1997) Littoral and
Marine

Palaeoecology

b Various Caratini and Cour
(1980)

Filters with
silicon oil

Aeropalynology,
Palaeoecology

CENTRAL AFRICA

39 Cameroon Verlhac et al.
(2018)

Soil surface Palaeoecology

40 Cameroon Bengo (1992) Palaeoecology
41 Cameroon Van Campo

(2004)
Soil surface

42 Cameroon Reynaud-Farrera
(1995)

Marine surface Palaeoecology
Palynology

43 Cameroon Lebamba et al.
(2009)

Core top Palaeoecology

44 Cameroon Bengo (1996) Soil surface Palaeoecology,
Palynology

45 Cameroon Bengo et al.
(2020)

Soil surface Palynology,
Hydrology

46 Cameroon Vincens et al.
(2000)

Modern pollen-
vegetation
relationships,

Palynology
47 Central

African
Republic

Aleman et al.
(2012)

Soil surface
and superficial

litter

Modern pollen-
vegetation
relationships,
Palaeoecology

48 Gabon,
Cameroon

Lebamba et al.
(2009)

Soil surface Palaeoecology,
Palynology

49 Gabon Ngomanda et al.
(2007)

Soil surface
and superficial

litter

Palaeoecology,
Palynology

50 Gabon Henga-
Botsikabobe
(2015)

Soil surface Modern pollen-
vegetation
relationships,

Palaeoecology
51 Gabon Henga-

Botsikabobe
et al. (2020)

Soil surface Modern pollen-
vegetation
relationships,
Palaeoecology,
Palynology

52 Gabon Jolly et al. (1996) Soil surface Modern pollen-
vegetation
relationships

(continued)
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Table 2. Continued.

Data Focus of
Number Area Reference collection the Study

- Gabon Ngomanda
(2005)

53 Republic of
Congo

Tovar et al.
(2019)

Soil surface

54 Republic of
Congo

Elenga (1992) Surface
samples

55 Republic of
Congo

Elenga et al.
(2000)

Soil surface Palaeoecology

56 Democratic
Republic of

Congo

Beuning et al.
(2004)

Soil surface
and core top

Palaeoecology

d Marine,
Gulf of

Guinea

Dupont et al.
(1998)

Soil surface
and core top

Palaeoecology

EAST AFRICA

57 Sudan El Ghazali (2002) Soil surface Palaeoecology
58 Sudan El Ghazali and

Moore (1998)
Soil surface Palaeoecology

59 Djibouti Bonnefille et al.
(1980)

Soil surface Palaeoecology

60 Ethiopia Bonnefille
(2004)

Soil surface Archaeology

61 Ethiopia,
Tanzania

Barboni et al.
(2019)

Soil surface Palaeoecology

62 Ethiopia Bonnefille et al.
(1987)

Soil surface Palaeoecology

63 Ethiopia,
Kenya,
Burundi

Roeland
et al. (1988)

Soil surface Palaeoecology

64 Ethiopia Bonnefille et al.
(1993)

Soil surface Palaeoecology

65 Ethiopia Mohamed Umer
et al. (2004)

Archaeology

66 Kenya Vincens (1984) Palaeoecology
67 Kenya Vincens et al.

(2006)
Palaeoecology

68 Kenya Tiercelin et al.
(1987)

69 Kenya Rucina (2000) Soil surface/
Moss polster

Palaeoecology

70 Kenya, Tan-
zania

Coetzee (1967) Palaeoecology

71 Uganda Vincens et al.
(1997)

Soil surface Palaeoecology

(continued)
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Table 2. Continued.

Data Focus of
Number Area Reference collection the Study

72 Kenya, Uganda Hedberg (1954) Moss/Lichen
polsters

Palaeoecology

73 Uganda Hamilton (1972) Soil surface Palaeoecology
74 Uganda, Kenya Hamilton and

Perrott (1980)
Palaeoecology

75 Tanzania, Kenya,
Uganda,
Ethiopia,
Somalia

Bonnefille et al.
(1992)

Soil surface Palaeoecology

76 Uganda Marchant and
Taylor (2000)

Soil surface Palaeoecology

77 Uganda Marchant et al.
(1997)

Soil surface

78 Tanzania Schüler et al.
(2014)

Pollen traps Palaeoecology

79 Tanzania Ivory and
Russell (2016)

Soil surface Palaeoecology

80 Tanzania Vincens (1987) Core top Palaeoecology
81 Burundi Bonnefille and

Riollet (1988)
Soil surface Palaeoecology

82 Tanzania Schüler (2013)
83 Tanzania Vincens et al.

(2006)
Surface
samples

Palaeoecology

84 Malawi Meadows (1984) Soil surface,
pollen trap,
core top

Palaeoecology

85 Malawi DeBusk (1997) Lake surface Palaeoecology

SOUTHERN AFRICA

86 Madagascar Razafimanantsoa
(2015)

Soil surface Modern pollen-
vegetation
relationships

87 Madagascar Ramavovololona
(1986)

Pollen traps Aeropalynology

88 Madagascar Rajeriarison
(1983)

Pollen traps Aerobiology

89 Madagascar and
Mascareings

Straka (1991) Soil surface/
moss polster

Modern pollen-
vegetation
relationships

90 Madagascar Burney (1988) Soil surface Palaeoecology
91 Namibia Tabares et al.

(2018)
Soil surface Palaeoecology

92 Namibia Gil-Romera et al.
(2006)

Dung Palaeoecology

* Note that publications that are inaccessible but whose existence is confirmed by citations, or
their inclusion in revision works are in italics.
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destroyed due to dryness and heat. This problem of aridity could be addressed by setting arti-
ficial pollen traps. Transitional zones between different phytochoria are also under-represented,
possibly due to their relatively small geographical extent. These areas should, however, receive
attention in future studies due to their potential value in developing understanding of vegetation
responses to climate change over time. The transitions between phytochoria such as the Guineo-
Congolian region, the Sudanian region, and the Sahel, for instance, are likely to have shifted
in the past in response to climate drivers (Salzmann and Hoelzmann 2005; Watrin et al. 2007).
The pollen assemblages at the boundaries of these phytochoria are, therefore, important for the
interpretation of shifts observed in fossil pollen records such as that from Lake Bosumtwi (Miller
et al. 2016) and marine cores (Dupont and Agwu 1992).

21.8.2 Methodological recommendations for pollen dispersal and deposition modelling

The goal of pollen analysis has since the earliest days of the discipline been the reconstruction
of past landcover, but the relationship between pollen assemblage at a point and surrounding
vegetation is not simple. There are three broad methods for using modern pollen and vegetation
data to improve interpretation of sedimentary pollen records. The first method, biomisation,
assigns pollen types to plant functional types, then using the plant functional type spectrum to
assign a biome, on the assumption that biomes are persistent features of the vegetation (Jolly
et al. 1998; Vincens et al. 2006). Biomisation results are used in the validation of vegetation
models such as Dynamic Global Vegetation Models (Hély et al. 2006). The second method,
the modern analogue technique, statistically matches fossil pollen assemblages to the nearest
modern pollen assemblage, and the past environment then assumed to be the same as the present
one (Peyron et al. 2006). The third method, pollen-vegetation relationship modelling, uses a
model of pollen dispersal and deposition (pdd) to establish a relationship between landcover and
pollen assemblage, then applies an inverse form of this to reconstruct past land cover (Duffin
and Bunting 2008; Gillson and Duffin 2007; Sugita 2007a, 2007b).

Here, we focus on the pdd model and how studies of modern pollen rain in tropical Africa
could improve its applicability and relevance. The pdd modelling approach to landcover recon-
struction reconstructs the wider past landscape (Bunting and Middleton 2009; Sugita 2007a,
2007b), by assuming that the relationship between plant and pollen is constant over time. The
technique has been developed extensively over the last decade and is becoming a valuable tool
for investigations of patterns of and controls on land cover change, especially in the northern
temperate zone (e.g. Marquer 2017; Li et al. 2020).

Challenges in extending the pdd approach (and the modern analogue approach) to the tropics
are two-fold-collecting calibration datasets of modern pollen and associated vegetation data,
and the development of appropriate pollen dispersal models. Identifying appropriate trapping
techniques in tropical ecosystems can be difficult; many ecosystems lack natural pollen traps
such as moss polsters, and some ecosystems are too arid or fire-impacted to allow multi-year trap
placement and recovery, which has been shown to be advantageous in tropical systems (Haselhorst
et al. 2020). Collecting vegetation data for comparison with the modern pollen data is also often
a challenge (Bunting et al. 2013). Existing vegetation maps may not be at appropriate scale,
woody plants may only be recorded above 10 cm DBH, which excludes some that may flower
thereby contributing to the pollen signal, and vegetation surveys hampered by difficult terrain
and incomplete or challenging taxonomy. Dispersal models often fail to incorporate zoophilous
taxa, although reducing the number of taxa used in studies can go some way to solving this issue
(Whitney et al. 2019).

Despite these challenges, research is underway in tropical and sub-tropical areas to develop
means of applying the pdd modelling approach to reconstruction of land cover from pollen
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records. It has considerable potential in improving the integration of palaeoecology with ecology,
archaeology and climate modelling (e.g. Harrison et al. (2020)), adding a long term perspective
critical to meet socioecological challenges such as planning for climate change adaptation and
mitigation.

This review can support the use of pdd modelling in African palynology by showing the
range of data available across the continent. Existing pollen datasets can be identified in locations
where it may be possible to extract suitable vegetation data from remote sensing and data collected
for other purposes, and achieve initial model calibration for major habitats. We also hope to alert
colleagues to the potential of modern pollen samples, and therefore encourage study design which
can be used for model testing and calibration as well as for the analyst’s primary purpose.

21.9 CONCLUSIONS

In this review, we have collated and described modern pollen work conducted in tropical Africa
to date. We have provided country-scale summaries of the literature and identified potential areas
for future work, including arid regions and transitional regions. If these areas are focussed on in
forthcoming work, a more complete understanding of pollen-vegetation relationships in tropical
Africa will be developed, which will in turn contribute to improved interpretations of fossil
pollen records. Further, targeted modern pollen studies, designed with quantitative modelling
approaches in mind will also allow more rigorous interpretations of pollen fossil records to be
developed for Africa.
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ABSTRACT: Pollen from deep-sea sedimentary archives have proved to be a particularly use-
ful tool to provide an integrated regional reconstruction of vegetation and climate (temperature,
precipitation, and seasonality) on the adjacent continent throughout the Earth’s climate history.
In this paper, we have compiled marine pollen records from the African margin in order to assess
long-term patterns of vegetation changes during climate cycles. We investigate the changing and
complex interplay between African climate and high- and low-latitude forcing at orbital and mil-
lennial timescales. More importantly, the study of those records has shown the extent of different
biomes during the last ten million years covering the Plio-Miocene, glacial-interglacial cycles,
as well as eight Heinrich Stadials, the last deglaciation and the Holocene. In the West African
records, arboreal pollen expanded during most interglacials and during the early Holocene. The
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savannah and semi-desert/desert vegetation expanded abruptly during glacials, Heinrich Stadi-
als and the Last Glacial Maximum. Most eastern African pollen records have shown a clear
dominance of arboreal taxa throughout all climate cycles except during MIS32 suggesting that
a decoupling between eastern and western Africa took place. However, the scarcity of eastern
African marine pollen records hampers a reliable comparison between these two sectors.

22.1 INTRODUCTION

The distribution and composition of the African vegetation is largely controlled by climate pri-
marily through temperature ranges, radiation and precipitation (e.g. Box 1981; Holdridge 1947;
Woodward and Williams 1987; Woodward and McKee 1991). In turn, vegetation can exert an
important influence on surface energy fluxes and the hydrological cycle through alteration of
the surface albedo and biogeochemical processes, thus affecting climate locally (Denman et al.
2007; Pielke et al. 1998). In Africa, a continent that represents around 20% of the Earth’s surface,
and where climate and vegetation data are sparse, our understanding of the vegetation-climate
interaction and its consequences on the composition, structure and maintenance of terrestrial
ecosystems remains poor. Spanning the equator and encompassing tropical, sub-tropical and
temperate climate systems of both hemispheres, Africa provides a unique opportunity to study
not only local and regional climate dynamics, but also to investigate and understand vegetation-
climate interactions. Thus, allowing feedback effects to be identified on different spatial and
temporal scales, and to assess the inter-hemispheric teleconnections in the global climate sys-
tem. In this paper, we review the current state of knowledge related to African vegetation change
over the entire Quaternary (2.6 million years) and older at orbital, millennial and centennial
timescales by reviewing a large set of fossil pollen records obtained from marine sediments.

It is well established that the study of fossil pollen contained in sediments facilitates the
reconstruction of terrestrial palaeoenvironmental changes through geological times, and consti-
tutes the most widely used quantitative proxy of past vegetation changes (Gajewski 1993; Webb
1986). Pollen grains can be transported over long distances by winds and/or by rivers, and conse-
quently reach the sea floor. Therefore, pollen are present in marine sediments from estuarine to
abyssal environments and from the tropics to the Polar Regions. Consequently, their broad occur-
rence makes them valuable palaeoclimatic and palaeoenvironmental markers especially along
the coast of arid environments where terrestrial records are scarce and organic microfossils are
badly preserved. Pollen data derived from marine sediments integrate palynological information
on large shifts in vegetation over long and continuous periods, with individual sequences of sed-
iments often spanning more than one glacial/interglacial climatic cycle. Pollen records obtained
from marine sediments have been shown to be suitable for tracing large-scale climatically related
vegetation changes (Hooghiemstra 1988), hydrological variability (Dupont 1999), and for corre-
lations between change on land and in the oceans (Heusser and Shackleton 1979; Hooghiemstra
et al. 2006). However, the interpretation of pollen records from marine sediments should be
done carefully accounting for several aspects. These include: (i) source and production of pollen
grains, because it varies remarkably from one species to another, (ii) transport to the ocean floor
and through the water column, (iii) displacement by ocean currents, (iv) sedimentation process,
(v) taphonomic processes and early diagenesis, and (vi) fossilization in the sediment (Dupont
1999).

Pollen grains are dispersed over long distances (up to 200 km) reflecting the ease with
which they can be transported from their source area to the site of sedimentation (Wright 1952).
Therefore, the evaluation of transport agents is particularly important in the interpretation of
marine pollen records. Aeolian transport of pollen grains predominates in deep-sea sediments
located far from the coast and along arid areas with no or small river discharge (Heusser and
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Morley 1985; Hooghiemstra et al. 1986), whereas fluvial transport is especially dominant in
humid areas and at sites close to river mouths (Hooghiemstra et al. 1992).

By reviewing a large set of African vegetation reconstructions based on deep-sea pollen
records along the African ocean margins both in low- and mid-latitudinal climatic regions of both
hemispheres, we intend to: (i) assess the impact, timing and amplitude of climate changes on the
regional vegetation, (ii) study the large-scale vegetation changes, (iii) compare the hydrological
variability between the northern and southern hemisphere, and (iv) map the tree pollen distribution
through geological times. Specifically, this synthesis will allow us to trace past changes in the
African vegetation and to investigate the difference between the variability of tropical/equatorial
vegetation and subtropical vegetation (north and south of the equator).

22.2 CLIMATIC AND OCEANOGRAPHIC SETTINGS AND THEIR IMPACTS ON
POLLEN TRANSPORT

The climate of Africa includes a range of several different types that vary more in rainfall amount
than in temperatures (Nicholson and Grist 2003). Owing to its position across equatorial and
subtropical latitudes in both the northern and southern hemisphere we can distinguish the equa-
torial climate, the tropical wet and dry climates, the tropical monsoon climate, the semi-desert
climate (semi-arid), the desert climate (hyper-arid and arid), the subtropical climate and highland
climate.

Most of the continent lies within the intertropical zone between the Tropic of Cancer and
the Tropic of Capricorn. The climate of Africa depends on the seasonal migration of the tropical
rainbelt associated to the Intertropical Convergence Zone (ITCZ). The ITCZ is a seasonally
migrating low-pressure belt that forms where the Northeast (NE) Trade Winds converge with the
Southeast (SE)TradeWinds (Nicholson and Grist 2003). During boreal summer, between July and
September, the ITCZ reaches its northernmost position bringing moist air upward. This causes
water vapour to condense resulting in a band of heavy precipitation over the northern tropical-
subtropical areas as a humid monsoon flow bringing most of the annual rainfall (Nicholson
and Grist 2003). A contrasting dry season develops during the boreal winter, from December
to February, when the ITCZ reaches its southernmost position causing dry conditions in the
northern subtropics associated with strong NE Trade Winds and humid conditions in the southern
subtropical regions.

The northernmost and the southernmost edges of the continent have a Mediterranean climate
controlled respectively by variations in the North Atlantic Oscillation (NAO) (Le Houérou et al.
1986) and by the position and strength of the South Atlantic anticyclone and the Indian Ocean
anticyclone (Shannon 1985; Shannon and Nelson 1996). The climate of Africa is predominantly
tropical due to its latitudinal position in relation to the equator and the tropics (Nicholson 2000).
Temperate climates are rare across the continent except at high elevations and along the edges.

African deserts are the sunniest and the driest parts of the continent, owing to the prevailing
presence of the subtropical ridge with subsiding, hot, dry air masses such as the Saharan Air
Layer (SAL), a mid-tropospheric zonal wind system occurring at higher altitudes (1500 – 5500
m), incorporating the African Easterly Jet (AEJ). SAL is responsible for transporting dust and
terrestrial remains such as pollen grains from the Sahara and Sahel belt to the Atlantic Ocean
(Colarco et al. 2003; Hooghiemstra et al. 1986; Prospero and Nees 1986; Prospero et al. 2002;
Stuut et al. 2005).

The coast of the Gulf of Guinea, in tropical and equatorial Africa, is characterized by high
rainfall and consequently several river systems that complement the aeolian transport of pollen
grains. Therefore, fluvial-transported pollen is expected to dominate the pollen assemblages
found in marine sediments offshore tropical rivers such as Senegal, Niger, Congo and Cunene
Rivers. Further south, the climate system of southern Africa is controlled by the position and
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Figure 1. Map of the modern vegetation simplified after White (1983) with the locations of all African marine sites.

strength of the South Atlantic anticyclone and the Indian Ocean anticyclone (Shannon 1985;
Shannon and Nelson 1996). The pressure difference between the South Atlantic anticyclone and
the continental pressure field causes alongshore SE trade winds (Figure 1). SE trade winds are the
main transport agent of pollen from Namibia and western South Africa. Orange River has shown
little to no contribution to the pollen content of the adjacent marine sites (Meadows et al. 2002).
Along the SE African coast, conditions are dominantly warm and moist, due to the influence
of the warm Indian Ocean and Agulhas Western Boundary Current. Moisture is advected from
the tropical Indian Ocean mainly during summer months when precipitation often exceeds 100
mm per month (Nash and Meadows 2012) in north-eastern South Africa (Tyson 1986; Tyson and
Preston-Whyte 2000). Fluvial transport of pollen grains by Limpopo and Zambezi Rivers is also
considerable in this area. Regarding the Gulf of Aden site, the area is dominated by the Indian
monsoon (Almogi-Labin et al. 2000).

The wind systems influence the most important large-scale oceanographic features along
the African continent. The Canary Current, a wind-driven surface current that is part of the North
Atlantic Gyre, dominates the ocean circulation in northwestAfrica. This eastern boundary current
branches south from the North Atlantic Current due to intensified NE trade winds and flows
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southwest about as far as Senegal where it turns west and later joins the Atlantic North Equatorial
Current. Further south, the west coast of southern Africa is dominated by the northward flowing
Benguela Coastal Current (BCC) stretching from 34◦S to 15◦S. The SE African continental shelf
is dominated by the Agulhas Current. Hooghiemstra et al. (2006) suggests that the distribution of
pollen over the ocean surface is reflected in the marine sediments without substantial displacement
by marine currents. This might not be fully true (Fischer et al. 2009), but isopollen maps show
that on continental scales the displacement by ocean currents is not large enough to bias the
trends seen in the pollen distribution (Dupont and Agwu 1991; Hooghiemstra et al. 1986).
We therefore assume that no large-scale transport has displaced the palynomorphs and other
terrigenous material while sinking through the water column.

Modern vegetation distribution in Africa reflects the north–south precipitation gradient
(Figure 1). The present-day African vegetation around the equator consists of tropical forests
including evergreen rainforest in the Congo basin and in the moist part of West Africa and semi-
evergreen and deciduous forest in northern Cameroon and southern Congo. North and south of the
forest fringes there is a narrow belt of natural grass savannah. North of the xerophytic shrubland
of the Sahel zone and along the coast of Namibia and southwest Angola, desert vegetation occurs
(White 1983). Mediterranean vegetation containing trees and shrubs dominate the northern and
the southernmost regions of Africa. Coastal vegetation is represented by mangrove, occurring
in tropical/subtropical estuaries and near the river mouths (White 1983). The distribution of
mangrove depends on water salinity, river runoff, and humidity (Blasco 1984).

22.3 COMPILATION OF THE RECORDS

In this study, we use all the available marine pollen records from Africa with an appropriate age
model stored in the African Pollen Database (APD) and Pangaea as well as those delivered by
authors upon request. Out of 95 marine sites illustrated in Figure 1, only 60 pollen records have
the potential to document the vegetation response to climate variability and, therefore, have been
used in this paper (Supporting Online Material [SOM] Appendix Table 1).

All of the radiocarbon-dated records considered here have age models in calendar years
(cal kyr BP) after conversion of 14C dates to calendar age according to Stuiver et al. (2020).
The age models were directly retrieved from the published articles or from the APD (i.e. based
on linear interpolation between the dated samples) taking into account the marine reservoir age
of 400 years, which reflects the present-day global average (Hughen et al. 2004). Age models
beyond the limit of radiocarbon dating were based on the marine oxygen isotope stratigraphy.
Selected sites with sufficient temporal resolution were used to illustrate the different patterns of
the vegetation response to major climatic events in a centennial-, millennial- and orbital-time
scale (Figures 2, 3 and 4). The whole dataset was then used to map tree pollen distribution in
marine sediments off African shores at a continental scale throughout different climate cycles
(Figure 5). Tree pollen types include trees, shrubs, palms and lianas. Percentages are calculated
against a sum of total pollen excluding those of aquatics (including Cyperaceae) and Pinus (SOM
Appendix Table 2).

22.4 PATTERN OF VEGETATION CHANGES IN AFRICA

Here, we focus on changes in pollen records during four main time intervals; the last deglaciation,
the last glacial cycle, the mid-Pleistocene and the Plio-Miocene. To be selected for further
analysis, the sites had to cover at least parts of these intervals, with a sufficient temporal resolution
for a substantial part of the record, and sufficient age control to pinpoint centennial- or millennial-
scale changes. Only eight records of the last deglaciation, eight records of the last glacial cycle,
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Figure 2. Summary diagrams showing a south-north transect of vegetation changes during the last deglaciation, using
the groups given in Table 1, for African marine sites (right hand axes: eastern African margin, left hand axes: western
African margin). Additional indicators such as Poaceae (corn yellow) and Podocarpus pollen (lila) are shown for each

site in percentages of total pollen (Y-axes). Note the absence of Podocarpus pollen in the northern records. YD: Younger
Dryas, BA: Bølling-Allerød warm event, HS1: Heinrich Stadial 1, LGM: Last Glacial Maximum. Black vertical lines

are denoting the LGM, HS1, BA, YD and the Holocene for each record.
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Figure 3. Summary diagrams showing a south-north transect of vegetation changes during the last glacial cycle, using
the groups given in Table 1, for African marine sites (right hand axes: eastern African margin, left hand axes: western
African margin). Additional indicators such as Poaceae (corn yellow) and Podocarpus pollen (lila) are shown for each

site in percentages (Y-axes). Note the absence of Podocarpus pollen in the northern records. MIS: Marine isotope stage.
Black vertical lines are delimiting MIS5, MIS4 and MIS3 for each record.
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Figure 4. Summary diagrams showing a south-north transect of vegetation changes during (A) the Mid-Pleistocene,
and (B) the Plio-Miocene using the groups given in Table 1, for African marine sites (right hand axes: eastern African
margin, left hand axis: western African margin. Additional indicators such as Poaceae (corn yellow) and Podocarpus

pollen (lila) are shown for each site in percentages (Y-axes). MIS: Marine isotope stage. Black vertical lines are
delimiting the different MISs in Figure 4A and are separating the Miocene, the Pliocene and the early Pleistocene in

Figure 4B.
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three mid-Pleistocene and four Plio-Miocene records met these criteria (Figure 2, 3 and 4).
Differences in regional floras make it difficult to compare pollen records from different regions
directly. To facilitate comparisons between sites, the vegetation records are summarized in terms
of major vegetation types (biomes) (Table 1). This naturally involves a certain loss of information,
but allows us to describe the main vegetation changes for each record (Figure 2, 3 and 4) in a
consistent way. It also should be kept in mind that the selection of pollen types reduces the sums
on which percentage calculation is based.

(Continued)
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Figure 5. Spatial distribution of tree pollen percentages in African marine sediments. Four categories are considered.
Black dot: AP>45% showing high percentages of arboreal taxa, grey dot: 15<AP<45% intermediate percentages of
arboreal taxa, light grey dot: AP<15% weak percentages of arboreal taxa and white dot: AP=0% absence of arboreal

taxa. Dashed boxes, indicate cold stages and solid boxes denote warm stages.

22.4.1 Last deglaciation and Holocene

The ODP1078C from southwestern (SW) Africa (Dupont et al. 2008) and MD92-1002 from
eastern Africa in the Gulf of Aden (Fersi et al. 2016) provide continuous pollen records of the
last 20,000 years with high temporal resolution (SOM Appendix Table 1, Figure 2). The other
pollen records cover either the early part of the last deglaciation or the Holocene (Figure 2).
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Table 1. List of the African biomes and characteristic pollen taxa grouped in major vegetation types according to the
phytogeographical assignment.

Equivalent local Characteristic
Mega-Biome vegetation names pollen taxa

Temperate/ Cool temperate rain
forest

Azioaceae, Cedrus, Ericaceae,
Juniperus, Olea, Pinus,
Pistacia, Quercus,
Restionaceae

Mediterranean forest Warm-temperate forest
Fynbos

Semi-desert/Desert Desert shrubs Artemisia, Asteroideae,
Cichoroideae, Ephedra,
Plantago, Ziziphus,
Zygophyllum

Grass
Herbs

CCA Desert and halophytic
vegetation

Amaranthaceae,
Caryophyllaceae

Savannah Dry forest Acacia, Spermacoce, Boscia,
Celtis, Cleome, Mimosaceae,
Mitracarpus

Steppe
Savannah
grassland

Mangrove Mangrove Avicennia, Rhizophora
Tropical forest Tropical lowland forest Alchornea, Allophylus,

Arecaceae,
Tropical evergreen forest Berlina/Isoberlina,

Bignoniaceae, Blighia,
Bombacaceae, Borassus,
Brachystegia, Butyrospermum,
Canthium, Capparis, Cassia,
Combretaceae, Croton,
Cuviera, Daniellia, Diospyros,

Tropical semi-deciduous
forest

Dodonaea, Elaeis, Ficus,
Gaertnera, Hippocrateaceae,
Hygrophila, Hymenocardia,
Ilex, Indigofera, Ixora,
Lannea, Leea, Mallotus,
Manilkara, Melochia,
Ochna, Parinari, Phoenix,
Phyllanthus, Piliostigma,
Pterocarpus, Rhamnaceae,
Rhus, Schreberea, Sterculia,
Stereospermum, Syzygium,
Tamarindus, Tarenna,
Trichilia, Uapaca, Urticaceae,
Vitaceae, Ximenia,
Zanthoxylum
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In Equatorial Africa, the pollen record of T89-16 (Marret et al. 2001) (Figure 2) provides infor-
mation into the equatorial vegetation development reflecting environmental changes in the Congo
basin prior to the Holocene. We excluded core KW 31, located south of the Niger Delta (Lézine
and Cazet 2005), despite a sufficient time resolution due to substantial gaps in the pollen record
(SOM Appendix Table 1). The GeoB9508-5 off the Senegal River and GeoB12624-1 off the
Rufiji Delta, (Bouimetarhan et al. 2012; 2015) show high-resolution vegetation change during
the northern hemisphere cold Heinrich Stadial 1 (HS1; c. 18-15 kyr BP) (McManus et al. 2004)
and theYounger Dryas (YD; c. 12.9-11.6 kyr BP) (Rasmussen andThomsen 2015) (Figure 2). The
Holocene records are represented by the high-resolution GeoB8331-4 and GeoB7920-2 pollen
records (Dupont and Schefuß 2018; Zhao et al. 2016) covering the last 10,000 years and the
GeoB8601-3 pollen record covering the last 3000 years (Zhao et al. 2019) (Figure 2).

In southernAfrica, the ODP1078C pollen record off the coast of Namibia andAngola shows
a clear dominance of semi-desert vegetation and Poaceae during the Last Glacial Maximum
(LGM), which decreases slightly during the Heinrich Stadial (HS) 1 while tropical forest and
mangrove as well as Podocarpus increased, indicating wetter and cooler climate conditions. This
trend is almost stable until the Holocene. However, from 10 to 8 kyr BP, a slight increase in
mangrove is observed reflecting a continuous input freshwater supply, which decreases in favour
of the tropical forest and Podocarpus (reaching up to 54%) from 8 until 3 kyr BP. After 3 kyr BP
Poaceae increase rapidly up to 40% possibly reflecting a shift towards drier conditions, although
human impact cannot be excluded.

In eastern Africa, the MD92-1002 pollen record from the Gulf of Aden shows rather a con-
trasting trend. The last deglacial vegetation is dominated mainly by CCA (Caryophyllaceae and
Amaranthaceae including Chenopodiaceae) and Poaceae. CCA reach up to ∼58% and 45% dur-
ing HS1 and YD respectively along with semi-desert/desert vegetation indicating the extremely
dry climatic conditions during the NorthAtlantic cold stadials. A slight increase in the savannah is
observed during the time period equivalent to the northern hemisphere warm event known as the
Bølling-Allerød (BA; c. 14.7 to 12.8 kyr BP) (Rasmussen et al. 2006). The onset of the Holocene
(c. 11.7 kyr BP) exhibits a substantial decrease in CCA and semi-desert representation along
with an increase in savannah elements as well as the tropical forest and mangrove indicating a
shift towards relatively wetter climatic conditions until 5 kyr BP. Podocarpus pollen is present in
very low relative abundances during the BA and late Holocene testifying rather the long-distance
wind transport.

In equatorial Africa, the pollen record off the Congo River T89-16 shows a constant domi-
nance of the mangrove forest throughout the whole sequence reaching up to 78% during the YD.
High abundances of mangrove pollen have been associated with transgressive phases and large
flood of the Congo River (Scourse et al. 2005). Poaceae and Podocarpus exhibit simultaneously
higher percentages during the LGM indicating cooler climate and decrease dramatically during
the YD.

In western and eastern Africa, pollen records off Senegal (GeoB9508-5) and off Tanzania
(GeoB12624-1) cover partly the period between c. 19 and 12 kyr BP, at centennial- to sub-
centennial-resolution, and provide new information on the deglacial vegetation of these regions,
which shows contrasting vegetation changes. Using last deglaciation pollen records from the
continental slope off Senegal, the data show that the Sahel drought remained severe during
HS1 with maximum CCA representation along with elements from the savannah and semi-
desert/desert vegetation, while Poaceae are represented before and after HS1. The marine pollen
record off the Rufiji River shows low percentages of CCA during HS1 along with high percentages
of tropical forest, savannah elements and mangrove as well as Podocarpus indicating less severe
HS1 droughts in contrast to West Africa.

The Holocene records off northwest (NW) Africa (GeoB7920-2) and South Africa
(GeoB8331-4) show similar trends with a clear dominance of three biomes, the semi-desert/desert
vegetation and CCA, the Mediterranean forest, and fynbos. While the latter is rather constant
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throughout the Holocene, the former shows a clear decrease in CCA and semi-desert/desert veg-
etation during the early Holocene followed by a remarkable increase after c. 5 kyr BP. Poaceae
reach their maximum values between c. 10 and 6 kyr BP.The short record of GeoB8601-3 offshore
Morocco shows a constant dominance of semi-desert/desert vegetation with a clear increase in
Poaceae pollen during the last 1000 years.

22.4.2 Last glacial cycle

Eight sites, of which two sites from the eastern African margin have been selected for this time
interval (Figure 3). In northernAfrica, a record of maximum extension of the Mediterranean forest
is found at the northernmost site off northern Morocco, GIK15669-1 at 34◦N (Hooghiemstra
et al. 1992) during the last glacial cycle, which is coincident with a similar forest expansion in
Europe (e.g. Sánchez Goñi et al. 1999). The GIK15627-3 pollen record off southern Morocco
at 29◦N (Hooghiemstra et al. 1992) depicts a different pattern with a clear dominance of CCA
and semi-desert/desert vegetation. Although lower than the previous record, a slight extent of
the Mediterranean forest is observed for Marine Isotope Stage (MIS) 5 that continues until the
present along with Poaceae that decrease however, rapidly after MIS5.

In equatorial Africa, the GIK16856-2 pollen record offshore Guinea at 5◦N (Dupont and
Weinelt 1996) shows an extension of mangrove forest during MIS5 and the last 20,000 years
along with a minimum representation of Poaceae pollen reflecting moist continental conditions
that coincide with interglacial and last deglacial conditions, respectively. Podocarpus percentages
show maxima during the latter part of MIS5 indicating a well-developed Afromontane forest as
a response to a cooler climate during the stadials MIS5b and MIS5d.

Further south, maximum expansion of the tropical forest is observed at the complete equa-
torial site GeoB1008-3 at 6◦S offshore northern Angola (Jahns 1996). MIS 5 exhibit low Poaceae
percentages while Podocarpus reach their highest values indicating a cooler climate during the
stadials of MIS5. In contrast to the previous record, mangrove forest is less represented along
with other biomes. The pollen record GeoB1016-3 off Southern Angola at 11◦S (Shi and Dupont
1997) shows a contrasting pattern compared to the previous records. Here, we see a clear dom-
inance of the semi-desert/desert vegetation along with Poaceae pollen except for MIS5 where
tropical forest and to a lesser extent mangrove are well developed. Podocarpus is well developed
during MIS5c-d and the last 10,000 years of the record. The record of GeoB1711-4 (Shi et al.
2001) from the Namib Desert shows a constant dominance of semi-desert/desert vegetation and
Poaceae with the presence of CCA. However, a small but significant increase in tropical forest and
Podocarpus pollen is observed during the stadials of MIS5 reflecting slightly cooler conditions.

In eastern Africa, the MD96-2048 pollen record from southern Mozambique at 26◦S shows
a clear shift from tropical forest dominance during MIS5 to semi-desert/desert vegetation and
Mediterranean forest dominance afterwards (Dupont et al. 2011). In contrast, the GeoB9311-1
pollen record off the Zambezi catchment at 21◦S (Dupont and Kuhlmann 2017) shows a co-
dominance of tropical and temperate forests for the entire record. On the other hand, Podocarpus
pollen is very well represented during MIS5 in the southern record while they do not exceed
20% in the northern record. This suggest that on a regional scale climatic perturbations of the
vegetation cover in the Zambezi catchment are less severe than in southern Mozambique.

22.4.3 Mid-Pleistocene

Three pollen records were selected to assess glacial-interglacial fluctuations in the vegetation
records around Africa during the Mid-Pleistocene (between c. 1.2 and 0.4 Million years (Myr)
BP; Berger and Jansen 1994) (Figure 4A). In eastern Africa, the recently published pollen
record off southern Mozambique MD96-2048 at 26◦S (Dupont et al. 2019) represents a unique
and continuous high-resolution African record from the Indian Ocean, to study the long-term
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evolution of orbital-scale vegetation changes. The terrestrial pollen assemblages indicate that
during glacials, specifically during MIS 7, 9, 11, and 17, the vegetation of eastern South Africa
and southern Mozambique largely consisted of tropical forest vegetation indicating relatively wet
conditions. During glacials, Mediterranean elements (here represented by the ericaceous vegeta-
tion in the mountains) along with semi-desert/desert elements dominated the pollen assemblage.
Podocarpus pollen does not display variability related to glacials or interglacials.

In equatorial Africa, represented by the ODP1075 pollen record off Congo at 4◦S (Dupont
et al. 2001) and GIK16867-3 record off Gabon at 2◦S (Dupont et al. 1998), vegetation is mainly
dominated by tropical forest and mangrove. The tropical forest expands widely during inter-
glacials (MIS 7, 9, 11, 13, 15, and 17) along with mangrove in sites offshore Gabon, while the
semi-desert/desert vegetation slightly increases during the glacials. Podocarpus shows higher
percentages during glacials indicating the expansion of mountainous forest during cold periods.
The ODP1075 pollen record shows a much higher representation of mangrove forest along with
tropical forest increasing strongly during periods of sea-level rise (Scourse et al. 2005). Poaceae
show rather lower values during interglacials MIS17, 19, 21, and 25 while Podocarpus does not
show a clear trend.

22.4.4 Plio-Miocene

Four records are presented here to reconstruct Miocene (c. 23 to 5.3 Myr BP) to Pliocene (c. 5.3
to 2.5 Myr BP) changes of African vegetation and rainfall regime (Figure 4B). In SW Africa,
the South Atlantic ODP1085A pollen record at 29◦S (Dupont et al. 2019) consists mainly of
a strong representation of desert and semi-desert vegetation and Poaceae pollen implying that
conditions were already arid 10 Myr ago. Podocarpus exhibit elevated relative abundances during
the Miocene while it disappears quasi-completely during the Pliocene. Authors have inferred
changes in the relative amount of precipitation and indicated a shift of the main moisture source
from the Atlantic to the Indian Ocean during the onset of a major aridification 8 Myr ago (Dupont
et al. 2013). The ODP1081A pollen record (Hötzel et al. 2015) offshore Namibia covering the time
interval between 9 and 2.7 Myr BP consists mainly of pollen from semi-desert/desert vegetation.
While, Podocarpus occurred during the Miocene, grasses expanded during the Pliocene.

In NW Africa, the Plio-Pleistocene pollen record ODP659A at 18◦N (Vallé et al. 2017)
shows more variability in the pollen content. After 3.5 Myr BP, the abrupt increase of CCA and
Poaceae suggests larger climate variability during that interval implying continent-wide aridity
during eccentricity maxima between 3.2 and 2.5 Myr BP. From 2.5 Myr BP on, the trend in ODP
Site 659 is characterized by a slight increase of Mediterranean forest and semi-desert/desert
vegetation and a clear decrease in Poaceae pollen. Podocarpus pollen are present during the
Pliocene with very low relative abundances but quasi-absent during the early Pleistocene. The
ODP658 pollen record off Cap Blanc at 20◦N (Leroy and Dupont 1994) shows a similar trend as
ODP659 during the late Pliocene. However, Poaceae pollen that reach up to 59% during the Late
Pliocene continue to be well represented through the early Pleistocene. Podocarpus, similarly to
the ODP site 659, is present with very low percentages during the late Pliocene and between 1.7
and 2 Myr BP.

22.5 POLLEN-CLIMATE RELATIONSHIP IN AFRICA

Today, Africa is mainly dominated by open landscapes between 30◦S and 30◦N with the excep-
tion of the Mediterranean, equatorial and mangrove forests and the afromontane forests. These
open landscapes range from desert, dry forests, to woodlands, wooded grasslands, grasslands,
and fynbos (White 1983). Transitions between forest, savannah and desert vegetation types as
well as Mediterranean forest in African fossil pollen records are often poorly understood due
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to the scarcity of modern pollen-vegetation studies (Julier et al. 2018; Lézine and Hooghiem-
tra, 1990; Vincens et al. 2000) and the over-representation/under-representation of certain taxa.
Shifts in biome distributions imply significant changes in climate, especially the precipitation
gradient throughout several time scales, reflecting a change in monsoon extent combined with
a southward expansion of the ITCZ (Shanahan et al. 2015). Outside the influence of the mon-
soon, westerly storm tracks bring rainfall to the northernmost and southernmost parts of Africa
(Jolly et al. 1998). Additionally, biomes are differently represented, because the biome char-
acteristic taxa have very different pollen production rates with different pollination strategies
(entomophily (insects); lepidopterophily (butterflies); anemophily (wind); chiropterophily (bats);
and ornithophily (birds)), and different dispersal mechanisms. Forest taxa which are frequently
entomophilous are under-represented (Vincens et al. 2000), while anemophilous taxa such as
Poaceae are generally over-represented relative to their abundance in the vegetation (Bush and
Rivera 1998). Pollen of Combretaceae and Alchornea are better represented in the marine sedi-
ments than other trees due to the better pollen dispersal compared to many other tropical forest
trees (Dupont 2011; Watrin et al. 2007). Although, the relative abundances of pollen grains can-
not be simply translated into vegetation composition, it could be interpreted as relative changes of
biomes through time. In marine sediments, this issue becomes even more serious as fossil pollen
records effectively show only a part of the vegetation on the adjacent continent. The reduced
representation of the assemblage is less in pollen data from terrestrial deposits, which give more
local information. However, due to the relatively good preservation of pollen grains in certain
marine records, good age control and coverage of long periods, marine archives allow us to
study vegetation changes over several continuous climate cycles. Here, we present distribution
maps of arboreal pollen percentages (AP%) from available marine pollen records off African
shores for different time-slices (Figure 5) in order to discuss changes in regional vegetation and
environmental conditions over orbital and glacial-interglacial timescales and to assess the low-
to mid-latitude interhemispheric climatic implications and mechanisms.

22.6 PATTERN OF LANDSCAPE CHANGES

We show four arboreal taxa categories (AP%), as also used by Lézine et al. (this issue), to
characterize the African landscapes through several climate cycles (Figure 5): (i) AP higher than
45% corresponding to more or less closed canopy, (ii) 15<AP<45% intermediate between closed
canopy and open landscapes, (iii) AP lower than 15% indicating grass-dominated landscapes,
and (iv) AP%=0.

During the early Holocene, marine pollen records show high percentages (AP>45%) of
arboreal taxa in most of Africa. Exceptions are found offshore of SW Africa (South Africa and
Namibia), Gulf of Aden and Mauritania. This indicates the prevalence of forested vegetation
types over tropical and Mediterranean Africa linked to humid conditions. Late Holocene records
show a more open landscape as many sites contain lower relative abundances of arboreal taxa
(AP<15%) reflecting grass dominated landscape, thus drier conditions than in the early Holocene.

Between 21 and 11.8 kyr BP, last deglaciation marine pollen records show a more open
vegetation with widespread grassland, as well as savannah and xerophytic scrubland vegetation
(Figure 2) indicating dry climate especially during the last glacial maximum (LGM). AP% are
higher (>45%) in Equatorial Africa and in NW and SE Africa even during HS1 and LGM
whereas the rest of the marine African pollen records are characterized by a strong representation
of grasses.

Between 50 and 21 kyr BP, open grasslands and savannahs dominate NW and SW Africa,
the tropical regions and SE Africa show a mixture between closed canopy and open landscapes,
while equatorial Africa is characterized by a more or less dense vegetation during HS2 and HS3.
In general, HS4 and HS5 display intermediate AP% (15<AP<45%) indicating relatively wetter
conditions.
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Between 80 and 50 kyr BP, pollen records show that HS6 is characterized by a return to a
more open vegetation and thus, drier conditions in NW Africa and Gulf of Guinea compared to
the previous HS. HS7 and HS8 exhibit similar trends as HS4 and HS5 with particularly higher
AP% (>45%) during HS8 in SE Africa. Taken together the AP% distributions over the last 80,000
years show, to a certain extent, a north-south rainfall gradient consisting of lower AP% (<15%)
in NW and SW Africa, intermediate AP% in tropical Africa and SE Africa and higher AP% in
equatorialAfrica. Although marine pollen records from easternAfrica are extremely understudied
compared to western Africa, we could observe a contrast between the relatively denser SE and
the open SW African landscape; forests only occurred in western equatorial Africa between 2◦N
and 12◦S. The AP% distribution maps show that the intervals spanning the LGM, HS1 HS2 and
HS6 are marked by an increase in open vegetation, mainly savannah and xerophytic vegetation
as shown in Figure 5. These changes occur mainly in NW and SW Africa indicating that major
changes in biome distributions occurred north of 10◦N and to a certain extent south of 20◦S.

22.6.1 Interglacials vs. glacials

For MIS5, one of the best studied warm stages in Africa represented by 21 records, open land-
scapes dominate the Sahel/Sahara region from 20◦ to 30◦N and SW Africa and decline in 12
sites located in western equatorial Africa, north and SE Africa where intermediate and higher
AP% are more prominent. This indicates a relatively wetter climate during MIS5 compared to the
previous period. During MIS6 (represented by 19 records), open landscapes dominate the coast
between 30◦N and 9◦N indicating a southward shift of the savannah biome during this glacial
period. MIS7 (represented by nine records) shows a clear dominance of arboreal taxa except one
site offshore Morocco indicating a return to wetter conditions. The next time slices, which are
represented with only few sites each (average of 3 to 5 records) seem to follow the pattern of
odd- and even-numbered MIS and show an alternation between dense arboreal dominance during
MIS9, 11, 13, 15, 17, 19, 21, 25, 31, and 37 and more open vegetation during MIS 10, 12, 14,
16, 18, 20, 24, and 32, especially in NW and SW Africa.

MIS20 and MIS26 form an exception showing higher arboreal pollen percentages offshore
of the Sahara. Moreover, the eastern African site that exhibited intermediate to higher arboreal
taxa values throughout all timescales indicated an open-dominated landscape during MIS32
reflecting dry conditions in this area compared to previous climate cycles. The only few available
records representing the Pliocene and the Miocene show mostly grass-dominated landscapes and
dry forests.

Taken together, the AP% distribution maps show that dense forests and intermediate tree
cover were able to persist in equatorial and easternAfrica through all marine isotope stages shown
in Figure 5 (except MIS32). The scarcity of eastern African marine sites, however, hampers a
reliable comparison in order to understand the response of the eastern African biomes to climate
variability in this climatically highly complex region.

22.6.2 Low vs. mid-latitudinal variability

The influence of obliquity, the tilt of the Earth’s rotational axis, on incoming solar radiation at low
latitudes is small, yet many tropical and subtropical palaeoclimate records reveal a clear obliquity
signal (Dupont 2011; Dupont et al. 1989). This is particularly important since in terms of mean
energy balance the integrated summer insolation is more important than maximum insolation,
which is influenced by obliquity and not by precession (Huybers 2011). Additionally, the inso-
lation gradient between high and low-latitudes depending on obliquity controls the atmospheric
meridional flux of heat, moisture, and latent energy (Raymo and Nisancioglu 2003). Obliquity’s
control on meridional insolation gradients weaken, or strengthen, the mid-latitude westerlies
and the subtropical trade winds (Lee and Poulsen 2005). Yet, model simulations suggest that
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the c. 100 kyr cycle signal was not a robust feature of tropical vegetation, which is subject to
stronger direct forcing by the precessional (c. 21 kyr) orbital cycle (Gosling and Holden 2011).
However, Dupont (2011) has shown significant power around 100 kyr at all records she has
analysed in her review paper, which is interpreted as an effect of glacial boundary conditions.
Thus, the correlation of palaeoenvironmental changes from African pollen records with global
temperature change remains ambiguous and must be done with great caution. The AP% distribu-
tion maps (Figure 5) and pollen diagrams (Figure 2) indicate that during the Holocene, YD and
HS1, the response of arboreal vegetation reversed at subtropical latitudes between hemispheres,
whereby NW African sites exhibit higher AP% than those of SW Africa. Arboreal taxa values
show maxima at equatorial and tropical sites from the northern and southern hemispheres during
warm stages (Figure 5) and a clear reduction during cold stages (Figures 3 and 4A) probably
driven by summer insolation, which is expected to be the main forcing mechanism of rain forest
variability. Summarizing the marine palynological results covering several glacial-interglacial
climate cycles, it is suggested that the equatorial rain forest extent in tropical Africa varies with
summer insolation; with boreal summer insolation in the northern part and with austral summer
insolation in the southern part.

22.7 PERSPECTIVES

This paper attempts to review and synthetize all available marine fossil pollen records from
offshore marine cores around the African continent to explore the vegetation response to climate
changes in millennial- and orbital-timescales. There is a clear need for more and higher resolution
records especially from the eastern African shores. There is also a need to improve dating of the
key records and create age models. Marine pollen records may be difficult to interpret as they
record an integrated mixture of pollen coming from large source areas. Nevertheless, if the
dispersal and transport mechanisms as well as the diagenesis and preservation are taken into
account, they can be very useful to document latitudinal shifts in biomes and to complement the
existing information from terrestrial records. This review was possible thanks to the available
data sets of pollen records submitted to different databases and to personal communications with
some authors. However, there is still a big amount of missing data that have not been submitted in
any database although the corresponding articles have been recently published. Therefore, there
is an urgent need to encourage colleagues all over the world to make their data public for the
general scientific interest.

22.8 CONCLUSIONS

Palynological approaches are moderately useful in distal offshore ocean settings characterized by
oligotrophic conditions because of low concentration of palynomorphs, making it difficult to do
statistically representative counts. On the other hand, combined with the fundamental problems
of tropical palynology (the under-representation of many species in the pollen record), the pollen
grains found in marine sediments are typically transported over long distances, through winds and
water, making it difficult to identify the precise source area. However, one of the main advantages
of pollen records from marine sediment sequences is that they provide access to exceptionally
long palaeoecological records that are crucial to understand the vegetation response to climate
forcing over time and allow direct correlations of climate change over land and in the ocean,
with minimal chronological uncertainty. Marine pollen records offer a unique opportunity to
associate continental environmental changes with marine environmental changes inferred from
the study of other palynomorphs (dinoflagellate cysts) or other sedimentary, geochemical or
micropalaeontological proxies.
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The overview presented here has shown that African vegetation and climate responded to
long-term and shorter-term climate changes. There was a dynamic equilibrium between vegeta-
tion and climate for short periods of forcing such as the Holocene and HEs. Within the Interglacials
(especially MIS5e), the African margin shows a clear dominance of arboreal taxa in most sites
(with some exceptions) indicating moist conditions. A different trend has been observed between
low- and mid-latitudes. The forest expansion shows maxima during interglacials and a clear
reduction during glacials at equatorial and tropical sites from the African northern and southern
hemispheres.

This overview has also shown that the western coast of Africa is well documented with con-
tinuous pollen records dating back to the Miocene thanks to the commitment of some researchers
over the last few decades. The atmospheric circulation conditions that favour pollen transport
towards the ocean, the latitudinal distribution of the major biomes as well as the reconstruction of
regional vegetation and its response to climate changes are one of the most important outcomes
of this research. However, the eastern coast of Africa, a climatically highly complex region, is
poorly documented. With the exception of few sites at the mouths of large rivers such as Limpopo,
Zambezi and Rufiji, marine pollen records are rare in this part of Africa but extremely important
to understand the response of the ecosystems to climate variability. More marine pollen records
are therefore, necessary to provide independent evidence into the timing of vegetation changes in
a regional context and their connection to global climate. Moreover, they would offer an impor-
tant complement to previously published palaeorecords from continental archives such as the
Great Rift Lakes (Tanganyika, Malawi, Victoria).

ACKNOWLEDGEMENTS

The authors wish to express their gratitude to all African Pollen Database (APD) contributors
and colleagues who made their data available for this study and for the excellent discussions
during the APD meeting in Bondy. We thank Henry Hooghiemstra and William D. Gosling for
their constructive comments on the manuscript. IB, HR, AB are funded by the German Federal
Ministry of Education and Research (BMBF), through the PMARS III grant (PMARS2015-100)”.
LD by the University of Bremen, and AML by CNRS.

REFERENCES

Adojoh, O., Marret-Davies, F., Duller, R., Osterloff, P., Oboh-Ikuenobe, F., Hart, M. and
Smart, C., 2020, The biostratigraphy of the offshore Niger delta during the Late Quaternary:
Complexities and progress of dating techniques. Quaternary Science Advances, 1, pp. 1–7,
10.1016/j.qsa.2020.100003.

Agwu, C.O.C. and Beug, H.-J., 1982, Palynological studies of marine sediments off the West
African coast. ‘Meteor’ Forschungsergebnisse, Deutsche Forschungsgemeinschaft, Geologie
und Geophysik, Gebrüder Bornträger, 36, pp. 1–30.

Almogi-Labin, A., Schmiedl, G., Hemleben, C., Siman-Tov, R., Segl, M. and Meischner,
D., 2000, The influence of the NE winter monsoon on productivity changes in the Gulf
of Aden, NW Indian Ocean during the last 530 kyr as recorded by foraminifera. Marine
Micropaleontology, 40, pp. 295–319, 10.1016/S0377-8398(00)00043-8.

Bayon, G., Schefuß, E., Dupont, L., Borges, A. V., Dennielou, B., Lambert, T. and André, L.,
2019, The roles of climate and human land-use in the late Holocene rainforest crisis of Central
Africa. Earth and Planetary Science Letters, 505, pp. 30–41, 10.1016/j.epsl.2018.10.016.



qvd CH022.tex September 21, 2021 14: 44 Page 367

Vegetation response to millennial- and orbital-scale climate changes in Africa 367

Berger, W.H. and Jansen, E., 1994, Mid-Pleistocene Climate Shift, The Nansen Connection. The
Polar Oceans and Their Role in Shaping the Global Environment, Geophysical Monograph
Series, 85, pp. 295–311.

Blasco, F., 1984, Climatic factors and the biology of mangrove plants. Monographs on
Oceanographic Methodology, 8, pp. 18–35.

Bouimetarhan, I., Dupont, L., Kuhlmann, H., Pätzold, J., Prange, M., Schefuß, E. and Zonneveld,
K., 2015, Northern Hemisphere control of deglacial vegetation changes in the Rufiji uplands
(Tanzania). Climate of the Past, 11, pp. 751–764, 10.5194/cp-11-751-2015.

Bouimetarhan, I., Dupont, L., Schefuß, E., Mollenhauer, G., Mulitza, S. and Zonneveld, K.,
2009, Palynological evidence for climatic and oceanic variability off NW Africa during the
late Holocene. Quaternary Research, 72, pp. 188–197, 10.1016/j.yqres.2009.05.003.

Bouimetarhan, I., Groeneveld, J., Dupont, L. and Zonneveld, K., 2013, Low-to high-productivity
pattern within Heinrich Stadial 1: Inferences from dinoflagellate cyst records off Senegal.
Global and Planetary Change, 106, pp. 64–76, 10.1016/j.gloplacha.2013.03.007.

Bouimetarhan, I., Prange, M., Schefuß, E., Dupont, L., Lippold, J., Mulitza, S. and Zonneveld, K.,
2012, Sahel megadrought during Heinrich Stadial 1: Evidence for a three-phase evolution of
the low-and mid-level West African wind system. Quaternary Science Reviews, 58, pp. 66–76,
10.1016/j.quascirev.2012.10.015.

Box, E. O., 1981, Predicting physiognomic vegetation types with climate variables. Vegetatio,
45, pp. 127–139, 10.1007/BF00119222.

Bush, M.B., and Rivera R., 1998, Pollen dispersal and representation in a neotropical rain forest.
Global Ecology and Biogeography Letters, 7, pp. 379–392, 10.2307/2997685.

Colarco, P. R., Toon, O. B., Reid, J. S., Livingston, J. M., Russell, P. B., Redemann, J. and
Campbell, J. R., 2003, Saharan dust transport to the Caribbean during PRIDE: 2. Transport,
vertical profiles, and deposition in simulations of in situ and remote sensing observations.
Journal of Geophysical Research: Atmospheres, 108, article: 8590.

Denman, K. L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P. M., Dickinson, R. E., Hauglus-
taine, D., Heinze, C., Holland, E., Jacob, D., Lohmann, U., Ramachandran, S., Leite da Silva
Dias, P., Wofsy, S.C. and Zhang, X., 2007, Couplings between changes in the climate sys-
tem and biogeochemistry. In Climate Change 2007: The Physical Science Basis, (Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA), pp. 499–587.

Dupont, L. M., 2006, Late Pliocene vegetation and climate in Namibia (southern Africa)
derived from palynology of ODP Site 1082. Geochemistry, Geophysics, Geosystems, 7,
10.1029/2005GC001208, article: Q05007.

Dupont, L.M., 2011, Orbital scale vegetation change in Africa. Quaternary Science Reviews, 30,
pp. 3589–3602, 10.1016/j.quascirev.2011.09.019.

Dupont, L.M., 1999, Pollen and spores in marine sediments from the east Atlantic-A view from
the ocean into the African Continent. In Use of Proxies in Paleoceanography, edited by Fischer,
G. and Wefer, G. (Springer, Berlin, Heidelberg), pp. 523–546.

Dupont, L.M., 2009, The Congo deep-sea fan as an archive of Quaternary change inAfrica and the
eastern tropical South Atlantic (A review). In External Controls on Deep-Water Depositional
Systems, SEPM Society for Sedimentary, Volume 92, edited by Kneller, B., Martinsen, O.J.
and McCaffrey, B. (McLean, Va: SEPM Society for Sedimentary Geology), pp. 79–87.

Dupont, L. M. andAgwu, C. O., 1991, Environmental control of pollen grain distribution patterns
in the Gulf of Guinea and offshore NW-Africa. Geologische Rundschau, 80, pp. 567–589,
10.1007/BF01803687.

Dupont, L.M. and Kuhlmann, H., 2017, Glacial-interglacial vegetation change in the Zambezi
catchment. Quaternary Science Reviews, 155, pp. 127–135, 10.1016/j.quascirev.2016.11.019.

Dupont, L.M. and Schefuß, E., 2018, The roles of fire in Holocene ecosystem changes of
West Africa. Earth and Planetary Science Letters, 481, pp. 255–263, 10.1016/j.epsl.2017.
10.049.



qvd CH022.tex September 21, 2021 14: 44 Page 368

368 Ilham Bouimetarhan et al.

Dupont, L.M. and Weinelt, M., 1996, Vegetation history of the savanna corridor between the
Guinean and the Congolian rain forest during the last 150,000 years. Vegetation History and
Archaeobotany, 5, pp. 273–292, 10.1007/BF00195296.

Dupont, L. M. and Wyputta, U., 2003, Reconstructing pathways of aeolian pollen transport to
the marine sediments along the coastline of SW Africa. Quaternary Science Reviews, 22,
pp. 157–174, 10.1016/S0277-3791(02)00032-X.

Dupont, L. M., Behling, H. and Kim, J. H., 2008, Thirty thousand years of vegetation development
and climate change in Angola (Ocean Drilling Program Site 1078). Climate of the Past, 4,
pp. 107–124, 10.5194/cp-4-107-2008.

Dupont, L. M., Behling, H., Jahns, S., Marret, F. and Kim, J. H., 2007, Variability in glacial and
Holocene marine pollen records offshore from west southern Africa. Vegetation History and
Archaeobotany, 16, pp. 87–100, 10.1007/s00334-006-0080-8.

Dupont, L. M., Beug, H. J., Stalling, H. and Tiedemann, R., 1989, First palynological results
from Site 658 at 21◦N off NorthwestAfrica: Pollen as climate indicators. Proceedings of Ocean
Drilling Program Scientific Results, 108, pp. 93–112.

Dupont, L. M., Caley, T., Kim, J. H., Castañeda, I., Malaizé, B. and Giraudeau, J., 2011, Glacial-
interglacial vegetation dynamics in South Eastern Africa coupled to sea surface temperature
variations in the Western Indian Ocean. Climate of the Past, 7, pp. 1209–1224, 10.5194/cp-7-
1209-2011.

Dupont, L. M., Donner, B., Schneider, R. and Wefer, G., 2001, Mid-Pleistocene environmental
change in tropical Africa began as early as 1.05 Ma. Geology, 29, pp. 195–198, 10.1130/0091-
7613(2001)029#amp;lt;0195:MPECIT#amp;gt;2.0.CO;2.

Dupont, L. M., Marret, F. and Winn, K., 1998, Land-sea correlation by means of terrestrial and
marine palynomorphs from the equatorial East Atlantic: Phasing of SE trade winds and the
oceanic productivity. Palaeogeography, Palaeoclimatology, Palaeoecology, 142, pp. 51–84,
10.1016/S0031-0182(97)00146-6.

Dupont, L. M., Rommerskirchen, F., Mollenhauer, G. and Schefuß, E., 2013, Miocene to
Pliocene changes in South African hydrology and vegetation in relation to the expansion
of C4 plants. Earth and Planetary Science Letters, 375, pp. 408–417, 10.1016/j.epsl.2013.
06.005.

Dupont, L. M., Caley, T. and Castañeda, I. S., 2019, Effects of atmospheric CO2 variability of
the past 800 kyr on the biomes of southeast Africa. Climate of the Past, 15, pp. 1083–1097,
10.5194/cp-15-1083-2019.

Fersi, W., Lézine, A.-M. and Bassinot, F., 2016, Hydro-climate changes over southwest-
ern Arabia and the Horn of Africa during the last glacial–interglacial transition: A pollen
record from the Gulf of Aden. Review of Palaeobotany and Palynology, 233, pp. 176–185,
10.1016/j.revpalbo.2016.04.002.

Fischer, G., Karakas, G., Blaas, M., Ratmeyer, V., Nowald, N., Schlitzer, R. and Wefer, G., 2009,
Mineral ballast and particle settling rates in the coastal upwelling system off NW Africa and
the SouthAtlantic. International Journal of Earth Sciences, 98, pp. 281–298, 10.1007/s00531-
007-0234-7.

Gajewski, K., 1993, The role of paleoecology in the study of global climatic change. Review of
Palaeobotany and Palynology, 79, pp. 141–151, 10.1016/0034-6667(93)90044-U.

Gosling, W.D., and Holden, P.B., 2011, Precessional forcing of tropical vegetation carbon storage.
Journal of Quaternary Science, 26, pp. 463–467, 10.1002/jqs.1514.

Hessler, I., Dupont, L., Handiani, D., Paul, A., Merkel, U. and Wefer, G., 2012, Masked
millennial-scale climate variations in South West Africa during the last glaciation. Climate
of the Past, 8, pp. 841–853, 10.5194/cp-8-841-2012.

Heusser, L. E. and Morley, J. J., 1985, Pollen and radiolarian records from deep-sea core RC14-
103: climatic reconstructions of Northeast Japan and Northwest Pacific for the last 90,000
years. Quaternary Research, 24, pp. 60–72, 10.1016/0033-5894(85)90083-3.



qvd CH022.tex September 21, 2021 14: 44 Page 369

Vegetation response to millennial- and orbital-scale climate changes in Africa 369

Heusser, L.E. and Shackleton, N.J., 1979, Direct marine-continental correlation: 150,000-year
oxygen isotope-pollen record from the North Pacific. Science, 204, pp. 837–839.

Hötzel, S., Dupont, L. M. and Wefer, G., 2015, Miocene–Pliocene vegetation change in south-
western Africa (ODP Site 1081, offshore Namibia). Palaeogeography, Palaeoclimatology,
Palaeoecology, 423, pp. 102–108, 10.1016/j.palaeo.2015.02.002.

Holdridge, L. R., 1947, Determination of world plant formations from simple climatic data.
Science, 105, pp. 367–368, 10.1126/science.105.2727.367.

Hooghiemstra, H., 1988, Palynological records from northwest African marine sediments: a
general outline of the interpretation of the pollen signal. Philosophical Transactions of the
Royal Society of London. B,Biological Sciences, 318, pp. 431–449.

Hooghiemstra, H. and Agwu, C. O., 1988, Changes in the vegetation and trade winds in equa-
torial northwest Africa 140,000–70,000 yr BP as deduced from two marine pollen records.
Palaeogeography, Palaeoclimatology, Palaeoecology, 66, pp. 173–213, 10.1016/0031-
0182(88)90199-X.

Hooghiemstra, H., Agwu, C. O. C. and Beug, H. J., 1986, Pollen and spore distribution in recent
marine sediments: a record of NW-African seasonal wind patterns and vegetation belts. Meteor
Forschungsergebnisse, Deutsche Forschungsgemeinschaft, Reihe C Geologie und Geophysik,
Gebrüder Bornträger, 40, pp. 87–135.

Hooghiemstra, H., Bechler, A. and Beug, H. J., 1987, Isopollen maps for 18,000 years BP of the
Atlantic offshore of northwest Africa: Evidence for paleowind circulation. Paleoceanography,
2, pp. 561–582, 10.1029/PA002i006p00561.

Hooghiemstra, H., Lézine, A.-M., Leroy, S. A., Dupont, L. and Marret, F., 2006, Late
Quaternary palynology in marine sediments: a synthesis of the understanding of pollen dis-
tribution patterns in the NW African setting. Quaternary International, 148, pp. 29–44,
10.1016/j.quaint.2005.11.005.

Hooghiemstra, H., Stalling, H., Agwu, C. O. and Dupont, L. M., 1992, Vegetational and climatic
changes at the northern fringe of the Sahara 250,000–5000 years BP: evidence from 4 marine
pollen records located between Portugal and the Canary Islands. Review of Palaeobotany and
Palynology, 74, pp. 1–53, 10.1016/0034-6667(92)90137-6.

Hughen, K.A., Baillie, M. G., Bard, E., Beck, J. W., Bertrand, C. J., Blackwell, P. G. and Edwards,
R. L., 2004, Marine04 marine radiocarbon age calibration, 0–26 cal kyr BP. Radiocarbon, 46,
pp. 1059–1086, 10.1017/S0033822200033002.

Huybers, P., 2011, Combined obliquity and precession pacing of Late Pleistocene deglaciations.
Nature, 480, pp. 229–232, 10.1038/nature10626.

Jahns, S., 1996, Vegetation history and climate changes in West Equatorial Africa during the Late
Pleistocene and Holocene, based on a marine pollen diagram from the Congo fan. Vegetation
History and Archaeobotany, 5, pp. 207–213, 10.1007/BF00217498.

Jahns, S., Hüls, M. and Sarnthein, M., 1998, Vegetation and climate history of west
equatorial Africa based on a marine pollen record off Liberia (site GIK 16776) cover-
ing the last 400,000 years. Review of Palaeobotany and Palynology, 102, pp. 277–288,
10.1016/S0034-6667(98)80010-9.

Jolly, D., Prentice, I. C., Bonnefille, R., Ballouche, A., Bengo, M., Brenac, P. and Edorh, T.,
1998, Biome reconstruction from pollen and plant macrofossil data for Africa and the Arabian
peninsula at 0 and 6000 years. Journal of Biogeography, 25, pp. 1007–1027, 10.1046/j.1365-
2699.1998.00238.x.

Julier, A.C.M., Jardine, P.E., Adu-Bredu, S., Coe, A.L., Duah-Gyamfi, A., Fraser, W.T., Lomax,
B.H., Malhi, Y., Moore, S., Owusu-Afriyie, K. and Gosling, W.D., 2018, The modern pollen-
vegetation relationships of a tropical forest-savannah mosaic landscape, Ghana, West Africa.
Palynology, 42, pp. 324–338, 10.1080/01916122.2017.1356392.

Le Houérou, H.N., Evenari, M. and Goodall, D.W., 1986, The desert and arid zones of Northern
Africa. Ecosystems of the World, 12, pp. 101–147.



qvd CH022.tex September 21, 2021 14: 44 Page 370

370 Ilham Bouimetarhan et al.

Lee, S. Y. and Poulsen, C. J., 2005, Tropical Pacific climate response to obliquity forcing in the
Pleistocene. Paleoceanography, 20, article: PA4010, 10.1029/2005PA001161.

Leroy, SAG., Dupont, LM., 1994, Development of vegetation and continental aridity in north-
western Africa during the Late Pliocene: the pollen record of ODP 658. Palaeogeography,
Palaeoclimatology, Palaeoecology, 109, pp. 295–316, 10.1016/0031-0182(94)90181-3.

Lézine, A.-M., 1991, West African paleoclimates during the last climatic cycle inferred from
an Atlantic deep-sea pollen record. Quaternary Research, 35, pp. 456–463, 10.1016/0033-
5894(91)90058-D.

Lézine, A.-M. and Cazet, J.P., 2005, High-resolution pollen record from core KW31, Gulf of
Guinea, documents the history of the lowland forests of West Equatorial Africa since 40,000
yr ago. Quaternary Research, 64, pp. 432–443, 10.1016/j.yqres.2005.08.007.

Lézine, A.-M. and Hooghiemstra, H., 1990, Land-sea comparison during the last glacial-
interglacial transition: Pollen records from west tropical Africa. Palaeogeography, Palaeoe-
cology, Palaeoclimatology, 79, pp. 313–331, 10.1016/0031-0182(90)90025-3.

Lézine, A.-M. andVergnaud-Grazzini, C., 1993, Evidence of forest extension in WestAfrica since
22,000 BP: A pollen record from the eastern tropical Atlantic. Quaternary Science Reviews,
12, pp. 203–210, 10.1016/0277-3791(93)90054-P.

Lézine, A.-M., Lemonnier, K., Waller, M.P., Bouimetarhan, I., Dupont, L. and APD contributors,
this volume, Changes in the West African landscape at the end of the African Humid Period.
Palaeoecology of Africa, 35, chapter: 6, 10.1201/9781003162766-6.

Lézine, A.-M., Leroux, M., Turon, J.L., Buchet, G. and Tastet, J.P., 1995, Transport pollinique et
circulation atmospherique au large de l’Afrique tropicale occidentale au cours de la derniere
deglaciation. Bulletin de la Société Géologique de France, 166, pp. 247–257.

Lézine, A.-M., Tastet, J.P. and Leroux, M., 1994, Evidence of atmospheric paleocirculation over
the Gulf of Guinea since the Last Glacial Maximum. Quaternary Research, 41, pp. 390–395,
10.1006/qres.1994.1043.

Marret, F., 1994, Evolution paléoclimatique et paléohydrologique de l’Atlantique est-équatorial
et du proche continent au Quaternaire terminal: contribution palynologique, kystes de
dinoflagelles, pollen et spores. PhD thesis, University of Bordeaux I, 271 pp.

Marret, F., Scourse, J.D., Versteegh, G., Fred Jansen, J.H. and Schneider, R., 2001, Inte-
grated marine and terrestrial evidence for abrupt Congo River palaeodischarge fluctuations
during the last deglaciation. Journal of Quaternary Science, 16, pp. 761–766, 10.1002/
jqs.646.

Marret, F., Scourse, J., Fred Jansen, J.H. and Schneider, R., 1999, Climate and palaeo-
oceanographic changes in west central Africa during the last deglaciation: palynological
investigation. In Comptes Rendus de l’Académie des Sciences. Série 2, Sciences de la Terre et
des Planètes, 1, pp. 721–726.

McGregor, H.V., Dupont, L., Stuut, J. B.W. and Kuhlmann, H., 2009, Vegetation change, goats,
and religion: A 2000-year history of land use in southern Morocco. Quaternary Science
Reviews, 28, pp. 1434–1448, 10.1016/j.quascirev.2009.02.012.

McManus, J.F., François, R., Gherardi, J.-M., Keigwin, L.D. and Brown-Leger, S., 2004, Collapse
and rapid resumption of Atlantic meridional circulation linked to deglacial climate changes.
Nature, 428, pp. 834–837, 10.1038/nature02494.

Meadows, M.E., Rogers, J., Lee-Thorp, J.A., Bateman, M.D. and Dingle, R.V., 2002, Holocene
geochronology of a continental shelf mud belt off southwestern Africa. The Holocene, 12,
pp. 59–67, 10.1191/0959683602hl521rp.

Nash, D.J. and Meadows, M.E., 2012, Africa. In Quaternary Environmental Change in the
Tropics, edited by Metcalfe, S.E., Nash, D.J., (Wiley-Blackwell, Oxford, UK), pp. 79–150.

Nicholson, S.E., 2000, The nature of rainfall variability over Africa on time scales of decades
to millennia. Global and Planetary Change, 26, pp. 137–158, 10.1016/S0921-8181(00)
00040-0.



qvd CH022.tex September 21, 2021 14: 44 Page 371

Vegetation response to millennial- and orbital-scale climate changes in Africa 371

Nicholson, S.E. and Grist, J.P., 2003, The seasonal evolution of the atmospheric circulation over
West Africa and equatorial Africa. Journal of Climate, 16, pp. 1013–1030, 10.1175/1520-
0442(2003)016#amp;lt;1013:TSEOTA#amp;gt;2.0.CO;2.

Pielke, R.A., Avissar, R., Raupach, M., Dolman, A.J., Zeng, X. and Denning, A. S., 1998,
Interactions between the atmosphere and terrestrial ecosystems: influence on weather and
climate. Global Change Biology, 4, pp. 461–475, 10.1046/j.1365-2486.1998.t01-1-00176.x.

Prospero, J.M. and Nees, R.T., 1986, Impact of the North African drought and El Nino on mineral
dust in the Barbados trade winds. Nature, 320, pp. 735–738, 10.1038/320735a0.

Prospero, J.M., Ginoux, P., Torres, O., Nicholson, S.E. and Gill, T.E., 2002, Environmental
characterization of global sources of atmospheric soil dust identified with the Nimbus 7 Total
Ozone Mapping Spectrometer (TOMS) absorbing aerosol product. Reviews of Geophysics, 40,
pp. 1–31, 10.1029/2000RG000095.

Rasmussen, T.L. and Thomsen, E., 2015, Palaeoceanographic development in Storfjorden, Sval-
bard, during the deglaciation and Holocene: Evidence from benthic foraminiferal records.
Boreas, 44, pp. 24–44, 10.1111/bor.12098.

Rasmussen, S.O.,Andersen, K.K., Svensson,A.M., Steffensen, J.P., Vinther, B.M., Clausen, H.B.,
Siggaard-Andersen, M.-L., Johnsen, S.J., Larsen, L.B., Dahl-Jensen, D., Bigler, M., 2006, A
new Greenland ice core chronology for the last glacial termination. Journal of Geophysical
Research, 111, D06102, 10.1029/2005JD006079.

Raymo, M.E. and Nisancioglu, K.H., 2003, The 41 kyr world: Milankovitch’s other unsolved
mystery. Paleoceanography, 18, PA1011, 10.1029/2002PA000791.

Rossignol-Strick, M. and Duzer, D., 1979, West African vegetation and climate since 22,500 BP
from deep-sea cores palynology. Pollen et Spores, 21, pp. 105–134.

Sánchez Goñi, M.F., Eynaud, F., Turon, J.L. and Shackleton, N.J., 1999, High resolu-
tion palynological record off the Iberian margin: Direct land-sea correlation for the Last
Interglacial complex. Earth and Planetary Science Letters, 171, pp. 123–137, 10.1016/S0012-
821X(99)00141-7.

Scourse, J., Marret, F., Versteegh, G.J., Jansen, J.F., Schefuss, E. and van der Plicht, J., 2005,
High-resolution last deglaciation record from the Congo fan reveals significance of mangrove
pollen and biomarkers as indicators of shelf transgression. Quaternary Research, 64, pp. 57–69,
10.1016/j.yqres.2005.03.002.

Shannon, L.V., 1985, The Benguela ecosystem. I: Evolution of the Benguela physical features
and processes. Oceanography and Marine Biology, 23, pp. 105–182.

Shannon, L.V. and Nelson, G., 1996, The Benguela: Large-scale features and processes and
system variability. In The South Atlantic, edited by Wefer, G.W.H., Berger and Webb, D.J.
(Springer, Berlin, Heidelberg), pp. 163–210.

Shi, N. and Dupont, L.M., 1997, Vegetation and climatic history of southwest Africa: a marine
palynological record of the last 300,000 years. Vegetation History and Archaeobotany, 6,
pp. 117–131, 10.1007/BF01261959.

Shi, N., Dupont, L.M., Beug, H. J. and Schneider, R., 1998, Vegetation and climate changes
during the last 21 000 years in SW Africa based on a marine pollen record. Vegetation History
and Archaeobotany, 7, pp. 127–140, 10.1007/BF01374001.

Shi, N., Schneider, R., Beug, H. J. and Dupont, L.M., 2001, Southeast trade wind vari-
ations during the last 135 kyr: evidence from pollen spectra in eastern South Atlantic
sediments. Earth and Planetary Science Letters, 187, pp. 311–321, 10.1016/S0012-821X(01)
00267-9.

Stuut, J.B., Zabel, M., Ratmeyer, V., Helmke, P., Schefuß, E., Lavik, G. and Schneider, R.,
2005, Provenance of present-day eolian dust collected off NW Africa. Journal of Geophysical
Research: Atmospheres, 110, D04202, 10.1029/2004JD005161.

Tyson, P.D., 1986, Climatic Change and Variability in Southern Africa, (Cape Town: Oxford
University Press).



qvd CH022.tex September 21, 2021 14: 44 Page 372

372 Ilham Bouimetarhan et al.

Tyson, P.D. and Preston-Whyte, R.A., 2000, The Weather and Climate of South Africa, (Cape
Town: Oxford University Press).

Vallé, F., Westerhold, T. and Dupont, L.M., 2017, Orbital-driven environmental changes recorded
at ODP Site 959 (eastern equatorial Atlantic) from the Late Miocene to the Early Pleistocene.
International Journal of Earth Sciences, 106, pp. 1161–1174, 10.1007/s00531-016-1350-z.

Vincens, A., Dubois, M.A., Guillet, B., Achoundong, G., Buchet, G., Kamgang Kabeyene
Beyala, V., de Namur, C. and Riera, B., 2000, Pollen-rain-vegetation relationships along a
forest-savanna transect in southeastern Cameroon. Review of Palaeobotany and Palynology,
110, pp. 191–208, 10.1016/S0034-6667(00)00009-9.

Watrin, J., Lézine, A.-M., Gajewski, K. and Vincens, A., 2007, Pollen–plant–climate relation-
ships in sub-Saharan Africa. Journal of Biogeography, 34, pp. 489–499, 10.1111/j.1365-
2699.2006.01626.x.

Webb, T.I., 1986, Is vegetation in equilibrium with climate? How to interpret Late-Quaternary
pollen data. Vegetatio, 67, pp. 75–91, 10.1007/BF00037359.

White, F., 1983, The vegetation of Africa, In Natural Resources Research,Vol.20, (UNESCO,
Paris), 384 pp.

Woodward, F.I. and McKee, I.F., 1991, Vegetation and climate. Environment International, 17,
pp. 535–546, 10.1016/0160-4120(91)90166-N.

Woodward, F.I. and Williams, B.G., 1987, Climate and plant distribution at global and local
scales, Vegetatio, 69, pp. 189–197, 10.1007/BF00038700.

Wright, J.W., 1952, Pollen dispersion of some forest trees, In Research paper 46 (Upper Darby, US
Department of Agriculture Service-Forest Service Northeastern Forest, Experiment Station),
pp. 1–45.

Zhao, X., Dupont, L., Cheddadi, R., Kölling, M., Reddad, H., Groeneveld, J. and Bouimetarhan,
I., 2019, Recent climatic and anthropogenic impacts on endemic species in southwestern
Morocco. Quaternary Science Reviews, 221, pp. 1–15, 10.1016/j.quascirev.2019.105889.

Zhao X., Dupont L., Meadows, M.E. andWefer, G., 2016, Pollen distribution in the marine surface
sediments of the mudbelt along the west coast of South Africa. Quaternary International, 404,
pp. 44–56, 10.1016/j.quaint.2015.09.032.



qvd CH023.tex October 1, 2021 22: 42 Page 373

CHAPTER 23

Inside-of-Africa: How landscape openness shaped
Homo sapiens evolution by facilitating dispersal
and gene-flow in Middle and Late Pleistocene
Africa

Mick N.T. Bönnen, William D. Gosling & Henry Hooghiemstra

Institute for Biodiversity and Ecosystems Dynamics, University of Amsterdam,
Amsterdam, The Netherlands

ABSTRACT: Homo sapiens as a clade originated c. 500 thousand years before present (500 ka)
as it diverged from Homo neanderthalensis. The topic of early H. sapiens evolution and dispersal
since this cladogenesis has long been of interest in scientific literature and public debate. The
development of this field has been significantly accelerated in recent years by the advances made
in the scientific fields of archaeological, anthropological and genetic research; exemplified by the
publication of the earliest observed fossil belonging to the archaic H . sapiens clade at Jebel Irhoud,
Morocco, dated at c. 315 ka in 2017. Recent evidence from these fields opposes the long-held
view that anatomically modern humans (AMH) evolved linearly from a single population. Instead,
a pan-African model of evolution is proposed, whereby geographically isolated H. sapiens pop-
ulations, possibly shaped and maintained by ecological boundaries, evolved independently with
fluctuating degrees of gene-flow over time. A thorough understanding of the ecological context
these hominins experienced has long been hampered by spatial and temporal gaps in the African
palaeovegetation record. Records of past vegetation that cover timescales relevant to the emer-
gence of AMHs now exist that are relevant to environmental change in northen, southern, eastern,
western and central Africa. This means it is becoming possible to explore how hominin evolution-
ary development coincided with the changing vegetational (habitat) context. We present the idea
of a three-stage ‘Inside-of-Africa’environmental framework for hominin evolution: (i) a predom-
inance of hospitable vegetation 500–400 ka facilitating initial dispersal of archaic H. sapiens, (ii)
a predominance of ecological barriers (e.g. deserts and rainforests) 400–250 ka limiting dispersal
and gene-flow, causing independent evolution, and (iii) a predominance of hospitable vegetation
250–100 ka (re-)connecting populations and resulting in the combination of the full suite of con-
temporaryAMH characteristics. To test this framework we review and synthesize all available long
(>c. 100 ka) lacustrine palynological records relevant to past vegetation change across Africa.
We find the past vegetation data supports the waxing and waning of hospitable vegetation and
ecological barriers during the last 500 ka in line with the timings proposed in our environmental
framework.
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23.1 INTRODUCTION

23.1.1 Archaic Homo sapiens

Africa is regarded as the cradle of our own species (Mounier and Mirazón Lahr 2016) because
it is where the archaic Homo sapiens clade diverged from the H. heidelbergensis c. 700-400
thousands of years before present (ka) (Stringer 2016), and where we shared our last common
ancestor with H. neanderthalensis c. 440-410 ka (Endicott et al. 2010) (Figure 1). Although the
exact location of cladogenesis remains unknown, these archaic forms of H. sapiens radiated all
over Africa. Currently, the earliest ‘archaic’ manifestations of the H. sapiens clade are found in
Jebel Irhoud, Morocco, comprising of cranial fossils dated to be about 315 ka (Hublin et al. 2017;
Richter et al. 2017). Later dated archaic H. sapiens remains include fossils from Florisbad in
South Africa (c. 260 ka) (Grun et al. 1996) and Omo Kibish and Herto, both Ethiopia, which have
estimated ages of c. 195 and c. 160 ka respectively (McDougall et al. 2005; White et al. 2003).
Even though all these archaic humans belong to the H. sapiens clade, and share a fairly recent
last common ancestor, their fossilized remains show distinct spatial and temporal morphological
variation when compared with each other, and with anatomically modern humans (AMH; Gunz
et al. 2009).

The pan-African spread of hominins, in conjunction with the array of morphological vari-
ation (Hammond et al. 2017; Lieberman et al. 2002; Neubauer et al. 2018; Pearson 2008),
has lead the modern scientific discourse to consider a mosaic-like pattern for the evolution of
modern human traits (Gunz et al. 2009; Scerri et al., 2017a; Stringer 2016). A mosaic-like
pan-African pattern could have been created if populations became (semi-)isolated for millennia
by distance and/or ecological barriers (such as deserts or dense rainforests). The consequence
could be that specific modern human traits might have evolved independently in different regions
and became combined later when populations reconnected. The amalgamation of our modern
characteristics could have therefore potentially been strongly mediated by past environmental
changes. For example, periods of increased landscape connectivity between hominin popula-
tions, brought about by an increasing predominance of open vegetation, could have facilitated
gene flow between small semi-isolated populations across Africa (Bertola et al. 2016). Recent
genetic studies have suggested that between c. 250-100 ka most extant lineages emerged (Lipson
et al. 2020). The eventual admixture of individual traits associated with these populations led
to the homogenization of the human phenotype, thereby refuting the notion that our lineage can
be traced back to one specific region, but favouring a pan-African view of H. sapiens evolution
instead. Analyses of whole-genome sequences of contemporary African populations provide a
time-dependent estimate of gene flow that suggests a pattern of population separation, followed
by isolation, and then subsequent recombination (Wang et al. 2020).

Similar to morphological characteristics, spatiotemporal diversifications since our last com-
mon ancestor with H. neanderthalensis are also reflected in behavioural practices such as material
cultures. An abandonment of large and crude cutting tools (e.g. hand axes) in favour of more
sophisticated techniques for tool-carving (‘prepared-core’ technologies) occurred almost simul-
taneously on a pan-African scale. These innovations in stone tool technology followed a long
period of stasis (the Early Stone Age [ESA] c. 3 Myr to 200 kyr BP) and mark the start of the
Middle Stone Age (MSA) period (c. 280-20 kyr BP, Galway-Witham et al. 2019). The MSA is
also when regionally distinctive material cultures involving complex stone tools first become
apparent in the archaeological records. For example during the MSA features such as tangled
implements (securing stone tools into wooden hafts) emerged in northern African populations
(Scerri 2017b), central African materialistic culture started to be characterized by distinctive
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Figure 1. ‘Inside-of-Africa’ conceptual environmental framework related to the evolution and development of
hominins. Vegetation openness relates to the proportion of open (savannah) or closed (forest) vegetation on the

continent. General characteristics of vegetation for each period are indicated by (I) open and hospitable to hominins, (II)
closed with more environmental barriers to hominins, and (III) open and hospitable for hominins. AMH =Anatomically
Modern Humans. Out-of-Africa = the period of human dispersal from the African continent (IV). Key archaeological

sites yielding H. sapiens fossils indicated are Jebel Irhoud, Morocco (Hublin et al. 2017), Florisbad, South Africa (Grun
et al. 1996), Omo Kibish, Ethiopia (McDougall et al. 2005), and Herto, Ethiopia (White et al. 2003).

stone tools (Scerri 2017a), while southern African cultural artifacts started to include complex
material aspects; such as the use of ochre, bone tools and shell beads (D’Errico et al. 2017).

23.1.2 Hypothesis development

In this review, we focus on how changing environments could have shaped hominin evolution
inside Africa. Building on the literature, we propose here a new framework for understanding this
interplay between archaic H. sapiens and their contemporary landscapes. Our ‘Inside-of-Africa’
framework includes alternating periods of environmental hospitability and ecological barriers
that either limit or encourage dispersal (Figure 1):

I. Initial dispersal of archaic H. sapiens across Africa (c. 500-400 ka) was facilitated by
increased landscape openness, which made areas generally more hospitable (hereafter
defined as landscapes not dominated by dense (rain)forests or deserts, but rather by open
ecosystem mosacis, including: (wooded) grasslands, savannahs, and gallery forests).

II. Intraspecific variation was promoted and cultural development fragmented between
(c. 400-250 ka) by a rise in the number of environmental barriers (e.g. arid deserts and
impenetrable forests), which (semi-)isolated H. sapiens populations to environmentally
constrained hospitable regions (refugia).

III. The (re-)combination of traits into the full suite of AMH characteristics (c. 250-100 ka)
was facilitated by increased landscape openness.

This review collates lacustrine palynological records with a pan-African spatial coverage
from the period relevant to hominin evolution as outlined above (Figure 1). These data assess the
current state of available information on past vegetation from terrestrial sites. We use the syn-
thesized past vegetation information to test ideas on the evolution, development and dispersal of
hominins. Specifically, we classify the long palynological records as indicative of relatively more
open, or closed, vegetation structure (grasslands to dense forests) and identify any directional
vegetation trends coincident with hominin evolution.
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23.2 AFRICAN ENVIRONMENTS DURING THE MIDDLE AND UPPER
PLEISTOCENE

23.2.1 Current ecosystems

The wide range in topography and climatic conditions across Africa caused varied landscapes
that are home to a plethora of ecosystems (Dupont 2011; White 1983). Following Dupont’s
(2011) simplified version of the African vegetation classifications made by White (1983), we
can distinguish between eleven different biomes in contemporary Africa (Figure 2A).

The continent’s most northern and south-western extent is typified by arid biomes. Gen-
erally speaking, we find Mediterranean forests along the north-African coast from Morocco to
Egypt adjoining the Mediterranean Sea, while Africa’s most southern tip, the southern-African
coasts and Cape Fold Mountains, are dominated by fynbos vegetation. Mediterranean forests
have a significant presence of arboreal species; typically oak (Quercus) and maple (Acer) in
broadleaved forests, while pine (Pinus) and yew (Taxus) dominate the coniferous forests. The
fynbos vegetation on the other hand has a low density of arboreal taxa, as it is mostly dominated
by shrubby vegetation like Ericaceae. Further inland deserts occur. In the north, the Sahara (best-
represented families being Asteraceae, Leguminosae and Poaceae (Ozenda 1991)) stretches from
the Red Sea to the Atlantic. In the south the Namib desert covers the entire Namibian coast and
parts of theAngolan and southernAfrican coast. The transition between the Mediterranean forests
and the Sahara, the Sahel region, the African Horn, and the area of the fynbos-to-desert transition
in the south (the Kalahari desert) are classified as semi-deserts, where we find low densities of
shrubby vegetation like Asteraceae. Poaceae-dominated systems are found throughout Africa.
Grass savannahs are ubiquitous at the 15◦N and the 20◦S latitudes and in east African Rift Valley
system. Edaphic grasslands (those controlled by soil conditions instead of climate, fire regimes,

Figure 2. (A) Modern African vegetation simplified from Dupont (2011). (B) Location of the seven pollen records
obtained from lake settings relevant to past vegetation change in Africa relevant to hominin evolution over the last 500
thousand years. PB = Padul Basin, Spain (Torres et al. 2020), VVV10.1 =Vankervelsvlei, South Africa (Quick et al.

2016), MAG14 = Lake Magadi, Kenya (Owen et al. 2018), MAL05-1B/1C (MAL05-1B and MAL05-1C) = Lake
Malawi, Malawi (Beuning et al. 2011; Ivory et al. 2018), B12 = Lake Bambili, Cameroon (Lézine et al. 2019), and
BOS04-5B = Lake Bosumtwi, Ghana (Miller and Gosling 2014). Marine cores presented for additional context are

ODP-658 (Dupont 1989; Dupont and Hooghiemstra 1989) and ODP-659 (Tiedeman et al. 1994).
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or herbivory) can be found in Angola, Zambia and the Democratic Republic of Congo. Mon-
tane grasslands are prevalent in the arid high-altitude regions of central Africa, the East-African
Highlands and the South-African Highveld. Forested areas are restricted to the moist equatorial
regions and the high elevation Afromontane forests found in East-Africa and South Africa. Trop-
ical rainforests extend across the basin of the Congo River and its tributaries but are also found
along the coast of western Africa, spreading from southern Guinea all the way east to southern
Cameroon. At higher latitudes tropical moist forests transitions into deciduous forests/woodlands
as the vegetation becomes increasingly influenced by seasonality in precipitation.

To understand how vegetation association, and thus potential habitats or barriers for early
H. sapiens, varied over time it is important to understand the climatic factors that relate to
vegetation formation and how this has changed. Orbital precession, with a c. 21,000 year cycle,
has a strong influence on long-term climate change in the low elevation tropics (Clement et al.
2004). Precession directly affects when in the year the earth is closest to the sun, and thus governs
the amount of insolation received during each season. The strength and the annual latitudinal
reach of the tropical rain belts are governed by changes in insolation that consequently are directly
influenced by changes in the precessional cycle. Specifically, at the peak in the precessional cycle,
the monsoons can reach further northwards into the otherwise arid part of Africa (Dupont and
Hooghiemstra 1989; Frumkin et al. 2011). This additional moisture delivery has a significant
impact on vegetation cover, and climate-vegetation simulations suggest that this processional
climate signal is a dominant control on vegetation change at low latitudes (Gosling and Holden
2011).

23.2.2 Ecological boundaries and refugia for archaic Homo sapiens

Environmental changes, prompted by changes in precipitation related to multi-millennial-scale
climate oscillations have been shown to shape and maintain ecological boundaries that eventually
limited gene-flow between populations in lions (Panthera leo), thereby creating distinct genetic
clades (Bertola et al. 2016). Similar biogeographic patterns of speciation seem to exist in a wide
array of African mammals (list of references in Bertola et al. 2016), and the same mechanism
has been postulated for archaic H. sapiens populations (Scerri et al. 2018). Habitats largely
inhospitable to archaic H. sapiens, such as arid deserts and dense rainforests (Bailey et al.
1989; Blome et al. 2012; Coulthard et al. 2013), expanded and retracted over time-scales of
millennia in response to orbital scale vegetation change (Dupont 2011). The expansion of deserts
and rainforests often occurred at the expense of open ecosystems (e.g. savannahs) which are
thought to have been the preferred habitat of early hominins based on the close affinity between
archaeological evidence of hominins and grasslands ecosystems (Cerling et al. 2011; Larrasoaña
et al. 2013). It can therefore be hypothesized that climatic conditions that caused a decline in
savannah ecosystems in favour of deserts and rainforests would have caused a loss of habitat
for archaic H. sapiens. This loss of hospitable environment could have lead to the migration of
some H. sapiens populations and a loss in connectivity between others and thus generated the
population structure needed for independent evolution. As the remaining hominin populations
became more isolated they likley retreated to ‘refugia’ (isolated regions where environmental
conditions allowed humans to persevere amidst inhospitable conditions (Mirazón Lahr and Foley
2016)) which have also been highlighted as catalysts for evolutionary change in H. sapiens
(Stewart and Stringer 2012).

23.2.3 Palaeoenvironmental reconstructions

Marine palynological records have been used to provide a pan-African view of vegetation change
(Dupont 2011). The advantage of marine records is that they are well-dated and yield the ability
to record large scale vegetation change from a wide source area (Castañeda et al. 2016; Dalibard
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et al. 2014; Hooghiemstra et al. 2006; Jahns et al. 1998; Zhao et al. 2003). However, interpretation
of past vegetation cover from marine pollen records is challenging (Frédoux 1994; Hooghiemstra
et al. 1986) because of the inherent wide pollen source area, which means that the signal is
influenced by: (i) the intricate complexity of wind current and fluvial dynamics that muddle the
opportunity to precisely identify the source (Dupont et al. 2000), and (ii) a low spatial resolution
that makes it impossible to see vegetation dynamics on a local scale. For example in regions
dominated by arid vegetation but where lush vegetation boarders rivers, the marine pollen signal
could be biased towards the lush vegetation as it produces relatively more pollen and they are
easily transported into the ocean sediments. In contrast to the marine records, the pollen found
within a lake (diameter 5–20 km) likely reflects local/extra-local (10–100 s m) and regional
(1–10 s km) vegetation (Jacobson and Bradshaw 1981). Therefore, lacustrine pollen records are
more suitable to reconstruct vegetation changes at the local and regional scales, which allows the
habitats of archaic H. sapiens to be investigated.

23.3 SITE SELECTION

To provide the vegetational context in which early H. sapiens evolution took place we selected
palaeovegetation records that contain information relevant from across Africa. The most appro-
priate records were chosen to represent each of five African regions (northen, southern, eastern,
western and central) based on two criteria:

• Sedimentary record covering at least the last c. 100 ka.
• At least one proxy of past vegetation change has been published from the record.

Six lacustrine records were identified meeting these criteria from in, and around, the African
continent (Table 1; Figure 2B).

23.4 LONG-TERM VEGETATION CHANGES IN AFRICA

One record of past vegetation was obtained from each region, except for eastern Africa, from
which two were obtained (Figure 3). The records ranged from c. 90 ka to 800 ka in duration and
past vegetation information was obtained from fossil pollen at all sites. To place these records
in the context of global climatic change we refer to the global glacial (cool) and interglacial
(warm) Marine Isotope Stages (MIS) as defined by Imbrie et al. (1984). The six records are now
reviewed in turn, in the order of the earliest archaeological evidence of H. sapiens in the vicinity
of the core site: (i) Padul Basin, northern Africa region (Torres et al. 2020), (ii) Vankervelsvlei,
southern Africa region (Quick et al. 2016), (iii) Lake Magadi, eastern Africa region (Owen et al.
2018), (iv and v) Lake Malawi, eastern Africa (Beuning et al. 2011; Ivory et al. 2018), (vi) Lake
Bambili, central Africa (Lézine et al. 2019), and (vii) Lake Bosumtwi, western Africa (Miller
and Gosling 2014).

23.4.1 Padul Basin, Spain

No lacustrine sedimentary record spanning c. 100 kyr has, to date, been recovered or analysed
for pollen from continental north-west Africa. Therefore, the sediment record from the Padul
Basin (PB) from the Granada province in south-east Spain (Torres et al. 2020) was chosen to
provide the closest available vegetational context for the earliest known H. sapiens found to date
(Figure 3A). The archaic H. sapiens fossils found at Jebel Irhoud (Morocco) have been dated to
315 ± 34 ka and include facial bones (Hublin et al. 2017). The PB sediment core was retrieved
from a peat bog inside a closed flat depression, with a catchment area of 44 km2, located 720 m
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Table 1. List of selected lacustrine pollen records and metadata.

Earliest
Core human

Latitude length Dating # age Timescale evidence
Region Site name Core name Country Longitude (m) method samples (ka) Referenc (ka)

Northern Padul PB Spain 37◦01′01′′N 107 14C/U/Th/ 27 800 Torres et al. 315
Africa Basin 3◦36′07′′W palaeomag (2020)

Southern Vankervelsvlei VVV10.1 South 34◦044.58′′S 4 14C/Luminescence 6 110 Quick et al. 260
Africa Africa 22◦54′15.06′′E (2016)

Eastern Lake MAG14 Kenya 1◦54′3.56′′S 194 14C/Ar-Ar/ 18 1000 Owen et al. 195
Africa Magadi 36◦14′48.52′′E U-series (2018)

Eastern Lake MAL05- Malawi 11◦17′37′′S, 90 14C/Luminescence 25 135 Beuning —
Africa Malawi 1C 34◦26′04′′E et al.

(2011)
Eastern Lake MAL05- Malawi 11◦17′37′′S, 170 14C/palaeomag/ 41 600 Ivory et al. —
Africa Malawi 1B/1C 34◦26′04′′E Ar-Ar (2018)

Central Lake B12 Cameroon 6◦0′19.56′′N 26.6 14C 29 90 Lézine et al. 30
Africa Bambili 10◦15′46.14′′E (2019)

Western Lake BOS04- Ghana 6◦30′6.04′′N 295 14C/Luminescence/ 135 1000 Miller and 12
Africa Bosumtwi 5B 1◦24′52.14′′W U-series/Ar-Ar Gosling

(2014)
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Figure 3. Regional topographic context (main panels) and continental geographic contexts (inset panels) of lacustrine
records reviewed in this study. (A) Padul Basin (Spain). (B) Vankervelsvlei (South Africa). (C) Lake Magadi (Kenya).

(D) Lake Malawi (Malawi). (E) Lake Bambili (Cameroon). (F) Lake Bosumtwi (Ghana).
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above sea level (m asl), and enclosed by mountains to the west (Albuñuelas range) and east
(the Sierra Nevada). The altitudinal range of the mountains around the Padul Basin provides
habitat for a wide variety of vegetation; from evergreen oak groves below 700 m to pine forests at
the higher elevations (Rivas-Martínez 1987). Importantly, even though PB and Jebel Irhoud are
located c. 750 km apart, they still encompass the same temperate Mediterranean Köppen climate
area (Chen and Chen 2013; Rubel and Kottek 2010).

Pinus dominates the pollen record from PB during MIS 13.13 (c. 500 ka), making up
c. 60% of the pollen spectra while the presence of Poaceae is low and accounts for only 10%.
Pinus and Poaceae start to diminish between MIS 13.11 and 12.1 (480-425 ka) as mesophilic taxa
(Acer, Alnus, Quercus, Corylus, Carpinus, Fraxinus, Ulmus) and riparian taxa (Cornus, Populus,
Salix) become more abundant. Subsequently, a period of low pollen preservation is found until
the start of MIS 11.2 (385 ka), which ends with a pollen assemblage dominated by Pinus that,
in turn, transitions in to a steppic vegetation (Artemisia, Ephedra) over a c. 45 kyr period. The
transition to steppic vegetation is not smooth, with a peak in Pinus (70%) around the end of MIS
11 (360 ka), followed by a rapid decline to c. 10% at the start of MIS 10.2 (341 ka). Poaceae
has a low presence throughout this transitional period, averaging c. 10%. Between MIS 10.2 and
MIS 9.1 (341-310 kyr BP), the pollen assemblage is relatively diverse. Throughout this period
Poaceae declines from c. 40% c. 310 ka to c. 10%, while Pinus, steppic taxa and Amaranthaceae
all see a marked rise. From the start of MIS 8.5 (287 ka) Poaceae rises to its maximum abundance
(c. 80%) in the entire record and Pinus, the most prominent taxon throughout the palynological
record, is reduced to c. 5%. The dominance of the pollen assemblage by Poaceae continues for
c. 5 kyr and then recedes back to c. 10% by 280 ka. From 280 ka until 170 ka Poaceae is c. 10%,
and Pinus is c. 40%, while Quercus is most abundant between MIS 7.5-6.6 (238-183 ka). These
episodes between MIS 7.5 and 6.6 (238-183 ka) are also characterized by a growing presence
of steppic taxa, especially within the timeframe where Pinus percentages show lower values.
Between c. 183 ka and c. 170 ka there is a hiatus in the pollen record. Pollen is recorded again
halfway through MIS 6 (c. 170 ka), starting with a high abundance of Pinus (c. 80%) that declines
to 30% at 130 ka, with steppic taxa and Poaceae present throughout. Steppic taxa and Poaceae
then practically disappear from the record during MIS 5 (122-71 ka), but Pinus rises again
reaching c. 80% at 120 ka. Pinus percentages keep on fluctuating around 50% for the remainder
of the record up until the present, and the distinct changes in the vegetational compositions are
due to fluctuations in pollen percentages of other taxa. The shrubby xerophilous taxa show a
stable representation of c. 15% during the MIS 4-2 interval (65-12 ka), after which their presence
disappears. Similar trends can be found in the steppic taxa, which also steadily increase up to
40%. When steppic taxa disappeard Poaceae shows another peak, contributing close to 50% to the
pollen sum; however, Poaceae, xerophilous (Amaranthaceae) and steppic (Artemisia, Ephedra)
taxa are no longer represented towards the end of PB record.

23.4.2 Vankervelsvlei, South Africa

The sediment core recovered from Vankervelsvlei wetlands (34◦0′44.58′′S, 22◦54′15.06′′E)
(VVV10.1) is located on the southern coastal plains of South Africa (Quick et al. 2016), a
stretch of land bordering the Atlantic Ocean in the south, isolated from inland South Africa
by the mountainous Cape Fold Belt (Figure 3B). These wetlands encompass a catchment of
c. 0.5 km2 and are situated on the landward edge of the Wilderness embayment at an elevation of
153 m asl. Vankervelsvlei is hydrologically isolated from the regional aquifer and fed exclusively
by rainfall (Roets et al. 2008). Today the local vegetation is dominated by Cyperaceae mats
floating on the wetland, fynbos-dominated vegetation (e.g. Passerina, Ericaceae, Leucadendron
and Restionaceae) on the wetland’s margins, and Afrotemperate forest types to the north (includ-
ing Ocotea, Olea and Podocarpus). Compton (2011) proposed that these isolated coastal plains
could be the geographical point of origin for AMH, suggesting the periodic sea-level changes
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induced by interglacial-glacial cycles provoked competition and innovation. However, subse-
quent research, based on mitochondrial DNA lineages, indicated that H. sapiens migrated to the
southern African coast from wetlands in modern-day Botswana c. 100 ka (Chan et al. 2019);
although these interpretations have been subsequently challenged (Schlebusch et al. 2021) so
uncertainty prevails. However, the region remains important from an evolutionary perspective
because it contains the Blombosgrot cave which is one of the most prominent archaeological
sites in southern Africa regarding the cultural development in H. sapiens (Douze et al. 2015).
The Blombosgrot cave, located 160 km west of Vankervelsvlei, has been inhabited since at least
140 ka (Jacobs et al. 2006) and contains toolkits providing evidence for long-term planning and
an elementary knowledge of chemistry c. 100 ka (Henshilwood et al. 2011).

The VVV10.1 record has a basal age in MIS 6.3 (146 ka), but no pollen was preserved until
MIS 5.5 (122 ka), with another hiatus in the record during MIS 3.0-2.0 (24-12 ka). Afromontane
forest taxa, predominantly Podocarpus, characterize the early sections but are barely found
throughout the rest of the pollen record. Percentages forAfromontane taxa vary from c.5 to c.15%
in MIS 5.4-5.3 (107-99 ka), but gradually decline until they are lost from the record in late MIS 5
and only sporadically occur in trace amounts thereafter. The most dominant vegetational elements
between MIS 5.4 and 5.3 (107-99 ka) are the fynbos taxa. Among the fynbos taxa, Ericaceae
is particularly abundant (reaching c. 40%), with Stoebe (20%) also significant. Subsequently,
Ericaceae abundance remains high (average c. 60%) until MIS 3.0 (24 ka). The Ericaceae record
starts declining around the transition to MIS 2.0 to about 45%. In the following c. 15 kyr pollen
is poorly preserved, but Ericaceae ends up with percentages less than 5% in the most recent
samples, which are dominated by unprecedented high values of Cyperaceae of over 40%.

23.4.3 Lake Magadi, Kenya

Lake Magadi is a seasonally flooded pan with a surface catchment of c. 100 km2, situated
606 m asl in the south Kenyan part of the east African Rift Valley (Figure 3C). The Lake Magadi
record (MAG14-2A) (Owen et al. 2018), was chosen based on its proximity (c. 25 km) to the
Olorgesailie archaeological site (Behrensmeyer et al. 2002) and its length; covering the past one
million years. The core was drilled as part of The Hominin Sites and Palaeolakes Drilling Project
(HSPDP) initiative (Campisano et al. 2017). The Olorgesailie site is of particular interest because
its archaeological surveys document a transition from the Acheulean to the Middle Stone Age
mode of stone toolmaking between c. 320 and 305 ka (Brooks et al. 2018; Deino et al. 2018).
This period of technological and cultural development is itself associated with the evolution of
H. sapiens. Furthermore, this core is also the closest to the archaeological sites which have yielded
the earliest recognized anatomically modern H. sapiens fossils in eastern-Africa, Omo Kibish
(c. 195 kyr BP) and Herto (c. 160 kyr BP) at 700 and 1400 km respectively, both in Ethiopia.

The pollen record of MAG14-2A shows vegetation change over the last 500 ka, although the
MIS 11.2 to 9.0 interval (375-303 ka) is devoid of pollen. Pre-500 ka vegetation was dominated
locally by Poaceae and Cyperaceae, both making up 80% in at least one sample dated before the
onset of MIS 13.13 (502 ka). Afromontane forest taxa make up the majority of the regional pollen
signal, and Podocarpus dominates this regional signal with percentages of c. 80%, indicating a
significant presence of arboreal taxa. By MIS 13 the pollen spectra seem to represent dry open
grassland, almost completely comprised of Poaceae and deprived of arboreal taxa, except for low
(c. 10%) percentages of Podocarpus. Poaceae shows a stable representation during the subsequent
125 ka, while both Cyperaceae and Podocarpus show an almost linear increase in representation.
Although the following 75 kyr were not sampled, percentages of both local and regional pollen
taxa seem to remain stable, potentially suggesting stable environmental conditions during this
interval. Vegetation diversifies with the onset of MIS 6.6 (183 ka), during which Olea, Juniperus,
Commiphora, Acacia and Amaranthaceae fluctuate between 0 and 40%.
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23.4.4 Lake Malawi, Malawi

The sediment records MAL05-1B and -1C (Beuning et al. 2011; Ivory et al. 2018) were retrieved
from Lake Malawi, the southernmost lake in the east African Rift Vally system (Figure 3D). Lake
Malawi at 472 m asl has a surface area of c. 29,500 km2 and a catchment area of c. 65,000 km2

bordering the Rungwe volcanic highlands in the north and the Nyika plateau in the west. The
mountainous topography means that the modern vegetation surrounding Lake Malawi is char-
acterized by Afromontane forests (Podocarpus) and Afromontane grasslands in the west, while
scrubland and woodland vegetation types can be found east of Lake Malawi. Despite the absence
of AMH fossils in the vicinity of Lake Malawi, the vegetation records from the MAL05-1B/1C
records are still relevant to AMH dispersal. The location of origin of AMH and the direction of
their dispersal events is still debated; both southern Africa (e.g. Jacobs et al. 2008; Schlebusch
et al. 2017) and north-eastern Africa (e.g. Lamb et al. 2018; Walter et al. 2000) have been
proposed as regions harbouring the population of early humans that would ultimately disperse
throughout the rest of the world. This makes Lake Malawi a likely passing point in the corridor
used in either a northward or a southward dispersal of these AMH.

MAL05-1B and MAL05-1C together comprise 170 metres of sediment, of which 1C repre-
sents the youngest 62 metres and 1B the older 108. The MAL05-1B/1C pollen stratigraphy shows
distinct antiphasing between periods of high arboreal (i.e. Podocarpus) pollen and periods with
a distinct presence of non-arboreal (notably Poaceae) pollen. These arboreal phases are marked
by analogous trends in other Afromontane taxa (e.g. Apodytes, Ericaceae, Ilex, Juniperus, Kigge-
laria, Myrtaceae, Olea and Syzygium), and palynological studies on contemporary Afromontane
forest suggests that Podocarpus percentages of >40% indicate dense forests, reaching all the
way down to the shores of Lake Malawi (Ivory et al. 2018). The non-arboreal phases (indicated
by grasses, herbs like Amarathaceae or woodland trees such as Acacia) on the other hand are
indicative of dry woodland/wooded grassland type of ecosystems. In total the MAL05-1B/1C
cores both record seven forest phases and seven grassland phases over the past 500 kyr. These
start with a grassland phase (c. 75% Poaceae) lasting until MIS 12.4 (470 ka), when an extensive
forested period is initiated for the subsequent 200 kyr. During this phase Podocarpus percentages
fluctuate between c. 45% (MIS 12.32 and MIS 11.2, 450 and 375 kyr respectively) and c. 10%
(MIS 9.2, 325 kyr), averaging on c. 30%. While Podocarpus percentages of 10% are low, arboreal
taxa still maintain a relative dominance over non-arboreal pollen due to high percentages of Celtis
(c. 15%), especially during MIS 11.2. Subsequent transitions between forest and open ecosys-
tems are more frequent. Throughout the remainder of MAL05-1B we find four more grassland
phases; MIS 8.4-7.5 (274-241 ka), MIS 7.2-7.0 (209-193 ka), MIS 6.6-6.5 (189-165 ka) and
MIS 6.2 (142-137 ka), interspersed with forest phases at MIS 7.5-7.2 (241-209 ka), MIS 6.6
(193-189 ka) and MIS 6.5-6.2 (165-142 ka).

The base of record MAL05-1C (Beuning et al. 2011) is dated to the later part of MIS
6.2 (135 ka), and immediately records an increase in Podocarpus from near absence to c. 35%
during the period MIS 6.2-6.0 (135-128 ka). A similar increase in Podocarpus is noted at the
start of MIS 5 (between MIS 5.5 and 5.4 (122-107 ka)). Both these increases in Podocarpus
are concomitant with an opposite trend in Poaceae percentages, which shows values of 80%
between MIS 6 and 5.5 (122 ka), but 40-30% before and after this interval. The halfway point of
MIS 5 is marked by a decline of Podocarpus percentages again coeval with another increase in
Poaceae. Poaceae reaches its maximum at MIS 5.2 (87 ka) when its pollen make up nearly 100%
of the pollen spectra. Samples from MIS 4 onwards show Poaceae stabilizing at 40%, a value
that continues throughout the rest of the record, except for a short increase to c. 60% and a short
depression to c. 20% at MIS 4.2 (65 ka) and 3.3 (53 ka), respectively. Meanwhile, Podocarpus
enters the regional vegetation again in MIS 4, showing percentages of 10% over a period of
c. 10 kyr and reaching c. 30% between MIS 4.2 and 3.3 before it decreases again to 10%, a value
which is maintained throughout the remainder of the record. Prior to the peak in Podocarpus,
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peaks in other montane and woodland taxa (e.g. Acalypha, Acanthaceae, Blighia, Combretaceae,
Craterispermum, Commiphora, Lannea, Maclura and Mimosaceaeas), as well as maximum
values in evergreen trees (e.g. Alchornea, Celtis, Faurea, Ixora, Macaranga, Moraceae, Myrica
and Trema), are shown in the pollen record (c. 10%, 20% and 20%, respectively), after which all
three groups continue at c. 10% throughout the rest of the record.

23.4.5 Lake Bambili, Cameroon

The inclusion of Lake Bambili’s pollen record (B12), given it has the shortest timeframe (90 ka)
in this review, is justified by its close geographical proximity to the Cameroonian Shum Laka
archaeological site (5◦51′31′′ N, 10◦4′40′′ E), situated c. 20 km southwest of Lake Bambili (Figure
3E). The oldest layer containing evidence of the presence of H. sapiens is dated c. 30 ka (Lipson
et al. 2020), while the rest of the archaeological record also displays evidence of significant
societal developments such as a transition period in tool use (sometimes referred to as the ‘Stone
to Metal age’) between the end of the Later Stone Age at 8 ka and the beginning of the Iron
Age at 2.5 ka, as well as evidence for foundation and early stages of agriculture (Lavachery
2001). Lake Bambili is a high-altitude (2273 m asl) crater lake, currently enclosed locally by
Afromontane forests characterized by the conifer Podocarpus milanijanus (Lézine et al. 2019),
while the vegetation transitions to Afroalpine grasslands at higher altitudes and a mosaic of
submontane forests and savannahs at lower altitudes (Lézine et al. 2013).

The initial aim of the palynological record presented in Lézine et al. (2019) was to recon-
struct the history of Afromontane forests and their responses to glacial-interglacial cycles.
Nevertheless, the pollen assemblages at Bambili can also be used to infer the landscape at a
regional scale. The base of record B12 is dated to MIS 5.3 (99 ka), and the record starts off
with percentages of Podocarpus that decrease from c. 25% to <5% just before the onset of MIS
5.1 (80 ka), while Poaceae show a coeval increase from 50% to 90%. Trace amounts (<5%) of
other taxa are also present during this interval, e.g.Ericaceae, Olea, Asteraceae and Alchornea.
This is immediately succeeded by a reversal in the trends of the two dominating taxa, and the
representation of Podocarpus reaches c. 60% during MIS 5.1 at 75 ka, concurrent with a drop
of Poaceae to <5%. During these extreme values, Olea, Syzygium, Schefflera and Asteraceae are
also present in low quantities. Following the start of MIS 4 (71 ka), Podocarpus and Poaceae
trends reverse again. Podocarpus remain practically absent (<5%) from the record in the MIS
5.0-3.3 (71-53 ka) interval, all the while Poaceae holds a stable presence, fluctuating between
70-80% and Ericaceae and Asteraceae fluctuate around 5%. MIS 3.3 sees Podocarpus reappear-
ing in the record with c. 10%, and Poaceae starts a slow decline to 40% at 45 ka, but both taxa
return to percentages similar to those in the MIS 5.0-3.3 interval at the 37 ka mark until Poaceae
starts decreasing MIS 2.2 (19 ka). The gradual decrease of Poaceae lasts until it reaches c. 0% at
10 ka, and stays like this until c. 3 ka. During this 7 kyr interval Podocarpus, Olea, Alchornea,
Syzygium, and Schefflera reappear in the pollen record but get replaced by Poaceae in the modern
vegetation (3-0 ka).

23.4.6 Lake Bosumtwi, Ghana

Core BOS04-5B was retrieved from Lake Bosumtwi, Ghana (Koeberl et al. 2007), with the intent
of exploring the vegetational compositions of tropical western Africa in response to changes in
regional climate during the Quaternary. Lake Bosumtwi (6◦30′6.04′′N, 1◦24′52.14′′W) is situated
in a meteorite impact crater formed 1.08 ± 0.04 million years ago (Jourdan et al. 2009) with a
diameter of c. 11 km (Figure 3F). The bedrock and crater walls formed by this impact cause
the lake’s isolation from any regional bodies of water, precipitation being the only influx of
water to the sedimentary archive. This closed hydrology makes the lake sensitive to regional
climate change and precipitation in particular (Shanahan et al. 2012). The current lake surface of
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Bosumtwi is at 97 m asl, has a diameter of 8.5 km and a surface area of 52 km2. Situated in the
‘Tropical and Subtropical Moist Broadleaf Forest’biome, Lake Bosumtwi occupies the transition
between shrubby/woody savannah ecosystem to the north and moist forest ecosystem to the south
(Olson et al. 2001). This setting makes the pollen record ideal for western-African vegetation
reconstructions. Western Africa is notably underrepresented in the archaeological record, the
oldest H. sapiens fossil being dated to only 12 ka in southwestern Nigeria (Harvati et al. 2011).

An age-depth model is lacking in the initial publication presenting the pollen record of
BOS04-5B (Miller and Gosling 2014). We follow the age model of Shanahan et al. (2013)
and used by Miller et al. (2016) of the same core. The period MIS 14.2-12.33 (538-461 ka) is
characterized by fluctuating Poaceae percentages (reaching values >60% in the beginning and
<10% later in this interval) and the presence of moist broadleaf forest taxa like Celtis (c. 8%) and
Moraceae (c. 15%). At MIS 12.3-11.3 (461-405 ka) Poaceae increase up to c. 80%, interrupted
by a fall during MIS 12.31 (443 ka) to 40%. In this period the moist broadleaf taxa show very low
percentages. Cyperaceae reach c. 10% and montane tree Olea shows a single peak of 40% during
MIS 12.31. Interval MIS 11.3-11.2 (405-375 ka) shows low (c. 20%) Poaceae percentages, and
an increase in the arboreal broadleaf taxa Celtis and Moraceae, as is the case for MIS 13.13-12.33
(502-461 ka), but this time there is also a notable presence of Macaranga (c. 10%). Pollen spectra
during MIS 11.2-10.2 (375-341 ka) resemble those found during the period of MIS 12.33-11.3,
followed by a period of large fluctuations (from <10% to >80%) in Poaceae percentages that
lasts until MIS 7.3 (216 ka). During this period Moraceae continues to have a marked presence in
the pollen record, whereas it seems that Celtis is replaced by montane Olea at MIS 8.5 (287 ka).
Poaceae dominates the pollen signal from MIS 7.3 to MIS 6, with consistent percentages of 90%
and virtually no other pollen types found in the sediment except for low presences of Cyperaceae
and Olea (c. 10%). In the upper part of the sediment column, during MIS 6-5.5 (183-122 ka)
and MIS 2.2-0 (19-0 ka), Poaceae pollen is almost absent whereas taxa of moist broadleaf and
the montane forest dominate.

23.5 DISCUSSION

We characterized vegetation as represented by the palynological records on a scale from open
to closed (Figure 4). Our classification was done visually, using the pollen diagram provided in
the original publication and based on the original interpretations by the authors. These charac-
terisations are based on several factors: (i) the ratio Poaceae/arboreal pollen, (ii) the abundance
of pollen reflecting shrubby taxa, (iii) (when provided) charcoal data, and (iv) relevant notes in
the original publication. We relate the vegetation changes to the timing of the archaic H. sapiens
transition to AMH and the δ18O record (Lisiecki and Raymo 2005); including the MISs notation
following Imbrie et al. (1984) indicating either glacial or interglacial periods.

Here we interpret the vegetation structure based on the palynological record and try to
environmentally contextualize the three steps in archaic H. sapiens migration as related to our
proposed Inside-of-Africa environmental framework: (i) An initial dispersal event of archaic
H. sapiens after our lineage split off H. neanderthalensis (c. 700-400 ka, MIS 18.2-11.3), (ii) a
period of isolation imposed by regional-scale environmental conditions, limiting the exchange of
both genes and cultural knowledge, thereby promoting intraspecific variation within the H. sapi-
ens clade (c. 400-250 ka, MIS 11.2-8.2), and (iii) a period of increased interconnectivity and
growing population sizes that lead to homogenization and, ultimately, the full suite of AMH char-
acteristics (c. 250-100 ka, MIS 7-5.3). To complete the picture of vegetation change in Africa
we briefly review the last 100 ka and discuss the relevance of vegetation openness in this period
for understanding the dispersal of hominins out of Africa (Blome et al. 2012; Carto et al. 2009;
Tierney et al. 2017).
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Figure 4. Hominin evolution and vegetation change in Africa over the last 500 thousand years. (A) Key archaeological
sites (Grun et al. 1996; Hublin et al. 2017; McDougall et al. 2005; White et al. 2003), ‘Inside-of-Africa’ framework

(Figure 1), and global climate change as indicated by global δ18O record (Lisiecki and Raymo 2005). Numbers on the
δ18O panel indicate Marine Isotope Stage numbers as defined by Imbrie et al. (1984). (B) Degree of vegetation

openness inferred from the ancient pollen records including respective open/close vegetation curve*. (C) Blown up
view on the last 150 thousand years of vegetation change to show additional details. Indicated changes in the openness

of the landscape are relative only to the pollen record itself. * The following data are plotted for each site: PB:
Pinus%/Poaceae% (Torres et al. 2020), VVV10.1: Ericaceae% (Quick et al. 2016), MAG14, MAL05-1B/1C, B12:
Podocarpus%/Poaceae% (Beuning et al. 2011; Ivory et al. 2018; Lézine et al. 2019; Owen et al. 2018), BOS04-5B:

Poaceae% (Miller and Gosling 2014).
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23.5.1 Vegetational trends throughout Africa 500 to 400 ka (MIS 13.1-11.3)

Currently, only four palynological records meeting our criteria are long enough to examine
the vegetation change coeval with the initial radiation of archaic H. sapiens after their lineage
split with H. neanderthalensis. These four records are the Padul Basin (PB; Torres et al. 2020)
representing a change in the northern African region, Lake Magadi (MAG14; Owen et al. 2018),
Lake Malawi (MAL05-1B; Ivory et al. 2018) in eastern Africa, and Lake Bosumtwi (BOS04-5B;
Miller and Gosling 2014) in western Africa (Figure 4). We expected Africa in this period to host
a relatively larger proportion of open vegetation that provided hospitable environments so the
earliest members of the H. sapiens clade could disperse throughout Africa.

In northern Africa the relatively low resolution and multiple gaps in the PB pollen record
make it difficult to discern variation in the vegetation cover during this period (Torres et al. 2020).
However, the overall trend is apparent with the main arboreal taxon (Pinus) decreasing towards
400 ka. The loss of arboreal taxa could suggest that the vegetation structure became gradually
more open; however, Poaceae does not replace the trees (also diminishing and absent 425-400 ka
(MIS 12.1-11.3)). The loss of Pinus and Poaceae are also concomitant with a decline in total
pollen influx rates, suggesting either reduced pollen productivity, a faster sediment accumulation,
or poor preservation, all potentially indicative of more arid conditions. The high-resolution dust
flux record from Atlantic core ODP 659 located at 18◦N (Tiedeman et al. 1994) shows relevant
information about climatic conditions in Saharan and sub-SaharanAfrica. The 400-250 ka interval
shows a maximum in dust outbreaks, indicative of dry conditions in Saharan Africa. It implicates
that in this period the rain bringing ITCZ (where the northeast Trades meet the moisture loaden
southwest Monsoon) hardly shifted into the northern hemisphere. Therefore, rains concentrated
in equatorial and adjacent low southern hemisphere latitudes, allowing over large areas dense
arboreal vegetation to expand. For the 400-250 ka interval the pollen record of site ODP 658
at 21◦N (Dupont 1989; Dupont and Hooghiemstra 1989) is in support of substantial vegetation
cover at equatorial latitudes. On the contrary, during the intervals 500-400 ka and 250-100 ka
the dustflux shows significantly lower values (Tiedeman et al. 1994) and the monsoon front had
more southern positions, implicating the monsoon front reached higher latitudes: Saharan Africa
had wetter conditions and Africa at equatorial latitudes received less precipitation, allowing for
a more open mosaic like vegetation pattern.

In the east African Rift Valley, between 500-400 ka, Lake Magadi and Lake Malawi both
record open landscapes, savannahs in the north and wooded grasslands in the south, that transition
into dense Afromontane forests over the course of the 100 kyr. Owen et al (2018) interpret this
section of the Lake Magadi record as indicative of progressively more open vegetation, however,
an examination of the pollen data indicates a wide variation in the abundance of arboreal taxa,
e.g. Podocarpus fluctuates from near absence up to c. 80%. We therefore also note that there were
important woody components, and high dynamism, in the east African Rift Valley vegetation for
much of the pre-400 ka part of the record. The exception is between 525-425 ka (MIS 13 and 12)
where an abundance of Poaceae (80%) suggests that savannah-like conditions dominated. This
trend is almost exactly mirrored at Lake Malawi, where high Poaceae percentages (also 80%)
suggest grasslands to be present around the lake before 470 kyr, followed by an abrupt expansion
of dense Afromontane forests in the latter part of this time interval (Ivory et al. 2018). This
grassland period in the east African Rift Valley would likely have offered the most hospitable
conditions to early hominins and, with the Congo Basin rainforest to the west of the east African
Rift Valley, a passageway between southern Africa and the rest of the continent.

In western Africa no archaeological evidence for archaic H. sapiens during the pre-400 ka
period has been found in the vicinity of Lake Bosumtwi, but environmental conditions do not
necessarily exclude them from inhabiting the area. Miller et al. (2016) find significant grassland
expansions in favour of forested areas as indicated by increasing percentages of Poaceae pollen.
Grassland expansion in this region seems to be driven by increased dryness prompted by orbital
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cycles, as Poaceae peaks (sometimes even reaching 99%) in record BOS04-5B are coeval with
maxima in precessional amplitudes.

We find that during the period 500-400 ka (MIS 13.1-11.3) all of the available records show
a degree of openness in the vegetation structure. The potential barriers to hominins are in western
Africa in the early part of this period when the high representation of arboreal taxa shows a high
forest cover (although this is not likely a dense rainforest). In the later part of this period, when
poor pollen preservation prevails increased aridity is suggested in northern Africa.

23.5.2 Vegetational trends throughout Africa between 400 and 250 ka (MIS 11.2-8.2)

To date, only four pollen records have been published that are long enough to examine the period
of proposed less hospitable condition that limited dispersal, and thereby gene flow, in archaic
H. sapiens; Padul Basin (PB; Torres et al. 2020) representing northern Africa, Lake Magadi
(MAG14; Owen et al. 2018) and Lake Malawi (MAL05-1B/1C; Ivory et al. 2018) eastern
Africa, and Lake Bosumtwi (BOS04-5B; Miller and Gosling 2014) western Africa (Figure 4).

At PB, following a gap in the record, the main arboreal taxa (Pinus) fluctuates widely from
c. 80% to c. 5% between c. 380 and 250 ka suggesting, apart from changes in aeolian pollen
dispersal (Hooghiemstra et al. 1992) also major changes in the woody component. Within this
period a change from Mediterranean (365-340 ka, MIS 11), to steppe vegetation (340-310 ka,
MIS 10), and back to Mediterranean (310-295 ka, MIS 9.1-8.6) has been identified (Torres et al.
2001). Suggesting very dynamic vegetation with no discernable directional change in openness
through this period.

The sedimentary record from Lake Magadi between 375 and 300 kyr BP was analysed for
pollen (17 samples) but no pollen was recovered (Owen et al. 2018). Just before and after the
hiatus in the record the percentage of aquatic taxa (e.g. Cyperaceae) and Afromontane taxa (e.g.
Podocarpus) increase. The higher representation of aquatics could be interpreted as a lowering
of the lake level providing more shallow water habitat for taxa such as Cyperaceae. The hiatus in
the pollen record most likely represents a period of aridity when the basin (at least periodically)
dried out and consequently little or no pollen is preserved; suggesting that through MIS 9 warmer
conditions resulted in evaporation exceeding precipitation and so reduced the lake level. The more
arid conditions potentially formed a barrier that disconnected northern Africa from southern
Africa, thereby limiting any hominin dispersal between these two regions. In strong contrast to
the arid conditions at Lake Magadi, we see that Lake Malawi hosts a vegetational community
that is highly dominated by arboreal pollen from c. 470 to 270 ka. It is therefore suggested
in Ivory et al. (2018) that the rigid ecosystem changeovers elucidated by MAL05-1B are a
product of the response of local vegetation to the regional precipitation regime, comprising
of a feedback between moisture recycling in Lake Malawi and eccentricity mediated summer
insolation (Ivory et al. 2016). Still, since we characterise Lake Malawi as being surrounded by
dense (Afromontane) forests, it is in line with our hypothesis of inhospitable vegetational cover
during the period 400-250 ka, albeit for a different reason than at Lake Magadi.

The Lake Bosumtwi record shows wide fluctuations between c. 90% and c. 10% in the
abundance of Poaceae between 400 and 250 ka which was initially interpreted as abrupt high-
magnitude transitions between grassland and forest (Miller et al. 2016). Later investigations
of how modern forest and grasslands are represented in the pollen rain (Julier et al. 2019)
suggest that this magnitude of change could, for a large part, be explained by variation in the
woody component of grassland ecosystems, rather than switching to a closed evergreen forest.
Therefore, during the period from which the earliest archaic H. sapiens fossils have been found
at Jebel Irhoud the landscape around Lake Bosumtwi was most likely covered with a wooded
savannah.

We find that during the period 400-250 ka (MIS 11.2-8.2) the sites representative of northern
and westernAfrica show a dynamic vegetation cover, but likely were not inhospitable to hominins.
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The eastern African record was likely arid for much of this period which could have created a
geographic barrier to hominins.

23.5.3 Vegetational trends throughout Africa between 250-100 ka (MIS 8.2-5.3)

Between 250 and 100 ka past vegetation data is available from the Padul Basin (PB; Torres
et al. 2020) in northern Africa, Lake Magadi (MAG14; Owen et al. 2018) and Lake Malawi
(MAL05-1B/1C; Ivory et al. 2018) in eastern Africa, and Lake Bosumtwi (BOS04-5B; Miller
and Gosling 2014) in western Africa records plus, for the younger final few thousand years,
parts of the Vankervelsvlei (VVV10.1; Quick et al. 2016) southern Africa, and Lake Malawi
(1C; Beuning et al. 2011) eastern Africa records. In this time window, we expect a dominance of
an open vegetation structure that promoted the dispersal, and consequently gene flow, between
morphologically dissimilar archaic H. sapiens populations. This increased connectiveness would
have ultimately lead to the full range of AMH associated phenotypical characteristics throughout
the entire H. sapiens clade.

There is evidence for forest development at PB during the 250-100 ka interval (MIS 8.0-6.5)
as indicated by the high abundance of evergreen taxa (Pinus >50% through most of this period)
and deciduous taxa in parts (e.g. Quercus, c. 10%, 270-250 ka), indicating relatively stable
vegetation structure with a strong woody component. The forest vegetation could have been less
favourable to H. sapiens encouraging populations to move to find more open environment to
which they were more familiar.

The high diversity of pollen taxa present in record MAG14 between 250-100 ka suggests
that many different ecosystems were present along the banks of Lake Magadi. Within this time
window Afromontane taxa diminishing in favour of the relatively open Zambezian Miombo
woodland and humid evergreen woodlands, offering a diverse landscape vegetation mosaic with
a wide variety in resources and thereby generating hospitable environments for archaic H. sapiens.
The other lake core from eaststern Africa considered here, Lake Malawi, shows high variation
in landscape openness. Five wooded grassland periods with a combined duration of c. 90 ka
have been identified at Lake Malawi, giving ample oppurtunities for archaic H. sapiens to settle
and disperse through the vicinity of Lake Malawi. Thus, both eastern African records indicate
vegetation that would have been hospitable to archaic H. sapiens, and could have provided a
north-south corridor allowing connectivity across the continent.

The pollen record from Lake Bosumtwi suggests an expanded savannah in western Africa,
unprecedented in both stability (lasting almost 100 kyr) and cover (reaching >95% Poaceae).
The consequences of this heavily grass-dominated landscape for H. sapiens could be interpreted
in two ways: (i) as an ideal open landscape which they could occupy and traverse comfortably,
or (ii) as a barrier due to high aridity and a lack of resources (absence of trees and water). The
absence of any archaeological evidence of H. sapiens in western Africa until c. 12 ka (Harvati
et al. 2011) tentatively provides support for the latter, but further evidence is clearly required.

The Vankervelsvlei sedimentary record begins c. 110 ka and contains pollen indicative of
predominantly open woodland vegetation. This relatively open woodland could have provided a
favourable to H. sapiens in a similar way to the vegetation of eastern Africa.

During the period 250-100 ka we find that there are potential barriers to H. sapiens in the
north (covered by forest) and western (arid ecosystems) regions of Africa. While in the eastern
and southern regions there is evidence for more hospitable vegetation configurations.

23.5.4 Vegetational trends throughout Africa after 100 ka (MIS 5.3)

The last 100 ka is an important period in hominin evolution and dispersal, particularly related
to the movement of hominins out-of-Africa between 70 and 40 ka (MIS 5.0-3.2; (Blome et al.
2012; Carto et al. 2009; Tierney et al. 2017)). During this period an increasing amount of
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information on past vegetation change in Africa is available, however, a detailed exploration
of all this literature is beyond the scope of this review. Instead, we limit this section to briefly
contextualizing change around the period of movement of hominins out-of-Africa from just the
six records used to provide information on longer-term vegetation change (Figure 4C).

The northern African vegetational makeup, as inferred from the PB pollen record, implies
steppic environmental conditions with highArtemisia and Poaceae presence in the Mediterranean
regions of northwest Africa for MIS 4 and MIS 3, indicating cold and arid climate for both stages
(Torres et al. 2020). While in southern Africa the VVV10.1 pollen record suggests vegetation
remain fairly stable in their characteristics over the last 100 ka, notwithstanding an expansion of
fynbos vegetation between 70-40 ka (Quick et al. 2016). Similar vegetation stability is also seen
in easternAfrica from the MAG14 pollen record (Owen et al. 2018), although the MAL 1C pollen
record shows a trajectory of increasing woodland vegetation (Beuning et al. 2011). This increase
in woodland vegetation has been interpreted as increased landscape diversity that could have
aided hominin development and dispersal by providing access to new and more varied resources
(Beuning et al. 2011). In central (record B12) and western Africa (record BOS04-5B) the degree
of vegetation openness is shown to fluctuate; with the greatest depression of the treeline (hence
most open vegetation being available at high elevation) occurring at Lake Bambili around 35 ka
(Lézine et al. 2019).

Through the period of hominin dispersal ‘Out-of-Africa’, some portion of each of the six
records indicates open vegetation that would have helped to facilitate dispersal of hominins. It is
also the period in which the greatest variation in the vegetation record is seen, which could also
have promoted dispersal as hominins sought to track resources. However, we should be cautious
in our interpretations because the evidence is likely biased by the increased number of locations
from which evidence is available, and the temporal detail of the information.

23.6 CONCLUSIONS

Growing evidence from genetic and archaeological sources paints a picture of complex pan-
African hominin evolution, development and dispersal (Hublin et al. 2017; Lipson et al. 2020;
Scerri et al. 2018; Stringer 2016; Wang et al. 2020). Intuitively it seems reasonable that the
habitat that hominins existed within played an important role in shaping these processes and,
based on archaeological evidence, it has been suggested that more open vegetation formations
were the favoured habitat of early hominins (Bertola et al. 2016; Blome et al. 2012; Cerling
et al. 2011; Larrasoaña et al. 2013; Scerri et al. 2018). However, unfortunately, evidence for
vegetation, and vegetation change, over the more than half-million years over which evolution,
development and dispersal have occurred remains scant at the continental scale. The terrestrial
records of past vegetation change, based on the analysis of ancient pollen, obtained from six
sedimentary basins that are relevant to Africa on these timescales indicate that the degree of
openness varied regionally. The balance between a predominance of open vs. closed vegetation
across Africa tends to follow a pattern of indicating more hospitable (open vegetation) during the
period 500-400 ka when archaic H. sapiens dispersed around the continent, more inhospitable
(closed vegetation/desert) between 400-250 ka when many new phenotypically distinct clades
of hominins arose, and a return to more hospitable (open vegetation) conditions 250-100 ka
coincident with the rise of anatomically modern humans. This pattern of vegetation change
fits with our proposed ‘Inside-of-Africa’ environmental framework as a backdrop to hominin
evolution. While these data provide some evidence for vegetation change in Africa over the last
500 ka there are clearly huge spatial and temporal gaps in the evidence available. Consequently,
any inferences drawn from this must be done so with caution, however, we hope that our proposed
framework will provide food for thought among researchers and be subsequently tested against
new and more detailed records of past vegetation change.
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CHAPTER 24

The role of palaeoecology in conserving African
ecosystems

Lindsey Gillson

Plant Conservation Unit, Department of Biological Sciences, University of
Cape Town, South Africa

ABSTRACT: Africa holds critical and unique biodiversity, but conservation is challenging
because of the complexity of landscapes and their history, and the multitude of drivers and
stakeholder perspectives. Palaeoecology can help in developing a nuanced understanding of land-
scape history that can inform pressing conservation issues, including climate change integrated
conservation strategies, fire management, management of herbivores and rewilding, ecosystem
restoration, sustainable use of natural resources, and management of cultural landscapes. To
be useful, however, the data from palaeoecological proxies needs to be converted into metrics
that are useful and accessible to conservationists and managers, requiring rigorous calibration
against modern and instrumental data sets, alongside sound chronologies. Palaeoecologists can
help in enhancing the applied value of their work by interpreting it in ways that are underpinned
by sound ecological theory in ways that are relevant to pressing conservation questions. The
design of projects and the interpretation and application of data can be used as starting points for
interdisciplinary, collaborative approaches with stakeholders. Finally, the modelling of palaeoe-
cological data can help stakeholders to explore landscape changes and the effect of management
interventions under different scenarios of climate and land-use change in the future.

24.1 INTRODUCTION

Africa’s landscapes are home to important biodiversity hotspots as well as the world’s only intact
megafaunal assemblage (Archer et al. 2018). They are also characterised by a large rural pop-
ulation, whose livelihoods directly depend on ecosystem services, alongside rapidly changing
socio-economic contexts that include urbanisation and development. Conservation in Africa
takes place both inside and outside of protected areas and both approaches present challenges
and opportunities. Developing conservation strategies that benefit both biodiversity and peo-
ple depends on developing and understanding of landscape history both in terms of ecological
variability and cultural context.

In the early days of conservation, the idea of maintaining, preserving or restoring ‘balance’
was prevalent, and ideas of equilibrium were also reflected in early ecological theory. Maintaining
populations at fixed carrying capacity was an approach common in southern Africa, while in
East Africa strict preservation of ‘wilderness’ – areas perceived, often wrongly, to have been
little modified by people – was a dominant conservation ideal (Gillson 2015). Added to this,
many colonial governments perceived fire to be destructive and implemented policies of fire
suppression, disrupting traditional burning practices, such as seasonal mosaic burning (Gillson
et al. 2019). However, more recent approaches to conservation accept that variability, flux and
disturbance are normal to most populations and landscapes, and this raises a need for a long-term
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perspective that allows managers to explore resilience and variability over centennial-millennial
timescales.

Many African National Parks were founded in the early decades of the twentieth century,
when ecosystems were likely to have been in an atypical state. Though most African landscapes
have been managed by people for millennia, the combined impacts of fire suppression, removal
or disruption of traditional management, and the decimation of megafaunal populations from the
19th century are likely to have led to atypically higher tree density in savannas. This high tree
density is likely to be further exacerbated by the effects of CO2 fertilisation, which benefits C3
plants such as savanna trees and shrubs, more than C4 plants, including savanna grasses, and is
likely to play a role in bush encroachment (Bond and Midgley 2012; Midgley and Bond 2015;
Wigley et al. 2009). On the other hand, some savannas were cleared of trees because of charcoal
production or to make way for agropastoralism, and woody vegetation subsequently recovered
following land abandonment (Blair et al. 2018; O’Connor et al. 2014). Therefore, interplay
between environmental change and the role of anthropogenic influence, both positive and neg-
ative, are important aspects of landscape history that needs to be considered in conservation
planning and ecosystem management.

Amid all of this complexity, science is only part of the basis for conservation decisions,
while stakeholder values, cultural context and local perspectives must also be considered (Rogers
et al. 2013). A central challenge that palaeoecologists can contribute to is developing nuanced,
interdisciplinary and inclusive understanding of landscape history (Marchant and Lane 2014;
Marchant et al. 2018; Mustaphi et al. 2019), that can then be applied in defining and refining
conservation and management goals (Gillson 2015; Githumbi et al. 2020; Wolfe et al. 2007).
Here I discuss the role of palaeoecology in understanding and managing the drivers of landscape
changes, then identify some ways forward in applying this knowledge to conservation practice.

24.2 UNDERSTANDING, PREDICTING AND MANAGING THE DRIVERS OF
LANDSCAPE CHANGE

24.2.1 Climate

Past warm periods such as the African Humid Period and the Mediaeval Warm Period can provide
valuable insights into the response of ecosystems to climate change, as well as the feedbacks
between fire, climate and vegetation structure (Lüning et al. 2017). They have a particularly
important role in informing and refining the development of models that simulate changes in
vegetation cover based on climatic and other variables. This has been demonstrated in work
modelling the greening of the Sahara during the mid-Holocene. Palaeoecological data indicated
that models based on orbital forcing alone were under-estimating the magnitude and extent of
the greening event (Lézine et al. 2011; Pausata et al. 2020; Tierney et al. 2017). This helped
in shaping more complex models that include for example feedbacks between vegetation and
climate (Chen et al. 2020; Pausata et al. 2020; Rachmayani et al. 2015).

Most predictions of future climate change agree that Africa’s climate will get warmer, but
there is a high degree of uncertainty regarding future changes in rainfall. While it is commonly
expected that warmer climates bring higher rainfall due to increased ocean evaporation, this is
not always the case, and some areas are expected to experience aridification and/or increased
extreme events (Engelbrecht et al. 2013; Pinto et al. 2018). This is of critical importance to areas
where agriculture is rain fed and already marginal (Pohl et al. 2017). Reconstructing past climates
and particularly the interaction between temperature and rainfall can help in understanding the
interactions between regional climate systems and assist in more accurate downscaling of global
models (Lüning et al. 2018). Furthermore, palaeoecological data can help in understanding
vegetation-climate-fire feedbacks that in turn shape the distribution of fire-adapted ecosystems
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(Bond and Midgley 2012). It can also inform the manipulation of drivers such as fire that interact
with climate. Information such as this is critical in designing conservation strategies that consider
climate change, for example, potential shifts in the distribution of ecosystems and species as well
as identifying populations that are likely to be most vulnerable or most resilience to climate
change (Hannah et al. 2002). In a world of finite space and limited conservation resources, a
sound basis for conservation prioritisation in a changing climate is critical (Foden et al. 2019).

24.2.2 Fire

Fire is a critical component of many African ecosystems, and is essential in maintaining grass-
lands, savannas and heathlands in areas of sub-Saharan Africa that have rainfall that is high
enough to support forest (Bond et al. 2005). Nevertheless, fire management remains a contested
issue in many areas, due to risk to property and life, as well as due to lack of understanding of its
important ecological role (Bowman et al. 2013; Gillson et al. 2019). Many colonial governments
believed fire to be detrimental and implemented policies of fire suppression in ecosystems that
were naturally fire adapted (Moura et al. 2019). Later, when attempts to suppress fire proved
futile, these policies were replaced by prescribed burns at regular intervals (van Wilgen et al.
2014). Policies of fire suppression and prescribed burning disrupted traditional fire management
and homogenised the fuel load, leading to artificially intense and widespread fires in subsequent
decades (Humphrey et al. 2020).

People have managed fire for millennia, for example by patch mosaic burning, which
involves burning small patches of vegetation starting in the early dry season (Laris 2011). As
different patches are burned at different times, this creates patches of vegetation with different
post-fire ages (time since burned). Species assemblages often change throughout post-fire suc-
cession, and therefore a heterogeneous mosaic of different post-fire ages provides a wider range
of habitat, biodiversity and ecosystem services than would be present had only a single, large fire
occurred (Parr and Brockett 1999). In addition, such skilful management of fire helps to prevent
late season wildfires that homogenise the landscapes (Humphrey et al. 2020), and can be used
to manipulate the balance of forest and savanna elements at the savanna-forest ecotone (Fairhead
and Leach 1996).

Palaeoecology is essential in understanding the impacts of anthropogenic fire management
and the effects of fire suppression and management. Such records can in addition contribute to
debates of anthropogenic ‘savannisation’ and the extent of human influence on forest ecosystems
(Veldman 2016; Willis et al. 2004). Studying fire history through the charcoal record can help in
determining whether current fire policies are within the historical range of variability. They may
also assist in reinstating the skillful management of fire by communities who have incorporated
fire management into their livelihoods for millennia (Humphrey et al. 2020).

24.2.3 Herbivory

Herbivores have both direct and indirect effects on vegetation structure and composition through
physical impact on plant biomass and their influence on ecosystem processes, such as nutri-
ent cycling and seed dispersal (Cromsigt et al. 2018). Changes in herbivore density thus have
major implications for ecological function and biodiversity conservation (Hempson et al. 2015).
Hunting, disease and manipulation of carnivore populations have all altered wild and domestic
herbivore numbers, leading to declines in population size and distribution of many wild species
in the late 19th and early 20th centuries (Venter et al. 2017). In southern Africa, reports of vast
herds of wildebeest and springbok were reported in the early 20th century, while such herds have
vanished from today’s landscapes (Home 1874; Skead et al. 2007; Venter et al. 2017). In the
20th century, there have also been wide fluctuations in populations of both wild and domestic
herbivores in response to, for example, changes in domestic and local markets for meat and wool,
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intensification of agriculture, a transition to game farming, as well as illegal hunting of rhino
and elephant (Beinart 2003). These changes would have directly affected vegetation structure
and composition and influenced nutrient cycling, physical disturbance and fire regimes through
changes in biomass accumulation.

The use of coprophilous fungal spores is commonly used to pinpoint the timing and effects
of megafaunal extinctions (Burney et al. 2003; Feranec et al. 2011), but there are also possi-
bilities for addressing ecological questions about changes in herbivore abundance and how they
affected vegetation on more recent timescales of decades to centuries (Ekblom and Gillson 2010;
Goethals and Verschuren 2019). This information is invaluable in informing the management
and restoration of functional herbivore-driven landscapes (Fuhlendorf et al. 2009). It could also
play a role, alongside pollen data, in addressing questions about the impacts of elephants on their
habitat, specifically whether elephant impact on trees is unprecedented due to their confinement
in small areas, or whether the loss of tree cover is actually a return to the less wooded landscapes
of the 17th and 18th century (Gillson 2015; Veldman 2016).

With urbanisation continuing apace in Africa, and the effects of government grants on rural
livelihoods, game farming and re-wilding are likely to become increasingly attractive options for
conservation (Hoogendoorn et al. 2019) (though the effects of the current COVID-19 pandemic
on these options remain to be seen (Lindsey et al. 2020)). Palaeoecologists can help managers
decide what should the landscapes look like, and how many herbivores there should be (Hempson
et al. 2015; Venter et al. 2017).

24.2.4 Anthropogenic Influence

Many African National Parks were founded in the early decades of the twentieth century, a time
when many landscapes had been affected by intensive human impact including changes in fire
and fauna as well as changing climate and rising CO2, and as well as changes in land use including
sedentarisation (i.e. loss of transhumant lifestyles) and land abandonment. There is therefore a
role for palaeoecology, specifically fossil pollen and phytolith analysis, in exploring variability
in ecosystem structure and composition, particularly in terms of woody vegetation density. These
data allow ecosystem managers to distinguish, for example, whether increasing tree cover is a
recovery from past tree clearance or an unprecedented loss of open, grassy savanna (Gillson
2015; Gillson and Marchant 2014; Parr et al. 2014). As mentioned above, palaeoecological data
can also help in understanding the role of past management of fire and herbivores, and the effects
of disruption of traditional fire management (Humphrey et al. 2020).

24.3 CHALLENGES IN APPLICATION OF PALAEOECOLOGY TO BIODIVERSITY
CONSERVATION IN AFRICA

Despite the great potential for synergy between palaeoecology and conservation, practical
collaboration between the two fields remains rare. Here I will identify some challenges for
palaeoecology and suggest some ways forward for increasing the application of our work.

24.3.1 Calibration

Palaeoecological data as it is presented in Quaternary journals is not easy for conservation
managers to use (Davies et al. 2014). They need to be translated into metrics that are more
closely aligned with ecological parameters and ecosystem services that are usually the target
of management goals (Davies and Bunting 2010; Gillson and Marchant 2014). For example,
a measure of changes in tree density is much more useful in conservation than a measure of
arboreal pollen abundance (Gillson and Duffin 2007). Therefore, good calibration is needed
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between palaeo-proxies and ecological parameters, but calibration remains a major and barely
addressed issue in palaeoecological studies of most African ecosystems (Julier et al. 2018).
Accurate calibration that includes a measure of confidence limits will allow translation of pollen
data to estimates of changing vegetation composition that are much more useful to managers.
Much more work is needed in this regard, especially in Africa, where quantitative, multi-proxy
data could be invaluable in understanding the feedbacks occur between climate, vegetation, fire
and herbivory (Julier et al., 2021, this volume).

The same can be said of charcoal and spore data. Charcoal can be invaluable for recon-
structing fire history, but it is also notoriously difficult to interpret, requiring comprehensive
calibration efforts (Adolf et al. 2018). This is partly because different fire intensities affect the
completeness of combustion and different fuel sources (e.g. grass versus woody vegetation) and
thus their representation in the charcoal record (Leys et al. 2017). Amalgamation and meta-
analyses of multiple charcoal data sets via the Global Charcoal data base can help in quantifying
the relationship between biomass burning and charcoal representation (Hawthorne et al. 2018;
Marlon et al. 2016). Emerging techniques such as Fourier Transform Infrared Spectroscopy can
help in unravelling the complexity between fire intensity and charcoal representivity (Gosling
et al. 2019). Similarly, studies suggest that Sporomiella alone do not seem to accurately represent
herbivore density in African ecosystems (Baker et al. 2013). A suite of spore proxies is needed,
and more quantitative work is required to relate these to herbivore biomass and if possible to
different herbivore guilds (Feranec et al. 2011; Goethals and Verschuren 2019).

As well as the use of modern data sets, there is also potential for calibrating palaeoecological
data against instrumental records of climate change (Jacques et al. 2015; Vallè et al. 2018),
satellite imagery of fire, e.g. the MODIS data set (Adolf et al. 2018) and historical records of
herbivory numbers fire (Baker et al. 2013, van Asperen et al. 2020).

24.3.2 Chronologies and influx rates

Calibration against instrumental records requires detailed and accurate chronologies, in order to
compare measured changes in historical and palaeoecological records. Where such chronologies
are available, pollen influx rates can be used. Influx rates have advantages over both percentage
data, which are influenced by the Fagerlind effect (Fagerlind 1952), and concentration data, which
are influenced by changes in sediment accumulation rate. In the case of pollen percentages, the
change in the abundance of any particular plant will affect the abundance of all other taxa present,
because the total pollen sum always has to be 100%, regardless of how much biomass is present in
the landscape. Similarly, a faster (slower) rate of sediment accumulation may lead to reductions
(increases) in pollen concentration, even if the abundance of a plant in the landscape has not
changed. However, such detailed chronologies are rarely found in palaeoecological data from
semi-arid areas, where there are often hiatuses in sediment accumulation due to extended dry
periods, and bioturbation by large mammals. In such cases, influx rates are not reliable, but
careful comparison of percentage and concentration data can assist interpretation. There can
be more confidence that trends observed in both percentage and concentration data reflect real
changes in plant abundance (Baker et al. 2013; Forbes et al. 2018).

24.3.3 Taxonomic resolution

A further challenge in the application of fossil pollen data in biodiversity conservation is taxo-
nomic resolution. Important ecological changes with implications for biodiversity conservation
often occur at the species and genus level. For example, loss of species is a major concern for con-
servationists and changes in habitat quality, such as a shift from palatable to unpalatable grasses
can have conservation management implications. Complementary proxies e.g. phytoliths can
help to reserve poorly resolved but ecologically important families such as the Poaceae (Breman
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et al. 2019). Further, detailed work is needed on the pollen morphology and associated ecolog-
ical affinity of taxa within diverse families, such as the Asteraceae, containing both generalist
and specialist species (Blackmore et al. 2010). Environmental DNA from sediments (sedaDNA)
is increasingly used to provide accurate taxonomic resolution (Bálint et al. 2018; Clarke et al.
2019), though further work is needed to improve coverage ofAfrican species in genomic databases
(Dommain et al. 2020).

24.3.4 Engagement with ecological theory

Increasing the use of palaeoecology in conservation requires that palaeoecologists engage with
relevant theoretical and management frameworks. The shift from ‘balance of nature’ to ‘flux
of nature’ as the underlying paradigm in ecology, has had profound implications for conser-
vation (Gillson 2015; Pickett et al. 1997). Specifically, managing ecosystems and populations
that are not at equilibrium requires a different approach to old approaches to conservation that
aimed to prevent change. Ecosystem management emerged in response to develop conservation
approaches that accepted the heterogeneous, dynamic nature of ecosystems (Grumbine 1997).
Working with variable ecosystems in which disturbance and change are normal, raises the need
for information on variability over ecologically relevant timescales, in order to define conser-
vation goals that are based on processes rather than states (Gillson 2015). Many ecosystems
are dynamic and fluctuate in response to disturbance and environmental change, however long-
term data are needed to help managers to identify when ecosystems are approaching ‘tipping
points’ or novel states. There is a natural synergy between palaeoecology and resilience theory
(Davies et al. 2018), in that hypotheses generated regarding resilience and thresholds in ecosys-
tems can potentially be tested using palaeoecological data (Gillson et al. 2020; Seddon et al.
2011).

24.3.5 Theory to application: relevance to current conservation questions

Once palaeoecological data is calibrated into forms that are recognisable to ecologists and
managers, there still remains the challenge of how to apply these data to current conserva-
tion questions. As well as climate-changed-integrated conservation strategies, mentioned above,
an important interface between conservation practice and palaeoecological data is establishing
acceptable limits of variation in key parameters such as woody vegetation cover, herbivore den-
sity and fire regimes. Recent trends in such parameters can be compared against data spanning
decades and centuries, helping to quantifying the historical range of variability and the extent of
intensifying human management, including the impact of changes in fire and fauna as well as
land use implemented by colonial governments (Gell et al. 2012; Hoffman et al. 2019). Measures
of the long-term variability can help to identify unprecedented change from normal background
variability (Keane et al. 2009). Thus, long-term data from palaeoecology can help to understand
the ecological character of an ecosystem. For example, palaeoecological data could potentially be
incorporated into definitions of ecological characters, limits of acceptable change andThresholds
of Potential Concern (TPCs) (Gell 2010; Gillson and Duffin 2007).

Knowledge of long-term change is central to restoration ecology and rewilding. In restora-
tion ecology, conservationists need to have a reference state (Falk 2017; Higgs et al. 2014; Nogué
et al. 2017). While this is often a nearby undisturbed or little disturbed site, such locations are
not always available. Indeed, even those that are perceived to be undisturbed may have a more
complex history than can be gleaned from present day conditions (Forbes et al. 2018; Gell 2010).
Thus, restoration targets including the rewilding of ecosystems requires data from before the
intensive human impact of the 18th and 19th century. On the theme of restoration, there is a ten-
dency to view grassy and other open ecosystems as less valuable than forests or woody systems,
therefore their afforestation is prioritised (Bond et al. 2019; Parr et al. 2014). This tendency
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has become even more pronounced given recent drives to encourage tree planting as a means of
enhancing carbon storage (Bastin et al. 2019). In some cases, where forest cover has become
denuded or degraded, reforestation with native species can enhance biodiversity conservation
and carbon storage at the same time (Lewis et al. 2019). In others, however, ancient grasslands
and heathlands have been mistakenly identified as degraded or anthropogenically derived (Bond
et al. 2019; Parr et al. 2014). This has led to inappropriate afforestation schemes that threaten
rare open landscapes that are home to unique biodiversity (Bond et al. 2019; Veldman 2016;
Veldman et al. 2019). Palaeoecology should therefore support the protection of open ecosystems
and in the design of appropriate forest restoration programmes while at the same time raising the
profile of ancient grasslands and heathlands as valid conservation targets.

A further step in the translation of palaeoecological data for conservation purposes is to
convert them to indices for ecosystem services, such as biodiversity, sediment regulation, soil
stability, sediment quality, and water quality (Dearing et al. 2012). This approach can help engage
stakeholders by alerting them to changes in key services, information which could potentially
inform sustainable management of natural resources, but to date has rarely been applied in
Africa.

24.3.6 Integrating with other disciplines and knowledge streams

A multiproxy approach that helps to elucidate the complexities of landscape history and peo-
ple’s role in shaping the environment can help to build a nuanced and inclusive understanding
of landscape history that can provide cultural and local context for interpreting change and
informing future sustainable management (Gillson 2015; Githumbi et al. 2020; Marchant and
Lane 2014; Mustaphi et al. 2019; Richer and Gearey 2018). Though much palaeoecological
research occurs in the lab and behind the microscope, a key component of our work can be in
collaborating with stakeholders and listening to stakeholder perspective on ecosystem change
(Wolfe et al. 2007). Projects can be co-designed with stakeholders with their management needs
and goals in mind (Rogers et al. 2013; Wolfe et al. 2007). Palaeoecologists can attend con-
servation conferences and workshops where managers and ecologists articulate questions that
can be usefully addressed using palaeoecological techniques, or arranging consultations with
community groups (Davies et al. 2014; Wolfe et al. 2007). Where palaeo-projects are already
underway, it is useful to meet with communities, government, parastatals and NGOs while in the
field, explain the potential utility of the palaeoecological data and to explore questions of mutual
interest.

After a project’s completion, it is useful to provide results in more than one format. Sci-
entific publications are not always the most accessible or useful way in communicating results
to stakeholders, formats such as reports, poster, or stakeholder feedback workshop might be
more convienient. Such workshops are especially valuable when stakeholders can help in shap-
ing elements of the project e.g. in adding insights to possible feedbacks between drivers and/or
in utilising project outputs such as model-based tools that allow them to explore the effects of
different scenarios or fire, herbivory and climate (Capitani et al. 2019; Hossain et al. 2020).
Stakeholders often have different perspectives on how ecosystem change affects their livelihoods
and there are often important cultural components of landscape change that can only be captured
through consultation with stakeholders.

24.3.7 The importance of modelling and future scenarios

Reconstructing the past does not always provide analogues for the future (Williams and Jackson
2007). We face unprecedented rates of climate change and human impact, as well as social and
economic structures that differ vastly from the past, as well as potentially novel combinations of
climate parameters and anthropogenic stressors that may produce ecological surprises (Lindsey
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et al. 2020; Williams and Jackson 2007). Nevertheless, understanding past ecological dynamics
can help to elucidate the interactions and processes that drive ecosystem change. Building models
based on palaeoecological data that simulate past interactions between key drivers and responders
e.g. vegetation, climate, fire and herbivory provides a basis for exploring future scenarios,
especially where palaeoecological proxies have been turned into Ecosystem Service Indicators
(see above) (Dearing et al. 2012; Perry et al. 2016).

Models based on palaeoecological data can simulate past interactions between human
and environmental factors, for example, climate, fire, herbivory and vegetation (Perry et al.
2016). Such models can then be parameterised using current and future scenarios. Furthermore,
some modelling approaches, such as system dynamics models offer opportunities for combining
insights from long-term data with local knowledge of ecosystem change, complexity and likely
future scenarios (Hossain et al. 2020). This has the twofold advantage of improving the relevance
and applicability of palaeoecology whilst also improving access to a diverse range of voices in
scenario planning and conservation management. Though highly uncertain, such models can help
stakeholders to explore different possible future scenarios of land cover and ecosystem services
(Caves et al. 2013).

24.4 CONCLUSIONS

Africa’s landscapes are dynamic and complex, and managing them requires flexible and adaptive
conservation approaches that safeguard biodiversity as well as providing ecosystem services and
respecting indigenous knowledge. This means embracing a past-present-future perspective that
includes a knowledge of ecosystem variability, ecological function as well as cultural heritage
and the role of traditional management. There is thus enormous potential for better integration
of palaeoecological and other long-term data into biodiversity conservation and natural resource
management.

Carrying out palaeoecological research in Africa has some challenges, however, including
the lack of sites and poor pollen preservation in semi-arid areas and the sheer diversity of the
flora in forested areas. Despite this, the discipline has enormous potential value in conserving
African biodiversity, especially as landscape history is often not well understood. Fine resolution
studies covering the late Holocene are especially valuable to conservationists in understanding the
impacts of climate change, the role of fire and herbivory, the effects of human management and
the resilience of ecosystems. To realise this value, however, we in the palaeo-community must do
our best to make our data accessible, and to present it in forms that are relevant to conservation.
Aligning multiple proxies can help in distinguishing climatically driven from anthropogenically
driven changes and provide the basis for defining restoration targets and thresholds of potential
concern. Ensure that our research process is inclusive can contribute to building a nuanced and
interdisciplinary understanding of landscape history that informs biodiversity conservation and
the sustainable and equitable management of natural resources.
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