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Preface to the Second Edition

The First Edition of this book was well received and when a new print run was
proposed we took the opportunity to revise, update, and expand the book. Our goal
in the revision was to incorporate the most significant recent studies, yet retain the
framework of the First Edition. Of course, the plight of tropical rainforests in
response to climate change has not changed, and the political process that might
have limited the effects of ongoing climate change appear to have faltered. For
several decades the clarion call to save the rainforest biodiversity from the worst
excesses of human exploitation has been loud. However, the threat to these systems
from the synergy of climate change, logging, ranching, and other land use change
appears to be cumulative. An investigation of the role that climate plays in shaping
tropical rainforest biodiversity and, ultimately, how biodiversity may be lost is
clearly needed. To that end we present chapters that deal with long-term climate
and vegetation change, ecophysiology, and ecosystem processes in addition to
considerations of how predictive models are constructed.

In this edition, we have added one entirely new chapter on fire, effectively
replaced a chapter on Amazonian climate, and substantially modified most of the
other chapters. We have attempted to minimize the period between author submis-
sion and printing of the book so that the most contemporary knowledge is
portrayed. As part of that process of hastening the editing process we have been
joined by William Gosling as an editor.

Mark Bush






Preface to the First Edition

Never before in human history has the need for an understanding of climatic change
been so great. Nowhere in the world is that need so serious as in the tropics, where
deforestation and extinction are at their most rapid, biodiversity greatest, and
human lifestyles at their most precarious. We therefore hope and believe that this
book will be timely and useful, as it attempts to describe and explain in scientific
terms the past, present, and future changes in Earth’s most complex terrestrial
ecosystem, the Tropical Rain Forest.

The project grew from a discussion between Clive Horwood of Praxis and Mark
Bush on the status of climate change research in Tropical Rain Forest settings.
Mark’s own involvement in attempting to apply lessons learned from the past to
the formulation of conservation theory and practice led to a desire to move beyond a
simple review of paleoclimatic data. The text aims to build upon and update the
foundation of John Flenley’s (1979) The Equatorial Rain Forest: A Geological
History (Butterworth, London). In the intervening period our understanding of
individualistic species migration, of potential interactions between climate and
physical process, phylogenies, and of the looming impact of global climate change
has revolutionized community ecology. In that same period the coverage of tropical
paleoecological data has exploded—for example, there was not a single datum from
Amazonia when John wrote his book.

John Flenley was called in to help when the sheer enormity of the task became
evident to Mark. John had recently moved onto part time so was able to bring his
experience of tropical regions fully into play, especially in the area of vegetational
history.

We hope that the book will be used by scholars and senior students throughout
the world, but especially in the developing countries of the Tropics, where climatic
change may spell ecological and economic disaster very soon indeed. Perhaps it is
not too much to hope that our book may contribute to influencing world policies



xvi Preface to the First Edition

in relation to technology and economics, before the climatic changes become
irreversible.

We are deeply indebted to all our contributors, a varied selection of excellent
researchers, who have given their time and effort unstintingly to make this book
possible. We are also grateful to those who have helped with the editing, especially
Olive Harris. John Flenley wishes particularly to thank his wife, Helen, for her
understanding and support. Our publishers, especially Clive Horwood, deserve ex-
ceptional thanks for their patience, tolerance and skill. Any remaining errors are of
course our responsibility.

Mark Bush John Flenley
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VHB, HCF, and CHG
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Cretaceous and Tertiary climate change and the
past distribution of megathermal rainforests

R. J. Morley

1.1 INTRODUCTION

The history of megathermal (currently “tropical”) rainforests over the last 30 kyr is
now becoming relatively well-understood, as demonstrated by the many contributions
in this volume. However, our perception of their longer-term history remains highly
fragmentary. There is a real need for a better understanding of rainforest history on an
evolutionary time scale, not only to have a better idea of the biological, geological, and
climatic factors which have led to the development of the most diverse ecosystem ever
to have developed on planet Earth, but also since the implications of rainforest history
on an evolutionary time scale are inextricably linked to a plethora of other issues
currently receiving wide attention. Determining the place and time of origin and/or
radiation of angiosperms (which overwhelmingly dominate present day megathermal
rainforests), establishing patterns of global climate change, clarifying the nature of
global temperature gradients through time, understanding the successive switching
from greenhouse to icehouse climates, global warming, patterns of dispersal of
megathermal plants and animals, higher rank (ordinal) taxonomy and the nature
of controls on global diversity gradients are but some issues which are being clarified
with the better understanding of the long-term history of megathermal rainforests.

This chapter attempts to examine climatic controls on megathermal rainforests
since their first appearance in the Cretaceous Period up until the end of the Pliocene, a
period more than 60 times longer than that considered by the other contributions in
this book. The first part summarizes the pattern of initial radiation of angiosperms,
and the first physiognomic evidence for closed multistratal forests during the Late
Cretaceous. For the earlier Tertiary, the pattern of changing rainforest climates is
viewed on a very broad scale, through the construction of rainforest maps, each
representing periods of perhaps 5 Myr. These maps follow those of Morley (2000a)
but have been substantially improved by integrating the comprehensive database on
the global distribution of climatically sensitive lithologies (primarily evaporites,

M. B. Bush, J. R. Flenley, and W. D. Gosling (Editors), Tropical Rainforest Responses to Climatic Change
(Second Edition). © Springer-Verlag Berlin Heidelberg 2011.




2 Cretaceous and Tertiary climate change [Ch. 1

bauxites, and coals) compiled by Boucot et a/l. (in press). Bauxites were given little
consideration in the Morley (2000a) maps due to difficulties regarding age determina-
tion, but are critical in evaluating past megathermal climates since they are generated
under hot and wet climates that are strongly seasonal. They therefore reflect the
former occurrence of monsoonal climates. Boucot’s comprehensive database allows
bauxites to be placed within an appropriate perspective, despite difficulties of precise
dating.

For the mid- and younger Tertiary, in addition to presenting generalized global
maps, the approach followed allows climate change over this period to be viewed more
from the perspective of the Quaternary. For the later Quaternary, radiometric dates
and oxygen isotope signals provide a precise time framework within which scenarios
of climate change can be established and regionally correlated. The pattern is of
astronomically driven climate cycles each comprising (a) an initial period of rapid
warming, followed by (b) warm, everwet climates, and (c) by a period of gradual,
sometimes intermittent temperature decline with reduced moisture availability, cul-
minating in (d) a period during which everwet tropical climates were of much more
restricted distribution (Flenley, 1979; Morley, 2000a). In synchronization with climate
fluctuations, global sea levels have risen and fallen following shedding from and
subsequent sequestration of seawater in polar ice caps.

The precision of dating which can be applied in the younger Quaternary is rarely
available for Tertiary sediments. By applying a sequence stratigraphic approach in
the Tertiary, which is widely used in the petroleum industry, and emphasizes patterns
of sediment deposition in relation to fluctuating sea levels (e.g., Wilgus et al., 1988;
Posamentier and Allen, 1999) by equating periods of sea level lowstand with “glacials™
and highstand with “interglacials”, patterns of climate change from fossil data relative
to sea level change can be viewed in the same perspective as Quaternary fluctuations
even where independent dating is of relatively low precision (Morley, 2000a). Such an
approach is applicable for the post Middle Eocene, during which time ice accumula-
tion has been taking place in polar areas, and most sea level changes are thought to
reflect the sequestration of seawater into polar ice caps (Abreu and Anderson, 1998;
Bartek et al., 1991; Zachos et al., 2001). Consequently, over the period from the Late
Eocene to Pliocene, global sea level change may be used as a proxy for global climate
change. However, there remains debate about the nature of sea level fluctuations
during earlier “greenhouse” phases (e.g., Hallam, 1992; Miller et al., 2004).

Indications that many Tertiary sea level changes parallel periods of climate
change are illustrated by palynological analyses through successive transgressive/
regressive cycles, especially in areas of high rates of sedimentation, as may occur
in Tertiary deltas, such as the Niger (Nigeria) or Mahakam (Indonesia). Palynological
signals from such sections, albeit on a different time scale, can be compared with those
seen in Late Quaternary deep-sea cores, such as the Lombok Ridge core G6-4 from
Indonesia reported by van der Kaars (1991), Papalang-10 core offshore Mahakam
Delta by Morley et al. (2004) Niger Delta core GIK 16856 by Dupont and Weinelt
(1996), Amazon Fan ODP Leg 155 cores by Haberle (1997), Haberle and Malin
(1998), and Hoorn (1997). The current phase of active, deep-water hydrocarbon
exploration in these areas provides a rich source of (mainly unpublished) data
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which emphasizes periods of lowest sea levels (and coolest climate), since the main
exploration targets in these settings are sands which would have been swept down the
continental slope when sea levels dropped below the level of continental shelves.

1.2 DIFFERENCES BETWEEN QUATERNARY AND TERTIARY
MEGATHERMAL FORESTS

Using Quaternary analogs to interpret ecological and climatic successions from
the Tertiary raises two main issues; (1) was there a fundamental difference between
Quaternary and Tertiary rainforests and (2) were Tertiary species compositions so
different from the Quaternary as to make comparison fruitless?

With respect to the first of these issues, it is now clear that there was one
major difference between Quaternary rainforests, and those from the Miocene and
Early Pliocene. Over the last 2.8 Myr, equatorial climates were, at least intermittently,
significantly cooler than at any time since the Oligocene, as indicated by the sudden
dispersal of numerous microthermal taxa into equatorial montane forests of each
rainforest block in the Mid Pliocene (Morley, 2000a, 2003; Van der Hammen and
Hooghiemstra, 2000; Figure 1.1). This also implies that pre Late Pliocene equatorial
climates were a few degrees warmer than today. Quaternary rainforests in the
equatorial zone are therefore likely to have exhibited additional altitudinal stratifica-
tion than in the Neogene since lowland rainforests, which exhibit little internal
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Figure 1.1. Ice age distributions of closed canopy megathermal rainforests has been a subject of
debate. The refugial hypothesis depicted substantial replacement of forest by savanna during ice
ages (e.g., Whitmore and Prance, 1987) (shaded areas) and for Amazonia (Van der Hammen
and Hooghiemstra, 2000) (circled by gray line; figure after Morley, 2000a). While historically
important, this view of forest fragmentation has now been replaced by paleoecologically-based
reconstructions that show much less change in forest cover. Also shown are noteworthy in-
stances of Pliocene and Pleistocene dispersal directions of microthermal taxa into low latitudes.
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altitudinal stratification, would have extended to higher altitudes, giving less room for
montane forests. During the Early Pliocene, and most of the Miocene, microthermal
taxa were essentially missing at equatorial latitudes, or so poorly represented as to go
virtually unrecorded in palynological analyses. During the Oligocene, cooler climates
resulted in the intermittent expansion of frost-tolerant vegetation into the equatorial
zone in a manner not even seen in the Quaternary, clearly shown for the Southeast
Asian region (Morley et al., 2003).

The second issue, regarding species composition, can be approached from two
angles: rates of speciation, and comparison of Quaternary and Tertiary ecological
successions. During the heyday of the “glacial refuge” hypothesis, the suggestion was
frequently made that most of the diversity of present day rainforests was essentially a
Quaternary phenomenon, with new species being generated by successive isolation
and subsequent expansion of populations (Haffer, 1969; Prance, 1982). This scenario
always seemed at odds with the pollen record of those megathermal species that can be
differentiated on the basis of pollen (Figure 1.2), most of which show very long
histories. It is thus comforting that this theory is now discredited on paleoecological
grounds (Colinvaux et al., 2000; Bennett, 2004); also, current molecular studies of
rainforest trees demonstrate species longevity of the same order as the pollen record
(e.g., Dick et al., 2003), emphasizing that rainforests contain many species of great
antiquity; Kutschera and Niklas (2004) estimate that shrubs and hardwoods have
mean species durations of 27-34 Myr. With respect to comparing Quaternary and
Tertiary ecological successions, the classic study of a Middle Miocene coal from
Brunei (Anderson and Muller, 1975), that showed a peat swamp succession with
phasic communities with close similarities to those seen in present day peat swamps
(Morley, in press), demonstrates close ecological parallels between Neogene and
Quaternary vegetation. There is therefore a just case for using Quaternary analogs
to interpret Tertiary vegetational scenarios, particularly back as far as the Oligocene.

1.3 LATE CRETACEOUS EXPANSION OF MEGATHERMAL FORESTS

Angiosperms, which dominate megathermal rainforests today, first radiated during
the Early Cretaceous from mid- to low latitudes (Crane ez al., 1995; Hickey and Doyle,
1977) in response to climatic stress (Stebbins, 1974; Doyle and Donaghue, 1987). They
are unlikely to have become initially established in a closed, rainforest setting as
previously inferred by Takhtajan (1969) and Thorne (1976) on the assumption that
“primitive”” angiosperms such as members of Winteraceae, Trochodendron and Tetra-
centron (with vesseless wood which require a mesic climate) evolved in such areas. The
vesseless habit in these angiosperms is now considered a derived character (Doyle and
Endress, 1997). They came to dominate over other plant groups in the Albian and
Cenomanian (Crane, 1987). The equatorial zone at this time was likely to have been
hot (Barron and Washington, 1985; Pearson et al., 2001) and strongly monsoonal
(Parrish et al., 1982; Morley, 2000a), but not necessarily ““semi-arid’ as suggested by
Herngreen and Duenas-Jimenez (1990) and Herngreen et al. (1996). The equatorial
zone was therefore an unlikely zone for the establishment of the first megathermal,
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Late Cretaceous expansion of megathermal forests
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Figure 1.2. Stratigraphic range of angiosperm and pteridophyte megathermal species, or species
pairs, which can be identified on the basis of pollen and spores, and have a well-defined Tertiary

fossil record: (1) from Rull (1999); (2) Morley (unpublished); (3) Morley (1991); others from

Morley (2000a). Age shown in millions of years (Myr).
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mesic forests. The paucity of mesic low-latitude settings in the Turonian is emphasized
by the particularly low diversity of fern spores from the equatorial regions at this time,
but their diverse representation in mid-latitudes continued (Crane and Lidgard, 1990).

It was in Mid Cretaceous mid-latitudes, which were in part characterized by
perhumid, frost-free climates, that mesic forests first became an important setting for
angiosperms in both hemispheres, and by the Cenomanian most of the physiognomic
leaf types characteristic of megathermal forests—including simple entire leaves
with drip tips, compound and palmate leaves—were already in place (Upchurch
and Wolfe, 1987). From the Turonian to the Maastrichtian, many groups that we
consider as strictly “tropical” have their first records from these areas, with families
such as Bombacaceae, Clusiaceae, Cunoniaceae, Icacinaceae, Menispermaceae,
Rutaceae, Sabiaceae, Saurauiaceae, Theaceae, and Zingiberaceae (Mai, 1991,
Morley, 2000a; Davis et al., 2005) first appearing within northern hemisphere
mid-latitudes, whereas southern hemisphere mid-latitudes saw the appearance of
Aquifoliaceae and Proteaceae, and became a harbor for Winteraceae and
Chloranthaceae (Dettmann, 1994).

Within the equatorial zone, mesic angiosperm-dominated forests did not appear
until some time after their appearance in mid-latitudes (Morley, 2000a). The first
evidence for the development of everwet equatorial climates is probably from Nigeria,
where coal deposits are represented from the Campanian to Maastrichtian (Reyment,
1965; Salami, 1991; Mebradu et al., 1986), suggesting an everwet climate. Groups that
show their initial radiation in the Cretaceous of the equatorial zone are Annonaceae,
Arecaceae, Ctenolophonaceae, Gunneraceae, Fabaceae, Myrtaceae, Restionaceae,
and Sapindaceae (Morley, 2000a).

Molecular studies sometimes help to determine which taxonomic groups
originated as Northern Megathermal (or boreotropical) elements, and which have
always been equatorial lincages; thus, Davis et al. (2002) indicate that Malpighiaceae
are likely to be boreotropical. Doyle and Le Thomas (1997) show that Anonaceae are
an equatorial group, as did Givnish et al. (2000) for Rapataceae. However, care needs
to be exercised in assessing the often geographically biased and scattered fossil record
of groups being assessed by molecular analyses since the macrofossil record is strongly
biased to Europe and North America where most collecting has been done (Morley
and Dick, 2003).

The biogeographical histories of the major groups of megathermal angiosperms
for the remainder of the Cretaceous and Tertiary periods can be divided into two main
phases. During the first phase, from the latest Cretaceous to Middle Eocene, the Earth
was characterized by greenhouse climates, and predominantly by plate tectonic dis-
assembly (Morley, 2000a, 2003). This was a period of widespread range expansion and
diversification of megathermal plants. The post-Middle Eocene, on the other hand,
was a period essentially of global cooling and the successive expansion of icehouse
climates, coupled with plate tectonic collision, and was mainly a period of range
retraction of megathermal taxa.

The time from which mesic megathermal forests can be visualized as closed,
multi-storeyed forests, and thus resemble modern rainforests in terms of physiog-
nomy, is debatable. Upchurch and Wolfe (1987) suggested that leaf morphologies
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from the Cenomanian Dakota Formation reflect such a setting, but at this time
angiosperm wood fossils are generally small-dimensioned, and seed sizes small
(Wing and Tiffney, 1987), militating against the presence of modern aspect rainforests
at this time. A re-examination of leaf assemblages from the same Dakota Formation
locality by Johnson (2003, pers. commun.) show that this locality was dominated by
large, lobed angiosperm leaves, not reminiscent of rainforest physiognomy. However,
Davis et al. (2005) have used molecular evidence to show that the clade Malpighiales,
which constitute a large percentage of species in the shaded, shrub and small-tree layer
in tropical rainforests worldwide, radiated rapidly in the Albian—Cenomanian, and
suggest that this radiation was a response to adaptations to survive and reproduce
under a closed forest canopy.

The first evidence for typical closed, multi-stratal forest synusiae based on fossils
comes from the latest Cretaceous of Senegal and Nigeria in West Africa. Evidence
includes the presence of casts of large seeds from the Campanian of Senegal
(Monteillet and Lappartient, 1981), a large supply of endosperm in an enlarged
seed allowing successful germination under a forest canopy (Grime, 1979). A
molecular link between life form and seed size has recently been established
(Moles et al., 2005) with large seeds being linked with tropical trees. The presence
of seeds or fruit attributable to climbers from Nigeria (Chesters, 1955) and the
presence of large-girth angiosperm wood (Duperon-Ladouneix, 1991) also suggests
the presence of tall canopy trees. The oldest locality for multi-storeyed forests is
therefore likely to have been in the equatorial zone. Subsequently, large-dimensioned
seeds are widespread from the Paleocene onward in North America (Wing and
Tiffney, 1987) suggesting that following the demise of the dinosaurs, closed multi-
storeyed forests became widespread, perhaps coinciding with the radiation of
frugiverous mammals. The appearance of evidence for multi-storeyed forests in
West Africa coincides with a distinct diversity increase of fossil angiosperm pollen
(Figure 1.3, from Morley, 2000a), which was thought to reflect evolutionary adapta-
tions associated with the development of the forest canopy by Niklas et al. (1980).

Kubitski (2005) considers the development of the rainforest canopy in the Late
Cretaceous of Africa and South America to be one of the major stages in the develop-
ment of all land plants. The presence of the rainforest canopy not only facilitated the
diversification of most angiosperm families in a manner not seen previously, but also
provided a setting for the renewed diversification of pteridophytes, under its shadow,
as suggested both from molecular data (Schneider et al., 2004), and also from changes
in pteridophyte spore assemblages in the low-latitude palynological record from the
latest Cretaceous onward, with the increased representation and diversification of
monolete, as opposed to trilete spores from this time.

With respect to the overwhelming dominance of angiosperms in megathermal
forests, Bodribb and Field (2009) established that angiosperm leaf vein density
increased rapidly just before their rise to dominance in the Mid Cretaceous, and
suggested that this increased their photosynthetic capacity and gave angiosperms a
competitive advantage over other plant groups (Figure 1.4). Boyce and Jung-Eun Lee
(2010) took this further using climate modeling, and suggested that due to their high
transpiration capacities, dominance of angiosperms ensured aseasonally high levels of
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Figure 1.3. Numbers of stratigraphically useful angiosperm pollen types per epoch, for:
(a) South America (data from Muller et al., 1987) and (b) West Africa (data from Salard-
Chebaldaeft, 1990), providing a rough proxy for angiosperm diversity through time (from
Morley, 2000a).

precipitation in the tropics, and, most strikingly, that replacement of non-angiosperm
with angiosperm-dominated vegetation at low latitudes resulted in cooler, wetter, and
more aseasonal climates. Thus, flowering plant ecological dominance has strongly
altered tropical climate and the global hydrological cycle.

The K-T meteorite impact probably had a major effect on rainforests globally
(Figure 1.3) but did not substantially affect the main angiosperm /lineages that
characterized each area. Gymnosperms, however, fared particularly poorly in the
low latitudes following the K—T event. In the earliest Tertiary gymnosperms were
virtually absent from each of the equatorial rainforest blocks. Recovery of rainforest
diversity after the K—T event is generally acknowledged to have taken some 10 Myr
(Fredriksen, 1994), but a recently discovered leaf fossil flora from the Paleocene of
Colorado (Johnson and Ellis, 2002) suggests much more rapid recovery, perhaps
within 1.4 Myr, suggesting that much more work needs to be done to determine just
how long it takes for rainforests to re-establish their diversity after a cataclysmic
event.

1.4 MEGATHERMAL RAINFORESTS DURING THE EARLY TERTIARY
PERIOD OF GREENHOUSE CLIMATE

At the beginning of the Tertiary, megathermal rainforests were thus established in
three parallel latitudinal zones (Figure 1.5). In the northern hemisphere, Northern
Megathermal (termed ““boreotropical’’ in Morley, 2000a) mesic and monsoonal forests
extended from North America and Europe, to East Asia, Southern Megathermal
forests were present in mid-latitude South America, Australasia, and southern Africa,
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Figure 1.4. Leaf vein density reconstructed for key nodes of extant angiosperm phylogeny
(circles) shows a dramatic increase during the Mid to Late Cretaceous ¢. 5Ma before the
massive rise in angiosperm diversification. No such pattern was observed for a sample of non-
angiosperm fossil and living plants (triangles) which showed no significant trend in vein density
over a period of 400 Ma to the present. A timeline of angiosperm evolution is denoted by a solid
line regression. Angiosperm reconstructions are based on data from extant species The inset
shows leaf vein densities for the most basal living angiosperm (Amborella, left) and an advanced
Fabaceae on right (Brodribb and Field, 2009).

and equatorial forests of the Palmae province were well-developed in northern South
America, Africa, India, and probably Southeast Asia (Morley, 2000a). The Paleocene
saw global temperatures rise dramatically (Figure 1.6), due to increased atmospheric
CO; (Pearson and Palmer, 2000). At the Paleocene—Eocene boundary, megathermal
forests were thus at their most extensive (Figure 1.7), more or less reaching the polar
regions, as far as 60°N in Alaska (Wolfe, 1985), and with Nypa swamps at 57°S in
Tasmania (Pole and McPhail, 1996). At this time, intermittent land connections from
North America to Europe via Greenland, from South America to Australasia via
Antarctica, and with a filter dispersal route between the Americas (Hallam, 1994;
Morley, 2003) megathermal plants were able to disperse globally in a manner seen at
no other time—with, for instance, members of the family Bombacaceae spreading
from North America to Europe, on the one hand, and via South America and pre-
sumably Antarctica to Australia and New Zealand, on the other (Morley, 2000a;
2003). In the Middle and Late Eocene, subsequent to the thermal maximum, climate
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Figure 1.5. Closed canopy megathermal rainforests first became widespread during the
Paleocene (Morley, 2000a). Paleogeography and paleocoastlines from Smith er al. (1994).
Occurrences of evaporites and bauxites from Boucot er al. (in press). Dotted lines are
floristic province boundaries.

oscillations resulted in the successive expansion and contraction of megathermal
forests in mid-latitudes, as recorded for North America by Wolfe (1977).

The nature of the vegetation that characterized mid-latitudes at the time of
the thermal maximum has been widely studied, with classic fossil localities in
Europe, such as the London Clay (e.g., Reid and Chandler, 1933; Chandler, 1964,
Collinson, 1983) and Messel in Germany (Collinson, 1988), North America (Wolfe,
1977, Manchester, 1994, 1999), South America (Wilf et al., 2003), and Australia
(Christophel, 1994; Greenwood, 1994), but the character of equatorial vegetation
at the time of the thermal maximum remains unclear. There has been some discussion
as to whether mid-latitude areas experienced a “‘tropical” climate at this time
(Daley, 1972; Martin, 1992). Most authors logically conclude that climates at this
time were different from any present day climates. The critical factors were lack of
frosts and absence of a water deficit. Summer-wet climates in Indochina and Mexico
are probably the closest modern analogs, not surprisingly, in areas where many
boreotropical elements are relict (Morley, 2000a).

Very few studies demonstrating ecological succession from low latitudes from this
critical period of the Paleocene—Eocene thermal maximum have been published.
Reference has been made to “reduced global climate gradients” based on oxygen
isotope analysis of calcareous foraminiferal tests (e.g., Shackleton and Boersma,
1983), but current evidence shows that low-temperature estimates from the equatorial
zone are erroneous and due to diagenetic effects. Recent sea surface estimates based on
very well-preserved microfossils from the equatorial zone suggest Eocene sea surface
temperatures were at least 28—32°C (Pearson et al., 2001; Zachos et al., 2003). Evidence
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Figure 1.6. Generalized oxygen isotope curve for benthonic (bottom-dwelling) foraminifera
through the Cenozoic (from Zachos et al., 2001). The ratio of 'O to 80 for benthonic
foraminifera provides a proxy for high-latitude surface marine temperatures (Hudson and
Anderson, 1989), and therefore is a guide to global temperature trends: Oi = glacial interval
at beginning of Oligocene; Mi = glacial at beginning of Miocene. The temperature scale was
computed for an ice-free ocean, and thus applies only to the pre-Oligocene period of
greenhouse climates. Thick line shows pollen and spore standing diversity for Paleocene to
Early Miocene of Colombia/Venezuela using the “Range Through” method according to
Jaramillo et al. (2006).

from paleofloras suggests that there was a marked vegetational zonation from the
equator to mid-latitudes (Morley, 2000a)—for instance, equatorial and South Africa
were characterized by very different floras at this time, indicating a climatic zonation
from mid- to low latitudes and current Eocene sea surface estimates are in line with
those expected by modeling climates from vegetational data.
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Figure 1.7. Distribution of closed canopy megathermal rainforests during the Late Paleocene/
Early Eocene thermal maximum (Morley, 2000a). Paleogeography and paleocoastlines from
Smith et al. (1994). Occurrences of evaporites and bauxites from Boucot et al. (in press). Dotted
lines are floristic province boundaries.

A study of the palynological succession through the Venezuelan Guasare,
Mirador, and Misoa formations by Rull (1999) provides a glimpse of the evolutionary
and ecological changes that characterized the Late Paleocene to Early Eocene thermal
maximum onset in northern South America. A conspicuous ecological change took
place at the Paleocene—Eocene boundary. The Late Paleocene flora is similar to other
low-latitude pollen floras of similar age, such as that from Pakistan (Frederiksen,
1994), emphasizing its pantropical character, whereas the Early Eocene palynoflora is
geographically more differentiated, owing to a high proportion of restricted elements
caused by the extinction of Paleocene taxa and the incoming of new components. The
incoming of new Eocene taxa was gradual (or possibly stepped), and diversities
increase in a manner that parallels global temperature estimates. At a detailed level
several palynocycles could be defined, both in terms of assemblage and diversity
changes, suggesting cyclic forcing mechanisms controlling vegetation changes. This
study clearly suggests that vegetation change at low latitudes at the beginning of the
thermal maximum was as pronounced as at mid-latitudes. A substantial temperature
increase most likely accounted for the vegetation change recorded.

Some recent studies suggest that Early and Middle Eocene, low-latitude climates
were moisture-deficient or strongly seasonal in some areas. A well-dated Middle
Eocene leaf flora from Tanzania, about 15°S paleolatitude, suggests the presence
of wooded, rather than forest vegetation with near-modern precipitation estimates for
this area (Jacobs and Heerenden, 2004). The plant community was dominated by
caesalpinoid legumes and was physiognomically comparable to miombo woodland.
Data from a very thick Early and Middle Eocene succession from southwest Sulawesi
in Indonesia indicates alternating phases of dry climate (possibly reflecting periods of
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low sea level), in which Restionaceae were prominent members, and wetter climate,
dominated by palms (Morley, unpublished).

1.5 MIDDLE EOCENE TO OLIGOCENE CLIMATES

1.5.1 General trends

From the Middle Eocene through to Late Eocene global climates show an overall
cooling, with a further rapid temperature decline at the end of the Eocene (Miller et
al., 1987; Zachos et al., 2001) following which mid-latitude, northern hemisphere
climates mostly became too cold to support megathermal vegetation. The decline in
global temperatures is associated with a major build-up of polar ice, initially over
Antarctica; and consequently sea levels fell globally, with a particularly sharp dip at
the very beginning of the Oligocene, at the beginning of the O1 glaciation (Miller et al.,
1998).

With cooler temperatures in mid-latitudes, megathermal rainforests underwent a
major retraction to low latitudes (Figure 1.8). This retraction was particularly pro-
nounced in the northern hemisphere, with megathermal forests virtually disappearing
from most of the North American continent (Wolfe, 1985) and becoming much more
restricted in Europe, some elements possibly being maintained along the Atlantic
coast as a result of warm currents. Northern hemisphere megathermal forest species
had to disperse equatorward or face extinction. Their success at southward dispersal
was related to the different tectonic setting in each of the three main areas. Because
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Figure 1.8. Distribution of closed canopy megathermal rainforests during the Oligocene,
following the terminal Eocene cooling event (Morley, 2000a; Lelono and Morley, 2010).
Paleogeography and paleocoastlines from Smith ez al. (1994). Occurrences of evaporites and
bauxites from Boucot et al. (in press). Dotted lines are floristic province boundaries.
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there was a continuous land connection from East Asia to the equatorial zone, many
boreotropical elements were able to find refuge in the forests of Southeast Asia. The
boreotropical relicts included many so-called primitive angiosperms, and as a result
there is a concentration of such taxa in that area, especially in the rainforest refugia of
southern China and Vietnam (e.g., Magnoliaceae, Trochodendron). This area has also
provided a refuge for many boreotropical gymnosperms, such as Cunninghamia,
Glyptostrobus, and Metasequoia.

With respect to North America, northern megathermal elements may have been
able to find refuge along the southern margin of the North American Plate, but could
not disperse to the equatorial zone until the formation of the Isthmus of Panama in the
Pliocene (Burnham and Graham, 1999). As a result, many more northern mega-
thermal elements are likely to have become extinct in the Americas than in Southeast
Asia. Many of those that did survive, and have parallel occurrences in Southeast
Asian forests, are now extant as the amphi-Pacific element of van Steenis (1962).

For Europe, the east—west barriers of Tethys, the Alps, and the Sahara combined
to limit equatorward dispersal to Africa to just a few taxa; hence, there are barely any
true northern megathermal elements in present day African rainforests (Tiffney, 1985;
Morley, 2001).

In the southern hemisphere, the end Eocene cooling event had a negative impact
on the southern megathermal forests of South Africa and southern South America.
However, the northward drift of the Australian Plate at the time of the period of major
Mid Tertiary climate decline, allowed most Australian southern megathermal ele-
ments to survive this event. Today, the concentration of primitive angiosperm
elements in the rainforests of northeast Australia is testament to reduced Australasian
climate stress during the period of Mid Tertiary global cooling. The isolation of
Australia and associated continental fragments has resulted in opportunities for
many primitive elements to survive in this area compared with elsewhere. The
concentration of primitive angiosperms in the area from “Assam to Fiji”’, which
Takhtajan (1969) termed his “‘cradle of the angiosperms”, has nothing to do with
angiosperm origins, but is the response of these groups to finding refugia in a
tectonically active global plate-tectonic setting during the period of Mid to Late
Tertiary climate decline.

1.5.2 Climate change in low latitudes

Coinciding with the end Eocene cooling event, low-latitude climates also changed
substantially, becoming significantly cooler and drier. This was particularly the case in
Southeast Asia, where both palynological and lithological evidence suggests that
everwet climates became of somewhat limited extent, except, perhaps in the
areas of Assam and Myanmar, where Oligocene coals yield rainforest leaf floras
(Awasthi and Mehrota, 1995), and along the southern margin of Sundaland based
on palynological data (Lelono and Morley, 2010). The terminal Eocene event resulted
in numerous extinctions across the tropics—for example, Nypa disappeared from
Africa and South America (Germeraad et al., 1968) probably as a result of the sea level
fall at the beginning of the O1 glaciation. However, the impact of this event was
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probably felt less in South America than other areas, since several taxa persisted there
into the Neogene, such as mauritioid and other palm lineages. In general, equatorial
floras began to take on an increasingly modern aspect during the course of the
Oligocene.

A detailed pattern of climate change for the Oligocene is forthcoming from the
Indonesian West Natuna Basin, which contains thick deposits of latest Eocene to
Oligocene freshwater lacustrine and brackish lagoonal, followed by Neogene paralic,
deposits that yield a rich palynomorph succession (Morley et al., 2003). Sediments
were sourced primarily from the paleo Chao Phraya/Pahang catchments (Figure 1.9)
and pollen data probably reflect vegetation change on a catchment rather than local
scale. The latest Eocene and earlier Oligocene are characterized by pollen assemblages
rich in Gramineae and with the very limited representation of ““wet climate’ elements,
such as pollen of peat swamp trees, suggesting a warm, but seasonally dry climate
(Figure 1.10). However, the Mid and Late Oligocene contains four maxima of tem-
perate gymnosperms, which include Abies, Picea, and Tsuga, associated with Alnus,
and also with Pinus and Poaceae (seasonal climate elements) and some pollen of
rainforest taxa, followed by acmes with rainforest elements correlating with periods of
higher relative sea level. These assemblages suggest alternating cool, seasonal,
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Figure 1.10. Summary of Oligocene to Pliocene climatic change in relation to sea level change,
suggested from Natuna Basin palynological studies, together with Middle Miocene to Pliocene
climate cycles for the Niger Delta. Sequence nomenclature follows Morley et al. (2003) for
Oligocene to Early Miocene and Morley (2000a, figure 7.13) for Middle Miocene to Pliocene.
Timescale used is that of Berggren ef al. (1995).
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followed by warm, seasonal climates. The maxima of temperate gymnosperms suggest
that cool climate oscillations brought freezing temperatures to tropical mountains,
and consequently relatively cool lowland climates must also have been present.

Previously, the high representation of montane gymnosperms in the Southeast
Asian area has been interpreted as reflecting a source from former high mountains
(Muller, 1966, 1972), but geological data from Borneo suggest a poor relationship
between phases of mountain building and the general abundance of temperate
elements (Morley, 2000b), emphasizing that most abundance variation within
montane gymnosperms is climatic. The four cool climate intervals in Natuna are
now thought to correlate to glacial episodes suggested by O'® data from ODP 1219 by
Palike et al. (2006) at between 25.0 and 29.0 Myr (Morley and Morley, 2010).

Grass pollen also shows a series of maxima through the Oligocene of West Africa
(Morley, 2000a, p.140), reflecting similar drier and wetter periods, but without
evidence for temperature change.

1.6 EARLY AND EARLIEST MIDDLE MIOCENE, RETURN OF
GREENHOUSE CLIMATES

1.6.1 General trends

The latest Oligocene/earliest Miocene was characterized by globally warmer climates
but with some cooler episodes (Zachos et al., 2001). The highest global temperatures
were at the beginning of the Middle Miocene (Mid Miocene climatic optimum),
although CO, levels remained stable over this period (Pearson and Palmer, 2000).

The renewed warming in the Early and earliest Middle Miocene once again
resulted in the expansion of moist megathermal forests poleward of subtropical,
high-pressure zones, although this time for only a short period (Figure 1.11). In
the northern hemisphere, mangrove swamps with Rhizophora and rainforests with
Dacrydium extended northward to Japan (Yamanoi, 1974; Yamanoi et al., 1980),
Symplocos and Mastixia diversified in southern and central Europe (Mai, 1970), and
megathermal elements extended along the eastern seaboard of North America (Wolfe,
1985). In South Africa, palm-dominated vegetation became widespread at two
successive time intervals (Coetzee, 1978), and in southeast Australia the combination
of warmer climates and northward drift once again resulted in the development of
megathermal forests as far south as the Murray Basin (McPhail et al., 1994). Climates
in India again became moist, and as a result many elements of the Malesian flora
spread to the Indian Plate, with well-preserved macrofossils in the Siwaliks (Awasthi,
1992).

1.6.2 Climate change in low latitudes

The most pronounced climate change in low latitudes occurred in the Southeast Asian
region, where climates change from seasonally dry (monsoonal) to everwet at about
the Oligo—Miocene boundary, 23.3 Myr (Morley et al., 2003; previously estimated at
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Figure 1.11. Distribution of closed canopy megathermal rainforests during the Middle
Miocene, coinciding with the Miocene thermal maximum (Morley, 2000a). Paleogeography
and paleocoastlines from Smith et al. (1994). Occurrences of evaporites and bauxites from
Boucot et al. (in press). Dotted lines are floristic province boundaries.
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about 20 Myr in Morley 1998, 2000a). This dramatic change is reflected both by pollen
floras (disappearance of Gramineae pollen, dramatic increase in pollen from peat
swamps) and the sudden appearance of coals in the lithological record. It is from the
Oligo—Miocene boundary that the Southeast Asian region has an essentially
“modern” flora (““Malesian” flora in Morley, 2000a), with only minor subsequent
modifications.

This change coincides almost precisely with the time of collision of the Australian
Plate with the Philippine and Asian Plates (Hall, 1996, 2002), and I suggest that the
dramatic climate change may relate to this collision, which is likely to have caused
major disruption to Indonesian throughflow (Morley, 2003), with the result that
warm moist air from the Pacific Warm Pool probably shed its moisture content in
Sundaland, rather than farther to the west, from this time onward. This suggestion has
significant implications. First, it is likely that a single climatic scenario, with mainly
warm, wet phases followed by cooler, locally drier phases, for the major part of the
Sunda region had been in place for the subsequent 23 Myr. Second, it is likely that the
El Nifio oscillation, which provides the main trigger for Sundanian rainforest regen-
eration (Ashton et al., 1988; Curran et al., 2004) by cueing all trees to fruit at the same
time (mast-fruiting), thus reducing total seed predation (Janzen, 1974, 1976), may also
have been in place since this time. This may explain why so many Southeast Asian
rainforest taxa depend on El Niflo for their reproductive success. In this respect, it is
noteworthy that Dipterocarpaceae pollen (together with Poaceae) was very common
over a wide area of the Southeast Asian region just prior to the change to wetter
climates, with dipterocarps presumably being seasonal forest elements (Morley, 1991,
2000a, 2003). This raises the possibility that dipterocarps were able to take advantage
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of the new everwet climate scenario that came about following the disruption of
Indonesian throughflow by establishing a rhythmic flowering pattern along with El
Nifio, and become dominant elements in Southeast Asian rainforests.

Detailed trends of climate change from the Natuna Basin (Morley et al., 2003)
indicate that over this period climates oscillated from cool and wet, during periods of
low sea level, to warm and wet following sea level rise. Low sea level “glacial” settings
were often characterized by thick coal deposits, often containing common Casuarina
and Dacrydium pollen, suggesting Kerapah peats (Morley, 2000a, 2004) rather than
basinal peats of the type which are currently characteristic of the coastal areas of
Borneo and Sumatra today. Low sea level intervals are also characterized by common
temperate elements—such as Abies, Alnus, Picea, and Tsuga—but in lower abundance
than in the Oligocene. High sea level periods, on the other hand, were characterized by
the expansion of basinal peats and mangroves, and the disappearance of temperate
elements (Figure 1.10).

In equatorial Africa and South America, there is less evidence for a sudden change
of climate at the beginning of the Miocene. African forests are thought to have gone
through a period of decline at this time in a manner not seen in either Southeast Asia
or South America, for many extinctions are recorded in the pollen record (Legoux,
1978; Morley, 2000a). Also, grasslands increased in representation, especially during
periods of low sea level, from about 21 Myr onward, and the first evidence for burning
of grasslands, from the occurrence of charred grass cuticle, is from about 15Myr
(Morley and Richards, 1993).

1.7 LATER MIDDLE MIOCENE TO PLIOCENE, GLOBAL COOLING,
AND RETRACTION OF MEGATHERMAL RAINFORESTS TO
THE TROPICS

The phase of global cooling—starting at about 15 Myr in the Middle Miocene, and
subsequently from about 2.8 Myr in the Mid Pliocene—resulted in the restriction of
moist megathermal vegetation to the tropical zone, and coincided with the expansion
of grasslands and deserts across much of the lower to mid-latitudes.

Megathermal elements disappeared from the mid-latitudes, with the exception of
the Australasian region; here the drift of the Australian Plate into the southern
hemisphere, mid-latitude high-pressure zone accentuated the effect of late Neogene
desiccation in Australia, and rainforests became restricted to tiny pockets along the
east coast, but its northerly drift maintained frost-free climates allowing mesic mega-
thermal elements to survive in areas of everwet climate. This was not the case for New
Zealand, being positioned a little farther to the south, which lost its megathermal
elements in the Pliocene. The northern drift of the Australian Plate, coupled with
global climate deterioration, resulted in the expansion of high pressure over northern
Australia and this was primarily responsible for Pliocene development of the Javanese
monsoon and the establishment of seasonal climates across Nusa Tenggara (Pribatini
and Morley, 1999). With the drift of India into the northern hemisphere high-pressure
zone, it also lost most of its moist vegetation.
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The effect of global climate change on equatorial floras is illustrated by comparing
histories over the last 15 Myr from Africa, where climatic perturbations have had a
particularly deleterious effect, and Southeast Asia, where everwet climates have been
much more the rule.

The record from the late Neogene of the Natuna Basin (5°N) is intermittent
compared with that for the Oligocene and Early Miocene (Figure 1.10). However,
some critical trends are clear. Climates have been predominantly moist for most of the
late Neogene even during periods of low sea level; however, seasonal climate elements,
such as Gramineae pollen, are much more persistently present than in the Early
Miocene. It is likely that the Natuna area was characterized by wet climates, but
seasonal, open vegetation may have been well-developed to the north in the mid- and
upper region of the catchment that fed the basin.

A detailed record from the Late Miocene to Pleistocene from close to the
Mahakam Delta, East Kalimantan (Figure 1.12), shows that uniformly wet
climates were the rule for equatorial Borneo back to at least 12 Myr (Morley and
Morley, 2011). Over the interval 8.4-7.0 Myr, during a period of very high sedimenta-
tion rates, the palynological record suggests 100 ka climate cyclicity, with 13 eustatic
fluctuations in 1.4 Myr.The persistence of everwet climates in equatorial Borneo over
a very long period would have been implemental in maintaining rich and diverse
rainforests which would have facilitated the diversification and maintenance of all
elements of the Bornean rainforest fauna and flora which characterize the region
today, possibly helping to explain why some areas of Borneo, such as the Lambir
Forest Reserve in Sarawak, contain the world’s most floristically diverse rainforests
(Lee et al., 2002; Wright, 2001).

For Africa, pollen data are available from the Niger Delta (Morley, 2000a)
with macrofossil records from Tanzania (Jacobs, 2002). In the Niger Delta the
pattern is of much drier “glacial” intervals throughout the Late Neogene during
low sea level periods with relatively little evidence for temperature change until
about 2.7 Myr, corresponding closely to the time of cooler climates in Borneo
(Figure 1.9). The Late Quaternary pollen diagram from offshore the Niger Delta
by Dupont and Wienelt (1996), which spans the last interglacial/glacial cycle, shows
that rainforests covered the delta during the Holocene and last interglacial, and
savanna during the last glacial, and provides an excellent analog for climate
changes in the delta region over the remainder of the Quaternary as well as the
Late Neogene back to at least 13 Myr. Over the Late Neogene many oscillations
of grass and rainforest pollen can be seen in sections studied from Niger Delta
well sections (e.g., Morley, 2000a, figures 7.11, 7.13); during periods of low sea
level, climates were substantially drier, with widespread grasslands, whereas rainforest
elements expanded during high sea level periods. Grasslands were associated with
burning, for charred Gramineae cuticular debris, suggesting widespread savanna
fires, is a persistent feature of low sea level periods at least since the beginning of
the Late Miocene (Morley and Richards, 1993). Both grass pollen and charred cuticle
become more common after about 7 Myr, suggesting that grasslands and burning
were more widespread after that time, a date that fits well with the retraction of
forest and expansion of C4 grasses in other areas (e.g., in Pakistan, Quade et al., 1989;
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Figure 1.12. Palynological and foraminiferal record for Attaka Well B, located to the NW of
Mahakam Delta, showing age, mangrove and hinterland pollen record, foraminiferal
abundance and palaecoclimate trends. Interval with 100 kyr cycles (8.4—7.0 Myr) marked
with grey arrow (Morley and Morley, 2011). Main components of palynomorph assemblage
groupings as follows: ‘“Backmangrove”, Somneratia and Brownlowia pollen; “Coastal”,
Terminalia, Thespesia, Barringtonia pollen; “Rain forest” pollen of Dipterocarpaceae,
Burseraceae, Fabaceae, and many others; “Kerapah”, Casuarina and Dacrydium pollen;
“Peat swamp”, Austrobuxus, Blumeodendron, Cephalomappa, Calophyllum, Durio and
Sapotaceae pollen; “Seasonal”, Poaceae and Asteraceae pollen; “Montane”, Lithocarpus
type, Podocarpus, Phyllocladus and Alnus pollen.

and Siwaliks, Nepal, Hoorne, 2000). Grasslands were probably less extensive
during the Early Pliocene, but expanded further after about 3.0 Myr and into the
Quaternary.

Leaf floras recently reported from the Late Miocene of Tanzania indicate
different degrees of drying (Jacobs, 1999, 2002). One leaf flora (Waril), dated at
9-10 Myr, suggests an open vegetation and a climate with a pronounced
dry season, whereas a leaf flora dated 6.6 Myr (Kapturo) suggests a woodland or
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dry forest setting. Jacobs suggests from these data that there was not a unidirectional
change from forested to open environments in the Kenya rift valley during the
Miocene (which is often proposed to explain the evolution of hominids in Africa).
As with the Niger Delta area, it is more likely that a succession of alternately wetter
and drier phases occurred, but with an overall trend toward cooler and drier climates,
in line with global models. The Neogene vegetational history of Amazonia has
recently been reviewed by Hooghiemstra and Van der Hammen (1998), and Van
der Hammen and Hooghiemstra (2000). They emphasize that temperature oscillations
took place over the entire Neogene, with cooler phases interrupting a climate that was
mostly warmer than today. During the Pliocene the climate seems to have been
generally cooler than during the Miocene, and between 3.0 and 2.5Myr a strong
cooling produced the first glacial period, closely paralleling the pattern seen in
Southeast Asia and West Africa.

Sepulchre et al. (2006) emphasise that the development of dry climates in equa-
torial East Africa relates largely to the effects of uplift, which led to a reorganisation of
atmospheric circulation engendering strong aridification.

The likelihood that grass pollen maxima indicate the successive expansion of
savanna has been downplayed by Hoorn (1994), Hooghiemstra and Van der Hammen
(1998), and Bush (2002), who emphasize that grass pollen may be sourced from a
variety of vegetation types, including swamp forest (where grasses are often found as a
component of floating vegetation communities). However, in cases where grass
pollen acmes occur in association with charred grass cuticle the likelihood of a
derivation from more seasonal climate sources is much greater (Morley and
Richards, 1993). For Amazonia, such assemblages are probably derived from
“cerrado” (wooded grassland) or semi-deciduous woodland. Maxima of charred
grass cuticle associated with Gramineae pollen maxima have been recorded from
the Late Pliocene of the Amazon Fan (Richards, 2000; Richards and Lowe, 2003),
suggesting that during Late Pliocene times, Amazon climates were substantially drier
than either the Miocene/Early Pliocene or the Pleistocene. This has implications
regarding the long-term history of Amazonian vegetation and the ‘“‘refuge” theory.
Whereas the Amazon may have existed under continuous forest cover during the
Pleistocene (Colinvaux et al., 2000), this may not have been the case during the Late
Pliocene, during which time fragmentation of Amazonian rainforests may have been a
real possibility.

The climate oscillations discussed here from West Africa and Southeast Asia
based on petroleum exploration data must be considered generalized compared with
the high-resolution patterns seen in the later Quaternary. A study of a deep-marine
Pliocene profile from ODP 658, offshore northwest Africa by Leroy and Dupont
(1994) shows high-resolution oscillations of grassland and desert elements and empha-
sizes that Milankovich scale climate changes, driven by astronomical cycles, were the
rule just as in the Quaternary. The Pliocene section of the Sabana de Bogota core from
Colombia shows similar scale oscillations (Hooghiemstra, 1984; Hooghiemstra and
Ran, 1994). It is therefore not unrealistic to suggest that astronomical cycles were
also the driving force behind cyclical climate change throughout the Miocene and
Oligocene.
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1.8 TRENDS IN RAINFOREST DIVERSITY BASED ON THE
PALYNOLOGICAL RECORD

Obtaining meaningful data regarding palynomorph diversity, which can be inter-
preted in terms of species diversity of vegetation, is fraught with difficulties, and so is
rarely attempted (Birks and Line, 1990). Differences in depositional environment, as
well as taphonomic factors, have a significant effect on such estimates, making
“number of pollen types”, or pollen diversity indices difficult to interpret. Also,
individual analysts may have different concepts of what constitutes a “pollen
type” (and how to deal with “undetermined” pollen) with the result that data
from different analysts sometimes cannot be directly compared.

The most comprehensive assessment of pollen/spore diversity is that of Jaramillo
et al. (2006) who determine palynomorph assemblage diversity from the basal
Paleocene to the Early Miocene, based on a massive database involving 1530
samples. They estimated standing diversity using the ““Range Through method of
Boltovskoy (1988). They concluded that there was a clear (but not perfect) correlation
to global temperature (Figure 1.6) with low-diversity assemblages in the major part of
the Paleocene, with a sudden fall in diversity during the Late Paleocene coinciding
with the time of coolest global temperatures. Diversity values then increased,
particularly after the Paleocene/Eocene thermal maximum, but peaked just after
the temperature maximum suggested by the oxygen isotope data of Zachos et al.
(2001). Diversity then declined during the Middle and Late Eocene, with a sharp drop
at the beginning of the Oligocene. Alternatively, the good correspondence may result
from the control that climate exerts on the area available for megathermal plants to
grow (Jaramillo et al., 2006). Another factor may be introduced by the “Range
Through” method, which exaggerates mid-range values, so Jaramillo et al. (2006)
used rarefaction analysis to compare assemblage diversities with those recorded from
the Holocene. They found that Oligo—Miocene and Paleocene floras were less diverse
than in the Holocene, but that Eocene floras were significantly more diverse. Diversity
estimates of Neotropical pollen floras have also been made by Rull (1999), Jaramillo
and Dilcher (2000), and Morley (2000a).

Palynomorph assemblages from the Middle Eocene from the southern margin of
Sundaland (Java) also show very high diversities with typically 70-80 types in counts
of 250 (Lelono, 2000), and standing diversities of 115-140 depending on the calcula-
tion method (Morley, unpublished). The diversity of the Southeast Asian flora
increased following collision of the Indian and Asian Plates and the mixing of
Indian and Southeast Asian elements, resulting in the formation of the Proto-
Indian Flora (Morley, 2000a, b). A parallel diversity increase within the palynoflora
of the Malay Basin (Malesian Flora) is noted in the Middle Miocene (Jaizan Md Jais,
1997; Morley and Jaizan Md Jais, new data) following collision of the Australian and
Asian Plates. This raises the possibility that floristic interchange following plate
collision may be a general feature in promoting high levels of species diversity in
tropical floras.

The trend of gradually increasing floristic diversity through the Paleocene and
Eocene in South America and Africa is also repeated in Africa (Morley, 2000a). As in
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the neotropics, this trend comes to an abrupt halt at the end of the Eocene in both
Africa and also Southeast Asia (Morley, unpublished), coinciding with cooler and
drier low-latitude climates.

A large Mio-Pliocene database is currently being generated from the Makassar
Straits, east of Borneo, by analysis of boreholes on the continental slope and basin
floor offshore the Mahakam Delta, all in very uniform, deep marine (1,000 m+)
depositional settings. The Mahakam River catchment occupies a rainforest refuge
area (Morley et al., 2004). Preliminary results show very uniform numbers of pollen
types per sample from the Middle Miocene (typically 60 types in a count of 300) up to
the Mid Pliocene (typically 70-80 types per sample), with the possibility of a minor
reduction in numbers per sample in the Late Pliocene. Pollen floras yield about 170-
200 determinable types per stratigraphic section of 60-100 samples (Morley, new
data). Trends closely parallel those seen in Miocene Mahakam Delta plain sediments
(Morley, 2000a). The conclusion from these studies is that Bornean rainforests slowly
increase in diversity over time from the Early Miocene to Mid Pliocene; data are
currently insufficient to confidently demonstrate any real diversity reduction after
2.8 Myr.

For Amazonia, however, Van der Hammen and Hooghiemstra (2000) note that
Hoorn (1994) found 280 pollen types in the Rio Caqueta area in Miocene river valley
sediments, but note that Holocene river sediments from the same area yield only
140 pollen types, despite the present day vegetation in the area being very diverse,
with 140 species per 0.1 ha (Ureggo, 1997). On the basis of these data they suggest
that present day Amazonian vegetation is less diverse than that of the Miocene, a
proposition also discussed by Flenley (2005) on the basis of the same data. Many
questions need to be answered before reaching such conclusions: (1) Were the deposi-
tional settings directly comparable, and the same facies/subfacies represented? (2)
Could taphonomic factors be in play to account for these differences? (3) Did the
Miocene and Holocene river systems have the same vegetation types growing in the
upper catchment? (4) How did the Holocene sediments recruit pollen from the
surrounding vegetation, and were the same taxonomic concepts applied to both
Miocene and Holocene sediments? Experience from working in fluvial sediments
in Southeast Asia suggests that the number of pollen types preserved may vary
considerably from one depositional locality to another, and that a large database
from different depositional facies is needed to assess the richness of the pollen flora on
a regional basis.

Palynomorph richness data from the Niger Delta (Morley, 2000a) based on
analyses of petroleum exploration boreholes suggests that floristic diversity
underwent several sudden reductions following phases of sea level fall and
expansion of seasonal climate vegetation, especially at the beginning of the Late
Miocene (about 11.7 Myr using the time scale of Berggren et al., 1995), at about
7.0 Myr and following 2.8 Myr. There were also numerous extinctions during the
Early Miocene as noted above. I suggest that the present day low diversity of African
rainforest flora is a result of the successive expansion of seasonally dry climates in a
manner not seen in either Southeast Asia or South America. These dry climate
episodes occurred from the Early Miocene onward and were not just a Quaternary
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phenomenon. Successive dry climate episodes go some way to help explain why
present day African equatorial flora is more species-poor than elsewhere.

1.9 SCENARIO FOR RAINFOREST EVOLUTION
AND DIVERSIFICATION

The evolution and diversification of megathermal rainforests has been dependent on,
and proceeded parallel with, a succession of geological and climatic and dispersal
events, controlled largely by plate-tectonic and astronomical processes, in parallel
with evolutionary pressures for plants to reproduce and colonize all available land
space. These events have occurred in a unique time sequence. The result is that today
each geographically separated rainforest area contains its own association of species,
largely descended from ancestors that were established perhaps over 70 Myr ago, and
subsequently became modified, and diversified, so as to occupy the available niches
within each region.

From the perspective of Quaternary studies in relation to the explanation of
rainforest diversity, processes of evolution of rainforest taxa have mostly focused on
the “refuge hypothesis”, which maintains that the successive isolation of populations
in relation to the expansion and contraction of forested areas following Quaternary
Milankovich Cycle driven climate changes acted as a ‘“‘species pump’, triggering
speciation. Such an approach has paid little attention to the antiquity of rainforest
species as suggested from the Tertiary fossil pollen record, and now being substan-
tiated by molecular studies, or to the high Tertiary floristic diversities suggested by
pollen diversity data. For instance, a molecular analysis of one of the fastest evolving
rainforest taxa, the species-rich Neotropical genus /nga (Fabaceae), shows that its
radiation is thought to have been promoted by the later phases of Andean orogeny
and the bridging of the Panama Isthmus, perhaps coupled with climatic fluctuations,
(Richardson et al., 2001), but as noted by Bermingham and Dick (2001) provides little
support for the idea that Pleistocene ice ages played a grandiose part in generating
tropical species diversity.

This chapter attempts to show that—to understand the diversity of tropical
rainforests—their development must be viewed on a much longer time scale. The
climate changes which characterize the Quaternary were also taking place over
much of the Tertiary period, the only difference between Quaternary and later
Tertiary climate changes being one of degree of change, since “‘glacial” climates
from the equatorial zone were clearly cooler from 2.8 Myr onward, and the vertical
vegetational migration on tropical mountains over this period was likely to be more
pronounced from this time onward.

From the Early Miocene to the Mid Pliocene, rainforest diversity in Southeast
Asia (based on pollen-type richness) has gradually increased. A slight reduction in
pollen-type richness after 2.8 Myr is not reliable in reflecting a diversity reduction in
rainforest flora. Data from the Niger Delta regarding pollen-type richness suggests
that West African flora has reduced significantly in diversity over the same period,
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with taxon losses throughout the Miocene, and with significant reductions at 11.7 and
7.0 Myr, and a particularly sharp reduction at about 2.8 Myr in the Mid Pliocene.

Palynological data from the Southeast Asian Neogene also demonstrates that the
diversity of Southeast Asian flora may well have become accentuated as a result of the
successive reformation of lowland vegetation on the continental shelves following
periods of sea level fall over a period of at least 20 Myr (Morley, 2000a). Over this
period major areas of the region have experienced everwet climates during both high
and low sea level periods, with wet/dry oscillations being restricted to the Oligocene,
and to some degree the Late Miocene.

In West Africa the pattern was of the alternating expansion and contraction of
rainforests in relation to more open vegetation with grasslands over a period of some
30 Myr, with dry episodes—which included burning of savanna—becoming
more pronounced, particularly after 7Myr, and then again in the Late Pliocene.
The depauperate nature of African rainforest flora compared with other areas is
thought to be due to the decimating effect of these dry climate events, not on a
Quaternary time scale, but over some 20Myr, as emphasized by the higher
number of extinctions seen in the West African Miocene pollen record than in
other areas.

The scene for evolution of rainforest species is thus of gradual differentiation over
a long time period with different forcing mechanisms inhibiting dispersal and isolating
populations. The high diversities seen in rainforest refugia—or hot spots—are likely
to relate to areas of long-term continuity of moist climates within those areas rather
than to allopatric speciation driven by habitat fragmentation. The highest diversities,
however, are seen where climatic stability coincides with areas which have experienced
phases of orogeny and especially of plate collision, as seen from pollen data for Java
following the Middle/Early Eocene collision of the Indian and Asian Plates, and for
the Middle Miocene of the Sunda region following the collision of the Australian and
Asian Plates. From the neotropics, molecular and biogeographical data suggest that
high diversities may relate to the uplift of the Andes in the Miocene and the formation
of the Panamanian Isthmus in the Pliocene.

Low equatorial floristic diversities may follow periods of cool, and particularly
dry climates, as was the case following the end Eocene cooling event, when in
Southeast Asia cool climate oscillations brought freezing temperatures to tropical
mountains with corresponding seasonally dry lowland climates. Similarly, for equa-
torial Africa increased seasonality of climate from the Early Miocene onward accounts
for the current depauperate nature of African rainforest flora.
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Andean montane forests and climate change
M. B. Bush, J. A. Hanselman, and H. Hooghiemstra

2.1 INTRODUCTION

The montane forest habitats of the Andes support exceptionally high biodiversity,
with many species occupying narrow elevational ranges (e.g., Terborgh, 1977). These
attributes, combined with the short migratory distances, often <30km separates the
lowlands from the upper forest line, allows montane forests to be extremely sensitive
monitors of climatic change.

Andean montane forests, which we define to encompass temperate and montane
rainforests within the tropical zone (after Huber and Riina, 1997), range from
¢.1,300m up to ¢.3,600m elevation. The mean annual temperature at the lower
limit of the montane forest is about 20°C, with minima of ¢.7°C (Colinvaux et
al., 1997). Annual precipitation generally exceeds c¢. 1,000-1,200 mm, and ground
level cloud is frequent. Montane forests are diverse in form, composition, and
adaptations, and their response to a common forcing, such as a drought event,
can vary significantly according to latitude, altitude, aspect, local precipitation,
and soil type (Gentry, 1988). A further variable that must be included is that
humans have occupied and modified these landscapes for millennia (Erickson,
1999; Kolata et al., 2000). Consequently, uncertainty exists regarding the elevation
of the natural upper forest limit in many parts of the Andes (Erickson, 1999; Wille et
al., 2002).

In this chapter we will address some of the larger scale issues—for example, the
migration of species in response to tectonic and climatic change, the stability of
systems despite instability of communities through time, the out-of-phase climatic
influence on southern and northern Andean sites during the last glacial maximum
(LGM), and the possibility of climate change inducing non-linear responses in
ecosystems.

M. B. Bush, J. R. Flenley, and W. D. Gosling (Editors), Tropical Rainforest Responses to Climatic Change
(Second Edition). © Springer-Verlag Berlin Heidelberg 2011.




36 Andean montane forests and climate change [Ch. 2
2.2 TECTONIC CHANGES AND THE RISE OF THE ANDES

For the last 20 million years, the Andes have been rising as a result of the subduction
of several oceanic plates beneath the South American Plate. The uplift transformed a
rather flat continent into one with strong physical separation of lowlands and a host of
new habitats ranging from humid foothills to ice covered summits. The rise of the
Andes had no less radical an effect on the biogeography of the continent. Drainages of
great rivers were reversed (Damuth and Kumar, 1975; Hoorn et al., 1995), and the
related orogeny in Central America provided first stepping stones, and ultimately a
landbridge connecting a Gondwanan to a Laurasian flora and fauna (Terborgh, 1992;
Webb and Rancy, 1996). The great American faunal interchange (Webb, 1997), in
which successive waves of taxa moved north and south and then underwent adaptive
radiation, began as early as 16 million years ago. Migrations between North and
South America peaked following the closure of the Isthmus of Panama, a progressive
process that produced a continuous landbridge between 5 and 4 million years ago.

The arrival of eutherian mammals (e.g., monkeys, dogs, bears, sloth, elephantids,
camelids, rats, and cats) left a lasting impression on South American systems. Many of
these mammals entered unoccupied niches, while others may have gone into direct
competition with marsupial counterparts or the indigenous array of flightless,
predatory birds. The net result was rather lop-sided with relatively few genera
moving into North America, though Glyptodon, a re-radiation of sloth species,
possum, armadillos, and porcupines were clear exceptions. While, only the latter
three have surviving representatives in North America, >50% of mammal genera
in South America were derived from Laurasian immigrants (Terborgh, 1992).

In contrast to mammals, where an adaptive advantage lay with eutherian
mammals over marsupials, the plants of North and South America shared the
same basic biology. Among plants, the pattern of migration and competitive
success obeyed the basic biogeographic rule that the species of larger source areas
outcompeted those of smaller source areas (Rosenzweig, 1992). Consequently,
lowland rainforest taxa from South America surged up into Central America, and
became the dominant vegetation of the lowland tropics. Contrastingly, Laurasian
elements swept south along mountain chains occupying the climatically temperate
zone of Central and South American mountains (Hooghiemstra, 2006; Hooghiemstra
et al., 20006).

Many modern genera were extant and clearly recognizable in the pollen of
Miocene sediments (23—6 Myr ago) (Jaramillo and Dilcher, 2002). During this time
the Andes were rising, attaining about half their modern height, reaching c.2,500—
3,000 m about 10 Myr ago (Hoorn et al., 1995). For millions of years, the spine of the
Andes comprised forested ridges that trapped clouds. Low passes—such as the
Guayaquil gap and the Maracaibo arca—maintained lowland connectivity from
the Pacific to the interior of the continent until the Mid to Late Miocene (Hoorn
et al., 1995). Only in later stages of uplift did large areas of the Andes rise above
elevations capable of supporting diverse montane forests (i.e., above 3,300-3,600 m).

Importantly, as the Andes rose, entirely novel habitats were created for the
continent. Mid- to high-elevation settings with steep slopes, varying moisture
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abundance, light limitation where clouds formed, increased exposure to ultraviolet
radiation, and cool temperatures, offered new growing conditions. Speciation
occurred among plants and animals as vacant niches were exploited. The radiation
of families such as Lauraceae, Rubiaceae, and Ericaceae that filled the Andean forests
was a huge biogeographic departure from patterns arising from the diversification of
lowland elements. Today, the within-family diversity statistics (i.e. the ranking of
families based on their species diversity) of lowland Amazonia and the Congo are
much more similar to each other than either is to those of an Andean forest (Gentry,
1988).

Montane-dwelling migrants into this setting from North America had to island-
hop through the Caribbean or move from hilltop to hilltop including making passage
across a broad lowland plain in central Panama. This gap, without highlands over
1,000 m, was at least 130 km in length and may have acted as a severe filter to large
seeded species, such as Quercus. Indeed, Quercus diversity in Panama was reduced
from c. 13 species in the west, to one species in eastern Panama (Gentry, 1985).

The southward migrations of arboreal Laurasian taxa (e.g., Annonaceae,
Hedyosmum, Salix, and Rumex) were inferred rather than observed, but the
arrival of Myrica, Alnus, and Quercus, were apparent in the paleoecological
records from the high plain of Bogota (Hooghiemstra, 1984; Van der Hammen,
1985; Van der Hammen ef al., 1992; Van’t Veer and Hooghiemstra, 2000). Myrica
arrived in the Mid Pliocene, whereas A/nus first occurred in the Colombian pollen
record about c.1.37 million years ago. The last of these three species to arrive was
Quercus, which first occurred about 478 kyr BP (Van’t Veer and Hooghiemstra, 2000),
but probably only attained its modern dominance between 1,000m and 3,500 m
elevation about 200,000 years ago (Hooghiemstra et al., 2002). Since the first
arrival of these species, Alnus spread as far south as Chile, whereas the southernmost
distribution of Quercus coincided with the Colombian—Ecuadorian border (Gentry,
1993). Alnus, a pioneer species, thrived in disturbed settings, whereas Quercus hum-
boldtii was a dominant of Andean forest. The arrival of Quercus in Colombia clearly
impacted previously established taxa such as Hedyosmum, Vallea, and Weinmannia
(Hooghiemstra, 1984); species that remained the common components of upper
Andean forest from Peru to Colombia.

Progressive cooling during the Quaternary led the upper limit of diverse forest to
move downslope, ranging between 3,600 m and 2,800 m during warm periods and
probably reaching as low as 2,000 m during peak glacial conditions. The consequent
expansion of montane grasslands, through a combination of uplift, cooling, and a
reduction in atmospheric CO, concentrations, provided habitat for newly arriving
holarctic species that enriched Puna and Paramo floras.

The new arrivals to forest and grassland settings created novel communities.
Paleoecologists introduced the term no-analog communities to indicate that com-
munities of the past differed from those of the present (e.g., Overpeck et al., 1985).
Ecologically, a no-analog community was most significant if it formed a novel
community compared with those that preceded it, rather than compared with
those of today. The sequential arrival of Myrica, Alnus, and Quercus, each established
such novel communities. Furthermore, the faunal interchange between the Americas
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altered predator—prey relationships, seed-dispersal, and plant recruitment (Janzen
and Martin, 1982; Wille et al., 2002).

Among those seed-dispersers and predators were the megafauna. While the
traditional view has been that the megafauna died out in the terminal Pleistocene
(Steadman ez al., 2005), very real questions exist regarding the exclusion of Holocene
ages from those analyses (Hubbe et al., 2007). The probability that relatively low
densities of people could have exterminated these large creatures quickly in the forests
of the Andes and Amazon is much lower than in the open grasslands of North
America or Patagonia. If the later ages for extinction are accepted, the collapse of
megafauna appears to have occurred around 9—7 kcal yr BP, a time of strong climatic
change and increased fire activity (Paduano et al., 2003; Bush ez al., 2007), coupled
with increased human impacts on ecosystems (Bush ez al., 2007).

Tapir survive in the lowlands and camelids continue to exert a significant grazing
influence on montane grasslands. Such a basic observation is an important reminder
that the loss of some of the other megafauna could have a substantial impact on the
openness of all Neotropical settings and in the transport of large-seeded fruit (Janzen
and Martin, 1982; Guimaries et al., 2008). Thus, during the Quaternary, plate
tectonics caused a major reorganization of plant and animal communities,
featuring long-range migrations, species invasions, and adaptive radiation. In
contrast, most responses to glacial-interglacial climate change appear to have
been essentially local to sub-continental migrations.

2.3 SENSITIVITY AND QUANTIFYING COOLING

Modern pollen studies are the backbone of any attempt to quantify past vegetation
changes. Over the past 25 years, a series of studies in Colombia (Grabandt, 1985),
Ecuador (Bush, 1991; Moscol-Olivera et al., 2009), and Peru (Weng et al., 2004), have
demonstrated a broad coherence between vegetation types and local pollen inputs.
Indeed, apart from low-productivity settings (e.g., the highest grasslands), long-
distance transport of pollen forms a very small proportion of the pollen rain.
Weng et al. (2004) analyzed modern pollen data on an eclevational transect in
southern Peru and calculated that the accuracy of assigning an elevation to an
unknown sample is about 260 m at that location. Local moist-air adiabatic lapse
rates are almost exactly 5.5°C per 1,000 m of ascent (Weng et al., 2004). From this
study it appeared that palynology can be used to provide a temperature estimate of
c. =1.5°C (Figure 2.1). It will be noted that the samples in Figure 2.1 from 3,350 m and
3,400 m do not fall close to the regression line. Both of these samples were collected
from sheltered gullies that contained shrubs of Weinmannia, woody Asteraceae, and
Polylepis, giving these samples a “low” signature in the analysis.

The Weng et al. (2004) study was in mature second growth forest, disturbed by
road construction. As disturbance-tolerant species tend to produce a lot of pollen and
are often generalist species, ongoing study of less disturbed transects may provide even
narrower error ranges in temperature estimates.
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Figure 2.1. Modern pollen rain and elevation. Regression of first axis DCA scores against
elevation for log-transformed modern pollen data. All data from a line transect from Amazonia
into the Andes in eastern Peru (Weng et al. 2004). Black circles represent samples of known
elevation (to the palynologist). The six triangles represent a blind study in which the analyst did
not know sample elevation.

2.4 SITES IN SPACE AND TIME

Almost all Andean lakes are a product of glaciations, formed less than 20,000 years
ago. The lowest of these lakes are usually moraine-dammed and may lie at the upper
limit of modern Andean forest (e.g., Lakes Surucuchu (3,180 m elevation; Colinvaux
etal., 1997), Chochos (3,300 m; Bush et al., 2005), and Refugio (3,400 m; Urrego et al.,
2010a)). However, such lakes that provide paleoecological records from within
modern montane forest settings are thinly scattered. The cause of this paucity lies
in the geography of the Andes themselves (Figure 2.2). The flanks of the Andes are so
steep that the vertical elevation occupied by montane forest is often spanned by just
10-30 km laterally. In the inter-Andean plateaus montane forests are restricted to the
wetter and somewhat lower sections of the northern Andes. The small area and lack of
glacially-formed lakes within the elevations occupied by modern montane forest,
combined with frequent rockslides and active tectonism, contribute to a landscape
in which few ancient lakes formed and even fewer survive.

The obvious and important exceptions to this pattern are the great lakes of the
Altiplano (e.g., the Salar de Uyuni and Lake Titicaca) and deep grabens such as Lake
Junin, but these have probably never lain within forest. The High Plain of Bogota, at
¢.2,550m elevation contains an extensive series of lakes and marshes that provide
much of what we know about the response of montane forest to Quaternary climate
change (Torres et al., 2005). Newly described lakes, such as Lakes Pacucha (3,050 m;
Hillyer et al., 2009; Valencia et al., 2010) and Consuelo (1,360 m; Bush et al., 2004;
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Figure 2.2. The location of sites of paleoecological importance mentioned in the text relative to
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Urrego et al.,2010b ) augment this understanding by providing additional detail of the
last glacial maximum and subsequent deglaciation.

2.5 QUATERNARY GLACIAL-INTERGLACIAL CYCLES

The list of montane forest sites is expanded when we include those that have supported
montane forest in the past. During the thermal optima of previous interglacials such
as marine isotope stages (MIS) 5Se, 7, 9, and 11, it appears that montane forest may
have extended upslope by as much as 200 m from its present location (but see below
for the case of Lake Titicaca). The influence on the lower limit of montane forest
during these episodes is more difficult to establish. Bush (2002) hypothesized that as
climates warm the elevation of cloud formation on the flank of the Andes will increase.
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Under such warm conditions the change in the elevation of cloudbase may have been
greater than the upslope expansion of the montane forest, creating a narrower total
elevational range supporting montane forest. Contrastingly, during the glacial
periods, montane forest species invaded downslope in response to cooling and the
lower formation of cloud. Although the descent of montane taxa and the lowering of
the upper forest line appear broadly similar (c.1,500m) along the Andes, the
movement of the lower limit of the cloudbase may be more variable regionally. In
the drier lowlands of Colombia this cloudbase may not have moved far downslope
(Wille et al., 2001; Hooghiemstra and Van der Hammen, 2004), compared with the
wetter systems of Peru and Ecuador (Colinvaux et al., 1996; Bush et al., 2004).

Translating the migration of fossil pollen types in sedimentary records into an
estimate of temperature change was pioneered in South America by van der Hammen
and Gonzalez (1960). They documented a periodic 1,500-m descent of vegetation
types based on the replacement of forest with grasslands, and then a widening
downslope distance to the estimated position of upper forest line. Since that initial
study of the High Plain of Bogota, virtually every Andean record from the last ice age
has indicated at least a 1000-m descent of vegetation and often a 1500-m descent of
some pollen taxa at the LGM (Figure 2.2). The moist air adiabatic lapse rate (Chapter
10) evident on the Andean flank provided a means to translate this vegetational
movement into a change in temperature.

Modern lapse rates vary according to local humidity, ranging between —5.5°C
and —6.2°C (Witte, 1994) in Colombia, and ¢. —5.5°C per 1,000 m of ascent in Peru
and Ecuador (Colinvaux et al., 1997; Bush and Silman, 2004). Accordingly, for a
1,000-1,500-m descent of vegetation the inferred change in paleotemperature is a
cooling relative to the modern values of 5°C to 8.5°C.

Most Andean LGM pollen records are consistent with a cooling of ¢. 8°C in the
highest elevations tapering down to a cooling of ¢.4-5°C in the lowlands. This
temperature differential suggests a steeper-than-modern temperature gradient. As
there is no suggestion that the Andean slopes were ever without forest, it is improbable
that the moist-air adiabatic lapse rate would change very much (Webster and Streten,
1978; Rind and Peteet, 1985). Evidence from studies of glacial moraines lead to
reconstructions of the equilibrium line altitude (ELA) for glaciers. Glaciers in
Peru and Ecuador are generally inferred to have ELAs about 800—1,000 m lower
than modern counterparts, suggesting a cooling of 4-5°C (Rodbell, 1992; Seltzer,
1992; Smith et al., 2005). Hence the inferred temperature signal from plants at high
elevations may contain a more complex signal than first envisaged. Bush and Silman
(2004) proposed one such effect in which black-body radiation would elevate sensible
heat loss under low atmospheric CO, concentrations; an effect that would be more
extreme at high elevations. Other additive effects probably contributed to the
observed high-elevation cooling.

Within the dating resolution available to us, Neotropical interglacials appear to
coincide in timing, and general character, with those documented elsewhere. The
interglacials are known as MIS 5e (¢. 130-116 kyr Bp), MIS 7 (¢. 240-200 kyr BP), MIS
9 (330-300 kyr BP), and MIS 11 (425-390 kyr BP), and generally last about 15,000—
40,000 years. While a 100,000-yr cycle appears to underlie the glaciations of the last
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half million years, the intensity of interglacial periods appears to be related to
precessional amplitude (Broecker, 2006). Three records provided insights into
multiple glacial cycles in the Andes: the High Plain of Bogota, Lake Titicaca
(Hanselman et al., 2005), and the Salar de Uyuni, although only the MIS 6 to
MIS 1 portion of this record has been published so far (Fritz et al., 2004).

Long sediment cores raised from Lake Titicaca provided a record of vegetational
change spanning the last 370,000 years (Hanselman et al., 2011). During interglacials,
warming increased local productivity, and the upper Andean forest began to migrate
closer to the lake. At the peak of MIS Se and 9, Titicaca was reduced to a shallow lake
with extensive adjacent saltmarsh, while having deeper water and somewhat more
mesic vegetation, including Polylepis woodland, in its catchment in MIS 7 and 1.

Fire, which these data demonstrated was natural to the high Andes, became a
transforming factor and limited the expansion of woody taxa during interglacials.
Both the Colombian and Bolivian records indicated that the peak of MIS 5e may have
been relatively dry. This drying was especially evident in Lake Titicaca, where the
abundance of benthic and saline-tolerant diatoms, and peak abundances of pollen of
Amaranthaceae, suggest the lowest lake levels of the last 370,000 years. Amarantha-
ceae pollen types are commonly derived from salt-tolerant plants, or from plants that
grow in areas subject to irregular inundation (Marchant ez al., 2002).

At Lake Titicaca substantial differences were evident in the manifestation of the
last four interglacials. Trajectories of vegetational change during MIS 1 and 5¢ were
revealed through Detrended Correspondence Analysis (DCA) (Hill, 1979; McCune
and Mefford, 1999) for fossil pollen data from Lake Titicaca (Figure 2.3). The scores
for Axis 1 were plotted against time since the start of the relevant interglacial. The data
were drawn from a deep-water core from Lake Titicaca LT01-2B (240-m water depth),
a shallower water core (40-m water depth) from the Huinaymarca sub-basin (Core
LTO01-3B; Gosling et al., 2008), and a piston core from 130-m water depth that
provided a detailed Holocene record from the main basin (core NE98-1PC;
Paduano et al., 2003). Core LT01-3B had a hiatus in the middle of the interglacial,
but showed a very similar pattern of community change leading into and out of the
event as found in the deep-water core LT01-2B. This comparison revealed that while
starting similarly, MIS 5e continued on a path to increasing aridity, while in the latter
part of the Holocene conditions diverged from this path (Hanselmann et al., 2011).

The evident difference between the interglacials was probably underlain by
precessional forcing, however, Bush et al. (2010) invoked microclimatic feedbacks
as amplifying mechanisms that enhanced the precessional pattern. Lake levels
fluctuated on the Altiplano (below) and as deglacial highstands gave way to inter-
glacial lowstands there was a concomitant loss of a regional lake effect.

Lake Titicaca is the world’s highest ““Great Lake” and it produces a halo of warm
(~+4°C), moist (doubling local precipitation) conditions that significantly alters
local growing conditions. If, as in the time of MIS 5Se, the lake area is reduced by
more than 50%, some of these moderating influences would be lost, rendering the
local area cooler and drier. Triggered by outside forcing such as changes in insolation
and sea surface temperature (SST), local positive feedback mechanisms involving
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as the start of the Holocene. Data are from Hanselman ez a/. (2005) and insolation curves from
Analyseries 1.2 (Berger, 1992; Paillard et al., 1996).

cloudiness, evaporation, precipitation, and temperature, may have been critical in
altering local microclimates.

Bush et al. (2010) suggested that at least twice before, during MIS 9 and 5e, the
Altiplano had warmed, and then passed a tipping point leading to falling lake levels
and aridity (Figure 2.4). Upslope migration of forest stopped, even if temperatures
continued to rise as the Altiplano became too dry to support montane forest. Based on
the observation that dense Andean forest never reached an elevation of 3800 m, but
can grow at 3,500-3,700 m elevations, it is probable that this tipping point occurred
within +1-2°C of modern temperatures. This case-study provides an example of how
vegetation—climate feedbacks are not always linear.

While it is our expectation that plants will migrate poleward or upslope in
response to warming, the interaction of temperature with other climatic parameters,
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Figure 2.4. Schematic diagram of a non-linear response to warming and a turning point
reached in some Andean interglacials based on paleoecological data from Lake Titicaca,
Peru/Bolivia. Arrows indicate the approximate peak state of the last 4 interglacials relative
to the schema.

in this case precipitation : evaporation ratios and microclimates, can induce non-linear
feedbacks that change migrational patterns. Even these responses are not symmetrical
as it is possible to slow or halt migration but, as it is believed that plant migrations are
often dispersal-limited (McLachlan and Clark, 2005) and outstripped by the rate of
climate change, it is unlikely that migration rates can be accelerated.

2.6 THE LAST GLACIAL PERIOD

In the Andes, the termination of the last interglacial was marked by a substantial and
rapid cooling, perhaps 3°C, marking the onset of glacial conditions (Van’t Veer and
Hooghiemstra, 2000). Following this cooling, temperatures bumped up and down,
tracking the Milankovitch and Dansgaard/Oeschger Cycles, but gradually declined to
the coldest time at the LGM (Hooghiemstra et al., 1993).

The precipitation record for this period is harder to decipher, and inferred lake
depth is a major proxy for changes in annual precipitation. Precipitation patterns are
often highly localized and, when one is dealing with relatively few sites it is possible
that such local effects skew our view of systems. However, if we look outside the
montane forest region and include data from ice cores, high Andean lakes, and from
the Amazonian plain, a coherent pattern begins to emerge (Table 2.1).

In Colombia, the Funza-2 record terminates about 30 kcal yr BP when the lake
dries out. The Fuquene-3 record suggests a progressive lowering of lake level
beginning around 60kyrBp and culminating in a depositional hiatus between
¢.22kcalyrBp and 12kcalyrBp (Van der Hammen and Hooghiemstra H., 2003).
The Altiplano of Peru and Bolivia appears to have become wetter after
¢. 60 kyrBP (Fritz et al., 2004); given the uncertainties in dating, this may or may
not be related to the beginning of the drier conditions in Colombia. However, the



Sec. 2.6] The last glacial period 45

LGM does provide support for asynchrony in wet episodes, as this is a time of flooding
in the Altiplano, and low lake-level in Colombia.

At least three giant paleolakes occupied the Altiplano at various times during the
Quaternary (Servant, 1977; Baker et al., 1999). The timing of these events is actively
discussed (Mourgiart et al., 1997; Baker et al., 2001; Placzek et al., 2006; Gosling et al,
2008). Here we adopt the chronology of Baker ez al. (2001) as it seems most consistent
with other regional records (e.g., Fritz et al., 2004, 2010; Ekdahl et al., 2008; Hillyer et
al., 2009), but recognize this issue is far from settled. The most recent, paleolake
Tauca, appears to have formed about 26 kcal yr B (Baker et al., 2001), coincidental
with the onset of ice accumulation at Sajama (Thompson ez al., 1998). This wet event
appears to have lasted until ¢. 16 kcal yr Bp when Lake Tauca drained (Baker et al.,
2001). The combination of extreme cold and wet conditions during the Tauca period
caused ice lobes to advance to within 100 m vertically of the modern Titicaca shoreline
(a vertical descent of about 1,300m; Seltzer et al, 1995, 2002). Baker et al. (2001)
determined that lake level in the Salar de Uyuni followed the precessional cycle for the
last 50,000 years. Highstands corresponded to maxima of insolation occurring during
the wet season (December—February), and lowstands during the corresponding
minima.

While the evidence of precessional oscillations have a long history in Colombia
(Hooghiemstra et al., 1993), on the Altiplano this synchrony is only evident in the last
two glacial cycles. Prior to ¢. 60 kyr BP, the Salar de Uyuni was predominantly dry,
with only sporadic flooding episodes (Fritz et al., 2004; Chepstow-Lusty et al., 2005).
Two plausible scenarios have yet to be tested, one is that the climate was significantly
drier prior to 60 kyr BP, and the other is that tectonic change altered the hydrology of
the basin at this time, making it more probable that it would hold water (Wille ef al.,
2001).

In Colombia, the Caqueta River valley (Van der Hammen e al., 1992) documents
a relatively wet time between ¢. 50 kcalyrBP and 30kcalyrBp and a drier LGM,
consistent with the records from the High Plain of Bogota. A record from
Popayan (1,700 m; Wille et al., 2000) reveals the presence of either a cool open
forest or closed montane forest throughout the last 30,000 years. The data from
this site suggest a cooling of 5-7.5°C at the LGM. In Ecuador, the premontane
sites of Mera and San Juan Bosco (1,100m and 970 m, respectively; Bush et al.,
1990) match this interpretation closely, suggesting synchrony at least as far south
as the equator.

Lake Consuelo, southern Peru, provides a detailed view of the lower Andes
during the last glacial maximum (Urrego et al., 2010b). At 1360 m elevation, the
modern lake lies at exactly the elevation of cloud formation in this section of the
Andes. The modern flora is dominated by lowland elements (e.g., Alchornea,
Brosimum, Euterpe, Ficus, Guatteria, Magquira, Unionopsis, and Wettinia). Pre-
montane elements such as Dictyocaryum, Myrsine, Alsophila, Oreopanax, and
Cyathea are also present. The pollen types of the Holocene reflect this lowland
mixture of species, but those of the glacial clearly indicate the presence of a
montane forest. Podocarpus, Alnus, Hedyosmum, Weinmannia, Bocconia, Vallea,
Ericaceae, and Polylepis/Acaena replaced the lowland flora. This flora was remark-
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ably constant between c.45kcal yr Bp and 24 kcal yr Bp and was probably buffered
from precipitation changes by the presence of persistent cloud cover (Urrego et al.,
2010). Similar vegetation descents of ¢.1,300m and persistent forest cover were
recorded in the mid-elevations of the Colombian Andes at Pitalito (1300m
elevation; Will et al., 2001) where upper montane forest rich in Quercus,
Hedyosmum, Myrsine, and Weinmannia occupied the site during the LGM.

2.7 DEGLACIATION

The timing and rate of Andean deglaciation is somewhat contentious, as it has been
suggested that the southern Andes mirrors the Vostok record from Antarctica, while
the northern Andes mirrors the Greenland Ice Sheet Project (GISP) record (Seltzer et
al., 2002). It appears that the more southern tropical Andes entered a deglacial phase
between 21kcalyrBp and 19 kcal yrBp (within the classic LGM of the northern
hemisphere), while the northern Andes may not have warmed until ¢. 16 kcal yr BP.
This relatively early deglaciation is manifested in most of the Central Andean records
(Figure 2.5).

A further issue that needs to be resolved is whether the warming associated with
the deglacial period was protracted and steady or if it occurred rapidly. Abrupt
changes in fossil pollen records are certainly apparent in almost all high Andean
locations, but whether the sudden change was due to temperature or changes in
precipitation and fire regime has yet to be established fully.

On present evidence, the trend out of the last ice age appears to be more gradual in
the southern tropical Andes than in the northern Andes. The gradualism of the
southern sites could be argued to be buffered by the maximum rate of tree
migration (i.e., the forest cannot respond to maintain equilibrium with climatic
change). However, abrupt changes in forest abundance are evident in many high
Andean settings (e.g., Hansen et al., 2003; Niemann and Behling, 2009; Valencia et al.,
2010), where the communities were clearly responding to rapid pulses of climate
change.

Further investigation is needed into the role of microrefugia (McGlone and Clark,
2005; Rull, 2009; Mosblech et al.,2011), and how these may have influenced the timing
of observed migrations. For the time being, the migrational data appear to support an
Antarctic-style deglaciation in the Andes south of ¢.10°S, while further north
(perhaps progressively), paleoclimate records appear to reflect the characteristic
climatic oscillations of the North Atlantic and Greenland. Consequently, in Peru
and Bolivia the deglaciational warming appears to have been on average <1°C per
millennium, whereas in the northern Andes a relatively large jump in temperatures at
the onset of the Holocene, perhaps 4°C within the space of few hundred years, is
thought to have occurred. Thus, these systems have responded to warming events
whose rates differed by about an order of magnitude.

The deglacial period highlights periods of rapid landscape change. The upslope
expansion of forest taxa and novel climates (sensu Williams et al., 2007) jumbled
competitive relationships producing short-lived formations that are rare today, or
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Figure 2.5. Central Andean insolation, and the extent of physical and community change
during deglaciation and the Holocene. Datasets are Lake Chochos magnetic susceptibility
(note inverted log scale; Bush er al., 2005); Huascaran 80'® ice core (Thompson et al.,
1995); Lake Junin 80'® calcite (Seltzer et al., 2000); Lake Caserococha fossil pollen DCA
Axis 1 (Paduano, 2001); Lake Consuelo fossil pollen DCA Axis 1 (Bush et al., 2004; Urrego et
al., 2010); Lake Titicaca fossil pollen DCA Axis 1 (Paduano ef al., 2003); Insolation (DJF) for
10°S from Analyseries1.2 (Berger, 1992; Paillard et al., 1996). Shaded boxes represent periods of
low-lake level or drought recorded at those sites.
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possibly without modern analog. However, some of the rapid changes in community
structure associated with deglacial settings may indicate a longer no-analog status
within the forests. For example, the important tropical families of Moraceae and
Urticaceae, which produce copious amounts of pollen, and are important components
of every modern mesic Neotropical forest pollen record, do not appear to have been
equally abundant in glacial times at any elevation (Valencia et al., 2010). If further
research supports this view, the glacial-age rarity of these families, especially the
Moraceae, would have had profound impacts on forest ecology.

Evidence for the presence, or absence, of the Younger Dryas event in South
America has engendered considerable debate (Heine, 1993; Hansen, 1995; Van der
Hammen and Hooghiemstra, 1995; Rodbell and Seltzer, 2000; Van’t Veer et al., 2000;
Bush et al., 2005). In the sedimentary sequences from Guatemala (Hodell ez al., 2008),
the Cariaco Basin (Peterson and Haug, 2006), and Colombia reveal a strong and
apparently synchronous climatic event corresponding to the Younger Dryas (e.g.,
Van’t Veer et al., 2000). However, other records, such as those of Titicaca and of
glacial advances in Ecuador and Peru, reveal an oscillation that predates the Younger
Dryas by 500 years (Rodbell and Seltzer, 2000; Paduano ef al., 2003). In summary;, it
appears that the Younger Dryas is better represented in the northern section of the
neotropics than south of the equator. In the northern tropics the Younger Dryas
appears to be manifested in both temperature and precipitation signals, whereas in the
southern tropics, precipitation provides the best cue for this event (Clapperton, 1993;
Rodbell and Seltzer, 2000; Smith et al., 2005).

2.8 THE HOLOCENE

Further south in Ecuador, the related sites of Surucuchu (3,180 m; Colinvaux et al.,
1997) and Pallcacocha (4,200 m; Moy et al., 2002) begin their sedimentary record at
¢. 15 kcal yr BP. These two sites lie in the same drainage basin and each has a markedly
laminated stratigraphy. The laminations have been suggested to reflect El-Nifio-
related storm intensity (Rodbell et al., 1999; Moy et al., 2002). While these sites
cannot inform us of climate change in the Pleistocene, they do suggest an affinity with
the Colombian sites rather than sites of southern Peru and Bolivia that show a very
marked dry event in the Mid Holocene (Wirrmann et al., 1992; Ybert, 1992; Paduano
et al., 2003; Rowe et al., 2003). Again the southern and northern sites appear to be
asynchronous in their precipitation signals, with all sites north of Junin exhibiting a
dry start to the Holocene followed by rising lake levels between 10 kcal yrBP and
8 kcal yr BP. Sites in the southern tropical Andes are generally entering a dry phase at
that time, and experience low lake levels until c. 4 kcal yr Bp (Bradbury etz al., 2001).
The only record from the southern tropical Andes that spans a portion of this event
is Lake Siberia (Mourguiart and Ledru, 2003). This record terminates at
¢.5.1kcalyrBp, but the period from 10kcalyrBp to SkcalyrBp shows the
expansion of grassland, consistent with more open conditions, but the return of
some forest taxa in the uppermost samples.

When records resume regionally, human impacts are evident in many sites (e.g.,
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Marcacocha (Chepstow-Lusty et al., 2002), Titicaca (Paduano et al., 2003), Pacucha
(Valencia et al., 2010), and Junin (Hansen and Rodbell, 1995); the uplands were being
transformed by burning and deforestation). The modern upper forest line may be a
result of millennia of manipulation. How different a truly natural upper forest line
would be from that observed in the modern Andes is a matter of ongoing debate.
Ellenberg (1958) suggested that Polylepis could have formed extensive woodlands up
to elevations of 4,000 m on the wetter slopes and 5,000 m on the drier slopes of the
Andes. Though falling from favor for many years, his ideas have been resurrected
(e.g., Fjeldsa, 1992; Kessler, 1995). No resolution has been reached regarding either
the natural elevation of upper forest lines, or the past importance of Polylepis in
Andean floras. Gosling et al. (2009) suggested that Polylepis was most abundant as a
member of transitional communities between full glacial and interglacial conditions.
Other evidence of the migration of upper forest lines has been largely equivocal with
modest or no migration reported in the last few thousand years in Colombia and
Ecuador (Wille et al., 2002; Bakker et al., 2008; Di Pasquale et al., 2008). Two patterns
have emerged: the first is that the often stark separation of forest and grasslands is an
artifact of millennia of human landuse (Young and Leon, 2006). The second observa-
tion is that human impacts on the Andes have been taking place for thousands of
years, and that the “‘natural” state or ecological baseline is often unknown.

While humans altered the highland landscape, it is also probable that climate
influenced human populations. The Mid Holocene drought on the Altiplano induced
a period termed the ““Silencio Arqueologico’ in which there was widespread abandon-
ment (Nufez et al., 2002). Where did these populations go? Into the montane forest?
The Lake Siberia record shows an increase in charcoal coincident with the peak of this
drought (Mourguiart and Ledru, 2003). Whether these fires resulted from human
occupation of a moister site than could be found in the highlands, or whether this area
was merely more drought prone has yet to be resolved. Later droughts are implicated
in the cultural collapse of civilizations such as the Huari, Tiwanaku, and Chiripo
(Brenner et al., 2001; Chepstow-Lusty et al., 2002). Too few records exist to document
the effect of these Late Holocene droughts on montane forests and these are data that
are badly needed.

2.9 THE PAST AS A KEY TO THE FUTURE

The potential for previous interglacials to serve as a guide to the climatic future of the
Holocene has attracted considerable attention (e.g., Ruddiman, 2003; Broecker,
2006). That the full biodiversity of the Andean system appears to have survived
the intensity of MIS 5e offers some hope that systems will be able to adjust to the
next 50—100 years of projected climate change. Most of the climate simulations project
the Amazon Basin to become warmer and drier over the next century, and for a
warming of tropical mountains to be about 2-3°C (IPCC, 2007). Estimates of species
migrational responses to such climate change suggest that the tropical Andes will be
one of the most sensitive regions to biome-level change; that is, the Andes have a high
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proportion of pixels representing the region that changes from one biome type to
another (Malcolm et al., 2006).

Melting tropical icecaps (Thompson et al., 2002) and the upslope migration of
species (Pounds et al., 1999) represent evidence that these changes are already taking
effect. The stress of warming, may induce complex interactions (e.g., between
droughts, chytrid fungae, and frogs), that may lead to extinctions (Pounds, 2001;
Pounds et al., 2006).

The rate of response of communities to climate change has been tested in
temperate northern latitudes by rapid warming events such as the termination of
the Younger Dryas. That warming was similar in its rate of change to the anticipated
warming of the next century. If the tropics were similarly exposed to rapid warming,
and there was no corresponding wave of extinction, we might be able to predict a
sturdy migrational response that would accommodate climate change. However, such
a clear, sharp warming is evident in montane Colombia, but lacking in lowland Peru.

The flat spot in the 14C record that provides relatively large possible calibration
solutions between ¢. 10,000 and 11,000 '*C years often frustrates efforts to provide a
definitive chronology. From the available records, it appears that there was no rapid
warming at the onset of the Holocene in much of Amazonia and the tropical Andes.
Species in the biodiversity hotspots of the Peruvian Andes have not contended with
change faster than c. 1°C of warming per millennium (Bush ef al., 2004) and therefore
while the range of temperatures projected for the next 50-100 years may be within
their Quaternary experience, the rate of climate change probably is not.

2.10  CONCLUSIONS

Paleoecological research in the Andes has provided some exciting insights into the
both long-term migrations of species and also responses to rapid climatic oscillations.
In Europe and North America the accumulation of thousands of pollen records
allowed Holocene migrations to be mapped in great detail. From those studies
emerged the understanding that temperate communities are ephemeral, perhaps
the most important ecological insight to arise from Quaternary paleoecology.
However, simply applying the rules of temperate ecology to the tropics has been
shown repeatedly to be unwise. The Andes offer a very different migratory environ-
ment to the great plains of Europe and eastern North America. The Amazonian
lowlands are often separated from Andean snows by <30km. The complex topog-
raphy of Andean valleys, ridges, and streambeds offer a mass of microhabitats that
can range from xeric scrub to lush forest in a few tens of meters. The consequence of
this heterogeneity is that migration could have been nearly instantaneous rather than
lagging by thousands of years. Under these circumstances continuity of habitat
availability, rather than ability to migrate in and out of refugia, may be the key to
diversity.

Paleoecological records from the Andes show a remarkable continuity of
montane forest availability for species. Although the area with ground level cloud
moved up and down a mountain, it appears probable that this niche has been a



Sec. 2.12] References 53

continuous feature of the environment since the Andean orogeny created uplands high
enough to induce cloud formation. Where it can be measured, rates of community
change are low for tens of millennia, though communities are changing throughout
that time. Novel assemblages arose due to continental-scale, as well as local, migra-
tions, but the overall niche of living within a montane forest may have changed less
than its cloud-free counterparts up and downslope.

Regional asynchrony is a feature of the paleoeclimatic literature with Lake Junin,
Peru (11°S) cited as the southernmost record that had a full glacial precipitational
pattern common to sites south of Mexico (Bradbury ez al., 2001; further south tropical
systems were somewhat out of phase with this northern group of sites). However,
Seltzer et al., (2000) argue that moisture change between Lake Junin and sites in the
Caribbean were asymmetric in the Holocene. This latter argument is based on the
apparent fit of moisture availability and regional wet season insolation. These
apparently contradictory assessments can be reconciled by recognizing the
temporal migration of the Inter Tropical Convergence Zone (ITCZ) (southward in
stadial events and northward in the early Holocene (e.g., Haug et al., 2001)),
producing a climatic equator that is not geographically constant. The important
points that can be derived from the paleoecological data are that precipitation and
temperature patterns varied substantially with latitude along the tropical Andes, and
that regions exhibiting synchronous changes in one period could be asynchronous in
another.

The paleoecological record needs to be incorporated into conservation thinking
to devise appropriate strategies to avert an imminent loss of biodiversity. However,
for paleoecology to become genuinely integrated with conservation science we will
need to provide more detailed records, especially increasing our taxonomic precision.
Furthermore, new paleoecological records from the montane forest region are
desperately needed to expand our spatial dataset and test the many emerging
theories relating to this fascinating ecosystem.
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Climate and vegetation change in the lowlands
of the Amazon Basin

M. B. Bush, W. D. Gosling, and P. A. Colinvaux

3.1 INTRODUCTION

Data from palynology, taxonomy, and isotopic analyses, allied to climate models,
reveal the complexity of the history of Amazon ecosystems. Evidence from
these records suggests that Pleistocene climatic change was neither uniform nor
synchronous across the basin, but that its effects were pervasive.

A major obstacle to Amazon paleoecology is paucity of lakes containing
uninterrupted sedimentary sequences spanning one or more glacial cycles. To date,
the only fossil pollen records from lowland Amazon lake sediments to span the Last
Glacial Maximum (LGM) are those of Carajas (Absy, 1991), Maicuru (Colinvaux,
2001), three from the Hill of Six Lakes (Colinvaux, 1996; Bush, 2004a), together with
Lakes Chaplin and Bella Vista on the southwestern forest—savanna ecotone in Bolivia
(Mayle, 2000; Burbridge, 2004) (Figure 3.1). All of these are relatively small, shallow
bodies of water that are vulnerable to desiccation. That these lakes retained water for
most of their >50,000-year histories is testament to the relative constancy of
Amazonian precipitational regimes. However, none of these records presents an
ideal archive, as they all contain sedimentary gaps or extremely slow rates of
sediment accretion, are not necessarily located in optimal locations for studying
past climate change, and only represent a small portion of the Quaternary. These
lake records are supplemented by the pollen history of the Amazon lowlands from
sediments of the Amazon fan (Haberle, 1997; Haberle and Maslin, 1999) and records
near the upper limits of wet Amazon forest on the flanks of the Andes. These lower
montane records include Lake Consuelo at 1,360-m elevation in Peru (Bush, 2004b),
and Mera (1,100m) and San Juan Bosco (970 m) in Ecuador (Liu and Colinvaux,
1985; Bush, 1990) (Figure 3.1).

A combination of new paleoecological records, improved understanding of
climate systems, and the proliferation of molecular phylogenetic data advanced
understanding of past climate and vegetation change within the Amazon Basin.
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Figure 3.1. The location of paleoecological sites mentioned in the text in relation to
topography. Citations are given for locations not specifically identified in text: (1) Lake
Gatun (Bartlett and Barghoorn, 1973); (2) El Valle; (3) Loma Lindo (Behling and Hooghiem-
stra, 1999); (4) Hill of Six Lakes (Pata, Verde, and Dragao; (5) Maicuru; (6) Geral, Santa Maria,
and Saracuri (De Toledo, 2004); (7) Amazon fan; (8) Tapajos; (9) Carajas; (10) sites in north-
eastern Brazil (Stute et al., 1995); (11) Lapa dos Brejoes and Toca da Barriguda caves (Wang et
al., 2004); (12) Botuvera cave; (13) Acre transect (Pessenda et al., 1998); (14) Lakes Chaplin and
Bella Vista (Mayle et al., 2000); (15) Salar de Uyuni; (16) Titicaca (Paduano et al., 2003);
(17) Lake Consuelo; (18) Gentry, Werth, Parker, Vargas (Listopad, 2001; Bush, new data);
(19) Junin; (20) Mera and San Juan Bosco; (21) High Plain of Bogota.

The nature of Amazon climate during the last glacial period and its impact on
vegetation continues to be actively debated. The focus upon glacial and interglacial
climate differences was driven by a desire to determine the significance of these global
cycles in the origins of the astonishing biodiversity found within Amazonia (Haffer,
1969; Colinvaux et al., 2001; Haffer and Prance, 2001). As new evidence emerged a
consensus developed that during the last glacial period climates were cooler and drier
than today.
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The transition from no empirical data of past Amazonian climates to a little,
revealed that climatic changes were not uniform or synchronous across the basin. The
climate changes at the LGM (c. 21 kcal yr BP) seem to have resulted in a constriction of
the forested area at the margins of the Amazon Basin, but did not cause a basin-wide
fragmentation of the forest. The degree to which glacial Amazon forests differed from
those of the Holocene, however, remains ambiguous. Evidence from Holocene
records suggests that a dry event (c. 7-5kcal yr BP) impacted dramatically upon the
vegetation in some areas but not others. The picture of heterogencous climate and
vegetation change within the Amazon Basin should not be a surprise. The vast area,
diversity of ecosystems, and spatial variation in climate systems suggest that any
uniform, basin-wide climate change or vegetation response is unlikely. In this chapter,
we discuss the nature of the climate in the Amazon Basin during the last glacial period
and the impact of Mid Holocene drying on the vegetation. Finally, we examine new
phylogenetic data in the light of this paleoecological understanding to gain an insight
in to the likely origins of Amazonian biodiversity.

3.2 EVIDENCE OF TEMPERATURE CHANGE

3.2.1 The last glacial period

The first evidence that Amazonia experienced substantially cooler-than-modern
conditions during the last ice age came from the discovery of Podocarpus timbers
in an exposure of silty peat near the town of Mera, Ecuador, at 1,100-m elevation (Liu
and Colinvaux, 1985). Podocarpus spp. are generally found in cloud forests above
1,800 m, and this observation was used to draw the inference of a ¢. 800-m descent
of Podocarpus populations at c¢. 30-36 kcal yr BP. Indeed, because Podocarpus is not
restricted to modern montane forests, Gentry (1993) lists four species that occur
above 1,800 m and one that is found in the lowlands—the use of this genus as a
paleoecological indicator of cooling has been criticized (van der Hammen and
Hooghiemstra, 2000). However, further work on Mera and the site of San Juan
Bosco that lay about 160 km to the south of Mera (Bush et al., 1990) revealed a
suite of macro- and microfossils of additional taxa that were similarly most abundant
in modern montane forests. Drimys, Alnus, Weinmannia, and Hedyosmum, were found
to be abundantly represented in glacial age samples that also were depauperate in the
taxa currently associated with this elevation—for example, Cecropia, Urticaceae/
Moraceae, Iriartea. This finding reinforced the probability that these sites
supported cold-adapted elements at the peak of the last ice age. Every Pleistocene-
aged pollen record recovered from Amazonia provides similar evidence of cool-
tolerant populations moving into the lowland forests. In each case, floral elements
became abundant 800 m to 1,500 m below the modern centers of their population.
Similar patterns have been found in regions adjacent to the Amazon Basin—for
example, southern and central Brazil (de Oliveira, 1992; Ledru, 1993; Salgado-
Labouriau, 1997), the Andes (reviewed in Chapter 2), and Central America
(Bartlett and Barghoorn, 1973; Bush and Colinvaux, 1990).
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Quantifying this cooling has relied on translating the altitudinal descent of species
into temperature change via the moist-air adiabatic lapse rate, generally taken to be
¢.5.5-6°C. Hence, the observed 800-m to 1,500-m descent of thermally sensitive
populations translates into a 4°C to 7°C cooling. A similar estimate of cooling
was developed from the isotopic analysis of groundwater in eastern Brazil. Stute
(1995) found the temperature of ““fossil”” groundwater to be ¢. 5°C cooler than that of
groundwater formed under modern conditions.

Van der Hammen and Hooghiemstra (2000) and Wille (2000) have argued for a
flexible lapse rate during the ice ages that would significantly steepen the temperature
gradient from the lowlands to the highlands. Their contention is that the Colombian
Andes at 2,580 m cooled by c. 8°C while the lowlands cooled only between 2.5 and 6°C
(according to the data source). If these are taken at face value, one interpretation is
that the moist-air adiabatic lapse rate must have steepened. The implied lapse rate to
accommodate the difference in montane versus lowland temperature increases from a
modern rate of ¢.6°C in Colombia (Wille, 2000) to unrealistically high values of
between 6.7 and 8.1°C. Such high lapse rates are unlikely as they imply very dry air,
and—given that no mid-elevation Andean setting with that kind of aridity has been
documented so far—a flexible lapse rate is not the solution to the observed variability
in data. The moist-air adiabatic lapse rate is controlled by atmospheric humidity and
is not seen to vary greatly from one tropical setting to another despite differences in
precipitation and seasonality—that is, it is almost always 5.8 +0.5°C per 1,000 m of
elevation. While narrow fluctuations can be expected through time, lapse rates are
unlikely to vary beyond a constrained range (Rind and Peteet, 1985).

On first principles it is difficult to envisage a very strong change in lapse rate in
humid sections of the Andes, and yet the foothill regions consistently provide a slightly
lower (typically 5°C change) temperature reconstruction than the highlands (typically
8°C change). Given that the LGM in Colombia was dry (Hooghiemstra and van der
Hammen, 2004), while it was wet in Peru and Bolivia (Baker, 2001), we can assume
that lapse rates may have risen close to c. 6.3°C in Colombia and been near modern
(i.e., 5.5°C) in the central Andes. However, these changes are inadequate to describe
the ¢. 3-6°C discrepancy between the lowlands and the uplands. We advocate taking a
step back and considering other mechanisms than lapse rate change to account for the
observed data.

We observe that paleovegetation response in mountains does not provide a pure
temperature signal and is likely to be exacerbated by factors correlated with elevation.
If not parsed out, these factors can lead to an exaggerated paleotemperature change
estimate. For example, changes in black body radiation due to lowered atmospheric
CO, content (Bush and Silman, 2004 and Chapter 10) and feedback mechanisms
involving ultraviolet radiation (Chapter 8) are more extreme with increasing
elevation. With a thinner atmosphere—that is, LGM conditions of 170 ppm CO,
and 350 ppb CH,4 compared with pre-industrial Holocene concentrations of 280 ppm
CO; and 650 ppb CH4—more heat is lost during night-time re-radiation of stored heat
than under modern conditions. This black body radiation effect would increase with
elevation, be strongest under cloudless skies, and might add an apparent c.2.3°C of
cooling to the true change in temperature (Bush and Silman, 2004). As it is the coldest



Sec. 3.2] Evidence of temperature change 65

night-time temperatures that a plant must survive, the black body radiation imposes
an additive thermal stress that can cause mortality as physiological thresholds are
exceeded. This mechanism provides one example, more probably exist, contributing
to the differential migration distances in montane and lowland settings.

Although the seminal work on the High Plains of Bogota set a new path for
Neotropical paleoecology, many other records now exist that suggest somewhat more
modest temperature departures both in the lowlands and in the mountains than the
reported 7-9°C. Thus, we suggest that the migration of tree line as inferred from the
pollen records is accurate, but that there may be more mechanisms at work than
simply temperature change contributing to those shifts. If estimates of glacial descent
and Equlibrium Line Altitude (ELA) (Seltzer, 1990; Rodbell, 1992; Seltzer, 2003;
Smith, 2005) are also considered, the actual LGM cooling at all elevations may
have been c.4-6°C, making it more consistent with data obtained from marine
paleotemperature reconstructions (Ballantyne, 2005).

It is important to note that this degree of cooling was not temporally uniform
throughout the last ice age and that there were other high-magnitude changes
(comparable with the Pleistocene/Holocene transition) during this period. That all
the lowland records contain gaps in sedimentation makes it difficult to put a firm
timeline on when Amazonia was coldest. At the Hill of Six Lakes, montane taxa are
clearly abundant in samples that are radiocarbon-infinite in age, and they have their
peak occurrence between 21kcalyrBp and 18kcalyrBp (Bush, 2004a). Looking
farther afield, Lake Titicaca and Lago Junin in the Peruvian Andes were probably
coldest between c. 35 kcal yr BP and 21 kcal yr BP (Hansen 1984; Seltzer, 2000; Smith,
2005). But, at the lowest elevation of modern cloud formation, the record from Lake
Consuelo (1,360-m elevation) indicates a protracted, steady cooling of about 6°C
between 40 kcal yr B and 22 cal yr Bp (Urrego, 2005). In some records, particularly
those in eastern Amazonia and coastal Brazil (de Oliveira, 1992; Ledru, 1993; Behling,
1996; Behling and Lichte, 1997; Haberle and Maslin, 1999; Ledru, 2001; Sifeddine,
2003), cold-tolerant taxa persist and in some cases reach their peak abundance as late
as 14 kcal yr Bp, when western Amazonian and selected Andean records are showing
considerable, steady, warming (Paduano, 2003; Bush, 2004b). Such short-term
variability has yet to be explained, but it is a marked characteristic of these
records that climatic events are neither synchronous nor basin-wide.

3.2.2 The Holocene

With so many questions regarding the ice age climates of Amazonia, those of the
Holocene have received less attention than they deserve. Servant (1981) wrote of a
major Holocene drought and Meggers (1994) discussed the potential impact of climate
change on human societies. The role of human occupation and its impact on the
landscape of Amazonia and Central America is a matter of active debate (Denevan,
2003; Heckenberger, 2003; Meggers, 2003) and is addressed by Piperno (Chapter 6).

Independent of the archeological record speleothem data from Cueva del Tigre
Perdido (Peruvian Amazon, 7°S) suggests that temperature has varied by ¢.4°C
during the last 10,000 years in the lowlands (van Breukelen et al., 2008). Two
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warm peaks, at ¢. 5.5 kcal yr Bp and 8.9 kcal yr BP, indicate that temperature has not
been stable though the current interglacial. Unfortunately, there are no other equiva-
lent estimates of Holocene temperature from elsewhere in the Amazon Basin.
However, it seems reasonable to assume that, like the glacial-interglacial transition,
variations within the Holocene were not spatially uniform in magnitude or timing.

3.3 EVIDENCE OF PRECIPITATION CHANGE

3.3.1 The last glacial period

The topic of Amazonian precipitation has been divisive, and positions for or against
Amazonian aridity relatively entrenched. We have been proponents of an Amazonian
system that remained relatively moist during the last ice age, a view contrasted by
those who see Amazonia as having been much drier than present (e.g., Haffer, 1969).
At first, it was easy to argue either position as the field of debate was uncluttered by
empirical data. Now both sides are drifting toward the middle as we recognize that
Amazonia did not dry out sufficiently to fragment its forests, but that relatively dry
periods that lasted for perhaps as much as 11,000 years were a reality. Furthermore,
some migration of the forest boundary, and its replacement by semi-deciduous dry
forest or even savanna close to ecotonal boundaries is indicated both by paleo-
ecological studies and models (Absy, 1991; Behling and Hooghiemstra, 1999;
Cowling, 2004; Cowling, 2004).

The only long terrestrial sedimentary records that span a significant portion of the
last glacial cycle come from a string of massifs that arc from northwestern Amazonia
across eastern Amazonia down to the south. The Hill of Six Lakes (three records),
Maicuru, and Carajas are the five longest Amazonian paleoecological records, and all
come from lakes that sit atop edaphically dry massifs or inselbergs. All five records
contain a sedimentary hiatus, but the timing of these hiatuses differs between the sites.
It is thought likely that these hiatuses are the product of dry periods. At the Hill of Six
Lakes the dry event is most intense between c. 40 kcal yr BP and 27 kcal yr Bp (Bush,
2004a), at Maicuru it is most intense between 33 kcalyrBp and 19 kcalyrBp
(Colinvaux, 2001), while Carajas is driest between 28 kcal yrBp and 16 kcal yr BP
(Absy, 1991; Ledru, 2001). Hence, during the Late Pleistocene relatively short dry
events occurred asynchronously across the basin. Of these sites, only Carajas appears
to have shifted away from a forested setting at any time in the last 180 kyr.

The sensitivity of lowland Neotropical ecosystems to short-term fluctuations in
moisture availability was revealed by the fossil pollen record of the marine cores
obtained from the Cariaco Basin, on the northern continental shelf of Venezuela
(Gonzalez et al., 2008). The moisture balance in the Cariaco Basin, was linked to
northern hemisphere climate events (e.g., Heinrich and Dansgaard/Oeschger events)
and was sensitive to the movement of the Intertropical Convergence Zone (ITCZ)
(Peterson and Haug, 2006). Interaction between these climate controls resulted in
multiple millennial scale humid/dry oscillations from c¢.68 to 27 kcalyrBp. The
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regional vegetation responded to the moisture availability change by switching
between three modes:

(1) humid (interstadial) conditions that resulted in a greater abundance of evergreen
and semi-deciduous taxa,

(2) drier (stadial) conditions that were characterised by mountain forest and
marshland taxa, while

(3) the driest conditions, coincident with Heinrich events, saw an expansion of salt
marsh taxa.

We can anticipate that the Atlantic circulation also influenced Amazonia, providing a
basic driver of sub-millennial-scale change.

The records of lake level suggest both a west-to-east and south-to-north
variation in climate history within the basin. Comparison of isotope records
obtained from speleothems across South America suggested that precipitation on
the eastern and western sides of the continent was in antiphase (Cruz Jr. et al.,
2009). Global circulation models of Amazonian climatic responses at the LGM
are similarly regionalized with opposing signatures of precipitation change
evident across the basin (Hostetler and Mix, 1999; Vizy and Cook, 2007). Indeed,
climatic responses to the modern El Nifio—Southern Oscillation (ENSO) reiterates
this regionalization with markedly different climatic responses across the basin
(Bush and Silman, 2004). The over-arching conclusions are that scenarios
calling for a uniform basin-wide climate change are inherently implausible, and
that when dry events occurred they were relatively short-lived. Equally, it is
unlikely—in view of the variation in hydrology, topography, soils, and species
richness of Amazonia—that the highly diverse vegetation responded uniformly to
a given forcing.

3.3.2 The Holocene

Although many Amazonian lakes were filled by the Early Holocene, sedimentary
hiatuses in many records suggest a widespread Mid-Holocene dry event (Servant,
1981; Absy, 1991; Mayle, 2000; Burbridge, 2004; Bush, 2004a; Gonzalez et al., 2006;
Bush et al., 2007). In the Andes on the south-western edge of the Amazon Basin drying
between 7 kcal yr BP and 5 kcal yr BP induced the highest rates of change and caused
the most significant reorganisation of the cloud forest during the last ¢. 46 kcal yr BP
(Urrego et al., 2010). However, the timing of this event and its severity is not uniform
across the basin. In central Amazonia records from Lakes Geral (Bush, 2000) and the
Tapajos (Irion, 2006) suggest a very modest drying compared with most other sites.
Even in some more marginal areas there is evidence that vegetation was not impacted
by Holocene drying. Isotope analysis of soils in the forests and savannas of French
Guiana indicate resilience to any dry event (Freycon et al., 2010). In general, this dry
event reaches its peak between 7 kcal yr Bp and 4 kcal yr BP, and—though no direct
link has been shown—this is the period when ENSO was very weak (Sandweiss,
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2001). However, as more records accumulate, it appears that this was not a single
sustained drought, but a period of increased drought probability compared with the
Early or Late Holocene (Bush et al., 2007).

3.4 CHANGES IN ATMOSPHERIC CO,

Continental-scale simulations of the response of ecosystems to reduced CO, suggested
that dry forest and savannas occupied the modern ecotonal areas, particularly in the
southern Amazon Basin (Mayle and Beerling, 2004; Mayle et al., 2004; Beerling and
Mayle, 2006). Vegetation dynamic models from the Amazon Basin confirmed that
“natural” rainforest could have been resilient to Late Quaternary changes in pre-
cipitation, temperature, and CO, (Cowling and Shin, 2006). Lowering atmospheric
concentrations of CO, is generally considered to induce drought stress in plants with a
C; photosynthetic pathway, as they must have their stomates open longer than C,
plants to assimilate enough CO, for growth. In very dry systems plants that have C, or
CAM pathways, which can open and close stomata to retain water and photosynthe-
size more efficiently under intense light and temperatures, may displace C; species.
However, such a change is not detected in any of the paleoecological records during
the period of relatively lower atmospheric CO, concentrations. These observations
are consistent with the lack of observed changes in '*C :'2C ratios across a transect of
ecotonal sites in southern Brazil that straddle the Pleistocene—Holocene boundary
(Pessenda, 1998). Cowling has suggested that lower CO, at the LGM induced plants
to support reduced leaf area indices and forests to be structurally simpler (Cowling,
2001, 2004; Cowling, 2004). If such systems had more light and higher rates of
evaporation at the soil surface the ramifications would be far-reaching for micro-
climates and soil carbon flux. Clearly, the role of CO,, and the adaptations that plants
show toward it, is an important area of research and provides a substantial variable
that is hard to quantify.

Although there has been considerable emphasis on the potential role of CO, as
a potent limiting factor in the Late Pleistocene, an alternative view is also
worth considering. Due to the temporal asymmetry of ice ages it can be argued
the rate of change in atmospheric CO, concentrations was much slower in the
transition into cold episodes than during the warming associated with the onset of
interglacials (Figure 3.2). Fast increases in CO, concentration may have acted as a
fertilizer and influenced community structure, but the declines in CO, were so
slow there may have been little negative effect on productivity. The Vostok
ice-core data reveal rates of change seldom exceeding 0.001 ppm and averaging
0.0001 ppm when CO, concentrations were falling (Figure 3.2). Given that
modern seasonal oscillations in CO, are about 5ppm, the changes imposed on
plants drifting towards an ice age were imperceptibly slow and may have been
within the range accommodated by natural selection, thereby minimizing its
effect.
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Figure 3.2. CO, concentrations from the Vostok core (Petit et al., 1999) (upper line) and the
relative rate of change in CO, concentrations between samples (lower line).

3.5 THE PERIODICITY OF CHANGE

For substantial periods western Amazonian and southern Andean sites do appear to
have similar histories. Sedimentary records in the Colombian Andes, the Bolivian
Andes, the Chilean pampas, and the Cariaco Basin all reflect precessional forcing
during the last 50,000 years, and so too does the paleoecological record of Lake Pata
in the Hill of Six Lakes (Bush, 2002). Records from speleothems collected in southern
and northeastern Brazil also document a precessional pattern in moisture supply
(Wang, 2004; Cruz, 2005).

However, upon closer inspection, some other patterns emerge. Although
precessional forcing is evident in all these records, the Colombian Andes are out-
of-phase with the southern Andes (Bush and Silman, 2004), which is not surprising as
the wet season for each occurs 6 months apart. Consequently, precipitation in
Colombia is in phase with July insolation, whereas that of Titicaca correlates with
December insolation. Interestingly, the highstands and lowstands of Lake Pata
(0° latitude) are in phase with those of Lake Titicaca (17°S) and so a simple geographic
placement of the site is not enough to predict the orbital forcing. The clue to the
connection comes from the speleothem record from Botuvera Cave near Rio de
Janeiro in southeastern Brazil. This record reveals an oscillation in the strength
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Figure 3.3. Precipitation data for Amazonia based on satellite monitoring (TRMM) showing
the corridor (dotted lines) identified by Nepstad ef al. (1994) where evergreen trees are dependent
on deep soil moisture.

and position of the South American Summer Monsoon (SASM) resulting from
changes in insolation intensity (Cruz, 2005) (Figure 3.3). SASM is driven by the
convective activity over Amazonia and fed moisture via the South American Low-
Level Jet (SALLJ). The SALLJ is strengthened as convection intensifies with the net
result of drawing more moisture from the northern tropical Atlantic into Amazonia.
As most of the basin heats most strongly in December, this sets the precessional
rhythm for sites receiving moisture from the American Low-Level Jet (ALLJ) (Bush,
2005). The position of SASM is influenced by convection, so that during strong
convection SASM expands farther south, bringing rain to Botuvera Cave. During
weaker convection Amazonia is drier and SASM is more restricted in its southerly
range. SASM expands progressively southward during the austral summer and so the
best correlation with orbital forcing is obtained by tracking peaks in February (late
summer) insolation (Figure 3.3). SASM also transports Amazonian moisture to the
Altiplano, and hence lake levels in the Titicaca and the Salar de Uyuni records, but
here it is the entire wet season that is the time of critical insolation (December—
February).
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Another tantalizing speleothem data set from eastern Brazil shows a precessional
pattern with wet peaks aligning to austral autumn (February—May) peaks in
insolation, as opposed to the December cycles of the other sites (Wang, 2004). As
we gain more high-resolution paleoclimatic records it may be possible to test whether
past dry events can truly be predicted based on precessional influences on the
prevailing moisture source (Figure 3.3).

Interestingly, the long sedimentary record from the Salar de Uyuni reveals that
precession is not strong enough to counteract some other drivers of precipitation
change. For example, Fritz (2004) suggest that global ice volume is another significant
variable in Pleistocene Andean precipitation and that—until ice volume reaches a
critical point—precession does not emerge as a significant factor. A similar argument
was made that the climate of Panama shows poor correlation with climatic events in
the North Atlantic prior to ¢.45,000 years ago, but between that time and about
14,000 years ago a closer relationship is evident (Bush, 2002). Thus, in Panama at
c.7°N and in the Altiplano it appears that prevailing controls on climate were
modified by global ice volume. Indeed, in Colombia the record from the High
Plains of Bogota appears to reflect faithfully the three main Milankovitch Cycles
(Hooghiemstra, 1993), whereas in the tropical lowlands farther south, precession is by
far the most important pacemaker of climate change—an observation that corre-
sponds well with modeled data that highlights precession as a potential driver of
tropical paleoclimates (Clement, 1999, 2001).

3.6 THE TYPE OF FOREST

Almost all Amazonian pollen records that extend back into the Late Pleistocene reveal
higher inputs of pollen from montane forest taxa—for example, Podocarpus, Alnus,
and Hedyosmum. Available data suggest that these forests lack exact modern counter-
parts. Lowland species persisted alongside montane species during the coldest
episodes, but for much of the glacial period there may have been minimal penetration
of the lowlands by montane taxa. These data argue that lowland Amazon forests of
the Pleistocene were mesic systems periodically stressed by strong cooling and
drought.

An emerging view supports the presence of forest cover across Amazonia
throughout the Quaternary, but raises the possibility that the forests were much
drier than those of today and may have supported less biomass (Prado and Gibbs,
1993; Pennington, 2000, 2004; Cowling, 2004; Mayle and Beerling, 2004). A
suggestion for a dry arc of vegetation connecting southern Amazonian savannas
to those of Colombia (Pennington, 2000) has been revised in the light of new
paleoecological data from lowland Bolivia (Mayle 2000; Burbridge 2004; Pennington,
2004). The finding that dry forest did not expand as predicted in the Bolivian ecotonal
region investigated by Mayle’s team was a major obstacle to the corridor concept.
Similarly, misidentified stone lines within the Belterra clays that were taken as a signal
of aridity, have been re-evaluated and are now seen to support continuous Pleistocene
edaphic moisture (Colinvaux, 2001).
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Pennington (2000) suggested that the Hill of Six Lakes data could equally
represent dry forest as represent wet forest. However, this suggestion was based
on the abbreviated list of species presented in the first reporting of the Lake Pata
record (Colinvaux, 1996). The full species list of > 300 pollen and spore types includes
many species that are strong indicators of cool mesic forest—such as Cedrela,
Cyathea, Podocarpus, Illex, Brosimum, and Myrsine. Indeed, the most plausible
connection from south to north across Amazonia is via the eastern corridor of
low precipitation that extends from southern Guiana to eastern Brazil (Figure
3.3). Given the large river barriers, complex orographic features of western
Amazonia, and the overall climatic heterogeneity of the basin, it is more appropriate
to consider Amazonia as a series of patches, and connectivity as a shuffling within the
patchwork rather than migration in corridors.

Although the dry forest flora is a minority component of the lowland Neotropical
system, it is worth exploring the potential for connection between isolated sites as
the lessons learned are applicable to the wetter systems as well. A first observation is
that many of the sand savannas peripheral to, and within, Amazonia contain endemic
species and probably have not been completely connected recently, if ever
(Pennington, pers. commun.). However, migration through the Amazonian
landscape may not have been through white sand soils, as many of the dry forest
species demand better soils (Pennington, 2004), and their migrational corridors may
have been through riparian settings.

A significant problem in this arena is the iconography of biome-watching.
Concepts such as ‘“‘caatinga”, “‘semi-deciduous tropical forest”, or “wet forest”
are at best the abstractions of mappers. These broad vegetation classifications can
help us to think about a system, but we should not believe that they are sharply distinct
in their ecology. Many of the same species that occur in a lowland, semi-deciduous
forest are found at the edge of their ecological tolerance within mesic forest. Nuances
of a month more or less of dry season may substantially alter the dominant taxa,
though perhaps resulting in much less change in the long tail of rare species (sensu
Pitman, 1999). Tuomisto (1995) recognize > 100 biotopes of tierra firme forest types
in Peruvian Amazonia alone; Duivenvoorden and Lips (1994) some 20 plant
communities within a small rainforest near Araracuara, Colombia; and Olson
(2001) recognize 35 types of dry forest. Even within this wealth of forest types a
given species may be facultatively deciduous in one setting, or in one year. The dry
valleys scattered along the eastern flank of the Andes are probably the result of
interactions between prevailing winds and topographic blocking (Killeen et al.,
2007). As such these features are probably relatively fixed and have offered the
potential for ‘‘island-hopping” around western Amazonia for several million
years. The most probable path for migration through Amazonia would be where
vegetation is potentially susceptible to fluctuations in precipitation.

A corridor of low precipitation crosses north-south across Amazonia at ¢. 50°W
(Figure 3.4). Based on the seasonality and totals of precipitation, Nepstad (1994)
suggest that in this region evergreen forest trees are reliant on deep soil water when
seasonal drought deficits occur in the surface soils. If this reliance on hydrology is true,
any factor that lowers water tables beyond rooting depth could lead to a substantial
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Figure 3.4. Data for 80'® from Brazilian speleothem records, downcore gamma radiation from
Salar de Uyuni and K™ concentration from Lake Pata, compared with mean insolation
calculated in Analyseries 1.2 for 0°, 10°S, and 30°S (Berger, 1978). Periods selected are
those used by authors in original descriptions relating data to insolation.

change in the flora. This same corridor was suggested by Bush (1994) to have been the
section of Amazonia most sensitive to reduced precipitation. Whether this region
experienced drought synchronously—or whether portions of it were wet while other
portions were dry—would not inhibit the eventual migration of a species north to
south through this region.

Finally, the distribution of dry forest arc species show some disjunctions across
the Andes. As it is implausible that continuous habitat for these species spanned the
mountains during the Quaternary, we are left with three possibilities. Congeners
might have been mistaken for conspecifics. Or the species in question might be
capable of dispersing across a major biogeographic barrier such as the Andes, in
which case dispersal across lesser barriers within Amazonia obviates the need for any
kind of habitat continuity. The third possibility is that these biogeographic patterns
are relictual and derived from the pre-Andean biogeography of South America—that
is, at least Mid Miocene in age (Hoorn, 1995). We consider the latter two of these
options to be the most probable.

The message emerging from this analysis is that simplistic notions requiring the
whole of the vast Amazon lowlands to have a single climate subject to uniform change
are bound to fail. Pleistocene forests were shaped by cooling, low atmospheric CO,
concentrations, and at differing times by lessened rainfall. There is a strong suggestion
of no-analog communities based on the prevalence of montane taxa interspersed with
a full suite of lowland taxa. Some species that we now consider to be dry forest species
may also have been able to survive within this forest, especially if it was structurally
somewhat more open than modern forests. Thus, asking if a “dry forest arc’” once
existed may be much less relevant as a question, than “to what extent (if any) would
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conditions have to change to allow species to migrate through or around Amazonia?”’
The answer to this latter question may be “‘surprisingly little”.

3.7 PHYLOGENIES

The empirical paleoenvironmental data discussed above have provided an improved
understanding of the response of the vegetation in the Amazon Basin to known global
climate change. New phylogenetic studies question some long-held assumptions about
the nature and pace of Amazonian speciation and offer some critical insights into
when speciation occurred.

Examples of biological insights arising from phylogenies come from a variety of
organisms. Heliconius butterflies (Brown, 1987), frogs, and primates (Vanzolini, 1970)
were all advanced as exemplars of refugial evolution, and each group has been
revisited using modern molecular cladistic techniques.

Heliconius butterflies provide an excellent example of how reliance on modern
biogeographic patterns can result in false assumptions about past evolution. H. erato
and H. melpomene are co-mimetics, whose close co-evolution has been taken to
indicate a similar biogeographic history (Brown, 1987), but a genetic analysis
reveals that their patterns of divergence are markedly different (Flanagan, 2004).
Sub-populations of H. erato show little geographic structure in rapidly evolving
alleles, telling us that there is a relatively ancient divergence among a species with
fairly high rates of gene flow. H. erato is the model, and the initial mimic,
H. melpomene, has discrete sub-populations consistent with a history of local popu-
lation isolation and expansion. These data—rather than suggesting environmental
change as a cause of phenotypic variation—demonstrate the power of positive
feedback in Mullerian mimicry when an abundant model (H. erato) is already
present (Flanagan et al., 2004).

Studies of the molecular clock suggest that speciation of birds and Ateles (spider
monkeys) was more rapid in the Miocene or Pliocene than the Pleistocene, and that
many of the species purported to reflect allopatry in an arid Amazon were already
formed prior to the Quaternary (Zink and Slowinski, 1995; Collins and Dubach, 2000;
Moritz, 2000; Zink, 2004). The important messages to emerge from these studies are
that different environmental factors serve as barriers to different lifeforms, that
common biogeographic patterns do not imply similar evolutionary demographies,
that speciation is—and has been—a continuous feature of these systems, and lastly
that the scale and ecological complexity of Amazonia can serve to induce species to
specialize and perhaps even speciate without a vicariant event.

Simple assumptions about the compositions of Amazonian clades were also
challenged by an analysis of small mammals that found an overlap of species—
and genetic similarity—between specimens from the central Brazilian dry forests
and those from adjacent rainforests (Costa, 2003). In some clades, samples
collected from the dry forest were more similar to those from rainforests than
other rainforest samples. This study highlighted the integrated, polyphyletic
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Figure 3.5. Summary phylogenies for a variety of Amazonian animal taxa (after Hall and
Harvey, 2002) compared with their biogeographic relationship. The overall combined phylo-
geny is reproduced on the map. Levels of the phylogeny are reflected in the weight and dash
patterns of lines on both the tree and the map: B=Belém; G =Guiana; Im = Imeri;
In =Inambari; N =Napo; P=Para; R =Ronddnia.

history of clades and that no simple model of vicariance is likely to explain their
biogeography.

Phylogenetics has played an important role in demonstrating the temporal
pattern of speciation and the development of biogeographic regions within
Amazonia. Reviews by Moritz (2000) and Hall and Harvey (2002) reveal that the
geographic divergences contain broadly similar themes between groups. Within the
Amazon Basin, many clades show a basal split that separates northern and western
clades from southeastern ones (Figure 3.5), but there is no fine-scale pattern indicating
distinct centers of endemism (Bates, 1998; Collins and Dubach, 2000; Patton, 2000;
Hall and Harvey, 2002; Symula, 2003). Ideally, the dating of the divisions between
clades should be underpinned by multiple dated calibration points derived from the
fossil record (Near, 2005). However, in Amazonia the fossil record for many taxa is so
depauperate that many of these studies rely on previously estimated rates of molecular
evolution to convert observed genetic distances to absolute age estimates. As these
estimates are consistent with records derived from those in phylogenies supported by
fossil data, it is probable that their age estimates are correct within a factor of 2.
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Figure 3.6. Summary diagram showing the relationship between flooding caused by a 100 m
marine highstand and proposed known epicontinental seas in Amazonia, and biogeographic
patterns. The darkest area is the postulated Miocene seaway (after Résédnen et al., 1995). The
biogeographic divisions and phylogenies are derived from Figure 3.5: B=Belém; G = Guiana;
Im = Imeri; In = Inambari; N = Napo; P=Para; R = Rondonia

In general, for clades that extend into the wider lowland Neotropics (e.g., the
Choco), there is a deeper divergence consistent with division of the clade by Miocene
Andean orogeny (Hoorn, 1995). However, even in Amazonian clades there is increas-
ing evidence that the basal splits took place within the Miocene (Moritz, 2000).

Nores (1999) and Grau (2005) have suggested that high sea levels during the
Pliocene or Quaternary may have fragmented bird populations and account for their
patterns of vicariance. The presence of higher Miocene sea levels has been suggested to
be linked to the isolation of the northern and southern massifs within the Guianan
highlands and allowed divergence of geographic amphibian clades (Noonan and
Gaucher, 2005). Considerable uncertainty exists regarding Miocene and Pliocene
sea levels; Miller (2005) suggest that they may have been only 30-60m higher
than present, whereas other estimates place them 110-140m higher (Résdnen,
1995; Naish, 1997).

The rise of the Andes caused forebasin subsidence in western Amazonia.
Although sea-level rise was only ¢.30-60m higher than present, when coupled
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with tectonic subsidence the effect was a ¢. 100 m rise in relative sea level. Repeated
highstands approached 100 m above modern levels—as suggested by Réisdnen (1995)
and Nores (1999)—the basal splits between northern and southeastern Amazonian
clades, and the Guiana clades separating from other northern clades, are explicable
(Figure 3.6). Molecular evidence for a more recent evolution contributing to the vast
diversity of Amazonia is also growing. Harlequin toads (Atelopus) (Noonan and
Gaucher, 2005) and poison frogs (Dendrobates) (Noonan and Gaucher, 2006;
Noonan and Wray, 2006) have been suggested to diversify during the Quaternary
(last 2.6 million years) (Rull, 2006). It is interesting to note that both the studies
examine species from the region of the eastern Amazon. Today eastern Amazonia is
one of the driest regions within the basin and consequently is likely to have been
sensitive to climate drying through the Quaternary. However, the factors driving these
speciation events remain ambiguous; they could reflect wet—dry climate cycles or
another mechanism, such as sexual selection (Roberts et al., 2007). The picture
emerging for the origins of Amazonian biodiversity is of a complex history of
ongoing evolution influenced by many and various pressures. To obtain a clear
understanding of the major processes more complete geological research and
improved phylogenies are clearly needed.

3.8 CONCLUSIONS

The Quaternary history of Amazonia is only partly revealed, and each detailed record
adds fresh perspective to what is emerging as a complex history. The weight of
evidence suggests that the lowlands remained predominantly forested during the
last ice age, and therefore, it is assumed, during preceding Quaternary glacial
events. The nature of the forest, its openness, the dissimilarity from that of
modern times, and the extent to which it was invasible by cool or dry forest
elements are worthy subjects for future research. While advancing the case against
the existence of continuous arcs of dry forest within the last ice age, we establish
the more general argument that the vast Amazon Basin has a dynamic and complex
environment that cannot be treated as a climatic or ecological monolith. The
many and various changes in Amazon environments during the Quaternary have
combined to produce the modern distribution of plants and animals. However, it
seems increasingly likely that these changes were not the driving factors
generating the high diversity found within this region. Biogeography has a vital
role to play in helping us to ask appropriate questions and to move toward a
better understanding of this system. However, to quote the paper stemming from
a memorable talk recently given by Russell Coope to the Royal Society of London
“reconstructing evolutionary history on the basis of present-day distribution alone is
rather like trying to reconstruct the plot of a film from its last few frames”’. Amazonian
paleoecology came of age testing biogeographic hypotheses, now the challenge will be
to provide the lead so that biogeographic theory can be based on empirical data, not
on assumption.
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The Quaternary history of
Far Eastern rainforests

A. P. Kershaw, S. van der Kaars, and J. R. Flenley

4.1 INTRODUCTION

4.1.1 Present setting

This region differs from those supporting tropical rainforest in other parts of the
world in that it is less continental and geologically much more dynamic. It incorpo-
rates some major pieces of continental plate, but its center—the so-called ““Maritime
Continent” (Ramage, 1968)—is largely a complex interaction zone between the Asian
and Australian Plates resulting from the continued movement of the Australian Plate
into Southeast Asia (Metcalfe, 2002). The effects of tectonic and volcanic activity have
resulted in mountain uplift, particularly in New Guinea, and formation of the volcanic
island chain of Indonesia. Vulcanicity also occurs out into the Pacific beyond the
“andesite line” where most “‘high” islands are volcanic and most “low” islands are
coral islands developed on sunken volcanoes.

The extensive areas of continental shelf—particularly the Sunda and Sahul
Shelves—but including the shelves along the east coast of northern Australia and
around the South China Sea, combined with the impact of the Indonesian through-
flow that restricts the movement of warm water from the Pacific to the Indian Ocean,
have resulted in the highest sea surface temperatures on Earth in the form of the West
Pacific Warm Pool. The enhanced convective activity associated with the warm pool
results in high rainfall through much of the year in the heart of the Maritime
Continent and dominance of the vegetation by evergreen rainforest. The area also
provides the major source of heat release that drives the East Asian—Australasian
summer monsoon system reflected in the strong summer rainfall patterns beyond the
Intertropical Convergence Zone (ITCZ) in each hemisphere, and resulting in the
occurrence of seasonal, raingreen or “monsoon’ semi-evergreen to deciduous rain-
forest over much of continental Southeast Asia and the very north of Australia
(Figure 4.1). Additional influences on rainforest distribution are the warm

M. B. Bush, J. R. Flenley, and W. D. Gosling (Editors), Tropical Rainforest Responses to Climatic Change
(Second Edition). © Springer-Verlag Berlin Heidelberg 2011.
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northerly and southerly currents emanating from the Pacific equatorial current that,
in combination with the southeast and northeast trade winds from the Pacific, result
in the production of high orographic rainfall and associated rainforest along
mountainous eastern coastal areas of Southeast Asia and Australia.

Most of the region is subjected to high interannual rainfall variability that is also,
to a large degree, a product of its particular geography and the dynamics of oceanic
and atmospheric circulation systems. The energy provided by convective activity
within the Maritime Continent is the major contributor to the operation of the
east—west Walker circulation that breaks down periodically, resulting in the movement
of the warm water banked up against the Indonesian throughflow eastwards and
resulting in a substantial reduction in precipitation from all sources over most of the
region. These El Nifio phases of the so-called “El Nifio—Southern Oscillation”
(ENSO)—that have also been linked to a weakening of the monsoon (Soman and
Slingo, 1997)—can cause severe droughts and fires, even within rainforest, especially
where there is disturbance from human activity.

Although tropical influences dominate the climate of the region, the Tibetan
Plateau is important in creating a strong winter monsoon influence. The height
and extent of this plateau results in the production of cool dry air that exacerbates
seasonal contrasts in the northern part of the region and has a push effect on summer
monsoon development in the southern hemisphere.

4.1.2 Nature of the evidence

Most of the evidence for past vegetation and climate from the region is derived from
palynological studies. Perceived problems of pollen analysis in the lowland tropics—
due to the richness of the flora, dominance of effective animal pollination, and lack of
strong winds within the core area—resulted in most early research being focused on
highland communities (Flenley, 1979). In these per-humid areas, a major interest has
been and continues to be on altitudinal variation in the changing position and
composition of montane rainforest and alpine zones in relation to global climate
influences. Studies have been restricted mainly to swamps and shallow lakes covering
the latter part of the last glacial period and Holocene.

Ventures into the terrestrial lowlands have generally not proved particularly
successful due not only to original perceptions but also to the dearth of continuous
sediment sequences in both perennially and seasonally wet environments, and lack of
differentiation of peatland, riparian, and dryland forest communities in the extensive
peatlands that are otherwise very suitable for pollen analysis. Notable exceptions are
deep defined basins of volcanic origin that have revealed detailed records of both
vegetation and climate change, sometimes covering long periods of time.

A major feature of the region—that has been exploited in recent years—is the
maritime setting whereby ocean basins occur in close proximity to land areas. A
number of sediment cores have provided long and fairly continuous regional records
of vegetation and climate change, securely dated from associated oxygen isotope
records. Nevertheless, none of these records yet covers the whole of the Quaternary
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and reliance is placed on geologically isolated glimpses of past environments for some
indication of the nature of the early part of this period.

4.2 MODERN POLLEN SAMPLING

Some basis for interpretation of Quaternary palynological records is derived from
examination of patterns and processes of modern pollen deposition recorded in pollen
traps and surface sediments. Such sampling examines deposition both within the
rainforest and outside the rainforest in lake, swamp, and marine environments
used for reconstructions of vegetation history.

The first quantitative study of pollen deposition in rainforest was by Flenley
(1973). In the lowland rainforest of Malaysia he found significant pollen influx
(between 800 and 2,020 grains/cmz/annum) and relatively high pollen diversity (60
to 62 taxa) although representation within taxa through time was very variable.
Similar results were found by Kershaw and Strickland (1990) in a north Queensland
rainforest. They also found, from a knowledge of the distribution of trees surrounding
the traps, that two-thirds of the pollen could have been derived from within 30 m of
the traps. An examination of traps situated less than 100 m outside rainforest, in a
small crater lake on the Atherton Tableland in north Queensland, demonstrated an
enormous reduction in pollen deposition and substantial sifting out of pollen of local
producers (Kershaw and Hyland, 1975). Pollen influx values dropped to below 200
grains/cm?/annum and spectra were dominated by a relatively small number of taxa
with significant regional pollen dispersal. It was determined that there was about equal
representation of pollen from above canopy and rainout components. Any trunk
space component was small and the high degree of correspondence between trap
assemblages and those derived from the topmost part of a sediment core from the lake
(Kershaw, 1970) suggested also that there was little inwash of pollen, though this
component may have been trapped by marginal swamp.

Despite the great variability of pollen deposition within rainforest, patterns of
representation appear to reflect systematic vegetation variation on a regional scale.
Numerical analysis of a number of surface litter samples from throughout the lowland
and sub-montane forests of northeast Queensland (Kershaw, 1973; Kershaw and
Bulman, 1994) revealed a similar pattern to floristic analysis of forest plots from
which the samples were derived. Although there was little in common between taxon
representation and abundance in the two groups, it suggested that pollen assemblages
could be used to characterize the broad environmental features of the landscape,
including the vegetation. A similar result was achieved with the use of percentages of
only those taxa that had been identified from lake-trapping and existing fossil pollen
records as regionally important. This finding indicated the potential for analysis of
pollen diagrams from tropical rainforest in a similar manner to those from other
vegetation types where variation in abundance of a small number of taxa provides the
basis for interpretation. Bioclimatic estimates for such “common taxa” in north-
eastern Queensland (Moss and Kershaw, 2000) demonstrate their potential for
quantitative paleoclimatic reconstruction (Figure 4.2). The presence of numerous
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other taxa can allow refinement of interpretation (Kershaw and Nix, 1989) although
insufficient pollen may be present in samples to allow counts of a sufficient size to
demonstrate presence or absence in potential source vegetation. Figure 4.2 also
demonstrates the degree of penetration into rainforest of pollen from the
dominants of surrounding sclerophyll vegetation, FEucalyptus and Casuarina or
Casuarinaceae, that have generally wider pollen dispersal than rainforest taxa.

The heterogeneous nature of lowland tropical rainforest is an impediment to
determination of the actual sources of “common’ taxa and, therefore, their relative
degree of dispersal. This complication is reduced at higher altitudes where widely
dispersed taxa, many of which are clearly wind-pollinated, make up significant and
identifiable components of the vegetation. The compilation of Flenley (1979) provides
an excellent summary of variation in pollen representation along an altitudinal
transect in New Guinea (Figure 4.3). Above the highly human-modified vegetation,
clearly recognized by high values of Poaceae or Casuarina, the montane zones of oak
and beech forest are dominated by pollen of their dominant taxa: Lithocarpus/
Castanopsis and Nothofagus, respectively. Upper montane mixed forest is character-
ized by Quintinia while alpine vegetation is recognized by the only occurrences of
“alpine pollen taxa”. The bare ground on the mountain summit has a unique pollen
signature that clearly identifies those taxa, Nothofagus and Casuarina, which have
wide pollen dispersal. Flenley (1979) remarks on the tendency for pollen to be carried
uphill and suggests it is due to the fact that pollen is released during the day when
anabatic winds are active.

A much broader indication of pollen transport, including a potentially major
water-transported component, is provided by recent analyses of suites of core-top
pollen samples from the Indonesian—Australian region (van der Kaars, 2001; van der
Kaars and De Deckker, 2003; van der Kaars, new data) and the South China Sea
(Sun et al., 1999). Isopolls interpolated from samples along the steep precipitation
gradient from east Indonesia to northwest Australia are shown for major pollen
groupings based on a dryland pollen sum, excluding pteridophytes (Figure 4.4).
This gradient is clearly reflected in the pollen with predominantly rainforest taxa
including pteridophytes showing high values in the rainforested Indonesian region
and then progressively declining relative to the predominantly sclerophyll taxa of
Myrtaceae (attributable mainly to Eucalyptus) and Poaceae that dominate Australian
vegetation. Compared with other pollen types, the pollen of rainforest angiosperms
reflect most faithfully the distribution of rainforest. Rainforest conifers are much
better represented than angiosperms considering their almost total restriction to
montane forests, a feature no doubt due to obligate wind dispersal of pollen and
greater opportunity for wind transport from higher altitudes. The major concentra-
tion of montane pollen types between Sulawesi and New Guinea reflects also the
proximity to mountainous areas within the study area. Pteridophyte spores have a
very similar distribution to the rainforest conifers and, although this pattern can be
accounted for—to some degree—by the fact that they are most abundant in wet
tropical and often montane forest, transport is facilitated also by water. The fact that
percentages of pteridophytes are so much higher than those of pollen is probably the
result of effective water transport.
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surface sample transect in Papua—New Guinea (modified from Flenley, 1973).
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top samples in the northwestern Australian—southern Indonesian region based on a pollen sum
of total dryland pollen excluding pteridophytes. Data from van der Kaars and De Deckker
(2003) and van der Kaars (2001).

In contrast to pollen—that generally reflects the regional representation of
vegetation—charcoal, derived from the same samples, shows a less certain pattern,
at least in percentage terms. It is very unlikely that fire activity is highest in the
open ocean where charcoal values are highest. This clearly indicates that charcoal
particles, on average, are transported farther than pollen. However, it is clear from a
general decline northwards that charcoal is, as expected, derived mainly from
Australia. The reduction in charcoal percentages in the very northwest of
Australia may be realistic as, within this very dry area, a lack of fuel would allow
only the occasional burn.
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The South China Sea shows largely an inversion of the southern hemisphere
pattern (Figure 4.5). Here, tropical rainforest angiosperm pollen is derived largely
from the equatorial humid region centred on Borneo and decreases northwards
relative to Pinus which may be regarded as the equivalent of Australian sclerophyllous
trees, in its dominance of drier and more seasonal open forests that cover large areas of
Peninsular Southeast Asia and more subtropical forests of southern China. The much
higher values of Pinus are considered to result from the influence of the strong
northerly winter monsoons that blow while Pinus trees are still in cone, in addition
to the high production and dispersal rates of its pollen (Sun et al., 1999). The rain-
forest gymnosperms—represented in Figure 4.5 by their most conspicuous genus,

Pinus
% Abundance
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i Il L

200 N 200
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L

Podocarpus
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Figure 4.5. Relative abundance of major pollen groups and taxa derived from core-top samples
in the South China Sea based on a pollen sum of total dryland pollen excluding pteridophyes.
Adapted from Sun et al. (1999).
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Podocarpus—clearly show much broader pollen dispersal than the angiosperms and
sources in both the equatorial tropics and mountains in southern China. Pteridophyte
values, when consideration is given to the different basis for calculation of the pollen
sum, are similar to those in southern waters, but are demonstrably well dispersed with
highest percentages towards the center of the basin. Although not illustrated, man-
groves in both data sets show highest values close to coastal locations with a sub-
stantial fall away from the coast.

4.3 REGIONAL TAXON REPRESENTATION

Some indications of those taxa that contribute to a regional picture of the vegetation
within the tropical rainforest-dominated regions of Southeast Asia and Australia are
shown in relation to major ecological groups in Table 4.1. The distinctions between
the major taxonomic groups—between essentially evergreen or raingreen and winter
deciduous trees, and between rainforest and open forest trees—are fairly clear but
those between altitudinally defined rainforest groups are somewhat arbitrary due to
the continuous nature of floristic variation, the influences of factors other
than temperature on distribution, and the variety of terminologies used for vegetation
description in different areas. With the “montane” conifers, for example, Morley
(2000) questions the designation of Podocarpus and Dacrydium as indicative of high-
altitude rainforest as they can occur in lowlands, particularly in association with low
nutrient-status soils. The inclusion of New Caledonia with its ultra-mafic soils would
result in an almost total breakdown of an altitudinal classification.

Despite the long period of isolation of the Australian and Southeast Asian
continental plates (Morley, 2000) and apparent limited taxon exchange—apart
from New Guinea, within the period of potential contact, the Late Miocene—
there are major similarities between pollen floras from the different regions, at
least at identified levels. This similarity is most evident with the lowland angiosperms.
This group is large, usefully reflecting the floristic diversity of these forests, though low
pollen taxonomic resolution disguises much variation in regional representation.
Much of this diversity can be accounted for by the lack of dominant wind-
dispersed taxa. Although many of the important families and genera in the forest
are recognized, there are major biases in representation. For example, the dominant
family in Southeast Asian lowland forests, Dipterocarpaceae, is very much under-
represented in pollen spectra while the pollen of the dominant family in Australian
rainforests, Lauraceae, is hardly recorded. Secondary or successional taxa—such as
many Moraceae/Urticaceae, Macaranga/Mallotus, Trema, and Celtis—are, by
contrast, over-represented.

The greater differentiation in montane and lower montane elements is due to
refined identification of a more limited suite of taxa, many of which contain few
species, as well as distinctive northern or southern origins. There is no evidence of
taxa—such as Engelhardia, Myrica, Altingia, Liquidambar, Lithocarpus/Castanopsis,
or Quercus—reaching Australia although a number have reached New Guinea, while
Dodonaea, Nothofagus, Quintinia, and Araucaria have not expanded northwards into,
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Table 4.1. Common pollen taxa of major ecological groups in the Far East.
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Major
ecological
groups

Common pollen taxa

China
Sea
region

Southern
Indonesia

New
Guinea

Northeast
Queensland

Montane
conifers

Dacrycarpus
Dacrydium
Podocarpus
Phyllocladus

X X X X

X X X X

X X X X

Montane
angiosperms

Coprosma
Dodonaea
Drimys
Engelhardia
Epacridaceae
Ericaceae
Leptospermum
Myrica
Myrsinaceae
Nothofagus
Quintinia

X X X X X X X

X

()

Lower
montane
conifers

Agathis (Araucariaceae)
Araucaria (Araucariaceae)

Lower
montane
angiosperms

Altingia

Cunoniaceae
Hammamelidaceae
Liquidamber
Lithocarpus/Castanopsis
Quercus

X X X X

X

Lowland
angiosperms

Acalypha
Anacardiaceae
Barringtonia
Bischoffia
Calamus
Celastraceae
Celtis
Calophyllum
Dipterocarpaceae
Elaeocarpaceae
Euphorbiaceae
Ilex

Macarangal Mallotus
Melasomataceae
Meliaceae

X X

X

X X X X X X

X X X X

X X X X X X X

X

Insuf.
data

X

X X X X X

X X X X X X

(continued)
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Table 4.1 (cont.)

Major Common pollen taxa China Southern | New Northeast

ecological Sea Indonesia | Guinea | Queensland

groups region

Lowland Moraceae/Urticaceae X X X

angiosperms | Myrtaceae X X X
Nauclea X
Oleaceae X X X
Palmae (Arecaceae) X X X
Proteaceae X X
Rubiaceae X X X
Rutaceae X X X
Sapindaceae X X X
Sapotaceae X X X
Sterculiaceae X
Trema X X X

Open forest Casuarina X X X

(savanna) Eucalyptus X X X
Melaleuca X X X
Pinus X

Herbs Artemisia X
Cyperaceae X X X X
Poaceae X X X X

Alpine herbs | Astelia X

and shrubs

Pteridophytes X X X X

Winter X

deciduous

forest

or through the whole of, the Southeast Asian region. It is interesting that the southern
podocarps have their lowest diversity in northeast Queensland despite the fact that
they probably dispersed from the Australian region. Dacrycarpus and Phyllocladus
did not arrive in Southeast Asia until the Plio-Pleistocene, but Dacrydium and
Podocarpus have had a much longer residence (Morley, 2002). Phyllocladus has
extended no further north than Borneo, so its pollen representation in the South
China Sea region must derive from this source. Nothofagus brassospora has failed to
cross into montane Southeast Asia and has also been lost from Australia. Indeed,
percentages of Nothofagus pollen fall off rapidly with distance from New Guinea. The
poor representation of Nothofagus pollen in marine sediments is perhaps unexpected
considering its proposed high dispersal capacity (Flenley, 1979). Pollen of the open
forest regional dominants of the northern and southern subtropics—Pinus and
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FEucalyptus/Casuarinaceae, respectively—hardly extend into the other hemisphere
despite proposed continuity of monsoon influences across the equator. This
pattern is probably explained by limited direct wind connections and the efficiency
of pollen removal from the atmosphere within the everwet equatorial zone. Patterns
for Casuarinaceae and Eucalyptus are regionally complicated: the former by the
existence of several component species within rainforest in Southeast Asia and
New Guinea, and the latter by problems in consistent separation from rainforest
Myrtaceae and, less importantly, from the other major, myrtaceous, sclerophyll
genus, Melaleuca.

There are no identifiable extratropical elements in pollen assemblages from the
Australasian region. Both subtropical and warm temperate rainforest floras are
essentially depauperate tropical floras, while sclerophyll elements have a recognizable
pollen flora similar to that in the tropics. In contrast, assemblages from the South
China Sea contain notable percentages of deciduous temperate taxa—as well as the
temperate steppe taxon, Artemisia—and no doubt a temperate Pinus component
transported, at the present day, by the winter monsoon.

Herbs other than Artemisia would have been derived mainly from the tropical
savannas. However, some component would have been derived from anthropogenic
grasslands and perhaps also—in the case of the Cyperaceae, in particular—from
coastal rivers and swamps, although under natural conditions peat swamp forests
and mangroves would have dominated many coastal communities. Rhizophoraceae is
the most conspicuous mangrove taxon, and especially so in pollen assemblages. The
percentages of pollen from mangroves fall off rapidly from the coast in marine
assemblages.

No differentiation is made within the pteridophyte category that is composed
largely of fern spores. It is clear from the surface samples that fern spores have highest
values in wetter forests. They are derived mainly from tree ferns and epiphytes, with
ground ferns becoming common in higher altitude forests and in some mangroves.

4.4 LONG-TERM PATTERNS OF CHANGE

The general composition and distribution of tropical rainforest was established well
before the onset of the Quaternary period (Morley, 2000), with the only recognized
major dispersal since this time being the expansion of Phyllocladus, probably from the
New Guinea highlands into the highlands of the southern part of Southeast Asia.
There are only two records that cover much of the Quaternary period—one from
the northern part of the South China Sea, and the other from the Coral Sea off
northeastern Australia—and these necessarily provide the framework for
establishment of temporal patterns of change during much of this period.

4.4.1 The South China Sea region

Sun et al. (2003) provide a near-continuous, high-resolution (i.e., 820-year average
time interval between samples) record from ODP Site 1144 (20°3”N, 117°25"E) taken
from a water depth of 2,037 m equidistant from southern China, Taiwan, and the
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Philippines (Figures 4.1 and 4.6). The record covers marine isotope stages (MIS) 29 to
1 or the last 1.03 Myr. In terms of major ecological groups represented, there is little
consistent change in representation and variability is generally lowest in the rainforest
groups, tropical and lower montane (subtropical) taxa, montane conifers, and, to
some degree, pteridophytes. There is some indication that lower altitude rainforest has
generally expanded from about 600 kyr, after the Early-Mid-Pleistocene Transition,
while there has been an overall reduction since this time in montane conifers. Through-
out the record, the greatest variation is in the dominant groups: the herbs and Pinus,
with the former showing highest values during the glacial periods and the latter during
interglacials. It is proposed that some of this variation is a result of glacials being drier
than interglacials, an interpretation supported by generally higher values of pterido-
phytes during interglacials. It is suggested by Sun ez al. (2003), however, that it was not
a simple replacement of herb vegetation by Pinus, but that herbs were largely derived
from the exposed continental shelf and Pinus from more distant mountain areas. The
substantial component of Artemisia at times within the herb component might suggest
also that temperatures during glacial periods were much reduced, even at sea level.
However, the very high values for Artemisia steppe vegetation during the Last Glacial
Maximum (LGM) are interpreted not in terms of climate but considered the result of a
tectonically-induced broader continental shelf relating to an uplift of the Tibetan
Plateau around 150 kyr. This interpretation seems inconsistent, though, with the pres-
ence of equally high values of Artemisia through much of the period from 1,000 to
900 kyr, where no expansion of the continental shelf area is inferred.

This overview of major pollen components in the ODP Site 1144 record masks
some important changes that have taken place in the representation of tropical rain-
forest taxa over the last million years. From a separate portrayal of relative taxon
abundance in relation to a lowland and montane tropical rainforest sum, Sun et al.
(2003) identify three major periods. The earliest, before 900 kyr, is characterized by
relatively high values for tropical montane taxa and Altingia, suggesting cool con-
ditions, consistent with a climatic interpretation for the high Artemisia values. The
period corresponds with minimum variation in the marine isotope record. Increased
temperature is inferred for the subsequent period, 900 kyr to 355 kyr, where lowland
taxa including Dipterocarpaceae, Celastraceae, Macaranga/Mallotus, and Trema were
more conspicuous. This interpretation appears counter to that from the accompany-
ing isotope record where generally lower temperatures may be inferred. From about
355 kyr, the submontane taxa Quercus and Castanopsis markedly increase their domi-
nance. The abundance of these taxa in seasonal forests in southern China suggests that
the climate was more seasonal as well as cooler. The period also marks the entry into,
and consistent representation of, Moraceae, Oleaceae, and Symplocos in the pollen
record as well as marked increases in Apocynaceae, Rubiaceae, Sapindaceae, and
Sapotaceae, indicating a substantial change in the composition of lower altitude
rainforest. The restriction of mangrove pollen to this period may seem surprising
but could relate to the achievement of higher temperatures periodically with more
pronounced glacial-interglacial cyclicity or to changes in coastal configuration.
However, the marine isotope record indicates that the amplitude of glacial oscillations
increased about 600 kyr, much before the onset of this period.
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A pollen record from the lowland Tianyang volcanic basin of the Leizhou
Peninsula on the northern coast of the South China Sea, and at a similar latitude
to ODP Site 1144 (Zheng and Lei, 1999), provides a useful terrestrial comparison of
vegetation changes for the region to the marine core for the Late Quaternary period.
Optically-Stimulated Luminescence (OSL) and radiocarbon dating combined with
paleomagnetic analyses have allowed tentative correlation of the record with the
marine isotope record over the last 400 kyr. In contrast to the marine record, the
dominant pollen types are the evergreen oaks (Quercus and Castanopsis) that derive
from the mountains surrounding the site. The fact that there is only low representation
of lowland rainforest taxa, despite the fact that tropical, semi-evergreen rainforest
surrounds the site, supports the evidence for relatively low pollen production and
dispersal from this vegetation formation within modern pollen studies. However, the
much lower values for Pinus and pteridophytes—together with the fact that they tend
to peak in glacial rather than interglacial periods—brings into question the regional
climatic significance of these taxa in the marine record. It is inferred by Zheng and Lei
(1999) that glacial periods generally remained wet, although the last glacial period was
an exception, with abnormally high values for Poaceae and the only significant values
for Artemisia interpreted as indicating much drier conditions than present. Tempera-
tures are estimated, from an inferred lowering of montane forest by at least 600 m, to
have been some 4°C lower than today during earlier glacial periods, and even lower
during the last glacial period. However, there is little variation in lowland forest
elements through the record.

4.4.2 The Coral Sea region

Marine records from the Coral Sea adjacent to the humid tropics region of north-
eastern Australia provide a coarse resolution coverage of much of the last 10 Myr
(Kershaw et al., 1993, 2005; Martin and McMinn, 1993) (Figures 4.1 and 4.7).
Throughout almost all of the period, the dry land pollen assemblages are dominated
by the rainforest taxa Araucariaceae (predominantly Araucaria) and Podocarpus that,
in this region, may have been abundantly represented in lowland as well as higher
altitude communities, and the predominantly sclerophyll taxon Casuarinaceae. Late
Miocene to Early Pliocene assemblages also contain notable percentages of other
montane rainforest taxa—especially Dacrydium guillauminii type, Dacrycarpus, Phyl-
locladus, and Nothofagus—while rainforest angiosperms (including lowland taxa,
herbs, and mangroves) are poorly represented. The climate was wet and probably
substantially cooler than today. There is a gap in the record from the Early Pliocene to
the very early Quaternary, but dominance of a Late Pliocene terrestrial sequence on
the Atherton Tableland by Podocarpus, Nothofagus, and Casuarinaceae, with the full
complement of southern conifers, suggests a continuation of wet and cool conditions
until at least close to Pleistocene times (Kershaw and Sluiter, 1982). The reduced
representation of Araucaria at this site can be explained by the per-humid conditions
as araucarian forest is generally confined to drier rainforest margins. Conversely,
Nothofagus would have thrived under the high rainfall as well as the higher altitude of
the Tableland.
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At the time of recommencement of pollen preservation in the marine record about
1.6 Myr, values for Casuarinaceae, Araucariaceae, and Podocarpus are maintained,
but other southern conifers have much reduced percentages, with Phyllocladus having
disappeared from the record. Nothofagus also was probably regionally extinct with
occasional grains most likely derived by long-distance transport from New Guinea
There are marked increases from 1.4 Myr in Poaceae, Asteraceae, Chenopodiaceae,
rainforest angiosperms, and mangroves, but—as the record changes at this point from
a deep-sea (ODP Site 823) to a continental slope (ODP Site 820) core—these changes
may reflect differential pollen transport as much as source vegetation. However,
differences between late Tertiary and Early Pleistocene assemblages do indicate
that rainfall had declined and temperatures had possibly increased. The trend in
the marine isotope record from the Coral Sea towards less negative values, interpreted
as an increase in sea surface temperatures, provides support for a regional temperature
increase (Isern et al., 1996).

Most of the Quaternary period is characterized by very variable representation of
taxa. Although sample resolution is too coarse to address the cause of this variation, a
detailed record from at least 1 Myr to about 950 kyr (Kershaw et al., 2005) demon-
strates a relationship with oscillations in the isotope record of Peerdeman (1993) that
extends back to within this phase. Rainforest conifers, Casuarinaceae, and Poaceae
achieve greater relative importance than rainforest angiosperms during glacial
periods, indicating they were both cooler and drier than interglacials. However,
the sequence remains fairly stationary until late in the record, with the only sub-
stantial change being the loss, probably within the Mid-Pleistocene Transition, of
Dacrycarpus.

The most dramatic modification of the vegetation cover of the humid tropics of
Australia within the Quaternary and, in fact, during the whole of the last 10 million
years, is recorded within the last 200 kyr. This modification follows a sharp decline
between 350 kyr and 250 kyr in 880 values of planktonic foraminifera within ODP
Site 820 (Peerdeman 1993) that correlated with a major phase of development of the
present Great Barrier Reef system (Davies, 1992). It has been proposed that the iso-
topic change was a result of increased sea surface temperatures within the Coral Sea
(Peerdeman et al., 1993; Isern et al., 1996), but this hypothesis is not supported by
alkenone paleothermometry that suggests temperatures have not varied by more than
1.5°C over the last 800,000 years and that diagenesis within foraminifera is a more
likely explanation for the isotope trend. A detailed record through the last 250 kyr
from ODP Site 820 (Moss and Kershaw, 2007) illustrates the complex nature of the
vegetation changes (Figure 4.8). Dates are derived from the accompanying isotope
record (Peerdeman, 1993), but—due to potential hiatuses and changes in sediment
accumulation rates—are not very precise. Higher values for rainforest angiosperms in
this detailed record are probably due to a reduction in sieve size during preparation,
allowing the collection of small grains such as Elacocarpus and Cunoniaceae. Glacial—
interglacial cyclicity is most evident in the rainforest angiosperm and mangrove
components that are highest during interglacial periods and during interglacial
transgressions, respectively, but is over-ridden by stepwise changes in other major
components. There is a substantial and sustained increase in Poaceae around 180 kyr
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with apparent compensatory decreases in pteridophyes and Arecaceae. Southern
conifers decrease through the record with the last major representation of Podocarpus
and Dacrydium about 190 kyr: the latter disappearing from the record around 25 kyr,
and sustained decreases in Araucariaceae about 140kyr and 30 kyr. By contrast,
Eucalyptus increases from very low values around 130kyr and increases again
around 40-30kyr, with rises corresponding to highest charcoal peaks in this
record. There is little sustained change in representation of rainforest angiosperms,
although the trend towards higher values for Cunoniaceae—resulting in a greater
contribution of sub-montane pollen—certainly does not support a general tempera-
ture increase. Many of these changes are identified within the later part of the record
by those in the adjacent terrestrial record of Lynch’s Crater: notably, the initiation of
burning around the site, dated to about 45 kyr (Turney et al., 2001), with a sustained
increase in Eucalyptus and decline in Araucaria a few thousand years later, and a
similar age for the disappearance of Dacrydium. However, there is no evidence for
sustained changes before this time, back to the initiation of the record about 230 kyr
(Kershaw et al., 2007; Rieser and Wiist, 2010).

4.5 THE LATER PLEISTOCENE

A more spatially representative picture of changes in the distribution and composition
of rainforest can be constructed for the later part of the Pleistocene from a greater
number of sites that, in addition to those from ODP Sites 1144 and 820, provide
continuous or near-continuous palynological records through at least the last glacial
cycle (Figure 4.1). The record from core SHI-9014 in the Banda Sea (van der Kaars et
al., 2000) provides the most substantial evidence of vegetation change in the rainforest
core of Southeast Asia and a framework for examination of variation within the
broader area (Figure 4.9). The regional significance of the Banda Sea record is
demonstrated by its remarkable similarity to a recent record from core MD98-
2175 in the adjacent Aru Sea (Kershaw er al., 2006; van der Kaars, unpublished
data). Rainforest is a prominent component of the pollen spectra throughout,
although the substantial sclerophyll component—Iargely FEucalyptus, that would
have been derived mainly from the Australian mainland—demonstrates a very
broad pollen catchment area. Highest rainforest and pteridophyte values occur
during interglacials, indicating that they were much wetter than glacial periods.
However, expansion of the Sahul continental shelf during times of low sea level,
much of which appears to have been covered largely by grassland (Chivas et al., 2001),
would have resulted in excessive Poaceae representation and probable exaggeration of
moisture variation through the recorded period. Wet conditions and the maintenance
of near-continuous rainforest are certainly evident in some areas—such as highland
New Guinea (Walker and Flenley, 1979) and much of the island of Borneo (Anshari et
al., 2004; Morley et al., 2004) during the last glacial period, including the LGM.
However, grassland may have disrupted forest growth in more peripheral rainforest
(see Section 4.6). The Banda Sea record displays higher values for upper montane taxa
during interglacial than glacial periods, and this is surprising considering the
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abundant evidence from sites in highland parts of the region for much expanded
montane vegetation with substantial temperature lowering (see Section 4.6 for dis-
cussion of this). This Banda Sea pattern may be a result of an overall reduction in
lowland rainforest that is demonstrated to have covered at least parts of the Sunda
continental shelf within core rainforest areas during the last glacial period (Morley et
al., 2004). It may also be the case that the present day terrestrial area of lowland
rainforest was little reduced during glacial periods if there was a smaller degree of
temperature lowering at low altitudes. One feature of the Banda Sea record that is
shared with those from the Aru Sea and Sangkarang-16, offshore Sulawesi, is a
dramatic and sustained reduction in pollen of the dominant lowland rainforest
family Dipterocarpaceae about 37kyr. It is possible that the present pattern of
representation of the family—that is lower in abundance and diversity in the eastern
than western part of the region—is as much the result of this Late Pleistocene event as
it is of the historical barrier of Wallace’s Line to migration of the Indo-Malaysian flora
westwards as generally assumed (Whiffin, 2002). As this Dipterocarpaceae is asso-
ciated with an increase in charcoal, burning is regarded as the primary cause, and the
impact of early people—rather than climate—has been postulated as its major factor
(van der Kaars et al., 2000). Similar sustained increases in charcoal recorded in long
marine cores from the Sulu Sea (Beaufort ez al. 2003) and to the north of New
Guinea (Thevenon et al., 2004)—but from a different time, about 52 kyr—have
been considered as providing support for the human burning hypothesis.

A rare insight into the history of rainforest on the dry margin of rainforest
distribution is provided by marine core MD98-2167 in the North Australian Basin,
off the coast of the Kimberley Ranges of northwestern Australia (Figure 4.10). Here,
deciduous vine thickets exist in small pockets surrounded by eucalypt-dominated
savanna woodland. The major representative of these vine thickets—that have
generally poor pollen dispersal—is considered to be Olea type. It has low but relatively
consistent representation through the record—showing little response to inferred
changes in rainfall as indicated by broad glacial-interglacial changes in relative
abundance of tree and shrub pollen, that derive largely from the Kimberley
region—and particularly the pteridophyte spores that must have been derived
from the core rainforest area of Indonesia. Burning appears to have increased
around 130kyr, without any notable change to the vegetation structure, apart
from some evidence for increased variability in tree and shrub to herb
representation. However, major changes occurred around 46kyr that included
the total disappearance of Olea type from the record. This decline in Olea may
have been associated with a general further increase in burning that has continued
to the present.

4.6 THE LAST GLACIAL MAXIMUM TO HOLOCENE

A much greater spread of site records as well as more detailed analysis of sites during
this period is available than for previous ones (Figure 4.1), allowing more refined
investigation of temporal and spatial patterns both within rainforest and between
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Figure 4.10. Selected features of the pollen and charcoal record from the North Australian
Basin core MD98-2167 (Kershaw et al., 2006; van der Kaars, unpublished data) in relation to
the marine isotope record of Brad Opdyke (unpublished data). All taxa are expressed as
percentages of the total dryland pollen sum.

rainforest and more open vegetation communities. Of particular interest are the extent
of rainforest and altitudinal shifts in rainforest communities during the LGM that
inform debates on contemporary precipitation and temperature levels.

4.6.1 Last Glacial Maximum

The idea that lowland rainforests might have been replaced by grassy savannas at the
LGM is clearly not substantiated from the evidence from longer records, but there is
some evidence of savanna expansion. The actual degree and areal expression of this
expansion is hotly debated. In some more marginal rainforest areas, savanna vegeta-
tion did replace rainforest in part—as around Rawa Danau (van der Kaars et al.,
2001) and the Bandung Basin (van der Kaars and Dam, 1995)—or totally—as on the
Atherton Tableland in northeastern Australia (Kershaw, 1986)—but increased repre-
sentation of grasses in coastal sites may have been reflecting more open vegetation on
exposed continental shelves or an increased aquatic component. Greatest debate has
been over the potential existence of a north—south dry corridor extending through
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Malaysia and between Sumatra and Borneo during the LGM. At one extreme is the
view of Morley (2000, 2002) who considered that rainforest massifs, or refugia, were
essentially restricted to southwestern Borneo and the adjacent Sunda Shelf, the
western part of Sumatra, and very western tip of Java (see Chapter 1). Major migration
of rainforest is implied between glacials and interglacials unless high diversity was
conserved in river gallery forests, a situation proposed for northeastern Australia
during the last glacial period (Hopkins ez al., 1993). Kershaw et al. (2001), on the other
hand, see little evidence for such a dry corridor, at least during the last glacial period.
Evidence is sparse and their interpretation is based largely on the almost complete
dominance of rainforest pollen in submerged peat cores from the Sunda Shelf off
southeastern Sumatra (van der Kaars, unpublished data). Although undated, the peat
almost certainly derives from the last glacial period rather than any earlier period as it
is unlikely to have survived subsequent low sea level stands.

There is general consensus, however, that—in accordance with the reconstruction
of Morley (2000)—much of Borneo retained rainforest and that this forest extended
over the continental shelf within the South China Sea region. Confirmation of the
maintenance of a rainforest cover within inland West Kalimantan is provided by
Anshari et al. (2001, 2004), although drier conditions during the later part of the last
glacial period are evident, while a marine pollen record from core 17964 in the
southern part of the South China Sea (Sun et al., 1999) further substantiates the
dominance of a rainforest cover.

In comparison with lowland sites, those from the highlands show the clear
maintenance of rainforest through the LGM. Here attention has focused on alti-
tudinal changes in representation of rainforest components. There is good pollen
evidence from several sites showing movement of montane tree taxa to lower altitudes.
An excellent example of this migration is seen in the pollen diagram from the swamp at
the edge of Lake di-Atas in Sumatra (Newsome and Flenley, 1988). The site is at
1,535m a.s.l., and—where the forest around the lake survives—it is dominated by a
variety of tropical oak taxa: Lithocarpus, Castanopsis, and Quercus. It is believed
that formerly the tree Altingia excelsa (Hamamelidaceae) was abundant also
(van Steenis, 1972), but it has been selectively logged. Above 1,800 m the forest
changes sharply and becomes dominated by gymnosperms: Dacrycarpus imbricatus,
Podocarpus neriifolius, and (in swamps) Dacrydium cf. elatum. Even Pinus merkusii is
present, its only natural occurrence in the southern hemisphere. There are also
angiosperm trees, the most conspicuous being Symingtonia populnea. The diagram
(Figure 4.11) shows that in a phase dated to between c. 18 kyr and ¢. 12 kyr BP (c. 22—
14 kcal yr BP) all those gymnosperms are prominent in the record, only to disappear in
the Holocene and be replaced by the distinctive pollen of Altingia (previously rare) and
peaks of Quercus and Lithocarpus/Castanopsis. This replacement strongly suggests a
climate cooler at the LGM, perhaps by 2°C or more. Interestingly, there is an
inversion of radiocarbon dates around 18-23 'C kyr BP, which could be explained
by lower water tables, permitting erosion of swamp sediments and their redeposition
within the core. This depositional event would correlate with the drier lowland
Pleistocene climates already mentioned.

Confirmation of these results comes from a site in Java at ¢. 1,300 m—Situ
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Figure 4.11. Pollen diagram from Danau di Atas Swamp, West Sumatra, altitude 1,535 m.
Values are given as percentages of total dry land pollen. Only selected taxa are shown. After
Newsome and Flenley (1988) and Stuijts et al. (1988).

Bayongbong (Stuijts, 1984)—that is close to the Bandung basin site. Lower altitude
sites in Sumatra (Maloney, 1981, 1985, 1998; Morley, 1982; Maloney and McCormac,
1995) also are supportive. These data bring the records of montane gymnosperms
down to 1,100 m at ¢. 22 kcal yr BP and do not conflict with the Bandung occurrence of
Dacrycarpus pollen at 650 m, and at Rawa Danau at only ¢. 100 m (van der Kaars et
al., 2001). Collectively, therefore, these results support the Bandung estimate (van der
Kaars, 1998) of a climate cooler at the LGM by as much as 4°C or 5°C.

The incursion of montane elements into lowland areas could have been even more
marked. The site at Kau Bay in Halmahera (Barmawidjaya et al., 1989) is at present-
day sea level. This flooded volcanic crater was a freshwater lake when sea level
was lower by >100m at the LGM. Palynology of this site showed occurrences of
Castanopsis/ Lithocarpus and Quercus at the LGM. While it is not suggested that these
taxa necessarily grew at present sea level, they apparently grew close enough for small
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amounts of their pollen to enter the record. This record would be consistent with a
temperature lowering of ¢. 6°C at the LGM, even in the lowlands. Similar results have
been obtained from lowland sites in West Kalimantan (Anshari et al., 2001, 2004).

There is also evidence from the highest mountains of Indonesia for Pleistocene
cooling of as much as 6°C. Leaving aside the evidence from New Guinea, we have
evidence of Pleistocene glaciation on Mt. Kinabalu in northern Borneo (Koopmans
and Stauffer, 1968) and of deglaciation at ¢. 10 kcal yr BP at 4,000 m a.s.l. (Flenley and
Morley, 1978). Similar evidence (for solifluction at least) is claimed for the slightly
lower peak of Gunong Leuser (3,381 m) in northern Sumatra (Beek, 1982).

In New Guinea the best evidence of environmental change comes from upland
regions. The site at Sirunki (Walker and Flenley, 1979) appears to cover the last
c.40kcal yr BP, at an altitude of 2,500 m a.s.l. The site currently lies in Nothofagus
forest (much disturbed), and is some 1,300m below the altitudinal forest limit at
¢.3,800m a.s.l. Nevertheless the pollen record clearly shows the presence of tropic-
alpine herbs (A4stelia, Gentiana, Drapetes, etc.) in the Late Pleistocene, when forest
pollen values declined to a level consistent with unforested conditions. Similar results
were obtained from Lake Inim at 2,550 m by Flenley (1972) (Figure 4.12).

There is, of course, gecomorphological evidence of lowered snow lines (U-shaped
valleys, moraines, etc.) in the New Guinea mountains. On Mt. Wilhelm, a lowering in
the Late Pleistocene of ¢. 1,000 m is indicated (Loffler, 1972), and there are similar
findings from Irian Jaya (Hope and Peterson, 1975). One thousand metres translates
into perhaps 6°C cooling, using a modern lapse rate.

At the LGM, climates cooler than now by as much as 7-11°C can be suggested
from the pollen results, but only ¢.6°C from the geomorphology. How can this be?
Possibly, snow lines were kept artificially high by the reduced precipitation that
probably occurred at the LGM. This suggestion has been advanced by Walker
and Flenley (1979). But, the precipitation in the mountains cannot have been too
reduced, or rainforests would have disappeared there. Late Quaternary vegetational
changes are summarized in Figure 4.13.

This whole question has been reviewed by Pickett ez al. (2004) in a reconstruction
of Quaternary biomes for the Southeast Asian region, Australia, and the Pacific. They
conclude that the evidence from the Southeast Asian tropics indicates an LGM
cooling of 1-2°C at sea level and 6-9°C at high elevation sites. This discrepancy
was first noted by Walker and Flenley (1979), who attributed it to a steeper lapse rate,
which was itself related to the generally drier conditions at the LGM, leading to a lapse
rate closer to the dry adiabatic lapse rate. Such a steeper lapse rate was however
criticized as impossible in an environment where the pollen evidence clearly showed
the persistence of rainforests (Webster and Streten, 1972; Kutzbach and Guetter,
1986).

The idea has however been revived by Farrera ef al. (1999) who give a range of
plausible mechanisms by which a steeper lapse rate can occur on tropical mountains.
One among these was the observation that the moist adiabatic lapse rate steepens
anyway as temperature is lowered (Hartmann, 1994). Another relevant point is the
possible impact of reduced concentrations of carbon dioxide at the LGM (Street-
Perrott, 1994), which would favour C,4 plants (grasses) at the expense of trees.
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A steeper lapse rate alone is however unable to explain all aspects of observed
vegetation changes. Hope (1976) demonstrated—regarding Mt. Wilhelm—the
curious fact that the Upper Montane Rain Forest (UMRF) (cloud forest) did not
simply migrate downhill at the LGM: it virtually disappeared. This is not a Late
Pleistocene anomaly, for Upper Montane taxa were greatly reduced in each glacial
period in the Banda Sea record (see Section 4.5). To understand this phenomenon we
must consider the physiognomy and environment of the UMRF at the present time
(Flenley, 1992, 1993). The trees are stunted, with short internodes and small thick
leaves which possess a hypodermis (an extra layer of cells below the epidermis). Often
extra pigments are present as well as chlorophyll: usually flavonoids and/or antho-
cyanins. These attributes are typical of plants experiencing stress of various kinds,
including high ultraviolet-B and temperature extremes. The soils are unusual in the
thickness of their litter layer. The temperature environment shows extreme variations
on a diurnal basis: from very cold nights and early mornings, to sunny mornings and
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misty afternoons with 100% humidity. The morning insolation is high in ultraviolet-B
because of the altitude. It is known that high UV-B can produce experimentally in
crop plants exactly the same physiognomic peculiarities as the UMRF (Teramura,
1983), and can also inhibit insect activity, leading to thick litter layers in soils (Day,
2001). It therefore seems possible that UV-B is involved in the ecology of these forests.
It may well be that the extreme diurnal variation of the temperature regime is also
involved.

How does all this help to explain the decline of the UMRF in cold phases of the
Pleistocene? Presumably, when cooler temperatures forced taxa downhill, they found
themselves in an environment where the diurnal extremes of temperature and UV-B
no longer existed to the same extent. The tropical lowlands are in fact usually lacking
in such extremes. Assuming the UMRF taxa are genetically adapted to their present
environment, the disappearance or great restriction of that environment at the LGM
would have led to their reduction in the pollen record (Flenley, 1996, 1998). This
argument will be elaborated in Chapter 8.
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4.6.2 The Pleistocene—Holocene transition

Marine records generally show abrupt pollen shifts from glacial to interglacial
conditions, suggesting strong Milankovitch forcing of climate and rapid response
of the vegetation. However, altered boundary conditions, including those related to
coastal landscapes and oceanic and atmospheric circulation, may have played a part in
producing this degree of synchroneity. A major exception related to the Coral Sea
record of ODP 820 where an increase in rainforest lags the marine isotope change
from MIS 2 to 1 by several thousand years. As this lag is also evident in the Lynch’s
Crater record (Kershaw, 1986), it cannot easily be attributed to global climate forcing.
Possible explanations are: the time taken for rainforest patches to expand from glacial
“refugia” (unlikely considering the regional extent of rainforest during the last glacial
period); the influence of southern hemisphere insolation forcing including ENSO on
the record; and the continuing impact of Aboriginal burning; all of which slowed the
rainforest advance. More detailed analysis of the earlier part of the ODP 820 record
may help resolve this question.

Many terrestrial records are too coarse or insufficiently well-dated to detail local
patterns of change during the last termination. However, at an altitude of 3,630 m in
Irian Jaya, there is supporting evidence for a rapid replacement of grasslands and
scattered shrubs by rainforest at the Pleistocene—Holocene boundary. Similar changes
are evident at Lake Inim (Flenley, 1972) and in the elegant suite of sites on
Mt. Wilhelm, the highest mountain in Papua New Guinea (Hope, 1976). With
four sites at elevations from 2,750 m to 3,910 m, Hope was able to trace the deglacia-
tion of the mountain and the rapid climb of the altitudinal forest limit to about
4,000 m in the early Holocene.

Walker and Flenley (1979) found a hint of a Late Pleistocene oscillation at
Sirunki, though its age of c¢.17kcalyrBp does not correlate well with the
Younger Dryas and is more consistent with the Antarctic Reversal. Support for
such an oscillation has recently been demonstrated from a detailed analysis of the
last termination at Rawa Danau in Java (Turney et al., 2006). Towards the end of
the LGM (Turney et al., in press), high values for grass pollen—combined with the
presence of the montane trees Dacrycarpus, Podocarpus, and Quercus—indicate much
drier and cooler conditions than today. Initial increases in temperature and rainfall
are recorded as early as 17 kcal yr Bp with increased representation of lowland rain-
forest taxa and reduction in Poaceae. There is then a reversal of this trend between
15.4 kcal yr BP and 14.6 kcal yr BP, prior to both the Antarctic Reversal and Younger
Dryas, suggesting a regional tropical rather than hemispheric control over
climate variation. Although rainforest became dominant at 14.6 kcal yr BP, increased
catchment erosion suggests rainfall further increased around 12.9 kcal yr BP and that
the summer monsoon may not have become fully established until the early Holocene.

4.6.3 The Holocene

Rainforest achieved its maximum areal extent in the early-middle Holocene under
high levels of precipitation and temperature before it opened up again mainly within
the last 5,000 years. Reasons for this rainforest reduction include climate factors,
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although these varied regionally. Hope (1976) attributes a reduction in the altitudinal
treeline of about 200 m to a reduction in temperature in New Guinea, while season-
ality or increased ENSO influence is considered to have been the major influence on
both a change in the composition of rainforest and slight sclerophyll woodland
expansion in northeast Queensland (Kershaw and Nix, 1989; McGlone et al.,
1992; Haberle, 2005). However, the major impact on Holocene rainforest has been
that of people.

Although people have been in the region for around 1.8 million years (Swisher et
al., 1994; Huffman, 2001) and have had the ability to manage vegetation through the
use of fire within the last 100 kyr, the ability of people to physically clear rainforest for
agriculture is essentially a Holocene phenomenon within the region. There are indica-
tions of agriculture (for rice-growing) as early as 16 kcal yr BP in the Yangtze Valley,
China (Yasuda, 2002)—an area recognized as one of the cradles of crop domestication
(Vavilov, 1951; Diamond, 1998)—and its spread into Southeast Asia, including those
parts of the Sunda Platform which were then joined to the Asian Mainland. Several
upland sites in Sumatra suggest that swiddening (slash-and-burn) was occurring for
cultivation of dry (non-irrigated) rice or root crops as early as c.10.3 kcal yr BP
at Danau-di-Atas (Newsome and Flenley, 1988), c¢.10kcalyrBp at Pea Bullok
(Maloney and McCormac, 1995), and c.9kcalyrBp at Rawang Sikijang (Flenley
and Butler, 2001). The general pattern of evidence for the region was reviewed by
Maloney (1998) and Flenley (2000).

A separate center for the origin of agriculture is found in New Guinea, based on
rootcrops—such as Colocasia (taro)—and palynological evidence of forest destruc-
tion presumably for agriculture dates back to c.9kcalyrBp in the Baliem Valley
(Haberle et al., 1991), to c.6kcal yrBP or earlier at Draepi Swamp (Powell et al.,
1975), and to 5 kcal yr BP at Sirunki Swamp (Walker and Flenley, 1979). Early human
activity in the New Guinea Highlands was confirmed by archeological finds at Kuk
Swamp (Golson and Hughes, 1976; Golson, 1977; Denham et al., 2003). These
included evidence of swamp drainage, presumably for the growing of taro, back
to at least 6.8kcalyrBp and possibly ¢.10kcalyrBp. The destruction of swamp
forest on Lynch’s Crater about 5kcal yr BP suggests that some form of cultivation
may have spread into the rainforest areas of northeastern Australia at this time.

The progressive impact of these activities has led to the creation of permanent
grasslands in many areas. These include the cogonales of the Philippines, the kunai of
New Guinea, and smaller areas in Sumatra and elsewhere. In general, these areas have
been maintained by frequent burning, and they tend to occur in regions where there is
amore lengthy dry season (Thomas et al., 1956). Recently, agriculture and logging has
of course still further diminished the area of surviving forest, but consideration of that
is beyond the scope of this chapter.

4.7 VEGETATION RESPONSES TO CYCLICAL FORCING

Spectral analysis is a powerful tool for examination of cyclical variation within
components of well-dated, largely marine, records and has been applied to a
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number of sequences within the Far Eastern rainforest region in order to assess
responses of various proxies to potential forcing mechanisms on orbital time scales.

Analysis of ODP Site 1144 in the South China Sea was restricted to pine and herb
pollen, essentially winter monsoon indicators, and demonstrated clear Milankovitch
forcing with prominent 100 kyr (eccentricity), 40 kyr (obliquity), and 20 kyr (preces-
sion) periodicities, in phase with northern hemisphere insolation and ice volume and
indicating a clear link with monsoon activity (Sun et al., 2003). It is interesting that the
herbs demonstrate a closer correspondence with the ice volume signature than pine,
reinforcing the suggested higher latitude source of its pollen. Pine displays a higher
precessional than obliquity peak, indicating some tropical influence. It also shows a
strong semi-precessional frequency that may be the result of an additional southern
hemisphere tropical precessional signal resulting from changing mean position of the
ITCZ through time. Unfortunately, as spectral analysis was performed on the whole
million-year record, there is no way of determining changes in forcing through time—
that may be expected with a change in the global signal—from dominant obliquity to
eccentricity forcing around the Brunhes—Matuyama boundary.

A greater range of proxies has been examined from the southern hemisphere sites
of Banda Sea, Lombok Ridge, ODP 820 (Kershaw et al., 2003), and the North
Australian Basin (Kershaw et al., 2006; van der Kaars, unpublished data). In
general terms, mangroves show similar frequencies to those from associated
oxygen isotope records, and indicate strong northern hemisphere forcing. With
mangroves, this pattern is not surprising as they are constrained by sea level
changes that relate directly to ice volume. Their closer relationship with variation
in sea level rather than that of climate has been explained by Grindrod et al. (1999,
2002). It is the broad exposure of the continental shelf during marine transgressions
that facilitates mangrove colonization and peak mangrove pollen representation.

The major indicators of core rainforest—pteridophytes and rainforest
angiosperms—surprisingly exhibit rather different spectral signatures. Pteridophytes
exhibit strong glacial-interglacial cyclicity with a prominent obliquity signal that is
not evident in the rainforest angiosperms that display a dominant precessional signal,
except in the Banda Sea record. The most parsimonious explanation is that the core
rainforest area is greatly influenced by the Asian monsoon and this influence extends
to other marine sites in the pteridophytes due to the wide dispersal of their spores. The
implication that more marginal areas are displaying a more localized tropical pre-
cessional influence is well-demonstrated in the eucalypt component of the North
Australian Basin, whose variation can be clearly correlated with that of southern
hemisphere precession. Although the area expresses a marked monsoon climate, the
source of monsoon rainfall is most probably the southern Indian Ocean that is largely
divorced from the Asian system.

Rainforest angiosperms also display significant variation in the 30-kyr frequency
band, and this frequency is even more clearly expressed in rainforest gymnosperms
and some charcoal records. It has been proposed by Kershaw et al. (2003) that this
non-Milankovitch cycle is related to ENSO, due to the correspondence of peaks in
burning and associated declines in fire-sensitive araucarian forests in the ODP record
with peaks in ENSO frequency derived from the modeling of Clement et al. (1999).
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From similar spectral signatures in the records of charcoal from cores MD97-2141
and MD97-2140 in similar West Pacific settings, Beaufort et al. (2003) and Thevenon
et al. (2004) propose that the 30-kyr frequency can be attributed to the competing
influences of long-term ENSO-like forcing and the glacial-interglacial cycle on the
East Asian Summer Monsoon.

4.8 GENERAL DISCUSSION AND CONCLUSIONS

Perhaps the major feature of the Quaternary history of Far Eastern rainforest is that
there has been little overall change in gross distribution over most of the area and
through most of the period. Rainforest has shown tremendous resilience in the face of
increasingly variable climatic conditions that have seen its partial replacement by
more open vegetation types during drier and cooler glacial phases. The major spatial
exception to this pattern is in tropical Australia, where the extensive occurrence of
small patches of drier rainforest demonstrates survival from a much broader past
distribution. This must pay testament to the aggressive nature of fire-promoting
eucalypts, as it appears that grasslands alone have had much less of a long-term
impact on similar vegetation in the Southeast Asian region, although poor soils and
extreme climatic variability over much of tropical Australia may have contributed to
this pattern. This patchy distribution is evident through the last 500 kyr in northern
Australia, and it can only be surmised that this is a product of the Quaternary rather
than a geologically earlier period.

In northeastern Australia, however, the impact of the Quaternary is clear with
widespread reduction in drier araucarian forest within the late Quaternary. There has
been speculation into the cause of this decline, elaborated by Kershaw et al. (2006).
One explanation is human impact. However, without any evidence of the presence of
people on the continent before about 50—60 kyr ago, this line of speculation is not
particularly constructive, although there seems little doubt that, with the arrival of
people, the trend towards more open vegetation was accelerated. A more robust
hypothesis is that there has been a long-term trend towards aridity or variability
in, at least, the northern part of Australia, and such a pattern is evident in physical as
well as biological proxy data. The proposed changes in marine isotope signatures in
the Coral Sea may be indicative of the development of the West Pacific Warm Pool,
perhaps a threshold response to the movement of Australia into the Southeast Asian
region and constriction of the Indonesian Gateway between the Pacific and Indian
Oceans. Although an increase rather than decrease in precipitation might be expected
by the rise in sea surface temperatures, any accompanying development in the ENSO
system would have increased climatic variability and resulted in the frequent drought
conditions required for effective biomass burning. A more direct influence of higher
sea surface temperatures could be the expansion of mangrove vegetation that seems to
have been a general regional feature of the Late Quaternary.

Although there are no dramatic changes in overall rainforest distribution within
the South China Sea region, the suggestion by Sun et al. (2003) that the climate
may have become more seasonal within the last 350 kyr could be significant, if the
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variability was interannual instead of, or in addition to, being seasonal. This would be
consistent with a broad regional ENSO signal.

One important feature of the history of most, if not all, of the region is that
conditions during the latter part of the last glacial period to the present day were
distinctive, and are limited in the degree they can be applied to an understanding of
extreme glacial and interglacial conditions or the nature of abrupt climate changes, in
general. Assessment of the extent of savanna expansion during glacial periods is
particularly problematic and critical to the understanding of mammal, including
hominid, migrations into and establishments within the region. The separation of
climatic and human influences is clearly important for patterns of change that relate to
moisture variables, but the suggestion that the cooler-adapted communities were
extensive during the last glacial period suggests that temperature variation also
needs to be taken into consideration when comparison is made of glacial-interglacial
cycles.
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S

Rainforest responses to past climatic changes in
tropical Africa

R. Bonnefille

5.1 INTRODUCTION

In Africa the lowland rainforest occurs under significantly drier conditions than in
other continents, within an average precipitation of 1,600 to 2,000 mm yr ', although
higher rainfall is observed around the Atlantic coast of Cameroon, Gabon, and in the
Central Zaire Basin. Seasonal distribution of precipitation is far from being uniform
(White, 1983). Variations in the duration of the dry season follow the distance from
the equator in both hemispheres and also along a west-to-east gradient. The Biafran
Gulf is the only region where the minimum monthly precipitation value always
exceeds the 50-mm threshold for the driest month, therefore experiencing no dry
season. However, great annual rainfall variability is registered at most of the meteoro-
logical stations across tropical Africa while mean monthly temperatures usually
remain constant. Inside the area occupied by the African rainforest topography is
not uniform. Low elevation areas, those below 400 m a.s.I. (above sea level), are found
in the coastal Atlantic plain and in the Zaire Basin. There are two main upland regions
in tropical Africa: (i) the undulating plateaus of Gabon and Cameroon which are
generally between 600 and 800 m a.s.1., but can reach up to 1,500 m a.s.l., and (ii) the
eastern part of the Zaire Basin which joins the slopes of high mountains above 2,000 m
a.s.l. bordering the Rift in the Kivu region. In addition, the active volcano Mount
Cameroon stands apart from these upland regions and exceeds 4,000m a.s.l. in
elevation. The geographical distribution of tropical plant species is complex
(Richards, 1981). Relationships between geographical plant distribution and ecolo-
gical variables, (such as rainfall, available moisture, and seasonality) within the
Guineo-Congolian domain are far from being well-established, although it is
known that there are significant variations of these factors inside the areas
occupied by rainforest. The only comprehensive review of African vegetation dis-
tribution relies on the continental-wide mapping and classification (White, 1983 and
subsequent variants). However, classification provides challenges partly because

M. B. Bush, J. R. Flenley, and W. D. Gosling (Editors), Tropical Rainforest Responses to Climatic Change
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Figure 5.1. Distribution of different vegetation units within the Guineo-Congolian rainforest
6°S and 6°N) (after White 1983; Letouzey, 1965, 1985). Location of sites for modern pollen data
are indicated by white and black dots, K: Kandara; L: Lobéké; B: Belinga; Mk: Makokou;
G: Guibourtia for fossil pollen sequences (*) Bm: Barombi Mbo; Mb: Mboandong; Os: Ossa;
M: Mengang; Ka: Kamalete; Bi: Bilanko; N: Nyabessan Ng: Ngamakala; Si: Sinnda; Ki:
Kitina; C: Coraf; So: Songolo. Localities for wood sites discussed in the text (+).

variation in floristic composition, physiognomy, and phenology is largely gradual and
continuous (Aubreville, 1951). This chapter focuses upon the oriental part of the
Guineo-Congolian domain, where the degree of endemism is high, representing 80%
of the total 8,000 species and 25% of the genera found in tropical Africa; with
the greatest number of endemic genera being found among the Caesalpiniaceae.
We present modern and fossil pollen data relating pollen and plant distribution
within the present day and the Latest Quaternary (Figure 5.1).

5.2 VEGETATION UNITS WITHIN THE GUINEO-
CONGOLIAN RAINFOREST

5.2.1 Hygrophilous coastal evergreen forest

Syn.: forét biafréenne a Caesalpiniacées (Letouzey, 1968), forét dense humide
sempervirente a Légumineuses (Aubreville, 1957-58), wet evergreen forest (Hall
and Swaine, 1981).
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The evergreen Guineo-Congolian wet forest is located between 2°S and 6°N in
areas that receive 2,000 to 3,000mmyr ' rainfall and may, or may not, have a dry
season. The atmospheric humidity is very high throughout the year. Most individuals
of most tree species are evergreen and shed their leaves intermittently. Lophira alata
(Ochnaceae) is one of the most abundant of the widespread taller trees, although it is
not confined to this vegetation unit. Lophira alata is light-demanding with drought-
sensitive seedlings, with the potential to be a large tree that can live for several
centuries. Historical remains (slave rings, pottery, charcoal, etc.) observed in excava-
tions after deforestation for Hevea (rubber) plantations and road cuttings indicate
that Lophira alata forest now occurs in areas that were cultivated perhaps a few
centuries ago (Letouzey, 1968). A typical example of hygrophilous coastal evergreen
forest would contain an abundance of Caesalpinioideae, including species of various
genera such as Anthonotha, Brachystegia, Julbernardia, Berlinia, Monopetalanthus,
associated with Cynometra hankie (Caesalpiniaceae) and Coula edulis (Ochnaceae).

5.2.2 Mixed moist semi-evergreen forest

Syn.: forét congolaise (Letouzey, 1968, 1985), forét dense humide sempervirente 4
Légumineuses (Aubreville, 1957-1958), foréts semi-caducifoliées sub equatoriales et
guinéeennes (Lebrun and Gilbert, 1954).

Most Guineo-Congolian rainforest can be classified as mixed moist semi-
evergreen forest occuring on well-drained soils and covering most of an area at
low elevations (600-700m a.s.l.). Today this forest type covers all but the wettest
and driest extremes of northeast Gabon, northern Congo, southeast Cameroon, and
the Zaire Basin. Mean annual rainfall is typically between 1,600 and 2,000 mm and
precipitation is evenly distributed throughout the year. The forests are rich floristically
and, although some species are evergreen, many are briefly deciduous. No detailed
description of the floristic composition of this type of forest exists across its full
geographic extent. Characteristic abundant emergent species found in mixed moist
semi-evergreen forest include Canarium schweinfurthii (Burseraceae), Piptadeniastrum
africanum (Mimosoideac), Ricinodendron heudelotii (Euphorbiaceae), and Terminalia
superba (Combretaceae) but these species can also be found in secondary forests of the
dry, peripheral semi-evergreen type. However, characteristic regional floristic associa-
tions include: (i) Oxystigma oxyphyllum (Caesalpiniaceae) and Scorodophloeus zenkeri
(Caesalpiniodeac) in the Zaire Basin (Lebrun and Gilbert, 1954), and (ii) few species of
Caesalpiniaceae (except Gilbertiodendron dewevrei which can form pure stands) with
large and tall Baillonella toxisperma (Sapotaceae) in Cameroon (Letouzey, 1968).

5.2.3 Single-dominant moist evergreen and semi-evergreen forest

Several authors have described single-dominant forests which form isolated stands of
a few hectares inside the mixed moist semi-evergreen forest or islands which occur in a
broad aureole surrounding the Zaire Basin (White, 1983). In single dominant
forests the upper canopy is typically formed by tall trees, usually 35-45m high,
that belong to a few or a single species (Evrard, 1968). Among the dominant
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species, Gilbertiodendron dewevrei (Caesalpiniaceae) from southeast Cameroon is
normally completely evergreen, whereas the more widespread Cynometra alexandrii
(Caesalpiniaceae) is irregularly deciduous. Simultaneous shedding of leaves within
single dominant stands has been noted in Uganda for Cynometra trees, which are
particularly abundant above 700-800 m a.s.l., and in the Zaire Basin for Julbernardia
(Caesalpiniaceae). In the single-dominant moist evergreen forest, heliophitic trees are
rare. Lianas and giant monocotyledonous herbs are also poorly represented.

5.2.4 Drier peripheral semi-evergreen forest

Syn.: forét dense humide semi-décidues de moyenne altitude (Letouzey, 1968), foréts
semi-caducifoliées, foréts semi-décidues a Malvales et Ulmacées (Aubreville, 1957—
1958).

Drier peripheral semi-evergreen forest extends geographically between the moist
evergreen forests and the limit of areas occupied by savanna, forming two bands
running transversely across Africa to the north and south of the moister forests
(described in Sections 5.2.1-5.2.3). The drier forests have been termed ‘‘peripheral”
(White, 1983) because of their marginal position and occur in patches within the Lake
Victoria basin. Rainfall is between 1,200 and 1,600 mm yr_l, with a bimodal distribu-
tion. The dry season lasts 1 or 2 months during which relative humidity remains high.
Mean annual temperatures range from 23.5 to 25°C. Most individuals of more
common, larger tree species are deciduous and lose their leaves for a few weeks
during the dry season. The drier peripheral semi-evergreen forest has a distinct
floristic composition and includes species virtually absent from the wetter types of
forest; such as Afzelia africana (Caesalpiniaceae), Aningeria altissima (Sapotaceae),
and Cola gigantea (Sterculiaceae). Some other species that are important components
of the dry peripheral semi-evergreen forest also occur in mixed moist semi-evergreen
forests; these include Celtis mildbraedi and C. zenkeri (Ulmaceae), Holoptolea grandis
(Ulmaceae), and Sterculia oblonga (Sterculiaceae). In Cameroon the “drier peripheral
semi-evergreen forest” or forét dense semi-decidue de moyenne altitude (Letouzey,
1968) is characterized by the dominance of Cola, Sterculia, Celtis, and Holoptolea
grandis, together with Piptadeniastrum africanum (Mimosaceae), Funtunia (Apocy-
naceae), and Polyalthia (Annonaceae). While Terminalia superba (Combretaceae) and
Triplochiton scleroxylon (Sterculiaceae) are two rapidly growing, light-demanding,
valuable timbers that can regenerate on abandoned farmland within this region.

Besides the main four types of rainforest described above, there are different
vegetation types that have also been mapped as separate units. Secondary forests,
swamp forests, and a mosaic of forests and grasslands can be found in any of the four
main types of forest described earlier (White, 1983).

5.2.5 Secondary rainforest

Outside the forest reserves, much of the remaining forest occurs on land that has been
formerly cultivated and is therefore considered secondary. This regrowth contains
abundant heliophytes and pioneers that grow quickly and have a short life;
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Tetrorchidium (Euphorbiaceae) and Trema (Ulmaceae) are characteristic, while
Musanga cecropioides (Moraceae) is strictly Guineo-Congolian in distribution.

5.2.6 Swamp forest

Swamp forests, including riparian forests, occur throughout the Guineo-Congolian
region wherever the conditions are suitable. These forests are floristically distinct, but
have a similar appearance to rainforest with the tallest trees reaching 45 m in height.
The main canopy, however, is irregular and open. Inside the clearings, climbing palms
Eremospatha and Calamus, shrubs, and lianas fill the gaps. Forest types with
Marantaceae and Gilbertiodendron are located between the western side of the
inundated wet evergreen forests and the mixed moist semi-evergreen forest (forét
congolaise).

5.2.7 Edaphic and secondary grasslands

On hydromorphic soils, edaphic grasslands surrounded by forest represent the
transition from aquatic vegetation to forest. The origin of such grassland patches
is still controversial. They may be maintained by frequent fires, but they also occupy
superficial soils on rocks that are periodically inundated (Koechlin, 1961). At its
northern and southern limits, the Guineo-Congolian rainforest is burned at least
once a year. Where burning occurs a mosaic of patches of secondary grassland,
scattered fire-resistant trees, and secondary forest clumps locally replace the rain-
forest. In this situation, the mosaic can regenerate into forest if fire is absent for a
sufficient period. There are also patches of secondary grassland inside the Guineo-
Congolian rainforest region (Descoings, 1976). However, most of these are distributed
at the transition with the Sudanian zone in the north and with the Zambezian zone in
the south, and show considerable local variation in floristic composition.

5.2.8 Transitional and Afromontane evergreen forests

In Cameroon, close to the border with Nigeria, Afromontane forests show a great
resemblance to the montaine forests of East Africa. Two distinct altitudinal zones
are evident. The lower, from 800 to 1,800 m a.s.l., is characterised by Podocarpus
latifolius (Podocarpaceae) (syn. P. milanjianus) associated with Olea capensis
(Oleaceae) (syn. O. africana). The upper, from 1,800 to 2,800m a.s.l., contains
P. latifolius together with Prunus africana (Rosaceae), Myrsine melanophloeos
(Myrsinaceae), and Nuxia congesta (syn. Lachnopylis, Loganiaceae). In eastern
Zaire a transitional montane forest is found between 1,100 and 1,750m a.s.l.
which includes tree species of the Afromontane forest, including Aningeria
(Sapotaceae), Entandophragma (Meliaceae), Mitragyna (Rubiaceae), and Ocotea
(Lauraceae), along with components of the lowland forest, such as Cynometra
alexandrii (Caesalpiniaceae), Pycnanthus angolensis (Myristicaceae), plus some
endemics, specific to the transitional forest. Species specific to the transitional
forest between lowland and Afromontane forests include Strombosia grandifiora
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(Olacaceae), Symphonia globulifera (Olacaceae), Uapaca guineense (Euphorbiaceae),
and Parinari sp. (Chrysobalanaceae) (White, 1983).

5.3 MODERN POLLEN RAIN STUDIES

No systematic study of modern pollen rain within the African rainforest has addressed
the relationship between the distribution of vegetation types and climatic variables.
The lack of ecological work and the long-standing belief of “‘equatorial climatic
stability”” might have discouraged such studies. However, new modern pollen rain
data from tropical evergreen and deciduous forests of southwest India (Barboni, 2003)
and the Amazon Basin (Gosling et al., 2009) should encourage further studies in
tropical Africa. In India, the western coast supports many different types of forests
under a single monsoonal regime, with a south-to-north increased gradient of rainfall,
a west-to-east increase in dry season length (seasonality), and a temperature decrease
along highland slopes reaching up to 2,500m a.s.l. in elevation. Ecological studies
showed that these factors indeed influenced the distribution of species and that of
vegetation types, following the different bioclimatic regions (Pascal, 1984). Modern
pollen assemblages from this region in India reproduce the pattern of bioclimatic
regions and associated vegetation-mapped units. The results enable a clear distinction
between the different types of forests and their associated pollen markers (Bonnefille,
1999; Barboni and Bonnefille, 2001; Anupama, 2000). In Africa, modern pollen rain
studies provide a first understanding of pollen production and markers of the different
forest types within the Guineo-Congolian rainforest. The main types of vegetation
(Figure 5.1) have now been sampled for modern pollen, although the mixed moist
semi-evergreen forest of the Zaire Basin remains poorly documented. Comparisons
with floristic “relevés” have been made in the evergreen rainforest of Cameroon and
the semi-evergreen forest of southern Congo. However, because of differences in
sampling procedures, variable plot sizes, and access to data (inclusion within the
“African Pollen Data Base™), it is not currently possible to provide a single synthetic
diagram for modern pollen distribution within the rainforests of tropical Africa. In
this section the published results of modern pollen studies are organized and discussed
according to geographical regions and vegetation-mapping units following White
(1983).

5.3.1 Tropical and equatorial forests north of the equator

The three main phytogeographical units mapped within the inter-tropical region, all
of which are present in Cameroon, are: (i) the evergreen and coastal hygrophilous
forests (biafréenne a Caesalpiniacées), (ii) the drier peripheral semi-evergreen (forét
caducifoliée), and (iii) the mixed moist semi-evergreen (forét congolaise) sensu
(Letouzey, 1968) (Figure 5.1). Recent studies document the modern pollen rain of
the first two units, with the third unit documented to a lesser extent, using different
sampling methods. In the first study, trees and pollen abundance are calculated within
plots selected as representative of the main vegetation types (Renaud-Farrera, 1995).
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In a more recent study, surface soil samples were collected randomly at localities
chosen to represent “mature” forest types (Lebamba ez al., 2009). The sub-random
sampling provides results directly comparable with modern pollen data obtained from
other tropical forests in Africa (Bonnefille ez al., 1993; Vincens et al., 1997), and
therefore it is more appropriate to apply the biomization procedure at the continental
scale in Africa.

5.3.1.1 Modern pollen rain—vegetation comparison

The fidelity of representation of tree species within the pollen rain of tropical African
forests has been questioned in the past because some abundant tree or climber species
do not produce/disperse pollen in large quantities; such as Annonaceae, Apocynaceae,
Violaceae (except Rinorea), most Myristicaceae (except Pycnanthus), Chrysobalana-
ceae, Olacaceae (except Strombosia), and Clusiaceae (except Symphonia). To explore
the representivity of arboreal pollen within tropical forests modern pollen—vegetation
studies in Cameroon have focused upon the evergreen and coastal hygrophilous
forests (“biafréenne a Caesalpiniacées”), with a few studies working within the
mixed moist semi-evergreen ‘‘forét congolaise” and the drier peripheral semi-
evergreen “‘forét semi-caducifoliée” (Letouzey, 1968).

Modern pollen samples and counts of tree species over Scm in diameter were
obtained from within twenty 20 x 20 m plots across Cameroon (Reynaud-Farrera,
1995). The pollen counts of several plots were averaged to allow comparison between
plant (Figure 5.2a) and pollen frequencies of different taxa (Figure 5.2b). An inter-
esting finding of the study conducted by Reynaud-Farrera (1995) is that in all the
samples collected inside forest plots, the ratio of arboreal pollen (AP) (including all
trees and shrubs) calculated versus total pollen counts (excluding the spores) always
exceeds 75% (Figure 5.2a). The samples showing the lowest AP values were collected
in open vegetation areas such as at Kandara near the limit between the peripheral
semi-evergreen and the forest/grassland mosaic. A good correspondence between the
total AP and the tree coverage of the wet evergreen and semi-evergreen forests in
Cameroon supports similar findings from other tropical regions in Africa (Bonnefille,
1993). Therefore, the distinction between AP and non-arboreal pollen (NAP),
classically used in the interpretation of pollen analysis from the temperate region,
remains valid for palynology in the equatorial rainforest regions.

In the modern pollen—vegetation study from Cameroon, the high number (279) of
pollen taxa identified within the soil samples reflects the great floristic diversity of
evergreen forests. Because of the strong heterogeneity in the spatial distribution of the
tree species, the occurrence of many intermediate forest types, and the unavoidable
bias between over- and under-representation of the pollen of many tropical families, a
greater number of pollen samples, more evenly distributed within the different vegeta-
tion types, would have been advantageous. Nevertheless, despite evident discrepancies
between vegetation cover and pollen representation, there is a certain degree of
agreement between the listed plants within ecological plots and the pollen types
found in the surface soil samples (Figure 5.2¢). The pollen assemblages from the
different forest types appear clearly distinct from each other, enabling one to
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Figure 5.2. Modern pollen rain from coastal evergreen forests, mixed moist semi-evergreen,

and drier semi-evergreen forests from Cameroon: (a) % of trees and shrubs among plants in the
plots; (b) % of arboreal pollen in soil samples from the same plots; (c, facing page) distribution
of relative frequencies of plant and pollen for the main taxa at pollen sampling sites as in (a) and
(b) (after Reynaud-Farrera, 1995). Some trees, identified in floristic counts, but not found as
pollen are not illustrated here such as the Maranthaceae among the herbs, fern spores are not
represented (% calculated versus pollen sum after excluding spores and Cyperaceae).
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recognize the different forest types. Joint occurrences of Saccoglottis and Lophira,
together with ““Berlinia-type” pollen including many Caesalpiniaceae, are good
markers of the coastal Biafran forest, in agreement with the dominant trees.
Pollen of Irvingia (Irvingiaceae), Lophira, Diospyros (Ebenaceae), and Sapotaceae
(which might include Baillonella toxisperma, the pollen of which cannot be
identified at the generic level), show highest representation in the mixed semi-
evergreen “‘Congolese” forest. The Pycnanthus (Myristicaceae) and Piptadeniastrum
(Mimosoideae) pollen association characterizes the dry evergreen (semi-deciduous)
forest, although Pycnanthus alone can be abundant within the coastal Biafran forests.
Macaranga, Alchornea, Celtis, and sometimes Uapaca tend to be over-represented in
the pollen rain. The two pollen assemblages corresponding to the mountain forest are
well-characterized by the association of Podocarpus, Olea, Nuxia, and Ericaceae
pollen (Figure 5.2¢).

5.3.1.2 Modern pollen rain, random sampling strategy

Results from 84 additional samples recently collected in Cameroon and Gabon
(Lebamba ez al., 2009) confirm that the modern pollen rain assemblages of the
three types of forests (coastal, mixed moist semi-evergreen, and drier semi-
evergreen) all contain predominant total AP percentages (80 to 90%). The high
abundance of tree taxa is in good agreement with the study by Reynaud-Farrera
(Figures 5.2a and b). It is worth noting that despite high diversity, varied floristic
compositions and low pollen production (insect pollination) of many tropical tree
species, the modern pollen counts reflect the abundance of local tree cover density for
these tropical forests.

The compositional variation in the modern pollen assemblages reflects the
different vegetation types in Gabon and Cameroon from which they were sampled
(Lebamba et al., 2009). Correspondance analysis of 80 modern pollen assemblages is
interpreted as reflecting a decreasing humidity gradient within forests (Figure 5.3,
axis 3), that is, a trend from humid mixed moist semi-evergreen forest of Gabon (low
scores axis 3) towards the drier semi-evergreen of Cameroon (higher scores axis 3). In
addition, coastal forests appear well distinguished from other types of forest (highest
scores axis 3) and characterized by the association of Lophira alata, Coula edulis,
Ceiba pentandra together with abundant Caesalpiniaccac and Mimosaceae, in
agreement with previous work in Cameroon (Reynaud-Farrera, 1995).

5.3.2 Mixed moist semi-evergreen forest

The mixed moist semi-evergreen forest exists in Cameroon, Gabon, and Congo, but it
has been sampled only in Gabon so far, and following two distinct strategies for
collecting modern soil samples.

5.3.2.1 Modern pollen rain—vegetation comparison

Mixed moist semi-evergreen forest was sampled in Central Gabon during a
preliminary palynological investigation in the forest reserves at Makokou
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Figure 5.3. Results of correspondence analysis (Benzécri method) performed on pollen
percentages of 80 modern pollen samples from the different forest types mapped in the
equatorial region of Cameroon and Gabon (after Lebamba et al., 2009).

(0°30”N, 12°50”E) and Belinga (1°06”N, 13°10”E) (Figure 5.1; Jolly, 1996). Located
at 470m a.s.l., near the Irvindo River, the Makokou forest is dominated by
Scorodophloeus zenkeri, Baphia, Dialium, Pancovia, Dichostemma glaucescens
among the Papilionaceae, and Polyalthia among the Annonaceae (Caballe, 1986;
Aubreville, 1967). Precipitation amounts to 1,500 to 1,700 mm yrfl, and mean
annual temperature is over 24°C. At Makokou, various sampling strategies (line,
diagonals, random, etc.) were tested to collect surface soil samples within 120 x 40 m
forestry plots along a 1 km transect. No significant differences were shown between the
pollen assemblages obtained with the different collecting methods. It was concluded
that a random procedure represents the most parsimonious and the least time-
consuming method. Random collection should certainly be made in regions where
there is an urgent need to obtain modern pollen data within forests under threat of
total disappearance. The counts of 16 pollen assemblages, corresponding to the mixed
moist semi-evergreen forest, include 82 pollen taxa (Jolly, 1996). The highest pollen
frequencies were found in the Moraceae and Euphorbiaceae (mainly Alchornea),
Celtis, Combretaceae, Pausinystalia (Rubiaceae), Hymenostegia (Caesalpinia-
ceae)—together with Dacryodes (Burseraceae) and Pycnanthus (Myristicaceae),
which were not particularly well-represented in the vegetation. Pollen attributed to
Papilionaceae has been counted but in much lower abundance than the corresponding
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trees in the forest. High proportions of Urticaceae and Macaranga characterize a plot
located near to the river, and were attributed to local disturbance. The pollen spectra
from the mixed semi-evergreen forest at Makokou (Gabon) has some common taxa
(Celtis, Macaranga, Alchornea, and Combretaceae), with samples from Cameroon
located in a forest intermediate between the evergreen Biafran and the semi-evergreen
“Congolese”. Interestingly, the Belinga pollen sample, located at higher elevation
(950 m a.s.l.), contains significant percentages of Syzygium pollen, a fact also noticed
in modern pollen data from highland forests in Ethiopia (Bonnefille, 1993) and South
India (Bonnefille, 1999).

5.3.2.2 Modern pollen rain, random sampling strategy

The pollen results of the 33 new samples collected from the lowland mixed moist semi-
evergreen equatorial forest in Gabon (Lebamba ez al., 2009) have been reproduced
here (Figure 5.4). Associated predominance of Mimosaceae, Caesalpiniaceae, and
Sapindaceae pollen characterize all the samples of the moist semi-evergreen equatorial
forest. Present in lesser proportions, pollen of Dacryodes, Ebenaceae (Diospyros),
Pycnanthus, Zanthoxylum, Aucoumea, and Bridelia occur regularly in most samples
whereas more sporadic occurrences of Burseraceae, Canarium, Meliaceae,
Sapotaceae, Flacourtiaceae, Moraceae, and Martretia account for floristic
diversity of the forest communities at different localities. Herbaceous cover is
poorly represented, with a few grains of Asteraceae (Compositae), Acanthaceae,
and Amaranthaceae and very little representation of grass (Poaceae) which was
probably introduced by human disturbance along paths.

5.3.3 Drier peripheral semi-evergreen forest north of the equator

Modern pollen data from the drier peripheral semi-evergreen forest (forét semi-
caducifoliées), which extends around the 4°N latitude between the mixed moist
semi-evergreen and northern savanna, has been provided at two distinct sites:
Mengang (east of Yaounde) and Kandara in Cameroon (Figure 5.1).

The Mengang forest station was located in an area receiving 1,600 mm yr~
precipitation interrupted by two dry months (<50mm)—December and
January—and a minimum in July. Atmospheric pollen rain trapped monthly
between April and October 1987 (Fredoux and Maley, 2000) showed that the
majority of pollen was derived from forest trees (c.90% of total counts and
greatest monthly influx averaging 1,000 grainsm ). Altogether, 118 tree taxa
were identified distributed among 58 families. The Euphorbiaceae showed the
greatest diversity (21 taxa) and totalled 27% of the pollen counts dominated by
Ulmaceae (33%), Moraceae (26%), Urticaceae (3%)—with Papilionaceae,
Caesalpiniaceae, Mimosaceae, Anacardiaceae, Sterculiaceae, Rubiaceae, and
Sapindaceae being rare at <1%. The greatest pollen producers indicated by influx
calculations are Macaranga (1 to 1,000 grains m > maximum in May), Celtis (1 to 500
grains m~> in April), and Musanga (or Myrianthus) and Combretaceae (10 to 100
grains m~> ). The amounts of Pycnanthus, Trema, Urticaceae, and Poaceae pollen are

1
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produced in much lower proportion (<1 to 10 grains m73). The month-to-month
variation in the pollen rain reflects seasonality and suggests that caution should be
taken when interpreting the fossil record. It would have been most interesting to
compare this distribution with parallel analysis of surface soil samples within the
forest that provide an average of modern pollen rain over several years, minimizing
monthly variations.

In southeastern Cameroon—east of Mengang (Figure 5.1), near the Kandara
village (4°20”N, 13°43"E, 640 m a.s.l.)—the dry semi-evergreen forest encloses an
area of a few square kilometers of shrub tall-grass savanna. The wet tropical climate is
characterized by the same precipitation (1,600 mmyr~') and dry season, with mean
annual temperature averaging 24°C. In this area the forest had expanded at a rate of
lrnyfl between 1951 and 1993 (Youta Happi, 1998; Achoundong 2000), in
agreement with observations made using aerial photographs in Cameroon
(Letouzey, 1968). The forest succession begins with Raphia monbuttorum (Palmae)
swamp along the Soukato River, followed by a semi-evergreen Rinorea (Violaceae)
forest, a young A/bizia forest, and a savanna-forest transition (ecotone) surrounding
the savanna dominated by Panicoideae grasses with some Albizia clusters
(Figure 5.3a). Associated with Rinorea dentata and Rinorea batesii (Achoundong
et al., 1996), the most abundant trees of the mature forest are Triplochiton
scleroxylon (Sterculiaceae) and Piptadeniastrum africanum (Mimosaceae), good indi-
cators of dry peripheral semi-evergreen forest (Letouzey, 1968). The young Albizia
forest includes Albizia adiantifolia (Mimosaceae), Funtumia elastica (Apocynaceae),
Canthium (Rubiaceae), Tabernaemontana crassa (Apocynaceae), Sterculia rhinopetala
(Sterculiaceae), and Myrianthus arboreus (Moraceae). At Kandara, 26 surface soil
samples collected in contiguous 20 x 30 m plots, along a 750 m transect across the
succession (Figure 5.5a), provided modern pollen rain data. Each pollen sample
consisted of about 20 sub-samples randomly distributed (Vincens, 2000). The
relative frequencies of the most abundant among the 101 pollen taxa identified are
illustrated here (Figure 5.5c). All samples from the dry semi-evergreen forests register
percentages of AP ranging from 60 to 80, in good correspondence with the canopy
coverage estimated by field measurements of the leaf area index (LAI) (Cournac,
2002) and abundance of tree phytoliths counted in the same samples (Bremond, 2005).
The total AP drops abruptly to less than 10% in the nearby savanna, at less than 100 m
from the forest limit, indicating very little transport from the forest into the savanna
(Figure 5.5b).

The pollen assemblages from the Kandara transect contain trees that are
characteristic of the dry peripheral semi-evergreen forest, including: Celtis,
Chaetachme, Holoptolea among the Ulmaceae, Triplochiton (Sterculiaceae) associated
with Piptadeniastrum (Mimosaceae), Margaritaria discoidea (Apocynaceae), and
Combretaceae. These taxa can be considered as good indicators of semi-evergreen
forest under a seasonal climate, with a short dry season. However, as anticipated from
our understanding of differential pollen production and dispersal, the pollen abun-
dances do not exactly correspond to plant abundances in the vegetation cover. For
example, the soil samples from the *“4/bizia forest” contain only a few grains of A/bizia
pollen and the pollen assemblage is dominated by Myrianthus arboreus (Moraceae)
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(50-70%; Figure 5.5¢). Typical components of the semi-evergreen forest pollen rain
are Ficus, Trilepisium (both Moraceae), Tetrorchidium (Euphorbiaceae), Antidesma
(Phyllanthaceae), Rubiaceae, and Sapindaceae. Towards the ecotone of the “Albizia
forest”, and the savanna, Chaetachme aristata (Ulmaceae) is better represented in the
pollen rain (20%) than A/bizia (5 to 10%) despite the latter being more abundant in
the vegetation cover. In the other direction, at contact with the *Rinorea forest”,
Piptadeniastrum pollen was relatively abundant whereas none of the different species
of Rinorea were recorded as pollen. Raphia pollen dominates near swamps, which is
also marked by an abundance of fern spores (Pteridophytes monoletes). At the
northern end of the Kandara transect, close to the savanna, the abundance of
Pteridium aquilinum spores indicates frequent burning. The pollen diagram illustrates
the spatial colonization of a burnt savanna by a dry semi-evergreen forest. The
succession starts with Moraceae, followed by Celtis, and then by Sterculiaceae/
Raphia/Pteridophyta, following dry to wetter local conditions under climatic con-
ditions favourable to the establishment of dry semi-evergreen forest. Further studies
are now required to test the regional, and extra-regional, applicability of pollen—
vegetation relationships established for the northern semi-evergreen forest region at
Kandara.

The origin of savanna “islands” in the semi-evergreen forest of southeast
Cameroon still remains controversial. Analyses of opal phytolith assemblages
from topsoil samples of the forests and savanna patches at Lobeke—2°17"N,
15°42"E, 300 to 700 m a.s.l., south of Kandara (Figure 5.1) in a region receiving
1,600-1,700 mm yr ' precipitation—suggest stable conditions with no evidence of
recent disturbances, such as fire or logging (Runge and Fimbel, 1999). Elsewhere,
evidence for a recent invasion of forest into the savanna is provided from soil organic
carbon isotopic studies (Guillet, 2001) while 8'3C values of organic matter in soil
profiles indicate that forest development previously occurred in areas now occupied
by savanna (Schwartz, 1996). Constant re-organization of the distribution of forest
and savanna patches at the limit of the drier semi-evergreen forest may be forced by
the seasonal distribution of the rain through the year and variability in dry season
length. But, recent human deforestation has modified the pattern. Sorting out the
respective effect of climate from that of human impact on modern vegetation deserves
further thorough investigation.

5.3.4 Drier peripheral semi-evergreen forest south of the equator

The coastal semi-evergreen forest does not extend to southern Congo beyond 4°S
latitude (White, 1983). Instead, a mosaic of forest—grassland occupies the Atlantic
coast, receiving less than 1,100 mmyr ' of rainfall and with temperatures averaging
18°C during the dry season. Several types of semi-evergreen forests are present further
inland, in the Mayombe massif, which reaches 730 m a.s.l. maximum elevation and
receives 1,400 to 1,600 mmyr ' of precipitation. Modern vegetation and pollen data
were obtained from twelve sites in the west of Congo (4°05” to 4°50”S latitude and
11°45” to 12°35”E longitude); among the investigated sites, 8 are distributed in
Mayombe woodland and 4 correspond to the coastal plain (including the
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Figure 5.5. Modern pollen rain from the drier semi-evergreen forest in Cameroon, Kandara
site: (a) location map of the studied transect (samples 1 to 26); (b) comparison between arboreal
pollen and leaf area index (Cournac et al., 2002); (c, facing page) simplified pollen diagram (after
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and spores). (*) Pollen types <1%.



Sec. 5.3]

©

Modern pollen rain studies

$9U0Z US||0d ‘

@
i

sa|dweg

sauoz
uonejobap

% <1

Savanna ,,

Ecotone .

18
17

8
51

Albizzia
forest

Rinore:
forest
Raphia
swamp

usaibirana-twes Aug

141



142 Rainforest responses to past climatic changes in tropical Africa [Ch. 5

A G '\ .
g Dolisie
aB M ONElE e e

_im
n. % H
F-E

ATLANTIC

OCEAN

Pointe Noire 50 km
L I ]
|:| A-LaTour B-Dimonika C-Mindou D-Mandzi E-Les Saras
E\:ng’;;;; F-Kitina G- Mpassi Mpassi H-LesBandas |- Konbotchi
forests J - Tchissanga K - Ntombo L - Mangrove

Figure 5.6. Location map of sites for floristic inventories and modern pollen surface soil
samples collected within the semi-evergreen forests from Congo (after Elenga et al., 2000a).

mangrove) (marked A-L on Figure 5.6). Floristic data at each site (trees with a
diameter at breast height >5cm) were collected from 20 x 100m plots (Elenga,
2000a). Out of a total of 620 individual trees examined, 352 species were identified
from 47 families, illustrating the high diversity and heterogeneity of the coastal semi-
evergreen forest. The highest diversity of species were found within the Annonaceae
(15 species), Euphorbiaceae (8 species), Caesalpiniaceae (7 species), and Rubiaceae
(6 species), followed by the Burseraceae, Olacaceae, Sapotaceae, and Moraceae.
Within the studied plots, 110 tree species comprise > 1% of the vegetation, but
only 41 species were present in two, or more, sites. The average density of trees
across the plots reached 120 individuals per 100 m? (Elenga, 2000a). The forests of
the Mayombe are remarkable for high floristic diversity and little overlap between tree
composition at different localities. Palynological studies explore how such floristic
diversity is reproduced in pollen assemblages extracted from 50 surface soil samples
collected at the 12 sites where tree counts had been made (Figure 5.7).
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5.3.4.1 Mayombe forests

The vegetation data from the semi-evergreen forests of the Mayombe massif show that
¢. 19 to 23 species make up 75% of the total tree counts; however, the dominant tree
species varies greatly between the 8 study plots. The modern pollen data from the same
plots indicate that the variability in the vegetation is not necessarily reflected in the
pollen rain:

At La Tour (site A) Treculia obovoidea (Moraceae) represents 8.5% of the trees,
but its pollen frequencies reach much higher percentages (30 to 60%) in all of
the 10 pollen assemblages (Figure 5.7). Some trees have similar abundances in
their flora (Elenga, 2000a, table 2) and the pollen rain (Figure 5.7); these include
Plagiostyles africana (Euphorbiaceae), Maranthes (Chrysobalanaceae), Irvingia,
and Uapaca (Euphorbiaceae). While other trees are under-represented in the
pollen relative to abundance in the vegetation (e.g., Strombosia (Olacaceae)),
or completely absent (Annonaceae and Myristicaceae) despite individuals being
present within the plot.

At Dimonika (site B) 11 of the 22 most abundant trees have been recognized
as pollen taxa. Among them, Treculia obovoidea (Moraceae), Anisophyllea
myriostricta (Anisophyllaceae), Trichoscypha (Anacardiaceae), Dacryodes
(Burseraceae), Caesalpiniaceae, and Allanblachia (Clusiaceae) have significant
percentages, both as plant and pollen. However, other genera among
Burseraceae, Apocynaceae, Clusiaceae, and Annonaceae were under-represented
or not represented at all in the pollen rain.

At Mindou (site C) the most abundant trees—Anthostema (Euphorbiaceae, 13%),
Dialium and Guibourtia (all Caesalpiniaceae totaling 22% trees)—are represented
by significant pollen percentage values. The most abundant pollen type was
Syzygium (20 to 50%), which was not listed as present within the trees >5cm
in the plot (Figure 5.7). The Mindou site, is located on the humid, western slopes
of Mayombe close to the coastal forest. It seems likely that long distance transport
of pollen from Syzygium clumps in local swamps explains the high pollen
percentages.

At Mandzi (site D) the three most abundant genera in the vegetation, are
Microdesmis sp. (Pandanaceae, 10%), Grewia (Tiliaceae, 8%), and Tessmania
sp. (Caesalpiniaceae, 6%); of these only Grewia is recorded by its pollen (2 to 5%).
Other tree taxa have similar abundances in the vegetation and pollen; including
Irvingia, Pancovia (Sapindaceae), and Aidia micrantha (Rubiaceae). However,
associated pollen from Piptadeniastrum, Calpocalyx (Mimosaceae), Dacryodes/
Santiria, Ganophyllum (Sapindaceae), Fagara (Rutaceae), Macaranga, and Elaeis
do not correspond to plot inventory (Elenga, 2000a, table 5.2), a discrepancy
possibly explained by the fact that pollen origin may be found outside the sampled
plots used for tree counts.

At les Saras (site E) Treculia—an abundant tree (12.6%)—is represented by
similar pollen frequencies, whereas three genera of Annonaceae (13.5% distrib-
uted between Anonidium, Polyalthia, and Enantia) are totally absent from the
pollen rain.
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At Kitina (site F) the abundant (12.4%) Anthostema trees (Euphorbiaceae) are
recorded by pollen, but at much lower percentages (<5%). Other abundant
trees—such as Scytopetalum klaineanum (8%, Scytopetalaceae), Ctenolophon
englerianus (6%, Ctenolophonaceae), and Spathandra blackeoides (6%,
Melastomataceae)—were not identified during pollen analysis. The absence of
these taxa might correspond to unidentified pollen taxa, their pollen morphology
not currently well-known (Figure 5.7). Dialium has about the same abundance
(5%) both as plant and pollen.

At Mpassi Mpassi (site G) the two most abundant trees—Hua gabonensis (16%,
Huaceae) and Pancovia (7%, Sapindaceae)—were not identified in the pollen rain.
Pentaclethra (Mimosoideae, 2 species, 5% trees) had the same representation as
plant and as pollen, whereas the abundance of Berlinia pollen (20%) may
correspond to another unknown Caesalpiniaceae pollen, since Berlinia was not
in the list of counted trees.

At les Bandas (site H) the dominant tree (56%) Parkia (Mimosaceae) was
not found as pollen, whereas the diagram includes Pentachlethra pollen
(10%), which is clearly distinguishable from the polyad of Parkia. Except
for Dacryodes and Aidia (Rubiaceae), both present in the plant record and in
the pollen, there is not much overlapping of other common trees. Joint occur-
rences of pollen from Allophyllus, Celtis, Hymenocardia, and Combretaceae,
together with more Poaceae, indicate much drier climatic conditions for sites
located close to the drier Niari valley in the rain shadow slope of the Mayombe
massif.

5.3.4.2 Coastal forests

At Koubotchi (site 1) the dominant (30% trees) forest component Celocaryon
preussii (Myristicaceae) was not found as pollen, nor were Xylopia aethiopica
(Annonaceae), Carapa (Meliaceae), Staudia (Myristicaceae), and Vitex sp.
(Verbenaceae). But the pollen representation of Symphonia, Uapaca,
Maranthes (Chrysobalanaceae), Pycnanthus (Myristicaceae), and Sapotaceae
corresponds fairly well to the number of trees counted in the plot.
Remarkably, Macaranga and Alchornea (<1.4% in the tree counts) are over-
represented by significant pollen percentages (>20%), and Tetracera
(Dilleniaceae) is also over-represented by its pollen (> 10% pollen).

At Tchissanga (site J) two pollen samples (47, 48) indicate significant pollen values
for Symphonia and Sapotaceae, Fegimanra (Anacardiaceae), and Syzygium
(Myrtaceae), that are also characteristic trees of the Symphonia globulifera
forest in valleys of the coastal plain (Elenga, 2000b). However, they lack the
record of Memecylon (Melastomataceae) which accounted for 34% of the total
number of trees in the same plot.

At Ntombo (site K) Anthostema pollen (Euphorbiaceae) was found to be less
abundant (5%) than in the tree cover dominated by Anthostema aubryanum
(51%). However, there is good correspondence between the plant and pollen
representation of Syzygium guineensis, Hallea ciliata (Rubiaceae), Elaeis
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guineensis (Palmae), and Alstonia congensis (Apocynaceae). Tetracera pollen (5%)
was found, whilst this climber represents less than 1% in botanical inventories.
This may indicate an over-representation of pollen from climbers, or an under-
estimation of plant specimens, those with diameter lower than 5cm not being
counted.

e The mangrove (site L) is dominated by the abundance of Rhizophora, associated
with Phoenix and Pandanus, also abundant plants in the plant cover.

Although very informative, the comparison between vegetation and modern pollen
rain in this section illustrates discrepancies that may result from the plot size used
in vegetation sampling being smaller than the source area of the pollen assemblages.
To highlight the distribution of plants and pollen versus environmental factors,
correspondence analysis on all the samples compared the composition of the
floristic inventories from lowland coastal forests with those of Mayombe mid-
elevation forests. Indeed, there is a west/east increasing rainfall gradient from
1,100 to 1,600mmyr71 and an increased elevation between the coastal plain
(sea level) and the Mayombe (700 m a.s.l.). However, the authors favored an explana-
tion involving different soil composition. They distinguished the pollen association of
Syzygium, Symphonia globulifera, Phoenix, Tetracera, and Sclerosperma (Arecaceae)
as characterizing swamp forests (Elenga, 2000b). However, differences in elevation
and also strong variations in precipitation could partly explain the differences in
the floristic and pollen composition of coastal and Mayombe forests. Variations
in the amount of rainfall are not negligible. Moreover, during the dry season,
the effect of clouds on evapo-transpiration (Maley and Elenga, 1993), and that
of the Benguela Current, induce cooler temperatures in southern Congo (Maley,
1997).

In conclusion, the study of modern pollen rain from Congo shows that arboreal
pollen percentages from 70 to 90% characterize samples collected under closed forest,
lower values being found within disturbed forest. These high values were obtained
despite the fact that important families—such as Annonaceae (all species), most
Mpyristicaceae (except Pycnanthus), Chrysobalanaceae, Olacaceae (except Strombo-
sia), Clusiaceae (except Symphonia), Apocynaceae, Meliaceae, Melastomataceae,
etc.—were poorly documented in modern pollen rain. Well-diversified pollen assem-
blages from southern Congo document the floristic diversity of semi-evergreen forests
south of the equator. Although there is no direct overlap between pollen and tree
composition, pollen assemblages clearly distinguish the different types of forests that
have produced them. Associated Symphonia globulifera, Uapaca, Hallea, Dacryodes,
Anthostema, Dialium, Plagiostyles, and Sapotaceae, characterize the dry semi-
evergreen forest of Mayombe both in vegetation and corresponding modern
pollen rain. Accordingly, the semi-evergreen forests south of the equator appear
palynologically distinct from the same vegetation unit mapped north of the
equator in Cameroon (sites Q and E, Figure 5.2), including Kandara. Possible
explanations for such differences may be found in the long-term geological history
and (or) in the differential ecological requirements and threshold climatic limits of the
various forest trees. More investigation of this disparity is needed.
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5.3.5 Swamp forest

Preliminary information about modern pollen rain from the inundated evergreen
swamp forests of Central Congo was provided by three samples collected within the
Guibourtia demeusii (Caesalpiniaceae) dominated association. Located in the central
Congo Basin below 400 m a.s.1. in elevation (1°34”N, 17°30”E), the area receives more
than 1,600 mm yr~' of precipitation with a very short dry season. The results show
that AP again ranges from 75 to 90%. Pollen assemblages are dominated by Lophira
(up to 60% in one sample), followed by Guibourtia, Alchornea, Macaranga, Uapaca,
Combretaceae, and Myrianthus, in addition to a few pteridophyte spores. These
pollen assemblages are different from those collected from the hygrophilous
evergreen forest of Cameroon and from any types of the semi-evergreen drier
peripheral forest (Elenga, 1992).

5.3.6 Summary: Modern pollen rain

The pioneering studies summarized in this chapter represent significant progress in
understanding modern pollen rain in tropical Africa and its relationship with the
vegetation. First, a clear positive relationship between abundance of tree cover and
tree pollen has been established for tropical forests. Second, major (evergreen, semi-
evergreen and mixed) and secondary vegetation units have been found to be reflected
in the pollen rain produced. Third, taxa can be over-, under-, or equally-represented in
the pollen rain relative to abundance in the vegetation. In conclusion, differences in
pollen (taxa composition and abundance) can be used to recognize the vegetation
units and sub-units within the Guineo-Congolian rainforest, despite the lack of pollen
representation of some dominant trees. Although not covering continuous climatic
gradients, the results discussed bear critical information for interpreting fossil pollen
data from the region. Extracting individual or associated pollen markers for all the
vegetation units within the rainforest, however, requires additional and more homo-
genously distributed samples before being statistically valid. A complete inventory of
forest types is essential because of the high diversity of rainforests. Collecting along
two distinct transects—one from south to north crossing the equator to address the
climatic influence of the Intertropical Convergence Zone (ITCZ) (Haug, 2001), the
other from west to east, to address inland monsoon penetration—would be most
valuable. This section has shown that modern pollen from the rainforest can be
studied in the same way as pollen from other forests in the world.

5.4 QUATERNARY HISTORY

Despite recent progress and new fossil pollen sequences obtained by coring swamps
and lakes in Africa, paleoenvironmental reconstructions for all of the vegetation units
described in Section 5.2 has not yet been achieved. The key fossil pollen records
published to date are reviewed here in chronological order, starting with the last
glacial period, and then discussing the last ¢. 10,000 years (Holocene). The list of sites
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Table 5.1. List of fossil pollen sites located within the African lowland rainforest.

Sites Coordinates Elevation | Rainfall Authors

(m) (mmyr~')
Barombi Mbo | 4°67'N, 09°40'E | 300 2,400 Maley and Brenac (1998),
Mboandong 4°30'N, 09°20’E | 120 2,400 Richards (1986)
Ossa (OW4) 3°40'N, 10°05'E 8 2,950 Reynaud-Farrera et al. (1996)
Kamalete 0°43'S, 11°46'E | 350 1,500 Ngomanda et al. (2005)
Bilanko 3°31'S, 15°21'E | 600 1,500 Elenga et al. (1991)
Sinnda 3°50'S, 12°48'E | 130 1,100 Vincens et al. (1994, 1998)
Coraf 4°00’S, 11°00'E 0 1,260 Elenga et al. (1992)
Kitina 4°15'S, 11°59’E | 150 1,500 Elenga et al. (1996)
Ngamakala 4°04'S, 15°23'E | 400 1,300 Elenga et al. (1994)
Songolo 4°46'S, 11°52'E 5 1,260 Elenga et al. (2001)

where fossil pollen records are available is given in Table 5.1 and Figure 5.1. Evidence
for climate changes based upon other sources of information—such as lake sediments,
paleosols, stable isotopes, phytoliths, and diatoms—has been summarized in
Battarbee (2004).

5.4.1 Ice age record

Marine sediments have provided pollen data related to vegetation change on the
African continent. The ocean sediment sequences have the great advantage of
providing land—sea linkage on a straightforward isotopic chronology (Bengo and
Maley, 1991; Dupont and Wienelt, 1996; Dupont and Behling, 2006). Indeed,
marine records are the only source of information for older geological time
periods (see Chapter 1). However, interpretation of terrestrial vegetation change
from pollen assemblages obtained from ocean sediments is often challenging
because: (i) material is collected from a wide source area that usually encompasses
multiple terrestrial vegetation types, and (ii) ocean currents, and other transport
mechanisms, create biases in the type of pollen deposited (i.e. wind dispersed taxa
are often over-represented). Therefore, to gain the best possible insight into
terrestrial vegetation change, a more detailed picture can be obtained by
examining lake sediments. Here, we will discuss the oldest continental evidence
provided by lacustrine pollen sequences. Lake records span the last 30,000 years
including part of the last glacial period (ice age) and its maximum in the Last
Glacial Maximum (LGM).

The ice age record for African tropical lowland forests is known from two sites:
Barombi Mbo within a forested region of Cameroon (Maley and Brenac, 1998) and
Ngamakala within secondary grassland nearby the Congo River (Elenga, 1994). A
third record, from Lake Bosumtwi, West Africa, remains poorly documented through
a preliminary pollen diagram (Maley, 1991). Except for Celtis and Olea the published
Bosumtwi pollen record does not contain any detail about the forest composition.
Although the Bosumtwi record is informative about the lowland rainforest along the
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Guinean gulf, this review does not include it. A long core spanning the last 1.1 Myr
was raised from Bosumtwi in 2004 (Koerbel et al., 2007). Key findings from physical
and geochemical proxies already analyzed from Bosumtwi are that: (i) laminations
within the sediments were deposited in response to seasonal cycles for at least the
upper portion of the core (Shanahan et al., 2008), and (ii) there was a pronounced arid
event between 135,000 and 75,000 years ago (Scholtz et al., 2007). Finer-scale fluctua-
tions were thought to reflect global climate change such as Heinrich events during the
last glacial period (Peck et al., 2004), and variation in the West African monsoon
during the Late Holocene (Shanahan et al., 2009). Initial pollen analysis from the new
Bosumtwi cores indicates the last glacial period was dominated by savanna eco-
systems and that during the Holocene highly diverse, and dynamic, woodlands
dominated the regional landscape (W.D. Gosling pers. commun.). It is anticipated
that the first fossil pollen record from the new Bosumtwi cores will be published early
in 2011 which will provide new insight into the responsiveness of West African
vegetation to past climate change.

5.4.1.1 Barombi Mbo, evergreen and semi-evergreen forests (Cameroon)

North of the equator, the small crater lake Barombi Mbo (“Mbo” meaning lake in
the local language) (4°40”N, 9°24"E) is located 15km north of Mount Cameroon
and 50 km inland of the Atlantic coast. Core BM-6 recovered from the deepest part
of the lake (Maley, 1990) yields a remarkably complete record for the last 32,000
years (27 '*C kyr Bp), including the LGM. The lake is situated at low elevation (300 m
a.s.l.) and is presently surrounded by forest. The crater lies within the wide belt of
lowland evergreen Biafran forest dominated by Caesalpiniaceae bordered by two
large bands of semi-evergreen forest. Patches of semi-evergreen forest occupy
areas under the rain shadow of Mount Cameroon, which causes a decrease in
precipitation and a reduction in the length of the rainy season. Lying within
Mount Cameroon’s rain shadow, Barombi Mbo receives 2,350mmyr71 with a
3-month dry season from December to February. This relatively low rainfall
contrasts with 9,000mm yr ' of windward (coastal) precipitation on the other side
of Mount Cameroon. Twelve accelerator mass spectroscopy (AMS) radiocarbon
dates reveal that the laminated sediments of the 23.5m BM-6 core were deposited
at a steady rate with no obvious hiatus (Giresse, 1991, 1994); an exceptional situation
for an African lake. In the pollen diagram each sample corresponds to a 1 cm thickness
of sediment averaging c. 10 to 15 years of deposition. Pollen analyses were made at
¢.200 year intervals in the Holocene, and ¢. 300 year intervals in the glacial period
(Maley and Brenac, 1998; Elenga, 2004). All the results discussed here follow the '*C
chronology provided by the authors.

At Barombi Mbo, the curve of total arboreal pollen (Figure 5.8) is interpreted as a
good estimate of the forest cover surrounding the lake; although material incorpo-
rated into the sediments is likely to integrate a much larger area. The Barombi Mbo
pollen record clearly shows that, during the last glacial period—from 27 to 10
¢ kyrBp (c.32-11.5kcalyrBP)—the area around the lake remained forested.
However, between 20 to 10 'C kyrBp (c.24-11.5kcalyrBp) the tree cover was
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Figure 5.8. Synthetic pollen diagram from core BM-6, Lake Barombi Mbo, Cameroon,
presented according to interpolated '*C ages (after Maley and Brenac, 1998) (% calculated
versus pollen sum including all identified taxa, excluding spores).

significantly reduced. Some fluctuations are depicted by the curve of total arboreal
pollen, which would have been less marked if aquatics (sedges) had been eliminated
from the pollen sum on which relative frequencies are calculated. High abundances of
sedges (aquatics illustrated in Figure 5.8) coincide with the LGM. Such peaks attest to
enlarged herbaceous wetlands (including grass) that occupied emerged land on the
shoreline. A probable explanation for wetland expansion is falling lake levels in
response to drier climatic conditions.

Glacial period and refuge hypothesis

Regarding the detailed pollen composition of the tree component, the last glacial
period can be subdivided into two distinct phases (Figure 5.9). During the first phase
from c.32-24 kcalyrBP, the total AP (c.80%) indicates a dense canopy cover
(Figure 5.8) which remained fairly stable throughout and included the highest fre-
quencies (7 to 10%) of the Caesalpiniaceae evergreen component. Out of the 150
identified pollen taxa, 20 different genera are included in the Caesalpiniaceae curve
(Maley and Brenac, 1998). Caesalpiniaceae species have been shown to be under-
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represented in modern pollen rain (Reynaud-Farrera, 1995; Section 5.3), suggesting
that between 32-24kcal yrBp they may have been a very important and diverse
component within the forest. Components of mature semi-evergreen forest such as
Sapotaceae (1 to 3%) (Elenga, 2004), were also present. Among markers of the
mountain forest, Podocarpus pollen was found at such low frequencies (<1.5%)
that it is unlikely that the trees occurred close to the lake. Today, Podocarpus is
present on Mount Koupe (2,050 m a.s.l.) and its fossil occurrence could well be
attributed to long-distance transport from this mountain. In marine cores, Podocarpus
pollen is quite abundant in sediment dating from the glacial period (Marret, 1999). In
contrast, the high abundance of Olea (> 10%) probably indicates the presence of trees
near the lake.

The Olea pollen curve shows a remarkable pattern through time. Firstly, Olea
increases from c¢.24 '*CkyrBp (28 kcalyrBP), reaching a maximum (30%) at
20 “CkyrBp (24 kcal yr BP), and then decreasing again to 5% at 17 *Ckyrsp
(c.20kcal yrBP). From 24 kcal yrBp to 20 kcal yrBp, the decreasing abundance of
Olea pollen is in good correspondence with the 4,000 yr duration of the LGM
chronozone placed between 23 kcal yr Bp and 19 kcal yr BP in marine records (Mix,
2001). Today, Olea capensis grows on Mount Cameroon at an elevation of 1,600 m
and much higher, such as in cloud forest. The abundance of Olea in the fossil pollen
record has been explained by the impact of stratiform clouds and associated fogs
produced by sea surface temperature cooling of the Atlantic (Maley, 1989; Maley and
Elenga, 1993). That such processes may have played a role cannot be ruled out.
Interestingly, the maximum of Olea percentages occurred slightly before the LGM
and corresponds to the timing of the Dansgaard—Oeschger event 2 (DO2) and the last
3'"*0 maximum of the Antartica Byrd ice core (Mix, 2001). The pollen/climate transfer
function in East Africa indicates a glacial continental cooling of 3 +2°C in the
tropical region (Bonnefille, 1990, 1992; Vincens, 1993)—a maximum value—since
the effect of lower carbon dioxide content of the atmosphere could not be taken into
account. Using the present day lapse rate, such an estimate corresponds to a 600 m
shift in elevation, much less than the 1,300 m necessary lowering for Olea to reach the
Barombi Mbo lowlands. Originally, tropical cooling was inferred from a significant
shift in altitudinal distribution of vegetation zones on East African mountains
(Flenley, 1979). The descent of vegetation on tropical mountains results from the
associated effects of both decreasing temperature and rainfall. The Barombi Mbo
record clearly demonstrates an individualistic movement of Olea into the lowland
vegetation during glacial time. The descent of Olea cannot be attributed to lower
carbon dioxide concentration because, as a C; plant, it should remain relatively
unaffected. A 3°C cooling at the Barombi Mbo suggests a mean annual temperature
of ¢.21°C (24 — 3 = 21°C); a value above the 18°C threshold for tropical highland
forests in India (Bonnefille, 1999; Barboni and Bonnefille, 2001), and above the 15°C
threshold used to define the tropical biome (Prentice, 1992). Under such conditions,
Olea could reach the lowland rainforest where other tropical trees remained. The
pattern shown by the Olea curve in the Barombi Mbo fossil record provides a good
example of how plants individualistically responded to climatic changes. Significant
rainfall decrease, during glacial time at the equatorial latitude, was estimated around
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20 to 30% of the present value (Bonnefille, 1990; Bonnefille and Chalie, 2000).
Applying this estimate at Barombi Mbo leaves enough precipitation (1,500
mmyr ') to maintain a forest cover, during the glacial period, prior to the LGM.

During the second phase of the glacial period (24-11.5kcal yrBp), total AP
dropped with decreasing abundance of typical Biafran evergreen forest taxa,
whereas semi-evergreen components—such as Celtis and Antiaris (Moraceae)—
become more abundant, although their pollen frequencies show large fluctuations.
Lowland species of Strombosia, Flacourtiaceae, Sapotaceae, Antiaris, Hymenostegia
(Caesalpiniaceae), Berlinia, and other Caesalpiniaceae are still present, but decreased
significantly (Maley and Brenac, 1998). Isotopic studies from the same core point to
an increased proportion of C4 grasses, likely favored by low CO, concentration of the
global atmosphere at that time (Giresse, 1994). The increase in grass pollen does not
overlap the Olea phase (29-22 kcal yr BP), but follows it, becoming more abundant
between 24kcalyrBp and 11.5kcalyrBp, synchronously with the increase in
Cyperaceae (Figure 5.9). The different patterns of the Poaceae and the Cyperaceae
curves may indicate that the peak of Poaceaec is not related to subaquatic grasses, but
rather come from open grassland inside the forest. Pollen/biome reconstruction at
22 kcal yr BP emphasized the replacement of rainforest by a tropical seasonal forest
(Elenga, 2000c). However, during the minimum extent of forest which lasted 5,000
years (24—19 kcal yr BP), two sharp increases in tree cover are observed. They attest
that forests expanded significantly during glacial time, although fluctuations in tree
pollen percentages would have been minimized by excluding Cyperaceae from the
pollen sum in the calculation of relative percentages. The maximum of grass pollen
associated with the greatest opening of the forest is dated at 18 kcal yr Bp, a radio-
carbon date that fits Heinrich Event H1 (Mix, 2001), and therefore occurred a long
time after the LGM. If the peak of Olea registers the maximum cooling and the peak of
grasses the maximum aridity, these were delayed by at least 5,000 years. Aridity and
cooling were decoupled and a complex pattern of forest dynamics is evidenced during
the glacial period when the climatic impact of the two Heinrich Events, H1 and H2,
affected the lowland rainforest at Barombi Mbo. Nevertheless, rainforest appears very
sensitive to global climatic changes. While considering the high topography of Mount
Cameroon and the high precipitation gradient, a great variety of climatic conditions
must have prevailed in the region in the past, just as it does today. During glacial time,
enough precipitation could have existed on the western slopes, allowing the persis-
tence of evergreen forests there at the same time as semi-evergreen forests at Barombi
Mbo, at the eastern base of Mount Cameroon. During glacial time, the coastal area
expanded as sea level fell and offered new opportunities for new land occupation.
Various forest refuges could have existed during glacial time and could be located on
direct evidence by means of new palynological studies, rather than postulated on
various hypotheses (Maley, 1996).

5.4.1.2 Ngamakala, savanna and semi-evergreen rainforest (Congo)

On the right bank of the Congo River, the small Ngamakala Lake (4°04"”S, 15°23"E,
400 m a.s.l.) is located at the southern end of the Bateke Plateau (Figure 5.1) where
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mesophilous, hygrophytic forests are related to humid edaphic conditions (Descoing,
1960). The lake—1 km wide—is now covered by Sphagnum (Sphagnaceae) and clumps
of trees of Alstonia boonei (Apocynaceae). It is surrounded by a wooded Loudetia
demeusei (Poaceae) savanna, with Pentaclethra (Mimosoideae) new growth (Makany,
1976). The results of pollen analysis of a 160 cm core show that, from ¢. 30-17 kcal BP,
the fossil pollen sequence was dominated by Sapotaceae and Syzygium (Figure 5.10).
With Fabaceae (Leguminosae) and Canthium, later identified among the unknown
(Elenga, 2004), percentages of tree pollen exceed 80%. This record clearly indicates a
forested environment during the glacial period. This forest was developed on a swamp
attested by the occurrence of aquatic plants—such as Xyris, Laurembergia, and the
floating Nymphea. The forest existing there during the last glacial period included
significant Fabaceae with Combretaceae, Alchornea, Campylospermum (Ochnaceae),
Cleistanthus (Euphorbiaceae), Canthium, and Celtis. Rare pollen of other trees—such
as Crudia gabonensis (Caesalpinioideae), Guibourtia, and Tetracera (Dilleniaceae)—
provide a link with modern surface samples of the central Congo Basin (Elenga, 1994).
But, except for Celtis and Sapotaceae, the glacial forest in southern Congo had no
floristic resemblance to that found at Barombi Mbo in Cameroon at the same time.
More specifically, the Ngamakala record does not show any of the highland taxa
pointing to cooler temperatures, as observed in the Cameroon record. The swamp
environment may not have been favorable to the growth of Olea, but the lack of
Podocarpus is more surprising. If Podocarpus had been present at mid-elevation on the
Bateke Plateau, its abundant pollen would have been blown away, and at least a few
grains found in the Ngamakala sediment. However, no valid conclusion can be drawn
until another glacial sequence from southern Congo confirms it. As in the Cameroon
record, variations within the relative abundance of the different trees are observed
during the glacial period, although masked by abundant Syzygium and Sapotaceae.
The Ngamakala core had a very low sedimentation rate with only an 80 cm thickness
of sediment deposited during the glacial interval (from 29 to 17 kcal BP), and con-
ventional dating is not accurate. The time resolution interval between adjacent
samples (350 years) is greater than that of Barombi Mbo and insufficient to address
short-term climatic variability during the glacial period. At Ngamakala, no significant
change at 24 kcal BP is clearly identified in the pollen diagram, although postulated
within a change of sediment. The minimum forest cover (60% AP) occurred at
¢. 17 kcal B when Sapotaceae and Syzygium decreased and Combretaceae reached
their maximum relative abundance. Although the conventional dates of the Ngama-
kala core have a great experimental error, the minimum tree cover at Ngamakala
appears synchronous with grass maximum frequencies at Barombi Mbo from which
maximum aridity has been inferred. Simultancous abundance of aquatic herbs,
among which Xyris and Nymphaea dominate, may be explained by a water depth
lower than 1 m. The Ngamakala record lacks evidence for cooler indicators, and
therefore the decoupled effect of coolness and aridity during glacial time is not yet
established for the southern tropics until further high-resolution pollen sequences are
provided.

Past vegetation history of the rainforest during glacial time is only documented at
two sites so far. It clearly indicates the persistence of two, well-diversified rainforests
of different composition on both sides of the equator.
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5.4.1.3 Bateke Plateau, savanna (Congo)

Bilanko

Located within the Bateke Plateau (600-800 m), the Bilanko site (3°31”S, 15°21"E,
700m a.s.l.) is a 10 km closed depression occupied by floating sedges and grass mats
with abundant Syzygium (Figure 5.1). Shrub savanna vegetation occupies sandy soil
in this region, characterized by 1,600 mm yr ! rainfall, 4 month dry season and 4 to
6°C seasonal temperature range. The 60 cm short core, recovered from the 4 m thick
peat deposit inside the depression, contained a wood fragment at the bottom that was
dated at 10,850 *C yr B, the top part of the core not being dated. Although the fossil
pollen composition was fairly diverse (103 pollen taxa), frequencies of Syzygium
pollen account for 90% of the total count, associated with a few trees of semi-
deciduous forest. This indicated the development of a Syzygium swamp at
Bilanko. The sediment of the core—yielding dated fossil wood—contained up to
30% Podocarpus pollen (Elenga, 1991). Podocarpus milanjianus does not occur in
the Congo Basin today, but it has been collected as isolated trees in the Chaillu
Mountains, in Gabon, at the same elevation as Bilanko. Although its pollen can be
transported over long distances, such high Podocarpus percentages imply the
proximity of abundant trees nearby Bilanko, suggesting cooler temperatures
during a time period corresponding to the Younger Dryas. Development of stratified
low clouds has been proposed to explain occurrences of mountain plants in the
lowlands (Maley and Elenga, 1993).

Bateke Plateau

Macrobotanical remains have been identified from two glacial-aged sites on the
Bateke Plateau (Figure 1; Dechamps, 1988a). At Gaganlingolo, 17km north of
Brazzaville (3°55”S, 15°10”E) root specimens older than 30 '*C kyrBp were tenta-
tively attributed to several species of Monopetalanthus (Caesalpiniaceae), with Grewia
(Tiliaceae) and Pterocarpus (Fabaceae). So many species of Monopetalanthus within a
small area is surprising and brings into question the validity of taxonomic identifica-
tions. Nevertheless, the fossil woods occurrence documents the presence of a forest in
the Congo Basin during the last glacial period on the right bank of the Congo River, in
a region now occupied by savanna. At Gambona (2°S, 16°E), a few hundred kilo-
meters north, closer to the Congo Basin, wood remains of the same age yielded a more
mixed assemblage including components of open woodland—such as Nauclea latifolia
(Rubiaceae)—and evergreen forest components—such as Detarium senegalense
(Caesalpiniaceae), Connarus griffonianus (Connaraceae), and Brachystegia.

The recovery of fossil wood at sites many kilometers apart attests to a certain
geographical extension of the rainforest on land along the Congo River during the
LGM. Fossil wood of Podocarpus was not found in these terrestrial deposits dated
prior to the LGM, although its pollen was abundant in marine cores off the Congo
coast (Jahns, 1996). Transported pollen from rainforest was indeed less important
during the LGM than during stages 3 and 4 of the glacial period, but they showed their
minimum percentages during stages 5b (90 kyrBP) and 5d (110kyrBp) of the last
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interglacial, which cannot possibly be attributed to a lower CO, content of the
atmosphere.

5.4.2 Holocene record

In west Central Africa, the past history of lowland forests for the last 10,000 years is
recorded in a total of 10 fossil pollen sequences located between 5°N and 5°S latitude:
Barombi Mbo, Mboandong, Ossa, Kamalete, Ngamaka, Sinnda, Bilanko, Kitina,
Coraf, and Songolo (Figure 5.1). However, except for Barombi Mbo, most pollen
records remain incomplete, discontinuous, and poorly dated. The persistence of rich,
diversified forests until the last few thousand years, evidence for several drastic forest
declines, use of oil palm accompanying (or not accompanying) Iron Age civilizations,
and the Bantu expansion in Africa will be discussed in this section.

5.4.2.1 Sites located north of the equator

Barombi Mbo evergreen and semi-evergreen forests (Cameroon)

The pollen sequence from the Barombi Mbo core, yielding a record for the last glacial
period discussed above, also contains one of the most complete records for the last
10,000 years (Figure 5.9). In this sequence the maximum of tree pollen abundance
started around 11.5kcal yr BP and remained constant until 2.5 kcal yr Bp, with more
than 90% AP indicating a dense tree canopy cover. Olea frequencies lower than 2%
indicate that the tree had progressively disappeared from the surroundings of the lake
since the beginning of the Holocene. Dominated by pioneer trees (Mallotus,
Macaranga, Musanga, and Alchornea), and decreasing occurrences of Antiaris, the
Holocene forest contained more Euphorbiaceae and fewer Caesalpiniaceae than the
forest existing during the glacial period. The three types of forests occurring in the area
today were already in place. The Biafran wet evergreen forest is evident from the
presence of Klainedoxa, Trichoscypha, and Connaraceae, the coastal forest by
Lophira/Saccoglottis and Pycnanthus, the dry evergreen/semi-evergreen forest by
Milicia, Celtis, Nauclea, and Uapaca. The Biafran evergreen forest elements
already existed during the glacial period but appear more diversified during the
Holocene with greater abundance of Klainedoxa (Irvingiaceae), Trichoscypha
(Anacardiaceae), Diospyros, and Connaraceae. However, there were fewer Caesalpi-
niaceae during the Holocene than between 31 and 24 kcal yr Bp. The forest succession
started at 14.7 kcal yr BP with abrupt increases of Macaranga, then Mallotus, followed
by that of Milicia (Moraceae) which culminate around 11.5kcalyrBp. Alchornea
reached its first peak at c.9kcalyrBp. Such a progressive trend of forest took
more than 2.5kcal yr BP to be fully established. Although forest increase may have
been triggered by increasing monsoon rains, it cannot be qualified as an abrupt onset.
Higher resolution pollen analysis for this interesting transition period would have
allowed a valuable comparison with the fine-resolution isotopic record obtained from
the same core (Giresse, 1994). During the Holocene, several fluctuations in the pollen
percentages of various components are evident (Figure 5.9)—such as decreasing
trends of Klainedoxa and Mallotus, and an increasing trend for Musanga. But, the
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¢.200 yr sampling interval of the pollen record remains too large to interpret these
variations in terms of the vegetation dynamic under climatic variability attested by
global changes. The strongest change depicted by the available data occurred around
3 kcal yrBp when most components of the Biafran evergreen decreased or totally
disappeared, while pioneers—such as Musanga—increased significantly. The sharp
40% peak of Poaceae attests to a short phase of open savanna around 2.5 kcal yr BP.
At that time, the increase in grass pollen was not accompanied by that of Cyperaceae,
having almost disappeared during the Holocene when the lake was high and its shore
immediately surrounded by forest. This is an indication that grasses may have
developed inside forest openings rather than along the shoreline itself. To what
extent this savanna phase is the result of human deforestation or of significant
climatic aridity will be discussed later.

Ossa, hygrophilous evergreen forest (Cameroon)

The shallow Lake Ossa (7 m depth during wet season) is located a few kilometers to
the west of the Sanaga River within the Lophira/Saccoglottis hygrophilous evergreen
forest (Figure 5.1). Elaeis guineense and Hevea brasiliensis plantations have been
recently established on the western shoreline of the lake. The region is characterized
by high rainfall—c.3,000mmyr '—with a long rainy season from March to
November followed by a short dry season from December to February (Nguestop,
2004). Of the three cores recovered from Lake Ossa, one with a basal age of
c. 10kcalyrBP shows reversed dates that indicate perturbed deposition, although
the pollen indicates the presence of a well-diversified Caesalpiniaceae forest well-
established around the lake since that date (Reynaud-Farrera, 1995). Another 5m
core OW 4 (3°48”N, 10°01”E, at 8 m a.s.1.), collected from the western side, provided
an accurately dated pollen sequence for the last 5.5 kcal yr Bp. The pollen data include
high percentages of sedges (Cyperaceae) reaching up to 50% of the total count, these
perhaps due to the proximity of the river drainage, the shallowness of the lake, and
associated land partially emerged during the dry season. The exclusion of Cyperaceae,
as well as that of fern spores, from the total pollen sum for calculating percentages of
other forest components is justified by the local context (Renaud-Farrera, 1996). The
Poaceae were kept in the pollen sum, although some may belong to local edaphic
wetlands. Poaceae reached 15% at most and, except around 2.8 kcal yr BP, their stable
percentages would not have strongly influenced variations in other elements
(Figure 5.11).

The Ossa pollen diagram clearly indicates the persistence of an evergreen forest
(AP percentages >75%) in the region throughout the last 5.5 kcalyrBp. Forest
composition around Lake Ossa differs significantly from that around Barombi
during the same period (Renaud-Farrera, 1996). Two distinct periods of forest
development could be individualized, separated by an abrupt change at
c.2.85kcal yrBp, in surprisingly good correspondence with the limit between sub-
boreal and sub-Atlantic palynological subdivisions in Europe (Van Geel et al., 1998).
From 5.5 to 2.8 kcal yr BP, forest composition is marked by the predominance of
Caesalpiniaceae, Sapotaceae, and Martretia (Euphorbiaceae), associated with few
Lophira and Saccoglottis—good markers of wet evergreen forest. Pollen input from
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highland forest is evident from low percentages of Podocarpus and Olea (<5%),
whereas the deciduous Celtis, Holoptolea, and Piptadeniastrum indicate a mixed semi-
evergreen influence. From 2.8 kcal yr BP to the last century, Alchornea, Macaranga,
and then Elaeis increased significantly, while the evergreen components decreased.
Although these taxa have been considered as pioneer heliophytics, it is unlikely that
such strong changes in tree composition can be attributed to human impact. Earlier
settlements in the Lake Ossa catchment have been dated at a much younger period,
between 0.7 and 0.5kcalyrBp (Wirrmann and Elouga, 1998). From 5.5 to
2.8 kcal yr BP, vegetation changes reflect climatic changes that may be looked for
within the distribution pattern of the rainfall, rather than within its total amount.
Vegetation change appears in fairly good agreement with interpretation of the mineral
composition of the sediment. High influxes of orthoclase feldspar have been inter-
preted as an indication of higher precipitation than today (Wirmann, 2001). However,
a contradictory interpretation of less rainfall, but high water level—indicating an
excess of precipitation versus evapo-transpiration—was supported by a hydrological
model based upon diatom studies (Nguestop, 2004). Interesting variability, docu-
mented by the 50yr resolution of diatom analysis, is not depicted in the pollen
diagram provided at ¢.200 yr resolution only. Unfortunately the different sampling
resolution prevents further comparison between the diatoms and pollen. Between 2.2
and 2 kcal yr BP, complementary pollen counts (not illustrated here) showed another
Poaceae increase synchronous with a significant input of Sahara dust that also
contained allochthonous diatoms, attesting the stronger influence of the north
trade winds and subsequent drier conditions (Nguestop, 2004). Although the wet
evergreen forest was maintained, its pollen composition changed significantly
throughout the last 5,000 years. To what extent such changes could be attributed
to variability in the precipitation regime can be solved by performing finer resolution
pollen analyses. The Caesalpiniaceae evergreen forest around Lake Ossa appears to
have been re-established in its present composition c. 1,000 years ago. This interesting,
well-dated Lake Ossa sequence with its high deposition rate deserves further analysis.

Mboandong, evergreen wet and semi-evergreen (Cameroon)

From Lake Mboandong, (4°30”N, 9°20”E, 120m a.s.l.) located close to Barombi
Mbo (Figure 5.1), a 13 m long sediment core was recovered and provides a basal age of
6.8 kcalyrBp (Richards, 1986). Although preliminary, the pollen diagram shows
interesting, highly diversified forest taxa throughout this period until the present
day. Many tree pollen taxa have been identified, compared with just a few from
herbaceous plants. The majority of pollen comes from components of the evergreen
forest. High pollen percentages were from Alchornea cordifolia, an understorey tree,
not specific to evergreen forest. Although there are indisputable variations in relative
percentages from the Caesalpiniaceae, Euphorbiaceae, Macaranga, Uapaca, Pyc-
nanthus, Moraceae, Celtis, Lophira, and Uncaria during the past 5,000 years, the
author did not attribute them to ecological or climatic changes. The event recorded at
c.2.5kcal yrBp —interpreted as an indication of human impact—is discussed in
Section 5.4.4 concerning the oil palm.
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5.4.2.2 Sites located south of the equator

Coastal Congo, evergreen forest

The sandy coastal plain, north of Pointe Noire, is now occupied by a Loudetia (grass)
savanna with Manilkara lacera (Sapotaceae). In situ fossil wood trunks with roots
have been discovered included in a humic podzol bed (4°00”S, 11°45"E, Figure 5.1)
that spans 7.4 to 4 kcal yr BP (Schwartz, 1990). The fossil wood specimens themselves
have provided dates within the same time interval. Among the 117 collected
specimens, a total of 20 species have been identified. These include Saccoglottis
gabonenesis, Agelaea sp. (Connaraceae) and Jundea cf. pinnata (Connaraceae), Uvar-
iopsis angolana (Annonaceae), Cassipourea barteri, C. sp. (Rhizophoraceae), Dicra-
nolepis sp. (Thymeleaceae), Dictyandra arborescens (Rubiaceae), Grewia sp.,
Neuropeltis acuminata (Convolvulaceae), Rinorea cf. gracilipes (Violaceae),
Combretum sp. (Combretaceae), Rheedia (Clusiaceae), and an unknown legume
(possibly Anthanotha according to Dechamps, 1988b). Many species of Monopeta-
lanthus (M. microphyllus, M. pellegrinii, M. letestui, and M. durandii), among the
Caesalpiniaceae, indicate that a moist evergreen Caesalpiniaceae forest existed along
the coastal plain for 3,000 years c.6.8 to 3kcalyrBp. The forest was diverse and,
according to the authors, resembles the evergreen forest described in Mount Cristal in
Gabon. Fossil wood remains indicate that the moist evergreen coastal forest, now
observed in Gabon, occurred 500 km south of its present southern limit between 7.4
and 3 kcal yrBp, and therefore had a greater southern extension. The taphonomic
conditions of preserved fossil wood—such as standing trunks in the living position—
tend to indicate that the Caesalpiniaceae forest had disappeared suddenly from the
coastal region of Congo and that such a disappearance was not due to human
deforestation. The coastal Congo region receives 1,200 mmyrf1 of rainfall and
experiences a 5 month dry season. There is a great contrast in seasonal temperature
due to the proximity of cold oceanic upwelling offshore. The existence of a moist
evergreen forest implies a greater rainfall (at least 2,000mmyr ') or a shorter dry
season. Its disappearance post-4kcal yr BP suggests strong changes in climatic or
edaphic coastline conditions (Schwartz, 1992).

Two pollen sequences extracted from nearby depressions complete the Holocene
vegetation history of southern Congo. The Coraf pollen sequence (4°15”S, 11°59"E,
150 m a.s.l.) located nearby the fossil wood site (Figure 5.1) was extracted from peat
deposited inside a white sandhorizon, and dated from 3 to 0.95kcalyrBp. It
documents a swamp forest progressively decreasing toward a modern savanna.
The forest decrease was interrupted by a minor Syzygium/Combretaceae/Tetracera
forest phase, dated around 1.4 kcal yr Bp. No sign of an abrupt forest decline around
2.5kcal yrBp was observed at Coraf, such as that in Cameroon, but the core was
poorly sampled within that interval (Elenga,1992).

On the Atlantic coast, north of Pointe Noire, the Songolo pollen sequence S2
(4°45”S, 11°51”E, 5m a.s.l, 1,260mmyr ' rainfall)—dated to 7.5kcal yrBP at its
base—indicates a well-developed Rhizophora mangrove, following the marine trans-
gression at 10kcalyrBp. The mangrove was associated with a swamp forest
dominated by Symphonia globulifera, Hallea, and Uapaca. Humid conditions
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required for the development of swamp forest are confirmed by &'°C values on total
organic matter. There are significant and well-dated changes depicted in the miner-
alogical analysis of this core. These have no equivalent in the pollen data illustrating
the coastal swamp forest, but the resolution of the pollen study is too low. The swamp
forest persisted until ¢. 3.6 kcal yr BP, when sedges, palms, and ferns became dominant
(Elenga, 2001).

In summary, during the Holocene, the coastal plain of southern Congo was
occupied by two different types of forests: a highly diversified Caesalpiniaceae
forest documented by fossil woods, and more localized swamp forests and
mangrove since at least ¢.7kcalyrBp. The forests persisted until 3kcal yrBP,
clearly indicating higher humidity or precipitation than present between 7 and
3kcalyrBp. The pattern of forest disappearance from the area remains unsolved
and variations in sea levels should be considered. But the discrepancies in dating
really preclude definitive identification of a widespread event at 4kcalyrBp as
suggested by Marchant and Hooghiemstra (2004). A rather more complicated
pattern seems to emerge, which needs comparison of fossil data at the same resolution
interval with firmly established short-term Holocene climatic variability. Neverthe-
less, coastal grassland in the Congo seems to have been established only after
3 kcal yr 8P, and was interrupted by a minor forest increase again at ¢. 1.4 kcal yr Bp.

Mayombe, evergreen transitional forests

Evergreen transitional forests dominated by Meliaceae, Fabaceae, and Irvingiaceae
with a great diversity of representatives from other families occupy the Mayombe
Massif today (Descoings, 1976; Cusset, 1987). On the western slope of the Mayombe,
Lake Kitina (4°15”S, 11°59”E, 150 m asl) is located in a valley which receives about
1,500 mmyr ! of rainfall and experiences a 4 month dry season with heavy cloud
cover. The lake is surrounded by swamp vegetation with Cyperus papyrus,
Anchomanes (Araceae), ferns, and a few trees—such as Alstonia and Alchornea—
followed by a swamp forest including Uapaca (Euphorbiaceae), Santiria (Bursera-
ceae), and Memycelon (Melastomataceae). A transitional semi-evergreen dry forest—
with Dacryodes, Klainedoxa gabonensis (Ixonanthaceae), Piptadenia (Fabaceae),
Plagiostyles africana (Euphorbiaceae), Anthostema (Euphorbiaceae), and Sapota-
ceae—is developed on the slopes (Elenga, 1996). The Holocene pollen record is
dated 5460+70'“Cyrsp at a 620cm depth (Figure 5.12). From 5.5 to
2.7"Cyrep, the synthetic pollen diagram indicates two, well-developed forest
associations: one from dry land (Dacryodes (Burseraceae), Martretia (Euphorbia-
ceae), and Anopyxis (Rhizophoraceae), the other from swamp (Syzygium, Hallea, and
Anthostema). Between 2.7 and 1.3 *CyrBp, four AMS dates within a 40 cm depth
interval demonstrate a very low sedimentation rate (or perhaps a discontinuity).
During that interval—which lasted almost 1.4 kyr—significant changes occurred.
First, a sharp and important increase in dry land forest (40%) accompanied by a
significant increase in amorphous silica (Bertaux, 1996) shows that Lake Kitina
partially dried out. The successive increases in pioneers (Macaranga and
Alchornea), associated ferns, and Poaceae (c.10%) indicate a greater extent of
swampy conditions contemporaneous with the appearance of FElaeis guineense.
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Although these pollen changes appear depicted as an abrupt 2.7 Hc yr BP event,
several episodes of reduced lake level are shown by the lithology (Figure 5.12).
No detailed modifications of pollen taxa composition have been provided for docu-
menting the effect of aridity on the composition of the forest. There is no evidence for
human impact either (Elenga, 1996). The return to humid conditions after
1.3"CyrBp is attested by swamp forest pollen rather than a decrease in dry land
forest. However, pollen from dry land forest increased again at 0.5 '*Cyrsp. The
Kitina diagram clearly indicates that the composition of the Mayombe forest is
recent—no older than 500 years at most.

Niari Valley, grasslands

The geographical location of Lake Sinnda (3°50”S, 12°48”E, 128 m a.s.l.)—inside a
large band of wooded grassland separating the two massifs of Mayombe and Chaillu
within the dry semi-evergreen forest to the south—is particularly interesting for
addressing the origin of included grassland (Figure 5.1). Here, mean annual
rainfall is about 1,100 mmyr~' with a 5 month dry season from mid-May to mid-
October. Two well-dated cores analyzed for both pollen (Vincens, 1994) and
phytoliths (Alexandre, 1997) provide evidence for a well-diversified dense forest

existing from 5,240 +70 to 3,990+ 70 "*Cyrsp (Figure 5.12) with little impact of
pollen from grasslands (Vincens, 1998; Figure 5.6). Dominated by Chlorophora
(Moraceae), Alchornea, Celtis, Pausinystalia (Rubiaceae), Macaranga, and Lannea
(Anacardiaceae), and a great variety of taxa, the fossil pollen indicates a semi-
evergreen (semi-deciduous) forest. Noticeable changes occurred later on. Phoenix,
Myrianthus, and ferns are well-represented before 5 '*CyrBp whereas Celris—asso-
ciated with Caesalpiniaceae, Fabaceae, and many Euphorbiaceae—increased at about
4.5"Cyrsp. But, the most obvious change observed at Sinnda is situated in the
interval between ¢. 4 and 1.2 '*C yr Bp when a strong gap is registered in the sedimenta-
tion of the core. After that gap, pollen assemblages, dominated by grasses and sedges,
evidence greater development of marshes, now existing at the northeast end of the
lake. The forest was considerably impoverished in taxa, although Ulmaceae
(Holoptolea, Trema, and Celtis) and Chlorophora accompanied the Alchornea, a
tree still present on the steep shores of the lake. The abrupt character of such a
change may be an artefact of the 2,000-year lack of sedimentation, likely correspond-
ing to an arid period when Lake Sinnda (4 m deep) dried out. Many forest trees
disappeared during that interval. Although this is the most obvious post-4 e kyrBP
change observed in the region, the fact that the lake is shallow and located at the
ecological limit for forest growth with a long dry season, would have amplified the
effect of climatic change. Positive evidence for forest changes is missing. A second core
in the central part of the lake contains black organic layers with abundant plant
remains indicating that two subsequent drying phases occurred: one at 4.5 '*Ckyr Bp
followed by another post-1.7 4CkyrBP. An increase in tree forest taxa (AP > 40%) at
the upper part of the core, dated 650 =60 '*CyrBp, points to a recovery of the
forest nearby. The pollen curve of the possibly cultivated Elaeis guineense became
significant only during the last 600 years, probably linked to possible settlement
by Bantu-speaking, proto-agricultural people (Schwartz, 1992). Charcoal dated
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2,130 £70 14CyrBP, on the Bateke Plateau, and 1,600 14CyrBP in Mayombe
clearly support the long use of fire in the region (Schwartz, 1990). A date of
1,350 £ 70 14CyrBP obtained on burned specimens of Erythrophleum suaveloens
(Caesalpiniaceae)—an ubiquitous tree, used by local people for its toxic alkaloids
and extracted from archeological sites—confirms human fire usage in Mayombe
(Dechamps, 1988b). From the Sinnda record itself, it cannot be established
precisely when (between 4 and 1.2'*CkyrBp) the savanna spread in the Niari
Valley, but grasslands are present once fire is introduced.

Close to the Congo River, grassland/semi-evergreen forests

Near the right bank of the Congo River three cores were recovered from the
Ngamakala pond (4°04”S, 15°23"E, 400 m a.s.l.) which yielded records from the
glacial period (see above). None of them yielded a complete Holocene sequence.
In one core, there is only 20 cm of sediment deposited between the two conventional
radiocarbon dates of 10,880 % 160 and 3,940 & 130 '“C yr BP (Elenga, 1994). Their
pollen content corresponds to a Syzygium/Sapotaceae swamp forest, but accurate age
determination is not available. Another core provided a 1 m thick accumulation of
peat deposited between ¢. 3 and 1 '*C kyr B, attesting to the retreat of swamp forest at
the expense of grasslands during that interval. A significant expansion of swamp
Syzygium forest re-occupied the pond again at 930 & 140 '*C yr Bp. Although far from
being complete, the succession of forest associations nearby the Congo River empha-
sizes many successive stepped changes during the Holocene. Among those the opening
of the forest at Ngamakala is sharply registered at c. 3.3 e kyrBP. However, this
cannot be considered synchronous with any of the previously discussed events at 4 or
2.5 Ckyrsp.

5.4.3 History of the rainforest during the last 5,000 years

During the last 5,000 years the evolution and dynamics of the rainforest forced by
climatic changes appear rather complicated. Apparently, they do not depict the same
pattern north and south of the equator, but the lower Holocene record is missing (or
discontinuous) at all the sites except at Barombi Mbo in Cameroon. There, the
depicted changes indicate significant climatic variability during the Holocene, but
there is no clear identification of an “African humid period” prior to 6 kcal yr Bp. At
most sites, negative evidence and lack of sedimentation during the early Holocene may
indicate drier climatic conditions. Hence the status of rainforest existence at that time
and its composition remains unknown. The results summarized here firmly establish
that evergreen and semi-evergreen rainforests persisted between 6 and ¢. 3 kcal yr Bp at
all of the nine investigated sites (Vincens et al., 2010). Slightly before or after
3 kcal yr BP major vegetation changes are documented (Vincens, 1999). Because of
discrepancies in the resolution of the analysis it is not clear, however, whether these
changes reflect several short-term episodes of climatic variability at a millennial
scale, concerning seasonal distribution of rainfall, or a longer single event. One
major vegetation change documented in the Cameroon sites is well-bracketed
between c¢. 2.8 and 2.2kcal yr Bp. Elsewhere, more attention needs to be paid to
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their chronological control (Russell et al., 2003). Discrepancies in the stratigraphy,
gaps in the sedimentation, different time resolutions of pollen data, as well as local
climatic conditions relevant to length of the dry season, prevent the correlation of
changes at all the sites within a single event. The proximity of a lake or rivers could
maintain edaphic forests. Although a reduction in the hydrological budget and
lowered lake levels have been documented by geological studies (Servant and
Servant-Vildary, 2000), Late Holocene aridity was not an irreversible climatic
event. Many sites indicate the return of wetter conditions during the last millennium,
creating favorable conditions for a new forest expansion between 0.9 and 0.6 kcal yr BP
(Vincens, 1996a, b; Elenga, 2004).

On the other hand, the synchronous expansion of grasslands at ¢. 2.2 kcal yr BP in
the lowlands, on the eastern side of Mount Cameroon, nearby lakes Barombi Mbo
(Maley, 1992), Mboandong (Richards, 1986), and Ossa (Reynaud-Farrera,, 1996), in
the northern tropics, is in good correspondence with the Iron Age. However, whether
such expansion was climatically controlled or human-induced does not reach a
consensus among different specialists and remains a matter of speculation (Maley,
1992; Schwartz, 1992). High-resolution diatom analysis of the Ossa core provides new,
interesting data for the climatic interpretation of that event. In striking correspond-
ence with the 2.7kcal yrBP North Atlantic cold event (Bond, 1997), in Africa an
increase in lake level and rainfall is bracketed by two strong amplitude shifts towards
drier conditions. The first was interpreted as a decrease in rainfall. The second lasted a
few hundred years when a decrease in water level, and stronger input of allochthonous
diatoms transported from Lake Chad, indicate reinforced northern winds responsible
for stronger aridity between 2.3 and 2kcal yr Bp. The high-amplitude oscillations
registered at Ossa suggest that a further high-resolution study of the nearby
Bambili Lake, located at higher elevation (Stager and Anfang-Stutter, 1999),
would be worthwhile. Synchronous vegetation change between a Caesalpiniaceae/
Lophira-dominated forest before 2.5 kcal yr BP replaced by an Alchornea/ Macaranga
open forest after 2.3 kcal yr BP could well be explained by an increased length in the
dry season and possible effect of low subsidence and storms following movement of
the ITCZ (Nguestop, 2004). Such an interesting hypothesis might receive more
support when higher resolution pollen data have been obtained. An increased propor-
tion of Elaeis guineense (oil palm) in the Ossa pollen record occurred simultaneously,
which brings to the fore the fact that several dry episodes—also expressed at Kitina
and Sinnda—created consecutive openings through the equatorial forest. These gaps
offered a possible direct route for the Bantu migrations from Cameroon to the south.

A recent study from southern Cameroon provides a high-resolution pollen
sequence spanning the interval 3.1 to 2.35kcalyrBp (Ngomanda et al., 2009).
Located at the inland border of the coastal evergreen forest, close to its contact
with the drier semi-evergreen, Nyabessan swamp, now occupied by Musanga/
Raphia forest, is surrounded by secondary forests of different ages with pioneers
in the alluvial plain of the Ntem River (Figure 5.1). Fossil pollen was found
preserved only in the lower 2 meters of the core, and five radiocarbon dates
provide a reliable chronology of the past 700 years. The pollen sequence is docu-
mented at a resolution interval varying between 10 to 30 years. The dynamic of the



168 Rainforest responses to past climatic changes in tropical Africa [Ch. 5

coastal evergreen forest is illustrated in Figure 5.13. Starting at the bottom part
(3.1kcal yr BP) the forest succession shows the development of Moraceae, followed
by Pycnanthus, Trema, and later by a significant increase in Caesalpiniaceaec. The
Nyabessan pollen sequence indicates a rich and diversified association of pioneer
trees, together with various components of secondary and mature evergreen (rain)
forests. Lophira alata and Caesalpiniaceae are the most abundant pollen, followed by
Nauclea, Uapaca, Sapindaceae, Flacourtiaceae, Moraceae, Combretaceae, and
Milicia. The most significant change, occurring during the 3.1 to 2.45kcal yrBP
period, stands as an important increase in percentages of Raphia, lasting over
250 yrs (2.85-2.6 kcal yr BP), in response to higher ground water level. Composition
of forests of terra firme remains fairly stable until 2.45 kcal yr Bp. At that time, the
most important change concerned the Lophira/Caesalpiniaceae association. After
they had progressively decreased, pollen percentages of these trees remained very
low during more than fifty years after 2.4 kcal yr BP. Simultaneously high values of
Trema, Tetrochidium, Alchornea, and Musanga are registered as fast growing colo-
nizers of two forests types. Musanga characterizes modern surface soil samples with
monthly rainfall values above 50 mm. Distribution of M. cecropioides is restricted to
the evergreen forest proper. Trema orientalis, largely distributed in the semi-evergreen
forest, has seeds that can resist 6 months desiccation without loosing germination
power. Strong change at the top of the Nyabessan pollen diagram at 2.4 kcal yr BP is
interpreted as an indication of an increase in dry season length (or intensity) due to a
much southern position of the ITCZ at that time (Ngomanda et al., 2009). The timing
is consistent with the record for domestication of pearl millet (Pennisetum glaucum) in
archeological sites from southern Cameroon (Figure 5.14). However, no direct
evidence (e.g., charcoal or fossils of cultivated plants) attest to human disturbance
at the Nyabessan site. Synchroneity with drier episodes registered at Lake Ossa and
Barombi Mbo points to a significant climatic change in the whole Cameroon region at
a time when conditions were favorable for introduction and migrations of ceramic-
producing, and farming, populations.

5.4.4 The oil palm, evidence for human impact?

Abundant pollen from cultivated plants in lake sediments (e.g., Dioscorea (the yam),
Elaeis guineensis (oil palm), and Canarium schweinfurthii (an oil producing forest
tree)) can provide evidence of human activity (Shaw, 1976). Dioscorea pollen has been
identified in modern surface samples at the contact between the forest and the savanna
at Kandara (Vincens, pers. commun.), but no fossil pollen evidence for it has been
found yet. At Mboandong (Cameroon), a forest decrease associated with a significant
grass increase, and followed by a well-marked increase in oil palm pollen (up to 20%)
at 2.4 kcal yr BP, has been interpreted as evidence for human impact on the basis that
this date was close enough to that of the Nok archeological Iron Age site. It was
suggested that forest clearance could be attributed to iron technology (Richards,
1986). However, in the pollen diagram itself, opening of the forest occurred first,
before the appearance of Canarium schweinfurthii. Pollen of Canarium schweinfurthii,
clearly distinguished from other Burseraceae—notably Aucoumea (Harley and
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Clarkson, 1999; Sowunmi, 1995)—was recorded at c. 5 kcal yr BP, suggesting an earlier
presence of humans nearby the fossil pollen site. Fossil pollen from Elaeis guineensis
has been reported at many sites in west and central Africa. Early evidence of oil palm
pollen is available since the Tertiary in the Niger Delta (Zeven, 1964), and was
reported in Upper Pleistocene marine sediments offshore the Niger River (Dupont
and Weinelt, 1996). However, it is only during the last 3,000 years that the proportion
of Elaeis guineensis pollen reached significant values (up to 24%) in the Niger Delta
(Sowunmi, 1999). As a ““palm belt”, present day natural distribution of the oil palm
follows the Gulf of Guinea and largely penetrates inside the Congo Basin. Elaeis
guineensis is a heliophytic pioneer species, also fire-resistant (Swaine, 1992), which
occurs naturally in a great variety of habitats inside the rainforest, and at its periphery,
including swamp (Letouzey, 1978). All these characteristics largely contribute to the
difficulty of interpreting their fossil record. The pattern of occurrences and abundance
of Elaeis guineensis pollen through time is not similar at all the investigated sites, and
this led to a controversial interpretation. In Ghana, archeological remains indicate an
earliest use of oil palm nuts at 5.8 kcal yr BP (Shaw, 1976), but its fossil pollen became
abundant only after 3 kcal yr Bp in the Niger Delta. The common pattern observed in
the three Cameroon sites, starts with scattered Elaeis guineensis occurrences from c. 4
to 3kcalyrBp, followed by a significant increase at c.2kcal yrBp (Richards, 1986;
Reynaud Farrera, 1996; Maley and Brenac, 1998) in remarkable synchroneity. At
Barombi Mbo, the peak of oil palm pollen (2.9 to 2.4 kcal yr BP) corresponds to the
2.75kcal yrBP crisis (Van Geel,1998) or “dramatic forest decline”. It occurs a few
hundred years earlier than the peak of grasses (2.7 to 2.2 kcal yr BP) and much earlier
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than the Bantu invasion (2.2 to 2 kcal yr BP) (Schwartz, 1992; Maley, 2001). Therefore,
Elaeis guineensis increased in response to increased aridity in the rainforest a few
centuries before the spreading of oil palm by Bantu speakers. By contrast, several
papers discussed the past record of Elaeis guineensis in West Africa (see Sowunmi,
1995 for an exhaustive literature), possibly enhanced by Bantu speakers (Schwartz,
1992; Maley, 2001). In Gabon, Neolithic populations had occupied the savanna of the
Ogoue Valley since ¢. 3.7 kcal yr BP and the main expansion of iron-smelting dates at
¢.2.2kcal yr BP (Oslisly and Fontugne, 1993; Oslisly, 2001). Abundance of oil palm
pollen happened at a coastal site around 3 kcal yr BP, following forest reduction 1,000
years later. Inland at Kamalete it is registered much later, from 1.2 to 0.3 kcal yr BP.
There, the oil palm phase is registered simultaneously within the pioneer forest phase,
showing a significant peak at 0.9 kcal yrBP, during a gap in human occupation
(Ngomanda, 2007). At the Songolo mangrove site (Congo coastline), scattered
occurrences of Elaeis guineensis pollen have been found from 3.6 kcal yr BP onward
(Elenga, 2001), but no significant increase has been observed until the last centuries,
neither at Ngamakala and Bilanko nor Kitina and Sinnda (Vincens, 1998). At inland
sites, climatic conditions may have been too dry for the development of oil palm
(Elenga, 1996, 2001). Occurrences of oil palm are apparently associated with increased
grass pollen or a more deciduous character of the forests (Vincens, 1996a,b). However,
their peaks in abundance are not synchronous events and the geographical distribu-
tion pattern through time is far from being spatially and geographically consistent.
Our available knowledge can be summarized by the following conclusions. First, there
was a greater evidence of oil palm pollen during the last 3,000 years over the Guineo-
Congolian rainforest. Second, simultaneous forest openings and increased evidence of
use of oil palm by human populations is not demonstrated at all the sites with
sufficiently accurate time controls or fine-resolution intervals. Third, geographical
progression of the use of oil palm, following Bantu migration, remains to be demon-
strated. The oil palm has a very short reproductive cycle, and it can indicate simul-
taneous use by humans following—by a few years—anthropogenic or natural forest
perturbation. Fourth, proof of anthropologically enhanced modifications of the rain-
forest, prior to the last few centuries, has yet to be provided.

5.4.5 The last historical period (Gabon)

Important past vegetation changes inside the moist evergreen Guineo-Congolian
rainforest have been evidenced in the historical period within core sediments
obtained from Lake Kamalete in central Gabon (Ngomanda et al., 2005). Within
the forest of the Lope National Park, Lake Kamalete is located inside a 60 km long
strip of savanna interrupting the Maranthaceae forest, whereas the closed canopy
forest stands at ¢. 20 km west of the lake (Figure 5.1). Situated at the end of a valley,
not far from the Ogooue River, the shallow Lake Kamalete is surrounded by a mosaic
of savanna and isolated fragments of Marantaceae forest. Sedges (Cyperaceae) and
ferns colonize its shoreline. In this area, precipitation oscillates around 1,500 mm yr ",
a low value for Gabon due to the rain shadow effect of the Cristal Mounts on
the western side. But, present day meteorological values show great inter-annual



172 Rainforest responses to past climatic changes in tropical Africa [Ch. 5

variability related to variable timing and duration of the dry summer season (June to
September) when the ITCZ moved to the northern hemisphere. During the dry season,
dense cloud cover maintains high relative humidity and slightly lower temperature
when sea surface temperature drops out.

A ¢.4m core recovered from Lake Kamalete (0°43”S, 11°46”E, 350 m a.s.l.) was
dated by four conventional radiocarbon dates, providing a basal age of
¢. 1.3 kcal yr BP. Fine-resolution pollen analysis of the order of one or two decades
documents important past vegetation changes and detailed composition of the moist
evergreen Guineo-Congolian rainforest (Ngomanda, 2005). The original fossil pollen
sequence includes 80 samples and counts of 124 identified pollen taxa. A simplified
version is presented here (Figure 5.15). In this context, fern spores, grasses, and sedges
produced the highest quantities of pollen. Grass pollen percentages average 70% of
the total pollen sum (after spores, aquatics, and sedges had been excluded) indicating
the persistence of a forest-savanna mosaic at the site. Because significant pollen
counts had been achieved at each level, a detailed diagram could be drawn for
forest AP (Figure 5.16). Among palynologists it is assumed that pollen abundance
is related to abundance of trees, rather than to yearly pollen production, although this
might deserve consideration when 1cm sampling represents 2 or 3 years of pollen
deposition. Significant changes in abundance and floristic composition of the regional
forest occurred at Kamalete during the last ¢. 1.5 kcal yr BP. Successive fluctuations in
dominant taxa are documented by trends that lasted a few hundred years or more.
Before c. 1325 to 1240 cal yr BP, the first forest phase included a high representation of
Cnestis (Connaraceae), Celtis, Bosqueia (Moraceae), Caesalpiniaceae, and Lophira
alata pollen. It ended rather abruptly, being replaced by a disturbed forest dominated
by pollen from trees—such as Tetrorchidium, Macaranga, Musanga, Alchornea—that
dominate in opening gaps within forests today, whereas mature forest trees simul-
taneously decreased. The disturbance phase lasted about 700 years (c.1,250 to
550calyrBp) and may have been caused by stronger winds, changes in rainfall
regime, or human impact. Indeed, Iron Age settlements occupied the Lope region
since 2.6 kcal yr BP—that is, long before the disturbed forest phase documented at
Kamalete. However, from 1,400 to 800 yrBP the number of archeological sites in
Gabon declined, a reduction attributed to a “population crash” (Oslisly, 2001). If
there was any significant human impact on vegetation due to Iron Age population,
one would expect it to be less important when the population was smaller than before
or after. The opposite pattern being observed, Iron Age impact was considered not
responsible for the observed disturbed forest (Ngomanda, 2005). The period of
maximum forest disturbance includes the time span of the “Medieval Warm
Period” (MWP, 900-600 cal yr BP), although the disturbed forest phase in Gabon
(c.1.25kcal yr BP to 550 cal yr BP) started before the beginning of the MWP climatic
anomaly. Well-known in the northern hemisphere (Bradley, 2000), the “Little Ice
Age” (c. 600-200 cal yr BP) that followed the MWP had a major effect on the evergreen
forest of Gabon (Ngomanda et al., 2005), and is probably present in records from
Cameroon (Nguetsop, 2004), Congo (Elenga, 1996), East Africa (Verschuren, 2000),
and Lake Victoria (Stager, 2005). In Gabon, a re-expansion of the forest took place at
¢. 550 cal yr Bp, after the disturbance phase. At this time Celtis and Raphia dominated,
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Figure 5.15. Synthetic pollen diagram from Kamalete, Gabon (after Ngomanda ez al., 2005),
presented according to depth with corresponding timescale (% calculated versus pollen sum
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indicating a colonizing stage resembling the modern one described for Kandara
(Vincens, 2000). Two hundred years later, the site was both a “secondary forest”
and a well-diversified mature forest occupied by Lophira, Fagara (Rutaceae), Pyc-
nanthus, Irvingia, Plagiostyles, Caesalpiniaceae, and Burseraceaec—bearing floristic
affinities with the present day forest in the region (Jolly, 1996). At Kamalete the “Little
Ice Age” period was favorable for forest development. In Gabon the re-establishment
of a well-diversified mature forest dates from 400 years at most. Since 250 years ago,
Aucoumea pollen frequencies exhibit three sharp peaks, indicating significant recov-
eries after forest cutting for timber. We have already discussed that the origin of
mature forest seems no older than a few hundred years, in strong contradiction with
the long-standing belief of rainforest stability over time. Past hydrological changes
across the equatorial tropics are partly explained by amplified shifts in mean latitude
of the ITCZ (Haug, 2001). The sensitivity of the rainforest to short-term, past climatic
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forcing is clearly demonstrated and suggests that greenhouse warming can have a
great impact in the future on the rainforest in Gabon.

5.5 CONCLUSIONS

For many decades, palynological studies in the tropics were limited by the lack of
knowledge in tropical pollen morphology. Important reference collections of African
tropical plants have been made in Durham (NC), Montpellier and Marseille (France),
Germany, Nigeria (Africa), the United Kingdom, etc. A description of the pollen
morphology for most common trees is available in several publications and pollen
atlases (Maley, 1970; Bonnefille 1971a, b; Sowunmi, 1973, 1995; Caratini, 1974;
Bonnefille and Riollet, 1980; Salard-Cheboldaeff, 1980, 1981, 1982), from which
some pollen photographs are now being included in the African Pollen Data Base.
Therefore, pollen analysis in the African tropics is feasible, although it still requires
lengthy training. The bias between pollen assemblages and plant associations will
remain. But, interpretation of fossil data will be facilitated by modern pollen rain
studies concerning many types of rainforest, encountered under different ecological
conditions. Taxonomic composition and taxa frequencies of pollen assemblages can
be used to characterize habitat types, despite the absence of pollen from important
tropical families. Modern pollen assemblages help us to interpret tropical forest
dynamics in the past, as forced by climatic changes. They have also been successfully
used in elaborating a biome approach for modeling past global vegetation (Jolly,
1998), the quality of which depends upon homogeneity in sampling and completeness
along continuous climatic gradients. With the major threat of rainforest disappear-
ance in mind, completing modern pollen data from all the African forests constitutes
an urgent task.

Fossil pollen data from different vegetation types inside the Guineo-Congolian
rainforest of the African continent—now available—document strong modifications
in the floristic composition of both evergreen, semi-evergreen, and associated mixed
types of forests through time, the most important occurring during the LGM. Proof
exists that rainforest persisted during glacial time, at two investigated sites, although
glacial forests included more semi-evergreen taxa, a few highland taxa (Olea and
Podocarpus), and were more open. Site-based maps of global vegetation at the LGM
including Africa (Elenga, 2000c) were used for a comparison between different
vegetation models (Kohfeld and Harrison, 2000) addressing land surface feedbacks
(Clausen, 1997) or the effect of lower CO, in global modeling. Although it has been
generally considered that “tropical forests in Africa, Australia and Asia were partly
replaced by more open vegetation” (Harrison and Prentice, 2003), the persistence of
rainforest during the last glacial period, even when lower CO, content in the atmo-
sphere was not favorable to tree growth, is clearly attested at two tropical sites located
within the rainforest region. A greater extension of forest can even be postulated from
abundant fossil wood remains. Lowlands on the eastern side of Mount Cameroon and
near the Congo River have been proved to be rainforest refuges during the LGM.
Clearly, forest refuges were not geographical areas or spots covered by forests of
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similar composition to those of today. Also there may have been many other refuges
of different species or groups of species that remain to be found. Throughout the inter-
tropical region ecological constraints related to hydrological constraints may have
varied. Following the example illustrated here for Olea, different species may have
found refuge in different localities. Direct evidence can be provided by further research
on fossil pollen or macrobotanical remains.

During the Holocene, significant variations in tree pollen assemblage percentages
have also been observed at all of the ten investigated sites presented in this chapter.
These are not induced by variations in the CO, content of the atmosphere, which
stayed fairly stable throughout this period. Replacement of dominant taxa or fluctua-
tions in pollen abundance continuously occurred, suggesting the dynamic behavior
and successive replacement and dominance within the rainforest forced by variations
in the hydrological system. Some of these modifications reflect changes in the amount
and distribution of rainfall in the tropics during the last 10,000 years, a pattern
determined by several causes, not unanimously explained yet. Simultaneity of
these forest changes at different localities is far from being established until homo-
geneity in time resolution of the fossil pollen sequences is reached and until the lower
Holocene will be documented at sites other than Barombi Mbo. A strong-amplitude,
century-scale arid/humid/arid oscillation in the interval 2.5 to 2kcalyrBp is only
found north of the equator. This change corresponds fairly well to the Iron Age,
but its reversal character seems to be reflecting natural climatic change rather than
being attributed to human impact. Evidence for disturbed vegetation in Central
Gabon during the warm medieval period, when the influence of the Iron Age
decreased, is followed by a different forest composition from 600 to 200 cal yr BP
when wetter conditions seem to have been a response to the “Little Ice Age”.
That the tropical world was not a stable environment in the past is now amply
demonstrated. Permanent changes in ecological conditions may have triggered specia-
tion leading to high floristic diversity. The great sensitivity of the rainforest to any
short-term global climatic changes draws attention to the consequences of future
climatic changes induced by the greenhouse effect. The modern composition of the
different types of rainforests only dates from a few centuries or 1,000 years at most, at
all the investigated sites. This bears some consideration to rainforest conservation and
biodiversity issues.
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Prehistoric human occupation and impacts on
Neotropical forest landscapes during the
Late Pleistocene and Early/Middle Holocene

D. R. Piperno

6.1 INTRODUCTION

This chapter presents a review of the evidence for human occupation and modification
of the lowland neotropical forest during the pre-Columbian era. It examines some of
the most important factors relating to the occupation and use of tropical landscapes
by prehistoric human societies and updates the information presented in the 2006
edition of this book. Late Pleistocene through early and Middle Holocene temporal
frames (c. 16 to 5 kcal yr BP) were covered most extensively in the first edition, as these
were the periods during which humans colonized both hemispheres of the Americas
and agricultural societies emerged and spread throughout the lowland tropical forest.
Prehistoric agricultural practices, which often included types of swidden or slash and
burn cultivation, sometimes resulted in profound landscape alteration and forest
clearing. This chapter will deal more extensively with certain Later Holocene
aspects of prehistoric land usage, including providing some comments on the
recently advanced viewpoint that most of the Amazonian landscape was severely
impacted by human populations in the thousand or two millennia before European
arrival. It is beyond the scope of this chapter to adequately summarize the information
relevant to the Old World. Instead the chapter points to some recent work important
for understanding early habitation and modification of tropical forest in Africa,
southeast Asia, New Guinea, and on the Pleistocene continent of Sahul.

6.2 SOME BRIEF COMMENTS ON THE OLD WORLD

Even given the limited amount of data on the subject, available evidence seems clear in
pointing to an occupation of tropical forest by archaic (non-Homo sapiens) human

M. B. Bush, J. R. Flenley, and W. D. Gosling (Editors), Tropical Rainforest Responses to Climatic Change
(Second Edition). © Springer-Verlag Berlin Heidelberg 2011.
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relatives and subsequently by our own species beginning deep in antiquity. When
insular southeast Asia was colonized by Homo erectus more than 1.2 million years
ago, tropical forest was probably widespread (e.g., Semah et al., 2003). Molecular
studies on modern human populations together with fossil skeletal evidence continue
to be concordant in indicating the emergence of our own species at a single time in
Africa by about 150 kyr ago (Tattersall, 2009). It also appears from genetic evidence
obtained from modern African and Eurasian human populations that some Pgymy
groups of the African rainforest represent an ancient human lineage (Forster and
Matsumura, 2005), implying possible rainforest occupation at or shortly after the
dawn of human emergence. Available archeological and associated paleobotanical
evidence from Africa robustly indicates a succession of human occupations of species-
diverse tropical forest in Equatorial Guinea, Cameroon, and Zaire between about 35
and 19 kyr ago (Mercader et al., 2000; Mercader and Marti, 2003).

The timing, routes, and climatic/ecological circumstances associated with the
earliest dissemination of Homo sapiens out of Africa, together with patterns of
early modern human expansions/migrations within the continent itself, are under
active investigation (Cohen et al., 2007; Macaulay et al., 2005; Scholz et al., 2007
Thangaraj et al., 2005). Robust paleoecological evidence from lakes indicates that
severe dry periods (more dry than during the Last Glacial Maximum (LGM))
characterized the interval between 135 and 90-75kyr ago over much of the
African tropics (Cohen et al., 2007; Scholz et al., 2007). 1t is hypothesized that the
return to more humid conditions at 90-75 kyr, and with it more productive environ-
ments, enabled human population expansion within and out of the tropical zones
(Cohen et al., 2007; Scholz et al., 2007). In concert with this view, there is evidence for
an initial, rapid settlement of tropical coastal areas of southern and southeast Asia by
early modern humans at sometime between 85 kyr and 65 kyr ago. This would also
indicate successful adaptations to tropical forest by some of the first human colonizers
of Asia (Forster and Matsumura, 2005; Thangaraj et al., 2005).

Recent archeological evidence from Niah Cave, Sarawak, northern Borneo
documents a 45-kyr-old human presence with persistent exploitation of diverse
plant foods (yams, aroids, and palms plus various other fruit and nut species) in
this reconstructed moist tropical forest context (Barton and Paz, 2007). The Sahul—
the Pleistocene continent formed by the joining of New Guinea, Australia, and
Tasmania during times of low sea level—was colonized 45 kyr ago and well-settled
35kyr ago (O’Connell and Allen, 2007). Tropical forest grew over significant areas of
the Sahul, and archeological evidence indicates people were exploiting it before the
LGM (Kershaw et al. 2006; O’Connell and Allen, 2007).

Therefore, by about 16 kyr ago, when hunters and gatherers of the New World
were first approaching tropical environments in what is now western Mexico, tropical
forest on a number of Old World land masses had already been settled by people who
possessed the technological mastery to effectively exploit its varied resources. It
appears that far from posing an ecological barrier, tropical forest was an
important biome supporting human occupation and diffusion from early times.
The possibility is real that these ancient forest foragers may have been actively
manipulating their resources through practices such as intentionally increasing the
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distribution of favored plants (see Barton and Paz, 2007). Definitive empirical
evidence is often difficult to generate on this matter owing to the less intensive
nature of pre-agricultural environmental modification, but the resource management
capacity of early forest dwellers should not be underestimated.

Despite the fact that the neotropics were colonized far later than the Old World
tropics, the transition from hunting and gathering to agriculture occurred around the
same time, shortly after the Pleistocene ended, in some regions of both places. For
example, at Kuk Swamp, Papua New Guinea, starch grain and phytolith evidence
suggests that bananas (Musa spp.), probably taro (Colocasia spp.), and possibly
yams (Dioscorea) were taken under cultivation by 10kcalyrBp (Denham et al.,
2003; Fullagar et al., 2006). Associated pollen, phytolith, and charcoal evidence
indicates an onset of human modification of the forest around the Swamp at this
time, along with alterations of the Swamp terrain itself for plant cultivation in the
form of drainage ditches and stake holes for tethering plants (Denham et a/., 2003). By
about 7kcalyrBp, human clearance resulted in the dominance of grassland and
secondary forest growth. Paleoecological sequences from intermontane valleys
across New Guinea testify to a dramatic agricultural impact on forests and their
diversity beginning during the early or Middle Holocene, depending on the region
(Haberle, 2007). Indications for an ancient and substantial human impact on tropical
forest elsewhere in the Old World tropical forest during the Holocene is reviewed by
Willis et al. (2004).

6.3 HUMAN COLONIZATION OF NEOTROPICAL FORESTS: AN ICE
AGE ENTRY

6.3.1 The evidence for early human occupation

As elsewhere, there are formidable holes in the archeological records relating to initial
human entrance into the now-humid neotropics, and new evidence tends to accumu-
late slowly because early human groups were small and often highly mobile, leaving
behind few tangible remains. A long and classic debate was recently concluded
concerning the initial peopling of the Americas. Tom Dillehay’s excavations at
the site of Monte Verde, located in a wet temperate forest in southern Chile
(Dillehay, 1997), overturned the “Clovis First” paradigm that had previously
dominated archeology, most prominently among North American scholars, and
held that humans entered North America no earlier than c. 1.3 kcal yrBp (Meltzer,
1997). The oldest radiocarbon dates at Monte Verde go back to ¢. 1.5 kcal yr Bp. The
site is accepted as convincing proof for an early human presence in South America by
a strong consensus of archeologists. Therefore, human populations must have first
moved through Central America at an earlier time, although no incontrovertible sites
dating to before about 1.3 kcal yrBP have been found yet, probably in large part
because their settlements are now underneath the Pacific Ocean. Figure 6.1 shows the
localities with evidence of human occupation in Central and South America dating to
the Late and terminal Pleistocene, between c¢. 15.2 kcal yrBP and 11.8 kcal yr BP.
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Figure 6.1. Locations of archeological sites in the Neotropics that date to between 13,000 and
10,000 BP placed against a reconstruction of (a) Central and (b) South American Pleistocene
vegetation. Reprinted from Piperno and Pearsall (1998). PC=Pre-Clovis site;
P/P =Pre-Clovis and Paleoindian site; P =Paleoindian site. More detailed information on
the sites can be found in Cooke (1998), Dillehay er al. (1992), Lopez Castaiio (1995),
Piperno and Pearsall (1998), Ranere and Cooke (2003), and Roosevelt ef al. (1996). Black
areas are mountain zones of 1,500m a.s.l. and greater. Grey area along coastlines is land
exposed by sea level drop; in most cases, exposed land probably contains vegetation similar to
adjacent terrestrial zones. The vegetation reconstruction is based on available paleoecological
sequences and, for regions where such information is not available, reasonable extrapolations of
data. The reconstruction is intended to provide broad guides to late-glacial vegetation. For
more information on the archaeological sites, see Piperno and Pearsall (1998, pp. 168—-175).
Explanation for the vegetational reconstruction:

1. Largely unbroken moist forest, often with a mixture of presently high-elevation and
lowland forest elements. In some areas, montane forest elements (e.g., Podocarpus,
Quercus, Alnus, Ilex) are conspicuous. Annual precipitation is lower than today, but
sufficient precipitation exists to support a forest.

2. Forest containing drier elements than characteristic today. High-elevation forest
elements occur, especially in moister areas of the zone. Areas near the 2,000 mm precipita-
tion isohyet and areas with sandy soils may contain savanna woodland. The vegetation
may be patchy.

3.  Mostly undifferentiated thorn woodland, low scrub, and wooded savanna vegetation.
Some regions (e.g., Guatemala) have temperate elements (e.g., Juniperus). Areas
receiving greater than 2,000 mm of rainfall today may still support a drier forest, as in
2. River- and stream-side locations support a forest.

4. Quite possibly, a drier vegetation formation than 5 (below), with fewer trees and more
open-land taxa. Paleoecological data are lacking for the zone.
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5.  Fairly open and humid forest containing many presently high-elevation taxa (e.g., llex,
Podocarpus, Rapanea, Symplocos) combined with elements of the modern semi-evergreen
forest and cerrado. Precipitation is lower than today but northward shifts in the southern
polar fronts and other factors ameliorate precipitation reduction. The modern, seasonal
forest—cerrado vegetational formations of the region are not present until about
10 kcal yr BP.

6. Desert/cactus scrub.
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Claims for a pre-15kyr human presence in South America, including a cave in
northern Brazil known as Pedra Furada, are not well supported because artifacts were
not recovered from securely dated contexts, or pieces of stone attributed to human
manufacture do not display convincing signs that they were altered and used by people
(e.g., Meltzer et al., 1994; Piperno and Pearsall, 1998, p. 169). Thus, there is no
convincing evidence at the present time that people occupied the neotropics during
the LGM or for the c.4 kyr immediately following it.

The best studied lowland regions are often those of seasonally dry areas of
southern Central America and northern South America, where focused archeological
research has been of longer duration and broader scale (e.g., Cooke, 1998; Lopez
Castano, 1995; Mora and Gnecco, 2003; Ranere and Cooke, 2003; Stothert et al.,
2003). A related, significant factor is that forests in many of these areas have
unfortunately long been cleared, making it much easier for archeologists to find
and excavate ancient human occupations. In Mexico, where native Americans first
encountered tropical forest, more research directed toward documenting Late
Pleistocene and early Holocene human adaptations has been carried out in the dry
and cool highlands than in the warm and humid lowlands. This situation is, however,
changing. Recent archeological research revealed evidence for human occupation
together with maize and squash agriculture (Section 6.3.3) dating to at least
8.7 kcal yr BP (Piperno et al., 2009; Ranere et al., 2009). In addition, undated stone
tools found at another archeological site in the same region appear to be Paleoindian
(c.1.3-1.1kcalyrBP) in age (Ranere et al., 2009). Pollen and phytolith records from
nearby lakes make it clear that the ecological context of these activities was a lowland
seasonal tropical forest (Piperno et al., 2007).

Early human presence in the Amazon Basin is convincingly dated to 1.3 kcal yr BP
at the site of Caverna de Pedra Pintada, located near Santarem just 10 km north
of the main Amazon River channel (Roosevelt et al., 1996). Human settlements
were present in the wet forests of the western Amazon Basin (middle Caqueta
River area of Colombia) before 1.0kcalyrBp (Cavelier et al., 1995; Mora and
Gnecco, 2003). The Amazon Basin is so vast, about the size of the continental
U.S.A., and often well-forested that it will be many years before any consensus
is reached concerning the timing, passage routes, and possible ecological foci of
early human settlement there. These questions are particularly important with
regard to the cultural and environmental history of the terra firme forests
(those not under the influence of watercourses), which occupy 98% of the land
area of Amazonia, and contain some of the poorest soils and lowest concentrations
of plant and animal resources found anywhere in the tropics (Piperno and Pearsall,
1998).

There has been a long-term and vocal dichotomy of views over whether terra firme
forests were well-occupied and farmed in prehistory, which will only be resolved with
much more archeological research (see Neves, 1999 for an excellent review of these
and other issues in Amazonian archeology). The most recent iteration of this debate is
discussed at more length in Section 6.4. In the seasonal forests of Bolivia and south-
western Brazil, where it appears that famous staple crops such as manioc (Manihot
esculenta Crantz) (Olsen and Schaal, 1999) were domesticated, archeological research
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is presently underdeveloped and very little information is available on early human
settlement and economic systems.

6.3.2 Pleistocene landscapes and early human modification of them

Of course, showing that people were living at tropical latitudes during the Pleistocene
is not the same as proving they were living in tropical forest and surviving off of its
resources. In fact, early scholars assumed that the earliest hunters and gatherers of the
New World preferentially exploited the numerous, now-extinct large game animals
that were available to them. These investigators proposed that because megafauna
and other sizeable animals would have been rare in tropical forest, humans migrating
from north to south would have largely avoided densely wooded areas, living instead
in the more open landscapes they believed characterized the Pacific watershed of
Central America, northern South America, and the intermontane valleys of the Andes
(e.g., Sauer, 1944; Lothrop, 1961; see Ranere, 1980 for one of the first robust counter
arguments based on archeological excavation and analysis). Some scholars writing
later would agree with this assessment, going so far as to argue that Holocene hunters
and gatherers could not have survived for long in tropical forest without access to a
cultivated food supply because wild food resources, especially carbohydrates, were
scarce (e.g., Bailey et al., 1989; see Colinvaux and Bush, 1991 and Piperno and
Pearsall, 1998 for responses and further discussion).

The large corpus of paleoecological data accumulated during the past 25 years,
discussed in detail in other chapters in this book, shows that Late Pleistocene en-
vironmental conditions were indeed significantly different from those of the Holocene
in ways that could have influenced early human colonization and the specific kinds of
habitats that early hunters and gatherers exploited. Reconstructions from lacustrine
pollen and phytolith data demonstrate the presence of a variety of vegetation com-
munities ranging from dense, species-diverse forest to open, shrub, low-tree, and
grass-dominated formations. There is strong evidence indicating some regions
were considerably drier than today during the last stages of the Pleistocene
(between c¢. 18 kyr and 12kyr ago); e.g., the Rio Balsas region of southwestern
Mexico; Petén, Guatemala; much of Pacific-side Central America; and parts of
northern and southern (e.g., Bolivia) South America. At the present time, these
regions receive between 1.2 and 2.6 m of precipitation and their potential vegetation
is deciduous or drier forms of semi-evergreen forest. During the Late Pleistocene, their
vegetational formations were dominated by thorn scrublands, dry forest/savanna
mosaics, and/or grassland (e.g., Burbridge et al., 2004; Bush et al., 2009; Leyden,
1985; Piperno and Pearsall, 1998; Piperno et al., 2007). It was during the first 2,000
years of the Holocene that a diverse tropical forest developed on these landscapes.
Recent evidence from the Petén indicates that the LGM in that region was not a dry
interval as had been long thought, but rather a cool and relatively moist period when
oaks, pines, and other trees were prevalent on the landscape (Bush et al., 2009; Hodell
et al., 2008). These new findings do not affect interpretations of human/environmental
relat