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ARTICLE INFO ABSTRACT

Keywords: This study examines a one-million-year pollen record from a 194-m-long Lake Magadi core (HSPDP-MAG14-2A)
Quaternary in the south Kenya Rift Valley. The pollen indicate a general trend through the last 740 kyr from wetter con-
Pollen

ditions to generally drier environments. Grassland dominated with less common Podocarpus and Cyperaceae in a
Palacolakes sparse flora between 1000 and 740 ka. Poaceae, woodland and herbaceous plants are common through the
Climate change remaining core and abundant between 740 and 528 ka and after 200 ka. Pollen diversity increased after 200 ka.
Hominin evolution Podocarpus and Cyperaceae reached a peak abundance at ~575 ka with a subsequent decline that suggests a
progressive increase in aridity, interrupted by wetter intervals.

Podocarpus-dominated forests expanded and contracted many times during the Quaternary and document an
anti-phased relationship with data from Lake Malawi. Similar anti-phased correlations are noted for herbaceous
plants, suggesting that the two basins responded differently to the same climate or were influenced by con-
trasting climate regimes. Increases in macrocharcoal correlate with increasing pollen abundance and suggest
wetter conditions.

Data from the Magadi, Koora and Olorgesailie basins indicate similar trends and a dominant climate control on
vegetation and habitats. Large lakes characterised all three basins at 740-528 ka with climate subsequently
becoming drier, but with many wetter intervals. At various times the lakes expanded, contracted and dried out,
except at Lake Magadi where spring inflows maintained lacustrine conditions through the late Quaternary.
Faulting also contributed to fragmentation of the landscape and formation of a mosaic of habitats.

An especially intense period of aridity at ~528-392 ka coincided with extinction of many large-bodied
mammals and may have helped to drive a change from the use of Acheulean hand axes to the production of

Podocarpus
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Middle Stone Age tools by 320 ka. After 200 ka pollen diversity increased substantially with a mix of montane,
riparian and dry forest associations that were present in varying amounts through to ~4.2 ka at the core top.

1. Introduction

The tectonic evolution of the East African Rift System created a series
of basins within which sediments accumulated and preservation of
fossils occurred, including a unique record of hominin remains. Conse-
quently, African Plio-Pleistocene hominin fossils have been the subject
of considerable interest in developing a detailed understanding of our
origins, and also possible links between human cultural and/or physical
evolution and environmental change (e.g., Potts, 2012a, 2012b and
references therein). Over the last few decades researchers have sug-
gested many hypotheses that explore associations between climate,
environmental dynamics and hominin evolution (Potts and Faith, 2015;
Maslin et al., 2015). However, many of these ideas have been based on
environmental records from locations that are distant from the hominin
fossil sites (deMenocal, 2004), and with relatively few records doc-
umenting interactions at the basin scale (Owen et al., 2018a). Conse-
quently, testing these hypotheses remains a challenge, particularly as
outcrops at the key fossil localities typically provide discontinuous
temporal records (Potts et al., 2018).

Until recently, the most continuous Plio-Pleistocene African palae-
oenvironmental records have been obtained from marine sediment cores
taken from the South Atlantic and Indian Oceans (deMenocal, 1995;
deMenocal et al., 2000). These provide data that are limited in their
interpretative value at the local basin scale as they integrate environ-
mental signals over large geographical regions (deMenocal, 2004).
However, seismic data from Lake Tanganyika (Scholz et al., 2007;
McGlue et al., 2008) and stratigraphic studies of Lake Malawi (Cohen
et al., 2007; Stone et al., 2011; Beuning et al., 2011; Ivory et al., 2012;
Lyons et al., 2015; Ivory et al., 2016, 2017, 2018) and Lake Challa
(Moernaut et al., 2010) sediments have started to provide information
for periods ranging up to 1.3 Ma from individual basins in the southern
tropics. The Hominin Sites and Paleolakes Drilling Project (HSPDP) was
set up in an attempt to provide similar high-resolution environmental
data from sedimentary basins located close to sites with important
hominin fossils (Cohen et al., 2016; Campisano et al., 2017). The HSPDP
drilled in five basins in Ethiopia and Kenya, including two cores
(HSPDP-MAG14-2A and HSPDP-MAG14-1A) from Lake Magadi, which
contains thick sequences of lacustrine, fluvial and terrestrial sediments
(Owen et al., 2019). that can be correlated with nearby sites with sig-
nificant hominin fossils of differing ages. These depositional records
have been supplemented by additional cores from the Koora Basin (10
km east of Magadi) collected by the Olorgesailie Drilling Project (ODP)
(Potts et al., 2020).

This contribution presents a detailed environmental record for the
last million years from the south Kenya Rift, based on pollen in HSPDP-
MAG14-2A and charcoal recovered from both Magadi cores. Pollen were
rare in HSPDP-MAG14-1A, possibly because the core site experienced
greater exposure during deposition (Owen et al., 2019). The deposits
provide a basis for understanding the environmental drivers that may
have influenced the cultural evolution of ancestral humans in the region,
documented by the nearby prehistoric site of Olorgesailie (Potts, 1989).
Previous excavations at Olorgesailie have reported variations in the
behaviour of our early human ancestors since ~1.2 Ma, including a
major shift from the use of Acheulean hand axes to Middle Stone Age
tools (Behrensmeyer et al., 2018; Brooks et al., 2018). Other important
transformations during this period include the change from Homo erectus
to Homo sapiens and a major regional turnover of the mammalian fauna
(Potts et al., 2004; Faith et al., 2012; Potts et al., 2018).

Research on Lake Magadi core HSPDP-MAG14-2A is important
because, as a depocenter site, it provides a more detailed environmental
history than is available at Olorgesailie, where there are many time gaps

related to episodes of pedogenesis and erosion. This is especially true for
the later Quaternary when fluvial incision and non-deposition resulted
in significant time gaps at ~500-320 ka and for several younger strat-
igraphic intervals (Behrensmeyer et al., 2002, 2018). Owen et al.
(2018a, 2019) have presented detailed diatom, sediment and
geochemical records for the Magadi Basin based on core HSPDP-
MAG14-2A and outcrops in the region. This study presents a compre-
hensive pollen record from the same core and aims to: 1) develop a
single-site history of long-term vegetation dynamics, 2) relate vegeta-
tion change to palaeoclimate, and 3) to explore how these changes may
have contributed to hominin cultural change in the region.

2. Environmental setting

Lake Magadi lies at a height of ~605 m in the southern part of the
Kenya Rift Valley and is characterised by a semi-arid climate. Rainfall, at
Magadi town, averages ~500 mm/yr, with seasonal ranges between 4
(August) and 120 (April) mm per month. The rift is demarcated to the
west by the Nguruman Escarpment (~1950 m) and to the east by a series
of step faults that drop down from the Kajiado Escarpment (Fig. 1A).
Farther north, and east of Suswa volcano, the Kikuyu Escarpment bisects
an earlier volcanic massif that forms the Ngong Hills (Baker and
Mitchell, 1976). North-south trending faults cut extensive flood lavas
that form the Early Pleistocene Magadi Trachyte Formation (Fig. 1B).
These have produced many parallel horsts and grabens that host Lake
Magadi with one graben to the northwest occupied by a permanent
shallow lake (Nasikie Engida) that is maintained by hot spring inflows
(Fig. 1A, B) (Allen et al., 1989; Renaut et al., 2020).

The Toroka River drains the Kajiado Escarpment in the east and flows
into the Kwenia depression, with the Olkeju Ngiro River feeding into the
Koora Plain via the Oltepesi and Legumunge plains at Olorgesailie.
Farther north the Ewaso Kedong River drains the Kikuyu Escarpment
and areas east and north of Suswa. Lake Magadi (Fig. 1B-C), which is
today fed by springs and ephemeral streams, has no outlet. A number of
Pliocene to Late Pleistocene volcanic centres are present, notably Ol
Doinyo Nyoki (~1169 m), Olorgesailie (~1760 m), Ol Esayeti (Esakut)
(~1950 m) and Suswa (2356 m) (Fig. 1A).

Today, the extent of human occupation and land exploitation,
together with altitude, geology, soil type and moisture variability con-
trol the vegetation in the south Kenya Rift. The main vegetation types in
the Magadi and Natron catchments were mapped by Vincens (1987) and
include bushland, wooded grassland, riverine vegetation, grassland and
semi-desert bushland and scrub (Fig. 2). Bushland is dominated by
Vachellia tortilis and Salvadora persica with a patchy understory of grass
comprising Sporobolus ioclados and other Sporobolus species. The plains
of Oloisinyai and Kikuro and the area surrounding the Shombole Swamp
(Fig. 1A) are dominated by xerophytic trees and shrubs such as Vachellia
tortilis, V. mellifera, V. nubica, Balanites aegyptiaca and Commiphora
africana (Gichuki et al., 2002). Along the Ewaso Ngiro River are patches
or riverine vegetation dominated by Ficus sycomorus. Grasses are com-
mon and include Eragrotis tenifolia, Bothriochloa insculpta, Cenchrus cil-
liaris, Chloris roxburghiana, Pennisetum mezianum, Eragrotis dactylon and
Sporobolus marginatus. Pastoralism practiced by the Maasai community
is the dominant land use in the larger part of the Magadi Basin. Culti-
vation is practiced on small pieces of land during the short rainy season
and some agriculture is present near wetlands such as the Shombole
Swamp, the Nguruman Swamp and the Ewaso Ngiro Swamp (Stevenson,
2000).
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3. Methods

Core HSPDP-MAG14-2A is located at 1.8516°S and 36.2794°E and
reached basement trachyte at a depth of ~194 m, with 65% core re-
covery. Details of coring operations and handling can be found in Cohen
et al. (2016). Full details of dating techniques and chronological
modelling have been given by Owen et al. (2018a) with results shown in
Fig. 3B. A basal trachyte and mid-core tephra were dated using
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“OAr/9Ar techniques. Radiocarbon dating was carried out on bulk
organic matter, humates, charred particles and trona. Several results
were problematic due to modern carbon and brine contamination, with
two dates incorporated into the model. Palaeomagnetic methods iden-
tified the Brunhes-Matuyama boundary at 174.36 mbs (metres below
surface) (Owen et al., 2018a). Seven U-series dates obtained from chert
form a stratigraphically consistent sequence, except for one possible
outlier at 107.3 m that yielded an age similar to dates at 91 m (Owen
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Fig. 1. Topography and geology of the south Kenya Rift. A: Topography and locations. Major basins discussed in text are underlined. Diagram constructed using
GeoMapApp. B: Simplified geology of the south Kenya Rift (after Owen et al., 2019). C: Oblique photograph of Lake Magadi HSPDP-MAG14-2A coring site with Mt.
Olorgesailie in the background, view towards northeast. Photographic taken in June 2019 when Lake Magadi was flooded.
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et al., 2018a). Subsequent examination indicated secondary chalcedony
in that sample. Bacon v.2.2 software was used to construct the chrono-
logical model (Fig. 3B; Owen et al., 2018a).

Pollen preparation followed standard procedures published in Faegri
and Iversen (1989) and Moore et al. (1991). Pollen samples were
collected every 30 cm from HSPDP-HSPDP-MAG14-2A and more
frequently where sediments changed between these intervals, yielding
354 samples (Supplementary Table S1, see Electronic Supplementary
Material). Carbonates and silicates were removed using dilute HCl
(10%) and cold HF (70%), respectively. Colloidal silica was removed
with warm dilute HCl. Humic acids were removed by dilution in KOH
(10%) solution. Subsequently, the residue was diluted in glycerol and
mounted on glass slides.

Identification was confirmed by comparison with a reference
collection of over 6000 slides of modern East African pollen held at the
Department of Earth Sciences (Palynology & Palaeobotany Section) at
the National Museums of Kenya (NMK). Identifications also made use of
a range of publications (Hamilton, 1975, 1982; Marchant et al., 1997)
and digital photographs of pollen types obtained from the African Pollen
Database (Vincens et al., 2007). Pollen identification was made to the
lowest taxonomic level, although some pollen could only be identified to
family level, with the nomenclature following that of Benninghoff and
Kapp (1962). The total count per sample ranged between 250 and 500
grains, except in a few samples where preservation was poor.

Palaeogeography, Palaeoclimatology, Palaeoecology 567 (2021) 110247

The data were plotted using TILIA 1.7.16 with CONISS (Grimm,
1987) used to define the pollen assemblages (zones) and location of the
boundary using stratigraphically constrained clustering procedures.
Constrained zonation methods were adopted (Birks and Gordon, 1985;
Birks, 1986) with relationships between non-contiguous samples and
zones checked by a stratigraphically unconstrained clustering tech-
niques using CONISS. Taxa were reduced to the 49 most common pollen,
which comprised at least 2% in three or more samples, for a Principle
Components Analysis (PCA) using CANOCO 4.5.

Macrocharcoal was extracted from screen washed samples (64 pm)
and counted at 100x using a Leica M165 binocular microscope. Char-
coal concentrations were estimated by combining counts with dry mass
determinations of the original charcoal-bearing sediment samples. The
resulting data are presented in Supplementary Table S2 (see Electronic
Supplementary Material).

4. Results

The core is dominated by laminated or massive lacustrine mud
interbedded with chert in varying proportions through most of its
length, except for the upper 60 m where trona and trona-bearing mud is
dominant (Fig. 3A) (Cohen et al., 2016; Owen et al., 2019). Pollen an-
alyses document variation in the terrestrial vegetation from the regional
catchment and the local palaeolake aquatic macrophytes. The core

Fig. 2. Vegetation and landscape in the south Kenya Rift. A: Typical horst and graben topography covered by wooded grassland, bushland and scrub. Nasikie Engida
in middle distance; Lake Magadi in far distance. View to south with Shombole volcano on central (right) horizon. B. Riverine vegetation, Ewaso Ngiro River. Inset
shows regional vegetation map, after Vincens (1987). C: Ground level photograph of wooded grasslands, northeast of Lake Magadi.
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et al., 2018a).

contains 105 pollen taxa, with 102 belonging to trees, shrubs and herbs
and three liana taxa.

A PCA analyses (Fig. 4) shows the first three axes, which account for
58.6% of the variation. Poaceae, Podocarpus and Cyperaceae constitute
the dominant vectors. Podocarpus and Cyperaceae are also positively
correlated on all axes, suggesting common controlling factors in their
production. Wetland taxa (Hydrocotyle and Typha) lie close to zero on all
axes.

PCA Axis 1, which explains 34.1% of the variance, is positively
associated with Podocarpus and woodland taxa such as Vachellia with a
strong negative correlation with Poaceae and weak negative correlations
for most herbaceous pollen (Acalypha, Acanthaceae, Amaranthaceae,

Apocynaceae, Asteraceae, Asclepindaceae, Asparagus, Impatiens, Justicia,
Legumme, Malvacaeae, Nyctanginaceae, Rumex, Sanseviera, Stemodia
and Urticaceae).

Axis 2 (16.8%) shows a strong positive correlation with Podocarpus,
Olea and Cyperaceae with negative correlations for Afromontane Celtis,
Croton, Juniperus and Rubiaceae. Most woodland taxa show negative
values, with stronger negative values for Vachellia, Cocculus and Com-
miphora as well as the herbs Artemesia, Aloe, Chenopodeacae, Cocculus,
Capparis, Impatiens, Labiatae and Liliacea. Weaker negative to slightly
positive correlations are associated with the herbs Anonaceae, Cleome,
Cucurbitaceae, Indigofera, Stoebe and Valeriana, which show consider-
able overlap with woodland pollen such as Cordia, Euphorbia, Grewia and
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Phyllanthus.

Axis 3 (7.7%) documents a strong positive correlation with the
herbaceous taxon Capparis and weak positive correlations with Cyper-
aceae, several Afromontane taxa (Podocarpus, Olea and Celtis), and
herbaceous pollen (Cocculus, Chenopodeacea, Stoebe, Indigofera). Strong
negative relationships are evident for woodland Commiphora and
Vachellia and herbaceous Aloe, Artemisia, Asteraceae and Liliaceae.

In general, Axis 1 contrasts grasslands (negative loadings) through
herbaceous and woodland systems to predominantly Afromontane floras
with dominant Podocarpus (positive loadings). Axis 2 contrasts wood-
land and herbaceous vegetation (negative loadings) with Cyperaceae,
which tracks close to Podocarpus (positive loadings). Axis 3 shows a
weaker separation of woodland and herbaceous taxa (negative loadings)
from Afromontane pollen (slight positive loadings).

Two sets of fossil pollen sums were calculated; the first consisted of
the total sum of Poaceae and wetland/local taxa (Cyperaceae, Hydro-
cotyle, Potamogeton and Typha). Poaceae was considered as local because
of its dominance (local over-representation) among the fossil pollen
flora and the numerous grasses that grow in the Magadi catchment
today. Cyperaceae were considered indicative of wetter conditions
because of their abundance and likely littoral growth form, with any
dryland forms also requiring at least short wet periods to survive. The
second fossil pollen sum included regional taxa and land pollen with
unknown and undifferentiated pollen grains, but not spores.

Trees were grouped together as Afromontane taxa, with shrubs and
lianas placed in a woodland group and all herbaceous taxa placed in a
separate category. The three terrestrial groups (land pollen) were
regarded as regional, although some of the herbs are likely to be derived
from both local and regional parent taxa. In this case, they are all
included in the pollen sum of the regional taxa.

Pollen variability in the core was analysed by Muiruri (2017) by
using CONISS, which clusters the pollen data into 41 identifiable zones
(Fig. 5), averaging ~24 ka per zone (Fig. 5). However, these divisions
can be simplified into five major units. Unit 1 (193-167.5 my;
~1041-740 Ka) includes a single pollen zone and large coring gaps in
sediments that rest on trachyte. Core recovery was poor in Unit 1 and no
pollen samples were analysed between 167.5 and 185 m (Fig. 5). De-
posits between 185 and 193 m either lack pollen or contain pollen in low
abundances. The unit is distinguished by Cyperaceae and abundant

Poaceae with sporadic appearances of woodland (Commiphora,
Euphorbia and Ericaceae) and herbaceous taxa (Stoebe, Stemodia and
Valeriana).

Unit 2 (167.5-129 m; 740-528 ka) includes relatively abundant and
diverse floras in thirteen zones (II-XIV) that are dominated by Poaceae
and Cyperaceae. The unit is also distinguished by the presence of com-
mon to abundant Afromontane pollen, primarily Podocarpus, with
varying percentages of Ericaceae, Juniperus, Olea, Rubiaceae, and other
less common Afromontane taxa (Fig. 5). The different zones reflect
variations in woodland (common taxa: Boscia, Commiphora, Euphorbia
and Phyllanthus) and herbaceous (common taxa: Aloe, Amaranthaceae,
Asteraceae, Cucurbitaceae, Impatiens, Indigofera, Liliaceae, Legumme,
Lilliaceae, Nyctanginaceae, Stoebe and Valeriana) pollen.

Unit 3 (129-104.2 m; 528-392 ka) includes three zones (XV-XVII)
and is characterised by reduced pollen abundance compared with Unit
2. Pollen are absent in several parts of the unit and there are a number of
core gaps (Fig. 5). Cyperaceae and Podocarpus are generally less com-
mon than in Unit 2, with Olea and Ericaceae intermittently present.
Woodland taxa include varying percentages of Vachellia, Commiphora,
Grewia, Boscia and Phyllanthus. Fewer herbaceous taxa are present than
in Unit 2.

Unit 4 (104.2-86.2 m; 392-200 ka, Fig. 5) includes three zones
(XVIII-XX) with pollen varying in abundance and less diverse than in
Units 1-3. Intervals with pollen are intermittent due to the presence of a
thick tuff and multiple coring gaps. Nevertheless, the unit is distin-
guished by an expansion of Poaceae with above-average percentages of
grasses (mean value >70%). Cyperaceae constitute a mean of ~20%.
Podocarpus dominate the Afromontane taxa with sporadic occurrences
of Juniperus and Olea. Woodland and herbaceous taxa vary considerably
between different zones.

Unit 5 extends to the core top (86.2-3.19 m; 200-1.9 ka) and in-
cludes zones XXI to XXXXI with no pollen present above 6.5 m (4.2 ka).
The sediments are characterised mainly by low to common pollen counts
and a diverse flora with low percentages of Cyperaceae and dominant
Poaceae. Afromontane taxa are dominated by Podocarpus, Juniperus and
Olea. Drought-related woodland (Vachellia, Boscia, Capparis, Commi-
phora, Cordia, Grewia, Phyllanthus and Solanum) and herbaceous taxa
(Aloe, Amaranthaceae, Asparagus, Artemisia, Indigofera, Liliaceae, Stoebe,
Sansevieria and Stemondia) are more common than in any other part of
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the core (Fig. 5). Pollen indicative of wetter conditions (e.g., Commelina,
Justicia, Rumex and Urticaceae) are also present, varying between zones.
Macrocharcoal data also show considerable variability through both
HSPDP-MAG14-2A (Fig. 3) and a second core, HSPDP-MAG14-1A (Fig. 1
for location), with charcoal counts ranging from 0 to ~100 and 0 to 570
per gram in each core, respectively (Supplementary Table S2, see Elec-
tronic Supplementary Material). Sedimentation rates are similarly var-
iable, ranging between 0.06 and 18.57 mm per year in HSPDP-MAG14-
2A with rates tending to increase upwards through the core (Fig. 3).

5. Discussion
5.1. Temporal palaeovegetation dynamics

Core MAG14-2A preserves an unusually long Middle Pleistocene to
Holocene vegetation record that sheds new light on environmental and
climate variability in the south Kenya Rift. Today, the Magadi Basin is
one of the driest regions in East Africa, but the pollen flora shows that
there were significant environmental changes through the last million
years (Muiruri, 2017).

At Magadi this is partly documented by variations in Poaceae to
Cyperaceae ratios, which have previously been used to infer changes in
moisture (Muller et al., 2008; Githumbi et al., 2021). However, such
inferences often require a knowledge of the local basin topography. For
example, increases of Cyperaceae in Lake Challa sediments were used to
indicate periods of drought as the lake level fell exposing littoral shelves
where Cyperaceae could expand. In contrast, [vory et al. (2018) corre-
lated increased Poaceae with semi-arid periods in the Lake Malawi
Basin. In this study, elevated ratios of Poaceae to Cyperaceae are
considered to reflect decreased moisture. The basin is dominated by low-
gradient north-south-oriented grabens and we see increases in Cyper-
aceae as reflecting expansion of swamps/wetlands near the palaeolake
and lacustrine littoral zones during transgressions. To generate these
types of setting would require a wetter period. This inference is also
supported by increases in other shallow water taxa such as Typha and
Hydrocotyle. In contrast, declines in Cyperaceae are associated with
periods when lake salinity increased in response to drier conditions
(mainly in younger sediments), as indicated by MAG14-2A diatom
(Muiruri et al., 2021) and mineralogical evidence (Owen et al., 2019)
published elsewhere. Conversely, grasses would be likely to be more
common during relatively dry periods as the vegetation cover would be
more open and grasses more common, as they are today.

There are many sampling gaps and pollen were not extracted from
chert. Pollen preservation is poor in sediments that were analysed and
dated to ~1041-740 ka (Unit 1; Fig. 6), possibly reflecting oxic bottom
conditions in the palaeolake through much of this time. Owen et al.
(2019), for example, noted that during this period the basin was occu-
pied by a large, relatively shallow freshwater body. Pollen is preserved
from ~1000-910 ka (~190-185 m), where Poaceae and woodland
pollen dominate, with Commiphora, Euphorbia and Ericaceae being less
common; together with relatively low percentages of Cyperaceae sug-
gesting a generally drier period than those of Unit 2 times.

Cyperaceae increased relative to Poaceae between about 740 and
528 ka (Unit 2; Fig. 6) and dominated between 605 and 570 ka, when
Typha were also present, suggesting the existence of shallow fresh water.
This combination of Typha and Cyperaceae also supports the interpre-
tation of increases in Cyperaceae being reflective of more mesic envi-
ronmental conditions in the Magadi Basin. Unit 2 was also distinguished
by a concurrent expansion of Afromontane forest (Podocarpus and
Juniperus) that implies a shift to cooler and more mesic climatic condi-
tions in the higher elevation hinterlands (Githumbi et al., 2021). This
inference is supported by the absence or low abundance of woody
bushes such as Vachellia and Phyllanthus, but with the presence of her-
baceous taxa such as Asteraceae, Amaranthaceae and Valeriana. The
montane forest was characterised by extensive growth of Podocarpus.
This taxon can form a dominant element in Afromontane forests and has

Palaeogeography, Palaeoclimatology, Palaeoecology 567 (2021) 110247

been used to infer cooler conditions and/or long-distance wind or fluvial
transport when percentages increase in environmental reconstructions
(Bonnefille, 1976a, 1976b, 2010; Elenga et al., 2000). However, Ivory
et al. (2012) suggested that it may be less sensitive to average annual
temperature, but more sensitive to daily temperature variability and
rainfall seasonality. Today, it is also found in the upland drier forests of
Kenya (Beentje, 1994). The parallel trends for Podocarpus, Cyperaceae
and the other aquatic indicators imply a regional climatic control behind
these ecosystem changes, rather than a localized tectonic control.
Although the data suggest this was generally the wettest interval in the
last million years, the climate appears to have been variable with, for
example, a drier episode at ~662-625 ka that was marked by increased
Amaranthaceae and reductions in Podocarpus and Cyperaceae (Fig. 6). In
addition, the core interval contains gravels where alluvial fans pro-
graded onto the lake floor with mudcracked mudstones also developing.

Pollen grains are scarce in the sediments deposited between ~528
and 392 ka (Unit 3) with the floras characterised by a major decline in
Cyperaceae, implying increased aridity at a time when diatoms indicate
either a meromictic lake and/or alternating saline and freshwater lakes
(Owen et al., 2018a, 2019). Podocarpus also declined in early Unit 3
times, but started to increase after ~440 ka, implying a partial return to
milder climatic conditions.

The period 392-200 ka (Unit 4) is associated with a modest increase
in Cyperaceae and a reduction in pollen diversity. Pollen grains are
common in sediments older than ~380 ka, but scarce subsequently. A
few woodland taxa started to increase after about 300 ka, but the low
diversity suggests a restricted variety of tree and herb taxa within the
pollen catchment. The major contrast between Units 3 and 4 reflects a
significant environmental change (Harrison and Sanchez Goni, 2010)
with a reduction of woody habitats and an increase in grass cover,
perhaps driven by changes in effective precipitation or possibly
enhanced seasonality. Geochemical and mineralogical data from
HSPDP-MAG14-2A also indicate a major change close to the Unit 3-4
boundary with decreased Ca/Na ratios, a loss of calcite from the sedi-
ments and the appearance of zeolites. Owen et al. (2019) related these
observations to a change from a fresh to mildly saline lake to a highly
saline water body caused by increased evaporation and/or reduced
rainfall. The comparatively dramatic changes in pollen, diatoms,
geochemistry and mineralogy at this time also overlap with marine
oxygen isotope stage 11 (424-374 ka), which represents the warmest
interglacial of the last half million years (Owen et al., 2018a).

During the last 200 kyr (Unit 5), Cyperaceae formed a relatively
small component of the flora (Fig. 6), suggesting drier conditions,
although the presence of small percentages of Typha imply that fresh-
water swamps existed near the core site. Diatom data (Owen et al.,
2018a) indicate a highly saline Palaeolake Magadi that would be un-
suitable for riparian Typha, implying that freshwater wetlands with
through-flowing streams may have occupied some of the north-south
grabens. Unit 5 is characterised by an overall decrease in Podocarpus
while other Afromontane taxa were increasing, as did woodland and
herbaceous plants. However, individual taxa increased at different times
with variations in both wetter (Commelina, Justicia, Rumex and Urtica-
ceae) and drier taxa (Vachellia, Aloe, Commiphora, Ericaceae, Phyllan-
thus and Valeriana) suggesting considerable environmental change
during this time interval. Olea, for example, is derived from wet and dry
upland evergreen forests. It is also one of the more fire-resistant Afro-
montane taxa and charcoal data suggests a parallel increase in fires
during Unit 5 times (Fig. 7), which may reflect either increased montane
fire in drier uplands or mountains with longer dry seasons and fuel
availability. Increases in Commiphora and Vachellia also indicate dry
semideciduous dense bushland (Fig. 6), with drought related Amar-
anthaceae and Juniperus associated with drier upland forests (Beentje,
1994). Vachellia, for example, are commonly present only where pre-
cipitation is <1000 mm/yr (Gajewski et al., 2002). During the African
Humid Period (AHP), at ~15-5 ka, there were major increases in Urti-
caceae, which occur along forest edges and by the shores of rivers and



Palaeogeography, Palaeoclimatology, Palaeoecology 567 (2021) 110247

V.M. Muiruri et al.

g

aceous

Click herﬁetr access/download;Figure;Fig. 6.eps

Woodland

Afromontane

wetland

Fig. Garassland/

w

jun <

JUNoo [ejo)

umoyun -

s|qeulwia)apu|
xawiny
SnosigiH
oBea0BAE
oeadeyouuy
oeadepuids|osy
oeaoeuIbueoAN
snyjnuoydJe|
ejuobesjaf
ejonsnf
aeaoeyjuedy
oeaoe}gInony
sueoublu eisse)
e19,0bIpuy|

eydAjeoy
oeaoeuhoody
9E90BOIUN
wnJodso}jid
euelg[eA
snbeiedsy

sesoesaisy |l
snuory |

e/sawioyy
20|y
oeaoel|
suedden
sisdoipueuls
ejosog
wnuejos
wnjaiquio)
$Njn200)
BImaid
seaoeledde)
EEVERIES
eiqioydng
eJjoydiiwiod
elj[ayoen

pouyET
snyjueliAyd
snuily
snjAydojjy
eiziqy
suanedw)
8Qo0}S
eolg0EY
BILOIMBN
sojfpody -+
oeaoeolg
seaoeigny
seaoeulbuelog
shjey
snydAieong
snuid
©9/0
snuadiunp
sndiesopod
uojabowejod
a|Ajoo0IpAH
eydAl

aeaoeladA)

29e90e0d

1=

awiwinbo] s
sessyljlequin .-

BIPOWSIS +on
sejeige -
seaceyjuesewy Ik
BUfOWIWIOD -

s oL TR

E

T m..__._ "

1

kal

B Y

=y

k

STl
o il L,

o ok e el

Y -.-_-L...L.-....F-r.. Al | R

\

[T (T AT MT PO AT AT (M e MM Perr ror [T i ere m AT e e O O e e e e e e e e e e e e e om e e ©m er e e e e s e o e m em e mmorom e moar m e me e e

@ O
X

-
o
©

=

N

360

400

440 | m—

o

48

__@;._m_!_in_v i

<
©

520 | mma, - - - - - -

0 ©

800

840

880

920 +

960|— -

Each tick represents 10%

Fig. 6. Plots of pollen against time. Note upward declines in Cyperaceae and Podocarpus, increased diversity of herbaceous pollen, and increased abundance of

woodland taxa in Units 2 and 5 where pollen are also most abundant. Alternate shading and white emphasise the major units.



V.M. Muiruri et al. Palaeogeography, Palaeoclimatology, Palaeoecology 567 (2021) 110247

Fig. 7‘1J .qgjqé_(é - ° - > = %) © Click hgre tg a ce‘%/d wgi a%'i:ig(# e;Fig. 7.eps %
8 =8 A ; . ; N g o o o . N |G
S ©O08 N ~ © ) o N s © © o INH ]
5 =35 = = I N EYE R o
o ~
= e &
o S~ T E
o=
o 9 L 2
O 25 o
, £ | ; | L5
2 | W o Emy m o
HE o ] ;1 ; ; pUEoM
o8 =2 | i il P2 I I ||| (Nl DN N N |pueeges
om 'gﬂ : N H : Buipeibby
8 g HHE 1. II* 11 i I |wosos
< > D < ; =
uoueuuod 1I8|NNYO P : uoneuwlo:aljlesablo|n
E £ : i1 og i ~
(72} 0w > t o} H E
8 Sxd 18 m%’”[N&V\L - Ts
8 ®q 8 i - g
g o< 4)} L \w f/)f »\i | A" o | 8
g ©= I s i | [~
X ' 1 o
! 1 o
2 3 : '(om
Q o~ : I fo®
° DO% : i e S
S GO ‘ | : b &
T 22 N I E E fos
S == VIS I TR L1 F=
® . S
© < 3 ol ; i -
8 ad s i i a o2
o 04 : . : : o @
o o~ : | : H r .9
£ L0 : Pl : : e
T : . H - [ ®
(@] vé : [ : : Q2
3 i1 :I IH“' Ill ) L
ol .II||.|||: ] 1 . :JJ.| i '
i N : i [
L?{/@ ! i
0 (o) : 1 ! 7OI
£ 6@?@ : —O<<
1) XN : i : I
g O ; A LAR 7 i I e oo
o | : 1 H _
© : i i
o P ' E
© : I H )
= P : g ks
— . H : A
< L o
: | | lil m
P Ll | Ll 1HFTE L1 °
< :: H H '
. i : : r
v 1 i o
/@ [ : LS
o ; P i 5 @
X s L i E i
: i : : =
S ) Il .5 Pl Y L1
~/® '| H H -
%) 1 H -
(®) i H -
e ! s . ° 8
"Ll | \‘|| | 3
S ! LA Ill|‘ i l [ 1
. o H
O@ i : =
& l =
k) i 1 s o
5 lu.] el |+
7 {/(/ d d“au il ul L ||| fall o ||_ : |I 11
D 1 z < P e ~ ; -
®0 I'I'I'I‘I'I'I'I'I'I'I.'I‘I'I'I'I'I'I'I'I'I‘I'I'I'I'I'I.'I'I'I'T'I'I'I'I'I'I'i'T'I'I'I'I'I'I'I'I'I'I'I'I'I
A'C) o o o o o o o O o o o o O o o o o o o o o o o o Q
<t O N O O < o © O T o© © O ¥ O N O O T 00 O 8
-~ ~ N N N (") (5] < < < '-0 0 © © © M~ ~ [e0) [ee) [eo) o (o] ~—

(caption on next page)

10



V.M. Muiruri et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 567 (2021) 110247

Fig. 7. Lake Magadi pollen, charcoal and regional correlations plotted against time. See Fig. 1 for basin locations. PCA1 summarises all pollen data and declines
upwards, reflecting a trend towards generally drier conditions that was interrupted by wetter intervals. The wetness indicator shows an overall decrease upward in
aquatic plants (P = Poaceae; A = aquatic plants). Charcoal data show two cores with both showing major increases in Unit 5. Note different scales. Diatom Cor-
respondence Analysis (CA) Axis 1 reflects planktonic diatoms and implies deeper lakes to the right (after Potts et al., 2020). Land-lake status shows major envi-
ronmental changes at Olorgesailie (after Potts et al., 2018). Low-amplitude insolation phases are marked by white bands. Many wet-dry cycles developed during the
last million years, but overall drier episodes tend to correlate with low-amplitude insolation. MBE = Mid-Brunhes Event.

lakes, suggesting open forest habitats with more trees dispersed across
the landscape.

Increases in Cyperaceae and Hydrocotyle, as well as a variety of
herbaceous plants, at ~12-8 ka (Figs. 6), suggest wetter conditions and
the presence of fresh water in the basin. This period also coincides with
evidence from the High Magadi Beds and palaeoshorelines for a lake that
stood ~13 m above the modern water surface (Baker, 1986; Owen et al.,
2019) and coincides with the AHP, when lakes in East Africa were
generally high (Blome et al., 2012; Shanahan et al., 2015). Pollen from a
9-m-long core previously recovered from the northwest arm of Lake
Magadi also reflect more humid conditions at this time and imply an
open vegetation (Vincens et al., 1991). Pollen records from other Kenya
Rift basins support the Magadi evidence for moister conditions during
this period (Kendall, 1969; Vincens, 1986; Opiyo et al., 2019; Githumbi
et al., 2021).

Shanahan et al. (2015) noted that the termination of the AHP in
western Africa was relatively abrupt and time transgressive between
~32°N and 9°N: termination occurred around 5500 yrs. BP in northern
locations and between 2500 and 4000 yrs. BP south of 15°N. The Lake
Magadi (~1°50'S) vegetation record indicates rapid floral change at the
start of the AHP followed by a more gradual termination, following
patterns of lake level change at Chew Bahir (4.5°N), Suguta (2°N) and
Nakuru (0°20’N) in the East African Rift (Richardson and Dussinger,
1986; Garcin et al., 2009; Foerster et al., 2012; Junginger et al., 2014).
Pollen are absent in HSPDP-MAG14-2A above 6.5 m depth (4.2 ka),
indicating a shift to increased aridity, as confirmed by the extensive
development of trona, which broadly conforms with widespread evi-
dence for increased aridity across sub-Saharan Africa after about 4 ka
(Marchant and Hooghiemstra, 2004).

5.2. Landscape, climate and fire in the south Kenya Rift

Positive Pollen PCA 1 values reflect greater contributions from
aquatic and Afromontane pollen with negative values indicating a trend
towards woodlands, herbaceous plants and grasses (Fig. 7). Negative
Poaceae/aquatic pollen ratios also indicate wetter conditions. Both pa-
rameters suggest relatively wet conditions during Unit 2 times that
peaked around 600-580 ka, followed by a trend towards increased
aridity that was interrupted by many wetter intervals. Independent
datasets for diatoms and authigenic minerals at Magadi also imply drier
conditions in the Magadi Basin (Owen et al., 2018a, 2019). Potts et al.
(2020) have presented a similarly well-dated multiproxy one-million-
year environmental reconstruction for a 139 m long core drilled in the
Koora Plain, 10 km east of Magadi (Fig. 1a, b). In contrast with Magadi,
the Koora core contained only rare pollen. However, other multiproxy
data suggest fluctuating conditions during deposition of the younger
sediments with the Koora diatom record indicating a change from deep
fresh lakes to fluctuating deep freshwater and shallow saline water
bodies after about 470 ka (Fig. 7).

Palaeosols in the Koora core (Potts et al., 2020) also indicate that the
former lakes in that basin periodically dried out at the drill site, espe-
cially after 470 ka. At the HSPDP-MAG14-2A site, well-developed
palaeosols are absent although mudcracks are present, suggesting that
desiccation events were comparatively minor, which would have facil-
itated pollen preservation. In contrast, the neighbouring HSPDP-
MAG14-1A site (Fig. 1) contains more common alluvial fan gravels
and mudcracks and generally lacks pollen, implying greater exposure
there. The evidence for a more continuous lake at HSPDP-MAG14-2A
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may reflect both its position at a lower palaeoelevation and perhaps
spring inflow in what is the hydrological sump for groundwaters in the
south Kenya Rift (Allen et al., 1989; Becht et al., 2006).

At Olorgesailie, ~20 km north of the Koora Plain, a third major
sedimentary basin contains well-exposed lacustrine and fluvial deposits
that have been described in detailed outcrop studies (Behrensmeyer
et al., 2002; Owen et al., 2008; Lee et al., 2013; Owen et al., 2014;
Behrensmeyer et al., 2018; Potts et al., 2018). Sediments at Olorgesailie
that correlate with Unit 1 of the Magadi core formed on stable and
aggrading land surfaces with a freshwater lake developing at ~990 ka
(Fig. 7). Pollen in Unit 2 at Magadi suggest wetter conditions when large
lakes and stable land surfaces developed at Olorgesailie. Units 3 to 5
represent generally drier conditions interrupted by several wetter in-
tervals. At Olorgesailie, there was a significant environmental shift with
loss of large lakes at about 500 ka and the development of a major
erosional hiatus that removed the sediment record for the period
~500-320 ka. This erosional episode overlaps with a period of poor
pollen preservation and inferred drier conditions at Magadi. The Magadi
pollen record resumes at about 290 ka in Unit 4 and continues into Unit
5, indicating alternating drier and wetter intervals. At Olorgesailie,
these variable conditions coincide with fluvial, wetland and spring
deposition at 320-190, 190-50 and 50-36 ka, with these intervals
separated by periods of fluvial incision (Behrensmeyer et al., 2018).

All three basins therefore indicate regionally similar patterns, sug-
gesting a dominant climate control on the palaeolakes and their asso-
ciated catchment vegetation. Transitions from woodland to grassland-
dominated savannah are commonly attributed to more xeric environ-
mental conditions, disturbance by humans and/or large herbivores, and
also the impact of fire (Higgins et al., 2000; Gillson, 2004; Meyer et al.,
2007; Archibald et al., 2009). Colombaroli et al. (2014, 2016), for
example, noted that fire can maintain grass-dominated ecosystems even
when precipitation favours forests, and that the role of fire depends on
its location within geographical gradients. For example, they reported
that in sub-humid western Uganda the accumulation of charcoal during
the late Holocene was favoured by decade-scale aridity events, which
contrasted with the drier central Kenya Rift where biomass burning
increased when intermediate moisture levels developed and plant
biomass increased.

The climate at Magadi has been semi-arid through much of the last
half million years, albeit with episodic increases in moisture (Owen
et al., 2018a). Fire is reflected in charcoal accumulation rates in the core
sediments, which vary considerably (0-570 particles g 1; Fig. 7). Peaks
in HSPDP-MAG14-2A correlate with increased pollen abundance,
increased Cyperaceae percentages and higher grass/aquatic pollen ra-
tios, which suggest wetter intervals may have boosted biomass fuel
supplies. Charcoal is common in Unit 2 of HSPDP-MAG14-2A, a time
when large lakes were present at Magadi, Koora and Olorgesailie.
However, a second core (HSPDP-MAG14-1A; Fig. 1b) taken ~4 km away
from HSPDP-MAG14-2A shows only a partial increase in charcoal at
these times, perhaps because burning was highly localized at both sites,
which is not uncommon in a fuel limited ecosystem. In contrast, Unit 5 is
characterised by large increases in charcoal at both sites with consid-
erable variability between different horizons. This also represents a time
when woodland and herbaceous pollen increased in diversity and when
diatom data at Koora suggest drier conditions that were interrupted by
many wetter intervals (Muiruri, 2017; Potts et al., 2020). The AHP was
the last of these wet intervals and is associated with a major increase in
charcoal in both cores, suggesting that the vegetation was probably
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denser and more continuous, leading to larger and more widespread
fires.

5.3. Global and regional correlations

Fig. 8A-B compares the Pleistocene vegetation histories of Lake
Magadi and northern Lake Malawi, ~950 km to the southwest (Ivory
et al.,, 2018). Today, these lakes lie, respectively, in the contrasting
Somali-Masai and Zambezian miombo woodland phytogeographic
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regions, with Podocarpus-dominated Afromontane forests at high alti-
tude (Beuning et al., 2011; Kindt et al., 2011; Migliore et al., 2020). The
Malawi pollen record was divided by Ivory et al. (2018) into nine forest
phases with abundant lowland forest, woodland and Afromontane taxa
(mainly Podocarpus) and eight semi-arid phases dominated by grasses
and non-arboreal taxa (Fig. 8B). Despite the uncertainties between
different age models, the Poaceae in the Magadi record (Fig. 8A) appear
to increase when Malawi Poaceae decrease, especially during the last
200 ka (Unit 5). Unit 5 herbaceous pollen at Lake Magadi also tend to
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show broadly opposing trends to those at Lake Malawi, but woodland
taxa display a more positive relationship with most increases at Magadi
coinciding with peaks in the Malawi sediments. Podocarpus is an
important element of the Afromontane floras throughout the 600-ka
Malawi core, alternating between phases of expansion and contrac-
tion, especially after 240 ka, which contrasts with the Magadi record
where Podocarpus generally declines upwards in the cores.

Both pollen records indicate alternating cycles with drier and wetter
conditions, but these are commonly anti-phased, as recorded for other
regional climate signals (Blome et al., 2012). Kutzbach et al. (2020), for
example, noted anti-phased wetter and drier periods and vegetation
changes between the northern and southern tropics, which they attrib-
uted to contrasts in orbital forcing. Ivory et al. (2016, 2018) related
changes in Lake Malawi vegetation to hydroclimatic fluctuations, noting
that forest expansion occurred during periods when lake levels were
high, which Lyons et al. (2015) reported were not in phase with high-
latitude signals. In contrast, the Magadi record after about 575 ka
shows a trend towards fluctuating conditions with many wetter-drier
cycles. Conditions were particularly dry at ~528-392 ka during part
of the relatively warm interglacial period of marine oxygen isotope stage
11 (424 to 374 ka) (Owen et al., 2018a). Similar variability appears to be
evident in the Koora diatom record after the Mid-Brunhes Event (~430
ka; Fig. 8), when there was an intensification of global glacial and
interglacial cycles (Fig. 8C).

Cohen et al. (2007) reported a series of megadroughts between 135
and 75 ka from Lake Malawi and noted that the most arid phase was
associated with extremely low pollen and charcoal production (low fuel
load) and cool, semidesert conditions. Although possibly reflecting
insufficient time resolution, Scholz et al. (2007) and Blome et al. (2012)
reported that East African records lacked this megadrought signal,
which was widespread in tropical areas to the south, including Lakes
Malawi, Tanganyika and Challa, and across to Lake Bosumtwi in West
Africa. At Magadi, trona precipitated at times during this period
(105-90 ka) with Poaceae episodically increasing to high concentrations
that coincide with severe reductions in aquatic pollen between about
110 and 80 ka, suggesting very dry conditions that alternated with
wetter intervals.

Despite Lake Magadi appearing to show a degree of synchronisation
with the southern tropics during the megadrought period, the con-
trasting longer-term trends imply that the Magadi and Malawi palae-
olakes responded mostly to conditions in two different climatic regions.
For example, the increased aridity and variability in wet-dry cycles at
Magadi resemble aeolian dust records from the northwest Indian Ocean
(deMenocal, 1995, 2004) (Fig. 8D), suggesting a possible link to the East
African climate region. In contrast, Ivory et al. (2018) noted that ex-
pansions in Podocarpus at Malawi coincided with increases in this taxon
in 300-ka marine cores from offshore southwest and southeast Africa,
implying a different south tropical linkage where forest growth tended
to be greater during glacial periods.

The Magadi pollen record and its climatic inferences appear to show
links with insolation variability, especially between ~650 and 350 ka,
with relatively dry conditions developing during phases of low-
amplitude insolation at about 655-635, 550-505, 460-405 and after
70 ka (Fig. 7; Owen et al., 2018a). Pollen data for a 380-360 ka phase of
low insolation variability are lacking, perhaps reflecting arid conditions
at that time. Kutzbach et al. (2020) note that insolation variability in the
northern hemisphere summer and winter is mainly related to 21,000-yr.
precession cycles that are modified by orbital eccentricity, resulting in
alternating periods of high and low insolation seasonality (Fig. 7). High
insolation seasonality appears to correlate with warmer summers and
colder winters with low insolation seasonality generating colder sum-
mers and warmer winters. In addition, they noted that variability in
insolation is at its greatest when eccentricity is large and least when
eccentricity is small. Kutzbach et al. (2020) also observed that the
southern hemisphere rainfall maxima are exactly out of phase with the
northern hemisphere maxima, due to orbital forcing. Magadi lies close to
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the boundary with the south tropical climate region where Lake Malawi
is positioned, but the contrasting pollen records suggest that Lake
Magadi has been more influenced by the northerly East African climate
regime.

5.4. Environmental implications for hominins

Habitats in the south Kenya Rift have changed dramatically through
the last million years due to orbitally-controlled variations in climate
(rainfall, seasonality, temperature, evapotranspiration rates) (Maslin
and Christensen, 2007; Campisano, 2015; Campisano et al., 2017; Owen
et al., 2018a). Environmental change has also been driven at the local
scale by faulting, which fragmented the landscape, increased topo-
graphic variability, led to rainshadow effects, modified drainage, and
enabled shallow meteoric and deeper hydrothermal springs to form
(Owen et al., 2018b, 2019). The latter were especially important at
Magadi, which lies in a tectonic sump, and springs there could poten-
tially have provided potable water to hominin and wildlife populations
during droughts (Magill et al., 2013; Cuthbert et al., 2017; Barboni et al.,
2019; Sistiaga et al., 2020). The Magadi data show that these varying
environments trended towards drier conditions and variability, which
would have changed the resource-base (water, plant and animal foods)
available to hominins and, in turn, selective pressures in the area
(Kiibler et al., 2015). Access to different parts of former hominin ranges
would also have been influenced by the formation of physical barriers to
movement including former lakes, wetlands, arid zones and steep rift
escarpments (Trauth et al., 2010; Reynolds et al., 2011; Owen et al.,
2018b, 2019; Potts et al., 2020).

Recent work at Olorgesailie and the Koora Graben have also illus-
trated the importance of changing environments in the region and their
impacts on wildlife and hominins (Potts et al., 2018; Deino et al., 2019;
Potts et al., 2020). The oldest deposits at Olorgesailie constitute the
Olorgesailie Formation (~1200-500 Ka), which spans the time when
Acheulean stone tools were being produced locally. In contrast, younger
sediments in the region include the Oltululei Formation (~320-50 Ka)
which contains Middle Stone Age (MSA) and Late Stone Age (LSA) ar-
tefacts (Behrensmeyer et al., 2018; Brooks et al., 2018). However, an
erosional gap (—500-320 ka) between these two units means that the
palaeoenvironmental record for this important transition is missing at
Olorgesailie, but it is preserved in cores from Magadi and the Koora
Plain (Muiruri, 2017; Owen et al., 2018a, 2018b, 2019; Deino et al.,
2019; Potts et al., 2020).

The new Magadi data suggest that between ~528 and 392 ka the
climate became generally drier but with wetter conditions from 440 to
380 ka, followed by a return to drier conditions. A few woodland taxa
began to increase after about 300 ka but with a low floral diversity,
suggesting relatively open ecosystems. The first MSA tools appear at
Olorgesailie by 320 ka (Behrensmeyer et al., 2018; Deino et al., 2018;
Potts et al., 2018, 2020), implying that these major changes developed
during a generally dry period, albeit interrupted by wetter intervals. The
major increase in aridity at 528-392 ka had a dramatic impact on the
regional and local flora that also likely influenced the fauna upon which
hominins may have partly depended. Climatic pressures, for example,
might help to explain a major mammalian turnover (~500-400 ka)
previously documented at Olorgesailie and at Lainyamok (~15 km west
of Magadi) (Potts and Deino, 1995; Faith et al., 2012; 2014; Potts et al.,
2018) with subsequent impacts on hominins. However, Potts et al.
(2020) recently hypothesised that more complex links between the
regional resource base and its response to both climate and tectonism
may be needed to fully understand selective pressure on ancestral
humans.

Our pollen evidence from the south Kenya Rift shows that there were
large climate shifts, including a period of very dry conditions, during the
development of a major erosional hiatus (~500-320 ka) at Olorgesailie.
This was a time when there was a major faunal turnover and revolu-
tionary changes in stone tools in the region. This period includes the first
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known appearance of H. sapiens on the continent of Africa at ~315 ka
(Hublin et al., 2017; Richter et al., 2017). While these major changes
could be coincidental, a link between environment (climate and/or
tectonically controlled) and hominin cultural-physical evolution within
the south Kenya Rift seems likely.

6. Conclusions

Although pollen grains are often degraded in rift valley sediments
they are common and well preserved in the Lake Magadi sediments,
because the bottom water of the palaeolake was often anoxic. The flora
records a one-million-year history of environmental change with an
overall increase in Podocarpus and Cyperaceae from ~1 Ma to 575 ka
followed by a decrease in these taxa, reflecting an initial increase in
moisture followed by greater regional aridity. Relatively drier condi-
tions through the last half million years have been punctuated by wetter
intervals, including the African humid period (AHP). Grasses, wood-
lands and herbaceous plants were important between about 660 and
520 ka and after 200 ka, when pollen diversity increased substantially.
Charcoal accumulation increased during periods when pollen increased
in abundance and comprised taxa that suggest wetter conditions,
implying that increased fuel loads fed fire events during moister phases.
Comparison of Podocarpus at Lake Magadi with similar data from Lake
Malawi shows that Afromontane forest expansions in the two areas were
out of phase.

Comparison of records from the Magadi, Koora and Olorgesailie
basins suggests considerable palaeoenvironmental complexity and
variability across the south Kenya Rift. However, the basins displayed
similar trends that suggest a dominant climate control on vegetation and
landscapes. All three basins experienced wetter conditions and con-
tained large freshwater lakes between 740 and 528 ka. Subsequently,
climate became drier, but with considerable variability, resulting in
lakes that became more saline and which occasionally dried out. Wetter
intervals led to temporary lake expansions, overflow and episodically
fresh waters. Tectonism also played a role in landscape evolution as
faulting fragmented the landscape into a complex mosaic of habitats.
The paleoenvironmental record indicates a particularly intense arid
period between ~528 and 392 ka that overlaps with a major turnover in
the mammalian fauna of the south Kenya Rift. Acheulean handaxes
dominated the archaeological record at Olorgesailie after 1.2 Ma, but
disappeared sometime after 500 ka and were replaced by Middle Stone
Age tools by 320 ka or earlier. Although the transition interval is not
physically preserved in the Olorgesailie sedimentological record, the
evidence suggests a possible correlation with a major desiccation
episode documented at Magadi, implying that this climate transition
might have contributed to changing ecological resources that, in turn,
impacted hominin cultural evolution.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2021.110247.
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