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Pollen and charcoal data generated from a 1469 cm core, radiocarbon dated to 26,43014C yr BP, recovered
from Rumuiku Swamp on the southeast of Mount Kenya, are used to document changes in the distribution
and composition of montane vegetation and fire regimes over the Late Quaternary. Throughout the transition
from the Last Glacial Maximum (LGM), high resolution (sub-centennial scale) analysis documents a highly
dynamic ecosystem and fire regime. The pollen record shows that under a cool, but rather moist LGM
climate, Ericaceae and Stoebe species shifted down-slope more than 1000 m relative to the present day.
Rather than simple altitudinal lowering of current vegetation zonation, these taxa formed a vegetation
assemblage that mixed high altitude components with relatively lowland taxa; in particular Juniperus that is
presently found at altitudes lower than the study site, but on the drier side of Mount Kenya. There is
noticeable addition and co-dominance of Hagenia to the ecosystem from 20,50014C yr BP, until around
14,00014C yr BP when a mix of Ericaceous Belt and upper montane forest taxa, such as Artemisia, Polycias,
Schefflera and Stoebe, dominated the initial development of montane forest. Reduced levels of Hagenia, Ju-
niperus, Olea and Podocarpus are recorded about the time of the Younger Dryas with highly variable presence
of more mesic taxa such as Polyscias and Schefflera. This development of montane forest over the Late
Pleistocene to Holocene transition reflects a significant reorganization of the ecosystem composition that
was heavily influenced by a variable fire regime. Shifts in vegetation composition reflect the onset of a
warmer moist climate from the beginning of Holocene, as mixed montane forest became more established.
The latter part of the Holocene registers human impact and forest clearance with increased anthropogenic
impact marked by a transition to open vegetation and increased fire frequency.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The Intergovernment Panel on Climate Change (IPPC, 2007)
recognizes Africa as one of the least studied continents in terms of
ecosystem dynamics and climate variability (Hely et al., 2006).
Despite the importance of knowing how ecosystems respond to
climate change, only a handful of records extend back to the Last
Glacial Maximum (LGM), the period dated to 21,000 calibrated
radiocarbon years before present (cal yr BP). Those records that do
exist are either characterised by sedimentary hiatus (Marchant et al.,
1997), or only have a few samples dating to this period (Bonnefille
and Riolett, 1988). Shifting snowlines and glacier extent clearly
indicate the sensitive nature of Eastern Africa Mountains to register
past environmental shifts (Karlen et al., 1999; Thompson et al., 2002).
Through the LGM, Eastern Africa climates were colder and drier than
at the present (Coetzee, 1964; 1967; Perrott and Street-Perrott, 1982;
Hamilton and Perrott, 1979; Olago, 2001) and atmospheric carbon
dioxide concentrations lower than today (Jolly and Haxeltine, 1997).
This different environmental regime had a strong impact on

ecosystem composition and distribution with taxa presently found
in the Ericaceous Belt shifting to lower altitudes (Hedberg, 1954;
Coetzee, 1967; Hamilton and Perrott, 1981; Bonnefille et al., 1990;
Taylor, 1990). Such altitudinal shifts have been used to develop
palaeoclimate reconstructions based on a modern analogue approach
(Farrera et al., 1999; Peyron et al., 2001), however, these climate
reconstructions must be taken in the context of relatively sparse
spatial coverage and dating problems about the LGM (Marchant and
Hooghiemstra, 2001). Despite these excellent records documenting
ecosystem response to past environmental changes there remains
considerable uncertainty regarding the spatial and temporal response
of Afromontane ecosystems to climate and environment shifts about
the LGM.

The Late Holocene was characterised by significant population
migration into Eastern Africa, primarily Bantu immigrants, bringing
new technologies and land-use strategies (Holl, 2000). A common
signal from this time is pronounced vegetation clearance, particularly
from around 300014C yr BP with farming activities intensifying across
Central and Eastern Africa (Eggert, 1993). These vegetation clearances
were widespread and included montane forest sites such as the
Rukiga Highlands in Uganda around 220014C yr BP (Marchant and
Taylor, 2000). Mount Kenya experienced similar anthropogenic
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activities with major impact on vegetation associated with the use of
fire to increased agricultural activities (Boyes, 1911; Wimbush, 1937;
Muiruri, 2008).

We present a 26,000 cal yr BP palaeoenvironmental record from
Rumuiku Swamp catchment situated on the southeast of Mount Kenya
(Fig. 1). This is a newpollen record fromapivotal area for understanding
long term ecosystem dynamics in Eastern Africa, and indeed the wider
tropics. The record will be used to unravel the long-term ecology of the
area and determine the climate, anthropogenic and ecological influ-
ences on the ecosystem during the Late Quaternary.

1.1. Environmental setting of the study area

The environment of the study site will be described in terms of the
climate and vegetation of the Mount Kenya region with specific links
to the Rumuiku Swamp catchment provided. Mount Kenya is situated

in the centre of Kenya (Fig. 1); at 5199 m, it is the second highest
mountain in Africa. Much of the mountain is contained within Mount
Kenya National Park of which Mount Kenya forest covers 70,520 ha.
Kenya receivesmost of the rainfall during themonths ofMarch toMay
(long rains) and September to October (short rains); this bimodal
rainfall is due to the Intertropical Convergence Zone (ITCZ) that
migrates south and north about the equator. There is high inter-
annual and seasonal variability in rainfall resulting from interaction
between atmosphere, sea surface temperature, trade winds and
diverse topography (Mutai and Ward, 2000; Marchant et al., 2006).
The strong impact of topography is clearly reflected by the regional
microclimate: the southern flank of Mount Kenya receives about
>2500 mm yr−1 rainfall with the northern flank of the mountain
being much drier receiving <1500 mm yr−1 (Thompson, 1966).
Mount Kenya does not experience marked seasonal variations in
temperature due to its location on the equator but does exhibit strong

Fig. 1. Zonation and characteristics of vegetation of Mount Kenya showing the location of Rumuiku Swamp. The vegetation zones around Mount Kenya interpreted from Landsat TM
satellite scenes from 1976 to 1990s are shown (after Niemela and Pellikka, 2004).
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altitudinal changes. Temperature change on Mount Kenya can
be summarized by the lapse rate: applying a lapse rate of 6.6 °C
1000 m−1 (Van Der Hammen and Gonzalez, 1965) the approximately
4000 m of altitudinal change from the foothills to the summit equates
to a temperature change of more than 24 °C that is reflected by the
vegetation composition (Fig. 1). The annual-mean maximum tem-
peratures are 26 °C at the decreasing to 2 °C at the nival zone. Diurnal
variations in temperature are pronounced with daily temperatures
commonly fluctuating by around 20 °C (Survey of Kenya, 1970) and
14 °C at the tree line (Coe, 1967).

1.2. Vegetation distribution on Mount Kenya

Changes in plant distribution on Mount Kenya are dramatic and are
predominately driven by the changes in moisture and temperature
outlined above, the later being the most important of the two climatic
variables (Beentje, 1994). Inter-gradation of the different vegetation
belts, as onmost Eastern AfricaMountains, canmake the delimitation of
the upper altitudinal limit of the vegetation belts very difficult, this is
compounded by the variation imposed by the topographic and human
influence (Hamilton et al, 1986). Montane forest is the most common
form of vegetation cover; Juniperus procera and Podocarpus milanjianus
are the dominant tree taxa on the drier parts of the lower slopes (below
2500 m) where rainfall is between 875 and 1400 mm yr−1. Hagenia
abyssinica andHypericum revolutum predominate in areas of maximum
rainfall (up to 2400mm yr−1) between 2500 and 3500m. Higher
altitudes between 2500 and 3000 m characterised by rainfall over
2000 mm yr−1 are dominated by Arundinaria alpina (bamboo) on
south-eastern slopes, and a mosaic of bamboo and Podocarpus
milanjianus at intermediate elevations (2000 to 2800 m). Towards the
west andnorth of themountain, bamboobecomes lessdominant; on the
northern slopes there is no bamboo and the montane forest is poorly
developed with open gaps. Frequently occurring species in montane
forest includeNeouboutoniamacrocalyx and Syzygium cordatum that are
common on the lower slopes of valleys, while on land at mid-altitude
Chrysophyllum albidum and C. gorungosanum are abundant in associa-
tion with Cassipouria ruwensoriasis, Drypetes albidi and Strombosia
schefflera; at higher altitudes taxa such as Faurea saligna, Hagenia
abyssinica, and Nuxia congesta become common. As one moves down
into drier montane forest species, composition changes and is
characterised by Celtis africana, J. procera, Olea europaea ssp africana
and Teclea noblis. Changes in the composition of the montane forest
around Mount Kenya appear to be predominately driven by moisture.
Tree cover declines above 3000 m with Podocarpus being replaced by
Hypericum spp. The Afroalpine and Ericaceous Belts are more uniform
in distribution on both sides of the mountain (Fig. 1). Rapid changes in
temperature are the main characteristic of the climate in this belt
causing physiological drought (Coetzee, 1967). Subsequently the
vegetation is characterised by microphyllus, thorny habit and possess
other xeromorphic features.Montane grassland is often extensive at this
altitude, especially in the drier areas. The following genera are well
represented Alchemilla, Cliffortia, Deschampsia, Helichrysum, Hypericum,
Phillipia and Protea. The lower alpine zone (up to 3800 m) is
characterised by high rainfall and low species richness with Carex spp.
and Festuca pilgeri dominant. Alchemilla cyclophylla, A. johnstonii and
Geranium vegans are also found in this zone. The upper alpine zone
(3800 to 4500 m) is topographically more diverse, and contains a more
varied flora, including the giant rosette plants Carduus spp., Lobelia
keniensis, L. telekii and Senecio keniodendron. Continuous vegetation
cover stops at about 4500 malthough isolatedvascular plants have been
found over 5000 m (Hedberg, 1951).

Although the Mount Kenya National Park management plan
implemented by Kenya Wildlife Service (KWS, 1993) aims to: 1)
preserve the afro-alpine ecosystem; 2) preserve the traditions and
values of a high mountain wilderness for enjoyment by visitors and 3)
preserveMount Kenya's contribution of Kenya's environmental quality,

Mount Kenya has been subjected to logging for many years. In 1979 the
estimate of the natural forest cover in Kenya was about 80,000 km²
(Myers, 1979). Only a quarter of this forest extent remains today even
including plantations of exotic species. Human interference within the
National Park boundaries is low but more common within gazetted
forest areas at lower altitudes (Bussmann, 1996). Fires (from humans
and lightning) are common, particularly in the dry lower altitude forest.
With demand for more timber forest clearance continues; key
commercial species such as Juniperus procera and Ocotea usambarensis
being the main targets of this activity. Much of the remaining montane
forest is secondary and dominated by Macaranga kilimandscharica and
Neoboutonia macrocalyx. Threats to the remaining forest are similar to
other areas of indigenous forest in Kenya: illegal logging, firewood
collection, poaching, charcoal burning, destructive honey collecting,
settlement and encroachment (KWS, 1993; Bussmann, 1994; 1996).
Other illegal activities such as growing of Cannabis sativa also threaten
the forest asdoes grazingof livestockby removingherbaceous cover and
preventing regeneration (Bussmann, 1994) (Plate Ic).

1.3. Study site

Rumuiku Swamp (Plate Ia) is located on the southeast of Mount
Kenya in the montane rain forest at 2154 m (Fig. 1). The almost
circular, approximately 150 m diameter, swamp is bordered to the
southwest by a small cliff (Plate Ib). A small river emerges from the
swamp flowing to the east. The site is surrounded by disturbed
montane rain forest with secondary tree species (Croton macro-
stachyus, Macaranga kilimandscharica and Neoboutonia macrostachys)
dominating. More primary montane rain forest taxa such as Ocotea
usambarensis, Podocarpus spp., Polyscias spp., Schefflera spp. and Ta-
barnaemontana holstii are also common. Syzygium cordatum and
Myrica salicifolia are recorded as small trees close to the swamp
margins. Vegetation on the swamp surface is dominated by tussock
species of the sedge Carex, principally C. monostachya, which is
believed to be the main peat-former. The large tussock-forming grass
Pennisteum mildbraedii is locally abundant on the margins as are local
patches of the moss Sphagnum. Exotic tree species (Cupressus
lusitanica, Pinus patula and Pinus radiate) are cultivated towards the
north and Eucalyptus spp. to the south of the catchment under
management of the Forest Department of Kenya. The swamp is
situated close to communities with half of the catchment used for
agriculture: people grow tea, a wide range of crops and keep cattle
and goats that graze in open areas of forest (Plate Ic).

2. Methods

2.1. Core collection, dating and pollen analysis

A 1469 cm long core was recovered from Rumuiku Swamp using a
5 cm diameter Russian corer in 50 cm overlapping sections from two
adjacent bore holes 10 cm apart. The recovered core was described in
the field and transferred into 50 cm section PVC pipes and wrapped in
aluminium foil and polythene for transport to Palynology and
Palaeobotany Laboratory of the National Museums of Kenya (NMK)
Nairobi and to the University of York for cold storage. Nine bulk
sediment samples were selected for AMS radiocarbon dating. Each
sample was chosen to date significant changes in the stratigraphy, or
fluctuations in the pollen or charcoal data (Table 1). Eight samples
were sent to NERC laboratories in the UK where they were digested in
2M HCL (80 °C for 2 h), washed using deionized water then digested
in 1M KOH (80 °C for 2 h). The digestion was repeated until no further
humic acids were extracted. The residue was rinsed free of alkali,
digested in 1M HCl (80 °C for 2 h) then rinsed free of acid, dried and
homogenized. The total carbon in the treated samplewas recovered as
CO2 by heating in a sealed quartz tube and converted to graphite by
Fe/Zn reduction. One sample was sent to the University of Waikato

3S.M. Rucina et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 283 (2009) 1–14

34



37

Author's personal copy

Radiocarbon dating laboratory New Zealand (WK notation) where
they were washed in hot 10% HCL, rinsed and treated with hot 0.5%
NaOH. The NaOH insoluble fraction was treated with hot 10% HCL,
filtered and dried. Results were calibrated to calendar years using the
CALIB 5.1 radiocarbon calibration program (Stuiver et al., 2005). An
age model was developed using a linear interpolation between
adjacent calibrated dates and approximate ages of pollen zones were

interpolated accordingly (Fig. 2). δ13C values were calculated as part
of the radiocarbon analysis and plotted against depth and the age–
depth profile (Fig. 2).

Ninety six sampleswere sub-sampled for pollen analysis andshipped
to the Palynology and Palaeobotany Laboratory, National Museums of
Kenya (NMK)Nairobi for analysis. The standard palynological procedure
for concentrating pollen grains (Faegri and Iversen, 1975) was followed.

Plate I.

(A). Showing the extent and local vegetation of the Rumuiku swamp catchment,

(B). The cliff that delimits the northwestern extent of Rumuiku swamp is clearly seen as is the relatively open nature of the surrounding montane forest, and

(C). Heavily impacted montane forest adjacent to the Rumuiku swamp catchment where almost pure stands of Podocarpus remain following forest clearance and
subsequent grazing impact.

4 S.M. Rucina et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 283 (2009) 1–14
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One slidewasmounted per processed sample under a 22×40 mmcover
slip. Pollen counts were performed using a Leitz microscope at ×400
magnification; critical identifications were made using ×1000 magnifi-
cation under oil immersion: 127 terrestrial and 8 aquatic taxa were
identified. The percentages of total fossil pollenwere calculated from the
pollen sum with aquatic pollen and spores excluded from the pollen
sum, but unknown and undifferentiated pollen grains included. CONISS
was applied using the numerical clustering package within the TILIA
computer programme to identify zones of similar floristic composition.
Results are presented as a pollen diagram using the software TILIA and
TILIAGRAPH (Grimm, 1991). The pollen taxa are grouped together in
Afromontane, Ericaceous Belt, Woodland, Herbaceous, Aquatics and
Spore taxa. Correspondence analysis identified five distinct pollen zones
labelled Rum I to Rum V (Fig. 3).

2.2. Charcoal analysis

Two different procedures were used to determine the abundance
of charcoal in sediment sub-samples extracted every 20 cm. Firstly; a
size class method was applied to the slides prepared for pollen
analysis where individual charcoal fragments on the pollen slides
were counted and measured at 400× magnification. The process
involved in preparing samples for pollen analysis could have an
influence on the size distribution, particularly by fragmenting larger
pieces of charcoal. Although the impact of this was not account for, the

influence would be standard across the core samples. Indeed, as we
are primarily interested in changes relative to adjacent samples this
will not hinder our interpretation. Smaller fragments may be mis-
taken for pyrite, biotite or macrasite (Rhodes, 1998) and the
techniques involved in the pollen to slide process, particularly
acetolysis can considerably darken or blacken unburned plant pieces
(Rhodes, 1998; Blackford, 2000; Carcaillet et al., 2001). Given the
assumption of a homogenous distribution of charcoal particles on a
pollen slide (Clark et al., 1989), counts were made on successive
traverses across the pollen slide until a minimum of 500 fields of view
were completed. Charcoal selection was limited to fragments that are
black, opaque and of angular form (Waddington, 1969; Patterson et al.
1987; Pitkanen and Huttunen, 1999; Clark, 1982; 1988a; 1988b; Clark
et al. 1989), but fragments less than 3 μm were excluded, as they
cannot be reliably identified (Blackford, 2000). The charcoal counts
for each size class are presented as the total number of fragments per
500 fields of view. The count-based charcoal data is divided into four
classes (3 to 25 μm, 26 to 75 μm, 75 to 150 μm and >150 μm) (Fig. 4).

Chemical digestion assay of charcoal amount in the sediment
provides an alternative to the counting method; the Winkler (1985)
technique was used to quantify the elemental carbon content giving
an absolute charcoal content (Fig. 5). The technique used is based on
nitric digestion of the organic component and loss-on-ignition (LOI)
to separate and quantify organic and inorganic carbon. Sediment
samples (~0.5 ml) are dried and weighed, digested in concentrated

Plate I (continued).
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nitric acid and weighed, and ignited at 450–500 °C for 3 h before a
final weight is calculated. Replicates were made every 200 cm. The
percentage of charcoal is calculated as the difference of the dry weight
before and after ignition, using the following equation:

ðNW−IWÞ × 100
DW

= %charcoal

NW = the dry weight after nitric digestion
IW = the dry weight after ignition
DW = the dry weight of the sample

The charcoal data from both methodologies is plotted alongside the
core stratigraphy and radiocarbon dates using TILIA and TILIAGRAPH

(Grimm, 1991) (Fig. 4). The data is expressed as a percentage of charcoal
dryweight, the size class data are standardized to number per 500 fields
of view for each size class. Similarly to the pollen data, CONISS is applied
to cluster the charcoal data into zones of similar spectra: three zones are
identified and labelled Char I, Char II and Char III (Fig. 4).

3. Results

3.1. Stratigraphy

Based on direct observations and interpretation in the field, the
stratigraphy from the 1469 cm core from Rumuiku Swamp can be
divided into seven different sections (Figs. 3 and 4). The sediments
from 1469 cm to 1050 cm comprise fine silt and decomposed organic

Plate I (continued).
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matter that change to silty grey lake mud from 1050 to 950 cm. The
bottom 20 cm of the record comprises a grey basal clay that contains
little organic material. From 950 to 710 cm the sediments comprise
brown/grey lake mud. From 710 to 600 cm the sediments are brown
grey in colour and change to a more compacted mud containing
herbaceous material and plant roots. From 600 to 250 cm the
sediments comprise brown peat with large amount of herbaceous
material and fibrous roots. From 250 to 50 cm they comprise very
dark compacted peat with herbaceous material and roots. From 50 cm
to the top of the core, the sediments are a poorly humified peat
composed of fibrous roots and vegetation remains.

3.2. Age depth relationship and δ13C values

The age depth plot from the Rumuiku sediments (Fig. 2) shows a
largely coherent age–depth profile with the chronology particularly
well constrained through the LGM with seven radiocarbon dates being
placed between 16,000 and 26,000 years. The sample at 1465 cm(dated
22,871±30214C yr BP) is a little younger than the sample above at
1400 cm dated to 26,430±40514C yr BP. Given the coherence of the
overlying age–depth relationship, it is thought the basal date is
erroneously young and could result from possible contamination of
the sample with young material through vertical migration of the
sediment or humic acids. Such an impact would have been exacerbated
by the low level of radiocarbon in the sediment sample and the clay-rich
nature of the sediment. Alternatively the date above, obtained from a
different laboratory (Waikato), could have been erroneously old.
However, the subsequent age–depth profile demonstrates remarkably
constant sediment accumulation at approximately 1000 yr−1 a meter
until around 400 cm when there is a marked slow down in sediment
accumulation through the Holocene. The change in age–depth
relationship and sediment accumulation rate, from about 4 meters,
may represent a break in sediment accumulation and a sedimentary

hiatus — this will be discussed further in light of other data for this
period. δ13C values (Fig. 2) are consistently low at around −30‰ until
soonafter the LGM(the radiocarbondateof18,995±227)when there is
an increase to around −23‰ before a rapid increase after the
radiocarbon date of 16,256±23 to values about−10‰ (Fig. 2).

3.3. Pollen

Pollen results are described following the zonation identified by
the CONISS analysis (Fig. 3).

Pollen zone Rum I extends from 1469 to 1210 cm and is dated from
26,430 to 24,000 14C yr BP. Afromontane pollen taxa dominate the
zone, in particular Juniperus (20%) and Podocarpus (40%). Alchornea,
Canthium, Celtis, Hagenia, Ilex, Macaranga, Polycias, Rapanea and
Schefflera are present at low percentages. Herbaceous taxa such as
the Asteraceae and Stoebe are present with Artemisia and Ericaceae
also present throughout the zone at low pollen percentages (<10%).
Poaceae dominates the zone within the herb category with about 35%
at 1465 cm decreasing to around 20% throughout the upper part of the
zone. Stemodia and Umbelliferae record very low percentages
throughout the zone. The aquatic group is dominated by Potamoge-
ton (<10%) while Cyperaceae is poorly represented. The zone
boundary dates to 24,00014C yr BP and is characterised by low pollen
percentages of Juniperus, Poaceae, Podocarpus and Stoebe while there
is an increase in Allophylus, Asteraceae, Polyscias, Rapanea, Schefflera
and Urticaceae percentages. Cyathea, Myriophyllum, Spores and
Cyperaceae are also present about the pollen zone boundary.

Pollen zone Rum II extends from 1210 to 970 cm and dates from
24,000 to 22,00014C yr BP. Podocarpus initially decreases to <8% then
increases to dominate the zone about 40%. Percentages of Juniperus
also decrease at the same period that Podocarpus does. Other arboreal
taxa present are Celtis, Ilex, Macaranga, Olea, Polyscias and Rapanea;
pollen percentages are very low for all these taxa. The Ericaceous Belt
taxa is dominated by Stoebe (<10%) with Artemisia and Ericaceae also
present at low percentages. No woodland taxa are present in this
zone. Asteraceae and Stemodia pollen are present in the zone with
Asteraceae dominating amongst the herbaceous taxa. Poaceae is
abundant throughout the zone recording around 20%. Cyperaceae is
also present but poorly represented. Myriophyllum and Potamogeton
are present but record low percentages. The pollen zone boundary is
characterised by decreases in Alchornea, Artemisia, Juniperus and
Schefflera and a prominent increase in Hagenia. This pollen zone
boundary is coeval with the Char I–Char II zone boundary (Fig. 4).

Pollen zone Rum III extends from 970 to 610 cm and dates from
22,000 to 17,50014C yr BP. The zone is characterised by high
percentage of Juniperus and Podocarpus and increased amounts of
Hagenia pollen throughout the zone. Juniperus, Polycias and Schefflera
decreases towards the upper zone boundary. Asteraceae and Stoebe
decreases as Juniperus increases to 20%. Other Afromontane taxa
present in the zone are Celtis, Hypericum, Ilex, Macaranga, Olea, Po-
lyscias, Rapanea and Schefflera but these taxa have very low
percentages. Woodland taxa start appearing in this zone with the

Table 1
Radiocarbon dates showing the publication codes with the core depth. Sample ages, calibrated dates (14C yr BP) and δ13C results are also included.

Publication code Sample depth
(cm)

Sample age BP Calibrated dates
(14C yr BP)

δ13C Criteria for dating

SUERC-22553 100 2252±30 2260±65 −10.7 End of charcoal peak
SUERC-17195 245 7763±40 8535±49 −21.8 Range finders and decline in forest taxa
SUERC-22554 400 13,325±75 16,256±423 −23.1 Rum IV to Rum V zone boundary
SUERC-17196 545 13,953±59 17,205±209 −24.5 Peak in Poaceae
SUERC-17197 745 15,759±71 18,995±227 −29.8 Range finder dates, peak in charcoal and lake to swamp transition
SUERC-17198 945 17,296±85 20,761±292 −29.6 Rum II to Rum III zone boundary
SUERC-17199 1145 19,578±111 23,370±349 −31.5 Rum I to Rum II zone boundary
WK-18792 1400 22,016±180 26,430±405 −29.7 Stratigraphic change
SUERC-17200 1465 19,006±112 22,871±302 −30.0 Basal date

Fig. 2. Linear age–depth plot based on nine 14C dates. The position of the pollen zone
boundaries are also shown and labelled concordant with Fig. 4.
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presence of Allophylus, Canthium, Capparaceae, Dombeya and Eu-
phorbia. Non arboreal taxa are characterised by Artemisia, Asteraceae,
Brassicaceae, Ericaceae, Justicia, Labiatae, Stemodia, Stoebe and
Umbelliferae with Stoebe decreasing throughout the zone. Poaceae
is most abundant (>30%) when Cyperaceae is poorly represented.
Typha appears only in one depth at 30%. The pollen zone boundary
is characterised by decreases in Cyathea, Hagenia, Juniperus and Po-
docarpus and prominent increases in Rapanea and Stoebe.

Pollen zone Rum IV extends from 610 to 380 cm and dates from
17,500 to 15,50014C yr BP. Hagenia, Polyscias, Podocarpus and Schef-
flera are present in the beginning of the zone with Hagenia and Po-
lyscias being characterised by a large increase relative to zone Rum III.
Juniperus percentages start to decrease in the zone while Rapanea
increases compared to zone Rum III. Other arboreal taxa present in the
zone are Afrocrania, Alchornea, Croton, Hypericum, Ilex, Macaranga,
Myrica, Olea and Schefflera. The Ericaceous Belt taxa present
(Artemisia, Cliffortia, Ericaceae, Stoebe and Valeriana) all record low
percentages. Woodland taxa present at low percentages include Al-
lophylus, Capparaceae, Dombeya, Moraceae and Rubiaceae. The
herbaceous taxa in this zone are dominated by Asteraceae with Im-
patiens, Rumex, Stemodia and Urticaceae present in variable amounts,
for example Urticaceae records a concentration of about 30% in only
one depth. Poaceae fluctuates widely (15 to 60%) and there are slight
increases in Cyperaceae relative to zone Rum III. The pollen zone
boundary is characterised by large decreases in Hagenia and Polyscias
and increases in Cyperaceae, Juniperus, Poacaeae, Schefflera and
Uriticaceae pollen.

Pollen zone Rum V extends from 380 to 0 cm and dates from 15,500
to 014C yr BP. The zone could be subdivided into three subzones,
however, given the length of the record and focus of this paper on the
response, the vegetation about the LGM zone Rum Vwill be described
as a single zone. Afromontane taxa dominate this zone with Podo-
carpus, Polycias and Schefflera being abundant. Other taxa include Al-
chornea, Afrocrania, Celtis, Croton, Hagenia, Ilex, Juniperus, Macaranga,
Myrica, Neoboutonia, Olea, Protea and Rapanea. Most of the taxa
representing the Ericaceae Belt record very low percentages through-
out the zone; woodland taxa are also poorly represented. Urticaceae
increases from 15,50014C yr BP at the zone boundary with rises in
Cyperaceae and Poaceae and decrease in Hagenia, Polyscias and
Schefflera. Asteraceae and Urticaceae are abundant; particularly for

the first half of the pollen zone with the former taxa increasing again
in the top 50 cm. Poaceae fluctuates quite widely in the zone
increasing to 40% while Cyperaceae, after an initial dominance,
decreases towards the core top. Myriophyllum records high percen-
tages in the middle of zone Rum V increasing to about 40% before
decreasing towards the top of the core.

3.4. Charcoal

Zone Char-I extends from 1465 to 990 cm and dates from 26,430 to
20,00014C yr BP. The charcoal content in this zone is generally low but
more abundant in the large charcoal class sizes of 75 to 150 μm and
>150 μm. Zone Char I is characterised by numerous peaks and
troughs indicative of a generally low but variable fire regime with
isolated large fires, for example around 1125 cm. Zone Char-II extends
from 990 to 510 cm and dates from 20,000 to 16,50014C yr BP. All
classes decrease to the top of the zone, particularly from 700 cmwhen
all size classes reach a peak. Zone Char-III extends from 510 to 0 cm
and dates from 17,500 to 014C yr BP. This zone has very high charcoal
percentages, particularly from 450 cm with some depths recording
<40%. All charcoal class sizes are very variable, particularly the 26 to
75 μm class. Towards the top of the zone there is a strong reduction in
the charcoal percentages, particularly from 75 cm.

4. Discussion

The palaeoenvironmental proxies from the Rumuiku Swamp
sediments provide a new insight into ecosystem response to climate
variability and changing fire regimes through the LGM, the late glacial
transition and with much less resolution through the Holocene. The
resolution of the analysis is about 200 years between sample points
for period from 26,000 to 16,000 cal yr BP. Elsewhere on Mount
Kenya, Rutundu and Small Hall Tarn lakes also record a high rate of
sedimentation during the glacial period and early Holocene (Street-
Perrott et al., 2007) making this an exceptional location in Eastern
Africa, and indeed throughout the wider tropics to understand past
ecosystem response to climate change, particularly about the LGM.

Most previous palaeoenviromental analyses on lacustrine and
swamp sediments have suggested a downward extension of the tree-
line on Eastern Africa Mountains by some 900 to 1100 cm about the

Fig. 3. Carbon isotope (δ13C) distribution within the Rumuiku Swamp sediments and the nine 14C radiocarbon dates that are used to develop a linear age–depth plot.
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LGM and replacement of themontane forest taxa with higher altitude,
xerophytic vegetation (Coetzee, 1967; Perrott and Street-Perrott,
1982; Bonnefille and Riolett, 1988; Bonnefille et al., 1990; Wooller
et al., 2000; Olago, 2001). The pollen record from Rumuiku Swamp
also provides clear evidence for the impact of past climatic conditions,
with the vegetation dominated by Artemisia, Stoebe and other
Ericaceous Belt taxa in the period from 26,000 to 24,00014C yr BP.
However, the pollen record shows that the ecosystem shift was not
solely a situation of high altitude vegetation moving to lower
altitudes, with continual presence of Alchornea, Hagenia, Olea, Podo-
carpus, Rapanea and Schefflera within the Rumuiku Swamp catch-
ment — all representatives of montane forest. Interestingly, these
montane forest and Ericaceous Belt taxa grow in association with
Juniperus, a tree that is presently found at lower altitudes than
Rumuiku Swamp but on the relatively dry side of Mount Kenya
(Fig. 1). Such a lateral expansion of vegetation belts, contrary to the
classical view of down-slope vegetation movement, has also been
invoked to explain vegetation shifts at Lake Rutundu (Wooller et al.,
2003). At Lake Rutundu, Artemesia increased from 24,000 to 14,000 yr
BP at a similar time to the Rumuiku Swamp record. Such a non-
uniform specific ecosystem response to late glacial environmental
shifts has also been detected in Central Africa where catchment
characteristics, particularly slope angle, were thought to be respon-
sible (Jolly et al., 1997). For example, within the Muchoya Swamp
catchment in southwest Uganda the vegetation was characterised by
moderate presence of moist lower montane taxa such as Schefflera,
Polyscias, Ilex and Urticaceae from 20,200 to 15,700 yr BP (Taylor,
1990). The persistence of moist forest from 24,000 to 22,000 14C yr BP
farther south on the Udzungwa (Mumbi et al., 2008) and Uluguru
highlands (Finch et al., 2009) of the Eastern Arc Mountains of
Tanzania is further indication of locally differential ecosystem
response to LGM climatic change. Thus, it is quite clear that some
areas appear to have remained relatively moist throughout the LGM.

Such a change in ecosystem composition is not restricted to
arboreal cover; grass cuticles, pollen and charred fragments of
epidermis confirm that pooid taxa using C4 photosynthetic pathways
were common in the late glacial environment at higher altitudes on

the north of Mount Kenya (Street-Perrott et al., 2007; Ficken, et al,
2002; Wooller et al., 2000). Adjacent montane areas, such as the
Aberdares, had larger lakes with C4 grasses also spreading into their
catchments due to the cold environment and changed atmospheric
composition (Street-Perrott et al., 1997): C4 plants being more CO2

and water efficient and having a competitive advantage when PCO2 is
lower and climate arid (Bond et al., 2003; Ehleringer et al., 1997).
Within the Rumuiku Swamp catchment C3 grasses were dominant
throughout this period with the expansion of pooid taxa using C4

photosynthetic pathways not apparent as shown by the low (−30‰)
values for δ13C about the LGM. It has been suggested that such
dominance of C4 Poaceae taxa on Mount Kenya in the glacial period
can be largely explained by lower PCO2 rather than aridity (Jolly and
Haxeltine, 1997), however as there is little C4 expansion at lower
altitudes (2100 m) it seems reduced temperature and/or moisture are
a prerequisite for the development of this flora. An additional insight
into the nature of the environment comes from targeted analysis on
the Lake Rutundu sediments that show the presence of the C4 grass
Themeda triandra within the catchment, this implying that precipita-
tion was high during the growing season (Wooller et al., 2003). Thus,
this new record from Rumuiku Swamp, and reassessment of other
long records in Eastern Africa, casts further doubt on traditional
interpretations of ecosystem response to the LGM and highlights the
dynamic nature of the vegetation response to climate forcing, likely to
be modified by local factors (topography, soil, and geology), CO2

concentration, fire and ecological inertia. Certainly, there seems to be
considerable support for the strong role of local topographic and
climatic conditions in influencing vegetation response. There remains
very strong evidence for pronounced aridity at the LGM, particularly
manifested as a lowering of lake levels in the Rift Valley (Kendall,
1969; Harvey, 1976; Richardson and Dussinger, 1986; Gasse et al.,
1989; Talbot and Livingstone, 1989; Johnson et al., 1996; Beuning,
1997; Beuning et al., 1997) with the Lake Tanganyika diatom record
reflecting a lake level drop of some 300 m about the Last Glacial
Maximum (Gasse et al., 1989). However, the Lake Naivasha diatom,
ostracod and pollen record suggests a high lake level (Maitima, 1991)
although it is the only record in the region to record the LGM as being

Fig. 5. Charcoal percentages determined using the Winkler method and charcoal size classes following microscopic examination. CONNIS applied to the data group the charcoal
results into three zones. Core lithology and radiocarbon dates are also shown.
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a relatively wet period. Although it is suggested this record is
unreliable, and the possibly erroneous signal is associated with dating
problems (Kiage and Liu, 2006), the original interpretation is
supported by the Rumuiku Swamp record, and the spatio-temporal
response of catchments and lakes to environmental changes about the
LGM, clearly warrants further investigation.

To explain the apparent discrepancy between high altitudinal sites
being relatively moist and lower altitudinal lakes recording pro-
nounced aridity, alternative explanations to wholesale aridity need to
be sought. A drier environment has been attributed to lower tropical
sea surface temperatures (SSTs) during glacial phases (Hostetler and
Clark, 2000). However, Eastern Africa SSTs were not massively lower
at the LGM (Farrera et al., 1999), and although global sea levels were
some 100 m lower at 21,00014C yr BP there is not an extensive
continental shelf off the Eastern Africa coast. These factors would have
the net effect that land–ocean coupling and associated delivery of
moisture would not have been markedly different than today, with
stratified clouds continuing to deliver moisture to montane areas
(Marchant et al., 2006). Another explanation to account for the high-
lowland decoupling could be via changed lapse rates, and/or moisture
delivered to montane areas not being readily transferred to the
lowlands. Such a discrepancy between the highland and lowland
ecosystem response is not so surprising given that lowlands will have
a more pronounced precipitation: evaporation ratio. With the
significant expansion of low stature Ericaceous Belt vegetation and
C4-domiated grasslands at high altitudes on Eastern Africa Mountains,
as evidenced by the numerous palaeoenvironmental records, then
there would be significantly reduced ability of the vegetation to strip
out moisture from incoming non-precipitating clouds. This reduction
of occult precipitation would result in reduced river flows and
associated lake level declines as the high altitude ‘water towers’
become less effective at collecting moisture. It is about this time that
the Rumuiku Swamp site passes through the hydroseral succession;
the transformation from a lake to a swamp, as denoted by the
stratigraphic change from a lake mud to a herbaceous peat at about
600 cm, is dated to approximately 17,000 cal yr BP. Although such a
shift may be attributed to climate change, it is difficult to assess as all
lakes will ultimately infill with sediment and pass through a
hydroseral succession. The strong impact of vegetation change on
the montane hydrology, and connection to lowland drought, can be
seen today on numerous Eastern Africa Mountains where human-
induced vegetation clearance has resulted in reduced river flows and
declining lake levels. For example, on Mount Kilimanjaro where there
has been recent extensive clearance of the Ocotea-dominated forest
this is thought to be accountable for more than a 90% reduction in
moisture of the reduced flows and associated regional aridity (Hemp,
2006). Such a more complex vision of ecosystem response to the LGM
renders current tropical palaeoclimatic reconstructions (Bonnefille
et al., 1990; Peyron et al., 2001; Farrera et al., 1999) potentially
erroneous, and certainly highlights that they need to be treated with
caution, particularly when used as a test of the validity of output from
other applications, such as a test of climate model performance
(Marchant and Hooghiemstra, 2001). Developing this understanding
on ecosystem response to climate change is highly relevant to
predicting future climate change impacts on Afromontane ecosys-
tems, particularly so as the LGM is a critical period for a palaeoclimate
data-model comparisons (Elenga, et al., 2001; Peyron et al., 2001;
Braconnot et al., 2007). This relevance is particularly trite when we
consider that ecosystems have spent some 80% of the Quaternary
under a glacial environment, and are most adapted to a cool, dry, low
CO2 environment.

Whatever the explanation for differential ecosystem response to
the LGM, the record from Rumuiku Swamp presented here shows the
ecosystem compositionwithin the catchmentwas highly dynamic— a
situation that continues into the late glacial period. For example,
during the period from 17,500 to 16,50014C yr BP there was increased

abundance of montane taxa with Juniperus becoming less important
providing some evidence for a slightly wetter environment than
previously. From 16,50014C yr BP there was a notable change in
vegetation composition; a large increase in Hagenia was followed by
Polyscias and Schefflera around 12,000 yr BP in the Rumuiku Swamp
catchment: these shifts are concomitant with a similar expansion of
montane forest at Muchoya (Taylor, 1990) and Mubwindi Swamp
(Marchant et al., 1997) in the Rukiga Highlands of southwest Uganda.
This increase in Hagenia is interesting as it coincides with a significant
and sustained increase in charcoal indicative of greater fire activity.
Hagenia is a known fire tolerant taxa (Lange et al., 1997) and was
growing successfully at higher altitudes during this time (Coetzee,
1967; Swain, 1999; Wooller et al., 2003). Extensive biomass burning
about this time may have encouraged the spread of woody vegetation
(Kutzbach and Street-Perrott, 1985), in particular Hagenia until a
period when climatic amelioration was significantly strong to allow
colonisation of more sensitive montane taxa such as Schefflera.
Farther south in the Lake Masoko catchment, Olea expanded between
16,000 and 14,10014C yr BP (Vincens et al., 2007); with Lake
Tanganyika recording similar expansions from 16,000 to 14,000 yr
BP (Vincens, 1991) that indicated there was rapid climatic ameliora-
tion after the LGM and associated vegetation response.

In Eastern Africa, the period from 12,400 to 10,00014C yr BP is
characterised by marked climatic transitions (Barker et al., 2001;
Olago, 2001), with rapid rise in temperature and increased moisture.
For example, the diatom record from Lake Victoria shows a highly
variable climate from 11,400 to 10,00014C yr BP (Stager et al., 1997;
2002). Interpretations about this period from the Rumuiku record are
difficult as this period corresponds to a marked change in sedimen-
tation rate between the radiocarbon dates of 16,256±423 cal yr BP at
400 cm and 8535±49 cal yr BP at 245 cm. Although the stratigraphy
does not show marked changes in this section, the majority of the
pollen taxa (Fig. 3) and the charcoal data (Fig. 4) show very strong
fluctuations in this upper section of the core further indicating the
potential of a hiatus. With this caveat, using the existing age–depth
profile the Rumuiku Swamp record shows pronounced increases in
Asteraceae, Cyperaceae, Poaceae and Urticaceae as Hagenia decreased
around the beginning of Younger Dryas. In the Empakai Crater of
northern Tanzania, from 13,200 to 10,10014C yr BP Hagenia similarly
decreased as Nuxia and Poaceae increased (Ryner et al., 2006). This
coeval reduction of Hagenia at Empakai Crater and Rumuiku may be
indicative of a regional climate shift and associated ecosystem
response. The Younger Dryas has been recorded in many areas of
Africa (Johnson et al., 2002; Maley and Brenac, 1998; Bonnefille et al.,
1995) although the wider signature is often controversial as the
transition from the late glacial and early Holocene is not generally
well preserved in Eastern African sedimentary records (Jolly et al.,
1997). Where the Younger Dryas is recorded it is characterised by a
brief episode of aridity (Bonnefille et al., 1995; Olago et al., 1999) with
lake levels recording a low stand around this period. For example Lake
Albert was some 46 m lower than present levels at 12,500 yr BP
(Beuning et al., 1997) with Lake Victoria also lower at this time
(Kendall, 1969). As documented by the stratigraphic changes at
250 cm and the increased presence of Cyperaceae, Poaceae and Typha
the Rumuiku Swamp sediments suggest that the swamp dried out
further during, or soon after, the Younger Dryas. Increased amounts of
Cyperaceae and Myriophyllum in the late Holocene are also good
indicators of low water levels and swamp development.

Following the transition into the Holocene, mixed montane forest
taxa, particularly Shefflera and Polycias, replaced Hagenia as the
ecosystem composition responded to warmer and wetter climatic
conditions. Similarly, taxa characteristic of the dry Ericaceous Belt, like
the shrub Stoebe, became less common until it was virtually absent.
The Holocene in Eastern Africa was generally characterised bywarmer
temperatures and greater precipitation resulting in the decreased
extent of higher altitudinal vegetation associations (Street-Perrott and
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Perrott, 1993). Within this general environmental synopsis the
Holocene was characterised by rapid environmental shifts. For
example, the terminal moraine in Teleki valley Mount Kenya was
200 m lower between 6070 and 413514C yr BP indicative of a
reduction in average temperature by 1.2 °C relative to present day
(Johannessen and Holmgren, 1985). A short-lived temperature
increase resulted in the expansion of C4 grasses from 4500 to
400014C yr BP on Mount Kenya (Olago, 2001) with the pollen record
from the Cherangani Hills (Coetzee, 1964; 1967) and Sacred Lake on
Mount Kenya (Coetzee, 1967) all showing a shift to more xeric
ecosystems reflecting a relatively dry climate. Mount Kilimanjaro also
experienced a strong drying phase around 400014C yr BP with a
distinctive layer of dust recorded in the ice core (Thompson et al.,
2002) that agrees with lowered lake levels in numerous African
countries (Stager, 1988; Talbot and Livingstone, 1989) and appears to
be part of a pan-tropical environmental shift (Marchant and
Hooghiemstra, 2004). Thus, during the Holocene tropical mountains
have undergone quite strong phases of climate change (Thompson
et al., 2002) with variations in the pollen spectra at Rumuiku Swamp
suggesting that the composition of the moist montane forest within
the catchment did not remain stable throughout the Holocene. Three
relatively significant changes in pollen spectra are apparent; during
the mid Holocene, Rumuiku swamp reflects a pronounced growth of
Hagenia concomitant with dramatic increase in Poaceae and Myrio-
phyllum which are not comparable with any other site in Mount
Kenya. From about 6500 and 4000 14C yr BP, Rumuiku Swamp sedi-
ments record a rise in Podocarpus, reduced presence of Polyscias,
Afrocrania, Macaranga and Schefflera with high increases in Poaceae.
Charcoal in the Rumuiku Swamp sediments record dramatic
increases about this time, particularly in the large size classes, that
is likely to reflect a significant increase in large fires local to the
swamp. Such a shift in fire regime is likely to follow awarmer climate
with greater fuel availability following increased forest growth.
Associated with this increased fire regime is greater abundance of
fire-tolerant taxa such as Hagenia. This period is also marked by a
dramatic and extended period of drought around 400014C yr BP that
is observed throughout the region and indeed the wider tropics
(Street-Perrott and Perrott, 1993; Thompson et al., 2002; Marchant
and Hooghiemstra, 2004).

During the Late Holocene, pollen records from Eastern Africa start
to register human settlement and associated ecosystem impact. In the
Late Holocene humans progressed from having a relatively minor
impact, to becoming amajor external force on vegetation change. This
impact can give rise to complications when interpreting palaeoenvir-
onmental records, simply due to the difficulty in isolating the climatic
signals from the anthropogenic (Lamb et al., 2003; 2004; Kiage and
Liu, 2006). The Late Holocene at Rumuiku Swamp records a
progressive degradation in the arboreal cover, most clearly seen in
the response of Polyscias coupled with an expansion of grasses and
herbaceous taxa such as Artemisia possibly related to forest clearance.
The decline in shade-loving species, such as Urticaceae, also suggests a
conversion from a canopiedmontane forest to a more open forest. The
increased fires in the Late Holocene may also be linked to forest
clearance to extend agricultural land. The high accumulation of
charcoal, reduction in forest taxa in the late Holocene coincides with
immigration of the Kikuyu tribe and onset of agriculture in the region
(Dunda, 1908; Muriuki, 1974), an impact that has increased into the
present day with the Kikuyu being held accountable for clearing large
expanses of montane forest for agriculture (Lamb et al., 2003; Muiruri,
2008). It is interesting to see the steady presence of Podocarpus and
rapid rise of this taxa in the most recent sediments; in some areas
adjacent to the Rumuiku Swamp catchment this taxa forming mono-
specific stands with open ground between the mature trees main-
tained by grazing (Plate I). This situation is converse to other areas in
Eastern Africa where Podocarpus was a particular focus of forest
clearance (Marchant and Taylor, 1998).

5. Conclusions

The pollen record from Rumuiku Swamp shows that climate
change about the LGM resulted in a very different ecosystem
composition than is presently found within the catchment. However,
the ecosystem shift was not singly high altitude vegetation moving to
lower altitudes, but there was a mixing of vegetation currently found
within different altitudes and environments. During this period
Stoebe and Ericaceae shifted down into the montane forest belt and
Juniperus established itself on the south east of Mount Kenya with
Hagenia common from around 17,50014C yr BP. The abundance of
more mesic montane forest taxa persisted, albeit at lower levels
throughout the LGM and the late glacial period.

The Younger Dryas, and the transition into the Holocene, is
recorded as quite dramatic shifts in ecosystem composition; increased
presence of Myriophyllum and Poaceae, with reduction of Polyscias
and Schefflera are thought to reflect a relatively dry climate. Myrio-
phyllum and Cyperaceae also increase as the former lake evolved to
become a swamp. The decline of Hagenia and montane forest taxa,
combined with increased presence of Poaceae and Myriophyllum and
rise in charcoal accumulation, reflect increasingly frequent fires
possibly linked to regional drought phases in the Holocene. Most
recently the swamp sediments reflect a change in ecosystem
composition that follows increasing human impact on the forest.
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