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Abstract

The eastern Lesotho Highlands host an array of periglacial and glacial geomorphic
features. Their analysis has provided past climate interpretations predominantly for
cold periods, yet no multi-proxy temporally continuous palaeoenvironmental records
exist. This study presents a palaeoenvironmental reconstruction based on
sedimentary characteristics, fossil pollen and diatoms from an alpine wetland located
in the Sekhokong Mountain Range. The record commences in the late Pleistocene
with a wet period from ~16,450-14,440 cal a BP, interrupted by dry conditions from
~16,350-15,870 cal a BP. From ~14,150-8,560 cal a BP, drier conditions are
inferred, slowly transitioning to warmer, wetter conditions. Warmer, dry conditions
are inferred for ~8,560-7,430 cal a BP, followed by cold, wet conditions from ~7,280-
6,560 cal a BP. A dry, warmer period occurs from ~6,560-3,640 cal a BP indicated
by pollen, diatom and sedimentary records, followed by cool, wet conditions from
~3,400-1,200 cal a BP. The period from ~1,110 cal a BP to present is characterised
by progressive drying. Pronounced cold events are detected from the diatom record.
Moisture records appear relatively specific to the topographic setting of Sekhokong
near the Great Escarpment edge; thus likely driven by orographically constrained

synoptic controls.
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Introduction

The Sani Top region of eastern Lesotho has been a focus of research on relict and
active periglacial and glacial geomorphic features for many decades (cf. Marker &
Whittington, 1971; Marker, 1994; Boelhouwers et al., 2002; Mills et al., 2009; Grab,
2010; Borg, 2012). This includes the north-facing valley-heads of the Sekhokong
Range, 3.5km southwest of the Sani Top border post (Figure 1), with initial debates
focussing on their slope origins (Marker & Whittington, 1971; Grab & Hall, 1996;
Marker, 1994). More recently the site has been the focus of analyses on
environmental features responsible for gully development (Grab & Deschamps,
2004). Most notably, the site has been investigated to develop palaeoenvironmental
reconstructions based on variable sedimentary properties exposed along relatively
deep wetland gullies (Marker, 1994, 1995, 1998). Further research has interpreted
conspicuous debris ridges on the south-facing aspect of the Sekhokong Range as
small glacial moraines (Mills et al., 2009). While these past studies have provided
valuable information on contemporary geo-ecological stresses and some insights to
past environments in the region, no biological proxies have yet been investigated in
these records, limiting their interpretative capacity and potential for regional
corroboration (Grab et al., 2005).

Detailed multi-proxy, temporally continuous palaeoenvironmental studies have been
encouraged for eastern Lesotho (Mitchell, 1992; Grab et al., 2005). With precipitation
exceeding evaporation, the catchment is hydrologically important, supplying regional
water transfer schemes (Zunckel, 2003; Haas et al., 2010). Despite the concerns of
climate change to the region, past instrumental meteorological data are sparse and
of relatively poor quality (Grab & Nash, 2010). Climate modelling projections for the
region, essential for adaptation, therefore rely strongly on high resolution, well
corroborated palaeoclimatic reconstructions (Ziervogel & Calder, 2003; Jones et al.,
20009).

Better insight to palaeoenvironmental conditions in eastern Lesotho will also
contribute to late Quaternary science in the sub-continent. High altitude, relatively

high latitude for mountainous regions in the Southern Hemisphere, and frequent

http://mc.manuscriptcentral.com/jgs

Page 2 of 34



Page 3 of 34

©CoO~NOUTA,WNPE

Journal of Quaternary Science

cold-season frosts and snowfalls in eastern Lesotho, constrain the flora to only very
hardy species (Carbutt & Edwards, 2006; Mokotjomela et al., 2009). Any climatic
change can potentially lead to the extirpation of certain plant groups, as particularly
cold temperatures restrict elevational range shifts (Parmesan & Yohe, 2003; Carbutt
& Edwards, 2006; Inouye, 2008). Botanical responses to smaller climatic shifts are
therefore more likely to be detected at high altitudes than in adjacent down-slope

locations.

This study presents a multi-proxy palaeoenvironmental reconstruction from sediment
exposed along a 5m deep gully face on the north-facing slope of the Sekhokong
Range. The study utilises pollen, diatoms and sediment as palaeoenvironmental and

palaeoclimatic proxies, constrained by a radiocarbon chronology.

Study Site

The Sekhokong Mountain Range is located in eastern Lesotho, south of the Sani
Top border post at an altitude of 2,920 m asl and with co-ordinates 29°36.517’S,
29°15.897’E. The north-facing slope of the Sekhokong Range has at least four valley
heads eroded into it, separated by basaltic ridges located just south of its highest
point at Hodgson’s Peaks (Marker, 1994). The valley heads are approximately 800m
wide and 1200m deep, each with a tributary stream flowing into a wetland at the foot
of the slope (Marker & Whittington, 1971; Marker, 1994; Grab & Deschamps, 2004).
The sampling site (Figure 2) is a gully side-wall formed by one such stream (Marker,
1994: hollow C), which provided an exposed sedimentary sequence of more than 5m
depth (Figure 3), with alternating colluvial and peat layers (Marker, 1994; Grab &
Deschamps, 2004).

Mean seasonal temperatures for the alpine belt at Sani Top vary from 10°C for
summer (December through February) to 0°C for winter (June through August; Grab,
2010). Precipitation in eastern Lesotho is strongly seasonal, with 70-80% falling
between November and March, and less than 10% between May and August (Tyson
et al., 1976). Summer precipitation is predominantly in the form of thundershowers
and instability storms, controlled by the subtropical high pressure belt, with a smaller
proportion of the summer rainfall occurring as lighter orographic drizzle, resulting

from an influx of moist maritime air from the east (Sene et al., 1998; Nash & Grab,
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2010). Most precipitation above ~3000m asl between May and September falls as
snow, yet accounts for less than 10% of total annual precipitation, with an average of
2-8 moderate to light snowfalls per year (Nel & Sumner, 2008; Grab & Linde, 2014).
Summer winds dominate from the east and northeast, bearing moisture from the
Indian Ocean, while winter winds are predominantly north-westerly (Sene et al.,
1998; Grab, 2010).

The vegetation at the site comprises large expanses of meadow grasses, with
increased sedge cover towards the more water saturated wetland regions, Erica-
Helichrysum shrubs closer to the mountain backwalls, and a variety of small shrub
species typical of the ‘Drakensberg Alpine Centre’ (Carbutt & Edwards, 2004) found
in smaller numbers (Marker & Whittington, 1971; Grab & Deschamps, 2004). At a
regional scale, there is a considerable shift in vegetation along altitudinal gradients
(Carbutt & Edwards, 2004; Mucina & Rutherford, 2006). The Sekhokong site is
situated above the treeline, and given its high altitude and substantially depressed
temperatures, much of the vegetation comprising late Quaternary
palaeoenvironmental record and the contemporary flora at the lower altitude
Drakensberg palaeoenvironmental sites Braamhoek Wetland at 1,700 m asl
(Norstrom et a., 2009, 2014) and Mahwaga Mountain at 2,083 m asl (Neumann et
al., 2014) are not present. However, it is likely that during warmer periods, some of

these species were able to establish further upslope (Inouye, 2008).

Methods

Sediment was extracted horizontally from a gully side-wall following methods
employed by Grab et al. (2005) at a minimum sampling frequency of 5 cm, spanning
a total depth of 5.03m (Figure 2). Bulk organic material from 11 samples obtained
from relatively equally spaced depths throughout the profile was radiocarbon dated
using accelerator mass spectrometry (AMS) by Beta Analytic (Table 1). Dates were
calibrated using the Southern Hemisphere SHCal13 model (Hogg et al., 2013). The
Bacon model v2.2 (Blaauw & Christen, 2011) was used to interpolate dates for the
remainder of the profile, selected due to the improved performance of Bayesian over
linear regression models, and the inclusion of information on sample thickness. No

outliers were identified by the Bacon model.
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Palaeoenvironments were investigated by comparing sediment properties, pollen
and diatoms throughout the profile to the contemporary environment and reference
collections. At the broadest scale, sediment properties were used to determine
regional moisture availability, demonstrated predominantly by relative changes in
percentage organic content (Meadows, 1988), and the proportions of gravel- and
sand-sized particles to silt- and clay-sized particles (Masselink et al., 2014). It must
be noted that very coarse gravels could not be measured using the Malvern
Mastersizer, and were therefore excluded from sediment particle size plots. Distinct
variations in the skewness:kurtosis ratio were used to identify likely changes in
depositional environment, for example from riverine to colluvial sediment (Masselink
et al.,, 2014). Pollen was used to reconstruct past vegetation composition. The
presence and absence of indicator species for alternating wetland and grassland
conditions for the eastern Lesotho highlands region provides useful qualitative
climatic information. Diatoms were used to reconstruct the aquatic conditions and

algal biodiversity within the wetland.

Pollen preparation followed standard procedures outlined by Faegri et al. (1989).
Once fossil pollen had been isolated and slides prepared, a minimum of 250 grains
were counted per sample at a magnification of 400x using an Olympus BX51 light
microscope. ldentification was made with reference to the African Pollen Database.
Due to morphological and environmental similarities, pollen counts from
Chenopodiaceae and Amaranthaceae are summed as a single group ‘Cheno-Am’
(Scott & Nyakale, 2002). As has been conducted at the Braamhoek Wetland site, the
Asteraceae:Poaceae ratio is presented as a proxy for the strength of precipitation
seasonality (Coetzee, 1967; Norstrom et al., 2009), which is argued to represent
changes in the latitudinal extent and strength of the Westerlies (Mills et al., 2012)
Diatom preparation was undertaken using the procedures outlined by Battarbee et
al. (2001). A minimum of 300 diatom valves were counted per sample at a
magnification of 1000x using oil immersion. Diatoms were identified through
consultation with both local (Schoeman, 1973; Schoeman & Archibald, 1976;
Harding & Taylor, 2011; Matlala et al., 2011) and international literature (Krammer &
Lange-Bertalot, 1986; Snoeijs & Balashova, 1998; Kramer, 2002). Sediment

analyses involved determining the organic and carbonate content of each sample
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through loss-on-ignition at 550°C and 950°C respectively (Heiri et al., 2001).
Sediment particle size distributions, including mean grain size, skewness and

kurtosis for each sample were determined using a Malvern Mastersizer 3000.

Major gradients in the biological data were investigated using the indirect ordination
technique principal components analysis (PCA) on the percentage composition of
diatoms and pollen, while zonation of the multi-proxy profile was designated using
the constrained incremental sum of squares (CONISS) cluster analysis technique
using the Rioja and Cluster packages in R on the pollen assemblage data. For both
pollen and diatom assemblages all statistics were performed on taxa with greater
than 2% distribution, and square root transformed before analysis to down-weight
dominant species. Redundancy analysis (RDA) was performed to determine the
explanatory strength of the pollen distribution in influencing the diatom distribution for
the profile (Legendre & Birks, 2012; Mackay et al., 2012). Changes in pollen are a
proxy for major changes in landscape vegetation, and as these are predominantly
associated with climatic or anthropogenic drivers, we use pollen here to indicate
potential drivers of aquatic ecosystem change in local wetlands (Lotter & Birks, 2003;
Mackay et al., 2012). All statistical analysis was undertaken using the code-based
statistical platform R (Venables & Smith, 2015), and stratigraphic plots were
produced using C2 (Juggins, 2007).

Results

The sediment record reflects alternating layers of dark coloured clays and peats, and
orange coloured gravels (see Figures 2 and 3). The 11 AMS radiocarbon ages for
the profile span the entire Holocene period, commencing during the late glacial, with
a basal conventional date of 13,200 a BP (Table 1; ~15,870 cal a BP). The upper-
most AMS dated sample was at a depth of 16.5 cm, with a conventional date of
1,430 a BP (Table 1; ~1,200 cal a BP). As this profile extends to the contemporary at
the surface, the temporal resolution is relatively low for the surface layer of
sediments. Given the topographic basinal locality of the sampling site, it is unlikely
that substantial sediment has been lost through denudational processes during the
Holocene. However, some past sediment loss through processes such as sheet

erosion and wind deflation cannot be ruled out, but are impossible to ascertain.
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The mean sediment accumulation rate, calculated by the Bacon model, is averaged
for the sequence at 0.05 cm a 1. There are notable periods of slower sedimentation
in the early to mid-Holocene between 10,550 +40 cal BP (~12,120 cal a BP) and
6,470 +30 cal BP (~7,430 cal a BP), during which time only 40 cm of sediment had
accumulated (Figure 3). Sedimentation occurs at a more constant, relatively rapid
rate towards the late-Holocene, with a mean sedimentation rate of 0.03 cm a™ from
the surface to a depth of 107.5 cm (3,100 +30 cal BP; ~3,190 cal a BP).

Three zones in the profile were delimited using CONISS, performed on the pollen
assemblage data (Figure 4). SKP3 represents the transition from the late
Pleistocene to the early Holocene, extending from the bottom of the core at a mean
sample depth of 502.5 cm to a depth of 302.5 cm (~~16,450 cal a BP to ~8,560 cal a
BP ie. 7,890 a), comprising 12 samples. This is followed by SKP2, an extensive zone
comprising 28 samples, yet representing a shorter period, spanning a depth of 287.5
cm to 16.5 cm (~7,430 cal a BP to ~1,200 cal a BP, ie. 6,230 a). SKP1 encompasses
only the top two samples, extending from a depth of 9.5 cm to the surface (~1,110
cal a BP to present). These zones correspond closely with large shifts in the diatom
and sediment records, and are used in the graphic representation (Figures 5-7) and

discussion of each of the records.

The sediment profile comprises alternating clearly-defined layers of coarse orange
coloured gravels, dark black peats and organic clays, and green-grey fine clays.
Very coarse gravels were found towards the bottom of the profile (Figure 3) but the
particle sizes of these were too coarse to be measured using either the Mastersizer
or traditional sieving methods. Interspersed in amongst these gravels was a greater
proportion, by weight, of smaller particle sizes. As these dominated the samples,
their particle sizes are plotted in Figure 5. Results from LOI and particle size
analyses confirm fluctuations in organic and carbonate content, and particle size
throughout the profile (Figure 5). A period with high percentage organic material
(>45%) is noted for depths of 457.5-387.5 cm (Figure5). AMS dates place this period
between ~15,630 cal a BP and 14,150 cal a BP, within the late glacial. Within this
period, organic composition of greater than 75% is observed for depths of 427.5-
397.5 cm (~15,150-14,440 cal a BP). A second, smaller (>30%), peak in percentage

organic content is observed for the late Holocene, for depths of 31.5-22.5 cm
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(~1,320-1,260 cal a BP). The relative percentages of sand-, silt- and clay-sized
particles demonstrate considerably greater fluctuation in the late Holocene, for
depths of 134.5-2.5 cm (~3,400-940 cal a BP; Figure 5). Greater percentages of
gravel-sized particles are observed for this period, albeit fluctuating. Notably, gravel-
sized particles cease at a depth of 211.5 cm (~6,370 cal a BP). Aside from the
presence of gravel for a distinct portion, the overall sequence is dominated more by
low-amplitude fluctuations than by any long-term trends (Figure 5). The skewness
curve largely tracks the mean particle size, indicating that samples with large mean
sizes are dominated disproportionately by sand- to gravel-sized particles. The past
nature of hydro-geomorphic  dynamics (e.g. diffuse overland flow;
concentrated/channelized flow) at the site may well have influenced some of the
sedimentological characteristics described here. However, sedimentological
characteristics along the lengthy extent of exposed contemporary gully sidewalls
suggest predominantly uniform deposition across the site through time. Evidence for
palaeo channels or palaeo gullies is conspicuously absent and we thus infer that
sedimentation processes were dominated by diffuse rather than channelized flow at

this site through much of the Holocene.

The pollen record (Figure 6) is dominated by Poaceae (49.2%), Cyperaceae (21.0%)
and Asteraceae (19.2%), typical of southern African wetlands (Gasse & Van Campo,
1998; Norstrom et al., 2009, 2014; Neumann et al., 2014). Pollen grains from 24
families, or genera where identification was possible, appeared with a frequency of
more than 1% at any point throughout the profile. The pollen sum is largely
representative of the contemporary local environment comprising a wetland
surrounded by a large expanse of meadow, vegetated by grasses, semi-aquatic
species, shrubs, herbs and succulents (Figure 6). Occasional Podocarpus and Olea
pollen grains were counted (<2% maximum occurrence; Figure 6). As the eastern
Lesotho Highlands are situated above the tree-line, such pollen would have been
windblown from adjacent lower altitude forests. PC1 accounts for 26.6% of the
variance of the pollen distribution in the samples, separating at extremes Crassula,
Aizoaceae and Asteraceae with the strongest negative scores, from Poaceae and
Cyperaceae with the strongest positive scores. Similarity in species scores for
Cyperaceae and Poaceae are notable for PC1, as they represent typically opposing

environmental conditions of wetland and grassland respectively. Marked by the
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extreme isolation of the SKP1 samples, PC1 appears to be driven by differences
between the long-term vegetation regime of the wetland for the early to mid-
Holocene, contrasting that of the most recent 1,000 years. PC2 accounts for 22.2%
of observed variance in relative pollen abundance across samples, separating
Poaceae and Cyperaceae by extremes in species score, representing a division
between environments dominated by grassland from those with a greater wetland

expanse.

The diatom record (Figure 7) is dominated by Synedra (Fragilaria) famelica (26.4%),
with smaller populations of Eunotia bilunaris (8.2%), Hantzschia amphioxys (7.4%)
and Pinnularia divergentissima (6.6%). Due to the similarities in their ecological
preferences (Schmidt et al., 2004; Ohlendorf et al., 2009; Wang et al., 2013),
Staurosirella (Fragilaria) pinnata and Fragilaria construens are grouped together,
both of which are r-strategists which can tolerate frequent environmental changes,
which for Lesotho, most notably involved being tolerant of seasonal ice cover. PC1
accounts for 35.0% of observed variance in diatom species distribution across the
profile, segregating at extremes Fragilaria famelica, Pinnularia borealis, Hantzschia
amphioxys and Achnanthes minutissima with strongest negative scores from
Fragilaria pinnata/construens, Cymbella laevis and Eunotia bilunaris with strongest
positive scores PC2 accounts for 13.3% of the variance in diatom distribution, and
separates planktonic and facultative planktonic Fragilaria pinnata/construens,
Aulacoseira ambigua and Fragilaria famelica with negative scores, from aerophilic
Hantzschia amphioxys, Diploneis parma, Pinnularia gentilis and Pinnularia

divergentissima with positive scores.

Discussion

Environmental Reconstruction

This study presents the longest continuous multi-proxy palaeoenvironmental record
published for eastern Lesotho to date, spanning the termination of the Last Glacial
Maximum (LGM) to present. The sedimentary profile demonstrates fluctuations
between peat- and clay-rich sediment and coarse gravel, previously inferred to
represent moisture fluctuations (Marker, 1994). The broad sedimentation patterns
are consistent with those presented by Marker (1994, 1995, 1998), however, the

frequency of these fluctuations is considerably higher. Pollen and diatom records
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provide additional, higher resolution environmental information, enabling

identification of short-lived events.

The CONISS output for Sekhokong indicates few statistically significant zones
relative to the long time period covered, and considerable variation in pollen.
Redundancy analysis (RDA) on the Sekhokong records reflects the low, yet
statistically significant, explanatory strength of pollen in determining the diatom
composition (13.3%), indicating that the diatom communities are more likely to be
influenced by local habitat than broader regional vegetation. At a more local scale,
however, Cyperaceae pollen closely tracks the percentage organic content of
sediments, representing marsh conditions. The Asteraceae:Poaceae pollen ratio is
very low throughout the profile (<0.5), indicating a wet, probably summer rainfall
regime throughout much of the past ~16,450 cal a (Figure 6). As Poaceae and
Cyperaceae dominate the contemporary landscape which is limited by relatively cold
temperatures at the high altitude of the site, the periodic dominance of a wider range
of taxa including Crassula, Aizoaceae and Asteraceae, and the coincident increase
in absolute taxa for these periods, is interpreted as representing warmer periods
during which upslope migration of species can occur, thus increasing the total taxon
count (Inouye, 2008). The diatom profile demonstrates a shift from an environment
with a large proportion of r-strategist ice tolerant Fragilaria pinnata/construens group
in SKP3 to an environment dominated by snow tolerant, benthic Fragilaria famelica
in SKP1 (Figure 7). PC1 for the diatom record separates the undisturbed conditions
which comprise the majority of the profile, from a period of heightened pollution and
wetland disturbance during SKP1. PC2 indicates moisture fluctuations throughout
the profile. Interpretations of the diatom results largely relate to their habitat, with
notable segregations in the profile of periods dominated by aerophilic species
relative to those dominated by planktonic and benthic species. The relative
abundance of Fragilaria species is of interest due to their tolerance of seasonal ice
and snow, through their abiity to respond quickly to environmental change
(Schoeman, 1973; Ohlendorf et al., 2000; Karst-Riddoch et al., 2005; Wang et al.,
2013). For periods during which the profile is dominated in great quantities by this
group, conditions are interpreted as being particularly cold, prohibiting the survival of

less ice/snow tolerant diatoms. As the group have a facultative planktonic and
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benthic habitat (Sonneman et al., 1999), the alternate vegetation stressors of dry

conditions are unlikely.

SKP3: ~16,450-8,560 cal a BP

SKP3 commences with the highest relative abundances of Cyperaceae pollen and
planktonic diatom species Aulacoseira ambigua for the profile, indicative of rather
wet conditions, allowing planktonic diatoms and wetland plants to thrive (Gasse &
Van Campo, 1998; Sitoe et al., 2015). A peak in Fragilaria species (>40% of the
diatom sum) occurs concurrently. Fragilarioids are r-strategists which tolerate
disturbance well, and they are particularly common in high alpine lakes impacted by
snow and ice cover (Schmidt et al., 2004; Ohlendorf et al., 2009; Wang et al., 2013)
It may well be that their dominance at this time is indicative of cold, harsh
environments associated with globally cooler temperatures, and more prolonged ice
cover (Figure 7). The pollen profile is also characterised by large proportions of
Poaceae during this period, which combined with the presence of the facultative
planktonic Fragilaria pinnata/ construens and Cyperaceae pollen (Figures 6, 7), is
indicative of a large wetland expanse, with at least ponds of shallow water to support
this diatom community and Cyperaceae, but surrounded by meadow grasses. This is
followed immediately by a short-lived, but very dry period from ~16,350-15,870 cal a
BP, inferred from a decrease in the proportion of Cyperaceae pollen, a decline in the
relative abundance of planktonic diatoms and increase in aerophilic species
Diploneis parma, Eunotia praerupta, Hantzschia amphioxys and Pinnularia
divergentissima (Gasse & Van Campo, 1998), and a lower percentage organic

content of sediments (Figures 5-7).

A return to wet conditions occurs from ~15,630-14,440 cal a BP, with a marked
dominance of Cyperaceae pollen, a peak in organic content, and a re-emergence of
planktonic Aulacoseira and facultative planktonic Fragilaria pinnata/construens
(Figures 5-7). The diatom record during this period is dominated by epiphytic
species, particularly Eunotia bilunaris and Cymbella laevis (Schoeman, 1973; Gasse
& Van Campo, 1998), indicating a large presence of macrophytes in the wetland
(Figure 7). The percentage carbonate content is particularly low throughout the

period, which may be due to reduced levels of photosynthesis due to the
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predominance of peat (Figure 5). Together, these proxies suggest the re-
establishment of a more extensive wetland, but with shallow water restricted to small
ponds suitable for the establishment of macrophytes, and herbs along the drier
wetland edge. This cool, moist period is consistent with results obtained from the
eastern Drakensberg foothills (Neumann et al., 2014) indicating a progressive shift

from the arid conditions during the LGM.

By ~14,150 cal a BP, the relative abundance of Cyperaceae pollen had decreased to
15%, coinciding with a decrease in Asteraceae pollen and a peak in Poaceae pollen
(Figure 6). At the same time a peak in aerophilic diatoms, particularly Diploneis
parma and Eunotia praerupta is noted, and an increase in the percentage
composition of sand-sized particles and carbonates, but with a decrease in organic
matter (Figures 5, 7. This indicates a drying of the site, reducing the spatial extent of
the wetland. The percentage organic composition decreases more slowly,
suggesting a change from wetland to grassland species which maintained the
organic input in the sediment (Figure 5). If the Asteraceae:Poaceae pollen ratio
accurately reflects the strength of seasonality (Norstrom et al., 2009), which for the
eastern Lesotho highlands would be driven by shifts in the Westerlies (Mills et al.,
2012), then the low ratio for this period (Figure 6) would indicate warmer conditions
associated with weakened Westerlies, which in turn would further increase the rate
of peat production. Thereafter, the relative abundance of Cyperaceae and
Asteraceae pollen progressively increases, paired with a more pronounced decrease
in Poaceae pollen which persists throughout the remainder of the profile (Figure 6).
This is concurrent with a low relative abundance of planktonic and facultative
planktonic diatoms, but large proportions of epiphytic species (Figure 7). Such proxy
evidence suggests that the region was slowly warming throughout this period, with
surface water supporting macrophytes, indicating the persistence of wetland
conditions Maximum temperatures are inferred from a reduction in Fragilariods and
an increase in pollen taxon diversity to have been experienced between ~8,560-
7,280 cal a BP, consistent with the Holocene Altithermal in southern Africa
(Neumann et al., 2014).

SKP2: ~7,430-1,200 cal a BP
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SKP2 commences with a change in the pollen, diatom and sediment record (Figures
5-7). The gradual increase in Asteraceae and Cyperaceae pollen noted during the
terminal period of SKP3 is reversed with a decrease in these taxa, while Poaceae
pollen increases (Figure 6). This is paired with major increases in Fragilaria famelica
and aerophilic diatom species (Figure 7), suggesting regional drying and a
dominance of snow in mean annual precipitation to support the Fragilaria group. The
pollen and diatom composition suggests a sudden, extreme drying of the wetland,
potentially during a period of comparatively colder temperatures than those
immediately preceding it, which possibly reflects cooling following the maximum
temperatures of the Holocene Altithermal (Neumann et al., 2014). This is followed by
an increase in Cyperaceae pollen and decrease in Poaceae until ~6,720 cal a BP
(Figure 6), indicating progressively wet conditions. This terminates with a peak in
Fragilaria diatoms (Figure 7), inferred as a second pulse of particularly cold
conditions unsuitable to many other species. Consistent proportions of drought
tolerant Crassula, Aizoaceae, Cheno-Am, Apiaceae and Anthospermum and the
largest sum of aerophilic diatoms follows, persisting until ~3,640 cal a BP. The multi-
proxy evidence indicates that this was likely the driest period represented by this
palaeoenvironmental sequence. Poaceae predominates the pollen sum during this
period, suggesting regional grassland conditions, while the relative increase in the
total observed taxa is interpreted to be driven by an increase in temperatures
facilitating an up-slope plant succession in an environment otherwise too cold to

support considerable plant diversity (Inouye, 2008; Figure 6).

The second half of SKP2, from ~3,400-1,200 cal a BP, is marked by continuous
fluctuations in the relative abundance of Poaceae, Cyperaceae and Asteraceae
pollen, and in the ratios of benthic and aerophilic diatoms (Figures 6, 7). Very
pronounced and frequent changes in sediment particle size distributions mark clearly
defined sedimentary lenses observed in situ. This period is characterised by the
emergence and maintenance of the ice tolerant, facultative planktonic Fragilaria
species, suggesting persistently cooler conditions throughout SKP2 (Figure 7). The
pollen and sediment record, and changes in the ratios of aerophilic to planktonic
diatom species, indicate fluctuations in moisture throughout SKP2, resulting in large
variations in wetland size. Wet phases, with greater wetland size and surface water

depth, are indicated by peaks in Cyperaceae pollen and supported by increases in
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the proportional representation of benthic diatoms from ~3,260-3,190 cal a BP, and
at ~3,050 cal a BP. Dry phases with smaller wetland extent and drier wetland surface
are indicated by pollen of drought resistant succulents, shrubs and grasses,
supported by increases in aerophilic diatoms at ~3,260 cal a BP, ~2,690 cal a BP
and ~1,380 cal a BP (Figure 5). A prolonged wet event is indicated from ~2,690-
1,470 cal a BP, inferred from a high percentage composition of organic material in
the sediment record, and supported by a peak in benthic diatoms Fragilaria famelica
and Eunotia bilunaris which would require a habitat comprising standing water, and
greater proportions of Cyperaceae pollen, and which may include more regular
snowfalls (Figures 5-7), (Gasse & Van Campo, 2001; Vilbaste, 2001). This is
followed by the highest relative abundance of Poaceae pollen in the sequence,
coinciding with a peak in aerophilic diatoms, indicating a particularly dry period
(Figures 6, 7).

SKP1: ~1,110 cal a BP - Present

SKP1 comprises only two samples, representing the period from ~1,110 cal a BP to
present, limiting the detail of climatic or environmental inferences. The two samples,
however, indicate contrasting climatic and environmental conditions. An increase in
organic content, silt-sized particles, and the Asteraceae:Poaceae pollen ratio occurs
(Figures 5,6), suggesting wet, yet seasonally less distinct rainfall, likely a response to
a strengthening of the Westerlies. The diatom record reflects a peak in snow-tolerant
diatoms Fragilaria famelica (Wang et al., 2013) and of aerophilic species (Figure 6),
supporting the inference of cold but relatively dry conditions. SKP1 terminates with a
decrease in Cyperaceae pollen and continued increases in Crassula and Pentzia,
which with increased aerophilic diatoms, suggests drying to present conditions
(Figures 6, 7). Abundant Crassula pollen may be indicative of human and animal
disturbance during recent centuries (Norstrom et al., 2009). A higher resolution
record is required to determine the validity of these inferences of contrasting climatic

conditions over the past ~1000 years.
Regional Comparison

The Sekhokong palaeoenvironmental reconstruction contributes to refining the

Holocene environmental and climatic record for southern Africa. The commencement
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of the Sekhokong record coincides with the phase of deglaciation following the LGM.
Pollen records from Mahwaga Mountain in the eastern Drakensberg foothills
(Neumann et al., 2014), and multiproxy analyses of charcoal, pollen and diatoms
from Braamhoek Wetland in the northern Drakensberg foothills (Finné et al., 2009;
Norstrom et al., 2014), indicate a shift towards wetter conditions during this cool
post-glacial phase, with maximum precipitation inferred from speleothem records
from Makapansgat to have been attained by 13,000 cal a BP (Holmgren et al.,
2003). This period is further been confirmed to have been characterised by greater
moisture availability in meta-analyses for southern Africa (Chevalier & Chase, 2016).
This is consistent with wet conditions inferred for the start of the Sekhokong record
based on diatom, pollen and sediment results. This is notable as the speleothem
record suggests a progressive increase in moisture following the LGM, extending
into the early Holocene (Holmgren et al., 2003). These wet conditions by 13,000 cal
a BP may indicate a northerly shift of the Inter-tropical Convergence Zone (Truc et
al., 2013; Singarayer & Burrough, 2015).

The deglaciation period globally is interrupted by two cold events globally which
coincide with this record: Heinrich event H1 from 18,000-15,000 cal a BP (Alvarez
Solas et al., 2011) and the Younger Dryas from 13,000-11,500 cal a BP, both driven
by meltwater pulses in the Northern Atlantic (Mayewski et al., 1996). The period of
rapidly fluctuating environmental conditions detected in the Sekhokong record by an
increase in Fragilaria species, is concurrent with and a decrease in the relative
number of pollen taxa. It is possible, therefore, that these changes dated to ~15630
cal a BP are indicative of particularly cold conditions resulting in increased seasonal
ice cover and a decline in vegetation diversity. By contrast, sample SK24 which has
an interpolated date of ~12,120 cal a BP, reflects evidence for warm conditions
coincident with the Younger Dryas, but at too poor a sampling resolution for a
definitive interpreation. Isotope records from the archaeological sites in western
Lesotho similarly reflect contradictory evidence for a Lesotho manifestation of
Younger Dryas conditions (Smith et al.,, 2002; Roberts et al., 2013), although
arguably this may be attributed to cold dry conditions discouraging settlement during
this period, and consequently not accumulating archaeological material at the

excavated sites. More recent analysis of stable isotopes from organic material and
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tooth enamel at Sehonghong in the eastern Lesotho Highlands, by contrast, provides
supporting evidence for cold conditions associated with this event (Loftus et al.,
2015). Further evidence in support of a Younger Dryas event in southern Africa
includes oxygen isotopes from mollusc shells at Elands Bay (Cohen et al., 1992),
archaeological isotope evidence from Bushman’s Rock Shelter (Abell & Plug, 2000),
a re-analysis of pollen data from Wonderkrater (Thackeray & Scott, 2006), and
isotope records from hyrax middens in the Cederberg (Quick et al., 2011; Chase et
al., 2015). Southern Hemisphere manifestations of global cooling events associated

with instabilities in the Arctic ice sheets clearly requires further investigation.

The overall warming period associated with deglaciation continues until optimal
conditions at the Holocene Altithermal (Wanner et al., 2015). The timing of this event
is unclear, with discrepancies for much of southern Africa, but it broadly spans the
period 7,500-6,500 cal a BP (Holmgren et al., 2003; Truc et al., 2013; Neumann et
al., 2014; Wanner et al., 2015). Maximum temperatures at Sekhokong are inferred to
have been attained by 7,280 cal a BP. There is no clear warm signal coinciding with
the Holocene Altithermal for the lower-altitude (1700m asl), more northerly
Braamhoek Wetland (Norstrom et al., 2009, 2014; Finné et al., 2010). However,
pollen records from a similarly low altitude eastern Drakensberg site, Mahwaqa
Mountain, indicate a clearly defined Holocene Altithermal maximum at 6,500 cal a
BP (Neumann et al.,, 2014). By this time, cooler conditions are indicated for
Sekhokong by a reduction in pollen taxon diversity, and supported by a re-

emergence of Fragilariods.

Climate and environmental change over the past 2,000 years is of interest given
rapid climate fluctuations and increased anthropogenic influence on the environment
(Mayewski et al., 2004; Wanner et al., 2008, 2014). The LIA, a short-lived cold event
from AD 1300-1800 (Wanner et al., 2008, 2015), has been of regional interest
(Tyson et al., 2000). A peak in Fragilaria species coupled with a decrease in pollen
taxa diversity tentatively suggests a cold period some time during the past ~1,110
years at Sekhokong. Debate regarding precipitation during the LIA in southern Africa
continues, with current understanding that dry conditions prevailed in the summer
rainfall zone (cf. Ekblom et al., 2008; Gillson & Ekblom, 2009; Neumann et al., 2010;

Chevalier & Chase, 2016) and wet conditions in the winter rainfall zone (Stager et

http://mc.manuscriptcentral.com/jgs

Page 16 of 34



Page 17 of 34

©CoO~NOUTA,WNPE

Journal of Quaternary Science

al., 2012; Weldeab et al., 2013). For Sekhokong, proxy evidence for the past ~1000
years suggests dry conditions, in support of this hypothesis. However, due to the low
temporal frequency of samples, any rapid fluctuations in moisture would not have
been detected. Evidence for increased anthropogenic influence on the local and
regional environment, similar to that inferred from the pollen and diatom records at
Sekhokong for this period, have been reported from a range of locations since AD
~1,800 (cf. Baxter & Meadows, 1999; Neumann et al., 2008, 2011, 2014; Norstrdm
et al., 2009).

Comparisons with the pollen-based palaeoenvironmental reconstruction for
Mahwaqga Mountain in the eastern Drakensberg foothills (Neumann et al., 2014) are
notable due to the proximity of the sites. Of particular interest are delays in the onset
of dry periods at Sekhokong relative to Mahwaqa. The driest period in the profile
from Mahwaga Mountain is inferred to occur from 4,600-3,500 cal a BP (Neumann et
al., 2014). For Sekhokong, the period of driest conditions occurs earlier, at ~6,560-
3,640 cal a BP. This may reflect the influence of the escarpment in blocking
moisture, as the Mahwaga Mountain site is situated at a lower altitude to the east of
the Great Escarpment, and would thus more easily receive moisture from the Indian
Ocean than the eastern Lesotho highlands located in the rain shadow, particularly
during periods of strengthened or more frequent coastal lows (Scott et al., 2012;
Neumann et al., 2014). This hypothesis requires further investigation, and provides
strong impetus for the analysis of synoptic climate drivers throughout the late

Quaternary using spatial transects (Chase & Meadows, 2007).

Conclusion

This study presents the Ilongest temporally continuous multi-proxy
palaeoenvironmental reconstruction for eastern Lesotho. The high altitude setting is
host to a niche environment of cold-resilient plant and diatom species, the analysis of
which facilitates the detection of subtle fluctuations in local and regional climate.
Results indicate cycles of dry and wet conditions throughout the late-Quaternary,
and discrete, particularly cold events. Climatic and environmental variability is
substantially more enhanced during the last ~5,450 years, with evidence for

anthropogenic influence during the last ~1100 years.

http://mc.manuscriptcentral.com/jgs



©CoO~NOUTA,WNPE

Journal of Quaternary Science Page 18 of 34

Acknowledgements
This project was funded by a National Research Foundation Scholarship awarded to
JF, Oppenheimer Memorial Trust funding awarded to JF, and DST/NRF Centre of

Excellence for Palaeoscience Funding awarded to SG and JF.

Many thanks to Prof Louis Scott for his invaluable assistance in pollen grain
identification. Thanks also to Prof Jasper Knight, for valuable input on the
preparation and interpretation of sediment samples. Our thanks also go to the Petrus
Chakane, Janet Hope and Tula Maxted for assistance with the laboratory
preparation of pollen and diatom samples, and Wendy Phillips for cartographic

assistance.

References
Abell PI, Plug I. 2000. The Pleistocene/ Holocene transition in South Africa: evidence
for the Younger Dryas event. Global Planetary Change 26 : 173-179.

Alvarez Solas J, Montoya M, Ritz C, Ramstein G, Charbit S, Dumas C, Nisancioglu
K, Dokken T, Ganopolski A. 2011. Heinrich event 1: an example of dynamical ice-
sheet reaction to oceanic changes. Climate of the Past 7(4) : 1297-1306.

Battarbee RW, Jones VJ, Flower RJ, Cameron NG, Bennion H, Carvalho L, Juggins
S. 2001. Diatom Analysis. In Tracking Environmental Change Using Lake
Sediments, Vol. 3: Terrestrial, Algal and Siliceous Indicators, Last WM, Smol JP

(eds). Kluver Academic Press: Dordrecht.

Baxter A, Meadows M. 1999. Evidence for Holocene sea level changes at
Verlorenvlei, Western Cape, South Africa. Quaternary International 56 : 65-79.

Blaauw M, Christen JA. 2011 Flexible paleoclimate age-depth models using an
autoregressive gamma process. Bayesian Analysis 6(3) : 457-474.

Boelhouwers J, Holness S, Meiklejohn |, Sumner P. 2002. Observations on a
blockstream in the vicinity of Sani Pass, Lesotho Highlands, Southern Africa.
Permafrost and Periglacial Processes 13 : 251-257.

Boelhouwers JC, Meiklejohn KI. 2002. Quaternary periglacial and glacial
geomorphology of southern Africa: review and synthesis. South African Journal of
Science 98 : 47-55.

http://mc.manuscriptcentral.com/jgs



Page 19 of 34

©CoO~NOUTA,WNPE

Journal of Quaternary Science

Borg C. 2012. Mechanisms controlling valley asymmetry development at Abisko
Northern Sweden and Sani Pass, Southern Africa. Geotrycheriet Uppsala
University: Uppsala.

Carbutt C, Edwards T. 2006. The endemic and near-endemic angiosperms of the

Drakensberg Alpine Centre. South African Journal of Botany 72 : 105-132.

Chase BM, Meadows ME 2007. Late Quaternary dynamics of southern Africa’s
winter rainfall zone. Earth Science Reviews 84 : 103-138.

Chase BM, Boom A, Carr AS, Carré M, Chevalier M, Meadows ME, Pedro JB,
Stager JC, Reimer PJ. 2015. Evolving southwest African response to abrupt
deglacial North Atlantic climate change events. Quaternary Science Reviews 121
: 132-136.

Chevalier M, Chase BM. 2016. Determining the drivers of long-term aridity variability:
a southern African case study. Journal of Quaternary Science 31(2) : 143-151.

Coetzee JA, Vogel JC. 1967. Evidence for the Paudorf Interstadial in Africa.
Palaeoecology of Africa 2 :100-101.

Cohen AL, Parkington JE, Brundrit GB, Van Der Merwe NJ. 1992. A Holocene
marine climate record in mollusc shells from the southwest African coast.
Quaternary Research 38 : 379-385.

Ekblom A, Gillson L, Risberg J, Holmgren K, Chidoub Z. 2008. Rainfall variability and
vegetation dynamics of the lower Limpopo Valley, Southern Africa, 500 AD to
present. Palaeogeography, Palaeoclimatology, Palaeoecology 363-364 : 68-78.

Esterhuysen A, Mitchell P. 1996. Palaeoenvironmental and archaeological
implications of charcoal assemblages from Holocene sites in western Lesotho,
Southern Africa. Palaeoecology of Africa 24 : 203-232.

Faegri K, Iversen J, Krzywinski K. 1989. Textbook of Pollen Analysis. Blackburn

Press: New Jersey.

Finné M, Norstrom E, Risberg J, Scott L. 2010. Siliceous microfossils as late-
Quaternary paleo-environmental indicators at Braamhoek wetlands, South Africa.
The Holocene 20(5) : 747-760.

Fitchett JM, Grab SW, Bamford MK, Mackay AW. 2016. A multi-disciplinary review of
late Quaternary palaeoclimates and environments for Lesotho. South African

Journal of Science. In Press.

http://mc.manuscriptcentral.com/jgs



©CoO~NOUTA,WNPE

Journal of Quaternary Science Page 20 of 34

Gasse F, Van Campo E. 1998. A 40,000-yr Pollen and Diatom Record from Lake
Tritrivakely, Madagascar, in the Southern Tropics. Quaternary Research 49 :
299-311.

Gasse F, Van Campo E. 2001. Late Quaternary environmental changes from a
pollen and diatom record in the southern tropics (Lake Tritrivakely, Madagascar).
Palaeogeography, Palaeoclimatology, Palaeoecology 167 : 287-308.

Gell P, Little F. 2007. Water quality history of Murrumbidgee River floodplain
wetlands. Land and Water Australia: Canberra.

Gillson L, Ekblom A. 2009. Untangling anthropogenic and climatic influence on
riverine forest in the Kruger National Park, South Africa. Vegetation History
Archaeobotany 18 : 171-185.

Grab SW. 2010. Alpine turf exfoliation pans in Lesotho, southern Africa: Climate-
process-morphological linkages. Geomorphology 114 : 261-275.

Grab S and Hall K. 1996. North-facing hollows in the Lesotho/Drakensberg
mountains: hypothetical palaeoenvironmental reconstructions? South African
Journal of Science 92 : 183-184.

Grab SW, Deschamps CL. 2004. Geomorphological and Geoecological Controls and
Processes Following Gully Development in Alpine Mires, Lesotho. Artic, Antarctic
and Alpine Research 36(1) : 49-58.

Grab S, Scott L, Rossouw L, Meyer S. 2005. Holocene palaeoenvironments inferred

from a sedimentary sequence in the Tsoaing River Basin, western Lesotho.
Catena 61 : 49-62.

Grab SW, Nash DJ. 2010. Documentary evidence of climate variability during cold
seasons in Lesotho, southern Africa, 1833-1900. Climate Dynamics 34 : 473-499.

Grab SW, Linde JH. 2014. Mapping exposure to snow in a developing African
context: implications for human and livestock vulnerability in Lesotho. Natural
Hazards 71 :1537-1560.

Haas LJM, Mazzei L, OLeary DT. 2010. Lesotho Highlands Water Project,
Communications Practices for Governance and Sustainability Improvement.
World Bank Working Paper No. 200, The World Bank: Washington.

Harding WR, Taylor JC. 2011. The South African Diatom Index (SADI) — A
preliminary index for indicating water quality in rivers and streams in southern
Africa. Water Research Commission Report No. 1701/1/11. WRC: Pretoria.

http://mc.manuscriptcentral.com/jgs



Page 21 of 34

©CoO~NOUTA,WNPE

Journal of Quaternary Science

Heiri O, Lotter AF, Lemcke G. 2001. Loss on ignition as a method for estimating
organic and carbonate content in sediments: reproducibility and comparability of
results. Journal of Palaeolimnology 25 : 101-110.

Hogg AG, Hua Q, Blackwell PG, Niu M, Buck CE, Guilderson TP, Heaton TJ, Palmer
JG, Reimer PJ, Reimer RW, Turney CSM, Zimmerman SRH. 2013. SHCal13
Southern Hemisphere calibration, 0-50,000 years cal BP. Radiocarbon 55(4) :
1889-1903.

Holmgren K, Lee-Thorp JA, Cooper GRJ, Lundblad K, Partridge TC, Scott L,
Sithaldeen R, Talma AS, Tyson PD. 2003. Persistent millennial-scale climatic
variability over the past 25,000 years in Southern Africa. Quaternary Science
Reviews 22 : 2311-2326.

Holmgren K, Risberg J, Freudendahl J, Achimo M, Ekblom A, Mugabe J, Norstrom
E, Sitoe S. 2012. Water-level variations in Lake Nhauhache, Mozambique, during
the last 2,300 years. Journal of Palaeolimnology 48 : 311-322.

Inouye D. 2008. Effects of climate change on phenology, frost damage and floral

abundance of montane wildflowers. Ecology 89(2) : 353-362.

Jones P, Briffa K, Osborn T, Lough J, van Ommen T, Vinther B, Luterbacher J, Wahl
E, Zwiers F, Mann M, Schmidt G, Ammann C, Buckley B, Cobb K, Esper J,
Goosse H, Graham N, Jansen E, Kiefer T, Kull C, Kuttel M, Mosley-Thompson E,
Overpeck J, Riedwyl N, Schulz M, Tudhope A, Villalba R, Wanner H, Wolff E,
Xoplaki E. 2009. High-resolution palaeoclimatology of the last millennium: a
review of current status and future prospects. The Holocene 19(1) : 3-49.

Juggins S. 2007. C2, Software for ecological and palaeoecological data analysis and
visualisation, User guide Version 1.5.
www.staff.ncl.ac.uk/stephen.juggings/software/code/C2.pdf [11 July 2014].

Karst-Riddoch TL, Pisaric MFJ, Smol JP 2005. Diatom responses to 20th century
climate-related environmental changes in high-elevation mountain lakes of the
northern Canadian Cordillera. Journal of Palaeolimnology 33 : 265-282. Kramer
K. 2002. Diatoms of Europe (vol. 1-6). A.R.G. Gantner Verlag K.G.: Ruggel.

Krammer K, Lange-Bertalot H. 1986. Sti3wasserflora von Mitteleuropa (vol. 1-5).
VEB Gustav Fischer Verlag: Jena.

Legendre P, Birks HJB. 2012. From Classical to Canonical Ordination. In Tracking
environmental change using lake sediments, volume 5: Data handling and
numerical techniques, Birks HJB, Lotter AF, Juggins S, Smol JP (eds). Springer:
Dordrecht; 201-248.

Loftus E, Stewart BA, Dewar G, Lee-Thorp J 2015. Stable isotope evidence of MIS 3
to middle Holocene palaeoenvironments from Sehonghong Rockshelter, eastern

http://mc.manuscriptcentral.com/jgs



©CoO~NOUTA,WNPE

Journal of Quaternary Science Page 22 of 34

Lesotho. Journal of Quaternary Science 30(8) : 805-816.Lotter AF, Birks HJB
2003. The Holocene palaeolimnology of Sagistalsee and its environmental history
e a synthesis. Journal of Paleolimnology 30 : 333-342.

Mackay AW, Bezrukova EV, Leng MJ, Meaney M, Nunes A, Piotrowska N, Self A,
Shchetnikov A, Shilland E, Tarasov P, Wang L, White D. 2012. Aquatic
ecosystem responses to Holocene climate change and biome development in
boreal, central Asia. Quaternary Science Reviews 41 : 119-131.

Marker M. 1994. Sedimentary sequences at Sani Top, Lesotho highlands, Southern
Africa. The Holocene 4 : 406-412.

Marker M. 1995. Late Quaternary environmental implications from sedimentary
sequences at two high altitude Lesotho sites. South African Journal of Science 91
: 294-298.

Marker M. 1998. New radiocarbon dates from Lesotho. South African Journal of
Science 94 : 239-240.

Marker ME, Whittington G. 1971. Observations on some valley forms and deposits in
the Sani Pass area, Lesotho. South African Geographical Journal 53(1) : 96-99.

Masselink G, Hughes M, Knight J. 2014. Introduction to coastal processes and
geomorphology, second edition. Routledge: Oxon.

Matlala MD, Taylor JC, Harding WR. 2011. Development of a diatom index for
wetland health. Water Research Commission Report Number KV 270/11, WRC:
Gezina.

Mayewski PA, Twickler MS, Whitlow SI, Meeker LD, Yang Q, Thomas J, Kreutz K,
Grootes PM, Morse DL, Steig EJ, Waddington ED, Saltzman ES, Whung P-Y,
Taylor KC. 1996. Climate change during the last deglaciation in Antarctica.
Science 272(2) : 1636-1638.

Mayeweski PA, Rohling EE, Stager JC, Karlén W, Maasch KA, Meeker LD,
Meyerson EA, Gasse F, Van Kreveld S, Holmgren K, Lee-Thorp J, Rosqvist G,
Rack F, Staubwasser M, Schneider RR, Steig EJ. 2004. Holocene climate
variability. Quaternary Research 62(3) : 243-255.

Meadows ME 1988. Late Quaternary Peat Accumulation in Southern Africa. Catena
15 :459-472.

Mills SC, Grab SW, Carr SJ. 2009. Late Quaternary moraines along the Sekhokong
Range, eastern Lesotho: Contrasting the geomorphic history of north- and south-
facing slopes. Geografiska Annaler 91(2) : 121-140.

http://mc.manuscriptcentral.com/jgs



Page 23 of 34

©CoO~NOUTA,WNPE

Journal of Quaternary Science

Mills S, Grab S, Rea B, Carr S, Farrow A 2012. Shifting westerlies and precipitation
patterns during the Late Pleistocene in southern Africa determined using glacier
reconstruction and mass balance modelling. Quaternary Science Reviews 55 :
145-159.Mitchell PJ. 1992. Archaeological research in Lesotho: a review of 120
years. The African Archaeological Review 10 : 3-34.

Mokotjomela T, Schwaibold U, Pillay N. 2009. Does the ice rat Otomys sloggetti
robertsi contribute to habitat change in Lesotho? Acta Oecologica 35 : 437-443.

Nash DJ, Grab SW. 2010. ‘A sky of brass and burning winds’: documentary evidence
of rainfall variability in the Kingdom of Lesotho, southern Africa, 1824-1900.
Climatic Change 101 : 617-653.

Nel W, Sumner PD. 2005. First rainfall data from the KZN Drakensberg escarpment
edge (2002 and 2003). Water SA 31(3) : 399-402.

Nel W, Sumner P. 2008. Rainfall and temperature attributes on the Lesotho-
Drakensberg escarpment edge, Southern Africa. Geografiska Annaler 90(1) : 97-
108.

Neumann FH, Stager JC, Scott L, Venter HJT, Weyhenmeyer C. 2008. Holocene
vegetation and climate records from Lake Sibaya, KwaZulu-Natal (South Africa).
Review of Palaebotany and Palynology 152 : 113-128.

Neumann FH, Scott L, Bousman CB, Van As L. 2010. A Holocene sequence of
vegetation change at Lake Eteza, coastal KwaZulu-Natal, South Africa. Review of
Palaeobotany and Palynology 162 : 39-53.

Neumann FH, Scott L, Bamford MK. 2011. Climate change and human disturbance
of fynbos during the late Holocene at Princess Vlei, Western Cape, South Africa.
The Holocene 21(7) : 1137-1149.

Neumann FH, Botha GA, Scott L. 2014. 18,000 years of grassland evolution in the
summer rainfall region of South Africa: evidence from Mahwaqa Mountain,
KwaZulu-Natal. Vegetation History and Archaeobotany 23(6) : 665-681.

Norstrom E, Scott L, Partridge T, Risberg J and Holmgren K (2009) Reconstruction
of environmental and climate changes at Braamhoek wetland, eastern
escarpment South Africa, during the last 16 000 years with emphasis on the
Pleistocene-Holocene transition. Palaeogeography, Palaeoclimatology,
Palaeoecology 271(3) : 240-258.

Norstrom E, Neumann FH, Scott L, Smittenberg RH, Holmstrand H, Lundqvist S,
Snowball I, Sundqvist HS, Risberg J, Bamford M. 2014. Late Quaternary
vegetation dynamics and hydro-climate in the Drakensberg, South Africa.
Quaternary Science Reviews 105 : 48-65.

http://mc.manuscriptcentral.com/jgs



©CoO~NOUTA,WNPE

Journal of Quaternary Science Page 24 of 34

Ohlendorf C, Bigler C, Goudsmit G-H, Lemcke G, Livingstone DM, Lotter AF, Muller
B, Sturm M. 2000. Causes and effects of long periods of ice cover on a remote
high Alpine lake. Journal of Limnology 59(1) : 65-80.

Parker AG, Lee Thorp J, Mitchell PJ. 2011. Late Holocene Neoglacial conditions
from the Lesotho highlands, southern Africa: phytolith and stable carbon isotope
evidence from the archaeological site of Likoaeng. Proceedings of the Geologists
Association 122 : 201-211.

J

Parmesan C, Yohe G. 2003. A globally coherent fingerprint of climate change

impacts across natural systems. Nature 421 : 37-42.

Quick LJ, Chase BM, Meadows ME, Scott L, Reimer PJ. 2011. A 19.5 kyr vegetation
history from the central Cederberg Mountains, South Africa: Palynological
evidence from rock hyrax middens. Palaeogeography, Palaeoclimatology,
Palaeoecology 309 : 253-270.

Roberts P, Lee-Thorp JA, Mitchell PJ, Arthur, C. 2013. Stable carbon isotopic
evidence for climate change across the late Pleistocene to early Holocene from
Lesotho, southern Africa. Journal of Quaternary Science 28(4) : 360-369.

Schmidt R, Kamenik C, Lange-Bertalot H, Klee R. 2004. Fragilaria and Staurosira
(Bacillariophyceae) from sediment surfaces of 40 lakes in the Austrian Alps in
relation to environmental variables, and their potential for palaeoclimatology.
Journal of Limnology 63(2) : 171-189.

Schoeman FR. 1973. A systematical and ecological study of the diatom flora of
Lesotho with special reference to the water quality. V&R Printers: Pretoria.

Schoeman, FR, Archibald, REM.1976. The diatom flora of southern Africa (no. 1-6).
Council of Scientific and Industrial Research: Pretoria.

Scott L, Nyakale M. 2002. Pollen indications of Holocene palaeoenvironments at
Florisbad spring in the central Free State, South Africa. The Holocene 12(4) :
497-503.

Scott L, Holmgren K, Partridge TC. 2008. Reconciliation of vegetation and climatic
interpretations of pollen and other regional records from the last 60 thousand
years in the Savanna Biome of Southern Africa. Palaeogeography,
Palaeoclimatology, Palaeoecology 257 : 198-206.

Scott L, Neumann FH, Brook GA, Bousan CB, Norstrom E, Metwally AA. 2012.
Terrestrial fossil-pollen evidence of climate change during the last 26 thousand
years in Southern Africa. Quaternary Science Reviews 32 : 100-118.

Sene KJ, Jones DA, Meigh JR, Farquarson FAK. 1998. Rainfall and flow variations
in the Lesotho highlands. International Journal of Climatology 18 : 329-345.

http://mc.manuscriptcentral.com/jgs



Page 25 of 34 Journal of Quaternary Science

1

2

3 Singarayer JS, Burrough SL. 2015. Interhemispheric dynamics of the African rainbelt
‘5" during the late Quaternary. Quaternary Science Reviews 124 : 48-67.

? Sitoe SR, Risberg J, Norstrom E, Snowball I, Holmgren K, Achimo M, Mugabe J.

8 2015. Paleo-environment and flooding of the Limpopo River-plain, Mozambique,
9 between c. AD 1200-2000. Catena 126 : 105-116.

10

11 Smith J Lee-Thorp J, Sealy J. 2002. Stable carbon and oxygen isotopic evidence for
12

13 late Pleistocene and early-middle Holocene climatic fluctuations in the Caledon
1‘5" River Valley, Southern Africa. Journal of Quaternary Science 17 : 683-695.

16

17 Snoeijs P, Balashova N. 1998. Intercalibration and distribution of diatom species in
18 the Baltic Sea (vol. 5). Opulus Press Uppsala: Uppsala.

19

20 Sonneman J A, Sincock A, Fluin J, Reid M, Newall P, Tibby J, Gell P. 1999. An

g; lllustrated Guide to Common Diatom Species from Temperate Australia —

23 Identification Guide 33. CRC for Freshwater Ecology: Albury.

24

25 Stager JC, Mayewski PA, White J, Chase BM, Neumann FH, Meadows ME, King
26 CD, Dixon DA. 2012. Precipitation variability in the winter rainfall zone of South
% Africa during the last 1400 yr linked to the austral westerlies. Climate of the Past
29 8 :877-887.

30

31 Thackeray JF, Scott L. 2006. The Younger Dryas in the Wonderkrater sequence,

32 South Africa? Annals of the Transvaal Museum 43 : 111-112.

33

34 Truc L, Chevalier M, Favier C, Cheddadi R, Meadows ME, Scott L, Carr AS, Smith
gg GF, Chase BM. 2013. Quantification of climate change for the last 20,000 years
37 from Wonderkrater, South Africa: Implications for the long-term dynamics of the
38 Intertropical Convergence Zone. Palaeogeography, Palaeoclimatology,

ig Palaeoecology 386 : 575-587.

41 Tyson PD, Preston-Whyte RA, Schulze RE. 1976. The climate of the Drakensberg.
jé Natal Town and Regional Planning Commission Report 31, Pietermaritzburg.
j’é Tyson PD, Karlén W, Holmgren K, Heiss GA. 2000. The Little Ice Age and medieval
46 warming in South Africa. South African Journal of Science 96 : 121-126.

47

48 Venables WN, Smith DM. 2015. An Introduction to R, Notes on R: A programming
49 environment for data analysis and graphics Version 3.1.3 (2015-03-09).

22 www.cran.r-project.org/manuals/r-release.R-intro.pdf [14 December 2014].

gg Vilbaste S. 2001. Benthic diatom communities in Estonian rivers. Boreal

54 Environmental Research 6 : 191-203.

55

56 Wang L, Mackay AW, Leng MJ, Rioual P, Panizzo V, Lu H, Gu Z, Chu G, Han J,

57 Kendrick C. 2013. Influence of the ratio of planktonic to benthic diatoms on

58

59

60

http://mc.manuscriptcentral.com/jgs



©CoO~NOUTA,WNPE

Journal of Quaternary Science Page 26 of 34

lacustrine organic matter 5'3C from Erlongwan maar lake, northeast China.
Organic Geochemistry 54 : 62-68

Wanner H, Beer J, Butikofer J, Crowley T, Cubasch U, Fllckiger J, Goosse H,
Grosjean M, Joos F, Kalan JO, Kiittel M, Muller SA, Prentice IC, Solomina O,
Stocker TF, Tarasov P, Wagner M, Stocker TF. 2008. Mid- to Late Holocene
climate change: an overview. Quaternary Science Reviews 27 : 1791-1828.

Wanner H, Mercolli L, Grosjean M, Ritz SP. 2015. Holocene climate variability and
change: a data-based review. Journal of the Geological Society 172(2) : 254-263.

Weldeab S, Stuut JBW, Schneider RR, Siebel W. 2013. Holocene climate variability
in the winter rainfall zone of South Africa. Climate of the Past 9 : 2347-2364.

Ziervogel G, Calder R. 2003. Climate variability and rural livelihoods: assessing the
impact of seasonal forecasts in Lesotho. Area 35(4) : 403-417.

Zunckel K. 2003. Managing and conserving southern African grasslands with high
endemism. Mountain Research and Development 23(2) : 113-118.

List of Figures

Figure 1: Location of the Sekhokong study site in the regional and local context.
Figure 2: Exposed gully profile sampled at Sekhokong.

Figure 3: Stratigraphic log of the Sekhokong gully section, with the Bacon age-depth
model.

Figure 4: CONISS output separating the Sekhokong pollen profile into zones.

Figure 5: Stratigraphic diagram reflecting changes in sediment properties at
Sekhokong.

Figure 6: Pollen percentage diagram for the Sekhokong profile.

Figure 7: Diatom percentage diagram for the Sekhokong profile.

List of Tables
Table 1: AMS radiocarbon dates acquired for the Sekhokong profile.

http://mc.manuscriptcentral.com/jgs



Page 27 of 34

P OO~NOUILAWNPE

ADABADIMDPPDEDIMDWOWWWWWWWWWWNNNNNNNNNNRERPRERPRPERPRPERERRPR
~NO U BRARWNRPOOO~NOOOPRWNRPOOONODUPRAWNPOOO~NOOUUMWNEO

S D
O

Journal of Quaternary Science

Table 1: Raw AMS radiocarbon dates acquired from Beta Analytic for the Sekhokong profile.

o Ao samplaNumber _“CAge(rap) (oo Zocalbrated " Womdenth samle | aras
Beta-405431 SK3 1,440 +30 1,345-1,275 16.5 5 -24.5
Beta-405432 SK7 1,380 +30 1,300-1,185 45.5 5 -25.1
Beta-405433 SK11 2,680 +30 2,780-2740 75.5 5 -24.0
Beta-405434 SK14 3,100 +30 3,360-3,175 107.5 5 -25.3
Beta-393710 SK21 3,130 +30 3,375-3,215 134.5 3 -25.3
Beta-405436 SK25 5,450 +30 6,258-6,180 202.5 5 -26.5
Beta-405437 SK30 6,420 +30 7,415-7,225 267.5 5 -24.8
Beta-405438 SK31 6,470 +30 7,425-7,272 287.5 5 -26.8
Beta-405439 SK34 10,550 +30 12,555-12,420 327.5 5 -28.9
Beta-405440 SK38 12,660 +40 15,135-14,860 412.5 5 -28.5
Beta-393710 SK41 13,180 +40 15,880-15,675 472.5 5 -26.0
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Figure 1: Location of the Sekhokong study site in the regional and local context.
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22 Figure 2: Exposed gully profile sampled at Sekhokong.
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Figure 4: CONISS output separating the Sekhokong pollen profile into zones.
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