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A B S T R A C T   

To address long-standing questions concerning Southern Hemisphere climate dynamics and palaeoecological 
change in southern Africa, a Late Glacial-Holocene alluvial sediment sequence from the relatively dry interior 
year-round rainfall zone in South Africa was investigated. The study site borders the Fynbos biome and Succulent 
Karoo biome ecotone, and comprises a rare stratified sequence of sandy and organic-rich silt deposits, shown to 
span the last 14,000 years. A high resolution multi-proxy record of ecological change was derived using pollen, 
phytoliths and organic geochemical analyses. For the period 14–11 ka, significant valley aggradation occurred 
under relatively drier conditions, followed, during the early and middle Holocene, by alternating phases of 
humid and dry events with higher stream energy, slower accumulation or subtle seasonality changes. A transition 
from relatively humid to more arid conditions at 4–3 ka is identified and is consistent in timing with several 
interior year-round rainfall zone records. Results revealed alternations of fynbos and karroid elements and C3/C4 
grasses throughout the last fourteen thousand years, but did not suggest large-scale biome shifts. The record joins 
a growing number of sites contributing to debate over the complex atmospheric-oceanic drivers of palaeoclimate 
in this region. These data broadly fit to the regional pattern for the southernmost interior of South Africa in 
showing alternating influences from the westerly winter rain systems in the early Holocene, with a greater 
contribution from subtropical summer rain system during the middle and later Holocene.   

1. Introduction 

South Africa occupies an area under the influence of both the 
southern westerly winter rainfall and the north-eastern subtropical 
summer rainfall systems of southern Africa (Taljaard, 1966; Tyson and 
Preston-Whyte, 2000) (Fig. 1). The dynamic transitional zone between 
these rainfall regimes lies broadly across the boundary between the 
Eastern and Western Cape Provinces (Fig. 1), generating an essentially 
year-round rainfall regime, which combined with marked patterns in 
geological substrate and topography, also produces sharp ecotones be
tween major southern African biomes; namely the Fynbos, Succulent 
Karoo, Nama Karoo and Albany Thicket Biomes (Mucina and Ruth
erford, 2006). 

It is long-recognised that an understanding of the dynamics of the 
summer-winter-transitional rainfall zones of southern Africa will inform 
our wider understanding of Southern Hemisphere climate and biodi
versity dynamics (van Zinderen Bakker, 1976; Chase and Meadows, 
2007; Chevalier and Chase, 2015). Despite the known challenges of 
palaeoecological research in these arid to semi-arid environments, there 
is a steadily growing number of palaeoecological sites from the Cape 
inland and coastal regions. Notable examples are the pollen records from 
the Nama Karoo Biome to the north at Blydefontein (Scott et al., 2005, 
2012) and isotope, charcoal, pollen, microfauna records from the 
Albany Thicket and Fynbos Biomes to the south-east and west; viz. 
Baviaanskloof (Chase et al., 2020), the Cango Valley (Cango Caves and 
Boomplaas Cave) (Scholtz, 1986; Talma and Vogel, 1992; Thackeray, 
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1987; Faith et al., 2018) and Seweweekspoort (Chase et al., 2017) (Fig. 1 
A). There are also studies on the history of the coastal area in the Fynbos 
Biome at Norga (Scholtz, 1986); Vankervelsvlei (Quick et al., 2016), 
Groenvlei (Martin, 1968), Eilandvlei (Quick et al., 2018); Still Bay 
(Rietvlei) (Quick et al., 2015) and further to the west at Princessvlei 
(Neumann et al., 2011; Cordova et al., 2019). Along the west coast to the 
north, there are pollen and isotope records from the fynbos biome in the 
Cederberg (Scott and Vogel, 2000; Scott and Woodborne, 2007a, 2007b; 
Quick et al., 2011; Valsecchi et al., 2013; Chase et al., 2015) and from 
more distant sites like Eksteenfontein in the Succulent Karoo and Pella in 
the Desert Biome (Scott, 1996; Mucina and Rutherford, 2006; Lim et al., 
2016) (Fig. 1A). 

Further integrative works i.e., Chase and Meadows (2007), Chase 
et al. (2013), Chase et al. (2020) and Chase and Quick (2018), have 
sought to summarize the Quaternary variability in both ocean and at
mospheric circulation systems and their impact on southern African 
climate. Long-term macro-scale climatic influences include a variety of 
forcing mechanisms e.g., precession or extent of Atlantic sea ice (Berger 
and Loutre, 1991; Street-Perrott and Perrott, 1993; Nielsen et al., 2004; 
Fischer et al., 2007; Chase et al., 2013). Recently, Chase and Quick 
(2018) argued that in contrast to the adjacent interior, the primary 
driver of climatic change in the southern coastal zone, was the localised 
coastal influence of the Agulhas Current. Subsequently, Chase et al. 
(2020) presented further evidence for a coastal-continental interior 

Fig. 1. A. Vegetation types (Mucina and Rutherford, 
2006) with numbers 1 to 6 indicating the locations of 
modern surface pollen samples (see Supplementary 
Material 1) location of the KMR site (rectangle covers 
B). B. Locality of the studied KMR Section with the 
nearest modern samples (3 and 4). C. Biome map 
(Mucina and Rutherford, 2006) with the study area 
(rectangle covers A) and key palaeoenvironemenal 
sites in the region: 7 Blydefontein, 8 Baviaanskloof, 9 
Cango Caves/Boomplaas, 10 Seweweekspoort, 11 
Norga/Vankersvelsvlei, 12 Groenvlei/Eilandvlei, 13 
Rietvlei /Still Bay, 14 Pricess Vlei, 15 Cederberg, 16 
Pella, 17 Eksteenfontein.   
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dichotomy in Holocene climatic trends and time scales. These studies 
emphasise the need for a detailed network of palaeo-archives to properly 
untangle regional palaeoclimatic dynamics in this physiographically 
complex and yet critical climatic/ecological transition zone. The avail
able records need to be better integrated with each other to interrogate 
such models of ocean and atmospheric circulation patterns. 

We have identified several new sites of palaeoecological interest in 
valleys of the topographically complex eastern Little Karoo between the 
Great Karoo and southern Cape Fold Belt Mountains near Uniondale 
(Fig. 1). These comprise extensive (typically 3–10 m thick) alluvial 
valley-fills containing stratified sequences of organic-rich and sandy 
fluvial sediment sets within and at the margins of the major mountain 
fronts. Some of these sequences were exposed by flash flooding in 2007, 
presenting hitherto under-examined archives of environmental change 
and landscape response, which can potentially identify environmental 
changes if studied in sufficient detail over the wider region before they 
will eventually be lost by future erosion (e.g. Bousman et al., 1988; 
Cohen and Nanson, 2007). One of these exposed alluvial deposits in the 
Kamanassie River, henceforth referred to as the KMR sequence (Fig. 1), 
is the subject of this study. We report the site chronology, as derived 
with radiocarbon and optically stimulated luminescence (OSL) dating, 
as well as a complete suite of geochemical, phytolith and palynological 
data. We view the results in relation to the current vegetation types and 
ecotones in the region and their pollen production in the Succulent 
Karoo and Fynbos Biomes (Fig. 1) and compare the new results to the 
nearest key records to understand the local processes in the formation of 
the KMR site. 

2. Setting 

The KMR study site (Fig. 1) is surrounded by areas experiencing 
semi-arid to sub-humid climates with a suite of geological substrates, 
resulting in complex biome and vegetation patterns (Fig. 1). The area 
lies within the all year rainfall region (Taljaard, 1966; Tyson and 
Preston-Whyte, 2000) receiving ~615 mm rain annually, with slightly 
lower precipitation during winters than autumns and springs (Mucina 
and Rutherford, 2006) and with occasional frost in winter (~13 days per 
year). The mean annual temperature is 15.8 o C (Tyson and Preston- 
Whyte, 2000). 

The studied alluvial deposits lie at ~870 m altitude, in the Fynbos 
Biome in the Eastern Fynbos Renosterveld Bioregion (F06) (Mucina and 
Rutherford, 2006) (Fig. 1) (− 33.66561 S, 23.1362 E). They have formed 
as a valley fill in the Kamanassie River. The catchment of this drainage 
line starts in fynbos and runs towards more karroid vegetation before 
eventually turning west towards the Gourits River (Fig. 1 A, B. and C.). 
The site is bordered to the north by Uniondale Shale Renosterveld and to 
the south by the montane Kouga Sandstone Fynbos. To the west and 
north patches of Eastern Little Karoo belonging to the Succulent Karoo 
Biome occur immediately west of the site and further to the north 
several kilometres away (Mucina and Rutherford, 2006). 

In view of this setting special consideration in interpretations must 
be given to fluvial transport of organic matter and microscopic material, 
including pollen, phytoliths and organic debris, which are not neces
sarily of local origin. However, they are likely derived from within the 
relatively small Kamanassie River catchment within the Kouga Moun
tains south of Uniondale. Flood events, fluvial transport, standing water 
phases, fire and rainfall seasonality all potentially play a role in the 
deposition and preservation of the organic material relating to past 
environments of the area. 

3. Methods 

Samples were recovered directly from the exposed face of the de
posit. The same sampled materials were utilised for geochemical, phy
tolith and pollen analyses, with exceptions depending on the 
productivity of different proxy types, or the need for specific focus on a 

particular proxy. The site stratigraphy was logged in detail and 61 
samples obtained for analysis indicated in Fig. 2A and a photograph 
showing the general nature of the section appear in Fig. 2B. 

3.1. Dating 

Two laboratories, viz., 14Chrono at Queen’s University, Belfast and 
the Accelerator Mass Spectrometry Laboratory at the University of Ari
zona, Tucson, provided eleven AMS dates for the sequence (two from the 
east section (Site 1) and nine from the main section (Site 2). They 
comprised one 14C analysis on bulk organic matter sample, three on 
pollen extractions and seven on charcoal samples (Table 1). Addition
ally, optically stimulated luminescence (OSL) ages for three sandy layers 
using coarse grained quartz, were undertaken at the Sheffield University 
luminescence laboratory, one from Site 1 and two from Site 2 (see 
Table 2 and Supplementary Material 1 for more on the OSL dating 
methods). 

3.2. Biogeochemistry 

Forty samples were analysed for their Total Nitrogen (TN), Total 
Organic Carbon (TOC) contents and their δ13CTOC values to investigate 
the organic matter composition. To account for the presence of geogenic 
carbon (carbonate), samples were analysed with (TOC and δ13CTOC) and 
without (TN) acid treatment. The acid-insoluble residue (TOC) is 
considered the best representation of the organic carbon present in the 
sediments and the carbon isotope composition (δ13CTOC) was obtained 
from this material (See Supplementary Material 1 for methods). 

3.3. Microfossil extraction 

For investigation of the vegetation history, residues for pollen, non- 
pollen palynomorphs (NPPs) and phytolith analysis were prepared using 
standard extraction methods (Faegri and Iversen, 1989), including so
dium polytungstate heavy liquid separation (specific gravity 2.3) 
(Munsterman and Kerstholt, 1996). The microscope slides were moun
ted in glycerine-jelly and duplicates used for phytolith identification and 
palynology. 

3.4. Phytoliths 

A minimum of 300 phytoliths were counted on each slide and phy
tolith concentration was calculated using Lycopodium marker spores 
(Stockmarr, 1971). Phytolith counts were divided into graminoid and 
non-graminoid, excluding those that could not be assigned to any group. 
The classification of phytoliths follows a modified version of previous 
research in the region (see Supplementary Material 1, Figs. S2&3 for 
more on methods and classification). Using different phytolith groups 
and their taxonomic associations, several ratios provide a basis for 
characterizing vegetation communities along with pollen. The non- 
graminoid-to-graminoid ratio represents the proportions of plants that 
do not belong to grass-like plants and provides an idea of closed shrub 
canopy versus open grassy spaces. Additionally, the Poaceae- 
Restionaceae ratio, suggests the presence of restioid fynbos. 

The grass silica short cell phytolith (GSSC) ratios indicate the relative 
abundance of C3 and C4 grasses. The C3/C4 ratio was obtained by 
dividing the sum of C3-diagnostic GSSC by the sum of all C4-diagnostic 
GSSC. As C3 grasses are abundant in the winter-rainfall zone of South 
Africa (Vogel et al., 1978), a mirror ratio, the C4/C3x100 GSSC ratio, is 
used to more clearly visualise the representation of C4 grass. 

3.5. Paleofire proxies 

Burned Poaceae phytoliths, presented here as percent of the total 
Poaceae phytoliths, provide a proxy for grass fires (as opposed to overall 
fires as indicated by microscopic charcoal; Cordova et al., 2019). Two 
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different methods of microscopic charcoal estimation were used during 
the phytolith and palynological analyses, with one presented here as 
counts per mm2 and the other as counts per gram following the addition 
of spikes of the same Lycopodium spores (Stockmarr, 1971) used for 
concentration estimates in the palynological study (see Palynology below 
and in the Supplementary Material 1). 

3.6. Palynology 

A minimum of 300 pollen grains from terrestrial plants, plus, 
aquatics, spores and non-pollen palynomorphs (NPPs including fungal 
spores and algae) was identified from forty-four productive layers 
(usually the grey-brown sands with organic material). The light- 
coloured coarse-grained sands and gravels preserved insufficient pol
len. Pollen zones I-V were obtained by CONISS (Grimm, 2011) based on 
the terrestrial taxa. 

Modern surface samples were analysed to assess the modern pollen 
production for both fynbos and karroid vegetation types (Mucina and 
Rutherford, 2006) (Fig. 1). Six modern surface-soil samples from near 
the site and in two transects of ~30 km in different directions away to 
the south-east along the Kouga Mountains and north-east towards Wil
lowmore, were collected (Fig. 1B) (see Supplementary Material 1 for 
details and results). 

4. Results 

4.1. Description of the sequence of deposits 

The sequence comprises of a series of distinct, alternating 

sedimentary units of organic, fine-grained wetland, to coarse-grained 
sandy and mineral-rich gravelly layers (Fig. 2A, Table 1). 

4.2. Dating 

The radiocarbon dating results are presented in Table 2 and OSL 
sample list and results in Tables 3 and 4 respectively. The resulting age 
model obtained using Bacon and the SHcal13 curve (Blaauw and 
Christen, 2011; Hogg et al., 2013) is shown in Fig. 3. Because the cali
brated radiocarbon ages are expressed as cal yr BP and the OSL as years, 
ages in subsequent plots of proxy data are expressed as modelled age 
(yr). 

The radiocarbon chronology of the eight-meter KMR sequence is 
reasonably well supported by the three OSL ages, showing that deposi
tion started around 14,000 years ago before the Younger Dryas (YD). 
The age-depth model suggests varying sedimentation rates with faster 
accumulation, implying phases of marked valley fill aggradation from 
14,000 to 11,000 years ago and between 4000 and 3000 years ago, with 
slower accumulation between 7000 and 4000 years ago and during the 
last 2500 years. The latter phases also have low proxy sample resolution 
due to their low organic contents. 

4.3. Geochemistry 

The total organic carbon content is highly variable, ranging from 0.1 
to 5.2% (Fig. 4A) (Supplementary Material 2). Although obviously 
inorganic sand layers were not sampled for organic geochemical anal
ysis, the down-section variation in TOC does largely track the sedi
mentary facies within the section, with the highest TOC values generally 

Fig. 2. A. Combined lithological profile of the eastern and main sections. Dots on the left indicate sample positions, of which not all levels were necessarily pro
ductive. B. View of the main section with M. Wessels standing at the c. 5.8 m level. 
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associated with dark coloured silts and silty sands (e.g. 4.68, 5.35, 6.87 
m, associated ages of 11 ka, 11.3 ka and 12 ka). TN closely tracks TOC 
(Pearson’s R = 0.99), suggesting the former is most likely organic N. The 
TOC/TN ratio ranges between 36 and 7 (Fig. 4B), but largely falls in the 

range 10–25 (mean = 21 ± 5). The two outlier TOC/TN values at 9.0 and 
11.5 ka are associated with TN contents <0.03% and are potentially 
impacted by measurement imprecision at such low N contents. Except 
for these two outlier values, there are no trends in TOC/TN through the 
sequence; the Late Holocene (2.9–3.8 ka) mean TOC/TN (21 ± 4) is 
identical to that of the Late Glacial (11.5–13.8 ka; 20 ± 4). In the more 
sporadically preserved early to mid-Holocene section (11.3–6.5 ka) the 
average ratio is marginally higher (25 ± 5), but the significance of this is 
hard to evaluate given the limited number of samples. 

The δ13CTOC ranges between − 25.6 and − 21.3‰ (Fig. 4C) with some 
clear trends apparent. From a sequence maximum of − 21.3‰ at the base 
of the sequence (13.8 ka), δ13CTOC declines steadily (with a brief rise to 
− 21.8‰ at 12.1 ka) to − 25‰ at 11.0 ka, whereupon it remains rela
tively stable to 6.5 ka (− 24.4 ± 0.4‰). In the late Holocene section 
(3.8–3.0 ka) δ13CTOC is higher than the early to mid-Holocene and is 
clustered at − 23.7 ± 0.9‰. The precise timing of this late Holocene shift 
to higher δ13CTOC is difficult to determine given the limited number of 
mid to late Holocene samples, although the δ13CTOC of the immediately 
subjacent sample at ~4.2 ka is lower (− 25.6‰) than those above it. 

4.4. Phytoliths 

The distribution of silica phytolith morphotypes varies considerably, 
but they are best preserved in zones 1, 2 and 4 (Figs. 5 and 6) of five 
zones (Supplementary Material 2). 

Although with relatively low counts, Phytolith zone 1 (14–12.9 ka) 
shows a clear dominance of non-graminoids over graminoids (Fig. 5). 
For the latter, the incidence of Poaceae is lower than Restionaceae and 
unclassified graminoids. Poaceae phytoliths are highly variable through 
the zone, and the percent of burnt phytoliths is low (Fig. 6). GSSC show 
approximately equal abundances of C3 and C4 grasses, with the latter 
always exclusively the Chloridoideae (Fig. 7). 

Phytolith zone 2 (12.9–10.6 ka) shows a gradual increase of grami
noids over non-graminoids (Figs. 6 and 7). Within the graminoids, 
Poaceae increase relative to Restionaceae phytoliths (Fig. 5). Within 
Poaceae short cells become increasingly more abundant towards 11 ka, 
suggesting perhaps better preservation or higher phytolith input by 
wind (Fig. 6). Burnt grass phytoliths also increase towards 11 ka, 
reaching their highest abundance for the sequence, and they suggest an 
increase of grass fires. In the GSSC, the proportion of C3 vs. C4 remains 
the same as phytolith zone 1, except for a single-sample peak in C4 and a 
relative increase in Panicoideae diagnostic GSSC at c. 12 ka (Fig. 7). 

Phytolith zone 3 (8.2–3 ka) is associated with few samples that 
preserve plant silica, probably reflecting the coarser sediment texture. 
However, it shows a general distribution of phytolith groups like the top 
of zone 2, with graminoids dominating over non-graminoids, and Poa
ceae dominant over Restionaceae. Similarly, the proportions of Poaceae 
morphotypes remain relatively unchanged, with short cells dominating 
alongside a marked reduction in the percentage of burnt grass phytoliths 
(Fig. 6). The GSSC also show notable changes across the zone (Fig. 7). 
Before 6 ka C3-diagnostic GSSC dominate, while among the C4 the 
Panicoideae remain significant. After 6 ka, the proportions of C3 decline 
in favour of C4, and among the latter Chloridoideae becomes dominant 
over Panicoideae. 

Phytolith zone 4 (3–1.9 ka) shows a moderate incidence of non- 
graminoids over graminoids, and of Restionaceae over Poacaeae 
(Fig. 5). Among Poaceae phytoliths, dominance fluctuates between short 
cells and bulliforms, while the percent of burnt grass phytoliths 

Table 1 
KMR profile description.  

KMR 
sections 

Depth 
(cm) 

Description 

East 0–180 Organic rich silts/fine sands with rootlets, prominent 
more organic layers at c. 65, 95, 126 and 135 cm (OSL 
2.8 ka, 165 cm) 

Main 180–200 Iron stained, coarse sands that pinch out laterally 
200–230 Dark silts below prominent iron stained layer 
235 Prominent reddish sands 
240–405 Laminated grey/black silty sands, rich in organic matter 

with lenses of coarse sands/gravel and some-pebbles 
that pinch in and out with some vestiges of bedding that 
can be traced laterally but tend to pinch out 

405–423 Pebble layer (top is the datum) (OSL 9.4 ka, 4.2 cm) 
425–486 Laminated grey/black silty sands, rich in organic matter 
486–510 Clean (inorganic), coarse sand/some gravel 
510–540 Laminated grey/black silty sands, rich in organic 

matter, gravel and coarse sand 
540–568 Coarse, quartz-rich laminated sands 
568–583 Grey/brown laminated organic-rich silts, some reddish 

staining 
583–610 Prominent black silts rich in organic matter 
610–624 Grey/brown laminated organic-rich silts, some reddish 

staining 
624–665 Grey/brown laminated organic rich silts, some reddish 

staining above black organic rich clays and coarse sands 
with a gravel lens that pinches out laterally 

665–685 Coarse grey/brown sand grading downwards over 2–3 
cm to grey/black sands 

685–705 Grey/black coarse sands 
710 Dark brown silty fine sands 
712–730 Orange mottled, fine sands (OSL 12.1 ka, 722 cm) 
730–752 Black, water-saturated sands 
752–806 Brown mottled coarse sands  

Table 2 
Radiocarbon dates from the KMR Section.  

Sample 
ID 

Material Age (yr 
BP) 

Error 
(yr) 

Depth 
(cm) 

Cal yr BP 
(2 sigma 
ranges) 

δ13Corg 

(‰) 

UBA- 
20534 

Pollen 2583 37 65 2471- 
2602-2747 

− 26.3 

UBA- 
20533 

Pollen 2960 38 95 2925- 
2933-3168 

− 21.6 

AA90910 Charcoal 3123 49 220 3141- 
3277-3391 

− 26.7 

AA90909 Charcoal 3800 46 295 3963- 
4102-4247 

− 26.5 

UBA- 
20532 

Pollen 6030 66 325 6659- 
6817-6984 

− 27.3 

UBA- 
18270 

Charcoal 9060 43 400 10121- 
10155- 
10246 

− 28.5 

UBA- 
20337 

Charcoal 9473 41 430 10541- 
10647- 
10754 

− 25.7 

AA90133 Organics 9736 53 463 11063- 
11029- 
11223 

− 26.3 

UBA- 
20338 

Charcoal 9865 43 537 11170- 
11225- 
11311 

− 29.0 

UBA- 
18269 

Charcoal 9977 39 640 11228- 
11346- 
11411 

− 25.7 

UBA- 
18271 

Charcoal 10,311 46 715 11763- 
12006- 
12155 

− 19.8  

Table 3 
OSL sample list for KMR section.  

Field code Sample code Depth from surface (m) 

KMR10/1/3 Site 1 Shfd10083 1.65 
KMR10/1/1 Site 2 Shfd10081 4.20 
KMR10/1/2 Site 2 Shfd10082 7.22  
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increases. The proportions of C3 and C4-diagnostic GSSC indicates an 
increase in C3, while within the C4-diagnostic GSSC the proportions of 
Panicoideae dominate over Chloridoideae at times. 

Phytolith zone 5 (from 1.9 ka onwards) consists of two samples. 
Notably the proportions of graminoids and Poaceae are higher in the top 
sample, (Fig. 5), with bulliforms dominating among the Poaceae (Fig. 6). 
The top sample shows a codominance between C3 and C4, with the latter 
dominated entirely by Panicoideae. 

4.5. Paleofire proxies 

The results of the two methods of micro-charcoal determination re
cord the same trend, with an apparent peak in fire at ~11.5 ka, lower 
intensity of fire until the late Holocene, followed by a second peak at c. 4 
ka (Fig. 8 and Fig. S4 in Supplemetary Material 1 for size classes). 

4.6. Palynology 

Pollen concentrations in KMR section were highly variable and 
highest pollen concentrations occurred in the samples at c. 12 ka (Fig. 8) 
(Supplementary Material 2). 

Pollen characteristic of fynbos vegetation, as well as Asteraceae, 
Poaceae and succulent pollen groups are prominent throughout the 
sequence. Variability across numerous individual pollen types is high at 
some levels in the sequence. Despite distinctive changes in the individ
ual pollen types, the relative abundance of these groups is largely 
consistent, suggesting relatively subtle changes in vegetation over the 
studied interval (Figs. 9 and 10). Apart from the regional pollen (Fig. 9), 
we observe variations in other palynomorphs (Fig. 10) of aquatic pollen 
types, cryptogam spores, fungal spores and algae (local palynomorphs 
and NPPs). 

The diagrams of arboreal and non-arboreal pollen show sharp rela
tively short-term oscillations, but long-term or developmental trends are 
difficult to visualise. The zonation is therefore based on the CONISS 
results: I) 13.9–2.1 ka, II) 12.1–8.3 ka, III) 8.5–4 ka, IV) 4–3 ka and V) 3 
ka-present (Fig. 9B). 

Pollen zone I (13.9–12.1 ka) starts with prominent Asteracaeae 
(undifferentiated) peak accompanied by an initial prominence of Stoebe 
type at 13.9 ka. It is otherwise associated mainly with grasses (Poaceae), 
some trees (Euclea sp.) and some fynbos shrubs (Ericaceae, Passerina sp. 
and Restionaceae). The Younger Dryas (YD) period (c. 12.8–11.5 ka) 
spans the transition between Pollen zones I and II (12.1–8.3 ka). Pollen 

Table 4 
OSL related data for KMR section.  

Depth (m) Water content (%) K (%) U (ppm) Th (ppm) Cosmic dose rate (Gy kyr− 1) Total dose rate (Gy kyr− 1) De (Gy) Age (C.E.) 

1.65 0.1 0.16 0.98 1.93 0.18 ± 0.01 0.71 ± 0.03 2.04 ± 0.05 2890 ± 140 
4.20 0.2 0.35 1.00 4.06 0.13 ± 0.01 1.00 ± 0.04 9.36 ± 0.26 9360 ± 440 
7.22 11.1 0.13 0.57 3.69 0.12 ± 0.01 0.60 ± 0.02 7.26 ± 0.25 12,030 ± 590  

Fig. 3. Bacon age model using Blaauw and Christen (2011). Radiocarbon dates: light blue; OSL dates: light blue-green. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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from the base of the YD (Pollen zone I) continues to show relatively high 
proportions of Asteraceae (undifferentiated), while some woody plant 
pollen like Euclea, Clutia and Buddleja increase, together with Restio
naceae and some fynbos elements. The woody elements decline c. 11.7 
ka and some of the fynbos, e.g., Ericaceae, Passerina sp. and Cliffortia sp. 
continues to be present in fair numbers in Pollen zone II (Fig. 9 A). Grass 
and Asteraceae pollen (including varying numbers of Stoebe type) are 
prominent while different fynbos types persist. Of the fynbos types, 
Restionaceae pollen shows a strong decline c. 11 ka, after which suc
culents (Aizoaceae type and Ruschia) peak c. 10.1 ka followed by a 

moderate return of Restionaceae pollen. This followed at the top of 
Pollen zone II (c. 9 ka), by a marked grass pollen increase. 

Pollen zone III (8.5–4 ka) has lower resolution due to poor pollen 
preservation, but shows more grass and Asteraceae, including Stoebe 
type (probably including Elytropappus) up to about 6.5 ka when succu
lents like Aizoaceae and Crassula-type become prominent. Pollen zone 
IV (4–3 ka) at c. 3.8 ka shows prominent grasses, Asteraceae and 
eventually Restionaceae pollen and in a relatively short section up to c. 
3.3 ka, although there is considerable variation in pollen composition. 
At c. 3.5–3.4 ka, types like Morella peak while others e.g., Euclea and 

Fig. 4. A. TOC (red/dashed, top scale) and TN (blue, bottom scale). B. TOC/TN. C. Down-section trends in δ13CTOC. Dark and light shades indicate measured ranges 
of typical soil δ13CTOC from the Fynbos and Succulent Karoo Biomes respectively (Carr et al., 2021). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. Phytolith groups, summary and ratios.  
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Stoebe type, decline. The top section (Pollen zone V, 3 ka to the present) 
representing brown sands, is poorly covered as result of insufficient 
pollen preservation, but the available level at c. 2.6 ka is similar to the 
modern spectrum (Fig. 9). 

5. Discussion 

Transport of material from the higher ground probably influenced 
the different proxies. For instance, where karroid, succulent or grassy 
elements in the deposits occur, they probably reflect changing 

conditions in the source area within the uplands to the south, which is 
now under fynbos. This, via the presence of C4 or CAM plants, may ac
count for the varying composition of accompanying organic matter, 
phytoliths and pollen, and other inclusions from the surrounding slopes. 
Changes in rainfall seasonality, stream energy, etc., would also affect 
this. Mixed with the transported material are potentially the remains of 
local elements at the study site typical of the drainage course. 

Fig. 6. Poaceae phytoliths and percent of burnt grass phytoliths.  

Fig. 7. Grass silica short cells (GSSC) and ratios.  
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5.1. Geochemistry interpretation 

The highly variable TOC content of the sediments largely reflects the 
varied depositional environment, with high TOC associated with fine 
grain sedimentary units, most likely overbank fines, waning limbs of 
flood events or palaeo-landsurfaces, and low TOC associated with flood 
deposits of coarse-grained sands and gravels. The former are particularly 
associated with the phase of relatively fast valley fill aggradation 
~14–10 ka. The largely invariant TOC/TN ratios of 15–25 are typical of 
the measured range of Fynbos and Succulent Karoo Biome soils (Carr 
et al., 2013) (Fig. 4B), consistent with a largely terrestrial organic matter 
sediment source throughout the sequence. The lowest values of δ13CTOC 
are consistent with contributions from C3 vegetation (global mean C3 
δ13C -26‰; O’Leary, 1988; Diefendorf et al., 2010) (Fig. 4C, darker 
shading), and such values are characteristic of fynbos vegetation (Vogel 
et al., 1978; Carr et al., 2016). The higher δ13CTOC values (>− 22‰) 
imply some contribution from non-C3 vegetation, potentially including 
C4 grasses (δ13C typically − 10 to − 14‰; O’Leary, 1988) or CAM plants 
(δ13C highly variable but high as − 12‰; Rundel et al., 1999). Soils 
(Fig. 4C, lighter shading) in the Succulent Karoo biome, to which CAM 
plants may variably contribute organic matter, typically have δ13CTOC 
values of − 22 to − 23‰ (Carr et al., 2021). Soils in the Nama Karoo, for 
which C4 grasses may contribute organic matter typically have δ13CTOC 
ranging between − 22 and − 14‰, depending on grass cover/summer 
rainfall amount (Bond et al., 1994). 

For the KMR record overall there is no correlation between δ13CTOC 
and grass pollen (Fig. 11A), but both C3 and C4 grasses were present 
based on the phytolith evidence (e.g., at c. 9 ka; Fig. 7, Fig. 12), and the 
latter parts of the record (e.g. 6–3 ka) show some potential correlation 
with grass pollen abundance, if not the phytolith-derived C3/C4 ratio. 
Other correlations between the isotope and pollen data are identified. 
The sum of the succulent pollen types (Fig. 11 B) correlates with δ13CTOC 
(r = 0.37 p = 0.04 for the whole record and more strongly (0.43, p =
0.04) for the section 14–9 ka (Fig. 11C, S6B/&b). Thus, one 

interpretation of the isotope data is that a varying proportion of CAM 
plants (succulents) contributed to the soil organic matter of the KMR 
catchment (Fig. 11B). As CAM physiology is essentially an adaptation to 
drought, this would imply that during periods of greater aridity there 
were greater inputs of CAM-plant derived organic matter from the 
catchment soils. 

However, considering the δ13CTOC data in relation to the local pollen- 
fungal elements PCA axis 1 we also observe a correlation between these 
elements and δ13CTOC (Fig. 11C) (see Supplementary Material 1, 
Fig. S6B/7B). This reflects a positive (negative) correlation between 
δ13CTOC and fungal spores (local vegetation elements). The overall cor
relation with axis 1 is r = 0.50 (p = 0.006), with the correlation stronger 
for samples older than 10 ka (r = 0.61; p = 0.004) (Fig. 11C and D). The 
implied decreasing δ13CTOC in association with increased local/riparian/ 
aquatic pollen inputs could therefore also reflect a shift in the sources of 
the organic matter input to the sediments; i.e. from a wider catchment 
contribution that includes CAM and soil fungi inputs to a dominantly 
local C3 riparian / wetland vegetation input, which colonised the land- 
surface in the channel as it stabilised (also accounting for the accom
panying increased TOC). 

5.2. Vegetation conditions and trends 

Here we summarize all proxies according to arbitrary time zones as 
phytolith and palynological zonations (Figs. 6–8 and Figs. 8–10) corre
spond broadly, but are not identical. 

In 14–10.5 ka (8.9–4.5 m), predominantly organic-rich, layers of 
sand show high but steadily declining δ13CTOC values (except for a spike 
a spike within YD times at c. 12.2 ka (Fig. 4C), associated with increasing 
TOC. The proportions of Poaceae phytoliths, of which the majority are 
C3 grasses, increase during this phase. The phytolith data provide 
further clues for the vegetation reconstruction ancillary to the pollen 
data, particularly for the graminoids. In the phytolith assemblage of 
13.7–12.9 ka, the high incidence of non-graminoids (woody and 

Fig. 8. Summary diagram of percentages of all palynomorph types. AP = arboreal pollen, NAP = other non-arboreal pollen, NPP = non-pollen palynomorphs. The 
columns on the right show pollen and microscopic charcoal concentrations (size classes in Fig. S4) and pollen zones (for creation of zones, see Fig. 9). 
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shrubby vegetation), abundant Restionaceae and relatively low pro
portions of Poaceae imply a dominance of fynbos vegetation (Cordova, 
2013; Cordova and Avery, 2017). Distinctively, the burnt grass phyto
liths count is lower. However, despite the limited Poaceae, there is an 
important incidence of C3 grasses, suggesting some winter season rains. 
The relative importance of Chloridoideae suggests either occasional 
dryness or diminished summer rain. 

The higher incidence of Poaceae over Restionaceae and the lower 
proportions of non-graminoids c. 12.9–10.6 ka suggest a grassier envi
ronment, still within a matrix of Ericaceous fynbos. This could be a type 
of grassy fynbos like the ones found farther east (cf. Rebelo et al., 2006) 
or the amplification of the renosterveld (Stoebe type), which normally 
has more grasses (Cordova, 2013; Cordova and Avery, 2017). However, 
given the incidence of Panicoideae, it is possible that increased summer 
rain prompted more lightning-initiated fires, as it currently occurs in 
areas of fynbos farther east, thus promoting the spread of grasses and the 
decline of Ericaceae and Thymeleaceae. The pollen data further suggest 
grassy karroid vegetation, which probably included Elyropappus (Stoebe 
type), with some fynbos elements, especially Restionaceae, and 
decreasing succulent abundance. The latter may explain the high but 
declining δ13CTOC through this period, although this reduction in 
δ13CTOC may also reflect the aforementioned increased organic matter 
inputs from local aquatic (C3) vegetation, which also peak ~11 ka. Both 
the burned phytoliths and the charcoal suggest increased burning ~12 
ka within the YD phase. 

The period 10.5–7 ka (4.5–3.3 m) is associated with a much-reduced 
sample resolution and some gravel inclusions that probably experienced 
erosion. It consists otherwise of grey to black organic sands, rich in TOC 

up to 10 ka, but declining from c. 9 ka, with relatively low δ13CTOC 
(likely C3 vegetation derived) (Figs. 4 and 13). At around 10 ka, there is 
a brief peak of montane woodland pollen, e.g., Podocarpus, Clutia, 
Buddleja and Euclea together with fynbos (Fig. 9A). Next during this 
phase, high percentages of grass phytoliths and grass pollen occur at c. 9 
ka. Judging from the isotope and phytolith composition the parent 
plants were predominantly C3 grasses, but C4 grasses were also present 
(Figs. 7, 12), which occurred together with Restionaceae, undifferenti
ated Asteraceae and Stoebe type (probably, also including Elytropappus) 
(Figs.9A). 

The sandy section, 7 ka–4.1 ka (3.3–2.9 m), associated with rela
tively low TOC contents (Fig. 4A) accumulated relatively slowly and 
preserves few pollen and phytoliths, possibly due to exposure and dry
ing. It shows relatively low δ13CTOC values c. 7–6.5 ka (sequence mini
mum value of − 25.6‰ at c. 4.2 ka) (Fig. 4C). The absolute values in both 
periods suggest dominantly C3 vegetation inputs, although there is 
marginally higher δ13CTOC at 7–6.5 ka, coeval with a single phytolith 
level (6.5 ka) (Fig. 7) that indicates an increased C4 grass component. 
Around 6.5 ka we observe an increase in succulent pollen together with 
other mountain slope vegetation like Ericaceae, Euclea and Clutia. The 
proportions of phytolith assemblages and GSSC distribution prior to c. 
6.0 ka provide limited information, although it is possible that rainfall 
was equally spread during summer and winter. After 6.0 ka there is a 
reduction in woody/shrubby vegetation and an apparent increase in 
Chloridoideae, which may reflect dry conditions similar to the Succulent 
Karoo, where Chloridoideae grasses tend to dominate (Cordova and 
Scott, 2010; Cordova, 2013). 

The section, 4.1–2.6 ka (1.9–0.6 m), starts with an iron stained 

Fig. 9. A. Arboreal, fynbos and Asteraceae pollen. B pioneer, other non-arboreal and succulent pollen. Zones on the right in B are determined by the CONISS cluster 
diagram based on taxa represented in both A and B. 
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orange sand covered by grey sands. The TOC content varies but is 
generally low except for some darker grey horizons and δ13CTOC in
creases to values more akin to those of the late Pleistocene (− 23.5‰). 
The phytolith assemblages suggest the expansion of fynbos, but unlike 
the period c. 12.9–10.6 ka, this fynbos has a higher incidence of grasses, 
with evidence for frequent burning (Fig. 6). Grass phytoliths are mainly 
of the C3 type with little C4 representation, but a variable to strong 
succulent presence in the pollen data may account for the δ13CTOC trend. 
Typical woody slope elements, Asteraceae and fynbos, including Resti
onaceae are present, especially at c. 3.4 ka. It is possible that winter rains 
were dominant, but at times summer rains must have occurred, perhaps 
even more than today. 

The brownish upper sands, 2.6–0 ka (0.6 m–0 m), do not preserve 
pollen and phytoliths. However, the modern surface sample shows a 
strong presence of Poaceae phytolith morphotypes with some C4 grass 
representation, Asteraceae and succulent pollen. 

5.3. General synthesis of environmental changes of the KMR sequence 

The opposing dynamics between Poaceae and Asteraceae and other 
fynbos and succulent taxa observed in the KMR sequence are not re
flected in the modern pollen transect (Supplementary Material 1, 
Fig. S5). This is, however, not unexpected as in the modern transect the 
higher grass proportions towards the karroid vegetation to the north, 
represent mostly C4 grass (cf. Cordova and Avery, 2017, their Figs. 5a 
and 8), while we have phytolith evidence that the grass peaks in the 
fossil sequence largely represent C3 grass. The question then arises as to 
what conditions the combination of C3 grasses and Asteraceae observed 
at 9 ka in the KMR would imply (Fig. 9, Fig. S6A and S7A). If it repre
sented a cool, relatively dry environment with winter growth, this would 
find support in the (low) δ13CTOC values. After 8 ka some C4 grasses 
occur, but with only slightly increased isotope values. The δ13CTOC de
creases before 4 ka, at a time when fynbos including Ericaceae, Restio
naceae and Stoebe type, probably including Elytropappus (renosterbos), is 

Fig. 10. Aquatic pollen, cryptogam spores and NPP’s. Pollen zones on the right are based on the regional taxa in Fig. 9.  
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Fig. 11. A. Loess smoothed grass (blue) and δ13CTOC (red). B. Slightly Loess smoothed summed succulents (blue) and δ13CTOC (red). C. Local pollen & spore PCA axis 
1 (blue) vs. δ13CTOC (red). D. Fungi (blue) % vs. δ13CTOC (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 12. The KMR section with various proxies from the Western and Eastern Cape Provinces (numbers in brackets refer to positions in Fig. 1A.). A. Pollen PCs 
Blydefontein (7) (brown) (Scott et al., 2012, chronology adjusted) and Princess Vlei (14) (blue) (Neumann et al., 2011; Cordova et al., 2019), B. Baviaanskloof (8), 
δ15N ‰, C. δ13C ‰ (Chase et al., 2020), D. KMR, Succulent pollen %, E. KMR δ13CTOC ‰, F. KMR C3/C4 phytolith ratio, G. KMR Panicoideae/Chloridoideae phytolith 
ratio (this study), H. Cango Caves (9): δ13C ‰, I. δ18O‰ (solid lines Talma and Vogel, 1992, faded lines Chase et al., 2013 chronology), J. Seweweekspoort (10) J. 
δ15N‰, K. δ13C (‰) (Chase et al., 2013, 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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observed to increase in the pollen spectra. This vegetation suggests 
relatively moist conditions. 

Alternations of aquatic pollen types, cryptogam spores, fungal spores 
and algae can be related to interaction between flooding events, stream 
energy, stream transport, fungal decay and selective preservation. There 
are marked trends in the occurrence of fungal remains through the 
sequence. For the period 14–11 ka there are elevated, albeit declining 
fungal elements (Fig. 11D) and initially reduced local wetland, crypto
gamic and algal elements, which become increasingly abundant towards 
11 ka. Indeed, during this phase there is a correlation between fungal 
elements and the δ13CTOC, under otherwise cool, dry and relatively 
stable conditions, while according to the phytoliths, a transition to more 
C3 vegetation took place and fungal remains declined. The process was 
gradual except for a brief reversal during YD times. This is also a period 
associated with steady accumulation of the sediment sequence (i.e. 
aggradation of the fluvial system), possibly transporting soil fungi from 
the surrounding slopes, although it is not possible to determine how 
much was transported or locally produced. Fungal remains in the de
posits subsequently decline in favour of active local plant and algal 
growth up to around 4–3 ka (Fig. 11 D) (PC 1, Fig. 11 C, see also 
Fig. S6B/S7B in Supplementary Material 1) where there is a shift in 
δ13CTOC that coincides with increased succulent pollen, potentially 
implying increased CAM or C4 vegetation contributions. The return of 
fungal remains is, however, delayed until 2.6 ka when drier conditions 
set in and there is a more prominent appearance of succulent Aizoaceae 
type pollen (Fig. 11 B). The increase in fungal remains can either be 
attributed to the more stable soil formation processes at the site itself or 
to transport of soil material from the surrounding slopes, or both. 

5.4. Regional comparisons 

The KMR sequence provides several lines of evidence potentially 
indicative of changes in rainfall amount and seasonality. The findings 
can be placed in a wider context to reconstruct a regional history 
through comparison with other proxy sequences (Fig. 12). Notably, the 
nearest palaeoenvironmental record is the Baviaanskloof Rock hyrax 
midden record ~50 km to east. This provides evidence for vegetation 
(δ13C) and climatic (δ15N) changes over the last 7 ka (Chase et al., 2020) 
(Fig. 12B &C). ~80 km to the west of KMR, the Cango Cave stalagmite 
record provides temperature (δ18O) and vegetation (δ13C) proxies 
spanning the last 6 ka (Talma and Vogel, 1992) (Fig. 12A). Cango Caves 
lie close to the Boomplaas Cave archaeological site, for which a recent 
reconstruction of rainfall seasonality and rainfall amount has been 
presented using micromammal evidence (Faith et al., 2018), while 150 
km to the west, the longer hyrax dung sequence from Seweweekspoort 
(Fig. 12J, K) (Chase et al., 2013, 2018) provides both isotope and pollen 
evidence from marine isotope stage 2 to the present. 

In KMR, the dominantly present C3 grass phytoliths (with C4 present, 
but never dominant), the high incidence of non-graminoids (woody and 
shrubby vegetation) and the abundant Restionaceae observed 14–10.5 
ka are not inconsistent with recent reconstructions of a relatively humid, 
mixed summer-winter rainfall environment for the latest Pleistocene (i. 
e. last glacial-interglacial transition) (Chase et al., 2018; Faith et al., 
2018). The trend in δ13CTOC and succulent pollen at KMR during this 
phase (both peaking at 14 ka and potentially implying some aridity), 
presents potential evidence for variability around this scenario (indeed, 
it is opposed to the overall increasing trend in δ13C seen it the SWP re
cord (Fig. 12) (Chase et al., 2018). However, the Seweweekspoort δ15N 
record (Chase et al., 2018) indicates short-term variability in water 
availability within the 15–10 ka period, with a trend from relatively arid 
to relatively wetter conditions ~13.3–11 ka (Fig. 12) that is perhaps 
consistent with observations at KMR, including the reduction in succu
lent pollen observed during this period. Based on the Boomplaas 
micromammal record, Faith et al. (2018) presented a reconstruction for 
the Pleistocene-Holocene transition that indicated increasing winter 
rainfall contributions from ~13–10 ka, associated with a trend towards 

relatively arid conditions. Consistent with this, at KMR the phytolith 
data show a steady reduction in the C4/C3 ratio to a minimum at ~10 ka. 
Additionally, by 9 ka, relatively more C3 grasses developed (Fig. 7, 12F) 
in a grassier, more frequently burned environment with a higher inci
dence of Poaceae over Restionaceae and lower proportions of non- 
graminoids c. 12.9–10.6 ka and at 9 ka. The precession cycle (Berger 
and Loutre, 1991) would have promoted winter rainfall at around 9 ka 
(Street-Perrott and Perrott, 1993; Partridge et al., 1997). 

Given the low sampling resolution for the early to mid-Holocene, 
detailed comparisons are challenging, especially c. 4–7 ka when there 
seems to be much variability in several records, notably the sharp c. 5 ka 
negative (increased humidity) deviation in δ15N at Baviaanskloof (Chase 
et al., 2020). By 6.5 ka precessional forcing in this all-year seasonality 
zone would probably favoured slightly more summer rains, but 
moderately dry conditions with succulents and Asteraceae persisted, 
with some C4 grass (more apparent from phytoliths than isotope values). 

The resolution at KMR is too poor to draw conclusions as to the ef
fects of the maximum sea ice extent in the South Atlantic at ~4.3 ka 
(Nielsen et al., 2004). However, the period 4–2 ka offers an opportunity 
for comparison with several records. Here KMR record shows a δ13CTOC 
minimum (− 25.6‰) at or prior to ~4.2 ka and then stabilises at ~− 23‰ 
from 3.7–3.1 ka. This transition is associated with relatively grassy 
fynbos vegetation, increased succulent pollen and increased evidence of 
burning. The Cango Cave speleothem (Talma and Vogel, 1992) exhibits 
an increase in δ13C starting at 3 ka and peaking by c. 2 ka (Fig. 12I). 
However, Chase et al. (2013) suggest a revised chronology that places 
this peak at c. 3 ka. The SWP midden, which also exhibits its highest 
grass pollen concentrations at this time, has high δ13C values between 3 
and 1 ka (Fig. 12K) (Chase et al., 2018). These observations are 
consistent with the increased abundance of grass pollen and phytoliths 
at KMR c. 3 ka, where interestingly (for interpretation of δ13C trends) the 
phytolith data suggest this was largely C3 grass with lower amounts of C4 
types (Fig. 12D-G). At Cango the associated δ18O temperature record 
indicates a relatively sharp 1 ◦C increase at about <2 ka (Talma and 
Vogel, 1992; Fig. 12H) but Chase et al. (2013) suggest that this occurred 
at about 3 ka. At the same time the Baviaanskloof midden also shows a 
marked change in δ13C and δ15N, although the direction of the former 
proxy (a shift to lower δ13C) is opposite to that observed at SWP and 
Cango Caves (i.e. it is reduced, implying more C3 vegetation consump
tion by the hyraxes, perhaps dependent on their dietary preferences for 
available plant species). Overall however, the year-round rainfall zone 
exhibits consistent evidence for a marked climatic/ecological transition 
at this time, presumably in response to increased temperatures (Talma 
and Vogel, 1992; Chase et al., 2013). Whether such increased temper
ature was associated with reduced winter rainfall/increased summer 
rainfall (see Chase et al., 2017, 2018) is less clear given the apparently 
limited response in the KMR phytolith data and the contrasting δ13C 
trajectories in the hyrax midden records. Indeed, the increase in suc
culent pollen at KMR is consistent with reduced moisture availability (i. 
e. aridity) associated with such a temperature increase, as might be the 
reduced palatability/availability (for hyraxes) of (C4) grasses (Chase 
et al., 2020).Considering regional climatic drivers, the KMR sequence 
can be viewed in terms of the hypothesis of Chase and Quick (2018), 
which emphasises the role of the warm Agulhas current in driving cli
matic variability in the southern coastal region, in direct contrast to 
drivers and trends in the relatively nearby southern interior areas. The 
Seweweekspoort record c. 80 km from the coast (Chase et al., 2017; 
Chase and Quick, 2018) provided evidence to support this hypothesis, 
while the Baviaanskloof record, if differing in detail, provides some 
further support for this coastal-interior dichotomy. In this sense com
parisons between these interior sites and KMR broadly provide support 
this model (in general if not perhaps in terms of details at smaller 
temporal scales). 

Deeper inland from KMR, ~ 330 km to the northeast, is the Blyde
fontein site in the summer rain region of the Nama Karoo Biome (Mucina 
and Rutherford, 2006). Here the Holocene pollen record provides 
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evidence of moisture availability based on grass cover versus karroid 
shrub cover (Scott et al., 2005, 2012; Scott et al., 2020). After a humid 
spell between 6 and 4.5 ka it suggests relative dryness, probably a 
decline in summer rain, occurred just before 4 ka at the time when at 
KMR succulents, renosterbos (Stoebe type), other Asteraceae and Erica
ceae were prominent and grasses were reduced. The change to wetter 
conditions that follows, suggest a regional climatic coherence between 
Blydefontein and KMR in terms of moisture availability for the time 
between c. 4.2 ka and 3 ka. Both seem to follow the interior pattern that 
is also inferred at Cango Caves and Seweweekspoort (Chase et al., 2013, 
2020; Chase and Quick, 2018). This is not the case in the coastal area at 
Eilandvlei (Quick et al., 2018) and Still Bay (Quick et al., 2015), where a 
decline in afro-temperate forest is evident just before 4 ka, or at Princess 
Vlei further to the west where pollen suggest relatively dry conditions 
(Fig. 12) at this time (Neumann et al., 2011; Cordova et al., 2019). The 
pattern of climate development at KMR sequence therefore seems to 
conform to that in the interior rather than the coastal pattern, as pro
posed by Chase and Quick (2018), even if it is only about 40 km from the 
coast. 

6. Conclusions 

The Holocene KMR section provides the first multi-proxy study of 
palaeoenvironments as derived from an alluvial sequence in the rela
tively dry all-year rainfall zone in the Western and Eastern Cape border 
area. It demonstrates how the different proxies complement each other 
and contribute to our understanding of changing conditions in a com
plex depositional system. The sequence of deposits starts shortly before 
the Northern Hemisphere’s Younger Dryas event. At this time we 
observe relatively fast accumulation of deposits under dry conditions. 
Together the lithology, isotope, phytolith and pollen data suggest a shift 
towards alternating phases of humid and dry events with higher stream 
energy, slower accumulation and subtly changing seasonality during the 
early and middle Holocene, as far as can be ascertained from the rela
tively low sample resolution. By c. 4 ka a relatively humid phase started 
after which pollen and phytolith preservation in the upper layers 
became poor, presumably due to drier conditions. 

In terms of regional forcing, the results suggest that the climatic 
development at KMR during the Holocene, a location only c. 40 km from 
the coast, despite minor short-term deviations, conforms more to pat
terns identified in the interior Karoo region than to those observed in 
peri-coastal sites. To further investigate the geographic scope of coastal 
Agulhas Current climate forcing, a similar set of deposits of the same age 
has been located further to the south (Louterwater, in the Langkloof, c. 
30 km from the coast), which will allow us to test this hypothesis in 
further studies. 
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