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A B S T R A C T   

This paper explores the Holocene climatic dynamics of South Africa’s southern Cape, a region that supports a 
large proportion of the Greater Cape Floristic Region and contains an array of important archaeological sites. 
While South African climates are generally characterised by marked rainfall seasonality, the southern Cape is 
currently situated at the interface between tropical and temperate climate systems, resulting in a largely asea
sonal rainfall regime. This regime, however, is thought to have been particularly sensitive to past changes in late 
Quaternary boundary conditions, meaning that variability in either tropical or temperate systems could have 
significant environmental impacts. Evidence of past climate change, however, remains limited. 

We present a 9000-year record of hydroclimatic variability obtained from rock hyrax midden stable nitrogen 
records, from Papkuilsfontein, on the southern slope of the Anysberg Mountains. Resolved to an average 6-year 
resolution and spanning the period c. 9050 cal yr BP to 1990 CE, this is the highest resolution Holocene record 
from southern Africa and presents a unique opportunity for the detailed study of the primary drivers and spatial 
gradients of Holocene climate change in the southern Cape. The data indicate a long-term decrease in aridity 
across the Holocene and a pattern of variability that reveals remarkable similarities with records from the South 
African tropics and El Niño–Southern Oscillation proxies, highlighting the significance of tropical systems as 
drivers of Holocene climate change in the region. This substantially expands what has been previously consid
ered to be the zone of tropical influence, extending from a coastal phenomenon associated with heat transport via 
the Agulhas Current to encompass much, if not all, of the Agulhas Plain south of the Cape Fold Mountains. These 
findings provide a valuable new climatic framework for contextualizing changes in ecological and archaeological 
records in the southern Cape, and contribute to a more comprehensive understanding of the spatio-temporal 
dynamics of climate systems in southern Africa.   

1. Introduction 

Southern Africa, between 15◦S and 35◦S, is situated at the interface 
between tropical low latitude and temperate mid-latitude climate re
gimes (Fig. 1). These regimes are determined by their dominant mois
ture sources and the type(s) of associated moisture-bearing systems and 
are often defined spatially in terms of rainfall seasonality. This has given 
rise to a commonly used tripartite system of summer, winter and asea
sonal rainfall zones. During the late Quaternary, the extent/nature of 
each rainfall zone is thought to have varied according to broad changes 
in global boundary conditions (a wetter/more extensive summer 

(winter) rainfall zone during interstadial (stadial) phases) (e.g. Chase 
and Meadows, 2007; Cockcroft et al., 1987; Deacon and Lancaster, 
1988). This system underpins the majority of interpretation of records of 
past environmental variability in southern Africa, with evidence of past 
change being generally associated with either: 1) those oceanic and at
mospheric circulation systems that determine modern rainfall season
ality at a given site, or 2) those systems that are considered to 
strengthened/weakened during a given period (e.g. increased influence 
of the southern westerlies during glacial periods (Cockcroft et al., 1987; 
van Zinderen Bakker, 1976)). 

In recent years, the acquisition of a greater density of continuous 
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high resolution palaeoclimate records, largely from rock hyrax middens 
across southern Africa has provided broad support for these basic 
principles, but also highlighted a significantly more nuanced and com
plex picture of long-term environmental change (e.g. Chase et al., 2017). 
Markedly different – or even opposing – patterns of climate change have 
been noted within the summer (Chase et al., 2022; Chevalier and Chase, 
2015; Scott et al., 2012), winter (Chase et al., 2019a) and aseasonal 
rainfall zones (Chase and Quick, 2018). The identification of these 
patterns and phenomena highlights the need for a thorough assessment 
of environmental change both within and between rainfall zones in 
order to develop a more refined understanding of the spatio-temporal 
dynamics of the dominant circulation systems, and to establish a more 
reliable interpretive framework for the region’s palaeoenvironmental 

records. 
In this paper, we focus on South Africa’s southern Cape, which en

compasses the core of the aseasonal rainfall zone and is bounded by the 
Cape Fold Mountains to the north and the Indian Ocean to the south 
(Fig. 2). This region is of particular ecological and cultural significance, 
as it supports the major biomes that comprise the Greater Cape Floristic 
Region (GCFR) – Fynbos, Succulent Karoo, Albany Thicket and Afro
temperate Forest (Bergh et al., 2014), and is the home to many of South 
Africa’s major archaeological sites, such as Die Kelders, Byneskranskop, 
Boomplaas Cave, Nelson Bay Cave, Blombos Cave, Pinnacle Point and 
Klasies River Mouth. Here, the strong seasonality characteristic of 
southern African climates is attenuated by the influence of winter frontal 
systems as well as a predominance of composite synoptic circulation 
systems such as cut-off lows, ridging anticyclones and 
tropical-temperate troughs (Engelbrecht and Landman, 2016), all of 
which form through interactions between tropical and temperate cir
culation systems (cf. tropical-temperate interactions (TTIs) as referred to 
by Chase et al., 2017). Southerly meridional flow, the advection of 
moisture off the ocean and across the coastal plain, can also bring sig
nificant rainfall to the region, enhanced as it is by orographic uplift 
along the southern margin of the Cape Fold mountains (Engelbrecht and 
Landman, 2016) and by the high latent heat flux of the Agulhas Current 
(Rouault et al., 2002). 

The southern Cape’s climatic history, however, remains poorly un
derstood, and the context for the evolution of its vegetation and past 
human activity has not been adequately resolved. It has long been 
hypothesised that changes in rainfall source and seasonality were 
particularly significant, with shifts between winter and summer rainfall 
dominance having potentially dramatic ecological consequences (Chase 
and Meadows, 2007; Cowling and Lombard, 2002). Evidence for 
long-term environmental change has been generally limited to records 
recovered from coastal lakes and wetlands (Martin, 1968; Quick et al., 
2015, 2016, 2018; Wündsch et al., 2018) and archaeological sites such 
as Boomplaas Cave (Deacon et al., 1984; Faith, 2013; Faith et al., in 
press; Sealy et al., 2016), Nelson Bay Cave (Faith et al., 2018; Klein, 
1972; Sealy, 1996) and Byneskranskop (Faith et al., 2018; Schweitzer 
and Wilson, 1983). While providing important insights into environ
mental change at the sites, the concentration of sites along the coast and 
the relatively coarse resolution of the archaeological records has 
complicated efforts to establish a coherent picture of long-term envi
ronmental change in the southern Cape. The significance of this spatial 
bias has been highlighted in studies comparing records from the coastal 
sites, such as Eilandvlei (Quick et al., 2018; Wündsch et al., 2018), and 
sites from Seweweekspoort, in the Cape Fold Mountains (Chase et al., 
2013, 2017). Data from these sites express generally inverse patterns of 
hydroclimatic change across the mid-to late Holocene, which has been 
suggested to reflect the influence of the Agulhas Current and the 
transmission of tropical climate signals to southern coastal regions 
(Chase and Quick, 2018). This spatio-temporal variability poses 
important questions regarding the extent to which “coastal” and/or 
“interior” climate change anomalies influence and interact to define 
environmental change across the core of the southern Cape and the 
Agulhas Plain. 

Presented here is a c. 9000-year stable nitrogen isotope record ob
tained from rock hyrax middens collected from a site known as Pap
kuilsfontein (Fig. 2). This site was selected for its position on the 
northern margin of the Agulhas Plain and its proximity to the modern 
junction between the winter and aseasonal rainfall zones. As a proxy for 
hydroclimatic variability, and considered in the context of comparable 
data from other regional sites, we are able to use the Papkuilsfontein 
data to better define Holocene climate change gradients in the southern 
Cape and identify the likely drivers of climate change in the region. 

Fig. 1. Map of the southwestern margin of Africa showing seasonality of 
rainfall and sharp climatic gradients dictated by the zones of summer/tropical 
(red) and winter/temperate (blue) rainfall dominance. Winter, summer and 
aseasonal rainfall zones (WRZ, SRZ and ARZ respectively, defined according to 
Chase and Meadows (2007; data from Hijmans et al., 2005)), sea-surface 
temperatures (shown in ◦C; data from Reynolds et al., 2007)) and the posi
tion of the warm Agulhas Current are indicated. The location of key palae
oclimatic records discussed are shown: PK: Pakhuis Pass (Chase et al., 2019a; 
Scott and Woodborne, 2007a, 2007b), DR: De Rif (Chase et al., 2011, 2015a; 
Quick et al., 2011; Valsecchi et al., 2013), DV: Driehoek Vlei (Meadows and 
Sugden, 1991), KB: Katbakkies Pass (Chase et al., 2015b; Meadows et al., 
2010), GF: Groenfontein (Chase et al., 2023), BY: Byneskranskop (Faith et al., 
2018; Schweitzer and Wilson, 1983), VV: Voëlvlei (Strobel et al., 2021), PF: 
Papkuilsfontein (this study), SW: Seweweekspoort (Chase et al., 2013, 2017), 
BP: Boomplaas Cave (Deacon et al., 1984; Faith et al., 2018), CC: Cango Caves 
(Chase et al., 2021; Talma and Vogel, 1992) and EC: Efflux Cave (Braun et al., 
2020), EV: Eilandvlei (Quick et al., 2018; Wündsch et al., 2018), VK: Vanker
velsvlei (Strobel et al., 2022), BK: Baviaanskloof (Chase et al., 2020), MK: 
Marakabi (Chase et al., 2022), MF: Mfabeni (Baker et al., 2014; Finch and Hill, 
2008), ET: Lake Eteza (Neumann et al., 2010), CA: Cold Air Cave (Holmgren 
et al., 2003; Lee-Thorp et al., 2001), ZB: GeoB9307-3 marine core (Schefuβ 
et al., 2011). Also included are the palaeoenvironmental sites used for the 
reconstruction (Chevalier and Chase, 2015) of southern-central summer rainfall 
zone climates BL: Blydefontein (Scott et al., 2005), FL: Florisbad (Scott and 
Nyakale, 2002), EQ: Equus Cave (Scott, 1987b) and BR: Braamhoek (Norström 
et al., 2009) and northern summer rainfall zone climates TW: Tswaing Crater 
(Metwally et al., 2014; Scott, 1999) and RI: Rietvlei (Scott and Vogel, 1983) 
WK: Wonderkrater (Scott, 1982) and TV: Tate Vondo (Scott, 1987a). 
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2. Site description, material and methods 

2.1. Site description 

Two adjacent rock hyrax middens were collected from a cliff in the 
Cape Supergroup quartzites of the southern flank of the Anysberg 
mountains (33.504◦S, 20.776◦E; 625 m.a.s.l.), a subsidiary range of the 
east-west axis of the Cape Fold Mountains (Fig. 2). The vegetation at the 

site is South Swartberg Sandstone Fynbos, a proteoid-restioid fynbos 
type (Rebelo et al., 2006). The slopes below the cliff bands are composed 
of shales, and support a Western Little Karoo vegetation dominated by 
asteraceous and succulent shrubs (Mucina et al., 2006). The region is 
characterised by a “cold semi-arid” climate (BSk Köppen-Geiger classi
fication; Peel et al., 2007), with mean monthly temperatures ranging 
from 10.1 ◦C in July to 22.7 ◦C in February. Mean annual rainfall at the 
site is ~245 mm/yr and is generally distributed evenly across the year 

Fig. 2. Map of southern Cape study region. The location of the Papkuilsfontein hyrax midden site (PF) is indicated, as are other key Holocene sites, including PK: 
Pakhuis Pass (Chase et al., 2019a; Scott and Woodborne, 2007a, 2007b), DR: De Rif (Chase et al., 2011, 2015a; Quick et al., 2011; Valsecchi et al., 2013), DH: 
Driehoek Vlei (Meadows and Sugden, 1991), KB: Katbakkies Pass (Chase et al., 2015b; Meadows et al., 2010), GF: Groenfontein (Chase et al., 2023), SW: Sew
eweekspoort (Chase et al., 2013, 2017), CC: Cango Caves (Chase et al., 2021; Talma and Vogel, 1992), VV: Voëlvlei (Strobel et al., 2021), EV: Eilandvlei (Quick et al., 
2018; Wündsch et al., 2018), VK: Vankervelsvlei (Strobel et al., 2022), BK: Baviaanskloof (Chase et al., 2020) and the archaeological sites of BP: Boomplaas Cave 
(Deacon et al., 1984; Faith et al., 2018), BY: Byneskranskop (Faith et al., 2018; Schweitzer and Wilson, 1983), BB: Blombos Cave (Henshilwood et al., 2001), PP: 
Pinnacle Point (Marean, 2010), NC: Nelson Bay Cave (Deacon, 1978; Faith et al., 2018; Sealy et al., 2020) and KR: Klasies River Mouth (Deacon et al., 1986; Klein, 
1975; Reynard and Wurz, 2020). Shading indicates the regional rainfall seasonality gradient defined according to Chase and Meadows (2007; data from Hijmans 
et al., 2005)), with winter, aseasonal and summer rainfall zones delimited by dashed white lines. The extent of the zone of near-coast Holocene tropical climate 
forcing proposed by Chase and Quick (2018) is indicated by the dashed red line. The digital elevation model is from Yamazaki et al. (2017), the − 130 m bathymetric 
isoline indicating the maximum extent of the Agulhas Plain during the Last Glacial Maximum is shown as a solid white line (data from GEBCO, 2012) and isolines 
indicating mean January sea-surfaces temperatures (1982–2010) at 0.25 ◦C intervals (data from Reynolds et al., 2007). 

Fig. 3. (A) The Papkuilsfontein-1-1 rock hyrax midden, (B) sampling thePapkuilsfontein-1-3 midden, and (C) the Papkuilsfontein-1-1 midden with sections 1-1a and 
1-1b removed (1-1b seen laying next to remaining midden). 

B.M. Chase et al.                                                                                                                                                                                                                                



Quaternary Science Reviews 330 (2024) 108563

4

(data from Hijmans et al., 2005). 

2.2. Midden collection 

The selection of middens and the methods employed to analyse them 
follow the procedures described elsewhere by Chase et al. (2020, 2019b, 
2012). The Papkuilsfontein-1 middens – PKF-1-1 and PKF-1-3 – were 
found within close proximity of each other (~10 m) (Fig. 3) and were 
selected for their thickness and high hyraceum (crystallised urine) 
content. Proxies obtained from hyraceum are considered to represent 
environmental conditions more clearly than samples containing high 
proportions of faecal pellets, which may 1) include a degree of dietary 
bias, 2) lack the stratigraphic integrity of hyraceum-rich middens, and 3) 
are poor temporal integrators, reflecting the discrete periods during 
which the animals are consuming the food that is excreted (Carr et al., 
2016; Chase et al., 2012). Representative sections of each midden 
(Fig. 3) were cut perpendicular to the stratigraphy using an angle 
grinder and transported back to the laboratory where each section was 
cleaned using progressively finer grades of sandpaper prior to sampling. 
During collection, PKF-1-1 was collected as two abutting sections, 
labelled 1-1a and 1-1b. The PKF-1-3 midden formed with a sloping 
aspect due to the angle of the ledge upon which it accumulated. To 
maximise the potential of the midden, samples were taken from three 
overlapping transects, for which three separate age models were 
calculated (Fig. 4). 

2.3. Chronology 

Radiocarbon age determinations for the PKF-1-1 and PKF-1-3 

middens (n = 46) were processed at the 14CHRONO Centre, Queen’s 
University Belfast using accelerator mass spectrometry (AMS) (Table 1; 
Fig. 4). Samples were pre-treated with 2% HCl for 1 h at room tem
perature to remove carbonates and dried at 60 ◦C. They were then 
weighed into quartz tubes with an excess of CuO, sealed under vacuum 
and combusted to CO2. The CO2 was converted to graphite on an iron 
catalyst using the zinc reduction method (Slota et al., 1987). The 
radiocarbon ages were corrected for isotope fractionation using the AMS 
measured δ13C. The ages were calibrated using the SHCal20 calibration 
data (Hogg et al., 2020). Post-bomb ages were calibrated using CAL
IBomb (Reimer and Reimer, 2023) and the SHZ1_2 post-bomb calibra
tion dataset (Hua et al., 2021). The rbacon v.3.0.0 software package 
(Blaauw and Christen, 2011; Blaauw et al., 2020) was used to generate 
the age-depth models (Fig. 4). 

2.4. Stable nitrogen isotopes 

The stable nitrogen isotope composition of 1444 hyraceum samples 
(approx. 2 mg) were measured at the School of Geography, Geology and 
the Environment, University of Leicester. Samples were obtained from 
two offset tracks using a 1 mm drill, creating a quasi-continuous record 
of overlapping samples. Isotope ratios were measured on a Sercon 20-20 
continuous flow isotope ratio mass spectrometer. For the 15N stable 
isotope analyses, the standard deviation derived from replicate analyses 
of homogeneous reference material (Casein protein CatNo.B2155 Batch 
no. 114859 Elemental Microanalysis Ltd UK) was better than 0.2‰. The 
results are expressed relative to atmospheric nitrogen. 

Fig. 4. Distribution in time and depth of 14C ages for the Papkuilsfontein (PKF)-1 rock hyrax midden with age-depth model (grey), overlaying the calibrated 
distributions of the individual dates calculated using the R package Bacon v2.5.8 (Blaauw and Christen, 2011). Red dotted lines indicate the ’best’ model based on the 
mean age. 
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Table 1 
Radiocarbon ages and calibration information for the Papkuilsfontein-1 rock hyrax middens.  

Sample Depth range 
(mm) 

14C age yr 
BP 

1 sigma 
error 

calibration 
data 

95.4 % (2σ) lower 
cal range BP 

95.4 % (2σ) upper 
cal range BP 

relative area under 
distribution 

median probability 
(cal BP) 

PKF-1-1a 
UBA- 
24433 

2.89–5.15 F14C 
1.2913 

0.0028 SHCal13; 
SHZ1_2 

− 30.91 − 30.74 3.7% − 30 
− 30.96 − 29.81 79.5%  
− 29.58 − 29.5 1.1%  
− 13.33 − 13.2 15.7%  

UBA- 
29401 

33.42–34.67 228 19 SHCal20 145 219 82.8% 193 
265 287 17.2%  

UBA- 
29093 

58.42–60.80 332 22 SHCal20 301 332 27.5% 390 
359 444 72.5%  

UBA- 
29402 

80.40–83.29 725 23 SHCal20 565 596 46.2% 635 
631 669 53.8%  

UBA- 
29094 

102.76–105.15 816 23 SHCal20 669 728 100.0% 702 

UBA- 
24435 

126.51–129.52 1105 23 SHCal20 926 982 84.1% 953 
1026 1049 15.9%  

UBA- 
24436 

145.35–149.87 1201 28 SHCal20 962 1037 48.8% 1050 
1041 1104 32.8%  
1134 1176 18.4%  

UBA- 
31656 

168.84–171.73 1321 27 SHCal20 1105 1140 9.3% 1225 
1156 1163 1.0%  
1176 1279 89.8%  

UBA- 
29095 

191.58–194.60 1330 22 SHCal20 1177 1277 100.0% 1229 

UBA- 
29405 

215.58–218.84 1751 27 SHCal20 1539 1551 4.2% 1619 
1560 1636 52.8%  
1643 1700 43.0%  

UBA- 
29096 

245.98–248.87 1758 21 SHCal20 1565 1639 49.0% 1639 
1642 1700 51.0%  

UBA- 
29406 

243.72–247.23 1872 22 SHCal20 1705 1756 43.2% 1773 
1762 1826 56.8%  

UBA- 
21367 

290.32–293.84 2360 41 SHCal20 2147 2264 46.1% 2316 
2297 2466 53.2%  
2480 2487 0.7%  

UBA- 
29097 

296.60–299.49 2457 24 SHCal20 2349 2519 75.2% 2454 
2530 2537 0.6%  
2565 2567 0.3%  
2586 2615 7.2%  
2635 2699 16.8%  

UBA- 
29098 

342.33–345.10 3084 31 SHCal20 3084 3088 0.3% 3254 
3150 3364 99.7%  

UBA- 
29099 

397.11–400.87 3356 29 SHCal20 3454 3475 6.9% 3532 
3479 3594 83.5%  
3599 3636 8.1%  
3670 3680 1.5%  

UBA- 
21368 

443.59–447.36 4677 28 SHCal20 5309 5466 100.0% 5404 

PKF-1-1b upper section 
UBA- 
20651 

3.99–6.55 3007 30 SHCal20 3000 3246 97.7% 3136 
3303 3321 2.3%  

UBA- 
29407 

55.91–59.58 3417 25 SHCal20 3493 3523 6.1% 3617 
3559 3700 92.9%  
3707 3715 0.6%  
3806 3811 0.4%  

UBA- 
30360 

71.09–73.80 3886 24 SHCal20 4153 4211 24.2% 4269 
4217 4406 75.8%  

UBA- 
30361 

86.26–88.98 4031 31 SHCal20 4299 4327 2.2% 4473 
4353 4371 1.5%  
4400 4574 96.3%  

UBA- 
30362 

97.92–100.80 4293 27 SHCal20 4648 4674 4.8% 4837 
4698 4757 20.3%  
4802 4874 74.3%  
4943 4952 0.6%  

PKF-1-1b lower section 
UBA- 
29408 

108.31–111.50 5440 28 SHCal20 6013 6045 4.9% 6224 
6064 6073 0.9%  
6114 6146 10.7%  
6175 6293 83.5%  

UBA- 
29409 

159.74–162.78 5557 32 SHCal20 6217 6234 4.1% 6321 
6276 6398 95.9%  

UBA- 
29410 

208.31–211.50 5892 30 SHCal20 6558 6750 97.6% 6677 
6764 6781 2.4%  

UBA- 
29411 

261.18–266.77 6061 38 SHCal20 6746 6982 100.0% 6867 

(continued on next page) 
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3. Results and interpretive basis 

3.1. Chronology 

Radiocarbon analyses indicate that the Papkuilsfontein-1 hyrax 
middens accumulated between c. 1990 CE to 9060 cal yr BP (Table 1; 
Fig. 4). The age-depth models for the Papkuilsfontein-1 middens sug
gests continuous deposition, with the possible exception of the PKF-1b 
section, which exhibits a marked decline in accumulation rates begin
ning between 6290 and 4830 cal yr BP (100–109 mm depth), decreasing 
from ~1 mm/3.5 years to ~1 mm/19.4 years. To adequately account for 
this rapid change, age models have been calculated separately for the 
upper and lower sections (Fig. 4). Overall, on average, each overlapping 
1 mm sample is estimated to integrate 6.3 years of urine deposition. 

3.2. Stable nitrogen and their interpretation 

The stable isotope samples from the Papkuilsfontein midden sections 
were combined and sorted according to age as estimated by the age 
model for each section. Considered together, the δ15N values from the 
Papkuilsfontein middens vary from 6.7 to 18.6‰ (Fig. 5), with modern 
midden δ15N (Fig. 5) closely matching contemporary hyrax feeding 
habits (modern hyrax faecal δ15N is 7.8 ± 2 ‰). The highest δ15N values 
– and highest consistent variance in the record - occur during the early to 
early-mid-Holocene, with particularly high δ15N values during the 
period from 7300 to 6400 cal yr BP. The highest consistent variance in 
the record is also evident prior to 6400 cal yr BP. Following this phase, 
there is a stepwise decrease in δ15N values across the Holocene, with 
change point detection (abrupt changes in the mean; Killick et al., 2012) 
indicating shifts at 6410, 3210, 1150 and 360 cal yr BP (Fig. 5). 
Continuous Morlet wavelet transform analysis indicates significant 
variability at ~4000-3600, ~2600-2500, ~1800-1400 and 

Table 1 (continued ) 

Sample Depth range 
(mm) 

14C age yr 
BP 

1 sigma 
error 

calibration 
data 

95.4 % (2σ) lower 
cal range BP 

95.4 % (2σ) upper 
cal range BP 

relative area under 
distribution 

median probability 
(cal BP) 

UBA- 
29412 

310.70–313.58 6111 33 SHCal20 6793 7020 93.0% 6931 
7054 7058 0.2%  
7121 7155 6.8%  

UBA- 
29413 

360.70–363.90 6276 30 SHCal20 7010 7129 44.8% 7162 
7152 7257 55.2%  

UBA- 
29414 

400.16–403.83 6139 31 SHCal20 6854 7078 82.8% 6973 
7099 7157 17.2%  

UBA- 
29415 

458.63–461.98 6568 35 SHCal20 7329 7394 22.8% 7450 
7416 7512 70.5%  
7539 7562 6.7%  

UBA- 
29416 

510.86–514.22 6897 35 SHCal20 7606 7790 100.0% 7692 

UBA- 
30363 

558.31–561.82 7139 43 SHCal20 7800 7805 0.7% 7931 
7836 8015 99.3%  

PKF-1-3a left track 
UBA- 
30364 

0.96–3.99 750 20 SHCal20 568 590 26.2% 660 
637 677 73.8%  

UBA- 
30365 

38.48–42.33 2091 23 SHCal20 1930 1969 26.1% 2012 
1990 2062 66.3%  
2068 2088 7.6%  

UBA- 
30366 

70.77–73.80 3500 23 SHCal20 3641 3669 12.3% 3744 
3682 3833 87.7%  

UBA- 
30367 

100.73–103.76 4723 27 SHCal20 5318 5479 94.1% 5398 
5534 5567 5.9%  

UBA- 
30368 

132.34–135.36 5431 31 SHCal20 6008 6050 8.3% 6212 
6058 6078 3.0%  
6112 6149 13.9%  
6172 6291 74.8%  

UBA- 
30369 

159.83–162.85 5747 29 SHCal20 6403 6569 89.2% 6497 
6581 6626 10.8%  

UBA- 
30370 

191.16–194.46 6813 31 SHCal20 7574 7678 100.0% 7627 

UBA- 
30371 

220.29–224.55 7920 32 SHCal20 8553 8567 0.9% 8691 
8588 8785 83.3%  
8828 8865 6.1%  
8880 8896 1.5%  
8914 8980 8.1%  

PKF-1-3a central track 
UBA- 
30372 

21.03–24.05 5439 28 SHCal20 6013 6046 5.1% 6223 
6064 6073 1.0%  
6114 6147 10.9%  
6175 6293 82.9%  

UBA- 
30373 

42.74–46.72 5907 32 SHCal20 6563 6587 3.7% 6295 
6604 6789 96.3%  

UBA- 
30374 

64.86–68.16 7077 29 SHCal20 7787 7958 100.0% 7875 

PKF-1-3a right track 
UBA- 
30374 

64.86–68.16 7077 29 SHCal20 7787 7958 100.0% 7875 

UBA- 
30375 

88.36–91.53 7400 29 SHCal20 8031 8217 80.4% 8165 
8249 8318 19.6%  

UBA- 
30376 

114.20–118.05 8199 31 SHCal20 9008 9146 75.6% 9099 
9171 9268 24.4%   
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~950-650-year periodicities. The strength of these signals is variable 
across the Holocene, with the ~1800-1400–year cycle being most 
prevalent between 9000 and 2500 cal yr BP, before declining in the last 
two millennia, and the ~950-650-year cycle being most significant 
during two phases, between ~7000 and 4500 cal yr BP and during the 
last 2000 years (Fig. 5). 

Variations in midden δ15N are interpreted (as per other studies of 

nitrogen isotopes in hyraceum, e.g. Chase et al., 2019a; Chase et al., 
2009; Chase et al., 2019b; Chase et al., 2012) to reflect changes in 
aridity. This is generally attributed to a more open nitrogen cycle in arid 
regions. In more humid regions, N is cycled between live and dead 
organic pools, while in drier regions more N flows to mineral pools 
where it is subject to gaseous loss of lighter 14N (Austin and Vitousek, 
1998). The δ15N value of soils is thus higher with increasing aridity 
(Handley et al., 1999; Murphy and Bowman, 2009). The relationship 
recognised between aridity and soil 15N is transmitted to, and replicated 
in, plant and animal tissues, including herbivore faecal matter (e.g. 
Aranibar et al., 2008; Carr et al., 2016; Craine et al., 2009; Hartman, 
2011; Hartman and Danin, 2010; Murphy and Bowman, 2006; Newsome 
et al., 2011; Swap et al., 2004). Studies of 15N in hyrax middens from a 
wide range of environments indicate consistently strong correlations 
between midden 15N and independent climate proxy records, supporting 
the conclusion that aridity is a major driver of midden 15N records (Carr 
et al., 2016; Chase et al., 2009, 2015a, 2017, 2019b). 

4. Discussion 

The Papkuilsfontein-1 δ15N is the most highly resolved Holocene 
palaeoclimate record yet recovered from southern Africa (cf. Holmgren 
et al., 2003). On average, each overlapping 1 mm sample integrates 6.3 
years of urine deposition, resulting in an interval-free record capable of 
characterising variations in hydroclimate at multi-decadal to 
multi-millennial timescales. 

Conditions at the site appear to have been driest (higher δ15N values) 
during the early-to-early mid-Holocene, with a general trend towards 
increased humidity from the mid to late Holocene. The observed long- 
term trend from relative aridity to relative humidity across the Holo
cene is broadly consistent with increasing summer insolation (Fig. 6); a 
pattern predicted (Chase, 2021; Partridge et al., 1997) and observed at 
sites in the northern summer rainfall zone (Chevalier and Chase, 2015; 
Holmgren et al., 2003; Metwally et al., 2014; Scott, 1982; Scott et al., 
2005). Its prevalence at a site in such close proximity to the winter 
rainfall zone, where records from sites such as Driehoek Vlei (Meadows 
and Sugden, 1991), De Rif (Chase et al., 2015a), Pakhuis Pass (Chase 
et al., 2019a; Scott and Woodborne, 2007b), Katbakkies Pass (Chase 
et al., 2015b) and Groenfontein (Chase et al., 2023) do not indicate a 
clear signal of direct insolation forcing during the Holocene (Figs. 1 and 
7) is particularly interesting. 

Most interestingly, marked parallels are also evident between the 
Papkuilsfontein record and sites from the summer rainfall zone at 
millennial timescales, with particularly striking similarities existing 
with the Cold Air Cave speleothem δ13C record (Holmgren et al., 2003) 
and the Marakabi hyrax midden δ15N record (Chase et al., 2022)(Fig. 6). 
During the early and mid-Holocene, each of these records exhibits a 
clear, shared pattern of variability at ~1800-1400-year frequencies that 
have been associated with the influence of tropical systems in the South 
African summer and aseasonal rainfall zones (Chase et al., 2020, 2022; 
Chase and Quick, 2018) (Fig. 8). 

Comparisons with proxies for El Niño Southern Oscillation (ENSO), 
such as lithic concentrations and fluxes in marine core SO147-106 KL 
from off the coast of Peru (Rein et al., 2005), suggest very strong re
lationships between ENSO variability and Holocene climates in the 
southern Cape, suggesting a driver for the millennial-scale patterns 
observed (Fig. 6). In general terms, El Niño events have been linked to 
reduced precipitation in the southern Cape (Engelbrecht and Landman, 
2016) and summer rainfall zone (Landman and Beraki, 2012; Nicholson 
and Kim, 1997; Reason et al., 2000) through the position of the Walker 
circulation over the eastern continental margin and the reduced fre
quency of composite synoptic systems such as tropical-temperate 
troughs (Hart et al., 2018; Tozuka et al., 2014) and cut-off lows (Wel
don and Reason, 2014). 

It has been indicated that ENSO has been an important driver of 
climate change in southern Africa in recent centuries based on historical 

Fig. 5. The δ15N data from the Papkuilsfontein-1 rock hyrax middens. (A) The 
data points from each midden section included in the composite δ15N record are 
shown overlaying the composite result (in grey) derived using Gaussian kernel 
smoothing of the age-ranked data (Rehfeld et al., 2011). (B) Results of change 
point analysis indicating most significant changes in mean values in the com
posite δ15N record are shown in red. (C) 95% credible interval associated with 
the age-depth model for each sample from each midden are indicated. (D) The 
variance of the record was calculated over time using the R package Zoo (Zeileis 
and Grothendieck, 2005) with a 10-point moving window. Lower pane (E) 
shows local Morlet wavelet power spectrum for the composite δ15N record, with 
white line delimiting greater than 95% confidence using a white-noise model 
(Hammer et al., 2001). 
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records (David, 2017) and high resolution coral δ18O records (Zinke 
et al., 2004). In the southern Cape, over longer time scales, the signifi
cance of ENSO has also been suggested based on lower resolution data 
from coastal sites (e.g. Strobel et al., 2024), but the resolution and 
location of the Papkuilsfontein record more clearly defines the strength 
of the relationship and the geographic extent of the signal in the region, 
extending across the Agulhas Plain. 

The strong correlation between the Papkuilsfontein δ15N and Cold 
Air Cave δ13C records ends abruptly at ~1300 cal yr BP, with conditions 
at Papkuilsfontein shifting to a phase of increased humidity, while 
conditions at Cold Air Cave become markedly drier (Figs. 6 and 8). This 
phase of late Holocene humidity is also evident in the Eilandvlei records 
(Fig. 6; Quick et al., 2018; Wündsch et al., 2018), suggesting - in the 
absence of a similar signal in the northern summer rainfall zone - factors 
that may be regionally specific to the southern Cape begin to dominate 
after 1300 cal yr BP. Consistent with the timing of this trend, sea-surface 
temperatures in the African sector of the Southern Ocean (site 
TN057-17; 50◦S, 6◦E) experience a mean increase at ~1300 cal yr BP 
(Fig. 6) at the same time that sea-ice presence indicators decline 
dramatically (Nielsen et al., 2004) (Fig. 7). Considering the role that 
changes in regional sea-surface temperatures have at some Cape coastal 
sites (Quick et al., 2021), we suggest that these changes in the Southern 
Ocean may have influenced regional climates, increasing the potential 
for evaporation and moisture advection across the southern Cape coastal 
plain. 

The Papkuilsfontein record provides important evidence for the 
spatial extent of climate change anomalies. Chase and Quick (2018) 
highlighted an apparent antiphase pattern of Holocene climate change 
between coastal sites, such as Eilandvlei (Fig. 6; Quick et al., 2018; 
Wündsch et al., 2018) and sites from the northern slope of the Cape Fold 
Mountains and the interior such as Seweweekspoort (Chase et al., 2017) 
and south-central summer rainfall zone composite reconstructions 
(Chevalier and Chase, 2015). Chase and Quick (2018) identified a strong 
similarity between patterns of climate change at coastal sites and con
ditions in the northern summer rainfall zone, indicating the dominant 
influence of tropical climate drivers along the southern Cape coast, 
likely transmitted via the Agulhas Current and associated sea-surface 
temperature variability. More coarsely resolved water isotope records 
from the near-coastal sites at Vankervelsvlei (Strobel et al., 2022) and 
Voëlvlei (Strobel et al., 2021) may support this basic premise - that 
increased tropical influence during the Holocene results in more humid 
conditions - although the various influences on these isotopic signals 
(Dansgaard, 1964; Harris et al., 2010) remain to be fully resolved in this 
complex region (Chase et al., 2021). 

The Papkuilsfontein data, and its strong similarities with the coastal 
and tropical records, suggests that the influence of tropical systems 
during the Holocene has not been limited to the coast, but extends across 
much of the Agulhas Plain up to the foothills of the Cape Fold Mountains 

(caption on next column) 

Fig. 6. Comparison of Papkuilsfontein δ15N record (B) with drivers and 
regional records associated with tropical climate systems and conditions in the 
southern Cape, including (A) summer insolation at 25◦S (Laskar et al., 2004), 
(C) the Cold Air Cave speleothem T8 δ13C record (Holmgren et al., 2003), (D) 
the Marakabi-1 rock hyrax midden δ15N record (Chase et al., 2022; Chase and 
Meadows, 2007), (E) the Eilandvlei afrotemperate pollen record (Chase and 
Meadows, 2007; Deacon and Lancaster, 1988; Quick et al., 2018), (F) δD 
n-alkane records from Vankervelsvlei (Strobel et al., 2022) and Voëlvlei 
(Strobel et al., 2021), normalised using a standard score (G) the February 
sea-surface temperature record from marine core TN057-17 in the African 
sector of the Southern Ocean (Nielsen et al., 2004) and (H) the lithic concen
tration record from marine core SO147-106 KL, an ENSO proxy record from the 
Peruvian coastal margin (Rein et al., 2005), smoothed using a Gaussian kernel 
method (Rehfeld et al., 2011). For clarity, the Papkuilsfontein δ15N record is 
shown in grey with each compared proxy record. In pane H, the Papkuilsfontein 
δ15N record has been detrended to highlight the relevant millennial-scale 
oscillations. 
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(Fig. 9). Comparisons with sites from within the Cape Fold Mountains (e. 
g. Baviaanskloof; Chase et al., 2020; Fig. 7), express a sufficient degree 
of dissimilarity with the Papkuilsfontein record as to suggest that the 
zone of strong tropical influence during the Holocene may have been 
largely restricted to the coastal plain, with other factors, including 
orographic effects, becoming increasingly significant to the north. In 
comparison, temperature variability, being more spatially homogenous, 
does appear to have a degree of influence over aridity at Papkuilsfon
tein, with cooler periods recorded in the Cango Cave speleothem record 
(Talma and Vogel, 1992) corresponding with phases of increased hu
midity at Papkuilsfontein (Fig. 7). 

These findings enable a significant refinement of our understanding 
of climate response regions in southern Africa. Recent studies have 
indicated that traditional models based on winter, summer and asea
sonal rainfall zones (e.g. Chase and Meadows, 2007; Cockcroft et al., 
1987; Deacon and Lancaster, 1988) do not adequately encapsulate the 
spatial variability of climate change anomalies, with significant differ
ences being observed in records from each rainfall zone (Chase et al., 
2019a; Chase and Quick, 2018; Chevalier and Chase, 2015). As such, the 
identification of regions that have experienced similar climate histories 
enables the appropriate extrapolation of palaeoenvironmental records 
across space, allowing for more reliable associations and comparisons to 
be made between sites. 

This is of particular importance in the southern Cape, which hosts 
many archaeological sites that have provided information regarding the 
history and evolution of anatomically modern humans. While the Pap
kuilsfontein record only spans the Holocene, results are similar to 
rainfall seasonality and palaeo-aridity reconstructions for this period 
based on micromammal assemblages from Boomplaas Cave and Byne
skranskop 1 (Fig. 10; Faith et al., 2018), and the general pattern of δ15N 
variability in the bones of grazing animals recovered from Nelson Bay 
Cave (Sealy, 1996). The resolution of the archaeological sequences are 
extremely coarse relative to the Papkuilsfontein record, and their 
chronologies remain to be fully resolved (Loftus et al., 2016; Pargeter 
et al., 2018) but the Byneskranskop and Boomplaas reconstructions both 
indicate an increase in summer rain across the Holocene (Fig. 10). At 
Byneskranskop, conditions appear to have been more arid during the 
early mid-Holocene during the most arid periods recorded at Papkuils
fontein. At Boomplaas, variability in both rainfall seasonality and aridity 
seems to be relatively muted, but it is unclear whether this is a result of 
the site’s position further from the coast, or an effect of averaging 
extended periods of time in each sample. Explicit consideration of po
tential relationships between climate and material culture are beyond 
the scope of this paper, but records such as that recovered from Pap
kuilsfontein are now providing high-resolution climatic frameworks 
capable of more accurately contextualizing changes in regional 
archaeological records. 

5. Conclusions 

The stable nitrogen isotope data from the Papkuilsfontein rock hyrax 
middens has provided a highly-resolved record of climate change in the 
southern Cape spanning the last 9000 years. While past research has 
predominantly focused on coastal sites and relatively coarse archaeo
logical records, the findings presented in this study address longstanding 

(caption on next column) 

Fig. 7. Comparison of Papkuilsfontein δ15N record (B) with drivers and 
regional records associated with temperate climate systems (A) including 
summer insolation at 25◦S and 60◦N (Laskar et al., 2004), (C) the Baviaanskloof 
δ15N record (Chase et al., 2020), (D) the Seweweekspoort δ15N record, (E) the 
Katbakkies Pass δ15N record (Chase et al., 2015b), (F) the sea-ice presence 
record from the marine core TN057-17 in the African sector of the Southern 
Ocean (Nielsen et al., 2004), and (G) the palaeotemperature record from spe
leothems from the Cango Caves (Talma and Vogel, 1992). In pane G, the 
Papkuilsfontein δ15N record has been detrended to highlight the relevant 
millennial-scale oscillations. 
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gaps in knowledge regarding the spatio-temporal evolution of climate 
change signals across the southern Cape and Agulhas Plain. 

The Papkuilsfontein δ15N record exhibits remarkable similarities 
with tropical records such as the δ13C record from Cold Air Cave 
(Holmgren et al., 2003) in South Africa’s northern summer rainfall zone, 
suggesting that the transmission of tropical climate signals were not just 
limited to the coastal margin (cf. Chase and Quick, 2018), but likely 
extended across much of the Agulhas Plain. Comparison with proxy data 
reflecting ENSO variability (Rein et al., 2005) indicates a strong link 
between ENSO and Holocene climate change in the southern Cape. 
However, the abrupt divergence between Papkuilsfontein and Cold Air 
Cave records around 1300 cal yr BP suggests a shift in regional climate 
dynamics. The observed late Holocene humidity in the southern Cape, 
concurrent with changes in Southern Ocean sea-surface temperatures, 
introduces the notion of regionally specific influences modulating or 
superseding remote tropical drivers under certain conditions. This 
research challenges traditional models based on rainfall zones, high
lighting the inadequacy of such classifications in capturing the spatial 
variability of climate change anomalies. By identifying regions with 
similar climate histories, the study opens avenues for more reliable 
comparisons and associations between palaeoenvironmental records, 
crucial for our understanding of past environments in the southern Cape 
and their intersections with human societies. 

Data availability 

Data will be made available on request. 

Fig. 8. The Papkuilsfontein δ15N record (A) and (B) the δ13C record from Cold 
Air Cave (Holmgren et al., 2003), and (C) the results of semblance analysis 
(Cooper and Cowan, 2008) for the dominant 1750-yr frequency of these re
cords, wherein red indicates a semblance of +1 (positive correlation), and blue 
indicates a semblance of − 1 (negative correlation). 

Fig. 9. Map of southern Cape study region and potential zone of tropical dominance. The location of the Papkuilsfontein hyrax midden site (PF) is indicated, as are 
other key Holocene sites, including PK: Pakhuis Pass (Chase et al., 2019a; Scott and Woodborne, 2007a, 2007b), DR: De Rif (Chase et al., 2011, 2015a; Quick et al., 
2011; Valsecchi et al., 2013), DH: Driehoek Vlei (Meadows and Sugden, 1991), KB: Katbakkies Pass (Chase et al., 2015b; Meadows et al., 2010), GF: Groenfontein 
(Chase et al., 2023), SW: Seweweekspoort (Chase et al., 2013, 2017), CC: Cango Caves (Chase et al., 2021; Talma and Vogel, 1992), VV: Voëlvlei (Strobel et al., 
2021), EV: Eilandvlei (Quick et al., 2018; Wündsch et al., 2018), VK: Vankervelsvlei (Strobel et al., 2022), BK: Baviaanskloof (Chase et al., 2020) and the 
archaeological sites of BP: Boomplaas Cave (Deacon et al., 1984; Faith et al., 2018), BY: Byneskranskop (Faith et al., 2018; Schweitzer and Wilson, 1983), BB: 
Blombos Cave (Henshilwood et al., 2001), PP: Pinnacle Point (Marean, 2010), NC: Nelson Bay Cave (Deacon, 1978; Faith et al., 2018; Sealy et al., 2020) and KR: 
Klasies River Mouth (Deacon et al., 1986; Klein, 1975; Reynard and Wurz, 2020). Shading indicates the regional rainfall seasonality gradient defined according to 
Chase and Meadows (2007; data from Hijmans et al., 2005)), with winter, aseasonal and summer rainfall zones delimited by dashed white lines. The expanded extent 
of the zone of proposed tropical forcing domain is indicated by the dashed red line. The digital elevation model is from Yamazaki et al. (2017), the − 130 m 
bathymetric isoline indicating the maximum extent of the Agulhas Plain during the Last Glacial Maximum is shown as a solid white line (data from GEBCO, 2012) and 
isolines indicating mean January sea-surfaces temperatures (1982–2010) at 0.25 ◦C intervals (data from Reynolds et al., 2007). 
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