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Abstract

Southern Africa is characterized by the development of varied Middle and Later
Stone Age techno-complexes and behaviors against a backdrop of complex climatic
conditions during the late Pleistocene and Holocene. While much work has been
devoted to reconstructing regional environmental patterns, site-specific ecological
and habitat contexts have primarily focused on a single site or small area. The local
manifestations of regional climatic conditions are analyzed here by compiling faunal
enamel stable isotope data from 13 sites across South Africa, Lesotho, and Zam-
bia. Measuring isotope space and overlap reveals distinct on-the-ground habitat cir-
cumstances across regions and even variability within some regions, especially in
the period ~36,000-5000 years ago. This analytical framework aims to test whether
sites within the same environmental zones overlap in isotope space and finds that
there is greater intra-regional environmental heterogeneity than expected. Patterns
of contracting and expanding isotope space, especially along the oxygen axis, may
provide insight to shifts in rainfall seasonality and, perhaps, sources of precipitation.
This increased understanding of the local manifestations of regional climatic condi-
tions through time and space will be a critical component of models of population
movement and interactions in the late Pleistocene and Holocene of southern Africa.
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Introduction

Recognition of the pan-African nature of human evolution (e.g., Hublin et al.,
2017; Scerri et al., 2018, 2019) has led to a consideration of archaeological
sites as parts of interconnected landscapes (e.g., Mackay et al., 2014; Stewart &
Mitchell, 2018). As seen in a recent model of “Out of Africa” migration scenar-
ios (Beyer et al., 2021), regional and local climatic contexts are a crucial com-
ponent in determining which dispersal corridors for human populations would
have been climatically feasible at different time periods. Therefore, our under-
standing of the connectivity of Middle Stone Age and Later Stone Age (MSA
and LSA, respectively) networks in southern Africa requires also thinking of
environmental and habitat data as part of these broader landscapes. While much
work has been geared towards constructing drivers of regional climatic condi-
tions from off-shore or terrestrial datasets disconnected from the archaeological
record (e.g., Chase, 2021; Dupont et al., 2022; Quick et al., 2016), there has
generally been less focus on building regional paleoenvironmental reconstruc-
tions from the ground up based on the local resolution of proxies combined from
multiple sites (although see Stratford et al., 2021, and papers therein). In line
with the theme of this special issue (Val & Collins, 2022), I aim to synthesize
the record of faunal enamel carbon and oxygen stable isotope data (8'°C_, .
and 8'%0,,,,.;» respectively) from late Pleistocene and Holocene sites across
the broader southern Africa region in order to move beyond individual sites and
begin interpreting regional spatial and temporal variation in southern African
environments.

Working with such a large dataset offers the opportunity to apply novel ana-
lytical techniques to identifying and interpreting isotope patterns in addition to
traditional methods of statistical comparison. Here, isotope space analyses (some-
times referred to as isotope niche space), including space occupied and space
overlapped, are calculated. Isotope space measures have been used in ecology for
nearly two decades (Eckrich et al., 2020; Jackson et al., 2011; Newsome et al.,
2007) and have recently been directly applied to paleoanthropological and archae-
ological cases (Baumann et al., 2023; Hermes et al., 2018; Liidecke et al., 2022;
Robinson, 2022). Unlike traditional comparative statistics, isotope space analyses
offer the ability to consider isotopes of different elements, in this case 8'3C,,, .o
and 5'%0,,, .- at once in a single measure. Moving beyond a simple bi-plot with
one element mapped on the x-axis and one on the y-axis, this approach uses spa-
tial statistics to calculate the total amount of space occupied by a study group
(i.e., an archaeological site) on the plot and the degree of spatial overlap among
groups plotted on the same chart. Thus, quantification of isotope space and iso-
tope space overlap allows for testing hypotheses about the similarities and differ-
ences among groups that qualitative comparisons of bi-plots and/or descriptive
statistics (mean and standard deviation) cannot assess alone. This approach has a
particular value when multiple archaeological sites are being compared and con-
sidered, as will be done in this study, and the specific details of how isotope space
measures are calculated here are described further in the Materials and Methods.
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Environmental Context

The paleoenvironmental record and climatic variations of southern Africa over the
last~ 100,000 years are challenging to interpret. Attempts to synthesize site-level
environmental datasets into regional reconstructions have a long history in southern
Africa (Deacon, 1983; Deacon & Lancaster, 1988). Recent efforts to apply multi-site
local environmental records to interpreting variations in a regional climate include
a focus on the winter rainfall zone (Chase & Meadows, 2007) and coastal southern
Africa more broadly (Carr et al., 2016). Paleoenvironmental research in southern
Africa has also trended to multi-proxy analyses of individual sites (e.g., Ames et al.,
2020; Chazan et al., 2020; Lukich et al., 2020) and/or smaller regions, such as the
Paleo-Agulhas Plain (PAP; Marean et al., 2020 and related papers therein). A com-
prehensive review of southern African climates is beyond the scope of the current
contribution, but as I follow the more inclusive characterization of southern Africa
provided by Val & Collins (2022), here I offer a brief synopsis of the intra-regional
environmental dynamics as context for the site-level stable isotope compilation.
Environments in the western, eastern, and interior sections of southern Africa
are influenced by different climatic and ecological drivers and may have even been
climatically decoupled at times in the late Pleistocene and Holocene (Chase, 2021;
Chase et al., 2021; Dupont et al., 2022; Knight & Fitchett, 2021). It is thought that
the diversity of rainfall sources and regimes that influence the region today was gen-
erally the same over the last~ 150,000 years (Carr et al., 2016; Chase & Meadows,
2007). In the western section of the region, this includes the winter rainfall zone
(WRZ) that grades into a year-round rainfall zone (YRZ) across parts of Namibia
and the interior and the southern coast of South Africa and, finally, into a summer
rainfall zone (SRZ) somewhere north of modern-day Port Elizabeth (Fig. 1; Carr
et al., 2016; Chase & Meadows, 2007). While much of southern Africa has sum-
mer rainfall due to the southward migration of the Intertropical Convergence Zone
(ITCZ), the complex interplay of Atlantic and Indian Ocean air masses and the
expansion of the circumpolar vortex in the winter cause westerly cyclonic systems
to bring rain to the WRZ of the southwestern Cape and parts of the YRZ (Chase
& Meadows, 2007; Chase et al., 2013, 2017; Tyson & Preston-Whyte, 2000; van
Zinderen Bakker, 1976). There is a statistical antiphase relationship between rainfall
patterns in the SRZ and WRZ, meaning that sites across these regions can be cor-
related to show broadly coeval responses to climate forcing (Carr et al., 2016; Chase
et al., 2017; Roffe et al., 2021). Precipitation patterns in the YRZ are complicated
further by the influence of the Agulhas Current which at times may have brought
more tropical climate signals to the southern Africa coast (Chase & Quick, 2018).
Recently, Chase (2021) has demonstrated that precipitation in southeastern Africa
is controlled by changes in the seasonality of insolation as a result of eccentricity
and precession. Periods of higher eccentricity are associated with increased rainfall
and more humid conditions while reduced eccentricity and higher global ice volume
are associated with drier conditions in southern Africa overall. Along the southeast-
ern Africa coast, precipitation patterns broadly follow the expansion and contraction
cycles of the SRZ and WRZ, with greater summer rain associated with more rain-
fall over southern Africa overall (Chase, 2021). While Northern Hemisphere cooling
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and glaciation resulted in overall wetter conditions for coastal southern Africa dur-
ing the Last Glacial Maximum (LGM), Engelbrecht et al. (2019) projected the east-
ern coastal regions of southern Africa to have lower rainfall totals. At the same time,
climatic conditions further north to the Zambezi Basin would have been wetter as
the result of an equatorward shift of winter frontal rainfall (Chase, 2021; Engelbre-
cht et al., 2019).

Related to Quaternary climatic and vegetation trends along the southern Afri-
can coast is also a need to consider the role of landscape change, particularly the
expansion of the Agulhas Plain due to lower sea levels during the middle and late
Pleistocene (Cawthra et al., 2020; Fisher et al., 2010; Marean et al., 2020). Sea
level change during the LGM has been modeled to be a maximum of 125-130 m
lower than the present, but even smaller changes would have exposed significant
areas of land that are today under water. Global climate changes in conjunc-
tion with extended coastlines have often been associated with increased interior
aridity in southern Africa that may have prevented extensive human activity in
the region (Blome et al., 2012; Carr et al., 2016; Chase, 2009, 2010; Thomas
& Burrough, 2012, 2016), although there is recent evidence that human popula-
tions successfully occupied these interior environs in the long term (Bousman
& Brink, 2018; Knight & Stratford, 2020; Stewart & Mitchell, 2018; Wilkins,
2021), with human populations supported by large-scale, now-dry paleolakes
(Carr et al., 2023).

The preceding discussion makes clear that the southern African climatic
record of the late Pleistocene and Holocene is highly variable from region to
region and difficult to disentangle at present based on current proxy evidence.
Great strides have been made in deciphering the role of climatic forcing mecha-
nisms on precipitation patterns (Chase, 2021; Chase et al., 2013, 2021; Engelbre-
cht et al., 2019) and vegetation regimes (Dupont et al., 2022; Quick et al., 2016),
as well as resurrecting the lost PAP ecosystem (Marean et al., 2020). The current
study acknowledges the complexity of fitting together and spatiotemporally nest-
ing local and regional environmental and habitat conditions. With this in mind, I
apply an explicitly hierarchical framework to test the relationship between local
environmental data, in the form of 8'°C, e and 8'®0,,,me records from indi-
vidual late Pleistocene and Holocene archaeological sites, and the regional cli-
matic models of this period described earlier in southern Africa. Establishing
how regional conditions manifest locally at individual sites will allow for more
nuanced approaches to investigating human mobility and connectivity during the
MSA and LSA. Many exciting recent studies rely on lithic materials (Schoville
et al., 2022; Way et al., 2022) and ostrich eggshell beads (Stewart et al., 2020)
in building models of movement and/or social networks at different points in the
late Pleistocene of southern Africa. A locally informed reconstruction of paleoen-
vironments across the region could be paired with these models to explore ques-
tions about timing, directionality, and the relative influence of environmental and
social factors on human mobility and behavioral exchange. For example, Mackay
and colleagues’ (2022) investigation of novel behaviors at Varsche River 003 sug-
gests innovation and cultural transmission being environmentally contingent pro-
cesses during the MSA.
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Archaeological Background and Study Sites

A rich and diverse record of material culture spanning the last~ 100,000 years has
been recovered from southern African archaeological sites with local differences
in the timing and transition of regionally recognized techno-complexes (e.g., Wad-
ley, 2015; Wilkins, 2021; Yandel et al., 2016). While attempts have been made to
directly connect changes in techno-complexes and other material cultures of the
southern African record to climatic and environmental factors (e.g., Backwell et al.,
2014; McCall, 2007; Ziegler et al., 2013), the occurrence of diagnostic assemblages
like the Still Bay and Howiesons Poort across diverse habitats seems to suggest
that technological transitions are largely independent of environmental conditions
(Jacobs & Roberts, 2009). Furthermore, local environmental reconstructions at sites
like Sibhudu have failed to identify major changes in habitats or climatic conditions
between technological periods (Robinson & Wadley, 2018; although see Nel & Hen-
shilwood, 2016, for a possible counterargument at Blombos). It is likely that demo-
graphic factors and responses to regional and local environmental events combined
in complex ways in the development of southern African techno-complexes and
material culture patterns (Mackay et al., 2014; Sealy, 2016). As such, it is not the
goal to correlate transitions in material culture, at either individual sites or regional
techno-complexes, to changing environmental conditions identified locally. Instead,
this study compiles 8'°C, ., and 8'%0,,, .., data in order to create a multi-site data-
base for testing hypotheses about southern African paleoenvironments in the late
Pleistocene and Holocene.

Stratford et al. (2021) identify 104 cave and rockshelter sites in southern Africa
with sediments dating to the last~ 100,000 years. Added to this is a number of open-
air sites, especially those in the Kalahari Basin (e.g., Wilkins, 2021). Out of all of
these sites, Stratford et al., (2021: 902) show that only 5% of cave and rockshelter
sites in southern Africa have stable isotope analyses on bone or tooth enamel pub-
lished. No faunal stable isotope data are published for any of the interior open-air
sites, although part of the reason for this is a lack of preservation of faunal remains
at open-air and other interior sites. While stable isotope data from bone and “tooth
collagen” of dentine have been published for Apollo 11 Cave in Namibia and
Melikane Cave in Lesotho (Vogel, 1983), the preservation of collagen at these time
periods is dubious and a lack of published C:N ratios makes it difficult to assess the
reliability of these results (e.g., France & Owsley, 2015). As such, only stable iso-
tope analyses conducted on tooth enamel are considered here.

Stable isotope data from faunal tooth enamel have been published from late
Pleistocene and early mid-Holocene contexts for the following sites: Ha Makotoko,
Ntloana Tsoana, Tloutle (Smith et al., 2002), and Sehonghong Rockshelter (Lof-
tus et al., 2015), Lesotho; Boomplaas Cave (Sealy et al., 2016), Elands Bay Cave
(Stowe & Sealy, 2016), Equus Cave (Lee-Thorp & Beaumont, 1995), Nelson Bay
Cave (Sealy et al., 2020), Rose Cottage Cave (Smith et al., 2002), Sibhudu (Rob-
inson & Wadley, 2018), and Wonderwerk Cave (Ecker et al., 2018), South Africa;
and Kalemba Rockshelter (Robinson, 2017) and Makwe Rockshelter (Robinson
& Rowan, 2017), Zambia. Even though Zambia is not typically considered part of
southern Africa in MSA and LSA archaeology, these sites are included here as Val
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& Collins (2022) explicitly argue that a broader regional comparison of environ-
mental datasets is necessary. Furthermore, regional analysis of Kalahari dune fields
(Thomas & Burrough, 2016) and southern African climate models (Chase, 2021)
increasingly incorporates the Zambezi Basin. For most of the sites, except those in
Lesotho and Rose Cottage Cave, isotope analysis was conducted on the entire late
Pleistocene and Holocene archaeological sequence available at the time of study
and included all potential herbivores represented by teeth viable for study. Sampling
only targeted MSA layers of MIS 3 (~35,000-33,000 years ago (ya)) at Sehonghong
(Loftus et al., 2015) and the post-LGM period, including Holocene layers, at Rose
Cottage Cave (Smith et al., 2002). Isotopic analyses at Ha Makotoko and Ntloana
Tsoana include few taxa, with just wildebeest (Connochaetes sp.) and zebra (Equus
sp.) sampled at Ha Makotoko and only zebra samples from Ntloana Tsoana (Smith
et al., 2002). Additionally, these samples, along with those from Tloutle, which
includes a greater array of species, are quite small (Ha Makotoko, n=9; Ntloana
Tsoana, n=7; Tloutle, n=12; Smith et al., 2002). These sites are included here for
completeness, but the results from these sites are very preliminary.

For this study, the sequences at each site are divided into seven temporal
bins: ~70,000-50,000 ya, ~49,900-36,000 ya,~35,900-25,000 ya, ~24,900-15,000
ya,~14,900-11,000 ya,~10,900-5000 ya, and ~4900-500 ya (Table 1). I use the
“ya” terminology for chronology here as methods applied to the dating of the study
sites include optically stimulated luminescence, uranium series, amino acid racemi-
zation, and Bayesian modeling approaches in addition to radiocarbon determinations
(Supplemental Dataset 1 in Online Resource 1). These methods yield dates on dif-
ferent temporal scales for measuring chronology, and not all of them are directly
comparable to the before present (BP) timescale commonly referenced for radiocar-
bon determinations. These temporal bins utilize Lombard and colleagues’ (2022)
recent update on the South African Stone Age sequence as a guideline but are also
constructed to ensure meaningful isotopic sample sizes. As Lombard et al. (2022)
do, I also recognize that there are some significant overlaps in the probable chron-
ostratigraphic framework of southern African techno-complexes across sites, mean-
ing that cultural sequences from each site do not neatly fall into specific temporal
bins (see also Knight & Fitchett, 2021). The rough correlation of temporal bins and
stages of the southern African sequence following Lombard et al. (2022) is as fol-
lows: Howiesons Poort (HP) and post-HP in the ~ 70,000-50,000-ya bin; here, I split
the final MSA into the ~49,900-36,000-ya and ~35,900-25,000-ya bins as is war-
ranted by a gap in radiometrically dated samples between ~ 38,000 and ~ 35,000 ya;
the ~24,900-15,000-ya bin approximates the early LSA and Robberg parts of the
sequence, although it is noted that the final MSA and early LSA overlap substan-
tially on Lombard et al.’s (2022) timeline; ~ 14,900-11,000-ya, ~ 10,900-5000-ya,
and ~4900-500-ya terminal Pleistocene-Holocene bins are constructed to maintain
useful sample sizes and do not neatly match onto the techno-complexes. Keeping
to the purpose of the sequence presented in Lombard et al. (2022), these bins are
intended to be useful categories for investigating large datasets and broad trends,
but do not suggest cultural assumptions. There are a number of different decisions in
developing these temporal bins, and other researchers may justifiably find their way
to different configurations. This is intended to simply be one potential option as the
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first attempt to compile the entire existing southern African faunal enamel isotope
record to address an “on the ground” expression of regional environmental trends.

Materials and Methods
Samples and Temporal Bin Construction

All previously published (n=1235) faunal enamel isotope samples, including graz-
ers and browsers, were compiled (Supplemental Dataset 1 in Online Resource 1)
for the 13 study sites: Ha Makotoko, Ntloana Tsoana, Tloutle, and Sehonghong
(Lesotho); Boomplaas Cave, Elands Bay Cave, Equus Cave, Nelson Bay Cave, Rose
Cottage Cave, Sibhudu, and Wonderwerk Cave (South Africa); and Kalemba and
Makwe rockshelters (Zambia) (Fig. 1; Table 1). Taxonomic information for each
specimen is provided by the original isotope studies. This dataset is supplemented
by 12 additional, previously unpublished, samples as follows: four cercopithecoid
primate samples from Sibhudu; three samples of Papio sp. (baboon), one Hystrix sp.
(porcupine), and one sample of Sylvicapra grimmia (common forest duiker) from
Kalemba Rockshelter; and two samples of Hystrix sp. and one cercopithecoid pri-
mate from Makwe Rockshelter (see Supplemental Dataset 1) following standard
processing and characterization protocols (see Supplementary Methods in Online
Resource 2 for details). Despite the development of a number of stable isotope data-
sets from late Pleistocene and Holocene southern Africa sites, there are no published
values for non-human primates. In addition to being incorporated into the broader
multi-site analyses of southern Africa, a detailed assessment of the primate samples
is also conducted and provided in the Supplementary Results (Online Resource 2:
Table S1; Fig. S1).

Chronological data and published ages were collected for all sites and for each
stratigraphic unit, if available, for which stable isotope samples came from in order
to construct temporal bins. These datasets are primarily radiocarbon (both conven-
tional and AMS) dates on material like ostrich eggshell (OES) carbonates and char-
coal, but also optically stimulated luminescence (OSL) dates in the case of Sibhudu
(Jacobs et al., 2008a, 2008b), and Bayesian statistical models that incorporated both
old and new radiocarbon dates for Boomplaas Cave (Pargeter et al., 2018), Nelson
Bay Cave (Loftus et al., 2016), and Rose Cottage Cave (Loftus et al., 2019). All
radiocarbon dates were calibrated with OxCal 4.4 (Bronk Ramsey, 2009) with the
updated SHCal20 Southern Hemisphere calibration curve (Hogg et al., 2020) and
reported at 20. Due to the new SHCal20 calibration curve, all sites with radiocar-
bon dates were calibrated, even those for which calibrated radiocarbon dates have
previously been published. As a result, some of the calibrated dates in Supplemental
Dataset 1 (Online Resource 1) may be slightly different from previously published
calibrated dates. Where multiple radiocarbon determinations were available for a
specific stratigraphic layer, an average was constructed. OSL dates from Sibhudu do
not require calibration. Bayesian model dates were only used for stratigraphic layers
from which no physical date was available. Determining the age of layers for which
no dates and no model were available relied on estimations provided in publications
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or interpretations based on the age of stratigraphic layers above and below. Original
or modeled dates, as well as the calibrated “age used” dates, are available for all
samples in Supplemental Dataset 1.

Isotope Space Analyses

8"3C pamet @nd 8'®0¢;umer analyses of the tooth enamel of African fauna, including
primates, are a well-established method of paleodietary and paleoenvironmental
reconstruction (e.g., Cerling et al., 2003, 2015; Levin et al., 2015; Sponheimer et al.,
2003) whereby 6]3Cemmel signatures are related to the isotopic composition of vege-
tation consumed (Ambrose & DeNiro, 1986; Cerling et al., 2003; Sponheimer et al.,
2003) and 8'%0,,,,,; values are often utilized as a proxy of local hydrological condi-
tions (Blumenthal et al., 2017; Levin et al., 2009). Measuring isotope space offers
the potential to capture ecological niches, defined as a multi-dimensional space with
axes representing resources (bionomic), here represented by ESIZ’Cemmel values, and
bioclimatic factors (scenopoetic), represented by 8'%0,,. .., values, in comparing
study sites (Eckrich et al., 2020; Hutchinson, 1957). As the chemical composition of
tooth enamel is a reflection of what an animal consumes and its habitat, calculating
isotope space and overlap based on these isotope systems (8'°Cqymet @nd 8"*O¢pumer)
allows for a way to quantitatively compare the niches of different groups. To avoid
confusion of the terms isotope niche and trophic niche (of which isotope niche only
captures a part of), I prefer to utilize the terms isotope space and isotope space over-
lap for these analyses (see Hette-Tronquart, 2019, for a detailed discussion).

Modern C; plants (primarily trees, shrubs, and high-altitude grasses) in Africa
have a 8'°C range of —36 to—22%o with a mean of —26.4 +2.1%o while C, plants
(low-elevation tropical grasses, sedges, and shrubs of the Amaranthaceae) in Africa
have a 8'°C range of — 14 to— 11%o and a mean of — 11.4 + 1.3%., when corrected to
the pre-industrial value of the atmosphere for purposes of comparing to the archaeo-
logical record (Cerling, 2014). Variation in 8'*C values of C; plants is due to envi-
ronmental factors like temperature and moisture availability where cooler, wetter
conditions result in more negative values (Diefendorf et al., 2010; Kohn, 2010). In
southern Africa, this pattern is complicated by the existence of the WRZ and YRZ
and the high-elevation environments of Lesotho. WRZ fynbos vegetation, includ-
ing grasses and sedges, primarily utilizes the C; pathway (Vogel, 1978) whereas
SRZ grasses are predominantly C, plants (Mucina & Rutherford, 2006). In Lesotho,
there is an altitudinal gradient with temperature and precipitation that results in C,
grasses being found at higher elevations that differ on north-facing (~2700 m) and
south-facing (~2100 m) slopes (Cowling, 1983; Parker et al., 2011; Vogel, 1978).
Following Sealy et al. (2020), the 8'°C,,,me values of all samples were corrected
for changes in atmospheric pCO,; however, since these corrections did not lead to
changes in the overall results, they are only discussed in the Supplementary Results
(Online Resource 2) with the isotope space measures using the originally published,
unaltered, values. It is recognized here that interpreting diets and, in turn, paleoeco-

logical conditions, from 613Cemmﬁ1 values, can lead to oversimplifications, especially
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in southern Africa where similar diets, like feeding on grasses that utilize the C;
versus C, pathway, could lead to different isotopic signatures, and different diets,
such as feeding on C; grasses versus C; woody vegetation, would lead to similar
signatures. That said, the importance and presence of C; grasses in southern Africa
can be turned into an analytical strength. Isotope space measures have the potential
to identify clear differences among study sites and within sites through time, when
applied to those taxa which are expected to be grazing fauna based on previous zoo-
archaeological studies as described below.

8'%0,,,me Values provide environmental and/or climatic information based on
the sources of precipitation, oxygen isotope composition of drinking water, water
derived from food, and inspired oxygen. §'%0,,,,.; values are thought to reflect arid-
ity (Blumenthal et al., 2017; Levin et al., 2006) and, perhaps, seasonality of precipi-
tation (Sealy et al., 2020). In the southern African context, a modern study of pre-
cipitation in Cape Town found winter rain to be depleted in 30 (Harris et al., 2010);
however, this has not been directly replicated in archaeological studies (Stowe &
Sealy, 2016). C; plants tend to have enriched values compared to C, vegetation
due to differences in the rate of evapotranspiration, resulting in browsing taxa that
receive most of their water from ingested leaf water having higher §'%0,, ., values
and tracking evaporative water deficit compared with grazing taxa that rely on sur-
face water sources (Cerling et al., 2008). Differences in how plants of the two pho-
tosynthetic pathways incorporate 8'0 values into their tissues may be one factor in
complicating the patterns when compared to measures of winter and summer rain-
fall directly. 8'%0,,,me; Values may provide insight to past climatic and hydrological
conditions but must be interpreted cautiously as the relationship between 830,
and meteoric water, diet, and atmospheric oxygen is incompletely understood (Faith,
2018; Levin et al., 2009). With such a large geographic area and many diverse
environments sampled among the study sites, it is likely that different sources of
precipitation are represented. As such, direct comparison of specific 830,
values may not be justified, but general trends in §'%0,,,, values in combination
with 8'3C,,.; values in isotope space have been interpreted to reveal potentially
important environmental and ecological conditions (Robinson, 2022; Liidecke et al.,
2022).

Statistical Analyses

Isotope space measures are calculated for grazing taxa with the rKIN package (Eck-
rich et al., 2020) in R which provides the possibility of analyzing datasets using
three models: minimum convex polygons (MCPs), standard ellipse area (SEA), and
kernel utilization density (KUD). Isotope space is defined as the total spatial area
encompassing data points with the different models handling sample size and uncer-
tainties differently. As MCPs have been found to consistently underestimate isotope
space size and overlap (Eckrich et al., 2020; Robinson, 2022), they are not calcu-
lated in this study. In SEA models, an ellipse is constructed around a pre-determined
percentage of test data (referred to as a contour level or interval which is discussed
further below) from which ellipse radii are calculated. This approach can reduce
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sensitivity to sample size differences among study groups and outliers, but the
model will always be in the shape of an ellipse that may include unused or exclude
used areas of isotope space. Furthermore, elliptical models assume that isotope
data are independent and normally distributed in multivariate space (Jackson et al.,
2011), but many archaeological isotope studies are known or suspected to be prone
to non-normality (Roberts et al., 2018). KUD models are generated by summing two
separate kernel functions over observed data points with the total area defined as the
minimum size that includes all data points under consideration free of distributional
assumptions or pre-set grid shapes, such as ellipses (Eckrich et al., 2020). Interpret-
ing total isotope space and assessing larger or smaller isotope space areas among
groups within a study is contingent on the particularities of the question at hand,
although smaller niche spaces typically indicate a less diverse resource base and/or
specialized feeding and a restricted range of habitats (Eckrich et al., 2020; Newsome
et al., 2007; Robinson, 2022).

Isotope space overlap is calculated as the size of the overlapping region between
the isotope space area size of group A and the isotope space area size of group B
divided by the total isotope space area size of group B. This measure can also be
calculated in reverse to get a measure of how much group B overlaps group A (Eck-
rich et al., 2020). In the current study, the greater the percentage of overlap, the
higher the inferred dietary and/or environmental overlap would be depending on if
the overlap primarily occurs along the axis upon which 83C,,,.; Or 880,11 18
plotted. Little or no overlap of isotope space between two groups would indicate
different dietary or environmental circumstances. Again, specifics of the research
question and the nature of the study groups would determine what percentages of
overlap are consequential. Here, I consider overlap at>60% to be high, likely indi-
cating quite similar dietary and/or environmental conditions. For more details on
how isotope space and overlap is calculated and the application of these methods to
archaeological studies, see Robinson (2022).

Each enamel sample was classified as either a browser, mixed feeder, or grazer
based on taxonomic identification and feeding/habitat preference of modern analogs
(e.g., Kingdon, 1982, 2015) with a focus on dietary analyses conducted on south-
ern African fauna (e.g., Codron et al., 2007, 2008; Gagnon & Chew, 2000; Skin-
ner & Chimimba, 2005). Dietary classifications mostly follow those in Sealy et al.
(2020), although there are a few differences. Here, Oreotragus oreotragus (klip-
springer) is classified as a browser (Skinner & Chimimba, 2005), although Sealy
et al. (2020) cite evidence of grazing on fresh grass in Ethiopia to place klipspringer
in a mixed feeding category. Similarly, Sealy et al. (2020) categorize Ourebia ourebi
(oribi) as a grazer based on seasonal dietary variability (Gagnon & Chew, 2000), but
this species is placed with the mixed feeders here following Cerling et al., (2003,
2015). There is also additional fauna not present in Sealy et al. (2020). Despite low
813C,,umes Values, following Brink’s (1999) analysis of dental anatomy, Sealy et al.
(2016) consider the unnamed caprine from Boomplaas to be a C; grazer and it is
classified as a grazer here. A small number of samples identified as Tragelaphus
strepsiceros (greater kudu; Clark, 2017) from the post-HP at Sibhudu (n=4) have
a 813C,, e Tange of — 1.1 to 1.6%o which is much higher than any known modern
or fossil kudu values. As a result, I treat these samples as Tragelaphus sp. and place
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Table 2 Common and scientific names for dietary category groupings

Dietary category

Scientific name

Common name

Grazers

Aepyceros melampus
Alcelaphus buselaphus
Antidorcas bondi
Ceratotherium simum
Connochaetes gnou
Connochaetes taurinus
Damaliscus dorcas*
Damaliscus pygargus*
Hippotragus equinus
Hippotragus leucophaeus
Hippotragus niger
Kobus ellipsiprymnus
Megalotragus priscus
Redunca arundinum
Redunca fulvorufula
Syncerus caffer
Syncerus antiquus
Tragelaphus sp.

Equus capensis

Equus quagga

Equus zebra
Hippopotamus amphibius
Phacochoerus sp.

Pedetes capensis

Impala

Hartebeest

Bond’s springbok
Boomplaas caprine
White rhinoceros
Black wildebeest
Blue wildebeest
Blesbok

Blesbok

Roan antelope
Bluebuck

Sable antelope
Waterbuck
Southern reedbuck
Mountain reedbuck
African buffalo
Giant African buffalo
Sibhudu tragelaphin
Cape zebra

Plains zebra
Mountain zebra
Hippopotamus
Warthog

South African springhare

them in the grazer category. Domesticated Bos taurus and Caprini sp. from Makwe
are separated out from the grazers. Primates, while perhaps more appropriately
classified as omnivores, are placed in the browser category here due to their low
8'3C ame Values (Table 2; Online Resource 1).

In addition to the models, isotope space measures are generated at three com-
mon contour intervals: 50%, 75%, and 95%. Contour intervals provide the ability
to measure isotope space size as the area encompassed by the contours of a par-
ticular percent of data in the dataset. Lower contour values prevent outliers or other
extreme data points from significantly influencing estimates of isotope space size
or overlap. Best practices call for calculating isotope space size at multiple contour
intervals to assess the stability of model measurements and to identify how outli-
ers may be affecting isotope space measures (Eckrich et al., 2020; Robinson, 2022).
Eckrich et al. (2020) determined that a minimum of 10 samples was required to cal-
culate reliable and realistic estimates of isotope space and overlap using rKIN. A
smallSamp() function allowing analyses to be run with as few as five samples is built
into rKIN and is used here to calculate isotope space measures for analytical units
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Table 2 (continued)

Dietary category

Scientific name

Common name

Mixed Feeders Eudorcas thomsonii Thomson’s gazelle
Ourebia ourebi Oribi
Procavia capensis Rock hyrax

Browsers Antidorcas marsupialis Springbok
Cephalophus natalensis Red forest duiker
Oreotragus oreotragus Klipspringer
Pelea capreolus Grey rhebok
Philantomba monticola Blue duiker
Raphicerus campestris Steenbok
Raphicerus melanotis Cape grysbok
Sylvicapra grimmia Common duiker
Tragelaphus oryx Eland
Tragelaphus scriptus Bushbuck
Tragelaphus strepsiceros Greater kudu
Potamochoerus sp. Bushpig
Cercopithecus albogularis Sykes” monkey
Chlorocebus pygerythrus Vervet monkey
Papio sp. Baboon
Hystrix sp. Porcupine

Domesticates Bos taurus Cattle
Caprini sp. Sheep/goat

*Damaliscus dorcas is now known as Damaliscus pygargus, but the original identifications of Damalis-
cus dorcas from Smith et al. (2002) are preserved in this study

represented by nine samples to increase the number of sites that can be included.
rKIN models are applied to the grazer portion of the study site assemblages as a
whole and within each temporal bin. Due to the small sample sizes, the Lesotho
sites of Ha Makotoko and Ntloana Tsoana are not analyzed with isotope space
models. Tloutle is represented by 10 grazers in the~10,900-5000-ya bin and is
included only in this temporal section. Sehonghong, with isotope samples dating
only to the ~35,900-25,000-ya bin, and Sibhudu, with all samples dating to earlier
than ~ 38,000 ya, are excluded from the full site comparison to avoid an overly com-
plicated visualization of isotope space and overlap. Equus Cave is excluded from the
isotope space measures as there are no §'%0,,, ., values directly associated with the
published 8'3C,, ., values from the site.

In addition to the isotope space measures, descriptive statistics and a series of
traditional non-parametric statistical analyses comparing the sites and temporal bins
are conducted (Online Resource 2: Tables S2-S26). Further comparisons took the
form of ternary diagrams and probability density functions (PDFs). These analy-
ses are meant to supplement the primary rKIN modeling, and I provide a descrip-
tion of them in the Supplementary Methods (Online Resource 2: Supplementary
Results; Figs. S1 and S2). In particular, these approaches allow for some analyses
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not possible with the isotope space measures as follows: (1) a comparison of the
813C,,umer Values from Equus Cave with §'3C,, ., values from the other study sites,
(2) analysis and comparison of the browsing dietary category among the study sites,
and (3) consideration of species-level comparisons for the most commonly sampled
taxa across the study sites. Specific results of these analyses that contribute to the
overall regional paleoenvironmental reconstruction are described in the main text,
but a full analysis of these results is provided in the Supplementary Results (Online
Resource 2).

All of these sites have been subject to intensive site-specific analyses. It is not the
purpose of the present study to re-analyze the site level results or interpretations, but
instead to apply a hierarchical approach to reconstructing environmental conditions
across southern Africa as an integrated landscape based on local datasets. To this
end, the following hypotheses have been developed which can be tested directly with
the isotope space approach:

e Sites in the five broadly defined environmental zones—the WRZ, the YRZ, the
SRZ, the Lesotho highlands, and interior southern Africa including the Zambezi
region—will occupy different areas of isotope space, and those in the same zone
will have high levels of isotope space overlap.

e Sites experiencing winter rainfall will occupy narrower areas of isotope space, and
changes in rainfall seasonality over time can be identified by expansions or con-
tractions of isotope space. Modern winter rainfall in the Western Cape has been
found to be depleted in 30, resulting in lower overall §'0, compared with rain
that falls during summer months (Diamond & Harris, 2019; Harris et al., 2010).
On a regional scale, 8'80 values of precipitation modeled from groundwater
largely replicate this pattern with depleted 5'0 values along the Atlantic Coast,
the most enriched 8'®0 values in the eastern Cape, and highly variable 8'%0 values
in the interior which receives rain in both the summer and winter months (West
et al., 2014). Therefore, it is expected that sites experiencing predominantly winter
rainfall and those receiving primarily summer rainfall will not overlap in isotope
space. When (and if) sites in the WRZ start to receive more summer rain, their
isotope space should increase and begin to overlap more with sites in the YRZ and,
perhaps, the SRZ. In turn, when (and if) the WRZ expands into the present-day
YRZ, the isotope space of sites within the YRZ should contract in size.

Results
Site Comparisons

Both the SEA and KUD models offer similar results with only minor differences
that have no bearing on the overall interpretations here. Results based on the analy-
sis of the KUD model are reported in the main text as this model appears to capture
isotope space measures more accurately; however, constructed ellipses and results
of the SEA model are also reported in the figures and tables in the interest of full
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transparency. The seven study sites which are analyzed using all grazer samples irre-
spective of temporal bin appear to fall into two groups in terms of the amount of
isotope space occupied (Fig. 2; Table S27). Elands Bay Cave, Nelson Bay Cave,
and Wonderwerk Cave are estimated to occupy a slightly smaller isotope space than
Boomplaas Cave, Rose Cottage Cave, Kalemba Rockshelter, and Makwe Rockshel-
ter. Elands Bay Cave isotope space is overlapped meaningfully by only Boomp-
laas Cave (~30-40%) at the 50% and 75% contour levels and overlapped by up to a
maximum of ~20% by the other sites at exclusively the 95% contour level (Table 3).
Boomplaas Cave isotope space is overlapped by Elands Bay Cave and Rose Cottage
Cave to a moderate degree at the 50% and 75% contours. Rose Cottage Cave and
Wonderwerk Cave overlap > 30% at all contour levels, but Wonderwerk Cave isotope
space is not overlapped by Boomplaas Cave. Isotope spaces of Nelson Bay Cave and
the Zambian sites of Kalemba and Makwe rockshelters overlap each other at each of
the contour intervals, but the Zambian sites are characterized by expansion along the
813C,,.ume axis indicating C,-dominated environments (Fig. 2; Table 3).

Temporal Changes

The Kruskal-Wallis tests find that 8'*Cq e and 8" 0, values of many of the test
sites have statistically significant changes across temporal bins (Online Resource 2: Sup-
plementary Results; Fig. S4; Tables S28-S30). This suggests that there may be changes
to the amount of isotope space occupied and the patterns of overlap through time.

Approximately 70,000-50,000 ya

Only Boomplaas Cave and Sibhudu yield sufficient isotope samples dating to the
earliest temporal bins. In the ~70,000-50,000-ya bin, Boomplaas Cave is found to
occupy a smaller isotope area than Sibhudu (Fig. S5; Tables S31 and S32). Of grazer
samples, 25% from Boomplaas have §'°C,,,, . values < —8.0%0 with the remainder
in the mixed-feeding range of —8.0%¢ <8'°C,,. Values < —1.0%o, while Sibhudu
grazers are found to have diets dominated by C, vegetation with > 50% as C, feeders.
Estimated consumption of C; resources by grazers at Boomplaas Cave is ~40-50%,
but only ~ 15-25% at Sibhudu.

Approximately 49,900-36,000 ya

Both sites occupy less isotope space in the~49,900-36,000-ya period than in
the ~70,000-50,000-ya bin. Overlap is estimated at< 10% (Fig. S6; Tables S33 and
S34). These patterns reflect Sibhudu having significantly lower grazer 8'%0,,,.
values and higher grazer 8"°C,,, . values than Boomplaas. At both sites, C,
consumption is estimated to be similar to the preceding temporal bin (Fig. S7;
Tables S6-S11). Over 90% of Boomplaas grazers are categorized as C; dominated
or mixed feeding in the ~49,900-36,000-ya period while >80% of Sibhudu grazers
are classified as predominantly C, feeding (Fig. S3).
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Approximately 35,900-25,000 ya

Boomplaas Cave and Sehonghong occupy less isotope space than Kalemba Rock-
shelter in this period (Table S35). Overlaps are estimated at>30% at all contour lev-
els for Boomplaas Cave and Sehonghong. Estimates of overlap with Kalemba Rock-
shelter are < 11% and are only found at the 95% contour (Fig. 3; Table 4). Compared
with the earlier temporal bins, Boomplaas is calculated to occupy approximately
the same isotope space as in the ~49,900-36,000-ya interval. While not included
in the rKIN analyses, Equus Cave grazer 8'°C,,,., values are found to be signifi-
cantly higher than those at Boomplaas Cave or Sehonghong, but lower than grazer
813C,,mes Values at Kalemba Rockshelter (Fig. S8; Tables S12-S14). Grazers from
Boomplaas Cave and Sehonghong are estimated to have consumed ~65-75% of C,
resources, with>50% of grazer samples from each of these sites with isotopically
determined C;-dominated diets. Grazers from Equus Cave and Kalemba Rockshelter
are found to have consumed only ~ 15-25% of C; plants with >40% of grazers from
both sites indicating traditional C,-dominated diets (Fig. S3). 8'%0,,,me Values of
the three sites for which they are available are all significantly different from each
other, with Kalemba Rockshelter (—4.3+1.6%0; n=61) having the lowest values
and Boomplaas Cave (1.7 +2.4%0; n=17) the highest (Fig. S8; Table S12).

Approximately 24,900-15,000 ya

Rose Cottage Cave is estimated to occupy the most isotope space in this tem-
poral bin and Kalemba Rockshelter the least. Kalemba Rockshelter is found
to occupy only approximately two-thirds of the isotope space in this interval
compared with~35,900-25,000-ya bin. Boomplaas isotope space approxi-
mately doubles in this bin compared with the ~35,900-25,000-ya one (Fig. 4;
Table S36). Kalemba Rockshelter isotope space is overlapped by that of Nel-
son Bay Cave and Rose Cottage Cave on the order of ~ 10-20% at the 95% con-
tour interval. Boomplaas Cave and Rose Cottage Cave isotope space overlaps
at~35-50% at the 95% interval (Table 5).

Rose Cottage Cave (—3.1+2.6%0; n=10) and Kalemba Rockshelter
(=0.7+2.9%0; n=13) are found to have similar grazer §'°C,,, .. values to
Equus Cave (—1.7+2.0%0; n=6). All other pairs comparing grazer §'°C_,.
values are found to have statistically significant differences. Boomplaas Cave
has the lowest grazer §'°C,,, ., values and Kalemba Rockshelter the highest
(Fig. S9; Tables S15-S17). Grazers at Boomplaas Cave and Nelson Bay Cave
are estimated to have consumed > 50% of C; resources, while those at the other
three sites <30%. Most grazers (>60%) from Equus Cave, Nelson Bay Cave,
and Rose Cottage Cave are found to have mixed-feeding 8'°C,,,,.; values. More
than 60% of grazers from Boomplaas Cave have §'°C,_,, .., values < —8.0%o.
Only Kalemba Rockshelter (~70%) has a majority of grazer samples with
C,-dominated diets (Fig. S3). Boomplaas Cave has the highest §'%0,,., val-
ues (2.0 +£ 1.6%0; n=25), similar to those from Rose Cottage Cave (0.8 + 2.3 %o;
n=10). Nelson Bay Cave (—4.6+2.2%0; n=51) and Kalemba Rockshelter
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Table 4 Pair-wise isotopic niche overlaps from standard ellipse area (SEA) and kernel utilization density
(KUD) for all grazers in the ~35,900-25,000-ya temporal bin

Method Group Boomplaas Cave Sehonghong Kalemba Rockshelter

50% 75% 95% 50% 75% 95% 50% 75% 95%

SEA BC - - - 0.33 0.49 0.61 0.00 0.00 0.01
SH 0.34 0.50 0.63 - - - 0.00 0.00 0.04
KR 0.00 0.00 0.00 0.00 0.00 0.02 - - -

KUD BC - - - 0.45 0.56 0.70 0.00 0.00 0.01
SH 0.45 0.53 0.60 - - - 0.00 0.00 0.11
KR 0.00 0.00 0.01 0.00 0.00 0.08 - - -

Overlaps provided at 50%, 75%, and 95% contour intervals. Italicized values indicate where overlap is
estimated

(= 3.7+ 1.9%0; n=13) have the lowest §'%0,,,,., values, both statistically lower
than those from Boomplaas or Rose Cottage (Fig. S9; Tables S15-S17).

Approximately 14,900-11,000 ya

Only three of the seven sites with grazer specimens dated to this bin have large
enough sample sizes for isotope space measures. Boomplaas Cave is found to
occupy the largest amount of isotope space among the three, double the space occu-
pied by this site in the~49,900-36,000-ya and~35,900-25,000-ya periods and
slightly more than that in the~24,900-15,000-ya bin. Elands Bay Cave and Nel-
son Bay Cave occupy approximately the same amount of isotope space, but do not
overlap in isotope space at all (Fig. 5; Table S37). Boomplaas Cave isotope space
overlaps the isotope space of Elands Bay Cave at~40-45% at all contours, whereas
with the opposite pattern, Elands Bay Cave overlaps Boomplaas Cave isotope space
only at~5-25%. Boomplaas Cave and Nelson Bay Cave are only found to have over-
lapped at the 95% contour level and only at~ 1-2% (Table 6).

Wonderwerk Cave (0.0+1.9%0; n=4) and Equus Cave (—2.2+1.8%0; n=10)
have the highest grazer §'°C,,,,. values in this temporal bin, both significantly
higher than the values from any other site. Elands Bay Cave (— 10.5+1.7%o; n=10)
has the lowest grazer 8'°C, .. values, significantly lower than those from any other
site (Fig. S10; Tables S18-S20). Grazers from Elands Bay Cave are estimated to
have consumed ~80-90% of C; plants, with those from Boomplaas Cave also esti-
mated at>50%. Estimated C; resource consumption for grazers at Equus Cave and
Wonderwerk Cave is~10-25%. Nelson Bay Cave falls in the middle with estimated
grazer C; consumption of ~40% (Table S18). Only Wonderwerk Cave in this time
period has a majority of grazer specimens with C,-dominated diets. All other sites,
except Elands Bay Cave, have >40% of grazer samples with mixed-feeding diets.
More than 90% of grazers from Elands Bay Cave are in the < —8.0%0 category
(Fig. S3). Analysis of 8'30,,,, values finds similar values for Boomplaas Cave and
Wonderwerk Cave. Grazer 8'°0,,, .., values (—5.7+2.0%0; n=40) from Nelson
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Table 5 Pair-wise isotopic niche overlaps from standard ellipse area (SEA) and kernel utilization density
(KUD) for all grazers in the ~24,900-15,000-ya temporal bin

Method Group Boomplaas Cave Nelson Bay Cave Rose Cottage Cave Kalemba Rock-
shelter

50% 75% 95% 50% 75% 95% 50% 75% 95% 50% 75% 95%

SEA BC - - - 0.00 0.00 0.I13 013 036 057 0.00 0.00 0.00
NBC 000 000 017 - - - 0.00 0.14 0.44 0.00 0.00 0.12
RCC 010 029 045 0.00 009 027 - - - 0.00 0.01 o0.16
KR 0.00 0.00 0.00 0.00 0.00 016 0.00 0.03 036 - - -

KUD BC - - - 0.00 0.00 0.10 0.01 033 055 0.00 0.00 0.00
NBC 0.00 000 o0.10 - - - 0.00 0.17 0.53 0.00 0.02 0.19
RCC 0.01 019 035 000 011 036 - - - 0.02 0.10 023

KR 0.00 0.00 0.00 0.00 003 029 005 023 051 - - -

Overlaps provided at 50%, 75%, and 95% contour intervals. Italicized values indicate where overlap is
estimated

Bay Cave have significantly lower 5'0
(Tables S18-S20).

enamel Values than all study sites in this period

Approximately 10,900-5000 ya

Nelson Bay Cave occupies a very small area of isotope space in this tempo-
ral bin, a third of the size occupied by the same site in the ~24,900-15,000-ya
bin and half the amount of area compared to the ~ 14,900-11,000-ya bin. Won-
derwerk Cave occupies about three times the isotope space area of Nelson Bay
Cave, followed by Rose Cottage Cave and Makwe Rockshelter. Tloutle occupies
the most isotope space in this time period (Fig. 6; Table S38). Makwe Rock-
shelter isotope space is overlapped by Nelson Bay Cave at~10%. The inverse
relation, Nelson Bay Cave being overlapped by Makwe Rockshelter, occurs at
a greater rate of ~40-85% at the 75% and 95% contours. Other overlaps with
Nelson Bay Cave are estimated at<5% at all intervals (Table 7). Rose Cottage
Cave, Wonderwerk Cave, and Tloutle have varying degrees of overlap with each
other at all contour levels. Makwe Rockshelter, Wonderwerk Cave, and Tloutle
overlap each other at rates of ~10-20% at the 75% contour and ~30-40% at the
95% contour. Rose Cottage Cave and Makwe Rockshelter overlap ~ 10% or less
and only at the 95% interval (Fig. 6; Table 7).

Grazers from Wonderwerk Cave (1.4 +1.5%0; n=100) have the high-
est 813C,,.me; Values, significantly higher than those from any other site, in
this temporal bin. Makwe Rockshelter (— 0.8 +3.3%0; n=24), Rose Cottage
Cave (—2.0+3.0%0; n=33), and Tloutle (— 2.7 +4.6%0; n=10) have simi-
lar grazer 8'°C,,,,.; values to each other, but Rose Cottage Cave has higher
grazer values than those from Nelson Bay Cave (— 3.1 +£1.3%o0; n=9) while
the other two sites do not. Makwe Rockshelter has significantly higher
grazer 8'3C, o Values than a small sample from Kalemba Rockshelter
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Table 6 Pair-wise isotopic niche overlaps from standard ellipse area (SEA) and kernel utilization density
(KUD) for all grazers in the ~ 14,900—11,000-ya temporal bin

Method Group Boomplaas Cave Sehonghong Kalemba Rockshelter

50% 75% 95% 50% 75% 95% 50% 75% 95%

SEA BC - - - 0.06 0.16 0.25 0.00 0.00 0.01
EBC 0.12 0.32 0.50 - - - 0.00 0.00 0.00
NBC 0.00 0.00 0.02 0.00 0.00 0.00 - - -

KUD BC - - - 0.15 0.15 0.19 0.00 0.00 0.01
EBC 0.45 0.42 0.44 - - - 0.00 0.00 0.00

NBC 0.00 0.00 0.02 0.00 0.00 0.00 - - -

Overlaps provided at 50%, 75%, and 95% contour intervals. Italicized values indicate where overlap is
estimated

(—5.4+3.3%0; n=4) which are estimated to have consumed ~45-50% of C,4
resources (Fig. S11; Tables S21-S23). Estimated C; consumption is <30%
by grazers from Nelson Bay Cave, Rose Cottage Cave, Tloutle, and Makwe
Rockshelter and <5% for grazers from Wonderwerk Cave. C,-dominated
diets are found for>45% of grazers at Makwe Rockshelter, Rose Cot-
tage Cave, and Tloutle, while Nelson Bay Cave, Rose Cottage Cave, and
Kalemba Rockshelter have > 50% of grazers in the range — 8.0%0 < 8'°C_, el
values < — 1.0%o0. Elands Bay Cave and Nelson Bay Cave are found to have
100% of grazers in that mixed-feeding category. C;-dominated diets cat-
egorize >20% of grazer samples from Tloutle and Kalemba Rockshelter
(Fig. S3). Grazers from Rose Cottage Cave have the highest, and signifi-
cantly different, 8'0,,,.; values, from all other sites. Wonderwerk Cave
and Tloutle have similar grazer 8'%0,,,,.; values to each other, but signif-
icantly higher values than those from all other sites except Rose Cottage
Cave. Kalemba and Makwe rockshelters also have similar §'%0,,,..; values.
Nelson Bay Cave has the lowest grazer §'%0,,,,..; values, significantly lower
than those from any other site in this time bin (Tables S21-S23).

Approximately 4900-500 ya

Rose Cottage Cave occupies the smallest amount of isotope space of any site for
any temporal bin, accounting for approximately one-eighth of the space occupied
by this site compared with earlier time intervals. Wonderwerk Cave and Makwe
Rockshelter are estimated to occupy slightly less isotope space in this period than in
the ~ 10,900-5000-ya bin, with Makwe accounting for approximately double the iso-
tope space of Wonderwerk (Table S39). Rose Cottage Cave isotope space is almost
completely overlapped by Wonderwerk Cave (Fig. 7; Table 8). The inverse relation-
ship finds an overlap of Wonderwerk Cave space by Rose Cottage Cave of ~20-25%.
Makwe Rockshelter is found to overlap Rose Cottage Cave at the 75% and 95%
contour intervals, but Rose Cottage Cave only overlaps Makwe Rockshelter space
by ~5-10% at these same intervals. Makwe Rockshelter and Wonderwerk Cave are
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Table 8 Pair-wise isotopic niche overlaps from standard ellipse area (SEA) and kernel utilization density
(KUD) for all grazers in the ~4900-500-ya temporal bin

Method Group Rose Cottage Cave ‘Wonderwerk Makwe Rockshelter

50% 75% 95% 50% 75% 95% 50% 75% 95%

SEA RCC - - - 0.95 1.00 1.00 0.00 0.09 0.51
WwWC 0.28 0.30 0.30 - - - 0.08 0.34 0.58
MR 0.00 0.01 0.08 0.04 0.18 0.31 - - -

KUD RCC - - - 0.69 0.96 1.00 0.01 0.29 0.69
WwC 0.19 0.26 0.21 - - - 0.26 0.45 0.62
MR 0.00 0.04 0.08 0.14 0.23 0.36 - - -

Overlaps provided at 50%, 75%, and 95% contour intervals. Italicized values indicate where overlap is
estimated

estimated to overlap each other at all contour levels, with greater overlap of Wonder-
werk by Makwe than the reverse (Table 8).

Other sites are represented by fewer than nine grazer samples in this temporal
bin, excluding them from isotope space analyses. Elands Bay Cave (— 8.2 +0.8%o;
n=7) has significantly lower grazer 8'°C,,.., values than any other sites in this
period. Nelson Bay Cave (—3.3 +0.5%0; n=4) also has low grazer §'°C,,,.; val-
ues, significantly higher than those from Elands Bay Cave, but significantly lower
than those from all other sites. Grazer values from Rose Cottage Cave (1.2 +0.6%o;
n=18) and Makwe Rockshelter (0.1 +2.5%o; n=25) are similar. Wonderwerk Cave
has the highest grazer 8'°C,,,,; values (1.3 +1.5%0; n=66), significantly higher
than those from Makwe Rockshelter, but similar to those from Rose Cottage Cave
(Fig. S12; Tables S24-S26). Estimated C; consumption by grazers is~65-75% at
Elands Bay Cave, ~30-35% at Nelson Bay Cave, and ~ 10% or less at Rose Cottage
Cave, Wonderwerk Cave, and Makwe Rockshelter. All grazers from Rose Cottage
Cave and Wonderwerk Cave, and~75% from Makwe Rockshelter, have §"°C,,,./
values > — 1.0%o, while all grazer samples from Nelson Bay Cave and >50% from
Elands Bay Cave have mixed-feeding §'°C,,,; values. The remaining Elands Bay
Cave grazers have 8'°Cqy e Values < —8.0%o (Fig. S3). 8'%0,,,me Values among
study sites are almost all significantly different. Rose Cottage Cave (3.5 1.6%o;
n=19) has the highest 8'%0,,,,.; values and Nelson Bay Cave (—5.1+1.6%o;
n=19) the lowest. Elands Bay Cave (0.9+2.7%0; n=7) and Makwe Rockshelter
(= 1.5 +£2.0%0; n=25) have similar §'®0,,, ., values, as do Rose Cottage Cave and
Wonderwerk Cave (2.5 +2.0%o0; n=66; Tables S24-S26).

Discussion
Inferring Local Responses to Regional Climate Complexity

Elands Bay Cave, the one site found in the modern WRZ, has some of the small-
est isotope space estimates and overlaps only with Boomplaas Cave (Tables 3 and

@ Springer



Journal of Paleolithic Archaeology (2023) 6:34 Page310f48 34

6). The size of isotope space occupied by Elands Bay Cave is driven by a con-
tracted space on the 8'3C,,,.; axis and an expanded space on the §'%0,,, . axis
(Figs. 2 and 5). This pattern is interpreted as indicating the source of precipitation
coming from multiple sources under a different climate regime than today. Mod-
ern precipitation in the WRZ, and southwestern Africa in particular, is primarily
driven by a combination of westerly wave cold fronts and southerly meridional
flows bringing Atlantic moisture during the winter. Another source of precipita-
tion over southern Africa, ridging South Atlantic anticyclones, has the potential to
contribute moisture from the southwestern Indian Ocean, but is not a major source
of precipitation for southwestern Africa in the present day (Diamond & Har-
ris, 2019; Preston-Whyte & Tyson, 1988). Recent modeling, however, indicates
that increased insolation would create a situation with greater precipitation over
southwestern Africa attributable to ridging anticyclones (Ivanciu et al., 2022). It
is anticipated that this precipitation with an increased contribution of moisture
from the Indian Ocean would fall predominantly in winter (Ivanciu et al., 2022),
although a ridging anticyclone has been implicated in extreme rainfall events in
the Western Cape region during the summer of 1996 (Crimp & Mason, 1999).
Based on analysis of speleothem records, Braun et al. (2019) argue that glacial
precessional maxima (associated with increased solar insolation) causes a north-
ward shift of the westerlies and an increase of Indian Ocean moisture over south-
ern Africa during the Pleistocene. While speleothem records in that study did not
extend into the latest Pleistocene to allow for a direct test during the LGM, the
LGM is associated with precessional maxima at~22 ka and modeling by Engel-
brecht et al. (2019) indicates some increased rainfall over southwestern Africa in
this period. The expanded 8'%0,,,.,; isotope space at Elands Bay Cave may be an
indicator of moisture from the Indian Ocean contributing to winter rainfall over
southwestern Africa. Narrow §'°C, .., space makes increased rainfall seasonal-
ity (i.e., more summer rain) unlikely as this would have resulted in expanded C,
resources on the landscape which are not indicated at Elands Bay Cave. This fol-
lows from the dominance of C; fynbos vegetation in the WRZ (Cowling & Hol-
mes, 1992; Vogel, 1978), with evidence for C; Poaceae grasses and Restionaceae
plant varieties (Cordova, 2013).

In the two earliest time periods, little overlap is found for Boomplaas Cave and
Sibhudu. Boomplaas is generally found to occupy less isotope space than Sibhudu,
likely indicating greater winter rainfall during this period in the YRZ or Boomplaas
Cave perhaps falling within an expanded WRZ (Figs. S5 and S6; Tables S31-S34).
This is in general agreement with charcoal (Deacon, 1983; Deacon et al., 1984) and
micromammal (Faith et al., 2019) analyses from Boomplaas Cave indicating increas-
ing winter rainfall from ~ 60 ka to the LGM. Proxy data from further afield are more
fragmentary for the period of and prior to the LGM, but Chase’s (2010) synthesis
of available data from archaeological sites concludes that MIS 4 (~74-58 ka) was
relatively cool and moist compared to the present with increases in both summer and
winter rainfall. Based on pollen percentages in marine core IODP U1479, the early
MIS 4 period vegetation in southwestern Africa is dominated by forest and thicket
with declining forest elements through later MIS 4 and MIS 3. At the same time,

increased summer rainfall in southeastern Africa could result in lower 830,
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values at Sibhudu (Chase, 2021; Dupont et al., 2022; Engelbrecht et al., 2019). A
shift to smaller isotope space in the~49,900-36,000-ya temporal bin indicates a
continuation and, perhaps, an intensification of cooler and drier conditions across
southern Africa. This interpretation is supported by phytolith evidence for fynbos-
dominated environments in the west (Esteban et al., 2020a) and a paleobotanical
record from Waterfall Bluff in Eastern Cape Province indicating open woodlands
with dry grasslands (Esteban et al., 2020b). Drier conditions are also suggested in
late MIS 3 by charcoal peaks indicating burning at~46—42 ka and~33 ka (Quick
et al., 2016) and the leaf wax record (Strobel et al., 2022) in the Vankervelsvlei wet-
land located in the YRZ. At Boomplaas Cave, micromammals indicate increasing
aridity from~50 to~30 ka (Faith et al., 2019). Charcoal records from Boomplaas
Cave (Deacon, 1983; Deacon et al., 1984) have recently been used to reconstruct
temperature and precipitation for this time period. Temperatures are modeled to have
decreased from~44 to~24 ka, but with a slight increase in precipitation at~35 ka
before a return to drier conditions (Khumalo, 2022). C;-dominated environments
and winter rainfall also characterize the Cango Caves speleothem in this time period
(Talma & Vogel, 1992). The precipitation increase at~35 ka modeled by Khumalo
(2022) is likely related to a short period of warmer and wetter conditions from 39.7
to 36 cal BP in the BP stratigraphic unit, which is also seen in the site-specific stable
isotope (Sealy et al., 2016) and micromammal (Avery, 2004) analyses from Boomp-
laas Cave. Regional analyses, like the current study or that of Faith et al. (2019), are,
unfortunately, not temporally sensitive enough to capture local short-term changes
like those in the BP unit.

YRZ sites, Boomplaas Cave and Nelson Bay Cave, are rarely found to overlap in
isotope space, and Nelson Bay Cave is often estimated to have occupied less isotope
space than Boomplaas Cave (Figs. 2 and 5; Tables 3 and 6). Even during periods of
increased winter rainfall in southern Africa, the habitats around Nelson Bay Cave
would have included more C, renosterveld and Karoo grasses than at Boomplaas
Cave (Cordova, 2013; Rebelo et al., 2006). This is not to say that the environment
around Nelson Bay Cave was dominated by C, grasslands, but that grazers in the
LGM consumed some C, vegetation. This is a similar result to the site-specific iso-
tope study (Sealy et al., 2020), although the isotope space measures indicate some-
what greater, as opposed to a similar amount, C, consumption by grazers at Nelson
Bay Cave than at Boomplaas Cave. One possible explanation for this slight differ-
ence in C, consumption at Nelson Bay Cave may be the availability of C,-dominated
grasslands in the eastern PAP as modeled by Cowling et al. (2020); however, stron-
tium isotope analyses have not provided convincing evidence of seasonal migrations
by grazing fauna (Copeland et al., 2016; Lehmann et al., 2018).

In the ~35,900-25,000-ka temporal bin, Boomplaas Cave and Sehonghong nearly
completely overlap with expansion along the slgoenamel axis and contraction on the
813C,,umer axis (Fig. 3). MIS 3 conditions across southern Africa are complex and
varied (Knight & Fitchett, 2021), but both locations appear to be characterized by
increased winter rainfall and C;-dominated, including C; grass—dominated, envi-
ronments. Micromammals from Boomplaas Cave indicate an LGM with enhanced
winter rainfall (Faith et al., 2019), and environmental modeling of charcoal from
the site identifies the coolest and driest parts of the sequence at~24 ka (Khumalo,
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2022). Charcoal and pollen analysis reveals a plant community characterized by low
diversity and dominated by shrubs of the Elytropappus/Stoebe group, which is pre-
sent today in marginal areas between karoo and fynbos (Deacon & Lancaster, 1988;
Deacon et al., 1984; Scott, 1989). Furthermore, the LGM is characterized by a 813
minimum in the Cango Caves speleothem which has been interpreted as a nearly
complete C; environment (Talma & Vogel, 1992). Further afield at Pinnacle Point,
speleothem records indicate a shift to increasing winter rainfall conditions and a
dominance of C; vegetation (Bar-Matthews et al., 2010; Braun et al., 2019), while
phytolith records from PP5-6 indicate open fynbos conditions with an abundance of
C; grasses (Esteban et al., 2020a) in MIS 3. 8'3C of soil organic matter (SOM) from
the sites of Sehonghong (Loftus et al., 2015), Ha Makotoko, and Ntloana Tsoana
(Roberts et al., 2013) indicates that late Pleistocene vegetation from about ~ 35 ka to
the Holocene boundary was dominated by C; plants in the Lesotho highlands. The
Sehonghong results indicate a major altitudinal decline in C; grasses as the site is
located at~ 1870 m above sea level well below the transition with C, species extend-
ing up to 2700 m on north-facing slopes or to about 2100 m on south-facing slopes
today (Parker et al., 2011). Lower 8'30,,,...; values at Sehonghong than those at the
other Lesotho sites in the post-LGM period may suggest a different source of pre-
cipitation in the ~35,900-25,000-ya bin, perhaps an increase in the WRZ and expan-
sion of the YRZ into Lesotho as modeled by van Zinderen Bakker (1967, 1976) and
Cockcroft et al., (1987; see also Stewart & Mitchell, 2018). This would indicate a
shift away from or a decrease in importance of the current pattern of rainfall over
Lesotho which is primarily a result of the uplift of moist Indian Ocean air in the
summer (Loftus et al., 2015; Tyson & Preston-Whyte, 2000).

Boomplaas Cave isotope space decreases through time from~ 70,000 to ~25,000
ya at which point it quadruples in area by ~ 14,900-11,000 ya, and, at more recent
periods, is often found to be overlapping with Rose Cottage Cave (Tables S31, S33,
and S35-S37). The similarities among these sites may be related to changing rainfall
seasonality through time, particularly in the latest Pleistocene and earliest Holocene.
These patterns in shifting isotope space at Boomplaas Cave capture the increase in
winter rainfall and dominance of C; grasslands earlier in the sequence, and the shift
to more summer rainfall and expanding C, grasses after the LGM and into the Holo-
cene. Contracting isotope space, particularly along the §'%0,,,,.; axis, is interpreted
here as indicating a single source or single season—dominated rainfall (Fig. 4). It is
not suggested here that Boomplaas Cave and Rose Cottage Cave received precipita-
tion from the same source, but, instead, that these sites experienced a greater por-
tion of summer rainfall in the period after ~ 14 ka than earlier in the Pleistocene. At
Boomplaas Cave, this is consistent with an increase in summer rainfall interpreted
from the micromammal assemblage starting~ 16 ka (Faith et al., 2019), evidence
for mountain woodland taxa which prefer moist and warm conditions in the pollen
record at~ 15 ka (Scott, 1989), and the highest modeled rates of precipitation from
the charcoal record between ~ 16 and ~ 11 ka (Khumalo, 2022). Similarly, the Cango
Caves speleothem record has higher 813C values and, to a lesser extent, higher
8'80 values, indicating more C, grasses and increasing summer rainfall at this time
(Talma & Vogel, 1992). On a regional scale, climate modeling has indicated that
Northern Hemisphere glaciation, particularly during the LGM and the subsequent
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period, resulted in wetter conditions throughout southern Africa (Engelbrecht et al.,
2019). Paleoclimatic records from Wonderwerk Cave (Brook et al., 2010) and a pol-
len record from the Wonderkrater spring (Scott et al., 2003) indicate wetter condi-
tions from~23-17 ka. A recent compilation and analysis of large mammal fauna
also suggests that the currently arid interior of southern African may have expe-
rienced more mesic conditions during the LGM and post-LGM periods (Reynard,
2021). Over the same time period, the 8'°C,,, ., axis expands at Boomplaas Cave
and Rose Cottage Cave (Figs. 4, 5, and 6). This may indicate an increasing vari-
ety of available grassy vegetation, as is also suggested in the Cango Caves speleo-
them (Talma & Vogel, 1992). Increased summer rainfall and decreased seasonality
at maximum precession are interpreted to have been conducive to forest and thicket
vegetation growth which would have supported a heterogeneous grass community
(Dupont et al., 2022) and may help explain the presence of woody taxa in the Boom-
plaas Cave pollen record (Scott, 1989).

Similar to Elands Bay Cave, Nelson Bay Cave isotope space is rarely found to
be overlapped, and when it is, primarily indicated at the 75% and 95% contour lev-
els, it is, unexpectedly, by the Zambian sites of Kalemba and Makwe rockshelters
(Tables 3, 5, and 7). The difference between Boomplaas Cave and Nelson Bay Cave
has previously been identified by Sealy and colleagues (2020), but the stark isotope
space differences add additional support for environmental heterogeneity within the
YRZ. Similarities in isotope space between Nelson Bay Cave and the Zambian sites,
particularly Makwe Rockshelter, are largely driven by Nelson Bay Cave’s small
isotope space area being nearly completely overlapped by the much larger isotope
spaces of Kalemba and Makwe. This may suggest similarities in terms of the pres-
ence of C, grasses at these sites in the latest Pleistocene and earliest Holocene, but
the much larger isotope space along the §'°C,,, .., axis at the Zambian sites indicates
a dominance of C, vegetation (Table S40) that is not supported by the record at
Nelson Bay Cave. The small isotope space occupied by Nelson Bay Cave suggests
low diversity in the environment at this time period. In conjunction with sea level
changes, renosterveld floral communities may have moved further east beyond mod-
ern-day Port Elizabeth, although the dynamics of these paleolandscapes continue
to be investigated (Cleghorn et al., 2020; Marean et al., 2020; Ward et al., 2022).
Therefore, the very constricted isotope space occupied by Nelson Bay Cave in
the ~ 10,900-5000-ya temporal bin (Fig. 6) may be a result of sea level rise and the
disappearance of the PAP (Jerardino, 2022; Jerardino et al., 2018), but more work
is needed to characterize the specifics of this habitat and its relationship to shifting
coastlines and sea levels in the latest Pleistocene and earliest Holocene. In the Zam-
bezi Basin, there is evidence for greater rainfall during the LGM and the terminal
Pleistocene-Holocene transition associated with the Younger Dryas (Dupont & Kuh-
Imann, 2017; Wang et al., 2013), perhaps as a result of the southward movement of
the Central African rain belt due to increased glaciation in the Northern Hemisphere
at this time (Chase, 2021). As a result, the similar isotope space signatures from
these two regions may only be indicating superficial similarities as opposed to some
sort of regionally driven environmental regime.

Interior sites are found to overlap in various combinations throughout the time-
frame of this study. In the ~24,900-15,000-ya temporal bin, Kalemba Rockshelter
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and Rose Cottage Cave do not overlap at all, likely indicating different environmen-
tal conditions at these sites (Fig. 4; Table 5). As previously mentioned, climatic con-
ditions further north in the Zambezi Basin have an opposing response to widespread
drier conditions in southern Africa with wetter conditions indicated throughout this
period (Chase, 2021). Interior sites are not represented by the isotope space metrics
in the ~ 14,900-11,000-ya period due to small samples of grazers, but Wonderwerk
Cave and Equus Cave have the highest §'°C,,, . values of this time period, signifi-
cantly higher than those from most other sites (Tables S18-S20).

With the return of the African rain belt northward, 8'°C, ., values at Kalemba
Rockshelter are lower and 8'%0,,,,.; values are higher in the~10,900-5000-ya
bin (Fig. 6; Table S21). This coincides with evidence for greater C; resource con-
sumption by grazers, specifically equids, at Equus Cave and Kalemba Rockshelter
at~10,000 ya (Lee-Thorp & Beaumont, 1995; Robinson, 2017) and broader C;
grasslands in southern Africa at the time (Breman et al., 2019). Some widespread
similarity of interior sites is indicated in the~10,900-5000-ya temporal bin with
overlap of isotope space measured between Rose Cottage Cave and Wonderwerk
Cave and between Wonderwerk Cave and Makwe Rockshelter (Table 7). Rose
Cottage Cave occupies a very small amount of isotope space in the ~4900-500-ya
period with some overlap by Wonderwerk Cave, but not Makwe Rockshelter. Won-
derwerk Cave and Makwe Rockshelter, which overlap each other in isotope space,
both indicate a constricted isotope space in this final temporal bin compared with
the previous one at~10,900-5000 ya (Fig. 7; Tables S38 and S39). §'°C,,, . values
from Ha Makotoko, Ntloana Tsoana, and Tloutle, despite small sample sizes and
likely non-representative samples, are always lower than those from Rose Cottage
Cave, likely reflecting their higher elevation at~ 1870 m versus~ 1600 m for Rose
Cottage and, as such, a greater portion of C; grasses (Tables S21-S26). The isotope
space and overlap patterns of these two temporal bins reflect the complex nature of
Holocene climate patterns. Overall higher 8'%0,, .., values in this time period may
be related to mid-Holocene aridity with a particularly strong effect at higher altitude
sites like Rose Cottage Cave. Long-term research in the southwestern Cape near
Elands Bay Cave has identified two major hot and arid events: the mid-Holocene
antithermal (~8200-4200 ya) and the Medieval warm epoch (~ 1300-650 ya; Jerar-
dino et al., 2018; Jerardino, 2022; Herbert & Fitchett, 2022). These phases are inter-
spersed by cooler and wetter periods at~4200 ya and from ~2500 to 1800 ya (Jerar-
dino, 1995; Jerardino et al., 2018). Pollen records from the Limpopo Basin (Dupont
et al., 2011), the continental interior (Chase et al., 2015a), and the Cederberg Moun-
tains of the southwestern Cape (Chase et al., 2015b) provide evidence for more
humid conditions during the terminal Pleistocene and early Holocene which can be
attributed to summer rainfall increases prior to~8000 ya. Records from interior sites
like Florisbad (Scott & Nyakale, 2002), Wonderwerk (Brook et al., 2010), and Cold
Air Cave (Holmgren et al., 2003) indicate increasingly arid conditions through the
mid-Holocene with only brief intervals of higher moisture availability. This may be
reflected in the pattern along the 8'%0,, ., axis where Rose Cottage Cave, Wonder-
werk Cave, and Makwe Rockshelter all have narrow, but mostly non-overlapping
values (Fig. 6). Such a result may be explained by shifts in rainfall seasonality, but
as a result of different climate patterns in the interior versus the Lesotho highlands.
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In Zambia, the retreat of Northern Hemisphere glaciers would have contributed to
these more arid conditions in the Holocene as the Central African rain belt returned
northwards (Chase, 2021). The shifting nature of the ITCZ and the Central African
rain belt may also explain changes in rainfall at Wonderwerk Cave. At Wonderwerk
Cave, the isotope space measures actually reveal expansion along the 830,
axis (Figs. 6 and 7). This may indicate temporal mixing related to periods of more
or less aridity and the starting isotopic composition of source precipitation shift-
ing from the latest Pleistocene into the Holocene. Engelbrecht et al. (2019) iden-
tify an increase in summer rainfall over the central interior region of South Africa
during glacial periods and tentatively attribute it to the southward displacement of
tropical-temperate trough formation. The northward return of these rain belts in the
Holocene would have reduced overall precipitation in the central interior, becoming
most evident in the middle and late Holocene. Rainfall for the central interior would
return to being dominated by advection of Agulhas water, and the wide range of
880 ame Values at Wonderwerk Cave may be partially explained by the loss of '°0
during inland transport of source moisture. Higher 8'%0,,, ... values at Rose Cottage
Cave are likely the result of a different climatic change, such as a decrease in winter
rainfall. Source precipitation at Rose Cottage Cave during this time may be from
minor northward latitudinal shifts in frontal systems as climate regimes began to
settle into present-day patterns (Jerardino, 1995). Down-scaled climate models indi-
cate less winter precipitation in Lesotho under current climate regimes than during
periods of glacial ice cover (Engelbrecht et al., 2019). Combined with evidence that
winter rainfall tends to have lower 8'30 values (Diamond & Harris, 2019; Harris
et al., 2010), this could explain the constricting isotope space at Rose Cottage Cave
in the Holocene. Furthermore, this may indicate that Rose Cottage Cave was occu-
pied during warmer and drier periods in the Holocene, and not at times when cooler
and wetter conditions are thought to have led to Neoglacial altitudinal expansions of
C; grasses in the region. For instance, phytolith analysis from Likoaeng at~ 1725 m
in the Senqu Valley of Lesotho indicates an expansion of C; grasses from ~2900 to
2100 cal BP (Parker et al., 2011) in accordance with models developed by Jerardino
(1993, 1995), but there are few archaeological remains from this period at Rose Cot-
tage Cave (Loftus et al., 2019; Wadley, 1991, 1996, 1997, 2000, 2001).

“On the ground” analyses of environments through isotope space measures
appear to capture many of the major late Pleistocene and Holocene climatic trends
based on off-shore records, speleothem datasets, and regional models (Carr et al.,
2016; Chase, 2021; Cleghorn et al., 2020; Dupont et al., 2022; Stratford et al.,
2021), but also reveal sub-regional differences that may have been crucial drivers
of human interactions and in the development of human behaviors and technolo-
gies. While there appears to be some differentiation based on environmental zone,
there are many examples of sites within an environmental zone not having overlap-
ping isotope space and, instead, overlapping with sites in other environmental zones.
As a result, the first hypothesis that sites within an environmental zone would have
largely similar and overlapping isotope space must be rejected, with the implication
being that there is greater intra-regional environmental heterogeneity than expected.
That said, the isotope space approach does reveal that there are some regional trends
and not that every site is characterized by its own specific environmental context.
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There is much more support for the second hypothesis that patterns of contracting
and expanding isotope space are an indicator of seasonality and, perhaps, source
of rainfall. Contraction along the §'30,,,.; axis paired with expansion along the
813C,,..mes aXis resulting in an overall expansion of isotope space appears to indicate
a shift to single-season, usually summer-dominated, rainfall. Under these conditions,
a wider variety of grassy vegetation may be available (Cowling & Holmes, 1992;
Vogel, 1978), suggesting an environmental change. While contraction and expan-
sion of isotope space may indicate other events, such as rising sea levels and the loss
of the PAP at Nelson Bay Cave over time, I tentatively accept the second hypothesis
that isotope space measures are a useful tool for characterizing rainfall seasonal-
ity with the recognition that more work, including establishing modern analogs and
baselines, is required before full acceptance.

Future Directions

Faunal stable isotope analyses are only one part of the picture when trying to recon-
struct the environmental conditions experienced by human populations and the cir-
cumstances of those conditions at different spatial scales from the broader region
down to the local site. For instance, the current study finds greater differences in
local conditions among southern African sites than does a compilation of large
mammal remains from many of these same sites (Reynard, 2021). Further develop-
ment of multi-site databases of environmental proxies is likely to reveal additional
aspects of local paleoenvironments and clarify some of the oversimplifications
resulting from stable isotope data. For example, while we can assume that changes
in grazer §"°C,, e Values reflect different proportions of C; and C, grasses in the
diet, proxies like mesowear scores (Sealy et al., 2020) can provide insight to the
types of C; and C, vegetation consumed but are currently only widely available for
a few sites. Including analyses like mesowear or microwear could allow individual
specimens to be identified as grazers or browsers, avoiding the use of taxonomic
uniformitarianism in establishing dietary categories which may obscure crucial
paleoenvironmental patterns. Pollen, phytolith, and charcoal records also exist for
many southern African archaeological sites (Bamford, 2021; Stratford et al., 2021)
and await a thorough multi-site analysis.

Considerable potential exists for expanding local faunal stable isotope datasets
as well. Despite the current study demonstrating the rich and nuanced environmen-
tal details that can be distilled from~ 1200 stable isotope samples across 13 study
sites, this represents only ~5% of the known cave and rockshelter sites in south-
ern Africa (Stratford et al., 2021), and none of the open-air sites of the interior
(Wilkins, 2021). Returning to the already collected and curated collections for
many of these sites offers the promise of filling in gaps in our current understand-
ing of site-level environments and how regional climatic patterns are manifested
locally. It is also important to reinvestigate some of the sites included in this study,
in particular, those in Lesotho. Stewart & Mitchell (2018) have produced a thor-
ough paleoecological framework for the Maloti-Drakensberg region, but because of
the sparse samples from sites like Ha Makotoko, Ntloana Tsoana, and Tloutle, and
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the temporally restricted collection from Sehonghong, it is not possible to conduct
a meaningful comparison. Expanding these datasets to include additional species
and time periods will allow for finer analysis of the habitats and environments in
this region and stronger reconstructions to compare with other sites in southern
Africa.

More thought and work are also needed to understand the process and purpose
of adjusting 8'°C, .., values for changes in atmospheric 8'*C values of individual
samples or specific temporal periods. As Sealy et al. (2020) demonstrate, not adjust-
ing values, or simply adjusting all samples by a single standard factor to compare
with modern fauna, misses crucial differences in C; and C, consumption within and
across archaeological sites during the late Pleistocene and Holocene. In the cur-
rent study, the statistical comparisons of 8'°C,,,. ., values within and among sites
almost all have the same results whether unadjusted or adjusted values are used (see
Supplementary Discussion in Online Resource 2); so, is adjusting 8'*C,, ., val-
ues always necessary? Consensus is also needed in terms of which values to use
for endmembers, what date to use as “modern” or “current,” and how to deal with
differences among sites in chronological quality and resolution. These factors may
partially explain why some sites are found to have statistically significantly different
adjusted 8'°C,, ., values compared with unadjusted values, while other sites, even
in the same temporal bin, do not, although physiological and climatological aspects
may also be at play.

Finally, more comprehensive modern enamel stable isotope datasets with paired
environmental information, similar to research by Luyt et al. (2019) in the WRZ, are
required to develop models and baselines for comparing and interpreting the pat-
terns we see in the archaeological record when conducting isotope space and overlap
analyses. While the current approach appears to help identify changes in rainfall sea-
sonality, establishing whether the relationship between contracting and expanding
isotope space on different axes holds up across modern ecosystems would increase
the confidence that it reflects real changes in precipitation of the past. Relatedly,
we need to establish critical isotope space thresholds for determining shifts in rain-
fall seasonality. A further consideration would be to address the efficacy of com-
bining enamel stable isotope data generated by different laboratories (e.g., Pestle
et al., 2014) for meta-analyses such as the one conducted here. Are there correction
factors, minimum meaningful differences, or other issues we need to consider and
control for in our regional compilations? Careful consideration of each of these fac-
tors will ultimately allow for better analyses that result in more accurate and refined
paleoenvironmental reconstructions.

Conclusion

As researchers increasingly turn towards modeling approaches in attempts to
reconstruct late Pleistocene and Holocene exchange and social networks, the thor-
ough integration and multi-site analysis of local paleoecological datasets will be
critical assets in model refinement and functionality. In southern Africa, faunal
enamel stable isotope analysis has only been conducted at a small percentage of
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sites, but it is an important source of site-level, on-the-ground, environmental
and habitat conditions. While these sites have been investigated individually, or
as a small group in the case of some sites from Lesotho, compiling a multi-site
database and treating each site in the same way with radiocarbon calibration have
allowed for explicit hypothesis testing of the local manifestations of regional cli-
matic conditions through the relatively new approach of isotope space measures.
Isotope space and overlap analyses indicate greater intra-regional environmental
heterogeneity than expected, but also reveal a potentially useful pattern of con-
tracting and expanding isotope space that can be used to indicate seasonality of
rainfall. It is clear that our ancestors experienced varied ecological conditions
in southern Africa during the late Pleistocene and Holocene that likely affected
their technology, material culture, and social systems. While stable isotope data
identifies more nuanced on the ground environmental circumstances in southern
Africa than analysis of the large fauna alone (Reynard, 2021), even further knowl-
edge may be derived from synthesizing and integrating other lines of site-level
paleoecological data. Incorporating local habitat conditions into models of human
movement and interaction on a site-by-site basis holds the potential to reveal
deeper insights to the development of MSA and LSA behaviors and demographic
patterns.
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