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ARTICLE INFO ABSTRACT

Handling Editor: Dr P Rioual Fire is a natural phenomenon along South Africa’s southern Cape coast, but identifying its climatic drivers has
been a subject of considerable debate. This study investigates the hydroclimatic and fire dynamics from a 9.6 m

Keywords: sediment core from Vankervelsvlei covering the past 7.2 ka. The fen is located near the southern Cape coast

Pa}eoﬁlre within the year-round rainfall zone of South Africa. A reconstruction of hydroclimatic variability through time

Paleoclimate

applies oxygen isotopes from hemicellulose-derived sugars and hydrogen isotopes from leaf wax-derived n-al-
. . kanes. Coupling both isotopes enables a reconstruction of the atmospheric source and seasonality of precipitation
Polycyclic aromatic hydrocarbons A i ) o N o R
Stable isotopes as well as estimating local relative humidity. Past trends in fire activity are inferred from macro-charcoal and
Precipitation polycyclic aromatic hydrocarbon (PAH) analyses, the latter serving as fire biomarkers.
Relative humidity Results indicate high fire activity at Vankervelsvlei accompanied by generally moist conditions and a year-
round rainfall regime linked to both Westerly-derived winter precipitation and Easterly- and locally-derived
summer precipitation from 7.27%2/_y 5 to 4.5%3/_g 3 cal ka BP. From 4.5"%3/_y 5 to 1.57%4/_; , cal ka BP, a
shift to a Westerly-derived winter rainfall regime is identified. This variation features alongside reduced fire
activity and persistent drought conditions as Easterly- and locally-derived summer precipitation decreased. From
1.5*0'4/_0.2 cal ka BP until present day, macro-charcoal and PAH accumulation rates show high fire activity.
Paleoclimate evidence from the last two millennia suggests a variable climate with an overall increase in total
moisture availability as contributions from both Westerly-derived winter precipitation and Easterly- and locally-
derived summer precipitation support the year-round rainfall regime present today.

Results from Vankervelsvlei support previous evidence from regional paleo-reconstructions, refining our un-
derstanding of the interplay between hydroclimatic variability and fire activity along South Africa’s southern
Cape coast. Our study discusses the role of large-scale climate modes, specifically the intensity of El Nino, as a
potential driver of short-term hydroclimatic variability, which in turn drives fuel availability and fire activity at
Vankervelsvlei during the Holocene.
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1. Introduction

Wildfires are a common natural phenomenon in many regions of
South Africa promoting biodiversity and ecosystem productivity
(Archibald et al., 2009; Bond et al., 2003; Finch et al., 2022; Kraaij and
van Wilgen, 2014). Today, southern Africa’s climate is driven by the
interaction between oceanic circulation systems, including the cold
Benguela Current on the west coast and warm Agulhas Current along the
east and south coasts, and atmospheric circulation, leading to the
presence of three major rainfall seasonality zones (Fig. 1B) (Haberzettl
et al.,, 2014; Tyson and Preston-Whyte, 2000; van Zinderen Bakker,
1976). The eastern and central parts of the country experience the ma-
jority of their rainfall during austral summer (summer rainfall zone,
SRZ). Summer precipitation originates from tropical moisture bearing
atmospheric circulation systems (i.e. Easterlies) with the Indian Ocean
as the moisture source (Geppert et al., 2022; Tyson and Preston-Whyte,
2000). The country’s west coast receives most of its precipitation during
the austral winter (winter rainfall zone, WRZ). Winter precipitation is
supplied by temperate westerly winds (i.e. Westerlies) with the Atlantic
Ocean as the source of moisture (Geppert et al., 2022). An intermediate
area between the SRZ and WRZ receives rainfall from both systems
throughout the year and is identified as the year-round rainfall zone
(YRZ) (Fig. 1 B) (Engelbrecht et al., 2015; Scott and Lee-Thorp, 2004),
which includes the relatively humid southern Cape coast, where this
study is located (Fig. 1B).

Numerous studies investigated Mid and Late Holocene paleoclimatic
dynamics in the YRZ using methods from disciplines such as palynology
and paleontology as well as organic, inorganic, and stable isotope
geochemistry (du Plessis et al., 2021a; du Plessis et al., 2021b; Kirsten
et al., 2018; Quick et al., 2015; Quick et al., 2018; Strobel et al., 2021;
Strobel et al., 2022b; Wiindsch et al., 2018). Considering chronological
uncertainties, results indicate moist conditions from 7.5 to 5.0 cal ka BP,
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rather dry conditions from 5.0 to 3.0 cal ka BP followed by increasing
moisture from 3.0 cal ka BP until the present day along the southern
Cape coast. However, those studies often lack precise chronological
control, are discontinuous or confined to specific periods, and/or have
low temporal resolution.

Paleofire records from each rainfall zone highlight the presence of
two different fire regimes in South Africa, i.e. a western and an eastern
fire stack (Davies et al., 2022). The frequency of fires in the WRZ and
YRZ (western fire stack) appears to be in antiphase to the SRZ (eastern
fire stack) for much of the Holocene. Particularly, the western fire stack
shows high fire activity from 7.2 to 4.5 cal ka BP, cal ka low fire activity
from 4.5 to 2.0 cal ka BP, and an increasing trend since 2.0 cal ka BP.
Conversely, the eastern fire stack indicates low fire activity from 7.5 to
4.5 cal ka BP and from 3.0 to 2.0 cal ka BP, high fire activity from 4.5 to
3.0 ka but also reveals an increasing trend from 2.0 cal ka BP to present
(Davies et al., 2022). This pattern is linked to changes in temperature,
precipitation, and relative humidity which influences the type, amount,
and arrangement of vegetation-fuel characteristics in each region
(Duane et al., 2021; Kraaij and van Wilgen, 2014; Power et al., 2008).
However, both regional fire histories show an increasing presence of
human-caused fires during the past two millennia (Davies et al., 2022).

Understanding the role of fire and hydroclimate variability in the
YRZ in relation to the region’s biodiversity is critically important,
especially considering the growing evidence of regional climate sensi-
tivity (Kraaij and van Wilgen, 2014; Strobel et al., 2022b; van Zinderen
Bakker, 1978). For example, in the Fynbos biome, which covers large
areas in the region, fires are a natural phenomenon and the biome’s
presence depends on frequent wildfire activity (Kraaij et al., 2018; Kraaij
and van Wilgen, 2014; Ziervogel et al., 2014). However, as a result of
rising temperatures and higher drought frequency linked to climate
change, the number of large and destructive wildfires has increased.
This trend became apparent in 2017 as fires burned 15,000 ha near the
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Fig. 1. A) Simplified map of Africa. The red box is magnified in B. B) Location of Vankervelsvlei (red dot, labeled VVV) and the three major rainfall zones of South
Africa, i.e. winter-rainfall zone (WRZ), year-round rainfall zone (YRZ) and summer rainfall zone (SRZ) after Chase and Meadows (2007) derived from Worldclim 2
dataset (Fick and Hijmans, 2017). Additionally, the circumpolar Westerlies, the tropical Easterlies, the Agulhas Current, the Benguela Current, and the Aridity Index
(brown to green color, Zomer et al., 2022) are depicted. C) Topographic map (ESRI Inc., 2020) including catchment and rim of Vankervelsvlei as well as the coring
position. D) Climate diagram illustrating the seasonal variability of precipitation and temperature (1981-2020; Station: George Airport; DWD Climate Data Center,
2020) as well as the variability of 62Hp and 6180P (Bowen, 2022; Bowen et al., 2005) at Vankervelsvlei. The figure was modified after Strobel et al. (2022b).
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urban centers of Knysna, Sedgefield, and Plettenberg Bay (Frost et al.,
2018; Kraaij et al., 2018) (Fig. 2). Large destructive fires are predicted to
increase in the region due to future climate change (Duane et al., 2021;
IPCC, 2021; Wilson et al., 2010; Ziervogel et al., 2014), but there is a
lack of understanding of past fire dynamics and their environmental
drivers along the southern Cape coast. To some degree, this is attributed
to the limited number of paleofire records in the area and previous fire
history records that offer a low temporal resolution, discontinuous or
poor chronologies of fire and often target specific periods in the past (e.
g. du Plessis et al., 2020; du Plessis et al., 2021a; Quick et al., 2015;
Quick et al., 2016). Additionally, a comprehensive understanding of the
complex atmospheric forcing over South Africa and the southern Cape
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coast is still evolving (e.g. Sjostrom et al., 2023; Strobel et al., 2022b;
Wiindsch et al., 2018). Current paleofire reconstructions along South
Africa’s southern Cape coast are primarily sedimentary charcoal-based
fire histories, with few studies exploring site-specific linkages between
fire activity and climate dynamics during the Holocene (e.g. du Plessis
et al., 2020; du Plessis et al., 2021b; MacPherson et al., 2019; Quick
et al., 2015; Quick et al., 2018; Quick et al., 2016). Therefore,
multi-dimensional studies are essential to gain a more comprehensive
understanding of past fire dynamics and its climatic controls along the
southern Cape.

Besides well-established and widely used macro-charcoal analyses
(Conedera et al., 2009; Finch et al., 2022; Norstrom et al., 2014),
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Fig. 2. Modern fire seasonality on the southern Cape coast for the period from 2003 to 2016, with A) showing the area burnt in the summer period (from October to
March), and B) in the winter period (from April to September). The area burnt is classified into fire events (from one to a maximum of six) for the respective seasons,
based on the Global Fire Atlas algorithm and estimations of the day of burn information at 500 x 500 m resolution (0.25 km?) from the Moderate Resolution Imaging
Spectroradiometer (MODIS) Collection 6 MCD64A1 burned area product (Andela et al., 2019). Further depicted are the major biomes on the southern Cape coast
after Mucina and Rutherford (2006), showing increased fire activity in the Fynbos biome. In addition, the location of Vankervelsvlei (red dot, labeled VVV) and
paleoenvironmental records covering the Holocene are indicated: 1) Rietvlei-Still Bay (Quick et al., 2015), 2) Voélvlei (Strobel et al., 2021), 3) Eilandvlei (du Plessis
et al., 2021a; Kirsten et al., 2018; Quick et al., 2018; Wiindsch et al., 2018), 4) Bo Langvlei (du Plessis et al., 2020), 5) Groenvlei (Martin, 1968; Wiindsch et al.,

2016). Oceanic map was used from ESRI Inc. (2022).
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molecular biomarkers such as polycyclic aromatic hydrocarbons (PAH)
have been established as tools for reconstructing past fire dynamics
(Denis et al., 2012; Karp et al., 2020; Sjostrom et al., 2023; Vachula
et al., 2022). PAHs are characterized by multiple aromatic rings origi-
nating from incomplete combustion of organic matter, which can stay
well-preserved in soils and sediments (e.g. Argiriadis et al., 2018; Call-
egaro et al., 2018; Conedera et al.,, 2009; Karp et al., 2021). The
chemical structure of fire-derived PAH compounds allows inferring, for
example, PAH source, burn phase or burn temperature (Denis et al.,
2012; Karp et al., 2020; McGrath et al., 2003). Although the number of
studies using PAHs is limited compared to macro-charcoal applications,
the few existing studies have shown the potential of PAHs for recon-
structing past fire dynamics in different regions of the world (e.g. Ban-
dowe et al., 2014; Battistel et al., 2016; Callegaro et al., 2018; Vachula
et al., 2022).

On the other hand, paleofire dynamics are highly linked to global
and regional climatic conditions (e.g. Kraaij et al., 2022; Power et al.,
2008; Sjostrom et al., 2023) and stable isotope analyses have shown
enormous potential for providing paleoclimatic reconstructions. Current
and previous isotope research has identified significant contributions
toward understanding paleohydrological changes in South Africa (e.g.
Miller et al., 2019; Strobel et al., 2021; Strobel et al., 2022b; Strobel
et al., 2020). Coupling hydrogen isotopes from leaf wax-derived n-al-
kanes (52Hn-alkane) and oxygen isotopes from hemicellulose-derived
sugars (slsosugar) in a so-called coupled isotope approach (paleohygr-
ometer) assists in disentangling changes in the amount and seasonality
of precipitation related to the atmospheric source of precipitation and
local relative humidity (Hepp et al., 2021; Lemma et al., 2021; Strobel
et al., 2020, 2022b). This approach has already been regionally cali-
brated in South Africa (Strobel et al., 2020) and successfully applied to
sediments from Vankervelsvlei, with the current study significantly
expanding the temporal resolution of previous work (Strobel et al.,
2022b).

In this study, a combined approach of well-established macro-char-
coal and innovative PAH analyses is applied to robustly reconstruct the
Holocene fire history at Vankervelsvlei located on South Africa’s
southern Cape coast. Additional slsosugar analyses were carried out to
complement the available 8°Hp.alkane and 618051,,;2lr records by Strobel
et al. (2022b) in order to gain a comprehensive picture of the past
environmental and in particular hydrological conditions in this area at
high temporal resolution. Using a multi-proxy approach, this study aims
at i) evaluating the potentials and limitations of macro-charcoal and
PAH analyses for paleofire reconstruction at Vankervelsvlei; ii) assessing
past changes in the local and regional fire dynamics, i.e. occurrence,
frequency, and fuel condition; and iii) identifying potential climatic
drivers of past fire dynamics for the past 7.2 ka at a multi-decadal res-
olution. Considered together with existing paleofire records from the
southern Cape coast, this research contributes to a more comprehensive
understanding of paleoenvironmental changes and respective ecosystem
responses throughout the Holocene.

2. Material and methods
2.1. Study site

Vankervelsvlei is a peatland situated at an elevation of 152 m a.s.l.
on the southern Cape coast of South Africa located about 400 km east of
Cape Town, 40 km east of George, and 5 km inland of the present coast
(Fig. 1B). Vankervelsvlei is an irregular shaped endorheic depression
enclosed by cemented coastal dunes of Late Quaternary age (250-205
ka; Bateman et al., 2011; Illenberger, 1996), that separate the peatland
from the present coast. Soils in the region are typically acidic, leached,
shallow, and nutrient deficient (e.g. Alisols and Luvisols) (Geldenhuys,
1988; Irving and Meadows, 1997). The peatland itself comprises an area
of 0.34 km?, with a maximal length of 800 m and a maximal width of
460 m. Vankervelsvlei receives most of its water from direct
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precipitation and water quickly penetrates through the sand dunes
(Mandiola et al., 2021). The catchment has an area of 4.1 km? (Fig. 1C)
(Database: SRTM 1 arc-second; NASA, 2013; Strobel et al., 2022b).

Mean annual precipitation at George Airport is 690 mmeyr ~* but has
become highly variable during recent years, without significant sea-
sonality (ranging from 375 to 1220 mmeyr !; 1981-2020) (DWD
Climate Data Center, 2020). The stable hydrogen and oxygen isotopic
composition of precipitation (SZHP, 61801,) reflects the contribution of
different precipitation systems (Braun et al., 2017; Geppert et al., 2022;
Harris et al., 2010). During winter, precipitation originates from the
Atlantic Ocean (Westerlies) and is °H- and 18O-depleted. Conversely,
during summer, precipitation originates from the Indian Ocean (East-
erlies) and is 2H- and '®0-enriched. Moreover, ridging anticyclones
produce onshore flow that leads to orographic 2H- and *®0-enriched
rainfall from local sources occurring year-round (Bowen, 2022; Braun
et al.,, 2017; Engelbrecht and Landman, 2016; Geppert et al., 2022;
Harris et al., 2010; Weldon and Reason, 2014).

Temperatures in the area are generally uniform with an annual mean
of 16.5 °C and a mean monthly maximum in February (20.1 °C) and a
minimum in July (12.9 °C) (1981-2020) (DWD Climate Data Center,
2020). South-westerly winds predominate and are coupled with moun-
tain wind conditions, especially in the autumn and winter months,
which can periodically result in anomalously high temperatures in the
coastal regions of the YRZ (Illenberger, 1996; Quick et al., 2016). As a
result of the prevailing environmental conditions, the natural vegetation
is a mosaic of floristic species of the Fynbos biome (Medi-
terranean-climate shrublands), the Albany Thicket biome (dense
shrublands including succulent plants), and the Afrotemperate Forest
biome (tall trees and a sparse understorey) (Irving, 1998; Kraaij et al.,
2018; Mucina and Rutherford, 2006) (Fig. 2). Presently, large areas are
also used as commercial pine (Pinus) plantations within which the
Vankervelsvlei catchment lies. The vegetation growing on the fen pre-
dominantly consists of Cyperaceae with some ferns (Pteridophytes) and
mosses (Bryophytes) (Quick et al., 2016).

The mean fire return interval in the area has averaged 8-15 years in
recent decades and the aseasonal fire regime is consistent with low
seasonality of climate controls in terms of precipitation and lightning
(Kraaij et al., 2013b; Kraaij and van Wilgen, 2014). Lightning is the
primary natural cause of wildfires on the southern Cape occurring
throughout the year at an average density of 0.4 km~2eyr~! with slightly
lower activity in the winter months (Archibald et al., 2009; Kraaij et al.,
2013a; Kraaij and van Wilgen, 2014). Although fires occur throughout
the year, and fire danger conditions are generally low to moderate
(Kraaij et al., 2013a, 2013b), fire-prone conditions are more elevated
from May to August, associated with the mountain wind season (Gel-
denhuys, 1994; Kraaij et al., 2013a). Hot and dry mountain winds,
particularly occurring in the autumn and winter months, cause anom-
alously elevated temperatures related to an increased fire potential in
terms of frequency, severity, and size of fires along the southern Cape
coast (Kraaij et al., 2013a). In general, a prolonged annual drought
period, combined with a relatively rapid build-up of fuel, favors frequent
vegetation fires at lower elevations across the southern Cape (Archibald
et al., 2009; Kraaij and van Wilgen, 2014). Consequently, apart from
weather conditions and the presence of ignition sources (i.e. lightning),
the propensity to burn is influenced by the amount, type, and arrange-
ment of available fuel (Archibald et al., 2009; Kraaij and van Wilgen,
2014). In the Fynbos biome, fires are a natural disturbance agent and are
necessary to maintain the ecological status (Kraaij and van Wilgen,
2014; Quick et al., 2016; Ziervogel et al., 2014) (Fig. 2). Although small
fires are common, Fynbos fire regimes are predominantly characterized
by less frequent large wildfires (Kraaij and van Wilgen, 2014). The
Albany Thicket biome and the Afrotemperate forest, however, generally
tend to be fire adverse and are restricted to fire-protected sites such as
sheltered ravines, stream banks, or berg wind shadows (Geldenhuys,
1994; Kraaij and van Wilgen, 2014; van Wilgen et al., 1990). Never-
theless, they can burn under extreme weather conditions (Kraaij et al.,
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2018).

At present, however, remote sensing data show a different fire
behavior for the southern Cape coast with higher fire occurrence in
spring and summer compared to autumn and winter for the period from
2003 to 2016 (Fig. 2). This could be driven by anthropogenic activities,
e.g. both starting and preventing fires, as well as the transformation of
the natural vegetation to fire-prone pine plantations rather than natural
patterns of fire (Kraaij and van Wilgen, 2014). In addition, the effects of
climate change, with an increase in fire-favorable weather and droughts
in recent years (Kraaij et al., 2013a; Ziervogel et al., 2014), may have
already led to changes in the existing fire regimes.

2.2. Vankervelsvlei sediment record

The composite sediment record compilation, chronology, and li-
thology of the investigated sequence from Vankervelsvlei was described
in detail by Strobel et al. (2022b). Three parallel piston cores (UWITEC,
Mondsee, Austria), as well as one push core for the uppermost sedi-
ments, were retrieved from Vankervelsvlei (34.013° S; 22.904° E) in
2016 (Fig. 1). For this study, we focus on the upper 9.62 m with a
modeled basal age of 7230“60/_210 cal BP (Strobel et al., 2022b) which
is based on radiocarbon ages of seven organic macro particles and two
bulk organic carbon samples (Fig. 3) (du Plessis et al., 2021b; Strobel
et al., 2019).

From 9.62 to 0.8 m composite depth (with a gap from 3.9 to 2 m due
to core loss), the sediments consist of peat material of dark brown,
reddish to black color, and several macro remains are present in the
lower parts (Strobel et al., 2019, 2022b). The uppermost sediments from
0.8 to 0 m composite depth comprise well-preserved organic matter of
yellowish to reddish color with the presence of roots and macro remains.
For previous organic, inorganic, and stable isotope geochemical ana-
lyses (Strobel et al., 2019, 2022b) the composite record was subsampled
and freeze-dried in 8 cm intervals. Those samples have now been used
for PAH and 61805%;ir analyses. Subsamples for macro-charcoal analysis
originate from slightly different depths but were sampled as close as
possible to the aforementioned samples (i.e. 1-2 cm above or below).

2.3. Macro-charcoal analyses

For macro-charcoal analyses, 1 cm sediment slices of 60 samples
were freeze-dried (—50 °C, <72 h). An aliquot of the samples was soaked
in 5% sodium hexametaphosphate for 24-72 h at the University of Utah
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(e.g. Long et al., 1998). Sample masses were adjusted based on charcoal
content and ranged from 0.03 to 0.88 g dry sediment. The residues were
wet-sieved using tap water through nested 250 pm and 125 pm screens
to isolate macroscopic charcoal particle size fractions before samples
were rinsed into gridded Petri dishes (Conedera et al., 2009). The
charcoal in each dish was counted under a stereomicroscope at 20X
magnification for 250 ym samples and 36X magnification for 125 pm
samples. Charcoal fragments were identified by their color, morphology,
and texture. Unfortunately, we are not able to report fluxes for our
charcoal data, because we only measured the weight but not the volume
of the samples. However, we normalized our charcoal fragments to the
sample weight and the time span encompassed in the 1 cm sediment
slice used for analyses. Sedimentation rates are derived from the
Bayesian age-depth model by Strobel et al. (2022b). Charcoal data are
therefore shown as accumulation rates (#particleseg " leyr 1) in order to
overcome potential biases due to variation is sediment properties (e.g.,
variations in density or sediment accumulation rate) (e.g. Vachula et al.,
2018). We note that the charcoal record refers to local fire activity rather
than regional fire activity due to limited land mass surrounding the
coastal site, including mountainous terrain to the north, and the size
classes chosen (e.g. Hennebelle et al., 2020; Vachula et al., 2018).

2.4. Polycyclic aromatic hydrocarbons

For PAH analysis, samples were freeze-dried, ground, and homoge-
nized. Seventy one samples (0.3-2.4 g dry sediment) were solvent
extracted at the Department of Geography, Friedrich Schiller University
Jena, Germany. An ultrasonic bath extraction was conducted with 40 ml
dichloromethane (DCM) and methanol (MeOH) (9/1; v/v) over three 15
min cycles to receive the total lipid extracts. After solvent evaporation,
the total lipid extracts were separated by solid phase extraction using
aminopropyl silica gel (Supelco; 45 pm) as stationary phase into the
following fractions: (i) the apolar fraction, (ii) the polar fraction, and
(iii) the acid fraction by elution with hexane, DCM:MeOH (1:1; v/v), and
DCM:formic acid (98:2; v/v), respectively. After solvent evaporation,
the polar fraction was purified over pipette columns filled with deacti-
vated silica in two different mesh sizes (Mechery-Nagel; 15-40 pm and
63-200 pm) following the standard protocol at the BayCEER laboratory
at the University of Bayreuth using hexane and DCM:hexane (2:1; v/v).
The latter fraction is yielding the aromatic compounds. PAH analyses
were conducted by using a gas chromatograph (GC; Agilent Technolo-
gies 7890 A, Germany) coupled with a mass spectrometer (MS; Agilent
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Fig. 3. Lithology, lithological units, and their respective descriptions as well as an age-depth model of the Holocene section of the VVV16 composite record.
Calibrated radiocarbon ages are displayed as probability density functions of the 2¢ distributions. Age-depth modeling was carried out using the R software package
Bacon 2.4.3 (Blaauw and Christen, 2011). The figure is modified after Strobel et al. (2022b).
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5975 B Agilent Technologies) at the University of Bayreuth. The GC was
equipped with an HP-5MS column (30 m x 250 pm x 0.25 pm). The
injector was set to 250 °C, 54 mlemin " inlet flow, and 9.4 psi pressure
on the column. Samples were analyzed by injecting 1 pl in splitless mode
(250 °C of Front inlet and Mass Analyzer source temperature). Helium
gas was used as a carrier gas and the oven temperature program was set
to 80 °C (hold for 2 min), ramped to 250 °C at 10 °Cemin !, and then to
320 °C at 3 °Cemin~!. For PAH analysis, the routine limit of quantifi-
cation as the smallest detectable concentration of the external standard
was applied, i.e. 0.01 pgeml!. Laboratory blanks were processed with
the samples. Ten mass groups of parent and alkyl PAHs were chosen in
SIM mode for optimum method development. Precautions against
contamination of equipment by PAHs were performed as reported by
Blasing et al. (2016, 2017) with minor modifications. The identification
and quantification of the PAHs were performed by comparing the mass
spectra with those in the external standard and by the NIST library. The
external standards included 16 compounds with high and low molecular
weight PAHs (QTM-PAH mix, Sigma-Aldrich, Germany). Mass spectra of
perylene and methylated phenanthrenes (3-, 2-, 9-, and 1+4-methyl-
phenanthrene isomers) were additionally confirmed with individual
standards and according to retention time as described in Poster et al.
(2003). Overall, a total of 8 PAHs were identified and quantified from
the Vankervelsvlei sediments, i.e. Phe, MPhe, Flua, Py, BaA, Chr, Per,
and BghiP (Table 1), and their respective concentrations are given in
ng-g~ L. In order to calculate the total PAH concentration of pyrogenic
PAHs, the aforementioned compounds were summed up except for Per
due to its predominantly biogenic origin (see section 5 for further de-
tails). To evaluate PAH sources and changes in fire regimes and fuel
source we use diagnostic molecular ratios of components with identical
masses, i.e. [Flu/(Flu 4+ Pyr)] and [BaA/(BaA + Chr] (e.g. Kappenberg
et al., 2019; Karp et al., 2018; Yunker et al., 2002).

We follow the procedure by Topness et al. (2023) and normalized
PAH concentrations to the time span encompassed by the 1 cm sediment
slice used for lipid extraction. Sedimentation rates are derived from the
Bayesian age-depth model by Strobel et al. (2022b). PAHs are therefore
reported as accumulation rates (ngeg leyr~!; note that the gram unit
included in this accumulation rate refers to the sediment sample weight
from which PAHs were extracted and does not reflect the mass or density
of the sediment core itself (Topness et al., 2023)). The use of PAH
accumulation rates eliminates potential influences of variations in
sediment density or sediment accumulation rates, which could bias the
PAH interpretation (e.g. Topness et al., 2023; Vachula et al., 2022).

Table 1
PAHs identified from Vankervelsvlei sediments. Compounds with concentra-
tions below detection limit are signalled by (n.d.).

PAHs Abbreviation Rings Targeted ion (m/z)
Phenanthrene Phe 3 178
Methylphenanthrenes MPhe 3 192
Fluoranthene Flua 4 202
Pyrene Py 4 202
Benz(a)anthracene BaA 4 228
Chrysene Chr 4 228
Perylene Per 5 252
Benzo(g,h,i)perylene BghiP 6 276
Naphthalene (n.d.) Nap 2 128
Acenaphthylene (n.d.) Acy 3 152
Acenaphthene (n.d.) Ace 3 154
Fluorene (n.d.) Flo 3 166
Anthracene (n.d.) Ant 3 178
Retene Ret 3 234
Benzo[b]fluoranthene (n.d.) B(b)F 5 252
Benzo[k]fluoranthene (n.d.) B(K)F 5 252
Benzo[a]pyrene (n.d.) B(a)P 5 252
Indeno[1,2,3-cd]pyrene (n.d.) 1P 6 276
Dibenz[a,h]anthracene (n.d.) DB(ah)A 5 278

Quaternary Science Reviews 325 (2024) 108464
2.5. Sugar biomarker analyses and coupled isotope approach

For sugar biomarker analyses, samples were freeze-dried, ground,
and homogenized. Hemicellulose-derived sugars were hydrolytically
extracted from 52 samples (0.2-0.4 g, depending on TOC content) at the
Department of Physical Geography at the Friedrich Schiller University
Jena. Samples were extracted with 10 ml of 4 M trifluoroacetic acid at
105 °C for 4 h as described in Amelung et al. (1996). Thereafter, samples
were vacuum-filtered over glass fiber filters and the extracted sugars
were cleaned according to Zech and Glaser (2009) using XAD-7 and
Dowex 50WX8 columns to remove humic-like substances and cations.
The purified sugar samples were freeze-dried (—50 °C, 24 h) and
derivatized with methylboronic acid (1 mg in 100 pl pyridine) at 60 °C
for 1 h. Myo-Inositol was used as an internal standard. The
compound-specific oxygen isotope measurements were performed at the
Institute of Geography at the Technische Universitat Dresden using a
Trace GC 2000 coupled to a Delta V Advantage IRMS using an '80-py-
rolysis reactor (GC IsoLink) and a ConFlo IV interface (all devices from
Thermo Fisher Scientific, Bremen, Germany). Samples were injected in
splitless mode and measured in triplicates. For calibration, standard
blocks of derivatized sugars (arabinose, fucose, xylose) at various con-
centrations and known 8'80 values were measured. All Slsosugar results
were additionally corrected for hydrolytically introduced oxygen atoms
which form carbonyl groups within the sugar molecules (Zech and
Glaser, 2009). Arabinose and fucose were less abundant compared to
xylose and therefore not considered for further data evaluation. The
standard deviation of the sugar sample triplicate measurements was
<2.1%o. Standard duplicate measurements had a standard deviation of
<1.6%o (n = 13). The oxygen isotopic composition is given in the delta
notation (5'%0) in per mille versus VSMOW.

The coupled SZHn_alkane—Slsosugar approach (paleohygrometer) has
previously been described in detail by e.g. Hepp et al. (2015, 2017),
Hepp et al. (2019, 2020), Hepp et al. (2021), Lemma et al. (2021) and
Tuthorn et al. (2015). The fundamental assumption of the approach is
that the isotopic composition of leaf water can be reconstructed by
applying biosynthetic fractionation factors (epj,) on the measured
8%Hy-alkane and SISOsugar values (Cernusak et al., 2022; Liu et al., 2023).
For 52Hn.a1kane a constant gp;, value of about —160%o (Liu and Liu, 2019;
Sachse et al., 2012; Sessions et al., 1999) is applied; for 61803ugar the epio
value is assumed to be +27%o (Cernusak et al., 2003; Gessler et al., 2009;
Hepp et al., 2021; Schmidt et al., 2001; Sternberg et al., 1986; Yakir and
DeNiro, 1990). This can be illustrated in a §°H-5'80 diagram (Fig. 4)
where the distance of the reconstructed leaf water to the global meteoric
water line (GMWL) is defined as deuterium-excess (Dansgaard, 1964)
(Fig. 4). The concept is furthermore based on the fact that the isotopic
composition of precipitation plots typically close to the GMWL (62Hp =
8. 18Op + 10; Dansgaard, 1964). However, on the central southern Cape
coast of South Africa, a local meteoric water line (LMWL) slightly
deviating from the GMWL was described by Braun et al. (2017) (5%°H =
7.70 - 8180 + 12.10) (Fig. 4). This LMWL was used for our calculations.
We calculated equilibrium fractionation factors according to Horita and
Wesolowski (1994) based on modern MAT, i.e. 16.4 °C (DWD Climate
Data Center, 2020), resulting in 82.1%o for °H and 10.0%. for '20. The
kinetic fractionation factor for 2H and 80 is set to 25.1%0 and 28.5%o,
respectively (Merlivat, 1978). This yields a specific slope for a local
evaporation line (LEL) of 2.78. The intercept of the LEL and the LMWL is
the isotopic composition of reconstructed plant-source water (5°H and
5'80) (Fig. 4). The difference between deuterium-excess of the recon-
structed leaf water and reconstructed plant-source water is then used to
estimate the relative humidity (RH) for each sample (Fig. 4). Errors for
reconstructed leaf water, plant-source water, d-excess, and estimated
RH were calculated using error propagation of the analytical un-
certainties of the biomarker analyses (5°Hp.alkane, slsosugar) and are
depicted as error bars in Figs. 6 and 8.

We acknowledge that changes in the vegetation composition could
have led to variations in &p;,. Depending on the plant functional type ep;,
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Fig. 4. Conceptual framework of the coupled 62Hn_alkane—81E’Omgar approach (paleohygrometer) displayed as 5°H-5'%0 diagram showing the isotopic hydrogen and
oxygen composition of leaf wax-derived n-alkanes and hemicellulose-derived sugars, respectively (after Zech et al., 2013). Additionally depicted are the recon-
structed leaf and plant-source water, the global meteoric water line (GMWL, black line), and the local meteoric water line (LWML) from Mossel Bay (blue dashed line;
Braun et al., 2017). The black double arrows indicate natural processes of evapotranspirative enrichment of leaf water along the local evaporation line (red line) and
biosynthetic fractionation during biomarker synthesis, respectively. Grey dashed lines indicate the leaf water deuterium-excess, which can be used as a proxy for
relative humidity (purple double arrow).
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Fig. 5. a) Macro-charcoal concentrations, b) sum of 3-, 4- and 6-ring PAHs(}_PAH), c) individual concentrations of 3-ring PAHs, d) individual concentration of 4-ring
PAHs and sum of 4-ring PAHs, e) 5-ring and f) 6-ring PAHs as well as diagnostic ratios of g) fluoranthene to pyrene [Flua/(Flua + Py)], h) benz(a)anthracene and
chrysene [BaA/(BaA + Chr)], and i) methylphenanthrene/phenandrene (MPhe/Phe) from Vankervelsvlei. The bold line in a) and b) represents a 5-point running
mean. Please note a lack of data from 1.27%2/_o to 0.6"%1/_, ; cal ka BP due to core loss and logarithmic scale in b) to €). Blue color indicates moist conditions and
high fire activity while yellow color indicates dry conditions and low fire activity.

can vary up to ~40-50%o for 8°Hp-alkane and up to ~5-8%o for 6180Sugar
(Gamarra et al.,, 2016; Lehmann et al.,, 2017; Sternberg, 1989).
Pollen-based vegetation reconstructions at Vankervelsvlei (du Plessis
et al., 2021b) and neighboring Eilandvlei (Quick et al., 2018; du Plessis
et al., 2021a) indicate only minor shifts in the vegetation composition
during the Mid and Late Holocene, which is underlined by minor vari-
ations in 8'3Cp.alkane and palaeontological analyses at Vankervelsvlei
(Strobel et al., 2019, 2022b). The relatively stable vegetation composi-
tion at Vankervelsvlei and the surrounding wilderness area makes

variations in epjo, and thus associated uncertainties in our “paleohygr-
ometer” approach, rather unlikely. Further, climatic variations over
time could bias the results of the reconstructed plant-source water,
d-excess, and RH due to potential variations of the LMWL. At present,
two LMWLs are available in the western and southern Cape area, i.e.
from Cape Town and Mossel Bay. The slopes of the LMWL from Cape
Town (6.51 - 880 + 8.89) and Mossel Bay (7.70 - 880 + 12.10) (e.g.
Braun et al., 2017; Harris et al., 2010) only show minor differences.
Applying the LMWL from Cape Town in the coupled-isotope approach
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Fig. 6. a) Hydrogen isotopes (8%Hp-_alkane; Strobel et al., 2019, 2022a,b) from leaf wax-derived n-alkanes, b) oxygen isotopes from hemicellulose-derived sugars
(slsosugar), ¢) leaf water deuterium-excess, d) reconstructed plant-source water (6*Hgource waters 0 Osource water) and €) reconstructed relative humidity (RH) at
Vankervelsvlei. Note that black dots in b) to e) indicate samples from an earlier study by Strobel et al. (2022a,b). The bold line in a) to e) represents a 5-point running
mean. Please note a lack of data from 1.27%2/_¢; to 0.6"%1/_q ; cal ka BP due to core loss. Blue color indicates moist conditions and high fire activity while yellow
color indicates dry conditions and low fire activity. f) Coupled é‘)an_alkme—S1’3osugar approach (paleohygrometer) displayed as §°H-5'%0 diagram showing the 5%H of
n-alkanes (weighted mean of Cy9 and Cs;) and 5'%0 of sugar (xylose) biomarkers, the reconstructed leaf and plant-source water, the global meteoric water line
(GMWL, black line), and the local meteoric water line (LWML) from Mossel Bay (blue dashed line; Braun et al., 2017). The black double arrows indicate natural
processes of evapotranspirative enrichment of leaf water along local evaporation lines (LEL; red line) and biosynthetic fractionation during biomarker synthesis,
respectively. Grey dashed lines indicate the leaf water deuterium-excess, which can be used as a proxy for relative humidity (purple arrow).
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Fig. 7. Comparison of Holocene fire records from the southern Cape coast. a) Total charcoal, ¢) > PAHs from Vankervelsvlei. The bold line in a) and c) represents a 5-
point running mean. For comparison, charcoal concentration from Vankervelsvlei (b) (du Plessis et al., 2021b), charcoal concentration from Eilandvlei (d) (Quick
et al., 2018), and charcoal concentration Rietvlei-Still Bay (e) (Quick et al., 2015) as well as a western South African fire stack record (f) (Davies et al., 2022) are
shown. Blue color indicates moist conditions and high fire activity while yellow color indicates dry conditions and low fire activity.

instead of the one from Mossel Bay would lead to changes in §'8050urce
water and 8°Hgource water Of —0.6 t0 3.3%o (average: 1.9%0) and —1.6 to
9.3%o (average: 5.2%o), respectively. On the one hand, a changing LMWL
would therefore lead to a systematic shift, and on the other hand, this
shift is within the range of the uncertainties based on error propagation
of the analytical errors. Rather small variations in the slope of the LMWL
over longer timescales were found in Germany (e.g. Hepp et al., 2019)

supporting the application of a constant LMWL in the present study.
Paleotemperature variations could lead to variations in the slope of the
LEL. Over the Mid and Late Holocene, Talma and Vogel (1992) recon-
structed temperature variations of 3.4 °C (15.3-18.6 °C) at Cango Cave,
about 90 km northwest of Vankervelsvlei leading to changes in the slope
of 0.07. Those variations lead to variations in reconstructed plant-source
water of —0.2 to 0.1%o for slsosme water and —1.5 to 0.8%o for 62Hsource
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Fig. 8. Comparison of Holocene fire and climate records from Vankervelsvlei. a) Total charcoal and b)  PAHs as proxies for fire activity. Additionally shown are
selected results from the coupled-isotope approach (paleohygrometer), i.e. c) reconstructed plant-source water (8?Hsource water» 8 Osource water) @ @ Proxy for pre-
cipitation source (W= Westerlies, E = Easterlies/local sources) and d) relative humidity (RH). The bold line in a) to d) represents a 5-point running mean. For
comparison, e) Afrotemperate forest (AFT) pollen from Eilandvlei indicating moisture (Quick et al., 2018), f) a western South African fire stack record (Davies et al.,
2022) and g) lithic concentration as a proxy for El Nino intensity derived from the marine sediment record SO147-106 KL recovered off Peru (Rein et al., 2005) are
shown. Blue color indicates moist conditions and high fire activity while yellow color indicates dry conditions and low fire activity.

water» Which is again within the uncertainties based on error propagation
of the analytical errors. Variations of the LMWL and LEL described above
would also influence d-excess and estimated RH. However, as discussed
above, those variations would be lower than the errors calculated based
on the analytical uncertainties. Overall, variations of the LMWL and the
LEL can lead to uncertainties in the coupled 8'0-5?H palechygrometer
approach, but those are lower than the analytical uncertainties in our
study.

Previous studies demonstrate that the 62Hn_alkane-618Osugar-approach
enables reconstruction of the isotopic composition of the plants-source
water and relative humidity with a precision and accuracy of 6 +
27%o (52Hsource water), 0.8 £ 3.7%o (Slsosource water) and 6 + 17% (RH)
(Strobel et al., 2020). This is comparable to climate chamber and tran-
sect studies from various environments (Hepp et al., 2020, 2021; Lemma
et al., 2021; Strobel, 2022; Tuthorn et al., 2015). The coupled §Hy.a1.
kane—ﬁlsosugar—approach therefore enables a reconstruction of the iso-
topic composition of the plants-source water and an estimation of
relative humidity.

2.6. Statistical analyses

Pearson’s r-values were calculated to detect correlations between the
analyzed proxies and a Student’s t-test was performed to determine
significant differences (o« = 0.05). To highlight trends in the data, a 5-
point running mean was calculated for selected compounds. All statis-
tical analyses were conducted using the software OriginPro 2022.

3. Results
3.1. Macro-charcoal

Macro-charcoal accumulation rates range from 7 to 1318 parti-
cles-g l.yr™! with an average of 316 particles-g l-yr™! (Fig. 5).

Generally, macro-charcoal concentrations are high in the lower section
(7.2792/_4 5 to 4.0v%2/_o5 cal ka BP), low in the middle section
(4.0192/ _o2to 1-5+0'4/—042 cal ka BP) and high in the upper section of
the record (1.5*0'4/,0,2 cal ka BP until present day) (Fig. 5). However,
the topmost samples show a strong decrease (0.6"%1/_ cal ka BP until
present day). Exceptional peaks are present throughout the whole record
with the most prominent peaks at 7.1+0‘2/,0‘2, 6.0+0'2/,0,2, 5.5+0‘3/,o,4,
48703/ 0, 45103/ o 42103/ (0 17703, (. 13103/ o,
0.6"%1/_o1 and 0.37%2/_q; cal ka BP (Fig. 5). Macro-charcoal data is
missing from 1.27%2/_¢; to 0.6%1/_g; cal ka BP (3.9-2 m depth)
because that section of the sequence was lost during coring.

3.2. Polycyclic aromatic hydrocarbons

The total PAH (}_PAH) accumulation rates varies from 0 (i.e. below
the detection limit) to 34 ngeg leyr ! with an average of 3.5
ngeg leyr~! (Fig. 5). Y.PAH accumulation rates are generally high in
the lower (7.2Y%2/_o 5 to 4.57%3/_y3 cal ka BP) and upper sections
(1.5%04/ _o.2 cal ka BP until present day) of the record, and are lower in
the middle section of the record (4.57%3/_y 5 to 1.57%%/_q 5 cal ka BP).
PAH data are absent between 1.27%2/_y 1 and 0.67%1/_¢ 1 cal ka BP due
to core loss (3.9-2 m sediment depth).

The distribution of PAHs is dominated by 4-ring PAHs, followed by 5-
ring, 3-ring, and 6-ring PAHs (Fig. 5). The pattern of all compounds is
variable throughout the record so we focus on the general trends (5-
point running mean) of each compound in the following. The 3-ring PAH
Phe ranges from 0 (i.e. below the detection limit) to 1.6 ngeg leyr—!
with an average of 0.2 ngeg leyr ' and shows low values over the
majority of the record, but strongly increase in the uppermost parts
0.6191, _o.1 cal ka BP until present day). Its methylated isomers (2, 3, 9,
1 + 4 MPhe) follow this pattern and range from O (i.e. below the
detection limit) to 0.9, 0.8, 0.8, and 0.6 ngeg leyr !, respectively, with
averages of 0.09, 0.08, 0.08 and 0.07 ngeg ‘eyr™!, respectively. The
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sum of 4-ring PAHs (Flua, Py, BaA, Chr) ranges from 0.0 to 26.5
ngeg leyr ! with an average of 2.7 ngegleyr~! (Fig. 5). Accumulation
rates of the 4-ring PAHs are high in the bottom section (7.27%2/_¢ , to
4.5*0'3/,0,3 cal ka BP), low in the middle section (4.5*0‘3/,0_3 to
1.57%4/_, 5 cal ka BP) and variable in the top section (1.57%%/_g 5 cal ka
BP until present day) of the record. 5-ring PAHs (Per) range from 0.0 to
2.0 ngeg leyr~! with an average of 0.5 ngeg leyr™! and show high
abundance in the lower section (7.2Y%2/_g 5 to 4.57%3/_( 5 cal ka BP)
and low accumulation rates in the middle and upper sections of the
record (4.519-3/ _o.3 cal ka BP until present day). 6-ring PAHs (BghiP)
range from O to 2.4 ng-g~! with an average of 0.2 ng-g~'6-ring PAHs
show a similar pattern to 4-ring PAHs and accumulation rates are high in
the bottom section (7.27%2/_g 5 to 4.57%3/_, 5 cal ka BP), low in the
middle section (4.57%3/_¢ 3 t0 1.57%4/_ 5 cal ka BP) and variable in the
top section (1.57%%/_g4 cal ka BP until present day) of the record
(Fig. 5).

The identified PAHs significantly correlate with each other, except
for Per. The highest correlations are observed among compounds with
the same number of rings, e.g. for Phe and MPhe, and BaA and Chr
(Table 2).

Differences in the origin and fire regime may be deduced from PAH
ratios formed within each ring-size class as the impact of environmental
fractionation processes should be comparable (Yunker et al., 2002). The
ratio of MPhe/Phe ranges from 0.31 to 6.81 (mean: 2.07) and shows
high values from 45703/ 2 t01.57%%/_, 5 cal ka BP while low values
oceur from 7.27%2/_g 5 to 4.57%3/_q 5 cal ka BP and from 1.57%%/_¢,
cal ka BP until present day (Fig. 5). [Flua/(Flua + Py)] and [BaA/(BaA
+ Chr)] show a similar pattern and range from 0.32 to 0.56 (mean:
0.46), and 0.16 to 0.41 (mean 0.30), respectively (Fig. 5). Both ratios
show high values from 6.67%3/_g 3 to 4.57%3/_¢ 5 cal ka BP while low
values occur from 7.2Y%2/ 4, to 6.67%3/ 43 cal ka BP and from
45703, 2 t0 1.57%4/_( 5 cal ka BP. From 1.57%%/_¢ 5 cal ka BP until
present day, both ratios show high variability but follow a general
increasing trend (Fig. 5).

3.3. Compound-specific isotopes and paleohygrometer approach

The oxygen isotopic composition (slsosugar) of the most abundant
sugar compound (xylose) in the Vankervelsvlei sediments ranges from
24.7 £+ 0.4 to 35.9 + 0.3%0 with an average of 29.6%.. There is a
generally increasing trend in SlgOsugar over the record. Particularly, the
lower section of the record (7.27%2/_g 5 to 4.5%3/_¢ 5 cal ka BP) shows
low alsosugar values compared to high slsosugar values in the middle
section (4.57%3/ 43 t0 1.57%4/_4 5 cal ka BP) and increasing §'®Ogygar
values in the upper section (1.57%4/_g 5 cal ka BP until present day) of

Table 2

Pearson’s correlations between the relative concentrations of the 8 components
of polycyclic aromatic hydrocarbons (PAHs) used in the analysis. Bold values
indicate significant correlations at the 0.05 level. Italic numbers indicate the
number of aromatic rings of each PAH.

PAHs Phe MPhe Flua Py BaA Chr Per BghiP
3 3 * * * €] ©] ©)
Phe 1
[€))
MPhe 0.91 1
3
Flua 0.51 0.74 1
“@
Py (4 0.51 0.75 0.97 1
BaA 0.54 0.77 0.95 0.96 1
“@
Chr 0.48 0.72 0.86 0.92 0.94 1
“
Per (5) 0.18 0.20 0.40 0.32  0.33 0.14 1
BghiP 0.58 0.57 0.38 0.34 0.38 0.29 0.31 1
©)
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the record. For the application of the coupled 62Hn,alkane-61805ugar-
approach (paleohygrometer), 8?Hp.alkane results from Strobel et al.
(2022b) were taken into account. Results show leaf water d-excess
values from —90.3 + 13.3 to —0.5 £ 0.6%o and have an average of
—42.5%0 (Fig. 6). The lower section of the record (7.2*0'2/,0,2 to
4.5*0'3/,0.3 cal ka BP) shows high leaf water d-excess values compared
to low d-excess values in the middle section (4.57%3/_g3t0 1.57%4/_¢ 5
cal ka BP) and increasing d-excess values in the upper section
(1.5%%4/_4 5 cal ka BP until present day) of the record. Reconstructed
plant-source water ranges from —89.3 + 1.5 to 5.1 =+ 0.9%. for 5§2H and
from —13.2 + 1.1 to —0.9 & 0.1%o for §'%0 and show an average of
—53.7 and —8.5%o, respectively. Both §?Hsource water and 8'80source water
show 2H- and '80-enriched values in the lower section (7.2*0'2/,0,2 to
4.5+°'3/,0,3 cal ka BP), °H- and 18O—depleted values in the middle sec-
tion (4.57%3/_g3 to 1.57%%/_g, cal ka BP) and increasing 2H- and
180_enriched values in the upper section (1.5*%4/_4 5 cal ka BP until
present day) of the record. Reconstructed RH ranges from 45.9 + 7 to
93.4 + 0.4% and shows an average of 71.2% (Fig. 6). Reconstructed RH
shows high values in the lower section (7.27%2/_g 5 to 4.57%3/_ 5 cal ka
BP), low values in the middle section (4.5*0'3/,0_3 to 1.5*0'4/,0_2 cal ka
BP) and variable but slightly increasing RH-values in the upper section
(1.5704/ _o.2 cal ka BP until present day) of the record (Fig. 6).

4. Discussion
4.1. Paleofire dynamics along South Africa’s southern Cape coast

PAH fingerprints may be biased by transport and degradation, which
shall be discussed before stepping into the reconstruction of fire history.
Vankervelsvlei sediments show high organic matter preservation indi-
cated by high TOC contents and low variability in molar C/N ratio,
813CT0C and 8!°N indicating low peat degradation (Meyers, 2003;
Strobel et al., 2022b). The PAH composition and pattern could, how-
ever, potentially be biased by degradation or differential transport (Lima
et al., 2005; Stogiannidis and Laane, 2015). The dominance of 4-ring
over 5 and 6-ring PAHs makes degradation effects rather unlikely
(Lima et al., 2005). For further details regarding degradation types
impacting PAHs in sediments, the reader is referred, for example, to the
review by Lima et al. (2005).

The ranges of Methylphenanthrene to Phenanthrene (MPhe/Phe),
Fluoranthene to Pyrene [Flua/(Flua + Py)], and Benz(a)anthracene to
Chrysene [BaA/(BaA + Chr)] throughout our record indicate a mixed
origin of the respective PAH compounds from pyrogenic and petrogenic
sources (Fig. 5) (e.g. Stogiannidis and Laane, 2015; Yunker et al., 2002;
Zhang et al., 2008). However, the prevailing geology in the studied area
consists of dunes, sandstones, and quartzites (Johnson et al., 2006)
making petrogenic PAH sources highly improbable up until modern
anthropogenic influence (e.g. Garrigues et al., 1995; Kirsten et al., 2023;
Zhang et al., 2008). Alternatively, some studies suggest that diagnostic
PAH ratios of [Flua/(Flua + Py)] and [BaA/(BaA + Chr)] can be used to
differentiate fuel types (softwood and shrubs vs. hardwood) but differ-
ences are often statistically insignificant limiting the applicability of
both ratios for differentiating softwood and shrubs versus hardwood
combustion residuals (Fine et al., 2001, 2002; Gongalves et al., 2010;
Oros et al., 2006; Oros and Simoneit, 2001a, 2001b; Rogge et al., 1998;
Vicente et al., 2016; Wang et al., 2009). Other PAHs that could decipher
changes in the fuels of fire at Vankervelsvlei more clearly, i.e. dime-
thylated phenanthrenes and retene (m/z 234) (e.g. Benner et al., 1995;
Kappenberg et al., 2019; Karp et al., 2020; Miller et al., 2017), are un-
fortunately absent in our samples and/or were not targeted during
analyses.

Although we cannot fully exclude the aforementioned biases in our
PAH record the good agreement with our macro-charcoal record likely
indicates that at least the majority of PAHs are of pyrogenic origin at
Vankervelsvlei. Therefore, we will discuss variations in } PAHs in terms
of fire activity at Vankervelsvlei.
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High macro-charcoal and > PAH accumulation rates indicate high
local fire activity at Vankervelsvlei from 7.27%2/_q 5 to 4.57%3/_¢ 5 cal
ka BP. In contrast, low macro-charcoal and low Y PAH accumulation
rates indicate less pronounced local fire activity from 4.5*0'3/,0_3 to
1.57%4/_4 5 cal ka BP. From 1.57%4/_; 5 cal ka BP until present, macro-
charcoal and ) PAH accumulation rates show high fire activity. How-
ever, from 0.67%1/_q cal ka BP until present day charcoal and } PAH
accumulation rates show divergent patterns. While macro-charcoal
accumulation rates decrease, > PAH accumulation rates are still high.
Decreasing charcoal accumulation rates during the past have also been
observed in a previous study at Vankervelsvlei focusing on the past
0.6*0‘1/,0.1 cal ka BP (du Plessis et al., 2021b) (Fig. 7).

A charcoal record from Rietvlei-Still Bay (~130 km SW from Van-
kervelsvlei) (Quick et al., 2015) and a recently compiled charcoal-based
fire stack record for western South Africa including the southern Cape,
(Davies et al., 2022) resemble fire activity at Vankervelsvlei (Fig. 7).
Like Vankervelsvlei, both records show high fire activity in the early Mid
Holocene (Rietvlei-Still Bay: 7.5 to 5.8 cal ka BP; western fire stack: 7.2
to 4.5 cal ka BP). Conversely, a charcoal record from Eilandvlei (~25 km
west of Vankervelsvlei) shows low fire activity from 7.5 to 4.5 cal ka BP
but pronounced fire activity from 4.5 to 4.0 cal ka BP (Quick et al., 2018)
that corresponds with high charcoal-derived fire activity at Vanker-
velsvlei from 4.57%3/_ 5 to 4.2%3/_, , cal ka BP. This is followed by
low fire activity at Vankervelsvlei being in line with reduced fire activity
at Rietvlei-Still Bay (5.8-3.3 cal ka BP), Eilandvlei (4.0 cal ka BP until
present day) and in the western fire stack (~4.5-~2.0 cal ka BP). In the
last two millennia, high fire activity at Vankervelsvlei is consistent with
the western fire stack (Davies et al., 2022) (Fig. 7), but contradicts
charcoal-based records from Bo Langvlei (du Plessis et al., 2020),
Rietvlei-Still Bay (Quick et al., 2015) and Eilandvlei (du Plessis et al.,
2021a; Quick et al., 2018).

On the one hand, previous charcoal studies have demonstrated long-
term changes in fire activity on the southern Cape coast with evidence
from Eilandvlei (du Plessis et al., 2021a; Quick et al., 2018), Bo Langvlei
(du Plessis et al., 2020), Vankervelsvlei (du Plessis et al., 2021b; Quick
etal., 2016) and Rietvlei-Still Bay (Quick et al., 2015), but most of these
records either refer to specific periods, have low temporal resolution
and/or show limited chronological control. On the other hand, diverging
trends of pyrogenic records like charcoal and PAHs have previously been
observed and attributed to changes in land-use and anthropogenic fires
(e.g. Bandowe et al., 2014; Hanke et al., 2016; Lehndorff et al., 2015;
Vachula et al., 2022). While natural fires might have been controlled or
limited to a certain degree, as reflected in the charcoal record, anthro-
pogenic fires could have increased with the expanding population,
possibly explaining the increasing > PAHs (Bandowe et al., 2014; Chi-
muka et al., 2016; Lehndorff et al., 2015). In our Vankervelsvlei record,
it is noticeable that 3-ring PAHs are generally low during the major parts
of the record but distinctly contribute to increasing > PAH from
0.67%1/_y 1 cal ka BP until present day (Fig. 5). 3-ring PAHs are more
volatile compounds compared to the other PAH compounds (Johnsen
et al., 2005; Kim et al., 2011) analyzed in this study. Warm and dry
summer conditions from 4.51%3/_; 5 to 1.5104/ _o.2 cal ka BP might lead
to re-volatilisation of the previously accumulated 3-ring PAHs from the
sediments which possibly explains the low concentrations in parts of the
record. However, more likely, the increasing 3-ring PAHs indicate a
distinct contribution of pyrogenic components during the past
0.6*0'1/,0,1 years differing from the natural fires dominating the major
parts of the Vankervelsvlei record. The increasing number of controlled
low-temperature wildfires and anthropogenic fire, including wood
combustion for food production, could be a potential cause of the
increasing 3-ring PAHs (Chimuka et al., 2016; Deacon et al., 1984;
Lehndorff et al., 2015). This is in line with the increasing population and
anthropogenic fire activity in southern Africa during this time (e.g.
Davies et al., 2022; Deacon et al., 1984).

Although looking at trends (5-point running mean), we note that
differences in the applied methodological approach (e.g. sampling
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resolution and distance, charcoal size classes, units [concentrations,
counts] in which charcoal is displayed), individual age control, and the
prevailing site-specific environmental setting affecting production,
transport, and deposition of combustion-derived particles (e.g. source
area, vegetation characteristics, hydrological conditions within the
watershed, sedimentological processes) all potentially contribute to
differences in the records used for comparison (e.g. Hennebelle et al.,
2020; Vachula et al., 2022; Vachula and Richter, 2018; Vachula et al.,
2018). Additionally, discontinuous sampling and integration of several
fire events in one sample, i.e. 1 cm samples integrates up to multiple
decades in some studies, all of which might explain differences and/or
the absences of individual peaks. Moreover, existing charcoal records
from estuarine environments (e.g. Eilandvlei, Rietvlei-Still Bay) might
be biased due to marine water intrusions and potential changes in water
level, morphology, as well as sediment mixing and deposition (du Plessis
et al., 2020; du Plessis et al., 2021a; Quick et al., 2015; Quick et al.,
2018). Although fire records from Eilandvlei show a partly divergent
pattern, records from Vankervelsvlei and Rietvlei-Still Bay, and a fire
stack record for western South Africa indicate a coherent fire pattern
along South Africa’s southern Cape coast including high fire activity
from 7.2 to 4.5 cal ka BP and low fire activity from 4.5 to 2.0 cal ka BP.
Subsequent contradictions might be explained by increasing anthropo-
genic fire activity (ignition and suppression) along the western and
southern South African coast.

4.2. Paleoclimatic controls on fire dynamic along the southern Cape coast

Past changes in the atmospheric source and seasonality of precipi-
tation as well as local relative humidity at Vankervelsvlei and along the
southern Cape coast have previously been discussed by Strobel et al.
(2022b) including the application of the coupled 8?Hp.alkane — slsosugar
(paleohygrometer) approach. However, the temporal resolution of this
approach has been limited so far. In this study, we distinctly increased
the temporal resolution of slsosugar complementing previous
high-resolution 62Hn—alkane results (Strobel et al., 2022b). This allows for
the calculation of the plants-source water (8°Hsource water, §'8050urce water)
referring to the atmospheric source and seasonality of precipitation, and
the local RH in high temporal resolution, which ultimately strengthens
the significance of the paleohydrological record from Vankervelsvlei.

From 7.27%2/_ 5 to 4.57%3/_¢ 5 cal ka BP, high RH values coincide
with more positive values of plant-source water indicating distinct
precipitation contributions of both Westerly-derived winter precipita-
tion and Easterly- and/or locally-derived summer precipitation and thus
moist conditions year-round (Fig. 8). > PAH, originating from the
identical samples as the aforementioned climatic proxies, and macro-
charcoal concentrations indicate high fire activity at that period
(7.27%2/_4 5 to 4.5%%3/_( 5 cal ka BP) (Fig. 8).

From 4.57%3/_ 3 to 1.57%4/_, 5 cal ka BP, low RH values coincide
with more negative values of plant-source water indicating the domi-
nance of Westerly-derived winter precipitation, but suggesting a weak-
ening of Easterly- and/or locally-derived summer precipitation. Overall
drier conditions occurred at Vankervelsvlei and along the southern Cape
coast including a shift towards a winter rainfall regime during this
period (Strobel et al., 2022b) (Fig. 8). During these drier conditions
> "PAH and macro-charcoal concentrations suggest low fire activity from
45703/ 0310 1.570%/_y 5 cal ka BP (Fig. 8).

From 1.5t%4/_, 5 cal ka BP until present day, a shift towards a year-
round rainfall regime at Vankervelsvlei and along the southern Cape
coast is indicated by increased RH values coinciding with more positive
values of plant-source water (Fig. 8). Although increasing anthropogenic
impact on fire dynamics at Vankervelsvlei, i.e. human-made and more
controlled wildfires, is suggested based on > PAH increase while macro-
charcoal concentrations decrease from 1.57%%/_( 5 cal ka BP until pre-
sent day (Fig. 8).

This climatic pattern at Vankervelsvlei has previously been described
by Strobel et al. (2022b). The pattern of RH and plant-source water
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(6%Hsource water and 8'%0source water) at Vankervelsvlei resembles the
abundance of Afrotemperate forest (AFT) pollen at neighboring
Eilandvlei (Fig. 8). The latter is located ~25 km to the west of Van-
kervelsvlei (Fig. 2). The AFT pollen signal is an indicator for moisture
availability at the site and the surrounding Wilderness area, including
Vankervelsvlei (Quick et al., 2018), being in line with other moisture
indicators from Eilandvlei (e.g. Wiindsch et al., 2018). The relationship
between RH, plant-source water, and AFT pollen suggests a consistent
enhancement in the moisture signal in the Wilderness area during the
Holocene implying that moist conditions are associated with increased
precipitation contributed during summer (Easterlies) and/or from local
sources. Conversely, dry conditions are associated with less precipita-
tion contribution during summer (Easterlies and/or from local sources).
This is in line with results from paleoclimatic records located along the
southern Cape coast derived using methods from disciplines such as
palynology, palaeontology as well as organic, inorganic, and stable
isotope geochemistry (e.g. Hahn et al., 2017; Kirsten et al., 2018; Quick
et al., 2015; Quick et al., 2018; Strobel et al., 2021; Wiindsch et al.,
2018; Wiindsch et al., 2016) providing a coherent moisture evolution
and atmospheric precipitation source signal along South Africa’s
southern Cape coast.

Fire dynamics at Vankervelsvlei and along the southern Cape coast
likely changed in response to the shifting regional climate, i.e. precipi-
tation seasonality and local relative humidity, during the Holocene. In
this context, previous studies have shown that local moisture avail-
ability and temperature largely drive fuel productivity and fuel moisture
which in turn control fire incidence, frequency, seasonality, and in-
tensity (Daniau et al., 2012; Jolly et al., 2015; Kraaij et al., 2022; Kraaij
and van Wilgen, 2014; Msweli et al., 2020). While this study provides
robust precipitation source and local moisture availability records for
the southern Cape coast, the region still lacks continuous Holocene
temperature reconstructions with sufficient temporal resolution and
chronological control (e.g. Talma and Vogel, 1992). As temperature
reconstructions become available (e.g. Loehle, 2007), a more compre-
hensive understanding of paleoclimate and environmental responses
will emerge. However, fire regimes with high fire activity and efficient
fuel conditions have been linked to periods of increased moisture (i.e.
7.2702/ 1 5 t0 4.5193/_ 5 cal ka BP) as a result of the intensification of
both the Easterly- and locally-derived summer precipitation as well as
Westerly-derived winter precipitation (Fig. 8). Conversely, recon-
structed fire regimes suggest fire decreases when fuel availability is
reduced during protracted drought periods (4.57%3/_g 5 to 1.57%%/_
cal ka BP) driven by an overall reduction in total precipitation from a
weakening of the Easterlies and local moisture sources during summer
and a more persistent winter rainfall regime (Fig. 8).

The pattern of our precipitation source and local moisture avail-
ability record resembles the Western South African fire stack (Davies
et al., 2022) (Fig. 8) showing high fire activity during phases of
increased fuel availability due to low precipitation seasonality (year--
round rainfall regime) and high local relative humidity. Conversely, low
fire activity occurs during phases of decreased fuel availability as a
result of high precipitation seasonality (winter rainfall regime) and low
local relative humidity (Fig. 8). This highlights that our reconstructed
climatic pattern drives fuel availability at Vankervelsvlei and along the
southern Cape coast, and potentially extends further west. However, for
evaluating the longitudinal extent of the climatic pattern and fire ac-
tivity, there is a need for further records providing high temporal res-
olution and precise chronological control in the winter rainfall zone of
South Africa.

Our precipitation source and relative humidity records are also
comparable to the intensity of El Nino Southern Oscillation (ENSO)
highlighting the influence of the latter on South Africa’s regional climate
(Fig. 8). Generally, low precipitation seasonality (year-round precipi-
tation regime) and high local relative humidity are accompanied by low
ENSO intensity (i.e. 7.2192/ 15 to 4.57%3/ 45 cal ka BP and
1.57%4/_4 5 cal ka BP until present day). Conversely, high precipitation
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seasonality (winter rainfall regime) and low local relative humidity are
accompanied by high ENSO intensity (Fig. 8). This is perfectly in line
with recent observations of prolonged drought periods in South Africa
during summer, which has been attributed to the absence of Easterly-
derived summer precipitation along the southern Cape coast due to
ENSO events (Blamey et al., 2018; Engelbrecht and Landman, 2016;
Favre et al., 2013; Ratnam et al., 2014; Weldon and Reason, 2014).
Furthermore, ENSO events have been attributed to an increase in fire
probability in this area (Burton et al., 2020; Duane et al., 2021). How-
ever, our fire activity records (macro-charcoal and Y PAH concentra-
tions) from Vankervelsvlei and ENSO intensity (Rein et al., 2004, 2005)
(Fig. 8) show an opposed pattern indicating high (low) fire activity along
South Africa’s southern Cape coast contemporaneous with decreased
(increased) ENSO intensity (Fig. 8). This likely indicates that fire activity
along the southern Cape coast prominently depends on fuel availability,
which is related to long-term climatic trends. On the other hand, high
biomass availability during generally humid periods (i.e. 7.2+%2/_ 5 to
45703/ o5 cal ka BP and 1.5"%%/_;, cal ka BP until present day)
provides potential for extensive burning, possibly induced by single or
low intense ENSO events. In turn, during generally dry conditions (i.e.
4.5703/_4 310 1.57%4/_ , cal ka BP) biomass availability is limited and
fire activity is low, although intense ENSO events provide the potential
for frequent fire weather at Vankervelsvlei and along South Africa’s
southern Cape coast (Fig. 8).

Drought-adaptive, fire-resistant and/or dependent ecosystems (such
as Fynbos) can survive along the southern Cape coast, benefitting the
region’s biodiversity. To protect biodiversity in the face of future climate
change and its projected impacts on fire frequency and ENSO intensity,
southern Cape coast ecosystems must be adaptive, resilient, and resis-
tant against extreme events (precipitation, drought, and fires). Rapid
transitions between contrasting periods of extreme conditions provide
the ideal scenario for fuel load increase, resulting in intense fires. If
ecosystems are unable to adapt accordingly, this can lead to stress and/
or mortality (Milton et al., 2022).

5. Conclusion

The southern Cape coast of South Africa experienced variable fire
activity associated with paleoclimatic and paleoecological changes
during the Holocene. Our multi-proxy record from Vankervelsvlei pro-
vides new insights into fire and climatic dynamics at South Africa’s
southern Cape coast during the Holocene.

Our study highlights that fire dynamics at Vankervelsvlei and along
the southern Cape coast likely changed in response to the shifting
regional climate during the Holocene. From 7.27%2/_ , to 4.57%3/_ 5
cal ka BP, high macro-charcoal and > PAH accumulation rates indicate
high fire activity at Vankervelsvlei promoted by generally moist con-
ditions and a year-round rainfall regime due to the contributions of both
Westerly-derived winter precipitation and Easterly- and locally-derived
summer precipitation. From 45493/ 1210 1.57%4/_ 5 cal ka BP, lower
macro-charcoal and ) "PAH accumulation rates indicate lower fire ac-
tivity. Contemporaneously, rather dry conditions occurred due to the
presence of Westerly-derived winter precipitation but a decrease of
Easterly- and locally-derived summer precipitation leading to a shift
toward a winter rainfall regime. During the past 1.57%%/_q, years,
moisture has been variable but generally increasing due to increasing
contributions of both the Westerly-derived winter precipitation and the
Easterly- and locally-derived summer precipitation, leading to the
presence of a year-round rainfall regime along the southern Cape coast.
As a result, macro-charcoal and > PAH accumulation rates are generally
high from 1.5704/_, 5 cal ka BP until present day while charcoal accu-
mulation rates show a decreasing trend from 0.67%1/_ 1 cal ka BP until
present probably due to the impact of anthropogenic activities.

Results of our record are generally in line with previous in-
vestigations at Vankervelsvlei and closely located paleopyrogenic and
paleoclimatic records along the southern Cape coast. Moreover, our
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record from Vankervelsvlei is consistent with a recently developed fire
stack record from western South Africa. In this context, E1 Nino impacts
the regional precipitation regime along the southern Cape coast. During
intense El Nino, summer precipitation is dramatically low increasing the
potential for wildfires. For example, during generally moist periods (e.g.
7.2702/ 05 to 4.57%3/_y 3 cal ka BP and 1.5V%%/_g, to present day)
there is a high biomass availability but El Nino-induced drought during
summer likely leads to high potential for destructive fires along the
southern Cape coast. El Nino is predicted to increase in the future
providing potential for increased fire activity along the southern Cape
coast. This will have relevance for future management of fire regimes.
For a more comprehensive understanding of past fire, vegetation, and
climate relations, there is a need for future studies investigating well-
established and innovative pyrogenic (e.g. macro-charcoal, PAHs,
etc.), palynological and direct hydrological proxies, i.e. 61805ugar and
82Hn_alkane, in identical samples from the same site allowing more robust
reconstructions.

In order to get a better understanding of the interplay of various fire
proxies, a comparison with known fire events is needed. This will
contribute to a better understanding of which fire characteristics are
reflected by each proxy, such as fire frequency, intensity, proximity, fuel
type, or area burnt. Moreover, combustion residuals of different vege-
tation types exhibit a distinct pyrogenic signature, requiring further
investigation into the prevalent plant species on the southern Cape coast
and their specific fingerprints in the combustion-related production of
pyrogenic compounds. This, in turn, will contribute to a better assess-
ment of future regional fire dynamics in the context of ongoing climate
change, as well as improved conservation and management of the
unique biodiversity and human habitat protection on the southern Cape
coast of South Africa.
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