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ARTICLE INFO ABSTRACT

Editor: Shilong Piao In South Africa's highly biodiverse and fire-adapted Cape Floristic Region, fire is critical to maintaining
ecosystem health and for the reproductive strategies of many endemic species. Ecological studies have identified

Keywords: fire return intervals (FRIs) of approximately 10-15 years. However, the short timescale of these observations,

Fire history derived from anthropogenically impacted systems, means that the extent to which these FRIs are maintained over

Fire frequency millennia, and how vegetation dynamics co-vary with fire frequency is poorly resolved. Here, we analyze a high-

EEI:I?:J; ; resolution macrocharcoal record from a lacustrine sedimentary archive to reconstruct fire return intervals over
Conservation four millennia at a fynbos-afrotemperate forest ecotone along South Africa's southern Cape coast. We address
variability in fire activity (i.e., more or less burning) and FRIs in relation to pollen-derived reconstructions of
local vegetation change and regional shifts in moisture availability over the past 4200 years. We document a
range of FRIs between 10.5 and 166 years. We find that FRIs shift towards longer intervals, fire activity de-
creases, and afrotemperate forest vegetation becomes more abundant during periods of increased moisture
availability. Our historical (1890-2013 CE) FRI reconstruction is consistent with ~10-15 years between burns,
but one must only look back a few centuries to see FRIs far outside the range of variability observed today. This
suggests that our present-day ecological lens is not representative of the full range of natural variability expe-
rienced at this site over the past four millennia. This work provides long-term ecological context to land man-

agers working towards the conservation and protection of fynbos.
1. Introduction despite a growing awareness of the value of paleo records (Barnosky
etal., 2017; Dietl et al., 2015; Rick and Lockwood, 2013), applying such
Paleoecological research can improve our understanding of the long- research to conservation and land management decisions remains a
term variability in ecosystems over centuries to millennia — outside the challenge (e.g., Gillson, 2021; Groff et al., 2023; Lyman, 2006). Previous
range of historical, ecological knowledge encompassed by direct human work has argued that long-term records provide a broader perspective
observation (e.g., Birks, 2012; Willis and Bhagwat, 2010). However, on what may be considered “natural” within an ecosystem (Willis and

* This article is part of a Special issue entitled: ‘Fire’ published in Global and Planetary Change.
* Corresponding author at: Utah Valley University, Department of Earth Science, 800 W. University Pkwy, Orem, UT 84058, USA
(S.G. Mosher).

16 December 2025; Accepted 11 January 2026
Available online 12 January 2026
0921-8181/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


www.sciencedirect.com/science/journal/09218181
https://doi.org/10.1016/j.gloplacha.2026.105307
https://doi.org/10.1016/j.gloplacha.2026.105307

S.G. Mosher et al.

Birks, 2006), and can offer insights into historical variability (i.e., the
temporal domain) to inform policymakers and land managers about
climate and human-induced ecosystem impacts (e.g., Birks, 2012; Gill-
son, 2021; Kirsten et al., 2024). Paleoecology acknowledges that land-
scapes are not static — often experiencing dynamic shifts in composition
and diversity over millennia. Therefore, paleoecological reconstructions
can reveal ecological processes and responses over thousands of years,
including periods of pronounced climatic changes and human-
environment impacts, facilitating a more robust understanding of
landscape evolution and history (e.g., Kirsten et al., 2024; Manzano
et al., 2020; McWethy et al., 2010). These reconstructions can also shed
light on biome resilience and ecological tipping points — wherein
threshold conditions are reached that push the ecosystem non-linearly
into a new state (Thomas, 2016). This is important because many
ecological datasets, which typically provide a baseline range of
ecosystem variability, are often temporally limited to only a few decades
of observations in systems already heavily modified by human activity
and may miss critical responses to long-term climate changes. Through
the integration of deep-time paleoecology and modern-day conservation
biology, inter-biome dynamics and ecosystem resilience can be better
understood, and conservation and management plans can be established
that account for long-term variability in climate-vegetation-fire
interactions.

In South Africa's highly biodiverse and disturbance-adapted Cape
Floristic Region (CFR), fire is a decisive force in maintaining ecosystem
health and for the reproductive strategies of many endemic plants of the
mediterranean shrublands of the Fynbos Biome (Cowling, 1987; Keeley,
2012). Because of its ecological importance, managing fynbos ecosys-
tems means managing fire, a perspective that has guided historical ef-
forts to prescribe and contain fires in the CFR. Since ~1970 CE, land
management strategies have focused on prescribed burning to protect
soil, ensure water flow, rejuvenate vegetation, and prevent harmful
large-scale wildfires by reducing fuel build-up (van Wilgen, 2009).
However, much of our present-day understanding of how fire operates in
the CFR comes from historical, ecological studies extending back, at
most, ~80 years. Furthermore, these studies come from protected areas
that have already been altered by human activity or efforts to “protect”
fynbos species (e.g., Kraaij et al., 2018; Kraaij et al., 2013; Kruger, 1984;
van Wilgen et al., 2010), and that lack many large herbivores, such as
hippopotamus (Hippopotamus amphibius), which were historically pre-
sent in many wetland and fynbos-dominated areas (Skead, 2011) and
would otherwise have removed burnable plant biomass from the system
(Karp et al., 2024; Staver et al., 2021).

Fire return intervals (FRIs), or the time interval between fires at any
given site (Bond and Keeley, 2005), are often indicated as a useful metric
for managing ecosystems because they present a number, or range of
numbers, that are considered appropriate for the ecological re-
quirements of a particular plant community. In the CFR, these FRIs tend
to range between 7 and 55 years, with the majority of fires re-occurring
within a ~ 10-15 year interval (e.g., Kraaij et al., 2018; Kraaij et al.,
2013; Kraaij and van Wilgen, 2014; Kruger, 1984; van Wilgen et al.,
2010). Most fynbos plants are known to be resilient to fire and capable of
surviving decadal to multi-decadal fire regimes with FRIs of 10 to 40
years (van Wilgen and Forsyth, 1992). In contrast, the CFR's moisture-
loving and fire-adverse Southern Afrotemperate Forest Biome (here-
after refered to as afrotemperate forest) prefers sheltered topographical
locations with protection from fire and high plant-available moisture (e.
g., Cramer et al., 2019; Gillson et al., 2020; Mucina et al., 2006). Because
of this, the afrotemperate forest is more sensitive than fynbos to drought
and fire and therefore is expected to expand (contract) under wetter
(drier) conditions and/or periods of reduced (increased) rainfall sea-
sonality while the fire-adapted fynbos may contract (expand) under
these conditions when fires may be less (more) frequent. However,
despite the importance of fire in the CFR, little is known about the long-
term range of variability in FRIs and how changes in fire frequency
relate to inter-biome dynamics and ecosystem resilience. While many
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Holocene paleoecological reconstructions from the CFR focus on vege-
tation responses to changes in climate (e.g., du Plessis et al., 2020;
Manzano et al., 2023; Quick et al., 2018; Valsecchi et al., 2013), none
have explored variability in fire activity, magnitude, and FRIs at tem-
poral scales relevant to the frequency of present-day CFR fires. In this
paper, we first reconstruct fire activity, magnitude, and frequency at 2-
year timesteps (median value) over ~4200 years from a sediment core
extracted from a coastal, ecotonal fynbos-afrotemperate forest lake,
Eilandvlei, along the southern Cape coast. We then explore variable FRIs
alongside long-term inter-biome, fynbos-afrotemperate forest dy-
namics, which provide a lens through which ecosystem change and
resilience can be evaluated.

The Eilandvlei fire history record provides the first long-term record
of variability in FRIs at ecological-scale temporal resolution to address
two questions: (a) how does our historical, ecological understanding of FRIs
in the CFR align with the natural range of variability in FRIs over four
millennia? And (b), if variations in FRIs are identified over time, how do they
impact ecosystem resilience at this fynbos — afrotemperate forest ecotone?
This long-term record of fire captures variability in the CFR disturbance
regime - shifting alongside changes in climate, vegetation assemblage,
and human land-use histories, and improves our long-term perspective
on fire regimes along the southern Cape coast.

2. Regional setting
2.1. Hydroclimate

South Africa contains a diversity of biomes and vegetation commu-
nities, which are in part a result of distinct seasonal rainfall regimes
across the subcontinent (Fig. 1; Mucina and Rutherford, 2006). While
the eastern and interior parts of South Africa receive summertime pre-
cipitation driven by the low-latitude tropical easterlies, the west coast
experiences a contrasting winter rainfall regime driven by seasonal
shifts in the mid-latitude temperate westerly winds (Tyson, 1986; Tyson
and Preston-Whyte, 2000). These broad regions form the summer
rainfall zone (SRZ) and winter rainfall zone (WRZ), respectively. In
between the SRZ and WRZ is a narrow zone of year-round rainfall (YRZ)
that receives precipitation from both these tropical and temperate
moisture sources (Chase and Meadows, 2007; Tyson and Preston-Whyte,
2000). The southern Cape coast experiences a high degree of climate
variability due to these tropical and temperate climate systems and the
Agulhas Current, which brings warm water and moisture-laden air along
the southern Cape coast (Chase et al., 2024; Chase and Quick, 2018;
Engelbrecht and Landman, 2016). The 90,000 km? CFR is a product of
the Mediterranean climate experienced by the WRZ, with winter rainfall
(i.e., a cool growing season) critical for the development of the region's
high levels of endemism and biodiversity found within the Fynbos
Biome (e.g., Linder, 2003). Here, we focus on a coastal CFR site within a
fynbos-afrotemperate forest ecotone, Eilandvlei, which is found in the
YRZ (Fig. 1).

2.2. Fire regimes of the CFR

The CFR has been subdivided into six fire climatic zones (Kraaij et al.,
2013; van Wilgen, 1984), which are distinguished by slightly variable
FRIs, fire weather danger, and fire seasonality. Mean FRIs in fynbos
shrublands range between 8 years in the far eastern coastal zone, and 16
years in the eastern inland zone (Kraaij and van Wilgen, 2014).
Eilandvlei is located in the southwestern coastal zone, with average
fynbos FRIs of ~10 years, and the majority of wildfires igniting between
November and February when extreme summer conditions can elevate
dangerous fire conditions (Kraaij and van Wilgen, 2014; van Wilgen,
1984). Most of what is known about fire in the CFR comes from studies
of historical fires, extending back between 30 and 80 years (e.g., Brown
etal., 1991; Forsyth and van Wilgen, 2008; Kraaij and van Wilgen, 2014;
Seydack et al., 2007; van Wilgen et al., 2010), with more recent
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Fig. 1. (A) Map of southern Africa depicting seasonal rainfall gradients as percent winter rainfall received (May — September). Eilandvlei (study site) is shown in the
YRZ along the southern Cape coast. Basemap sensu Chase and Meadows (2007). Eilandvlei is shown in relation to other paleoecological archives referenced in this
text: (GK — Groenkloof; OK — Orange Kloof; PF — Papkuilsfontein). (B) Biomes of southern Africa (Mucina and Rutherford, 2006) with Eilandvlei's location. (C)
Zoomed in panel of contemporary vegetation surrounding Eilandvlei (Mucina and Rutherford, 2006), highlighting the ecotonal location of Eilandvlei (white star)

between fynbos and forest vegetation types.

developments via remote sensing and satellite-derived burnt area
products (e.g., Andela et al., 2019; de Klerk et al., 2012; Xulu et al.,
2021). These historical data suggest that fires broadly recur after 7-55
years (Kraaij and van Wilgen, 2014), though mostly within ~10-15
years (Forsyth and van Wilgen, 2008; Kraaij and van Wilgen, 2014; van
Wilgen et al., 2010). Shorter FRIs occur locally in the far eastern coastal
Tsitsikamma region (~7 years between fires; Kraaij et al., 2013) and the
intensively managed southwest coastal lowland fynbos found in Bon-
tebok National Park (~7.2 years between fires; Kraaij, 2010) while
longer FRIs are in drier, inland areas along the eastern extent of the
Swartberg Mountains (~21 years between burns; Seydack et al., 2007)
where observations suggest that fuel accumulation rates are lower.
Fires generally increase in frequency along rainfall gradients
increasing from west to east in the CFR (Kraaij et al., 2013) and from
lower to higher altitudes (i.e., in the Swartberg mountains; Seydack
et al., 2007), where lower altitude shrublands are drier and more fuel-

limited than higher altitude sites, which are controlled primarily by
fire weather and lightning occurrences rather than fuel availability.
These linkages between fire and precipitation are non-linear, with fire
peaking in seasonal environments that receive sufficient moisture to
sustain fuel loads, yet undergo sufficient seasonal drying to permit
ignition (e.g., Daniau et al., 2012; Karp et al., 2023). In areas with low
rainfall and productivity, often referred to as “fuel-limited” systems, an
increase in precipitation may result in an increase in fire activity as
biomass (i.e., fuel) increases on the landscape (Mosher et al., 2024).
Alternately, areas that experience very high moisture, typically >900
mm per year, may experience reduced fire despite high fuel loads and
are known as “fuel-moisture-limited” systems (Karp et al., 2023).
Critically, our historical understanding of CFR FRIs is limited to
observations of a landscape that has already been significantly impacted
by human activity, and does not inform on the full natural range of
variability during the Holocene or the long-term dynamics between
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climate, vegetation, and fire. In this paper, we seek to explore the dy-
namic interplay between fire and vegetation at Eilandvlei using high-
resolution sedimentary records of fire alongside pollen-derived re-
constructions of vegetation change over the past four millennia.

2.3. Study site

Located in the Wilderness Embayment, Eilandvlei (34°10”59'S,
22°44"43F; surface area ~ 1.38 km?; maximum depth ~ 6.5 m) is the
westernmost of three lakes which are connected via small, historically
natural channels which are now artificially kept open by land managers
(Fig. 1). The Embayment started to form during the Pleistocene and has
since experienced several marine transgression-regression cycles
(Bateman et al., 2011; Cawthra et al., 2014). The Touw River is the
primary freshwater source in the catchment and feeds into the Serpen-
tine Channel about 3 km upstream from its mouth, though additional
freshwater enters at Eilandvlei's northeastern shore from the Duiwe
River. Both inflows originate in the Outeniqua Mountains to the north.
This region has experienced four major geomorphological and hydro-
logical shifts over the Holocene, ranging from a drowned paleo-valley to
a marine embayment during the mid-Holocene sea-level high-stand, to a
lagoon system, and finally to the present-day coastal lake and estuarine
system since ~1200 cal yrs. BP (Fig. 1; Wiindsch et al., 2018).

Annual rainfall along the southern Cape coast can be highly variable,
ranging between 375 and 1475 mm (mean: 760 mm), and is relatively
evenly distributed throughout the year (SAWS, 2017). Eilandvlei is
located within the Knysna Afrotemperate Forest (Zonal and Interzonal
Forests of Fig. 1C) — southern Africa's largest temperate forest type
(Geldenhuys, 1991; Midgley et al., 1997; Mucina et al., 2006) — which is
typically found in valleys sheltered from fire and containing high soil
moisture. Fynbos and coastal thicket communities can be found on the
coastal lowlands and dunes, as well as on the northern side of the
embayment. Specifically, Knysna Sand Fynbos is found on the coastal
flats, while to the north of Eilandvlei, Garden Route Shale Fynbos is
found at the intersections between fynbos, scrub forest, and afrotem-
perate forest patches. Other dominant terrestrial vegetation groups
include the Southern Cape Dune Fynbos along the lake's seaward barrier
dunes, characterized by sclerophyllous shrubs and a restionaceaeous
undergrowth, Cape Lowland Freshwater Wetlands along the Serpentine
Channel to the west, and Granite Fynbos groups to the north towards the
Outeniqua Mountains (Mucina and Rutherford, 2006). For a more
detailed description of the contemporary vegetation refer to Quick et al.
(2018).

The relative locations and dominance of these different vegetation
assemblages are driven by ecological factors such as micro-climate,
topography (Geldenhuys, 1994), geology (Coetsee et al., 2015),
drainage (Cowling, 1984), and fire regimes, including frequency, sea-
sonality, intensity, and size (e.g., Manders and Richardson, 1992; Power
et al., 2017; Strydom et al., 2022; van Wilgen et al., 2010). Dynamics
between climate, vegetation, soil type, and fire are recognized to drive
alternating states, or periods of relative expansion or contraction be-
tween fynbos and afrotemperate forest vegetation, with fynbos better
tolerating drier conditions or extended periods of drought (Cramer et al.,
2019; Gillson et al., 2020; Prader et al., 2023; Slingsby et al., 2020).

3. Methods
3.1. Core extraction

The Eilandvlei core was extracted from 33°59'43” S; 22°38'24" E as
part of the 2013 RAIN field campaign (Haberzettl et al., 2014). Two long
piston cores (EV13-3: 30.22 m and EV13-4: 9.86 m) were extracted
from the profundal zone at a water depth of 6 m using a UWITEC system,
and a short core (156 cm) was retrieved using a gravity corer. The cores
were transported to the Friedrich Schiller University, Jena, Germany,
and were split, photographed, and lithologically described following
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standard procedures. Geochemical variations and optical marker layers
were used to correlate the overlapping cores and to build a composite
record of 30.47 m (‘EV13’). To span the past 4200 years, a macro-
charcoal (>125 pm) record was established from the top 9.6 m of the
EV13 composite to encompass the potentially variable human impacts
surrounding the regional arrival of pastoralist herders ~2000 cal yrs. BP
(e.g., Bousman, 1998; Coutu et al., 2021; Schweitzer, 1974).

3.2. Chronology

Radiocarbon ages were produced by Beta Analytic Inc., Miami, and
are reported as calibrated years before present (cal yrs. BP). The chro-
nology applied here has been adapted from the original chronology used
by Kirsten et al. (2018), Quick et al. (2018), and Wiindsch et al. (2018)
by re-calibrating '“C ages to the more recent marine (Marine20) and
southern hemisphere (SHCal20) calibration curves in OxCal version 4.4
(Fig. 2; Bronk Ramsey, 2009; Heaton et al., 2020; Hogg et al., 2020).
Bulk samples calibrated on the Marine20 curve were corrected for
regional marine reservoir effects (Wiindsch et al., 2016). The new EV13
age model was produced in R using the rbacon software package, version
3.2 (Blaauw and Christen, 2011; R Core Team, 2023) and reached a
median basal depth of 8730 cal yrs. BP for the complete 30.47 m
sequence. Here, we used the top 9.6 m of the EV13 sequence, extending
back to a median age of 4260 cal yrs. BP (Fig. 2).
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Fig. 2. Re-calibrated EV13 age-depth model using the Marine20 and SHCal20
calibration curves (Heaton et al., 2020; Hogg et al., 2020). The original age-
depth model was produced by Wiindsch et al. (2016). Blue lines represent 2¢
probability-density function of the calibrated '*C ages. Gray areas demonstrate
the 95% confidence interval, and the central red line illustrates the single best
model using median ages at each depth. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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3.3. Charcoal analyses

Contiguous samples were processed for macroscopic charcoal (<
125 pm) fragments at 0.5 cm intervals through the uppermost 9.6 m of
the EV13 sequence. Each 0.5 cm sample represented a median value of 2
years of deposition. Charcoal samples initially averaged 0.75 g per
sample but were later reduced to 0.5 g at sample number 1142 due to
exceptionally high charcoal counts. Samples were placed in 15 ml test
tubes with 3 ml of sodium hexametaphosphate and were soaked for
24-72 h to assist in the deflocculation of clay-rich sediments. Volumetric
displacement was measured, and samples were wet-sieved through
nested 250 pm and 125 pm sieves to isolate charcoal size classes. In total,
1919 charcoal samples were counted from the EV13 sequence from both
size classes. The results presented here are based on the sum of both size
classes. See Mosher et al. (2025) for an analysis of variability in fire
activity (i.e., more or less burning) at Eilandvlei alongside climate and
anthropogenic changes.

Charcoal data were analyzed using CharAnalysis in MATLAB
(Higuera et al., 2009). CharAnalysis permits the reconstruction of
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average charcoal influx (CHAR = # of particles cm 2 year 1) over each
sample time interval. CHAR reconstructions provide two components:
first, a slowly varying trend, referred to as the background component
(often referred to as “fire activity” — periods of relatively more or less
burning), representing long-term changes in fire that are related to
variability in fuel types and amount, regional patterns of burning,
changing climate conditions, and depositional environments; and sec-
ond, short-term activity in fire, referred to as the peaks component,
which are identified as pulses in CHAR that exceed the background
component by a specified threshold (Clark and Royall, 1996). These
peaks indicate one or more fire episodes during the time interval con-
tained in the sample (Long et al., 1998). Charcoal peak magnitudes (# of
particles cm 2 peak 1) are the sum of all CHAR values for each sample
exceeding the final threshold value for each identified fire episode
(Higuera et al., 2009). CharAnalysis also permits the reconstruction of
fire frequency as the number of fire episodes per 100 years. This is
calculated by smoothing the fire episodes detected such that variations
in the number of fire episodes (i.e., frequency) over time can be visu-
alized (Power et al., 2006). We use the terminology of fire return
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Fig. 3. Eilandvlei fire history reconstruction over the past 4200 years. A) Charcoal influx (CHAR; particles cm 2 yr 1), is interpreted as a metric of fire activity over
time. B) Fire episodes (peaks) identified as one or more fires detected above background CHAR during the time interval represented by the sample (median value: 2
years). C) Charcoal peak magnitudes (# of particles cm 2 peak '), which are calculated as the sum of all CHAR values exceeding the assigned threshold value for
each fire episode identified in (B). D) Reconstruction of fire frequency (# of fires/ 100 years) and fire return intervals (FRIs; # of years between burns). Dotted lines

depict CONISS period boundaries as identified in Quick et al. (2018).
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intervals (FRIs; i.e., years between burns) in the text to match terms
commonly used in other studies. We calculate FRIs as 100 years / the
number of fire episodes detected. Both fire frequency and FRIs are
shown in Figs. 3 and 4.

The suitability of fire history reconstructions for peak and frequency
analyses are highly dependent upon the appropriateness of the
sediment-charcoal record, and therefore, a signal-to-noise index (SNI) is
used to quantify the suitability of the record and the robustness of the
reconstruction — both over the entire record and within each zone (Kelly

Bl B2

(Chase et al., 2024)

Papkuilsfontein Aridity
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etal., 2017). Ideally, selected threshold parameters that result in an SNI
of about 3 protect against over-interpreting a weak signal. SNI values <3
suggest limited separation of the signal (peak) and noise (background)
components.

For the EV13 sequence, raw charcoal data was converted to CHAR
using the median resolution of 2 years per sample (Mosher et al., 2025).
This high-resolution temporal interval permitted multiple charcoal
samples within an expected fire frequency interval (i.e., ~10-15 years in
the CFR). The full record was smoothed using a LOESS smoother over a
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Fig. 4. Climate, vegetation, and fire frequency dynamics at Eilandvlei over the past 4200 years. A) 5'°N aridity reconstruction from Papkuilsfontein (Chase et al.,
2024). Dark blue trend line reflects the upscaled 5!5N data at the resolution of the CIA and pollen records. B) Chemical index of alteration (CIA) data from Eilandvlei
(Wiindsch et al., 2018), interpreted as reflecting runoff into the lake. C) Afrotemperate forest pollen sum (%) (Quick et al., 2018) with LOESS smoother (span = 0.3).
D) Fynbos pollen sum (%) (Quick et al., 2018) with LOESS smoother (span = 0.3). E) Raw charcoal influx from Eilandvlei (this study). Red trend line reflects the
upscaled data CHAR at the resolution of the CIA and pollen records. F) Reconstruction of fire frequency (# of fires / 100 years) and fire return intervals (FRIs; # of
years between burns) (this study). Black trend line reflects the upscaled FRI data at the resoltion of the CIA and pollen records. Horizontal gray shading demonstrates
the envelope of historical varibility in CFR FRIs, with 10-15 years between burns. FRIs falling outside of this range reflect FRIs outside the historical range of
variability. Vertical dotted lines depict CONISS period boundaries as identified in Quick et al. (2018), referred to in the text as B1, B2, and B3. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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35-year window. This resulted in 17.5 samples per smoothing window
and an SNI of 3.0751 (Kelly et al., 2017). SNIs for each zone are pre-
sented in the results. Peaks, or fire episodes, were detected using re-
siduals (CHARpeak = CHARinterpolated — CHARbackground), With a locally
defined threshold wherein the signal-to-noise distribution is determined
by a Gaussian mixture model. Threshold values were evaluated at the
95th, 99th, and 99.9th percentiles of the noise distribution and final
peaks were isolated using the 99th percentile. These parameters were
selected for the final analysis because they produced the strongest
signal-to-noise index. FRI, final peak detection, and peak magnitude
data are provided in Appendix A.

3.4. Pollen and aridity reconstruction analyses

Previously published pollen data from Eilandvlei were used to
interpret the interplay between variations in fire activity, FRIs, and the
relative abundances of fynbos and afrotemperate forest over the past
four millennia (Quick et al., 2018). Taxa included within each ecological
grouping are presented in Quick et al. (2018) and listed in Appendix B.
Here, we refer to one partial pollen assemblage zone and two full pollen
assemblage zones from the original publication (Quick et al., 2018),
derived from CONISS (constrained incremental sum of squares) analysis
(Grimm, 1987). We use a partial zone where our record does not extend
back through the full zone denoted in Quick et al. (2018). Our fire his-
tory reconstruction documents ~500 years from the partial zone EV13 —
B1 (full zone per Quick et al. (2018): 4700-3700 cal yrs. BP; our
reconstruction: ~4260-3700 cal yrs. BP), and two complete zones: EV13
- B2 (3700-1500 cal yrs. BP) and EV13 — B3 (1500-60 cal yrs. BP).
Hereafter these zones will be referenced in the text as B1, B2 and B3. We
also discuss fire frequency during the historical era between 1890 CE
(60 cal yrs. BP) and 2013 CE, though pollen data are not available for
this portion of the record. Pollen data have been plotted on the updated
EV13 age model and have been smoothed with a LOESS smoother (span
= 0.3) to assist in the visualization of trends over time.

We also explore local and regional aridity using a Chemical Index of
Alteration (CIA) record from Eilandvlei (Wiindsch et al., 2018) as well as
a high-resolution hyrax midden &'°N reconstruction from Papkuilsfon-
tein, ~182 km northwest of Eilandvlei along the southern flank of the
Anysberg mountains (Chase et al., 2024). The CIA record is interpreted
to reflect changes in runoff at Eilandvlei (Wiindsch et al., 2018), while
the Papkuilsfontein record highlights regional shifts in aridity related to
larger-scale atmospheric-ocean dynamics along the southern Cape coast
over the Holocene (Chase et al., 2024). The combination of these two
records is appropriate for understanding local and regional trends in
aridity and moisture availability experienced at Eilandvlei over the past
four millennia.

The Eilandvlei CIA and pollen records are relatively lower resolution
datasets than the Papkuilsfontein aridity and Eilandvlei charcoal influx
(CHAR; Mosher et al., 2025) and FRI records. Therefore, for improved
comparability in trends between proxies, the aridity and charcoal re-
cords were upscaled to the resolution of the CIA and pollen records. This
was done by establishing continuous 1 cm sample intervals and aver-
aging the values contained within each 1 cm window for the high-
resolution proxies. Both the original, higher resolution data and the
upscaled data are visualized for these proxies in Fig. 4.

We use Spearman's rank-order correlation coefficient to identify
directional changes through time (i.e., increases or decreases) in fire
activity, FRIs, and proxies of vegetation and climate change. Strength
and direction of the relationship are reported as R, and significance as p.
Raw data (not upscaled) were used for these statistical tests. The
threshold for significance occurs when p < 0.05.
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4. Results
4.1. B1 (~4260-3700 cal yrs. BP)

This reconstruction only spans a portion of the full B1 period pre-
sented in Quick et al. (2018) — from around 4260 to 3700 cal yrs. BP. The
average SNI for Bl is 3.42. Total charcoal influx (CHAR; # of particles
cm 2 yr 1) is the highest of the record during start of B1 (Fig. 3A),
generally decreasing throughout this zone (R = 0.392; p < 0.001).
Charcoal peak magnitudes are relatively consistent (Figs. 3B and C).
Within B1, FRIs are shortest around 4150 cal yrs. BP with ~13 years
between burns (Fig. 3D), and the longest FRIs occur towards the end of
B1, with approximately 27 years between burns around 3750 cal yrs. BP.
Similar to the decline in charcoal influx over B1, there is a weak but
variabile shift towards longer FRIs through B1 (Rs= 0.279;p < 0.001).

There are no clear directional changes in afrotemperate forest
(Fig. 4C; Ry = 0.382; p = 0.276) or fynbos abundance through B1
(Fig. 4D; Ry = 0.310; p = 0.383). Regionally, moisture availability
decreased modestly (Fig. 4A; Rs = 0.319 p = 0.02) while locally,
Eilandvlei experienced a slight increase in runoff to the lake (Fig. 4B; R
=0.733; p = 0.01).

4.2. B2 (3700-1500 cal yrs. BP)

B2 spans between 3700 and 1500 cal yrs. BP, with an average SNI of
3.26. CHAR is generally much lower during B2 than in B1 (Fig. 3A), and
there is a slight but variable decrease in fire activity through time (Rs =

0.249; p < 0.001). While many fire episodes are identified (Fig. 3B),
two fire episodes (around 3300 and 3100 cal yrs. BP) are detected with
magnitudes larger than any other episodes identified in the full record
(Fig. 3C), perhaps reflecting unprecedentedly large “mega-fires” (Linley
et al., 2022). Following these potential “mega-fire” events, comparably
small magnitudes are detected for several hundred years. FRIs are the
shortest of the entire 4200 year record at around 1690 cal yrs. BP, with
~10.5 years between burns (Fig. 3D). FRIs are longest around 2770 cal
yrs. BP with ~67 years between burns (Fig. 3D). Towards the end of B2,
FRIs are generally short, with the period of ~1750-1600 cal yrs. BP
encompassing FRIs of 11.5-10.5 years between burns. Throughout B2,
FRIs are variable but generally shift towards shorter FRIs (more frequent
fires) that again become longer into the beginning of B3 (Rs = 0.314;p <
0.001).

There are no significant directional changes in afrotemperate forest
(Rs = 0.344; p = 0.07; Fig. 4C) or fynbos (Rg = 0.095; p = 0.623;
Fig. 4D) taxa during B2. Both regional moisture availabily (Fig. 4A; Rg =
0.472; p < 0.001) and local runoff at Eilandvlei increase over this in-
terval (Fig. 4B; Ry = 0.590; p < 0.001).

4.3. B3 (1500-60 cal yrs. BP)

Fire activity is considerably lower during B3, with an average SNI of
2.82. This somewhat low SNI (< 3) suggests that the CharAnalysis al-
gorithm may have some limitations in isolating discrete fire events from
the background noise, with potential implications for the accuracy of the
charcoal magnitude and FRI reconstructions (Kelly et al., 2017). The
drop in FRIs identifited ~620 cal yrs. BP corresponds with an interval of
~140 years during which no fire episdoes were detected (Fig. 3B).

The highest fire activity is around 1490 cal yrs. BP and the lowest is
around 600 cal yrs. BP (Fig. 3A). Overall, there is a weak decline in fire
activity over B3 (R = 0.270; p < 0.001), continuing the long-term
decline observed in preceding intervals. Among the fire episodes that
are identified, the overall magnitudes are low, suggesting that fire ac-
tivity was reduced and that fires were relatively small in size (Figs. 3B
and C). Following the shortest FRIs during B2 around 1690 cal yrs. BP
with about 10.5 years between burns, FRIs became longer into B3.
During B3, shortest FRI is ~17.5 years between burns around 730 cal
yrs. BP (Fig. 3D) and the longest FRI is ~166 years between burns
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around 610 cal yrs. BP — documenting a time of unexpectedly infrequent
fires for a CFR system (Fig. 3D). FRIs do not exhibit any directional
change over this period (R = 0.059; p = 0.112), though as described
above, there may be some limitations to the fire history reconstrution
during B3.
During B3, afrotemperate forest abundance increases (Fig. 4C; Rs =
0.498; p = 0.01) while relative fynbos abundance declines (Fig. 4D; Rs =
0.575; p = 0.002). Continuing the trend documented in zone B2,
regional moisture availability (Rg = 0.629; p < 0.001) and local runoff
(Rs = 0.846; p < 0.001) both increase across B3.

4.4. Historical era (1890 CE (60 cal yrs. BP) — 2013 CE)

The historical era captured by this fire reconstruction ranges from
1890 CE (60 cal yrs. BP) until the EV13 sedimentary sequence was cored
in 2013 CE. The average SNI for this historical period is 3.53. Fire ac-
tivity is generally very low, and decreases through time (Rs= 0.493;p
< 0.001; Fig. 3A). Charcoal peak magnitudes are very low during this
historical period (Fig. 3C). The longest FRI is ~20 years between fires at
~1890 CE (60 cal yrs. BP) and the shortest FRI is 13.8 years between
fires at the top of the record around 2010 CE ( 60 cal yrs. BP; Fig. 3D).
FRIs generally shift towards shorter intervals beween fires across this
historical era (Rs = 1, p < 0.05). Since around 1970 CE (20 cal yrs. BP),
when historical monitoring of CFR FRIs began, FRIs have ranged be-
tween about ~13.8 to 15 years between burns. Pollen and CIA data are
not available for this topmost section of the EV13 sequence, but regional
moisture avaialability increases over this zone (Rs = 0.775; p < 0.001;
Fig. 4A).

5. Discussion
5.1. The long-term range of natural variability in FRIs

This long-term high-resolution FRI reconstruction is the first of its
kind in the CFR, providing an opportunity to use paleoecological data to
improve our understanding of present-day ecosystems. Reconstructed
FRIs during the historical period of this record (1890-2013 CE) docu-
ment ~13.8-20 years between fires, with shorter FRIs occuring towards
the present (Fig. 3D). This is consistent with our present-day under-
standing of FRIs in the fynbos (~10-15 years between fires), validating
the interpretation of this macrocharcoal reconstruction in observing
FRIs over millennial timescales. Over our full reconstruction, this
paleofire record reveals that the natural range of variability in fynbos
FRIs at Eilandvlei is much larger than our historical understanding
(Fig. 4F). Fire activity begins high and slowly drops over the course of
the record (Fig. 3A; see Mosher et al., 2025 for further interpretation of
Eilandvlei fire activity), but FRIs are variable throughout (Fig. 3D). The
southwestern coastal zone, where Eilandvlei is found today, generally
experiences FRIs of around 10 years (Kraaij and van Wilgen, 2014). The
record thus highlights periods over the past four millennia that are at
times similar to our present-day understanding of CFR fire (FRIs of
~10-15 years), while at others being markedly different (e.g., B3, with
FRIs of 17.5 to 166 years), but no periods when FRIs are shorter than our
historical understanding (Fig. 4F).

5.2. Inter-biome dynamics

The Eilandvlei pollen reconstruction documents variability in afro-
temperate forest taxa relative to fynbos taxa over the full 4200-year
record (Fig. 4; Quick et al., 2018). Throughout parts of the record,
fynbos abundance decreases during periods with longer FRIs (Fig. 4).
For example, strong directional changes in vegetation assemblages are
identified in B3 from about 1500 to 60 cal yrs. BP. During this period,
afrotemperate forest abundance increases and fynbos abundance de-
creases, and while there is no significant directional change in the length
of FRIs throughout B3, FRIs are notably longer during B3 than during
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most of the preceding B2 period (Fig. 4). These trends support previous
findings that in the absence of regular, high-frequency fires, fynbos may
be encroached upon by the expanding afrotemperate forest (e.g., Mac-
Pherson et al., 2019; Manders and Richardson, 1992; Prader et al., 2023;
Watson and Cameron, 2001). Additionally, this shift towards longer FRIs
and decreased fynbos vegetation during B3 at Eilandvlei approximately
coincides with a broader-scale, regionally significant shift towards
increased moisture availability (Fig. 4A; Chase et al., 2024), and a
decrease in overall fire activity (Mosher et al., 2025), supporting the
importance of vegetation structure (van Wilgen et al., 1990) and fuel-
moisture interactions (Karp et al., 2023) as critical factors influencing
fire at Eilandvlei (Mosher et al., 2025).

In the CFR, questions of resilience and vegetational dynamics be-
tween and among the fire-dependent fynbos and fire-adverse afrotem-
perate forest communities, alongside changes in climate forcing and
anthropogenic pressures, are of great interest (e.g., Cramer et al., 2019;
Gillson et al., 2020; MacPherson et al., 2019; Prader et al., 2023). In
some cases, these studies have documented stability between fynbos and
afrotemperate forest vegetation, despite climate variability over the late
Holocene (Gillson et al., 2020; MacPherson et al., 2019). In others, more
dynamic responses to changes in climate were observed, both between
the fynbos and afrotemperate forest, as well as within the fynbos
ecological grouping (Prader et al., 2023). While these studies lack FRI
reconstructions, micro- and macrocharcoal influxes reinforce our
finding that low overall fire activity and increased afrotemperate forest
abundance are closely related. At Orange Kloof, historical fire suppres-
sion since the 1930s CE appears to have resulted in afrotemperate forest
expansion and fynbos contraction (Prader et al., 2023). Similarly, fynbos
abundance is highest during periods of increased burning at Groenkloof
(Gillson et al., 2020; MacPherson et al., 2018). Our study contributes to
this understanding of vegetation dynamics and resilience by presenting
a novel FRI dataset that permits a deeper exploration of how these
seemingly opposing vegetation types respond to variability in fire fre-
quency over long timescales.

In addition to these fynbos-afrotemperate forest dynamics, there are
also within-biome changes identified in other key fynbos families (Quick
et al., 2018). As moisture availability increases during B3, the Quick
et al. (2018) reconstruction shows a decrease in Ericaceae pollen until
~1300 cal yrs. BP, after which Ericaceae remains relatively stable.
Proteaceae is variable throughout B3 and Restionaceae declines from
the start to end of B3. It may be that shifts in moisture availability, soil
fertility, and the responses and effects of fire on these factors influences
the abundance of plants with re-seeding or resprouting functional traits
(Wiiest et al., 2016). Increasing fire frequency has been shown to favor
resprouting plants over re-seeders, which require longer intervals be-
tween fires to reach maturity and produce seeds (van Wilgen and For-
syth, 1992; Vila-Cabrera et al., 2015), with negative impacts on plant
diversity (Vlok and Yeaton, 1999). Changes in FRIs, fire seasonality, and
fire intensity may influence the species diversity within these charac-
teristic fynbos families. Future work increasing the temporal resolution
of the pollen data, focusing on species abundance shifts over time, and
exploring these paleoecological FRIs will be valuable in determining the
importance of variable FRIs and overall fire activity at the afrotemperate
forest-fynbos ecotone.

5.3. Implications for conservation and management

This fire history reconstruction from Eilandvlei documents a reduc-
tion in fire activity over the late Holocene (Fig. 3A) and a wide range of
variability in FRIs, from ~10.5-166 years between burns (Fig. 3D).
Though the top of the Eilandvlei core is consistent with our current
understanding of historical FRIs of ~10-15 years between burns
(Fig. 4.3D; Kraaij and van Wilgen, 2014), it only requires exploration of
patterns a few centuries in the past to see FRIs far outside the range of
variability that we experience today, suggesting that the timescale of our
historical, ecological lens is not representative of the full range of
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natural variability experienced at Eilandvlei over the past four
millennia.

More frequent fires (shorter FRIs), though not necessarily more
overall burning (lower fire activity), may facilitate fynbos resilience in
areas experiencing afrotemperate forest encroachment. However, high-
frequency fires (< 10.5 years between burns) are not identified in this
reconstruction, suggesting that routine burning for the sake of other
conservation goals (e.g., promoting forage for large herbivores; Mentis
and Tainton, 1984; Smith et al., 2011; Watson and Chadwick, 2007;
Watson et al., 2005) may be inconsistent with typical FRIs over both
historical and paleoecological timescales.

Along biome boundaries, ecosystem responses to shifts in climate,
vegetation assemblage, and fire are especially pronounced and often
highly sensitive to change. By integrating multi-millennial scale records
into our understanding of long-term ecology, we can better understand
how these vulnerable systems may respond to changes in climate and
disturbance (both anthropogenic and “natural”). Future climate condi-
tions in the CFR are predicted to be up to 20% drier along the southern
Cape coast (IPCC, 2022), and Mediterranean systems worldwide are
expected to experience an increase in burnt area, fire frequency, and fire
severity under all RCP scenarios by 2050 (Sayedi et al., 2024). We may
therefore expect to see rapid shifts in rainfall amount and/or seasonality,
vegetation distribution, and fire activity along the southern Cape coast,
with implications for overall fire activity and FRIs experienced at the
fynbos-afrotemperate forest ecotone around Eilandvlei.

6. Conclusions

This paper presents the first high-resolution, continuous recon-
struction of fire return intervals from the CFR, spanning four millennia
from a fynbos-afrotemperate forest ecotone. We find that FRIs have
varied over the past four millennia, ranging from as frequent as one fire
every 10.5 years to as infrequent as one fire every 67 years, and possibly
as infrequent as one fire every 166 years. Periods of more frequent fire
activity align with our present-day understanding of approximately
10-15 years between burns — based on historical, ecological studies
conducted in ecosystems already heavily impacted by anthropogenic
activities. The large range in FRIs documented here suggests that this
fynbos-afrotemperate forest ecotone may have experienced dynamic
boundary shifts across the late Holocene, alongside changes in climate
conditions, vegetation assemblage (i.e., fuel), and fire activity over
millennial-, centennial-, and decadal- timescales. During periods of
increased moisture availability, the afrotemperate forest expands at the
expense of the fynbos, fire activity decreases, and FRIs become generally
longer (i.e., during much of B3) in comparison to periods of increased
aridity. Importantly, we also find that our present-day range of vari-
ability in fynbos FRIs (~10-15 years between burns) is not consistently
maintained over millennial timescales and is not representative of the
natural range of variability experienced at Eilandvlei. This record
highlights how paleoecological datasets can benefit our understanding
of ecosystem dynamics and resilience by offering a window into the
long-term range of variability within an ecosystem in response to
changes in climate and human activities.
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