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South Africa
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Grootbos Nature Reserve falls within the Cape Floristic Region of South Africa

and comprises fynbos and forest vegetation elements, which exist as alternate

stable states and are naturally maintained by feedbacks between vegetation, fire,

topography and climate. The objective of this study was to investigate changes in

forest extent in the Baviaansfontein valley in Grootbos Nature Reserve in order to

understand whether current forest coverage was greater or lesser prior to

colonial settlement. Incorporating paleoecology has the potential to define

historical ranges of landscape variability that can guide forest restoration

programs that are aligned to historical forest occurrence. Not all landscapes

are suited for tree planting initiatives as they harbor indigenous open vegetation,

which is of conservation value. Historical and palaeoecological information is

especially valuable as tree planting initiatives and reforestation programs are

becoming more popular. Here we present a combined palynological (pollen,

spores, charcoal) and geochemical approach (X-ray fluorescence elemental

ratios, Loss-on-ignition), to evaluate the historic extent and distribution of

forest and fynbos vegetation for the past ~250 years at Baviaansfontein in the

Grootbos Nature Reserve. The start of the record was dominated by pollen

typical of asteraceous fynbos, with evidence of forest elements also present,

though in low abundance. After 200 years (c.1750 CE–1950 CE) of increased

input of micro- andmacrocharcoal, the subsequent decline in charcoal indicates

a decrease in fire occurrence. This decline coincides with increased input of

forest pollen taxa, suggesting that fire suppression most likely triggered forest

expansion and perhaps initiated the beginning of a biome boundary shift. The

continued decline in fire promoted the development of the present-day proteoid

fynbos type around ~1980 CE and was responsible for the replacement of the

previously more asteraceous-dominated fynbos type. The results show that

changes in fire occurrence have driven compositional changes over time

within fynbos but also contributed to the expansion of forest at the expense of

fynbos. Considering the palaeoecological record and the expected warmer
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climate with more fires, forest expansion at Baviaansfontein is not

recommended. The proteoid-dominated fynbos biome might be similarly

negatively affected by warmer climate and a shift to an asteraceous fynbos

community could occur in the future.
KEYWORDS

forest-fynbos boundaries, palynology, palaeoecology, compositional change,
ecosystem conservation, fynbos, reforestation, restoration
1 Introduction

The protection of the world’s remaining forests and the

promotion of tree planting projects (e.g., African Forest Landscape

Restoration Initiative, Bonn Challenge, New York Declaration on

Forests, World Economic Forum’s One Trillion Trees Initiative) are

advocated internationally as being part of a nature-based adaptation

strategy to combat global warming. Forest ecosystems are among the

most effective natural systems for sequestering carbon (Canadell and

Raupach, 2008; Pan et al., 2011). Around the world, areas have been

identified that have the potential for tree-based landscape

reforestation and afforestation (World Resource Institute, 2023).

However, some of these harbour ancient open landscapes are

unsuitable for tree-planting due to their unique biodiversity and

the ecosystem services they provide (Bond et al., 2019).

In Africa, the proposed targeted landscapes are primarily

centered around the semi-arid drylands of the Sahel (The Great

Green Wall: Turner et al., 2023) and the grasslands and savanna

grasslands of sub-Saharan Africa (The African Forest Landscape

Restoration Initiative, 2023) . These landscapes are often perceived

to be degraded or to have become deforested over time (Zaloumis

and Bond, 2016; Bond et al., 2019; Turner et al., 2023). However,

many landscapes with lower tree cover are not always linked to

landscape degradation. In some cases, such mixed tree-grass

landscapes have evolved over millennia, driven by feedbacks from

interacting bio-geosphere processes notably fire-vegetation

feedbacks (Zaloumis and Bond, 2016; Bond et al., 2019; Turner

et al., 2023). Because of this, it is important to understand past forest

extent and composition to effectively guide tree-planting efforts

while also conserving ancient open and mosaic ecosystems (Bond

et al., 2019; Zaloumis and Bond, 2016). It further demonstrates that

the long-term efficiency and appropriateness of tree planting

initiatives varies depending on the history of the targeted region

(compare e.g., Holl and Brancalion, 2020; Ghantous, 2021; Ricciardi

et al., 2022; Song et al., 2023).

Incorporating paleoecology into forest rehabilitation questions has

the potential to provide insights to assess forest distribution patterns

over timescales longer than those captured by satellite imagery,

human memory, or repeat photography (Gillson et al., 2023).

Palaeoecological data can deliver information for restoration

and conservation management strategies beyond well-adapted
02
restoration methodologies (Barak et al., 2016; Wingard et al., 2017;

Gillson et al., 2021).

Although changes in past environmental conditions are not a

direct analogue to contemporaneous and future environmental

changes, nevertheless they can provide valuable contextual

information, and insight into thresholds of vegetation-climate

feedback loops and future trajectories of range shifts (Bernhardt

and Willard, 2009; Holbourn et al., 2015). Such information is

needed to set achievable restoration targets and helps to minimize

the risks of biodiversity loss that occurs when afforestation takes

place in unsuitable landscapes.

In the Cape Floristic Region (CFR), forest patches are embedded

within fynbos, a mega-diverse shrubland dominated by Proteaceae,

Asteraceae, Restionaceae and Ericaceae. Vegetation from these two

biomes exists as alternate stable states (Mucina and Geldenhuys,

2006). The boundaries between forest and fynbos are maintained by

climate-fire-vegetation and soil feedback processes, as well as

topography and local hydrology (Coetsee et al., 2011; Cramer et al.,

2019; Manders and Richardson, 1992; Lu et al., 2022; McKenzie et al.,

1976; Mucina and Geldenhuys, 2006) in which fynbos is fire adapted

while forest is not. There is often a steep gradient from forest to

fynbos vegetation with the boundary between the two being

maintained by fire (Mucina and Geldenhuys, 2006; Cramer et al.,

2019; Slingsby et al., 2020; Lu et al., 2022). However, under longer

fire-free periods this sharp boundary becomes less well-defined and

disturbance-tolerant forest precursor species can spread into the

fynbos (Mucina and Geldenhuys, 2006; Poulsen and Hoffman,

2015), paving the way for forest expansion through exclusion of fire.

More information is needed to better understand the drivers that

define and stabilize the fynbos-forest biome boundary.

Palaeoecological research revealed that the interplay of different

drivers was responsible for internal changes in fynbos composition

and setting the boundaries between forest and fynbos alternate stable

states over time (Gillson et al., 2020; Quick et al., 2016; MacPherson

et al., 2019; Prader et al., 2023). The waning of afrotemperate forest in

various areas of the CFR accelerated at times under increased aridity

and fire activity (e.g., Medieval Warm Period, MWP: 900–1250 CE),

as well as during increased rainfall seasonality, despite a relative

higher rainfall amount (Quick et al., 2016; Prader et al., 2023). In

recent decades, there are concerns that forest expansion could

accelerate a loss of biodiversity within fynbos vegetation and
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negatively impact hydrological processes within the CFR (Poulsen

and Hoffman, 2015; Slingsby et al., 2020; Moncrieff et al., 2021).

Nevertheless, ongoing tree-planting initiatives aim to restore

indigenous forests in the CFR with the prospect of mitigating land

degradation and climate warming (Greenpop, 2023; Platbos Africa’s

Southernmost Forest, 2023; South African Reforestation Trust, 2023).

While climatic-driven rainfall seasonality and aridity are non-

manageable ecological drivers, fires can be managed and therefore

used to manipulate the relative abundance of fynbos and forest

elements. Over decades, fires have been suppressed throughout the

CFR which is thought to have contributed to forest expansion on

parts of the Cape Peninsula (Poulsen and Hoffman, 2015; Slingsby

et al., 2020). Palaeoecological research has also revealed that since

fire has been excluded, forest cover in Table Mountain National

Park (Orange Kloof) (Prader et al., 2023). expanded, as visible

through an increased input of pollen derived from Searsia, Olea but

also through Podocarpus (Prader et al., 2023).

Nevertheless, the potential forest cover during one of the wettest

periods during the Holocene (Little Ice Age; LIA: 1250–1850 CE) in

the winter rainfall zone is unknown, as it coincides with intensive

tree logging during European settlement (Prader et al., 2023).

Grootbos Nature Reserve is situated in the Walker Bay area on

the Western edge of the Agulhas Plain and comprises fynbos and

forest vegetation elements (Figure 1; Mergili and Privett, 2008). The

Reserve has been actively managed for conservation since 1995

(Mergili and Privett, 2008) with a focus on (1) the restoration and

maintenance of fynbos and forest vegetation and (2) the removal of

alien species (Privett and Lutzeyer, 2010). Grootbos has its own

reforestation program and falls within the broader Walker Bay
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Fynbos Conservancy (WBFC). The WBFC focuses on landscape

level fynbos and forest conservation management and includes a

collective reforestation strategy.

Despite the current tree-planting initiatives at Grootbos, the

forest restoration plan is under review to determine whether

management initiatives should further focus on forest rehabilitation

in certain areas or not (Grootbos Foundation, 2023a).

In light of this, along with the ongoing climate change, and the

expected drier hydroclimatic conditions, as well as increasing fire

activity in the winter rainfall region (Mbokodo et al., 2020; Jain

et al., 2022), this study aims to elucidate the site-specific historical

extent of forest and the dynamics of fynbos and forest in Grootbos

Nature Reserve over the last ~250 yr.

Here we present a combined palynological and geochemical

approach, which examines the historical distribution of forest and

fynbos vegetation at Baviaansfontein in the Grootbos Nature Reserve.

The results are placed in context with the ongoing reforestation

efforts at Grootbos Nature Reserve and the broader region.
1.1 Study region: environmental and
ecological setting of Grootbos Nature
Reserve with special emphasis on the
site at Baviaansfontein

Grootbos Nature Reserve (Grootbos = Big Forest in Afrikaans)

stretches over 3,500 hectares along the Western edge of the Agulhas

Plain (Figures 1A–C; Mergili and Privett, 2008). Moving eastwards

a along the Agulhas Plain, the rainfall regime shifts from a
FIGURE 1

(A) Map showing location of Grootbos Nature Reserve along the south coast of South Africa (modified after Mergili and Privett, 2008). (B) The main
vegetation communities of Grootbos Nature Reserve (Legend provides information about vegetation communities). (C) Drone image from
Baviaansfontein showing Afrotemperate Forest on the left side of the image. The red star indicates the location from where the sediment core at
Baviaansfontein was recovered.
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pronounced winter rainfall zone (WRZ) into a year-round rainfall

zone (YRZ; Carr et al., 2006). Areas in the WRZ receive > 66% of

rain during the austral winter months between May and August,

while the rainfall pattern in the YRZ is evenly distributed (Tyson

and Preston-Whyte, 2000). Modern climatological records

(Diechmann and Eklundh, 1991) indicate that the WRZ on the

Agulhas Plain extends west and north of De Kelders (Carr et al.,

2006). According to this climatological axis, Grootbos Nature

Reserves can be described as being located at the boundary of the

YRZ and the pronounced WRZ (Carr et al., 2006), and obtains a

mean annual precipitation of ~ 730 mm (Mergili and Privett, 2008).

The climate of Grootbos is thus often described as an attenuated

Mediterranean climate (Mergili and Privett, 2008).

Various vegetation types of fynbos, forests, and wetland

vegetation are found within the reserve which are subdivided into

(1) Overberg Dune Strandveld, (2) Agulhas Limestone Fynbos, (3)

Overberg Sandstone Fynbos, (4) Elim Ferricrete Fynbos, (5)

Afrotemperate Forest, (6) Milkwood Forest, and (7) wetland

(Figure 1B; Privett and Lutzeyer, 2010; Grootbos Foundation,

2023b). The complexity and uniqueness of vegetation types is

based primarily on geology and resultant soil formations (Mergili

and Privett, 2008; Privett and Lutzeyer, 2010).

The Baviaansfontein site where the sediment core was collected

is situated at an intersection of several vegetation types. The north-

facing warmer, drier slopes of the valley are characterised by

Overberg Sandstone Proteoid Fynbos. This is characterized by a

proteoid layer comprising several Proteaceae genera (Privett and

Lutzeyer, 2010). At Baviaansfontein Leucadendron, Protea, Aulax

and Mimetes can be found (Privett and Lutzeyer, 2010). The more

mesic, south-facing slopes are characterized by Neutral Sand

Proteoid Fynbos. This vegetation type, together with Dune

Asteraceous Fynbos and Protea repens Proteoid Fynbos vegetation

types form the Alkaline Sand Fynbos Complex in Grootbos. This

complex is found on soils of various nutrient statuses, pH, and

depths (Mergili and Privett, 2008). In wetter areas, the Neutral Sand

Proteoid Fynbos becomes intermixed with species within the

Restionaceae (Privett and Lutzeyer, 2010).

There are five small Afrotemperate Forest patches extending to

the south of Baviaansfontein. The south-facing slopes form steep

ravines in which the Afrotemperate Forest is protected from fire

(Privett and Lutzeyer, 2010). In Grootbos these forests are

characterized by species such as Rapanea melanophloeos

(Primulaceae), Kiggelaria africana (Achariaceae), Celtis africana

(Cannabaceae), and Sideroxylon inerme (Sapotaceae), while no

Podocarpus trees grow in the Reserve (Mergili and Privett, 2008).

The east-facing slopes are covered by Neutral Sand Proteoid Fynbos

with Leucadendron coniferum a dominant species. These slopes also

include Erica magnisylvae, which is a very localised member of the

Ericaceae and a Grootbos endemic.

In the valley bottom, there is a small ephemeral wetland fed by

ephemeral streams and dominated by Cyperaceae, Restionaceae,

and Psoralea. The Wetlands in Grootbos consists often of three

vegetation strata of which the tallest consists of species like Psoralea

arborea (Fabaceae), Kiggelaria africana (Achariaceae), Searsia

laevigata (Anancardiaceae) and Salvia africana-lutea (Lamiaceae).

The vegetation stratum in the middle can be composed of Pteris
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dentata (Pteridaceae), or Artemisia afra (Asteraceae), and Leonotis

leonurus (Lamiaceae). Species characteristic of the ground

vegetation stratum include Cliffortia ferruginea, Helicrysum

cymosum, and Hippia frutescens (Asteraceae) as well as

Zantedeschia aethiopica (Araceae; Privett and Lutzeyer, 2010).
1.2 Precolonial and early colonial land
history of the Agulhas Plain

The Agulhas Plain has been used by hominins for millennia

(Compton, 2016). Hunter-gatherer communities hunted animals

and used fire to promote the growth offire-adapted food plants such

as Watsonia angusta (Iridaceae; Smith, 1986; Deacon, 1992; Sadr,

2003, 2008; Pooley, 2014). Khoekhoen pastoralists arrived at the

Cape around 2000 yr ago (50 CE; Deacon, 1992; Sadr, 2003, 2008)

and depended on the changing spatiotemporal distribution of

plants and animals in the CFR for their livelihoods. They actively

modified and managed the natural habitats of the Cape by using fire

stick farming to enhance the grazing grounds for their livestock

(Smith, 1986). However, because of the relatively low number of

people in the landscape, their impact on the natural habitats of the

Agulhas Plain is thought to have been relatively limited (Deacon,

1992). However, the pattern of human pressure on the landscape

changed significantly after the arrival of European settlers in 1652

CE (Pooley, 2018). Parts of the CFR landscape were transformed

through intensified tree logging and the introduction of pines and

other alien species such as oaks and Australian acacias, as well as

increased burning and agricultural activities (Pooley, 2018). Also,

between 1920 CE and 1968 CE, fire was rigorously suppressed as it

was considered to be harmful to fynbos, but after the 1970s, the use

of fire slowly became an integral part of the CFR’s conservation

policy (Pooley, 2018).
2 Materials and methods

2.1 Fieldwork, sediment core inspection,
and sampling

In July 2021 one sediment core at the Baviaansfontein site (S

−34.54353 E 19.4379; Figure 1) was retrieved using a vibracorer and

stored in the core repository of the Plant Conservation Unit at the

University of Cape Town. The core had a total length of 96 cm and

was subsampled at intervals of 2 cm.
2.2 Lithology of the Baviaansfontein
site core

A lithological description of the Baviaansfontein site core

involved a visual assessment of the sediment color determined by

the Munsell Color Company (1954). Average grain size and

sediment structure were determined with the Troels-Smith

Classification System (Troels-Smith, 1955).
frontiersin.org

https://doi.org/10.3389/fcosc.2024.1357711
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Prader et al. 10.3389/fcosc.2024.1357711
2.3 Age–depth model

For the establishment of the age–depth relationship, three

organic samples were sent to Beta Analytic Inc. (Miami, FL, USA)

for radiocarbon dating by AMS (accelerator mass spectrometry;

Table 1). Radiocarbon dates were converted to calendar years based

on the SHCal20 calibration curve (Hogg et al., 2020) using the

rbacon package v. 2.5.3 (Blaauw and Christen, 2011) in R (R Core

Team, 2021). The geology of the area consists of quarzitic Table

Mountain Sandstone and Bredasdorp Limestone (Mergili and

Privett, 2008). The samples were furthermore treated with a weak

acidic solution to remove carbonates.
2.4 Paleoenvironmental proxies
investigated at Baviaansfontein

Terrestrial palynomorphs: Standard palynological preparation

techniques (Bennett and Willis, 2001) were applied at the

Laboratories of the Environmental and Geographical Sciences, at the

University of Cape Town (UCT). The recovered sediment core was

subsampled over the entire length of 96 cm. From 92 cm to 44 cm

processed levels contained no palynomorphs, and this was also the case

for levels taken at 28 cm and 24 cm. The absence of palynomorphs is

relatively common in sediment cores recovered from semi-arid

terrestrial environments such as from Grootbos Nature Reserve.

Sediment cores from these areas often only preserve pollen to a

limited extent, which can be attributed to higher oxidation processes

due to the temporary drying out of the wetland and to changes in the

sediment composition (Traverse, 2008). Both processes led to a

differential preservation of palynomorphs in the analyzed sediment

core. Processed subsamples from the upper 40 cm of the sediment core

contained moderately preserved palynomorphs which enabled

counting and palynomorph identification. The upper 40 cm was

subsampled at a 2 cm resolution. A total of 23 levels were sub-

sampled. For each level, 2 cm³ of sediment was treated with warm

HCl and NaOH to remove carbonates and humic acids, respectively.

Hydrofluoric acid (HF; 60%) was used to remove silicates.

Because of the fragility of preserved palynomorphs, acetolysis

treatment was not undertaken. Samples were sieved through a mesh
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size of 150 mm to separate macrofossils (e.g., macrocharcoal) from

microfossils (e.g., pollen, spores, and microcharcoal) and sub-

samples were spiked with exotic Lycopodium spores (L. clavatum;

Batch no. 100320201) to estimate absolute pollen concentration

(Stockmarr, 1971).

To establish a robust palaeoecological reconstruction, between

260 and 310 pollen grains were counted per level (e.g., Scott and

Woodborne, 2007). Aquatic taxa and Cyperaceae were excluded

from the pollen sum as they would reflect the composition of the

wetland rather than the surrounding terrestrial vegetation. They

were treated as non-pollen-palynomorphs (NPP: e.g., fungal and

fern spores, algae). NPPs were counted until the minimum count of

pollen grains was reached per level. The applicability of using NPP

as an independent proxy for possible past disturbance regimes, such

as from those created by herbivores, (obligate coprophilous fungi

like Sordaria, Arnium) is well established (e.g., van Geel, 2001; van

Geel and Aptroot, 2006; Shumilovskikh and van Geel, 2020).

Charcoal: To determine the fire signal at Baviaansfontein,

micro- (<150μm) and macrocharcoal (>150μm) particles were

counted (Whitlock and Larsen, 2001; Conedera et al., 2009;

Power et al., 2010). Microcharcoal particles were counted using

the same palynological slides as used to generate palynomorph

counts. Only particles with sharp uneven edges, which appeared

opaque and completely black were identified as microcharcoal

particles. At least 300 such objects were counted per level

together with Lycopodium spores (Tinner and Hu, 2003; Finsinger

and Tinner, 2005). Macrocharcoal particles were identified and

counted using the residues collected during sample processing by

sieving at 150 mm. Residues were bleached using a weak 6%

hydrogen peroxide solution to facilitate the counting of

macrocharcoal particles (Stevenson and Haberle, 2005).

Major sediment elements (X-ray fluorescence elemental ratios,

XRF): To assess changes in abiotic environmental conditions and

changes in sediment deposition, geochemical proxies such as major

basic compounds (e.g., SiO2, TiO2) in the sediments can be used.

For this purpose, of each level 1 cm3 were finely ground and sent to

the Central Analytical Facilities at Stellenbosch University for

measurement. Major elements were measured using an XRF

spectrometry on a Panalytical Axios Wavelength Dispersive

spectrometer which is fitted with a Rh tube at 3kWatt.
TABLE 1 The results of accelerator mass spectrometry (AMS) 14C dating of organic sediments at Baviaansfontein.

Depth (cm) Lab code Radiocarbon age (BP) Calendar years (CE) 95.4% (2s) cal age range Information
source

0 / −71 ± 0.5 2021 ± 0.5 – Surface sample

24 Beta-636887 (103.93 ± 0.39 pMC) 1909 ± 30 1890–1929 AMS14C dating

35 Beta-649098 40 ± 30 1852 ± 30 1805–1892 AMS14C dating

50 Beta-636888 660 ± 30 1358 ± 30 1303–1420 AMS14C dating

94 Beta-577524 2370 ± 30 −278 ± 30 −688 – −194 AMS14C dating
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Loss-on-ignition (LOI): The organic and inorganic carbon

content through the sediment facies was determined using loss of

mass on ignition at different temperatures. Samples were dried at

110°C to eliminate water and hazardous volatiles and then

combusted at 950°C (Heiri et al., 2001; Santisteban et al., 2004).

The procedure was conducted using the same samples as for the

XRF analysis and was performed at the Central Analytical

Facilities at Stellenbosch University.
2.5 Statistical analysis and visualization
of data

Coniss Cluster Analysis based on the Bray-Curtis Dissimilarity

Index and a broken-stick model, to identify the number of pollen

zones was calculated using Rioja package v.1.0-6 (Juggins, 2022).

Two diversity indices were applied to the palynological assemblage.

(1) The Shannon Wiener Index (H(s)) was applied to quantify the

diversity of the analyzed levels (Spellerberg and Fedor, 2003), while

the (2) Rarefaction Analysis was applied to assess the species

richness of the analyzed levels with variable count size (Birks

et al., 2016). A Detrended Correspondence Analysis (DCA) was

chosen to address the relationship between environmental variables

and palynological taxa under the assumption that the relationship is

nonlinear. The dataset was Hellinger transformed. The diversity

indices and the DCA were performed using Vegan package v.2.5.6

(Oksanen et al., 2022). Correlation analyses were performed using

Performance Analytics package 2.0.4 (Peterson and Carl, 2020).

Graphs were plotted with ggplot2 package v3.3.2 (Wickham, 2016)

and C2 (Juggins, 2007).
3 Results

3.1 Chronology

Results of AMS 14C dating for Site Baviaansfontein are listed in

Table 1. The 14C-based age-depth model is shown in Figure 2 and

gives a basal age of 278 BCE at 94 cm.
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3.2 Lithology of Baviaansfontein
sediment core

The sediment core of Baviaansfontein was 96 cm long and

consisted of six visually distinct lithological units. While the

coarser-grained sands were mainly part of the lowermost core

section, the very fine organic components occurred through the

entire sediment core and increased in the uppermost core section

(Supplementary Figure 1). Clay minerals also increased towards the

topmost section of the core.

The bottom-most lithological Unit I (96–80 cm; Supplementary

Figure 1), was composed of coarser-grained sands with mineral

particles up to 2 mm and very low content of clayey minerals

intermixed with fine-grained organic material. Lithological Unit II

(80–70 cm; Supplementary Figure 1A) had a similar composition to

that of lithological Unit I, although it differed in the color of the

sediment. The color of the sediment in lithological Unit I was dark

reddish grey (3/1) while the sediment layers of lithological Unit II

and all overlaying lithological Units were reddish black (2.5/1). The

amount of gravel increased in lithological Unit III (70–67 cm). The

organic component in these facies was fine-grained and was

intermixed with a low amount of clayey minerals. The amount of

clayey minerals increased in the overlying lithological Unit IV (67–

24 cm; Supplementary Figure 1B) and was accompanied by a

reduction of the sand fraction. Lithological Unit V (24–6 cm;

Supplementary Figure 1C) consisted of clayey layers intermixed

with a low amount of organic material. The uppermost facies of

lithological Unit VI (6–0 cm) consisted of an organic-rich

herbaceous layer with a high amount of clay and a decrease of

coarser-grained sand.
3.3 Palynomorph assemblage
of Baviaansfontein

Pollen taxa identified in the Baviaansfontein core were derived

mainly from fynbos vegetation (Supplementary Table 1). Their

relative abundances fluctuated through the investigated time frame

(Figures 3, 4) but showed a decline toward younger levels (~1970
FIGURE 2

Age depth model of Baviaansfontein sediment core using Bacon package V. 2.5.3 (Blaauw and Christen, 2011) based on the SHCal20 calibration
curve (Hogg et al., 2020). The weighted mean age is represented by the red line. Dotted grey lines and greyscale depict the 95% confidence interval.
frontiersin.org

https://doi.org/10.3389/fcosc.2024.1357711
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Prader et al. 10.3389/fcosc.2024.1357711
CE, 11 cm). The relative abundance of forest taxa reflected an

opposing trend (Figure 4). Introduced plants were more common

in younger intervals with Pinus dominating the recent assemblage

(Figure 3). Taxa belonging to coprophilous fungi clearly increased

through the analysed time interval (Figures 3, 4). Detrended

Correspondence Analysis divided the palynological assemblage

and the corresponding environmental variables into two

distinctive phases (Figure 5). Shannon Wiener Index (H(s))

values varied between 1.7 and 2.3 for fynbos and 0.7 and 2.1 for

forest (between levels: Supplementary Figure 4). Rarefaction

analysis revealed fluctuations in the fynbos assemblage from

19 to 28 and for the forest from 3 and 11 (between levels:

Supplementary Figure 4).

Coniss Cluster analysis using the broken-stick model

(Supplementary Figure 3) divided the palynological assemblage

into four zones (Figure 4; Supplementary Figure 2). The main

component in Zone I (~1760–1820 CE, 39–37 cm) of counted

pollen grains was derived from fynbos vegetation, of which the

main abundances are from Aster pollen type (max: 52.4% at ~1810

CE; Figure 3) followed by Pentzia pollen type (max: 32.0% at ~1760

CE) Stoebe/Elytropappus pollen type, and Crassulaceae (both 5.3%

at ~1820 CE). Relative abundances of e.g., Morella or Passerina

remained minor but stable components in Zone I (Figure 3). Minor

fynbos elements in this interval were Cyperaceae, Ericaceae and

Cliffortia pollen as well as forest pollen taxa (Figures 3, 4). The

coprophilous fungal spore Sporormiella (13.8% at ~1820 CE) is

found (Figure 3).

Zone II (~1860–1950 CE/33–15 cm). The main changes were

reflected within fynbos vegetation. Relative percentages of

Proteaceae increased >9.6% at ~1920 CE (Figure 3). Cyperaceae

pollen also increase continuously (24.1% at ~1950 CE), while

Pentzia pollen showed a drastic reduction (Figure 3). Forest taxa

such as Euclea, Searsia or Rapanea pollen increased slightly toward

the end of this Zone with maxima values of 5.7% for Euclea and

1.3% for Searsia and Rapanea at ~1940 CE (Figure 3). Celastraceae

were also represented. Sordaria spores also had considerable

increased values (Figure 3). At the end of Zone II Pinus became

abundant and was continuously recorded in the following

Zones (Figure 3).

In Zone III (~1950–1980 CE, 13–9 cm) forest pollen taxa were

remarkably abundant. This change was accompanied by a decline in
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the overall relative abundances of fynbos pollen (Figure 4). Despite

this overall decline, some important fynbos pollen taxa increased

during this interval, (Figure 3) including Proteaceae (min 6.6% at

~1960 CE; max: 11.1% at ~1970 CE), Cyperaceae (min: 11.9% at

~1960 CE; max: 17.9% at ~1980 CE), and Ericaceae (min: 12% at

~1960 CE; max: 4.8% at ~1970 CE). There was a notable decrease in

the relative abundances of Aster- type pollen (min: 25.8 at ~1980

CE; Figure 3). Forest taxa such as Euclea (min: 3.5% at ~1960 CE;

max: 6.9% at ~1980 CE) or Olea (min: 0.0% at ~1980 CE; max: 1.3%

at ~1960 CE) are important in this Zone (Figure 3). A sharp shift in

the palynomorph composition is reflected in the relative

percentages of fungal spores in which Sordaria spores reached

maximum values of 320.3% at ~1980 CE Pinus pollen increased

toward the end of this Zone (Figure 3).

Zone IV (~1990–2020 CE, 7–0 cm) is characterized by the

lowest pollen count derived from the fynbos vegetation. The relative

abundances reached values of 80.9% at ~2010 CE (Figure 4). Within

this vegetation type dominant taxa were Cyperaceae (max: 67.6% at

~1990 CE), Proteaceae (max: 16.6% at ~2010 CE), or Cliffortia

(max: 8.1% at ~2020 CE), whereas Aster-type pollen were at their

lowest (min: 10.0% at ~2010 CE; Figure 3).

Pollen derived from afrotemperate forest taxa reached

abundances of 32.8% and 27.3% at ~2010 CE and ~2020 CE

respectively (Figure 4). Dominant forest taxa were Euclea (max:

19.5% at 3 cm/~2010 CE), Olea (max: 6.2% at ~2010 CE), Searsia

(max: 2.3% at 7 cm/~1990 CE), or Kiggelaria (max: 4.3% at ~2020

CE; Figure 3). Pinus reached its highest relative abundances within

this Zone (max: 4.3% at ~2020 CE). Relative counts of

coprophilous fungi such as Delitschia, Sporormiella, Sordaria

and Arnium were high but showed an overall decline relative to

the youngest analysed core sediment level (Figure 3).
3.4 Micro- and macrocharcoal

Micro- and macrocharcoal counts reflected a general declining

trend toward the youngest interval. Statistical analysis reflects a

strong correlation of micro- and macrocharcoal occurrence: R2

0.466; P<0.05 (Supplementary Figure 5). The highest charcoal

concentration was recorded in Zone I (~1820 CE/37 cm), which

remained relatively high throughout Zone II.
FIGURE 3

Relative Abundances (%) of most important fynbos- and forest pollen taxa, coprophilous fungal spores and alien plant pollen versus age (CE) and
depth (cm) of Baviaansfontein. Zones I–IV according to a Coniss Cluster Analysis with Bray-Curtis Dissimilarity Index using R package rioja v.1.0-6
(Juggins, 2022). The border of Zones is indicated by black horizontal lines and determined by the broken-stick model (Juggins, 2022). The light blue
color reflects the climatic event of the Little Ice Age (LIA: which is a climatic event lasting from 1250–1850 CE; sensu PAGES 2k Consortium, 2013).
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Starting with Zone III (~1960–1980 CE/13–9 cm) micro- and

macrocharcoal reflected a downward trend which continued into

Zone IV (Figure 4). In Zone IV (~1990–2020 CE/7–0 cm) micro-

and macrocharcoal concentrations were the lowest throughout the
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analysed time interval reaching minima concentrations of 55542.92

particles/cm3 at ~2020 CE for microcharcoal and 22 particles/cm3

~2020 CE for macrocharcoal particles respectively.
3.5 Minerogenic sediment composition

The mineral SiO2 (Quartz) dominated the sediment core

reaching the highest value of 94.6% around ~1870 CE and

remained constantly high through Zone I to II (Figure 4). Its

value steadily decreased towards the youngest analysed interval

(Zone IV Figure 4). Similar fluctuating patterns in the minerogenic

record is reflected for TiO2 and K2O, and Fe2O3 values which

reached their lowest percentages values at ~2020 CE. The

percentages of CaO showed an opposing temporal variation to

that of SiO2 (Figure 4).

Fe/K ratios varied between 0.6% and 1.2% and only showed

minor and weak fluctuations throughout the investigated time. This

trend of increasing values toward the youngest analysed level is

further reflected in CaO values (Figure 4).

Inorganic carbon content exhibited through Loss-on-Ignition

(LOI) ranged between 3.9% (~1880 CE) and 76.2% (~2020 CE).

Values remained relatively stable between ~1610 CE and ~1920 CE

varying from 5.5% and 5.3% respectively (Figure 4). After ~1920 CE

values continuously increased, exhibiting the highest values of

76.2% in the uppermost level (Figure 4).
4 Discussion: paleoecology
of Baviaansfontein

4.1 The asteraceous dominated fynbos
biome (~1760–1830 CE; Zone I)

Despite the very low resolution of this interval, relative pollen

abundances of Baviaansfontein reflect a landscape dominated by

fynbos into which forest islands were probably only present in areas

that were protected from fire and with higher moisture availability

(Figure 4). The high input of pollen derived from Aster- and

Pentzia- pollen-type is perhaps indicative of an open, asteraceous

fynbos biome that prevailed during the last extension of the Little

Ice Age (LIA; 1250–1850 CE; sensu PAGES 2k Consortium, 2013;

Figures 3, 4). This type of fynbos community is predominantly

composed of non-ericaceous ericoids, succulents and fleshy-leaved

shrubs forming a low fynbos vegetation cover (Campbell, 1986).

Pollen derived from such structural representatives (e.g., Stoebe/

Elytropappus-, Aster-type, Aizoaceae, Crassulaceae) are found in

relatively higher percentages in this interval, which argues for an

a s t e r a c e o u s - d o m i n a t e d f y n b o s b i o m e t y p e a t

Baviaansfontein (Figure 3).

When comparing Baviaansfontein to other palaeoecological

records spanning the same period (~1750 CE to ~1850 CE) a

heterogenous picture is reflected along the southern Cape Coast.

Palaeoecological data from Bo Langvlei (du Plessis et al., 2020) and

Platbos (along Garden Route; MacPherson et al., 2019) depict a
FIGURE 4

Sum of the relative abundances (%) of fynbos, forest, and introduced
plants versus age (CE) and depth (cm) at Baviaansfontein. Micro-
and macrocharcoal (particles per 1 cm3), Fe/K ratios, and changes of
minerogenic sediment composition (TiO2, LOI, SIO2, CaO, Al2O3) are
also shown. Zones I–IV are based on Coniss Cluster Analysis with a
Bray-Curtis Dissimilarity Index using R package rioja v.1.0-6
(Juggins, 2022). The border of Zones is indicated with black
horizontal lines. The light blue shading reflects the Little Ice Age
(LIA: 1250–1850 CE; sensu PAGES 2k Consortium, 2013).
frontiersin.org

https://doi.org/10.3389/fcosc.2024.1357711
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Prader et al. 10.3389/fcosc.2024.1357711
similar palynological signal pointing towards a more open

landscape with reduced forest cover. However, an opposing

picture emerges from e.g., Eilandvlei (Quick et al., 2018). At this

site, extensive forests have been reconstructed.

This heterogenei ty is further documented in the

palaeoclimatological signals. At Baviaansfontein, local low Fe/K

values suggest reduced chemical weathering during increased

aridity (Govin et al., 2012; Simon et al., 2015) and accord well

with the results from Bo Langvlei (du Plessis et al., 2020) and

Swartvlei (Kirsten, 2014), depicting locally drier conditions around

~1750 CE. Opposing this trend, wetter local conditions are reflected

in palaeoclimatological studies from Eilandsvlei (Quick et al., 2018)

and Seweweekspoort (Chase et al., 2013; 2017), which further

overlap with signals of wetter and cooler conditions depicted

from the WRZ (e.g., Stager et al., 2012; Weldeab et al., 2013;

Granger et al., 2018; Strobel et al., 2019; Perren et al., 2020). The

local climate signal from Groenvlei transitions from drier to more

humid/modern conditions between ~1700 and ~1900 CE

(Wündsch et al., 2016). These differences in climate perhaps

could have been responsible for the development of forested

areas, although feedback loops between vegetation-rainfall

seasonality and vegetation-fire feedbacks are important.

While at Bo Langvlei (du Plessis et al., 2020) and

Baviaansfontein, fynbos was more asteraceaeous-dominated, the

fynbos at Platbos is interpreted to have been herbaceous-grassy

(MacPherson et al., 2019). Both fynbos types can develop during

times of reduced water availability and/or increased seasonality

accompanied by increased fire (MacPherson et al., 2019; Prader

et al., 2023). While at Platbos increased rainfall seasonality (strong

summer drought) and fire were the main drivers (MacPherson et al.,

2019), at Baviaansfontein, drier conditions are coupled with

increased fire (Figure 4). Both feedback mechanisms (dry climatic
Frontiers in Conservation Science 09
conditions with fire versus wet climatic conditions with high

precipitation seasonality and fire) reinforce the development of

open landscapes and amplify the reduction of forested areas

(Figure 4; MacPherson et al., 2019; du Plessis et al., 2020).

The presence of a low amount of coprophilous fungi

(Sporomiella, Delitschia) suggests that herbivores have been

present in the area for a considerable time (Figures 3, 4). The fire

signal and input of coprophilous fungi might have been modified to

some degree by anthropogenic activity, as this period overlaps with

the times of Khoekhoen pastoralists (Pooley, 2014). Khoekhoen

pastoralists used fire to improve their pastures for livestock (Pooley,

2009, 2014). Nevertheless, the input of coprophilous fungi in this

interval remains lower compared to later intervals indicating fewer

herbivores during the precolonial period (Figures 3, 4).

It appears that the fynbos-forest biome boundary at

Baviaansfontein was stable for nearly 100 years at the time of first

colonial settlement (~1760 CE – ~1830 CE). As the palynological

data reflects only minor anthropogenic activity, the forest-fynbos

ecotone was possibly stabilized through feedbacks between fire and

vegetation. But because of the low temporal resolution of this

interval, it remains unclear as to how stable this interval really

was, as some biome shifts might have gone undetected.
4.2 The transition phase (~1830 CE–~1950
CE; Zone II)

The asteraceous fynbos taxa continue to dominate in this phase

until ~1980 CE (Zone III). However, the slight decline in Asteraceae

perhaps suggests a still persistent but weakening feedback loop

between asteraceous fynbos and fire (Figures 3, 4). This perhaps

allowed various fynbos taxa such as Proteaceae, Lamiaceae or
FIGURE 5

Detrended Correspondence Analysis (DCA) plot, showing the influence of the main environmental factors on vegetation composition of
Baviaansfontein. DCA plot on the left shows the relationship between taxa and environmental variables, while the relationship between depths
(sample depth) and environmental variables are given on the right. The analysis was carried out on all identified palynological taxa (compare
Supplementary Table 1) and was performed using vegan package v.2.5.6 (Oksanen et al., 2019).
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Cyperaceae to become more dominant in the landscape as the

relative abundance of pollen of these taxa increased around ~1900

CE (Figure 3).

Based on Fe/K ratios the local water availability continues to be

relatively stable (Figure 4; Govin et al., 2012). Starting from the

1900s this stability is supported by precipitation records from

Stanford, about 10 km from Grootbos, which underlines the

depicted rainfall pattern of the Fe/K ratios (compare Figure 4 and

Supplementary Figure 6). While the micro- and macrocharcoal

input between ~1830 CE and ~1950 CE tends to be relatively more

variable, complex interactions occur between changes in fire and the

vegetation at Baviaansfontein (Figure 4). Numerous studies have

demonstrated that variable fire cycles and fire intensities create

environments that enhance the co-existence of different fynbos taxa

(Esler and Cowling, 1990; Thuiller et al., 2007). This signal of

increasing diversity stimulated through fire alternations is weakly

represented through the Rarefaction and the Shannon Wiener

Index (H(s)) (Supplementary Figure 4).

Changes in the fire record appear to have also affected the

abundance and composition of afrotemperate forest taxa. The

forest’s composition indicates a close relation between perturbation

and expansion (Figure 3). The Baviaansfontein forest is primarily

composed of taxa, such as Rapanea, Euclea and Searsiawhich are able

to withstand elevated disturbance (Figure 3; Campbell and Moll,

1977; Masson and Moll, 1987; Giddey et al., 2022). These taxa

represent forest precursor species (Campbell and Moll, 1977;

Masson and Moll, 1987; Giddey et al., 2022) and an increase in

their abundance in the palynological record might illustrate a slight

increase in forested areas (Figure 4). However, the relatively constant

input of both forest and fynbos pollen over this interval points to a

generally stable fynbos-forest biome boundary (Figure 4).

Reasons for the change in fire patterns, and the degree to which

humans were involved in these changes, remain unclear. The

temporal resolution of the 19th century is again quite sparse but

overlaps with the first permanent settlers at Grootbos (1840 CE;

Mouton, 2008). European settlers adopted the use of fire from the

Koekhoen pastoralists but used fire more extensively to increase

pasture yields (Wicht, 1945; Pooley, 2014).

The reduced input of micro- and macrocharcoal into the

sediment core during the 19th century seems thus to be contrary

to this view (Figure 4; Wicht, 1945; Pooley, 2014). The micro- and

macrocharcoal signal during this time period suggests that fires

were perhaps not that extensive in the area in the 19th century.

Later, however, around ~1900 CE, the increasing input of micro-

and macrocharcoal, would align with the documented intensive fire

history of that time (Figure 4; Pooley, 2009; van Wilgen, 2009; van

Wilgen et al., 2016). As with the fire signal, relative abundances of

coprophilous fungal spores started to increase around ~ 1920 CE

(Figures 3, 4). Although Grootbos was used for cattle farming and

hunting (Mouton, 2008), the input of coprophilous fungal spores

through the 19th century remains low (Figures 3, 4). This might be

related to the rugged topography and relatively remote setting of

Baviaansfontein within Grootbos. Baviaansfontein might only have

been used for livestock grazing as anthropogenic pressure at

Grootbos increased over time. An increase in human disturbance

is further reflected by the occurrence of pollen from non-native
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plants such as Pinus and Quercus and aligns well with other

investigations from the wider fynbos region (Figure 3; Neumann

et al., 2011; Forbes et al., 2018; MacPherson et al., 2019; du Plessis

et al., 2020; Prader et al., 2023);. Although the 1850s marked the

beginning of intensive, human-related landscape transformation on

the Agulhas Plain (Heydenrych, 1999), at Baviaansfontein, the

human influence remained relatively moderate perhaps because of

its remote setting.
4.3 The decline of the asteraceous
component of fynbos vegetation (Zone III:
~1950–1980 CE)

Between the period 1950–1980 CE, Proteaceae became more

prevalent in the Baviaansfontein landscape, as shown by the

increase in the relative abundance of Proteaceae pollen (Figure 3).

This increase and the simultaneous decline of Aster-type pollen

resulted in a shift from a more asteraceous-dominated fynbos to a

more proteoid-dominated fynbos around ~1980 CE, which

characterizes today’s landscape at Baviaansfontein (Figure 3).

The continuing and constant decline of fire was perhaps the

trigger that resulted in the compositional shift within this neutral-sand

fynbos community (Figure 4). A similar negative association between

elevated Proteaceae pollen abundances and declining charcoal

particles is reported from the Cedarberg Mountains (~15.000 cal. yr

BP; Valsecchi et al., 2013) and at Platbos (~1550 cal. yr BP;

MacPherson et al., 2019). Both records explain this trend to have

been stimulated by declining fire frequency and fire intensity at times

of increased aridity or humidity during cooler climates (Valsecchi

et al., 2013; MacPherson et al., 2019). At Baviaansfontein, the internal

reorganization of fynbos from asteraceous to proteoid dominance can

be considered as a by-product of land use changes and reduced

human-induced, burning activities of that time.

The conservation efforts of the ~1950s on the Agulhas Plain

focused on reducing forest losses, as a result of too frequent

burning, similar to other fynbos areas such as the Cape Peninsula

(Pooley, 2009; van Wilgen, 2009; van Wilgen et al., 2016).

Subsequently, fire was suppressed on the Agulhas Plain and

Walker Bay area (Heydenrych, 1999). The changed burning

practice allowed Proteaceae to be dominant which is consistent

with observations that too frequent burning (i.e., less than 5-year

intervals) is detrimental to Proteaceace and favors other fynbos

elements (Kraaij et al., 2013; van Wilgen, 1981).

The declining micro- and macrocharcoal signal evident in the

sediment core of Baviaansfontein reflects a steady decline in

burning, which accords well with the fire exclusion policy, with

witness reports and with observations from aerial photographs from

1961–1998 (Figures 4, 6). These all suggest that Baviaansfontein and

the area immediately around it remained relatively fire-free for

almost 30 yr (1970–2006 CE). However, in the wider Grootbos area

over this time eye-witness reports and evidence from aerial

photographs suggest that burning remained a feature of the

landscape (Figure 6). The increasing input of coprophilous fungi

over this interval coincides with sheep farming at Baviaansfontein,

which continued until the early mid-1990s CE (Figures 3, 4; S.D.J.
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Privett, Grootbos Foundation, pers. com.). The decline in fire from

1950 led to an overall expansion of afrotemperate forest cover at

Baviaansfontein, marking the onset of the shift in the forest-fynbos

biome boundary (Figure 4). Forest expansion is evident through

increasing input of forest pollen (Figure 3; Campbell and Moll,

1977; Masson and Moll, 1987; Giddey et al., 2022). Although forests

at Grootbos are often dominated by taxa such as Rapanea and

Kiggelaria (Mergili and Privett, 2008; Privett and Lutzeyer, 2010) a

similar pollen composition signal during the early stages of forest

expansion is reported from e.g., Orange Kloof (Cape Peninsula;

Prader et al., 2023). It seems plausible that the feedback between

fynbos and fire became increasingly disrupted by the suppression of

fire which resulted in an increase of forest cover. Elsewhere, the

suppression of fire as part of a forest conservation plan accounts for

the steady increase in forest cover (Marloth, 1924; Campbell and

Moll, 1977; Luger and Moll, 1993; Pooley, 2009; van Wilgen, 2009;

van Wilgen et al., 2016).
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The results suggest that humans have created new interventions

between vegetation and fire through land use changes or fire

management strategies (Campbell and Moll, 1977; Luger and

Moll, 1993). Both are paramount in reshaping the landscapes and

could inform future conservation approaches based on a return to

landscapes that better reflect vegetation states that dominated

before intensive fire management.

The continuing and overall increasing anthropogenic pressure

on the landscape is obvious and further inferred from the increasing

input of pollen derived from introduced plants such as Pinus

(Figures 3, 4). While Grootbos has never been used for pine

plantations, a few scattered pines have established in the reserve,

having colonized from more distant plantation areas. The increased

input of pine pollen could reflect a regional, rather than a local

signal, as bisaccate pollen often have a more distant area of origin

(e.g., Hooghiemstra et al., 1988). The increase in pine pollen most

likely corresponds to a signal of an increase in pine as well as other
FIGURE 6

Aerial photographs showing changes in fire activity and vegetation cover in the wider area of Baviaansfontein over 37 years. From 1961 to 1980 (A–C) fire
activity and intensive farming were common, as indicated by the relatively open landscape and the diffuse and irregular boundaries of the vegetation. From
1980 (C), there was a decline in fire activity, leading to a uniform increase in vegetation cover (C–E). (Aerial photographs: Department of Agriculture, Land
Reform, and Rural Development in Mowbray, Cape Town: National Geospatial Information: (A) NGI job no. 461-11-08595; (B) NGI job no. 719-30-01778;
(C) NGI job no. 498-148-01-01275; (D) NGI job no. 931-07-02107; (E) NGI job no. 1004-24-03373).
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introduced species in the region. Pines are among the many invasive

species that have largely been eradicated from Grootbos but are still

abundant in the broader Agulhas Plain region, where their

uncontrolled spread is a widespread problem (Gaertner et al.,

2011; Boxriker et al., 2022).
4.4 The establishment of today’s landscape
(Zone IV)

The pollen assemblage in the top 10 cm of the core is rich in

afrotemperate forest- and wetland taxa. This is in contrast to the

pollen influx of fynbos taxa which is relatively low (Figure 4). This

shift in palynological composition suggests that the progressive

expansion of forest elements has resulted in a switch to an alternate

stable state at Baviaansfontein between forest and fynbos at around

~1985 CE (Figure 3). The continued reduction in micro- and

macrocharcoal coincides with the forest-fynbos shift and is co-

incident with forest expansion, while hydroclimatic conditions

(yearly precipitation records Stanford for the period 1925–1995

CE) appear to be stable (Figure 4; Supplementary Figure 7).

The fires during this interval occurred mostly in responses to

the conservation strategy of implementing management burns in

the mid-1990s in order to maintain fynbos vegetation on Grootbos

(Privett and Lutzeyer, 2010). Owing to the rugged nature of the

landscape in and around the Baviaansfontein site, controlled

management burns have not been feasible, while potential

wildfires that may have burnt the site have been suppressed by

management authorities (with the exception of the extensive 2006

wildfire). As a result, the micro- and macrocharcoal input has

remained relatively low (Figure 4) and perhaps explains why

afrotemperate forest has continued to grow. Controlled burning

has not occurred near forest edges or biome boundaries, allowing

forest precursor species to spread. As a result, forest cover remains

more extensive than at the start of the record (Figure 4).

The longer fire frequency as a result of fire suppression and the

inability to implement management burns ensures that proteoid

fynbos is dominant at the Baviaansfontein site and therefore

explains the high proportion of Proteaceae pollen in this interval

(Figure 3; Privett and Lutzeyer, 2010).

The shift from fynbos to an alternate stable forest state also

coincides with the expansion of characteristic wetland vegetation at

the bottom of the valley. The pollen assemblage in the top layer is

rich in Passerina, Cliffortia, and Cyperaceae (Figure 3), which are

typical wetland taxa and often grow together with Leonotis leonurus

(Lamiaceae) and Pteris dentata (Pteridaceae). The increase in pollen

of these species suggests the expansion over this time period of the

wetland complex at Grootbos (Figures 3, 4; compare Mergili and

Privett, 2008). It appears that the wetland development and the

establishment of the afrotemperate forest in its present form

coincide with changes in the minerogenic composition (Figures 4,

5). The enrichment of soils with CaO and Al2O3 corresponds to the

enhanced deposition of clay minerals, which was most likely driven

by an increased mineral dust input, as the parent rock (quarzitic

sandstone: Table Mountain Group) is generally poor in these

elements (Thwaites and Cowling, 1988; Soderberg and Compton,
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2007). This interpretation accords well with lithological Unit 6,

which contains a higher amount of clay minerals than, for example,

lithological Unit I (compare 3.2). Additionally, there is a

simultaneous drop in SiO2, which has occurred perhaps in

response to a decline in gravel and coarser-grained sand in this

interval, and most likely originated from the underlining bedrock

(Figures 4, 5; compare 3.2; Thwaites and Cowling, 1988; Soderberg

and Compton, 2007; Mackenzie et al., 2017). As precipitation

remained relatively constant throughout the time period the

transition leading to the wetland expansion was perhaps initiated

and controlled through changes in the minerogenic composition.

The progressive aggregation of clay layers in the bottom of the

valley created a strong positive feedback loop between wetland

expansion and soil as clayey soils have a higher capacity to retain

water (Karaborni et al., 1996; Sposito et al., 1999). While an

increased aggregation of clay minerals through forest expansion

can be ruled out, as there are no remarkable differences between the

soil composition of fynbos and forest (Cramer et al., 2019). The

decreasing input of coprophilous fungi most likely indicates the

termination of extensive livestock farming in the Grootbos area

(Figure 3; P. Strauss, Grootbos Foundation, pers. comm.). However,

neither the clearance of alien species nor the charcoal signals of the

2006 fire are recorded in the palynomorph assemblage

(Figures 3, 4).

This interval shows that the expansion of the afrotemperate

forest and wetland is a contemporaneous phenomenon in which the

wetland expansion in its modern form is possibly related to the

increased clay deposition, while the forest expansion is related to

decreasing fire. The current long interval between fires at

Baviaansfontein allows forest and proteoid fynbos to coexist and

indicates that the manipulation of fire regimes can affect vegetation

structure and composition.
4.5 How to move forward: conservation
strategies for a sustainable future

The palaeoecological approach outlined in this paper suggests

that the spread of the afrotemperate forest at Baviaansfontein is a

modern phenomenon of the past few decades and does not

correspond to a more extensive historical forest expansion within

the last 250 yr. This is similar to the Cape Peninsula, where areas

which were once covered with fynbos vegetation have become

increasingly dominated by afrotemperate forests (Poulsen and

Hoffman, 2015; Slingsby et al., 2020; Prader et al., 2023). Altered

and reduced fire frequencies are the main driver for modern forest

expansion (Poulsen and Hoffman, 2015; Slingsby et al., 2020; Prader

et al., 2023). However, at Baviaansfontein there remains a tension

between preventing forest expansion through more frequent burning

and maintaining proteoid-dominated fynbos vegetation that cannot

withstand frequent fires (Kraaij et al., 2013; Valsecchi et al., 2013;

MacPherson et al., 2019; van Wilgen, 1981). Under the expected

warmer future climates predicted for the winter rainfall region

(Mbokodo et al., 2020; Jain et al., 2022), forests at Baviaansfontein

will most likely retreat and again become restricted, as likely was the

case during the LIA (~1750–1850 CE). Furthermore, forest
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composition through the last 250 years has remained largely

unchanged apart from an increase in Euclea and Searsia (Figure 3).

There is no clear palynological evidence that Podocarpus grew at

Baviaansfontein in the last 250 years. Because of this, Grootbos is not

planting Podocarpus trees in their tree planting initiatives nor do they

plan to incorporate this species in the future. It remains a matter of

interest to know whether this species did historically occur in the

Afrotemperate forests at Grootbos as there are Podocarpus

populations as close as 17km NE of the Baviaansfontein area.

Based on the palynological analysis presented here, forest

expansion would not be recommended at Baviaansfontein.

However, comparison with other sites in the area will be required

in order to develop a more general policy concerned with

reforestation in the area.

As with the predicted warmer climate, more frequent and more

intense fires are also expected (Mbokodo et al., 2020; Jain et al., 2022).

If this does occur then our results suggest that, in the absence of active

management, proteoid fynbos will most likely decline and become

dominated by more asteraceous fynbos taxa, which can withstand

hotter fires and shorter return intervals. It is the intention of

management at Grootbos to allow wildfires to move through the

landscape within natural fire frequencies, but, in the absence of

wildfires, to attempt to implement management burns across the

site (Anonymous, 2023). As fire is one factor which can be

manipulated, the proteoid fynbos at Baviaansfontein could persist,

or potentially be transitioned back to a more asteraceous fynbos

landscape through active management. Grootbos Reserve

management does conduct management burns across the Reserve

with the aim of creating a mosaic of vegetation patches with different

post-fire ages where feasible. However, the Baviaansfontein kloof is

steep and relatively inaccessible and it would be difficult for managers

of the reserve to carry out a safe, controlled burn.

This study adds to a growing body of high-resolution

palaeoecological studies that can help inform management and

restoration of fynbos and associated vegetation, for example by

informing appropriate levels of fire and grazing (e.g. Forbes et al.,

2018) or in flagging possible changes in Fynbos composition in warmer

drier climates (e.g. Prader et al., 2023; MacPherson et al., 2018; 2019).
4.6 Conclusion

Throughout 250 years the fynbos biome dominated the

Baviaansfontein landscape and patches of afrotemperate forest

existed in fire-sheltered areas. The pollen-based reconstruction

revealed that between ~1760 and ~1850 CE a more open

asteraceous fynbos type dominated the landscape as the relative

percentage of Aster-type pollen is high. This fynbos type was

possibly maintained by an increase of fire and continued to

dominate until ~1980 CE. Fire remained a common element until

about ~1950 CE. At this time, a slight increase of forest taxa

coincides with an overall reduction of fires and perhaps indicates

the beginning of forest expansion. Anthropogenic activity increases

continuously towards the modern period. This is indicated by the

influx of pollen from non-native plants, such as Pinus. While the

observed increased input of fungal spores is possibly associated with
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livestock, it cannot unequivocally be assigned to increased

anthropogenic activity. At around ~1980 CE asteraceous

dominated fynbos type shifted into a proteoid fynbos biome

which is prevalent at Baviaansfontein until today. In the following

decades, the establishment of the afrotemperate forest and wetland

developed into its present form.

This palynological investigation reveals that recent expansion of

forest around Baviaansfontein is a modern phenomenon and does

not mirror a resurgence of a more widespread forest in the past; at

least not over the past 270 yr. The relatively recent expansion was

most likely driven by fire suppression, whose effects overwhelmed the

capacity of fynbos to resist the encroachment of forest taxa through

internal reorganization. Based on this study and the predicted

warming and increase in fire in the CFR a further expansion of

forest vegetation is unlikely, while for the fynbos vegetation a return

to a more open, asteraceous-fynbos type could be possible.

The study is a further illustration of the relevance of

palaeoecology in informing restoration targets and ecosystem

management in a changing climate.
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