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A B S T R A C T

Few records of long-term vegetation dynamics and climate variability exist from coastal southeastern Africa. This 
study presents a new high-resolution marine pollen record (GeoB20615-2) from southern Mozambique, spanning 
the past c. 16,600 years. The chronology is based on a Bayesian age-depth model constructed using twelve 
radiocarbon dates on marine and terrestrial remains. Prior to c. 15,000 cal BP, pollen from ericaceous shrubs was 
prevalent, indicating low temperatures, while forest or woodland pollen taxa were minimal or absent. From c. 
13,000 cal BP onwards, the record shows a gradual increase in savanna pollen taxa such as Spirostachys and 
Burkea, suggesting climatic warming. Pollen of Spirostachys, a woodland tree thriving in dry, warm regions, 
continues to increase into the early Holocene, between c. 11,200 and 9200 cal BP. After c. 9200 cal BP, a decline 
in Spirostachys pollen corresponds with a rise in Podocarpus pollen during a phase of high sea levels, indicating a 
potential expansion in coastal and/or montane forests, possibly reflecting increased moisture availability. From 
c. 3500 cal BP, Podocarpus pollen declines, likely due to more arid conditions, as indicated by a concomitant 
increase in Chenopodiaceae/Amaranthaceae, Asteraceae, and Spirostachys pollen. The youngest section of the 
profile is potentially affected by sediment mixing from c. 250 cal BP onwards. The section reveals the impact of 
European colonialists, with the appearance of neophytic pine pollen, and an increase in indigenous Alchornea, a 
disturbance indicator. The pollen results are in good agreement with terrestrial palynological records from the 
Indian Ocean Coastal Belt Biome such as Lake Eteza in northeastern South Africa. The GeoB20615-2 record 
contributes greater understanding of long-term vegetation dynamics and associated climatic shifts in the Indian 
Ocean Coastal Belt Biome.

1. Introduction

The coastal region of southeastern Africa is characterized by a 
diverse mosaic of forest, savanna, and wetland vegetation, shaped by 
summer rainfall, the Agulhas Current, and complex climate interplays 

(Intertropical Convergence Zone (ITCZ); South Indian Ocean Conver
gence Zone (SIOCZ); Reason, 2001; Zinke et al., 2004; Fig. 1). Current, 
and projected, climate change for southeastern Africa is expected to 
threaten ecosystem stability, biodiversity, and water availability in the 
region, under conditions of increasing temperatures leading to more 
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Fig. 1. Location of GeoB20615-2 relative to other key pollen studies and broad (biome-level) vegetation types (phytochoria) of southern Africa. Vegetation map is 
redrawn from Daru et al. (2016), which is based on White (1983) with modifications from Low and Rebelo (1996), Olson et al. (2001), Burgess et al. (2004) and 
Mucina and Rutherford (2006).
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heatwave and fire-danger days (Engelbrecht et al., 2015). Uncertainty 
remains as to how these ecosystems are likely to respond to ongoing and 
anticipated climate changes, impacting biodiversity and communities 
who rely on the services they provide (see Scheffers et al., 2016). Long 
term records of past environmental change offer a unique lens on how 
ecosystems have responded to climate changes in the past, helping to 
better anticipate ecological responses to future environmental pressures 
in southeastern Africa (Niang et al., 2014; IPCC, 2021).

Unsurprisingly for a region typified by ecological and climatic di
versity, palaeoclimatic reconstructions from across southern Africa 
indicate high spatial and temporal variability. Whereas the lack of 
organic rich sedimentary deposits limits progress in palaeoecology in 
the semi-arid landscapes of southern Africa (e.g. Scott et al., 2012), the 
humid coast of the Indian Ocean hosts deposits such as Lake Sibaya 
(Neumann et al., 2008), Lake Eteza (Neumann et al., 2010) and Mkhuze 
River Delta (Effiom et al., 2024), as well as the Mfabeni peatland that 
preserves a c. 50,000 years long pollen archive (Finch and Hill, 2008). 
Despite excellent pollen preservation along the coast, these records are 
often hampered by chronological issues (e.g., Lake Sibaya, Neumann 
et al., 2008; Mfabeni, Finch and Hill, 2008), limiting our understanding 
of how coastal vegetation responded to late Quaternary climate and 
sea-level change.

Late Quaternary palaeoclimate syntheses from the eastern summer 
rainfall region of southern Africa suggest spatial and temporal climatic 
variability across the subregion, with complex climate drivers at play 
(Scott et al., 2012; Chevalier and Chase, 2015). High latitude forcing 
was more dominant during MIS 3 and 2, with low-latitude insolation 
playing a greater role during the Holocene (Chevalier and Chase, 2015). 
Changing moisture availability is also closely linked to sea surface 
temperatures, which in turn are influenced by the strength of the warm 
Agulhas Current (e.g., at Lake Eteza, northern KwaZulu-Natal; Neumann 
et al., 2010).

Holocene-aged pollen records from the coastal zone of southeastern 
Africa reveal dynamic coastal vegetation that responded to climate 
shifts, with indications for human activity in the more recent past. Ev
idence from Lake Eteza (Neumann et al., 2010), the Mfabeni Peatland 
(Mazus, 2000; Finch and Hill, 2008), and Lake Sibaya (Neumann et al., 
2008) shows that humid conditions during the Holocene Altithermal (c. 
9000–6000 cal BP; Renssen et al., 2012; compare Partridge et al., 1999) 
promoted the spread of Podocarpus-dominated forests on the Maputa
land coastal plain. The Lake Eteza record shows mid-Holocene Podo
carpus forest expansion, due to wetter conditions and high sea levels 
(Neumann et al., 2010). This trend is reversed as climate became drier 
and sea levels retreated, indicated by increased Chenopodiaceae/A
maranthaceae and grass pollen (Neumann et al., 2010). Several records 
indicate a shift to drier savanna vegetation in the lake Holocene, 
indicative of continued drier conditions (e.g., Mkhuze River Delta, 
Effiom et al., 2024; Lake Sibaya, Neumann et al., 2008).

In southern Mozambique, shorter pollen records from coastal lakes 
and archaeological sites in Chibuene and Vilankulos offer insights into 
recent human interactions with the landscape (Ekblom, 2008; Ekblom 
et al., 2014a, 2014b). Pollen records from northeastern South Africa 
suggest increased human impact in the last few centuries (e.g., Neumann 
et al., 2008; Walther and Neumann, 2011). Despite these indications, 
palaeoecologists are limited in their ability to distinguish more subtle 
shifts in human activity, such as the influence of early farmers vs Eu
ropean colonists, due to the lack of high-resolution records and un
equivocal pollen indicators from this region.

Here we present a 16,600-year-old marine pollen record 
(GeoB20615-2), supported by geochemistry and a radiocarbon chro
nology, from the Delagoa Bight, in Mozambique, a region sensitive to 
changes in temperature, rainfall, river discharge, and sea level change 
(Mavume et al., 2014; Dupont and Kuhlmann, 2017; Chevalier et al., 
2020). Marine pollen records offer a regional climate and environmental 
perspective by averaging inputs across a broad catchment area, thereby 
reducing local bias often encountered in terrestrial records (Dupont and 

Kuhlmann, 2018). The GeoB20615-2 record is compared with sea-level 
data (Cooper et al., 2018), climate reconstructions (Chevalier and Chase, 
2015), and the high-resolution terrestrial archive Lake Eteza (north
eastern South Africa; Neumann et al., 2010) with the aim of under
standing how coastal vegetation responded to climate forcing and 
sea-level change over time.

2. Regional setting

2.1. Topography, hydrology and Quaternary geology

The core site (GeoB20615-2) is located on the continental shelf c. 
100 km northeast of Maputo, Mozambique, in the northern Delagoa 
Bight (Fig. 1) offshore of Maputaland (Fig. 1). The Maputaland coastal 
plain is up to c. 400 km wide (Förster, 1975), extends over c. 1200 km, 
and covers an area of >200,000 km2 (Bruton and Cooper, 1980).

The location of Quaternary coastal plain deposits reflects a palaeo- 
topographic influence during the marine transgressions and re
gressions of the Pleistocene (Botha, 2018). The adjoining offshore shelf 
is characterised by a northward-widening, steeply sloping margin with a 
shallow shelf break at c. 100 m. The Delagoa Bight Bay is tidally 
controlled with a shallow bathymetry (maximum water depth 30 m). 
The Limpopo River is the major river draining the surrounding region; 
however, it delivers little sediment to the core site because of an east
ward deflection of the sediments by the cyclonic Delagoa Bight eddy 
(Preu et al., 2011; Schüürman et al., 2019). Most of the sediment 
arriving at the core site is delivered by three comparatively minor rivers: 
the (i) Incomati; (ii) Matola; and (iii) Maputo (Lusutfu)(Preu et al., 2011; 
Schüürman et al., 2019). These inputs fluctuate seasonally, with most of 
the freshwater discharges between November and April and a peak in 
January (Lencart e Silva et al., 2010).

2.2. Climate

Southern Mozambique receives summer rainfall. Average annual 
rainfall peaks along the coast at c. 1100 mm and decreases inland to c. 
600 mm on the western plains (Van Wyk and Smith, 2001). At Delagoa 
Bight, average annual precipitation is c. 800 mm with common morning 
fog in winter (Siebert et al., 2004; Mavume et al., 2014). Maputaland has 
hot summers (average January temperature 27 ◦C) and cool to warm 
winters (average July temperatures of 16 ◦C) (Bruton and Cooper, 
1980). Mean relative air humidity is high along the coast (55 % in 
August, 90 % in February).The climate of the coastal region of southern 
Mozambique is described as tropical savanna (tropical, savanna; mean 
monthly temperatures >18 ◦C, dry season, driest month <60 mm of 
precipitation and <4 % of total annual precipitation); classified as Aw 
following Köppen (1936) (Engelbrecht and Engelbrecht, 2016).

2.3. Vegetation

For the current study, we utilize the map of the broad (biome-level) 
vegetation types (phytochoria) of southern Africa by Daru et al. (2016)
(Fig. 1). The map extends the phytogeographical map of Mucina and 
Rutherford (2006) beyond the borders of South Africa, Lesotho and 
Eswatini by implementing information from White (1983), with modi
fications and additions from Low and Rebelo (1996), Olson et al. (2001), 
and Burgess et al. (2004).

The locality of the core is adjacent to a coastal strip stretching from 
the south of Somalia to Gqeberha in the Eastern Cape of South Africa, 
termed Indian Ocean Coastal Belt Biome (IOCB), which has the highest 
woody plant species richness in southern Africa (White, 1983; Moll and 
White, 1978; Daru et al., 2016). The Maputaland coastal region that 
comprises southern Mozambique and the coast of KwaZulu-Natal, is a 
centre of plant endemism in southern Africa (Van Wyk and Smith, 2001) 
and forms part of the Maputaland-Pondoland-Albany biodiversity hot
spot (Steenkamp et al., 2004). Mangrove swamps line the coast of 
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Mozambique, dominated by Avicennia marina, Rhizophora mucronata, 
and Bruguiera gymnorrhiza (Burrows et al., 2018).

The study site falls adjacent to the Indian Ocean Coastal Belt Biome 
(IOCB; Fig. 1). Miombo Woodland is prevalent further inland to the 
North of the Limpopo River (Fig. 1). The Grassland Biome is located 
further south, on the Highveld (Fig. 1), with restricted Forest Biome 
patches at higher altitudes. Each is described in detail in the following 
section.

2.3.1. Indian Ocean Coastal Belt Biome
The IOCB consists of two subunits, described as follows: 

A. The Zanzibar-Inhambane Regional Mosaic of the IOCB is found North 
of the Limpopo River mouth, and comprises six forest types (Wild 
and Grandvaux Barbosa, 1967). These include evergreen, moist and 
dry forests, with the latter containing Mimosaceae, Celtis africana, 
Ficus spp., and Adansonia digitata. Other vegetation types include 
miombo-dominated woodland (Brachystegia spp., Julbernardia globi
flora), bushland, littoral thicket with Combretaceae, Mimusops afra 
and Manilkara discolor, and grassland with palms and wetlands. This 
unit has floristic links to the Guineo-Congolian region and the 
Tongoland-Pondoland Regional Mosaic towards the south (Moll and 
White, 1978).

B. The Tongaland-Pondoland Regional Mosaic of the IOCB contains 
well-developed dune forest with canopy species such as Mimusops 
afra, Euclea natalensis, Diospyros rotundifolia and lianas such as 
Rhoicissus spp. Other forest taxa include Celtis africana, Afrocarpus 
(Podocarpus) falcatus, P. latifolius, Manilkara discolor, Buxus maco
wanii, Mimusops obovate and Olea capensis (Moll and White, 1978). 
Woodland with Spirostachys africana occurs along streams and on 
brackish flats (Burrows et al., 2018). Other vegetation types include 
thicket, bushland with palm veld (Phoenix reclinata, Hyphaene nata
lensis), grassland, a few fynbos genera (e.g., Restio spp.), and wet
lands with Cyperus papyrus, Eichhornia, Lemna and Potamogeton (Moll 
and White, 1978).

2.3.2. Miombo Woodland
Miombo Woodland (Brachystegia spp., Julbernardia, Combretaceae) 

grows on well-drained, sandy soils (Burrows et al., 2018). The unit 
differs structurally and ecologically from the Savanna Biome, e.g., 
Mopane tree (Colophospermum mopane) communities in river valleys in 
drier regions or dry forests dominated by Adansonia digitata. Senegalia 
spp. and Vachellia spp. are widespread, Spirostachys africana grows along 
rivers, Burkea africana is an element of deciduous woodland, other trees 
such as Pseudolachnostylis maprouneifolia are adapted to e.g. sandy sub
strates (Burrows et al., 2018).

2.3.3. Forest Biome
Afromontane Forest Biome patches are located along the Lebombo 

Mountains (Fig. 1) and in central Mozambique, characterised by mod
erate endemism mostly among the trees (Mucina and Rutherford, 2006). 
Afromontane forest occurs mostly between 1200 and 2500 m a.s.l. 
where trees such as Ilex mitis, Afrocarpus (Podocarpus) falcatus, Podo
carpus milanjianus, Pittosporum viridiflorum, Olea capensis and Prunus 
africana are abundant (Burrows et al., 2018). At higher altitudes 
>1200m, ericaceous bushland and montane grassland with Erica spp., 
often co-occurring with Passerina montana, P. montivaga and Protea spp., 
are widespread (Burrows et al., 2018). Along rivers and streams on high 
mountains in central Mozambique >1600 m a.s.l., ericoid shrubs such as 
Cliffortia linearifolia, C. serpyllifolia and Leucosidea sericea grow (Burrows 
et al., 2018). Passerina rigida is found on dunes in Maputo province 
(Burrows et al., 2018).

2.3.4. Grassland Biome
Grasslands are defined by a single layer of perennial herbaceous 

plants (mostly Poaceae), with woody vegetation restricted to areas 

protected from fire (Sell et al., 2024). Aside from the inland and 
mountainous areas where temperate Grassland Biome is distributed 
(Fig. 1), grasslands are often secondary. The secondary grassland re
mains open due to frequent burning, with only a few fire-resistant trees 
from the original vegetation persisting (Vesey-Fitzgerald, 1970; White, 
1983; Chapman et al., 2001). While large tracts of vegetation in 
Maputaland remain near-pristine (van Wyk, 1994), human settlement 
has had a strong impact on grassland, forest, and especially the swamp 
forest ecosystems with its characteristic trees such as Macaranga 
capensis, Voacanga thouarsi, and Raphia australis (Felton, 1998; Burrows 
et al., 2018).

3. Materials and methods

3.1. Coring and lithology

Core GeoB20615-2 was collected on February 15, 2016 to the north 
of Delagoa Bight between the Limpopo and Incomati River mouths 
(25◦33.073′S, 33◦12.181′E, https://www.pangaea.de/expeditions/eve 
nts/M123) (Fig. 1) during the M123 coring campaign of the German 
research vessel METEOR. The 532 cm-long core was extracted using a 
gravity corer from a water depth of c. 200 m. Core logging, including 
sediment colour, grain size, sediments structures and fossils, was done 
on board (Zabel, 2016). The core material is kept in cold storage at 
MARUM, University of Bremen. The subsampling strategy was as fol
lows: (i) for palynology, 52 samples (5–12 g) were extracted at c. 10 cm 
resolution for pollen analysis; and (ii) for XRF, 139 samples were 
extracted at an average of 1 cm resolution for the upper 50 cm of the 
core, and a 5 cm resolution for the remainder of the core.

3.2. Radiocarbon dating

Twelve radiocarbon dates were obtained from the GeoB20615-2 core 
comprising a combination of planktonic foraminifera (5) gastropods (3) 
and terrestrial organic matter such as seeds (4). The sub-samples were 
taken throughout the core (between 2 and 355 cm) and were analysed at 
the radiocarbon laboratories in Poznan, Poland and the Alfred Wegener 
Institute, Bremerhaven, Germany (Table 1). These were calibrated using 
‘clam’ (Blaauw, 2010) by applying the SHCal20 calibration curve (Hogg 
et al., 2020). For marine material a reservoir correction of ΔR of 121 ±
16 14 C yr was applied (Maboya et al., 2017) (Table 1). The software 
Bacon (Blaauw and Christen, 2011) was used to calculate an age-depth 
model, which extrapolated the age-depth relationship for the sediments 
deposited from 352 to 532 cm (Fig. 2).

3.3. Sediment analyses-geochemistry

Discrete XRF analysis was performed on 124 sub-samples from 
sediment core GeoB20615-2 at MARUM, University of Bremen. Each 
sub-sample was first dried in an oven at 70 ◦C and then ground using a 
mechanical mill. XRF measurements for Al, Ca, Fe, K, Mg, and Si were 
carried out using a PANalytical Epsilon3-XL XRF spectrometer equipped 
with a rhodium tube, multiple filters, and an SSD5 detector. Quantifi
cation of element counts was achieved through calibration with certified 
standard materials (e.g., GBW07309, GBW07316, and MAG-1) 
following Govin et al. (2012). As elemental ratios are generally insen
sitive to dilution effects, we use the elemental ratios Fe/Ca, and K/Ti. 
The Fe/Ca ratio is widely used to trace changes in terrigenous input to 
marine deposits with high Fe indicating fluvial input while Ca represents 
the marine carbonate component (Govin et al., 2012 and references 
therein). The K/Ti ratio indicates weathering types since in climates 
with low chemical weathering rates K-rich illites are common clay 
minerals and the soil is concentrated in easily weathered elements such 
as K, stemming e.g. from feldspar. During intervals of humid climatic 
conditions, soils become depleted in water-soluble elements, such as K, 
which easily leach from the soils (Cohen, 2003; Croudace et al., 2015). 
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In turn, the soils become enriched in insoluble elements such as Ti and 
the clay mineral smectite which is K depleted (Govin et al., 2012).

3.4. Palynology

Pollen samples were processed at the Department of Plant Sciences, 
University of the Free State (UFS). All subsamples were used up, but 
residues were retained. Fifty-two sub-samples, each weighing between 5 

Table 1 
Radiocarbon analyses from core GeoB20615-2. Ages calibrated with ‘clam’ (Blaauw, 2010) using the SHCal20 calibration curve (Hogg et al., 2020). Marine reservoir 
correction was based on Maboya et al. (2017). Calibrated mean ages are indicated.

Lab code Depth (cm) Material 14C age (BP) Mean age (cal BP) max95 % min95 % ΔR (14C yr)

Poz-89103 2 Planktonic foraminifera 2300 ± 140 2165 2612 1804 121 ± 16
2115.1.1 AWI 20 Terrestrial material 1919 ± 75 1841 2034 1652 ​
2116.1.1 AWI 50 Terrestrial material 2415 ± 78 2512 2708 2334 ​
Poz-89104 52 Globigerinoides ruber 3780 ± 120 3997 4365 3667 121 ± 16
Poz-89105 102 Globigerinoides ruber 6400 ± 100 7176 7399 6948 121 ± 16
2117.1.1 AWI 152 Terrestrial material 4554 ± 354 5212 6083 4378 ​
Poz-89107 152 Globigerinoides 7410 ± 70 8106 8290 7977 121 ± 16
2118.1.1 AWI 202 Terrestrial material 8949 ± 99 10022 10265 9701 ​
Poz-89108 202 Globigerinoides 9080 ± 110 10042 10337 9686 121 ± 16
Poz-85015 277 Gastropods 13250 ± 60 15751 15947 15563 121 ± 16
Poz-89044 352 Gastropods 11360 ± 60 13153 13282 13085 121 ± 16
Poz-85017 355 Gastropods 11000 ± 60 12809 12942 12739 121 ± 16

Fig. 2. Bayesian age-depth model (Bacon; Blaauw and Christen, 2011) based on samples from seeds, marine gastropods and planktonic foraminifera (Table 1). The 
section from 355 cm to the base is extrapolated. At 202 cm, the planktonic sample obscures a terrestrial one at the same depth.
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and 12 g, were prepared using a standard method with 10 % HCl, 10 % 
KOH, 40 % HF and acetolysis (Fægri and Iversen, 1989). The residues 
were further concentrated by heavy liquid mineral separation using 
ZnCl2 (specific gravity 2.0 g/l). Slides were mounted in glycerine jelly. 
Light microscopy (magnification 1000x, oil immersion) was applied at 
University of the Free State (UFS) (Zeiss Axioscope 5) and at the 
Evolutionary Studies Institute (ESI), University of the Witwatersrand 
(Olympus BX51).

Pollen identification was carried out to the lowest possible taxo
nomic level, supported by comparison with modern pollen reference 
collections at ESI and UFS and published pollen atlases such as Bonne
fille and Riollet (1980) and Scott (1982). Pollen percentages were 
calculated based on the total number of pollen and spores with a sum of 
c. 200. The pollen data were plotted using Tilia 2.0 (Grimm, 1992) and 
the zonation was done by visual observation supported by strati
graphically constrained cluster analysis (total sum of squares; CONISS; 
Grimm, 1987).

4. Results

4.1. Lithology

The full core log for GeoB20615-2, published in Dyer et al. (2021), is 
summarized here. The basal layer of the sediment core at (532–510 cm) 
depth is composed of dark grey silty fine to medium sand with shell 
debris (see Zabel, 2016). From 510 to 416 cm depth, dark grey silty clay 
as well as bivalves, shell debris and mud clasts occur. From 416 to 232 
cm, the sediments (clay to fine sand) darken, contain shell debris, and 
exhibit occasional bioturbation horizons and mud clasts. From 232 to 0 
cm the sediments, composed of silty fine sand, are uniformly grey and 
rich in shell fragments, and from a depth of 88 cm upwards, contain 
foraminifera. The silty fine sand layer is intercalated at a depth of 23–21 
cm with clay devoid of shell fragments.

4.2. Radiocarbon dating

Results of radiocarbon dating on twelve terrestrial and marine 
samples place the record in the late Pleistocene age range (Table 1). The 
Bayesian age-depth model is presented in Fig. 2 (Blaauw and Christen, 
2011). The extrapolated section of the model between 355 and 532 cm 
suggests a basal age of c. 16,600 cal BP (Fig. 2). The Bayesian model 

designates three outliers which do not fall within the uncertainty en
velope, viz. a marine gastropod age at 277 cm (13250 ± 60 14C BP; 
15563–15947 cal BP), a terrestrial age at 152 cm (4554 ± 354 14C BP; 
4378–6083 cal BP), and a foraminiferal age at 2 cm (2300 ± 140 14C 
BP; 1804–2612 cal BP) (Fig. 2; Table 1). Radiocarbon age estimates on 
terrestrial material were generally younger than planktonic foraminifera 
from similar depths, for example, the terrestrial outlier sample yielded 
an age of 4554 ± 354 14C BP (4378–6083 cal BP) with a large age 
uncertainty, whereas the marine foraminiferal age at the sample depth 
was c. 2000 years older (7410 ± 70 14C BP; 7977–8290 cal BP) 
(Table 1). Despite this general observation, marine and terrestrial ages 
at 202 cm depth yielded comparable results, with one sample obscuring 
the underlying sample on the age-depth model (Fig. 2; Table 1). The 
modelled age-depth relationship suggests that the record does not 
extend to the present day.

4.3. Sediment analyses-geochemistry

The main element for XRF analysis present in the sediment is Si 
(20–25 g/kg); secondary elements (>1 wt%) are Fe (55–81 g/kg), Ca 
(6–20 g/kg), and K (23–26 g/kg). Mn and Ti are minor (0.6–1.4 g/kg and 
5–6 g/kg, respectively) (Fig. 3). The dry weight mass of the trace ele
ments (Sr, Rb, Ni, V) is < 0.1 wt% (see Table S1). Fe/Ca ratios are higher 
in the lowermost 2.5 m than in the upper part of the core, the K/Ti ratio 
shows the opposite trend; except that values are relatively low in the 
upper 20 cm of the core as well as in the basal 2.5 m. The sediment 
accumulation rates (SAR) indicate a downward trend, with relatively 
higher SAR at the base of the core, decreasing towards the present day. 
Three brief periods of higher SAR are indicated, centred on c. 13,000, 
7500 and 2500 cal BP.

4.4. Palynology

A pollen/spore sum of c. 200 was counted for most samples (pollen 
and spore sum: 65–277, median: 207), with at least two slides analysed 
per sample. The average temporal resolution of the sub-sampling is c. 
319 years (52 sub-samples in 532 cm/c. 16,540 years of sediment 
accumulation (c. 31.5 yr/cm)). In total, 144 pollen and spore types, 
fungi and marine palynomorphs were identified. Pollen concentration 
was not calculated. Pollen and spore preservation was generally good, 
Varia (crumpled, corroded pollen grains that cannot be identified) 

Fig. 3. Geochemical analyses of core GeoB20615-2. XRF data including Ti/Al, Fe/Ca, K/Ti and sediment accumulation rate (SAR).
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counts are 0–5.1 %. Sixty-seven tree pollen types were observed, 
savanna trees included Miombo tree (Brachystegia sp.), Combretaceae, 
Burkea sp., and Acacia-type (contains Senegalia spp. and Vachellia spp., 
not differentiated here). Forest vegetation is reflected by pollen of the 
yellowwood tree Podocarpus/Afrocarpus, and coastal elements such as 
Mimusops spp., Manilkara sp., Buxus sp. and palms, especially Phoenix sp. 
Mangroves are represented by Rhizophora and Bruguiera sp. Forty-five 
pollen types of herbs and shrublets were identified. Alongside Poa
ceae, Asteraceae and Chenopodiaceae/Amaranthaceae, fynbos taxa 
such as Ericaceae and Cliffortia (termed ericaceous shrubs) were prom
inent in the bottom section of the profile (Fig. 4). Abundant wetland 
plants (Cyperaceae, Typha) and aquatics were recorded. Fern spores 
were sparse and low in diversity. Fungal spores, hyphae and fruit bodies 

were identified. Marine palynomorphs such as inner, organic linings of 
foraminifera, scolecodonts (mouthpieces of annelids) and dinoflagellate 
cysts were common, and especially the foraminiferal linings were in 
certain depths 10 times more abundant than all pollen and spores 
combined. In the current study dinoflagellate cysts were not 
differentiated.

Stratigraphically constrained cluster analysis (CONISS) defined four 
pollen assemblage and abundance zones (Bennett, 1996; Grimm, 1987) 
(Table 2, Fig. 4). Zone 4 is characterized by pollen of shrubby and fynbos 
vegetation such as Ericaceae and prominent grass and Cyperaceae 
components. Zone 3 is characterized by increasing pollen of mangrove 
elements such as Rhizophora, palms, woodland (Olea, forest and savanna 
elements) before pollen of grasses that were gradually declining, 

Fig. 4. Simplified pollen diagram of core GeoB20615-2 with stratigraphically constrained cluster analysis (CONISS-total sum of squares) and pollen zones.
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dropped further in Zone 2. In Zone 2, representing the middle Holocene, 
Podocarpaceae pollen accompanied by other woodland elements 
increased. Finally in the late Holocene in Zone 1, Podocarpaceae pollen 
dropped and Asteraceae, Amaranthaceae and Cyperaceae pollen started 
increasing followed by a spread of exotic Pinus and indigenous Alchornea 
pollen while marine palynomorphs also became more prominent.

5. Discussion

5.1. Radiocarbon dating, the pinus pollen problem and depositional 
context

Pine pollen that appears in the top of the core at a depth of 30 cm 
(2000 cal BP, Fig. 2) seems to conflict with the age-depth model. Since 
pine trees are modern neophytes which were introduced by European 
settlers, their pollen could not have been deposited before c. 200 years 
ago (Neumann et al., 2008, 2010; Stager et al., 2013). To explain why 
Pinus pollen appears in sediments that are older than c. 200 years, we 
interpret that the uppermost section (30 cm) of the core contains sedi
ments that were still in a liquid, un-consolidated state and prone to 
mixing. It is possible that as result of disturbance by coring activity, or 
during horizontal transport and storage, unconsolidated sediments from 
the top of the core contaminated sediments with modern pollen down to 
a depth of 30 cm. Any interpretation for this section is therefore tenta
tive. In this case, pine pollen cannot be used as a reliable age indicator, 
as it was done in other terrestrial pollen studies in southern Africa 
(Stager et al., 2013).

If we assume a recent age for the top of the core, the planktonic 
foraminifera at the core top (2 cm depth) with a calibrated age of 2100 
cal BP are too old, probably due to redeposition. This is corroborated by 
the age of the terrestrial material collected at 20 cm. Sediment rede
position is common in high-energy shelf environments, likely driven by 
the Agulhas Current and the Delagoa Bight eddy (Lamont et al., 2010). 
Another possible effect blurring age determination on foraminifera is 
bioturbation and differential dissolution. For example, on the Ontong 
Java Plateau, radiocarbon dating of coexisting planktonic foraminifera 
species and their shell fragments reveals age offsets up to c. 2200 years, 
attributed to the combined effects of differential dissolution, fragmen
tation, and bioturbation within the sedimentary mixed layer, as sup
ported by steady-state modeling (Barker et al., 2007).

Core GeoB20615-2 was located on a slope seaward of the shelf break 
that experienced post-glacial marine transgression (Dyer et al., 2021). 
This is assumed to have caused the age reversal at the depth interval of 
355–352 cm.

Since the ages below 355 cm are based on extrapolation, age esti
mations for the time between c. 16,600 and c.13,800 cal BP are less 
reliable than at younger levels. Consequently, the discussion of vege
tation changes for this period, which is restricted to forest evolution, 
should be considered with caution when comparing with other palaeo- 
archives.

5.2. Palynology

5.2.1. Pollen taphonomy
Pollen and spore preservation in marine archives depends on air and 

water transport, pollen/spore dispersal traits, and post-depositional 
microbial as well as chemical degradation (Hamilton, 1972; Fægri and 
Iversen, 1989).

The success of a marine pollen study depends on how much tapho
nomic bias occurs during transport to the site (Havinga, 1967), that 
influences how well marine pollen reflects nearby continental vegeta
tion. A good parameter for this is achieved by comparing the marine 
pollen archives to terrestrial sediment records with the aim of identi
fying regional vegetation trends (Dupont et al., 2007). A study on pollen 
in marine sediments offshore northwestern Africa showed clear links to 
continental vegetation zones and transport by winds and currents where 
key taxa reflect the position of these vegetation types demonstrating that 
marine studies can elucidate vegetation changes on land (Hooghiemstra 
et al., 2006). Pinus and Podocarpus pollen grains, like other buoyant, 
wind-transported conifer pollen, are often over-represented in 
marine/coastal sediments in relation to other taxa and must be inter
preted with caution (Erdtman, 1957; Coetzee, 1967; Hamilton, 1972). 
Quantitative studies show that pollen is transported from vegetation to 
rivers and deposited in coastal marine sediments dependent on a variety 
of factors, such as water depths and buoyancy of pollen types (Chmura 
et al., 1999).

Pollen deposition along the Mozambican coast in the region of 
GeoB20615-2 is mostly fluvial, because winds mainly blow from the 
southeast limiting pollen transport from land (Lutjeharms, 2006; Dupont 
et al., 2011). Detrital sediment in the southern Maputo Bay originates 
from three rivers, the Incomati, Matola, and Lusutfu Rivers that flow into 
the Indian Ocean (Schüürman et al., 2019). The Limpopo River mouth is 
unlikely the main pollen source due to northward sediment drift in the 
counter current (Fig. 1; Schüürman et al., 2019). The 480 km long 
Incomati River drains 50,000 km2 (Nakayama, 2003) and is probably 
the main source of the pollen and spores in GeoB20615-2. The Matola 
(Umbeluzi, Fig. 1), and Lusutfu (Maputo) rivers (Fig. 1), with catch
ments of c. 6600 km2 respectively c. 22,700 km2, are additional pollen 

Table 2 
Pollen and spore zones of Geob20615-2.

Zone Name Depth (cm) Age (cal BP) Sample 
Number

Period Definition

Zone 1: 
Pinus–Alchornea–Amaranthaceae

57–0 c. 3700 – Present 6 Late Holocene Pinus strong/exclusive to Zone 1: 1–11 % 
Alchornea prominent 
Rise in Asteraceae & Amaranthaceae (8 %) 
Podocarpaceae & forest taxa decline (~3500 
BP) 
Cyperaceae & marine palynomorphs increase

Zone 2: Podocarpaceae 177–57.1 c. 9000–3700 12 Mid - Late Holocene Podocarpaceae peak (~40 %) 
Decline in Poaceae & Phragmites-type 
Strong Buxus presence in lower part

Zone 3: Rhizophora–Olea 407–177.1 c. 14200–9000 22 Pleistocene - Holocene 
transition

Peak in Rhizophora & Bruguiera 
(mangroves) 
Olea >6 % 
Phoenix prominent 
Podocarpaceae increasing 
Spirostachys up to 16 %

Zone 4: Ericaceae–Asteraceae 532–407.1 c. 16600–14200 12 Late Pleistocene Ericaceae peak (~5 %) 
High Asteraceae & Poaceae (open land) 
Low Podocarpaceae (<10 %) 
Cyperaceae high: 57 - 31 %
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sources. A smaller catchment area is beneficial for interpreting marine 
records, as the terrestrial vegetation signal covers a smaller region. In a 
provenance study, Hahn et al. (2018) compared terrestrial material 
(pollens, plant lipids) from the Limpopo River catchment with coastal 
and shelf sediments across eastern Southern Africa and concluded that 
terrestrial signals in marine sediments generally reflect regional envi
ronmental gradients. In this case the influence of the Agulhas Current 
sediment distribution is only beyond the mid shelf, allowing reliable 
attribution of compositional changes in marine cores to environmental 
changes on land.

Differential pollen preservation can bias archives towards more 
degradation-resistant pollen e.g., Asteraceae and fern spores (Cushing, 
1967; Hopkins and McCarthy, 2002). Pollen preservation is good in 
GeoB20615-2; no trend in the number of “Varia” pollen is observed. 
Notably, even in the anoxic soils of a mangrove swamp, pollen of 
mangrove taxa like Rhizophora and Bruguiera are rarely preserved 
(Phuphumirat et al., 2015; Sefton and Woodroffe, 2021). The good 
preservation of Rhizophora and Bruguiera pollen in GeoB20615 suggests 
that chemical alteration is negligible in this marine core setting. We 
propose that the palynomorph associations of our study can be reliably 
used to document changes in terrestrial vegetation.

5.2.2. Vegetation- and climate history in sedimentological context

5.2.2.1. Zone 4 (532-417 cm, c. 16,600–14,200 cal BP, 12 samples). The 
record dates to the late Pleistocene during the so-called Antarctic Cold 
Reversal (ACR) period when evidence from Antarctic ice cores reveals 
that the last deglaciation was interrupted by a millennial-scale cooling 
event, which occurred between 14,700 and 13,000 years ago (Pedro 
et al., 2016). Sedimentation started c. 16,600 cal BP with the deposition 
of fine sand (Fig. 4). At this time, sea level was c. 115 m lower than at 
present and the distance from the core site to the − 115 m shoreline 
would have been c. 2 km. Cool climatic conditions are indicated by 
marked occurrence of Ericaceae which then gradually decline since c. 
15,000 cal BP. This is in good agreement with very low temperatures 
based on peat brGDTGs (branched glycerol dialkyl glycerol tetraethers) 
from Mfabeni deposits at Lake St Lucia c. 16,000–15,000 cal BP (Fietz 
et al., 2023). Contemporary Erica spp. occurs in altitudes >1200 m a.s.l. 
in montane grasslands and forest margins in wet and cool habitats 
(Mucina and Rutherford, 2006; Burrows et al., 2018). Cliffortia spp., 
another ericoid shrub that grows along rivers in high altitude grasslands 
(Boon, 2010), appears regularly in Zone 4. Ericoid shrubs including 
Cliffortia and Ericaceae indicate cool, moist conditions at several inland 
sites during the late Pleistocene (c. 14,000 cal BP), including Wonder
krater, Mahwaqa Mountain, and Braamhoek (Scott, 2016; Scott et al., 
2003; Neumann et al., 2014; Norström et al., 2014). The prevalence of 
ericoid shrubs during the late Pleistocene might be explained by 
lowering of the high-altitude ericaceous vegetation. Relatively low K/Ti 
ratios in GeoB20615-2 recorded during this interval indicate that 
weathering was mostly physical which corresponds with cooler, more 
arid climatic conditions (Fig. 3).

The forest pollen in Zone 4 partly represents the IOCB forest and 
woodland, while there is limited evidence for Miombo Woodland pres
ence (Brachystegia spp., Julbernardia globiflora), which has a scattered 
distribution along the coast to just south of the Limpopo River (Moll and 
White, 1978). Brachystegia pollen is absent from Zone 4, savanna ele
ments such as Burkea and Combretaceae are rare, pointing to a weak 
representation of savanna and Miombo woodland most probably due to 
low temperatures excluding frost-intolerant taxa. Coastal forest and 
woodland elements such as Phoenix, Buxus, Celtis, Olea and Sapotaceae 
(Mimusops, Manilkara), abundant in coastal forests (Moll and White, 
1978), reach a minimum during this zone. Podocarpaceae are the 
dominant forest element in a largely open landscape with abundant 
Poaceae, Asteraceae, and Chenopodiaceae/Amaranthaceae but are less 
pronounced than in later periods. Widespread Podocarpaceae pollen in 

GeoB20615-2 might be partly due to overrepresentation in marine and 
terrestrial archives related to the bisaccate morphology as an adaptation 
to wind transport (Erdtman, 1957; Coetzee, 1967). Afrocarpus and 
Podocarpus pollen, both Podocarpaceae and morphologically similar, are 
not distinguishable when using light microscopy (Bamford et al., 2010). 
Since Podocarpus latifolius and P. milanjianus occur in montane regions, 
the Podocarpaceae pollen at GeoB20615-2 likely comes from Afrocarpus 
falcatus, which also grows in coastal and swamp forests of Maputo 
province (Eeley et al., 1999; Boon, 2010; Burrows et al., 2018). Podo
carpaceae in coastal pollen records during the Pleistocene might not 
necessarily indicate permanent Afrotemperate forests in the coastal 
setting, but rather episodic migrations of podocarps from montane re
gions into swamp forests during favorable climatic periods (Mucina and 
Rutherford, 2006).

In Zone 4, locally wet conditions at GeoB20615-2 are indicated by a 
strong presence of Cyperaceae and Phragmites. Phragmites australis 
characterises humid zones within wetlands in southeastern Africa (Kotze 
and O’Connor, 2000). Marine palynomorphs are rare in Zone 4, 
consistent with a reconstruction of the palaeo-shoreline of the Delagoa 
Bight for the last c. 18,000 years (Mussa et al., 2003). Although the 
reconstruction does not include the location of core GeoB20615-2, it is 
assumed that the site was close to the shore c. 16,600–13,800 cal BP and 
the coast would be a curved embayment. High sedimentation rates and 
Fe/Ca ratios further indicate that grain size and fluvial input was high, 
suggesting a more proximal river mouth location and shorter transport 
pathway facilitating the deposition of coarse-grained riverine sediments 
(Fig. 3).

5.2.2.2. Zone 3 (417-177 cm, c 14,200 - 9000 cal BP, 22 samples).
Podocarpaceae forests gradually spread at the beginning of Zone 3 
during the late Pleistocene, together with drought-adapted but frost- 
sensitive Spirostachys. A decline in ericaceous shrubs, especially Erica
ceae and Stoebe-type, indicates warmer conditions. The Mfabeni 
brGDGT record signals strong warming throughout the Pleistocene- 
Holocene transition (Fietz et al., 2023). At c. 13,000 cal BP, when 
climate amelioration is signalled both by decrease of ericaceous shrubs 
and the spread of forest, savanna and woodland elements, the temper
ature index at Wonderkrater in the savanna biome shows a first peak 
(Scott and Thackeray, 1987; Scott, 1982, 2016). This might indicate a 
short warming period even affecting localities further inland. Temper
ature indications have been obtained from pollen spectra from Won
derkrater and other sites in eastern South Africa (Scott, 1982, 2016, 
Scott and Thackeray, 1987; Scott et al., 2012; Chevalier and Chase, 
2015; Thackeray et al., 2019; Chevalier et al., 2020). The Younger Dryas 
temperature reversal (12700–11600 cal BP), that followed the Allerød in 
the Northern Hemisphere (Raynaud et al., 2000), is not indicated in the 
GeoB20615-2 record, except maybe for the weak presence of fynbos 
pollen (Ericaceae, Stoebe-type), oscillating Podocarpaceae, fewer grasses 
and lower occurrence of woodland pollen (Burkea, Combretaceae, Spi
rostachys) (Fig. 4). Zone 3 is marked by the establishment of mangrove 
pollen (Rhizophora and Bruguiera) at c. 12,800–10,500 cal BP suggesting 
a major transgression that took place between c. 13,000 cal BP (65 m 
below sea level) and c. 8700 cal BP (15 m below sea level) (Cooper et al., 
2018, Fig. 5).

Around 11,500 cal BP Rhizophora pollen decreased, and after c. 
11,200 cal BP Bruguiera pollen no longer appears in GeoB20615-2, 
probably due to drowning of the mangal coastline during the trans
gression (Ellison, 1993; Tyson, 1995; Krauss et al., 2008).

The Holocene was characterised by marine inundation of coastal 
areas and regional rise in the coastal groundwater table (Mussa et al., 
2003) (Fig. 5). At c. 11,000 cal BP strong marine influence GeoB20615-2 
leads to the spread of dinoflagellates and scolecodonts, that, together 
with a peak in foraminiferal linings indicate greater water depth.

Since c. 11,000 cal BP, savanna and woodland elements gradually 
increase with a warming of the atmosphere (Simon et al., 2015) (Fig. 5). 
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Savanna trees such as Burkea africana, Combretaceae and Senegal
ia/Vachellia spp., together with elements of coastal dune forest 
(Coates-Palgrave, 2002), spread (Fig. 4). This indicates that the coring 
location was close to a dune forest as the sea level c. 10,000 cal BP was 
− 30 m lower than today and rapidly increased by 10 m within 1000 
years (Cooper et al., 2018, Fig. 5). During this time, barrier islands 
developed along the northern coast. De Lecea et al. (2017) reveal the 
development of shorelines that enclosed parts of Bay resulting in 
morphological forcing of the back barrier. A palaeo-shoreline at − 20 m, 
with associated enclosing lagoons developed, now drowned by rising sea 
levels. A high water table might be responsible for the strong occurrence 
of wetland taxa including Cyperaceae and Phragmites, although those 
taxa gradually decrease when the forest spreads in the pollen record 
(Fig. 4). The increase of forest, savanna and woodland elements is also 
reflected by the gradual decrease of open land indicators, especially 
Asteraceae and Poaceae since c. 10,000 cal BP at GeoB20615-2 (Fig. 4).

A moderate spread of forest elements, e.g., Olea (prominent until c. 
11,000 cal BP and then declining due to the spread of more warmth- 
demanding taxa), Phoenix as an element of palm veld along the coast, 
Celtis and Manilkara, can be linked to warm, humid conditions. Pollen of 
Spirostachys increases until the top of Zone 3 at c. 9200 cal BP suggesting 
warm, dry conditions (Boon, 2010).

5.2.2.3. Zone 2 (177-57 cm, c 9000 - 3700 cal BP, 12 samples). Since c. 
9000 cal BP, at the beginning of Zone 2, the modern Maputo Bay formed 
together with the emergence of further barrier islands (De Lecea et al., 

2017). During the same time, pollen of Poaceae and Asteraceae gradu
ally retreated at GeoB20615-2, an effect of the spreading forest vege
tation, especially Podocarpaceae, whereas pollen of wetland taxa are 
equally strongly represented as compared with Zone 3. A strong sea level 
increase is accompanied by high SSTs which might have led to an in
crease in precipitation (Bard et al., 1997). Further regional SST records 
(Wang et al., 2015 - UK37 record) indicate that SSTs remained stable 
over the past c. 8000 years. Brachystegia pollen, indicating coastal 
Miombo Woodland close to the coring site, appears at c. 7500 cal BP and 
vanishes from the pollen record at c. 6000 cal BP (Fig. 4). The inlet 
probably breached dune corridors along the coast, which might explain 
why, together with the spread of Podocarpus (maybe Afrocarpus falcatus) 
which marks Zone 2, dune forest elements such as Buxus and Manilkara, 
were gradually declining until c. 6500 cal BP at GeoB20615-2. Man
groves are largely absent from the pollen record after c. 7600 cal BP at 
GeoB20615-2 which might also be connected to the formation of 
Maputo Bay (Mussa et al., 2003). During the middle Holocene (c. 
7000–3600 cal BP), high sea levels, increased precipitation and elevated 
water table created humid conditions that supported forest expansion 
-particularly Podocarpus-at Lake Eteza and GeoB20615-2 (Neumann 
et al., 2010; Cooper et al., 2018, Fig. 5). The dominance of Podocarpa
ceae in Zone 2 during the Mid-Holocene Altithermal is marked by a peak 
at c. 7000 cal with >35 %. This matches the Mfabeni pollen record, 
where Podocarpaceae spread after c. 8000 cal BP (Finch and Hill, 2008). 
The later spread of forest at Mfabeni might suggest delayed onset of 
warm and humid Mid Holocene conditions further south or may be due 

Fig. 5. Regional comparison eastern seaboard of southern Africa 
A Stacked pollen diagram and microforaminiferal linings of core GeoB20615-2 (this study), Podocarpac.-Podocarpaceae 
B Sea level fluctuations at the eastern coast of South Africa (Cooper et al., 2018) 
C PWetQ Center and East, precipitation of the wettest quarter, centre and eastern precipitation stack was calculated based on reconstructions from Braamhoek, Equus 
Cave, Blydefontein, Florisbad, Mfabeni wetland and Lake Eteza. TmeanAnn, reconstructed variables of the mean annual temperature based on reconstructions from 
11 sites from the summer rainfall region of South Africa (Chevalier and Chase, 2015). Uncertainties not shown. 
D Stacked pollen diagram of Lake Eteza (Neumann et al., 2010), Podocarpac.-Podocarpaceae. H. impact = Human impact.
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to chronological uncertainties in the Mfabeni record. At GeoB20615-2, a 
strong marine influence is indicated by continuously high, but strongly 
fluctuating, percentages of dinoflagellate cysts and foraminiferal linings 
until c. 7000 cal BP. Then marine palynomorphs decrease slightly at 
GeoB20615-2 (Fig. 4), possibly owing to more stable sea levels (Cooper 
et al., 2018).

It is possible that because of the substantial spread of Podocarpaceae, 
savanna and woodland elements such as Combretaceae and Pseudo
lachnostylis slowly retreat until c. 5000 cal BP. Under the very humid 
conditions, fire-sensitive Podocarpaceae seemed more competitive than 
savanna taxa which might be explained by fire suppression under high 
rainfall conditions (Adie et al., 2017). The modern sedimentary envi
ronment of Delagoa Bight, including Inhaca Island, probably evolved 
between c. 7000–5000 cal BP, with the bay becoming more stable 
(Mussa et al., 2003). Estuarine sediments from Macassa Bay south of 
Vilankulos indicate higher sea levels between c. 6600 and c. 6300 BP 
based on the presence of marine diatoms and supporting magnetic 
susceptibility data (Norström et al., 2012). Geomorphological evidence 
from the barrier islands Inhaca and Bazaruto indicates that the 
mid-Holocene high sea-level period started after c. 6000 ± 300 cal BP 
and ceased by c. 3700 cal BP (Armitage et al., 2006), c. 1000 years later 
than indicated in the Cooper et al. (2018) record. These changes in 
coastal topography would have triggered substantial changes in the 
pollen and spore spectra of GeoB20615-2, mainly the drastic drop of 
Podocarpaceae since c. 5000 cal BP (Figs. 4 and 5). In addition, a sug
gested decrease in precipitation would have influenced vegetation 
(compare Neumann et al., 2010). Cyperaceae and eventually, Cheno
podiaceae/Amaranthaceae (as a halophytic element, probably growing 
at the coast), spread at the transition to Zone 1 at c. 3200 cal BP.

Relative to the preceding zones, the K/Ti ratio in Zone 2 is high, 
indicating that more chemical weathering took place during overall 
wetter climatic conditions.

5.2.2.4. Zone 1 (57-2 cm, c. 3200 - 108 cal BP, 6 samples). During the 
late Holocene in Zone 1, a decrease of Podocarpaceae and trees such as 
Celtis and Mimusops, as well as an increase of dry indicators Asteraceae 
and Chenopodiaceae/Amaranthaceae and to a lesser degree grasses, 
coincide with a return to lower sea levels (Figs. 4 and 5). During the last 
c. 2700 years marine palynomorphs, especially foraminiferal linings but 
also dinoflagellate cysts, become more prominent.

K/Ti values decline relative to Zone 2 (Fig. 3), indicating reduced 
chemical weathering under drier conditions, possibly explaining the 
forest pollen decline in GeoB20615-2. Similar observations at Lake Eteza 
suggest comparable vegetation and climate patterns across both sites 
and possibly along the Indian Ocean coast (Neumann et al., 2010).

During the same time, increasing Cyperaceae pollen reached an ab
solute maximum at c. 2200 cal BP at GeoB20615-2. The retreat of forests 
and the low sea level might have favored the advance of sedge- 
dominated wetlands closer to the coring site.

Alchornea, growing in coastal forest understorey e.g. in Central Af
rica where it indicates anthropogenic disturbance (Mercuri et al., 2018), 
became prominent during the last c. 2600 years in the current study 
(Fig. 4). Pinus, a neophyte, occurs during the last c. 200 years in 
southeastern Africa, planted by European settlers, as indicated for the 
Lake Sibaya pollen record (Neumann et al., 2008).

At GeoB20615-2, Pinus pollen appears at c. 2200 cal BP, which 
conflicts with the introduction of Pinus to the region and can, as 
explained above, be due to bioturbation or modern contamination 
during the coring process (see 5.1). The vegetation history of the last c. 
2200 years, encompassing the emergence of Early Farming Communities 
and their potential impact on the landscape (see Neumann et al., 2008; 
Olatoyan et al., 2022), is consequently not robust for GeoB20615-2. This 
is due to the above-mentioned contamination/disturbances and a very 
low resolution of only three samples which might also be a result of a 
low sedimentation rate at the top of the core. The last c. 2200 years at 

GeoB20615-2 are further characterised by a decline of forest taxa 
including Podocarpaceae, a spread of Miombo (Brachystegia) woodland 
and an increase in acacias (Senegalia/Vachellia).

5.3. Regional forest development at the Indian Ocean coast

5.3.1. General forest dynamics-Quaternary
The pollen record from GeoB20615-2 reflects forest evolution along 

the Indian Ocean coast since the Late Pleistocene impacted by complex 
fluctuations of sea levels and climate (Fig. 5). The marine archive re
flects a dynamic interplay between fire-prone subtropical savanna and 
IOCB taxa and moisture-dependent Afrotemperate forest trees, particu
larly Podocarpus (Figs. 4 and 5). Afromontane forests are situated at 
higher altitude and exposed to markedly seasonal climates (Lawes et al., 
2000a, 2000b), whereas IOCB forests grow at the Indian Ocean in a 
stable climate. Afromontane forests are more patchy than coastal forests, 
which form an almost continuous belt along the eastern coast of South 
Africa on dunes (Lawes et al., 2007). IOCB forests in South Africa were 
established after the Last Glacial Maximum when a new dune cordon 
allowed subtropical flora to migrate southwards together with the 
southward shift of the ITCZ (Mucina et al., 2006).

Afrotemperate forest taxa such as Podocarpus expanded under 
temperate or warm high rainfall conditions, low seasonality and reduced 
fire frequency, often persisting in fire refugia like rocky outcrops (Adie 
et al., 2017). In contrast, subtropical savanna and coastal taxa thrived 
under warm, drier, more seasonal climates with frequent fires, which 
limited forest spread and favored fire-adapted species with a 
savanna-affiliation (Lawes, 1990; Eeley et al., 1999; Adie et al., 2017; 
Beckett and Bond, 2019; Effiom et al., 2025). Afrotemperate taxa 
growing within the IOCB today are exclusive to swamp forests (Venter, 
1972; Lubbe, 1997; Mucina and Rutherford, 2006). Afromontane forests 
were probably evolutionarily older than IOCB plant communities (Eeley 
et al., 1999). Lawes et al. (2000a) suggest that palaeoclimatic events had 
a greater impact on Afromontane forests because they are much older 
than the Last Glacial Maximum and have experienced more than one 
extinction filtering event, unlike the younger IOCB forests.

5.3.2. Forest evolution since the Late Pleistocene: a regional comparison
Comparison of forest evolution throughout the late Quaternary at 

Lake Eteza (for the last c. 10,200 years, Neumann et al., 2010, Fig. 5) and 
GeoB20615-2 (for the last 16600 years, Figs. 4 and 5) allow a detailed 
investigation of similar trends along the Maputaland coast. 
GeoB20615-2, despite moderate resolution and chronological un
certainties, reflects crucial vegetation changes at the Late 
Pleistocene-Holocene transition. Foraminifera linings and dinoflagellate 
cysts provide important insights into the role of sea level as a driver of 
regional vegetation change including the occurrence of Ericaceae pollen 
pointing to lower temperatures as evidenced also at inland records 
(Botha et al., 1992; Scott, 1982, 2016; Scott et al., 2012; Chevalier and 
Chase, 2015). Here the advantage of a broad catchment area and the 
possibility of deducing marine influence are advantageous in the 
offshore record. Amongst the pollen records from southeastern Africa 
along the coast of the Indian Ocean (Finch and Hill, 2008; Ekblom, 2008; 
Ekblom et al., 2014b; Dupont and Kuhlmann, 2018), Lake Eteza, located 
to the South of the Mfolozi floodplain c. 25 km away from the coast 
within the IOCB (Neumann et al., 2010), has the most reliable resolution 
and chronology for intercomparison with GeoB20615-2. The lake is 
surrounded by grassland with palm veld, coastal dune forest, and 
mangroves at the St Lucia estuary. In the interior savanna, along the 
escarpment, scarp forests occur (Neumann et al., 2010). All these biomes 
are reflected in the pollen record and enable comparison with 
GeoB20615-2 (Fig. 2). Sea-level fluctuations (Cooper et al., 2018, Fig. 2) 
affect vegetation through changes of the water table, marine ingressions, 
erosion and possible drowning of mangrove forest during marine 
transgressions.

Since c. 16,600 cal BP until the late Pleistocene in Zone 4, grasses and 
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ericaceous shrub elements at GeoB20615-2 indicated open vegetation 
under cool climatic conditions, influenced by low sea levels (<− 50m) 
(Fig. 5). From c. 12,700 cal BP until c. 9000 cal BP the subtropical 
arboreal vegetation of the IOCB was established with (sub)tropical trees 
whereas Ericaceae decreased along with atmospheric warming and an 
increase of humidity (Fig. 5; Mucina et al., 2006). Between c. 12500 and 
c. 11,000 cal BP a mangrove peak is recorded at GeoB20615-2 (Fig. 4). 
As the rapid post-glacial marine transgression continued, reaching − 30 
m at c. 11,000 cal BP, marine influence reached the threshold necessary 
for mangroves to establish at the Delagoa Bight coast. At c. 11,000 cal BP 
a sudden sharp increase of micro-foraminiferal linings, which were until 
then nearly absent from the GeoB20615-2 pollen record, shows a 
stronger marine influence at the coring site which is mirrored by rising 
sea levels (Fig. 2). Until c. 10,000 cal BP, with a continued rise in sea 
level, mangrove retreats. At Lake Eteza (Neumann et al., 2010), a similar 
pattern of vegetation changes is observed in comparison to the 
GeoB20615-2 palynological record until c. 8700 cal BP. Lake Eteza 
shows high forest pollen percentages and a retreat of grasses at c. 9000 
cal BP (Fig. 5).

From the Mid-Holocene Altithermal until the Late Holocene, from c. 
8000–3600 cal BP, it was generally humid at both Lake Eteza and 
GeoB20615-2, which is indicated by high percentages of Podocarpaceae 
pollen. This might show a high influence of a strong Afrotemperate 
forest element (probably Afrocarpus falcatus) in the coastal forests. The 
period between c. 8000 and 7500 cal BP shows a peak in reconstructed 
precipitation (PWetQ) for the central and eastern region (Chevalier and 
Chase, 2015). Curiously, the time between c. 8000–6800 cal BP is rather 
dry at Lake Eteza whereas a Podocarpaceae peak is obvious (parallel to 
GeoB20615-2) at c. 6800–3800 cal BP (Fig. 2). Judging from the earlier 
spread of Podocarpus in GeoB20615-2 at c. 8000 cal BP than in Eteza at c. 
7000 cal BP, the forests appear to have spread along the coast from north 
to south.

Around 8000 cal BP, MD79257 shows a short-term decline of SSTs 
which coincides with a mangrove and forest tree decline in GeoB20615- 
2, coupled with a spread in wetland elements (Bard et al., 1997). A 
similar fluctuation is absent at Lake Eteza (Neumann et al., 2010). At 
GeoB20615-2, Podocarpaceae percentages c. 7500–4500 cal BP reach a 
maximum, signalling moist conditions. This coincides with peak SSTs 
(nearly 28 ◦C) and maximum sea level in the Mozambique Channel 
during the Holocene (Fig. 5). During the Mid-Holocene Altithermal, the 
high-pressure cells were displaced poleward, and the easterlies could 
bring tropical moisture to the region (Hahn et al., 2017). Podocarpus 
expanded along the Indian Ocean coast of southern Africa, as shown at 
GeoB20815-2, Lake Eteza, Lake St Lucia, Mkhuze River delta and Mfa
beni (Neumann et al., 2010; Effiom et al., 2024, 2025; Finch and Hill, 
2008) (Fig. 5). This expansion is likely linked to warmer and more 
humid conditions, enhanced monsoonal activity, and a stronger Agulhas 
Current, which increased coastal rainfall (Neumann et al., 2010). These 
conditions reduced fire frequency and supported mesic forest develop
ment. Importantly, recent studies highlight the role of fire refugia, 
topographic or edaphic features that protect forest patches within 
flammable landscapes, in maintaining and enabling the spread of 
fire-sensitive taxa such as Podocarpus and Afrocarpus (Beckett and Bond, 
2019; Adie et al., 2017). Beckett and Bond (2019) propose that such 
refugia allow forest and savanna to persist as alternative stable states, 
while Adie et al. (2017) show that small rocky refugia in the Drakens
berg act as long-term shelters for Afrotemperate forest species. These 
findings support the idea that Podocarpus could have used similar refugia 
along the humid coastal plain to persist and spread under favorable 
Mid-Holocene conditions. The climatic trends recorded in GeoB20615-2 
are well supported by records at Braamhoek (Norström et al., 2009), 
Mfabeni (Miller et al., 2019). Mahwaqa (Neumann et al., 2014) and Lake 
Eteza (Neumann et al., 2010) where a phase of humidity after c. 7300 cal 
BP is obvious. As a driving factor, Miller et al. (2020) propose shifts in 
the southern hemispheric westerlies (SHW) and the associated South 
African high-pressure cell, that control the amount of moisture 

advection onto the continent.
During the Late Holocene after c. 3800 cal BP, the South African 

high-pressure cell shifted northward, in this position the high-pressure 
cell blocks tropical moisture in the central eastern region, causing the 
aridity trend (Miller et al., 2020; Chevalier and Chase, 2015). The 
Incomati catchment is at the northernmost extent of this region. The 
climate to the north/northwest is driven by insolation, and climate to 
the southwest is also driven by SHW shifts, but in the opposite sense 
since northwards shifts here induce a direct increase in rainfall by the 
westerly storm tracks (Miller et al., 2020). As a result, there are many 
apparent anomalies when comparing the GeoB20615-2 record with sites 
that are outside of the “central eastern zone” (compare Chevalier and 
Chase, 2015). The last c. 3800 years are in the Lake Eteza record and 
GeoB20615-2 characterised by a strong decrease of Podocarpaceae and 
other forest tree percentages. Overall, the close linkage between vege
tation shifts at Delagoa Bight and at Lake Eteza shows a strong alignment 
between Indian Ocean coastal records pointing to similar environmental 
triggers. Since c. 2000 years the Lake Eteza region is affected by an in
crease of grasses and other open land indicators whereas the anthro
pogenic impact (Pinus pollen) is increasing towards the top of both 
records.

6. Conclusion

The continuous late Pleistocene-Holocene marine pollen record of 
GeoB20615-2 provides a novel reflection of terrestrial vegetation fluc
tuations for the eastern coast of Southern Africa, revealing key climate 
patterns over time although low sample resolution in some intervals 
limits interpretations. Key findings include a cool late Pleistocene period 
with strong presence of ericaceous shrubs from c. 16,600–15,000 cal BP. 
Climate variations inferred from pollen fluctuations correlate with sea 
level changes, including a major transgression c. 12,500–9000 cal BP 
that supported mangroves until drowning of the coastal landscape led to 
a decline of mangrove pollen in the sediments. During the early Holo
cene warming c. 11,500 cal BP cold-tolerant Ericaceae decreased further 
whereas savanna and forest taxa spread. The record aligns well with that 
of Lake Eteza since c. 10,300 cal BP. A middle Holocene humid phase 
(Holocene Altithermal) dominated by Podocarpaceae started c. 7700 cal 
BP, a dry period c. 3300 cal BP was marked by forest decline and a 
spread of Chenopodiaceae/Amaranthaceae. The observed climate vari
ations correspond to those noted in the “central eastern zone” described 
by Miller et al. (2020), with the proposed climatic driver being the 
latitudinal shift of the South African high-pressure cell, which controls 
moisture advection onto the continent. At GeoB20615, the last c. 2500 
years are affected by disturbances to unconsolidated sediments during 
coring. Although these disturbances obscure any possible pre-colonial 
anthropogenic impact, European influence is clearly visible from 
exotic pollen. The record, adding to a growing archive from the south
eastern seaboard of Africa, demonstrates that marine sediments can 
capture land-based environmental changes even in a region of complex 
sediment redistribution such as Delagoa Bight. Despite complex trans
port and deposition processes affecting offshore sediment deposition, 
the marine pollen sequence shows good agreement with existing 
terrestrial records.
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African Past: Progress in African Archaeobotany. Springer, Berlin/Heidelberg, 
Germany. 

Miller, C., Finch, J., Hill, T., Peterse, F., Humphries, M., Zabel, Z., Schefuß, E., 2019. Late 
Quaternary climate variability at Mfabeni peatland, eastern South Africa. Clim. Past 
15, 1153–1170.

Miller, C., Hahn, A., Liebrand, D., Zabel, M., Schefuß, E., 2020. Mid- and low latitude 
effects on eastern South African rainfall over the Holocene. Quat. Sci. Rev. 229, 
106088.

Moll, E.J., White, F., 1978. The Indian Ocean coastal belt. In: WERGER, M.J.A. (Ed.), 
Biogeography and Ecology of Southern Africa, pp. 561–598. W. Junk, The Hague. 

Mucina, L., Rutherford, M., 2006. The vegetation of South Africa, Lesotho and 
Swaziland. In: Memoirs of the Botanical Survey of South Africa, Strelitzia, 19. South 
African National Biodiversity Institute, Pretoria. 

Mucina, L., Scott-Shaw, C.R., Rutherford, M.C., Camp, K.G.T., Matthews, W.S., Powrie, L. 
W., Hoare, D.B., 2006. Indian Ocean coastal belt. In: Mucina, L., Rutherford, M.C. 
(Eds.), The Vegetation of South Africa, Lesotho and Swaziland, Strelitzia 19. South 
African National Biodiversity Institute, Pretoria, pp. 569–583.

Mussa, A., Mugabe, J., Cuamaba, F., Haldorsen, S., 2003. Late Weichselian to Holocene 
evolution of the Maputo Bay, Mozambique. XVI International Union for Quaternary 
Research (INQUA) Congress. INQUA, Reno, NV. 

Nakayama, M., 2003. International Waters in Southern Africa. United Nations University 
Press, p. 9.

Neumann, F.H., Stager, J., Scott, L., Hendrik, J., Weyhenmeyer, C., 2008. Holocene 
vegetation and climate records from Lake Sibaya, KwaZulu-Natal (South Africa). 
Rev. Palynol. Palaeobotany 152, 113–128.

Neumann, F.H., Scott, L., Bousman, C., Van As, L., 2010. A Holocene sequence of 
vegetation change at Lake Eteza, coastal KwaZulu-Natal, South Africa. Rev. 
Palaeobot. Palynol. 162, 39–53.

Neumann, F.H., Botha, G.A., Scott, L., 2014. 18,000 years of grassland evolution in the 
summer rainfall region of South Africa: evidence from Mahwaqa Mountain, 
KwaZulu-Natal. Veg. Hist. Archaeobotany 23 (6), 665–681.

Niang, I., Ruppel, O.C., Abdrabo, M.A., Essel, A., Lennard, C., Padgham, J., Urquhart, P., 
2014. Africa. In: Barros, V.R., Field, C.B., Dokken, D.J., Mastrandrea, M.D., Mach, K. 
J., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C., Girma, B., 
Kissel, E.S., Levy, A.N., MacCracken, S., Mastrandrea, P.R., White, L.L. (Eds.), 
Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional 
Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, pp. 1199–1265.

Norström, E., Scott, L., Partridge, T.C., Risberg, J., Holmgren, K., 2009. Reconstruction of 
environmental and climate changes at Braamhoek wetland, eastern escarpment 
South Africa, during the last 16,000 years with emphasis on the 
Pleistocene–Holocene transition. Palaeogeogr. Palaeoclimatol. Palaeoecol. 271, 
240–258.
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