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ARTICLE INFO ABSTRACT

Keywords: Palynological studies were done on lacustrine core sediments in the Indian Ocean Coastal Belt Biome of KwaZulu-
Holocene ) Natal, eastern South Africa, that were deposited during the last ~6300 cal yrs BP in the Mkuze River delta that
]l;all(e St l]j“c‘a drains into the northern-most part of Lake St Lucia. The aim was to reconstruct the past vegetation and to infer

alaeoclimate past climate fluctuations as well as human disturbances to complement growing evidence from other disciplines
Palaeovegetation

about these aspects in the area. Palynological results show a dominance of Poaceae (20-50%) suggesting the
consistent presence of grassy woodland. Podocarpus pollen dominated the arboreal spectra from 6300 to 2600 cal
yrs BP. Thereafter Spirostachys pollen dominated the arboreal pollen spectra for the last 2600 cal yrs BP indi-
cating a change from a forested environment to a more open woodland environment caused by a drop in
moisture content (humidity). The results also show that the mid Holocene was humid and warm with high
precipitation (freshwater conditions) coinciding with raised sea levels. The late Holocene was warm and dry with
some marine influence with more seawater flowing into the estuary and lake due to high evaporation and low
fresh water supply caused by drought. Similar pollen fluctuations were observed in records from Lakes Eteza and
Sibaya, also located within the Indian Ocean Coastal Belt Biome. The presence of Pinus pollen at the top of the

Anthropogenic impact

profiles suggests the onset of European settlement when pines were introduced for timber production.

1. Introduction

Past environmental and anthropogenic studies of the east coast of
South Africa include palynology of sediment and peat sequences (Neu-
mann et al., 2008, 2010; Finch and Hill, 2008), complemented by other
proxies such as geochemical evidence, diatoms, charcoal, isotopes and
leaf wax studies, etc. (Humphries et al., 2019, 2020; Miller et al., 2019;
Strobel et al., 2022; House et al., 2022). With an area of about 30,520 ha,
St. Lucia is the largest estuary in South Africa (Moll et al., 1971; Turpie
et al., 2012). It is part of the iSimangaliso Wetland Park, which is South
Africa’s first UNESCO World Heritage Site and located in the Maputa-
land coastal plain of the Indian Ocean Coastal Belt Biome (IOCB) of
South Africa (Fig. 1). Grundling (2004) reported on radiocarbon dates of
deposits in Lake Saint Lucia that are of Holocene and late Pleistocene
age, while the geological evolution of the lake system is discussed in
Benallack et al. (2016), Botha et al. (2018) and Dladla et al. (2019).
Using different approaches, seismic profiling of incised valleys
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(Benallack et al., 2016; Dladla et al., 2019) and physical mapping of the
barrier dunes with OSL dating (Botha et al., 2018), they determined that
the oldest beach ridge was formed about 6240-6350 years ago.
Although many peatlands and other sedimentary environments have
been identified within the Maputaland coastal plain (Grundling et al.,
1998), very little is known about the palynology of the greater area.
Important studies at Lake Eteza to the south of Lake St Lucia, and Lake
Sibaya and Mfabeni peatland to the North (e.g., Neumann et al., 2008,
2010; Finch and Hill, 2008) have revealed pollen records (Fig. 2).
Moreover, variability in rainfall in southern Africa during the late
Quaternary has been debated because individual studies using different
proxies give different information about the variability in rainfall,
hence, there is some discrepancy in the timing of events. Humphries
et al. (2020) using geochemical proxies of sediments transported to the
Lake St Lucia system in the IOCB, reported that a series of drought
phases occurred between 4700 and 4200 and 3700-2600 cal yrs BP. In
contrast, Neumann et al. (2010) indicated that palynomorphs of Lake
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Eteza in the IOCB suggested a drought phase between 3600 and 250 cal
yrs BP that became severe around 700-250 cal yrs BP (Little Ice Age).
Miller et al. (2019) used stable carbon and hydrogen isotopes of plant-
wax proxies, reported that drier conditions generally prevailed in the
past 5000 cal yrs BP with sharp variations in the conditions over this
period that culminated in drier conditions in the last 2000 cal yrs BP.
Hence, there is little general agreement on the time periods when there
was low rainfall leading to drought. Since the diverse ecosystems in the
IOCB and surroundings have significant spatial heterogeneity in vege-
tation with uneven distributions of plant species, additional well-dated
palaeoenvironmental records from diverse settings are needed to
obtain a comprehensive overview of the of the evolution of climate and
vegetation in the region.

Focussing on the past vegetation from pollen studies some key taxa
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have been highlighted. Mazus (2000) studied Podocarpus sequences in
KwaZulu-Natal (Maputaland) during the Quaternary and concluded that
there was a northward migration of Podocarpus forest along the Mapu-
taland coastal plain during the Holocene. Neumann et al. (2010) re-
ported that the increase in Podocarpus pollen during the middle
Holocene at Lake Eteza occurred during the mid-Holocene phase of high
sea levels and decreased during the late Holocene. A corresponding in-
crease in Amaranthaceae and grass pollen was found later indicating
drier conditions when sea levels were lower. Finch and Hill (2008)
studied a pollen sequence from the Mfabeni peatland close to St. Lucia
covering >40,000 years. A radiocarbon date of c. 9580 + 70 yr BP at
2.75m suggests that forest expansion after this level was probably during
the early Holocene and indicates warm, relatively moist conditions.
They interpreted a Podocarpus decline as evidence of deforestation

Delfa sediment plume

Core Locati
S3

on
(27°53'08.3"S 32°2907.0°E)

Lake St Lucia

Indian Ocean
K
0 6 12 Kilometres

Mkhuze Swamps
Mkfze River (J ¥ -~
Mzinene River Study Area
N
North Lake
Nibela
Peninsula @
False Bay Lake St Lucia
Hluhluwe River
Nyalazi River Lake Bhangazi
South
Lake
Narrows
St. Lucia Estuary
Mfolozi River

iSimangaliso
Wetland Park
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during the mid-Holocene and that it is supported by the appearance of
Morella serrata, suggesting a shift towards more open grassland/
savanna, possibly due to burning. Neumann et al. (2008) in their study
at Lake Sibaya suggested that the middle Holocene had warm humid
conditions while the early Iron Age had a moist climate based on the
increase in algae and cereal pollen from 300 to 150 cal yrs BP. They too
suggested that this reflects human activities.

Scott et al. (2012), in review of Quaternary vegetation and climate
changes in South Africa using Principal Components Analysis (PCA)
reported that during the Holocene, marked but non-parallel moisture
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changes occurred in the sub regions. Hence, late Quaternary palae-
oenvironmental studies of Lake St Lucia and comparison with relevant
palynological sites with robust chronology in the region will further help
to improve the understanding of the palaeoenvironment of the IOCB.
Also, the estuarine lake has experienced several salinity fluctuations
caused by wet and dry cycles, which in turn controls the occurrence and
growth of plants at a given time and locality (Taylor, 1993). Hence, a
pollen study of the past vegetation of Lake St Lucia can be compared
with that at Lake Eteza and Sibaya to establish if the wet and dry cycles
were experienced regionally and how these cycles influenced regional
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vegetation development.
1.1. Study site

1.1.1. Location and climate

The Lake St. Lucia estuarine or connected lake system is located at
the southern end of the Maputaland coastal plain, which extends from
northern KwaZulu-Natal to southern Mozambique up to Maputo (see
Fig. 1). The estuary is situated between 32° 41E and 28° 23°S, and
covers about 350 km?, along a length of 60 km, with a width of 1-20 km,
and an average depth of 0.9 m (Orme, 1990).

The climate at St Lucia is subtropical and lies in the summer rainfall
region of South Africa with 60% of the rainfall in summer and 40% in
winter (Porter and Blackmore, 1998; Taylor et al., 2006). It has warm,
moist summers (mean annual temperatures exceed 21 °C), and mild dry
winters. Rainfall at the coast varies from 1200 to 1300 mm per annum
but drops to only 900 mm per annum 10 km to the west at Fanies Island
(Taylor et al., 2006). This temporal variability of rainfall gives rise to
severe wet and dry periods in Maputaland (Taylor et al., 2006) which in
turn affects the hydrology and salinity of the estuarine lake.

1.1.2. Hydrology and geology

Five river systems supply the estuarine lake with freshwater. These
rivers are the Mkhuze, Hluhluwe, Mzinene, Impate and Nyalazi (Taylor
et al., 2006). The estuary is open to the sea at times but closed to the sea
at other times by a natural sand barrier. Variation in rainfall regionally
and temporally affects hydrology and salinity at the St Lucia estuarine
system (Taylor et al., 2006). Due to high surface area (350 km?) to
volume ratio (about 0.9 m average depth) in the estuarine lake (Orme,
1990), it is very sensitive to the impact of evaporation (Hutchison and
Midgley, 1978). Hence, the hydrology of the lake changes. The quantity
of water lost by evaporation exceeds the quantity received from rainfall
even in years of moderate or above average precipitation (Porter and
Blackmore, 1998). Fresh water received from the streams and rivers
mainly regulates the salinity of the overall system (Porter and Black-
more, 1998). In periods where the amount of rainfall is moderate or
above average, the salinity gradient ranges from a freshwater state near
the river mouths to that of sea water (35 parts per thousand) in the es-
tuary. In periods of drought, more water is lost from evaporation than
enters the lake from river-flow and if the lake is open to the sea at the
mouth, then more sea water flows in resulting in an increase in salinity
(Porter and Blackmore, 1998). Hence, during extended periods of
drought, the lake becomes hypersaline.

The geology within the St Lucia System comprises Cretaceous sedi-
mentary rocks of the St Lucia Formation that are covered by the
Maputaland Group sedimentary rocks of Neogene and Quaternary age
(Porter and Blackmore, 1998). The Indian Ocean is bordered by a
Pleistocene-Holocene coastal barrier dune complex that today is densely
forested and stabilized (Benallack et al., 2016; Botha et al., 2018; Dladla
et al., 2019; Porat and Botha, 2008; Porter and Blackmore, 1998).

1.1.3. Vegetation

Porter and Blackmore (1998) gave an elaborate classification of the
vegetation at Lake St Lucia and divided it into six major groups based on
habitat and growth form. These groups are as follows: (a) Wetland types
(b) Grassland types (c) Swamp (d) Mangroves (e) Woodland types and
(f) Forest types. Vegetation in the region is classified as Coastal
Bushveld-Grassland (Low and Rebelo, 1996), which comprises a mixture
of forest patches within a matrix of grassland and open savanna. The
floodplain is characterized by open grassland dominated by Echinochloa
pyramidalis, while Acacia xanthophloea fringes many of the floodplain
lakes. The permanently wet areas are dominated by various reeds and
sedges such as Phragmites australis and Cyperus papyrus (Patrick and
Ellery, 2007), while the Mkhuze River is fringed by fragmented patches
of riverine forest characterized by trees such as Ficus sycomorus, Rau-
volfia caffra, Voacanga thouarsii and Blighia unijugata (Stormanns, 1987;
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Patrick and Ellery, 2007) (Fig. 2).
2. Materials and methods

The present study was carried out on core materials from north of
Lake St Lucia. Results were obtained from core MKD-1 (27.8856 °S,
32.4853 °E), drilled in 2015 on the Mkhuze River Delta (Humphries
et al., 2020). It spans ~ 7000 years from base to top. Dating, sedimen-
tation rate and lithology of core MKD-1 are reported by Higgs (2017)
and Humphries et al. (2020). The radiocarbon ages from Humphries
et al. (2020) were calibrated here to calendar years using the Southern
Hemisphere calibration SHCal20 (Hogg et al., 2020); a Bayesian age-
depth model was developed using Bacon 2.2 software (Blaauw and
Christen, 2011) (Fig. 3). The core was sub sampled for pollen analysis
(total 80 samples). Samples above depth 770 cm (~6300 cal yrs BP)
were not subsampled for pollen analysis. The samples were processed
according to Erdtman, 1969 and Faegri and Iversen, 1966 method. The
samples were treated with 40% HF overnight to dissolve silicates.
Treatment with 10% KOH to remove humic acid as well as other organic
matter followed. Mineral separation with ZnCl, (specific gravity 2.0)
was carried out before acetolysis. Acetolysis is the removal of lipids and
proteins including the inner organic pollen wall (intine) and cytoplasm
using acetic anhydride and sulfuric acid in the ratio of 9:1 (Erdtman,
1960). The residue was mounted on microscopic slides in glycerine jelly.
An Olympus BX51 photomicroscope was used for the pollen analysis.
For each sample studied under the microscope, 100-250 grains were
counted. If there were insufficient grains in a sample a second slide was
prepared from the residue. Identification of the palynomorphs was done
by comparing them with modern pollen reference collections at the
Evolutionary Studies Institute, University of the Witwatersrand, and the
Department of Plant Sciences, University of the Free State. Other pollen
atlases were also consulted, such as Bonnefille and Riollet (1980), Scott
(1982), Gosling et al. (2013), Schueler and Hemp (2016), Chevalier
etal. (2022), as well as diverse online pollen databanks (e.g., https://glo
balpollenproject.org/, https://africanpollendatabase.ipsl.fr/#/polle
n-atlases). The pollen diagram was calculated using strat.plot in rioja,
which is designed for managing and graphing stratigraphic data espe-
cially paleontological data (Juggins, 2012; Juggins and Juggins, 2019).
The pollen diagram was divided into Zones based on the internal vari-
ation within and between groups of palynomorphs at different depth/
age using Constrained Incremental Sums of Squares (CONISS, R studio:
http://www.rstudio.com/). This helped to identify pollen assemblages
and abundance or sparsity zones which in turn gives information about
the changes in vegetation in the different cores (see Fig. 4). Finally,
using PAST version 4.13. Principal component analysis (PCA) was car-
ried out as the record was explored for any fluctuations of the pollen
assemblage due to biotic and/ or abiotic factors with the goal of un-
derstanding overall trends within the pollen profile which might infer
major drivers of the system (see Figs. 5, 6).

3. Results
3.1. Dating and sedimentation rate

The radiocarbon ages from Humphries et al. (2020) were calibrated
here to calendar years using the Southern Hemisphere calibration
SHCal20 (Hogg et al., 2020); a Bayesian age-depth model was developed
using Bacon 2.2 software (Blaauw and Christen, 2011) (see Fig. 3 &
Table 1). Sedimentation rate for MKD-1 averaged ~0.8 cm yr-! from
385 yrs. cal BP to 1598 yrs. cal BP, 0.2 cm yearly from 1598 yrs. cal BP to
1882 yrs. cal BP and from 4897 yrs. cal BP to 6316 yrs. cal BP, 0.4 cm
yearly from 1882 yrs. cal BP to 3095 yrs. cal BP, 0.3 cm yearly from
3095 yrs. cal BP to 4179 yrs. cal BP and 0.1 cm yearly from 4179 yrs. cal
BP to 4897 yrs. cal BP. The sedimentation rates should be treated with
caution because there has been loss of sediments due to erosion and
incision (Dladla et al., 2019).
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Fig. 3. Age model using Bayesian statistics (Bacon software v2.2) for core MKD-1.

3.2. Pollen analysis for core MKD-1

Generally, the sediment from 700 to 300 cm depth had poor pollen
preservation when compared to the sediment between 350 and 770 cm
but overall, there was a high diversity of palynomorphs. Using CONISS
(Juggins, 2020), six pollen zones were generated. From the base, Zone 6
differs from Zone 5 as pollen of Amaranthaceae peaked with marine
elements in Zone 6 while Zone 5 recorded an increase in Podocarpus and
decline in the Amaranthaceae. Zone 4 recorded a peak in Podocarpus
pollen, other forest elements and Cryptogam spores while Zone 3
recorded a peak in the pollen of Spirostachys at the beginning with that of
Poaceae taking over at the middle, Zone 2 recorded the peak of Phrag-
mites, foraminiferal linings and decline in Poaceae and fungal spores.
Finally, Zone 1 records the presence of Pinus, increase in fungal spores
and presence of wetland elements.

3.3. Pollen and spore zonation for MKD-1

Six pollen CONISS zones reflect changes in composition and abun-
dance of individual species (see Fig. 4).

3.3.1. Zone 6 Podocarpus, Poaceae, Amaranthaceae, Cyperaceae and
Scolecodonts. (6300-5900 cal yrs. BP)

This zone recorded the peak of Amaranthaceae, high Podocarpus,
Poaceae, Cyperaceae, and scolecodonts, with few ryptogams (Pterido-
phytes and bryophytes).

3.3.2. Zone 5 Podocarpus, Poaceae, Pseudoschizaea and Cryptogams
(5900-4900 cal yrs. BP)

An increase in Podocarpus, Poaceae, scolecodonts and cryptogams
(Pteridophytes and bryophytes) was recorded. Also, Pseudoschizaea
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Fig. 4. Pollen percentage diagram for MKD-1 according to depths showing six pollen zones (CONISS).

reached its peak, and Ericaceae was also recorded in this zone.

3.3.3. Zone 4 Podocarpus, Typha, Poaceae, and Fungal spores
(4900-2600 cal yrs. BP)

This zone recorded the peak of Podocarpus and fungal spores, high
cryptogams and Poaceae, increased Typha and little to no marine
elements.

3.3.4. Zone 3 Spirostachys,Cyperaceae, Poaceae and Fungal spore
(2600-1800 cal yrs. BP)

In this zone, Podocarpus declined and disappeared at the beginning as
Spirostachys increases and reached its peak but later declined as Podo-
carpus reappeared. Also, Poaceae decreased at the beginning as Spiro-
stachys reached its peak but latter increased as Spirostachys declined.
Typha was abundant in this zone and foraminiferal linings were first
recorded in this zone.

3.3.5. Zone 2 Spirostachys, Phragmites and Foraminiferal linings
(1800-800 cal yrs. BP)

In this zone, Spirostachys and Amaranthaceae increased as Poaceae
declined. Phragmites and foraminiferal linings increased and reached its
peak while fungi declined and little to no cryptogam spores (Bryophyte
and pteridophyte) were recorded.

3.3.6. Zone 1 Neophyte, Spirostachys, Phragmites, Ascolepis and Fungal
spore (800-17 cal yrs. BP)

This zone recorded the presence of Pinus (Neophyte) at the top of the
core (last 400 Cal yrs. BP), high abundance of fungal spores, pollen of
Phragmites, Spirostachys and Amaranthaceae was present, low Poaceae
pollen percentages, decline and disappearance of foraminiferal linings.

3.4. Principal component analysis

Using PCA which allows visual exploration of data, a 1% sample
threshold was used as pollen grains and spores were subjected to Prin-
cipal Component Analysis, a representation of the principal component
analysis is shown in Figs. 5, 6 (Table S1).

PC1 accounts for 12.4% while PC2 accounts for 9.7% of variance in
pollen and spore composition throughout the core. PC1 reveals strong
positive loading of >0.2 for Podocarpus, Cyathea, Polypodiaceae,

Isoglossa, monolete spores, bryophytes, Mohria, fungal spores, trilete
spores, Pteris, Anthoceros, Euphorbia, Acalypha, Passerina, Ilex, Polygala,
Acacia, Euclea, Ericaceae, Ficus and a strong negative loading of >—0.2
for Phragmites, Amaranthaceae, Cyperaceae, Crassula, Pinus, Persicaria,
Spirostachys, Olea, Trema, Phoenix, Myriophyllium, Ascolepis, Sparganium,
Hyphaenae, Pseudolachnostylis, Celtis, Caryophyllaceae, Syzygium, Heter-
omopha, Asteraceae, Moraceae, Manilkara, Poaceae suggesting a change
from a humid forested environment to a dry open environment. Similar
trends were reported for Lake Eteza and Sibaya (see Fig. 6).

4. Discussion
4.1. Vegetation history

Generally, the core (MKD-1) had a low pollen preservation in terms
of quantity but was good in terms of diversity of palynomorphs. This
may be due to the nature of the depositional environment as the core
was taken at the northern end of the estuarine lake so may have been a
good repository because the materials are not just from the immediate
environment but also from a larger catchment area as the Mkhuze River
discharges into the northern part of the lake thus, the higher diversity.
The lake has experienced series of wet and dry cycles as discussed above
that may have affected the preservation of pollen in the cores due to
salinity fluctuations (Campbell and Campbell, 1994).

The pollen record of the northern end of Lake St Lucia is dominated
by Poaceae (20-50%) suggesting an influence of grassy woodland.
Similar trends were described at Lake Sibaya and Eteza (Neumann et al.,
2008, 2010). Podocarpus pollen dominated the arboreal pollen spectra
from 6300 to 2600 Cal yrs. BP then Spirostachys pollen dominated the
arboreal spectra from 2600 to 17 cal yrs BP. Spirostachys are trees found
in woodland and Podocarpus are forest trees, but Podocarpus is fire-
sensitive (Scott, 1999; Coates-Palgrave, 2002; Finch and Hill, 2008).
Pollen of Phoenix and Hyphaene palms also occurred in the sequence
with Phoenix occurring more frequently than Hyphaene. The palm can be
found along rivers, in coastal forest and grassland (Pooley, 1993; Neu-
mann et al., 2010). Ericaceae and Passerina are fynbos elements and
were present although scanty with Passerina pollen occurring more
abundantly in the sequence (see Fig. 4). This could be the coastal Pass-
erina species (Passerina rigida) Pooley, 1993. Aquatics and semi-aquatic
plants such as Phragmites, Cyperaceae, Persicaria and Typha dominated
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the topmost profiles.

4.2. Paleoenvironmental interpretations for Lake St Lucia (core MKD-1)

4.2.1. Zone 6 (6300-5900 cal yrs. BP)

Near the base of the MKD-1 core forest trees such as Podocarpus, Olea
and Manilkara were present with Spirostachys pollen occurring in very
low quantities. An Amaranthaceae pollen peak, Cyperaceae, Phragmites,
Scolecodonts, low abundance of cryptogam spores (Bryophyte and
Pteridophyte) and fungal spores were present during this period indi-
cating a relatively warm and sub-humid forest with a wetland mosaic.
The peak in Amaranthaceae points to a dry environment (local evapo-
ration) or saline microenvironment such as coastal salt marshes (Dyer,
1975; Scott, 1999; Pooley, 2005). Cooper et al. (2018) reported a high
sea level during the Holocene in southern Africa between 6000 and 7000
Cal yrs. BP. Botha et al. (2018) also reported that the oldest beach ridge
at Lake St Lucia formed around 6240 years BP with a sequence of beach
ridges having accumulated during the period of 4000 to 1500 years BP
reflecting coeval accretion around the lake. This explains the presence of
scolecodonts because the increase in sea level as reported by Cooper
et al. (2018) would have led to a marine incursion as the beach ridges

were just beginning to develop. The marine incursion led to increased
water table and salinity of the soil hence, the presence of wetland plants
such as Cyperaceae and Phragmites, and halophytic plants such as
Amaranthaceae.

4.2.2. Zone 5 (5900-4900 cal yrs. BP)

Podocarpus, cryptogams (Pteridophytes and Bryophytes), and Poa-
ceae increased; Ericaceae and Passerina were present in this zone.
Pseudoschizoaea increased and reached its peak, fungal spores were also
present, Typha type became prominent. The presence of Ericaceae dur-
ing this period suggests a cold and sub-humid condition with a relatively
seasonal moisture condition (Scott, 1999). As cryptogams increased,
Pseudoschizoaea peaked and Typha became prominent at around 5000
cal yrs. BP indicating a shift from a saline wetland to a freshwater
condition (Scott, 1999; Neumann et al., 2010; Freitas et al., 2015).

4.2.3. Zone 4 (4900-2600 cal yrs BP)

Podocarpus reached a peak of about 30% at around 3380 cal yrs. BP
but declined at 2600 cal yrs. BP. Abundant forest elements, increased
cryptogams and Typha with little or no marine elements and Amar-
anthaceae suggesting a sub-tropical (relatively warm, moist and
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Fig. 6. Graphs of PCA loadings and scores for Core MKD-1, Lake Eteza and Sibaya. PC2 was used for Lake Eteza and Sibaya as it gives strong loadings on a

combination of taxa that are better regional moisture indicators.

Table 1
AMS radiocarbon analyses of material from core MKD-1. Calibrated ages (cal yrs
BP) and probability (%) from clam (Blaauw, 2010; Hogg et al., 2020).

Lab-Code Depth 14C age (yr Calibrated Age and prob. (cal yrs BP,
(cm) BP) %)

Beta- 40 320 +/—- 30 462-307 (94.8%)
481891

Beta- 100.5 1880 +/— 30 1838-1716 (89.9%)
481892

Beta 150 1890 +/— 30 1844-1719 (85.8%)
439022

Beta 266 3020 +/— 30 3271-3144 (69%)
439023

Beta- 410.5 3800 +/— 30 4290-4089 (95%)
481893

Beta 479 4630 +/— 30 5463-5373 (71.3%)
416422

Beta 745 5420 +/— 30 6291-6188 (92.5%)
416423

Beta 854 6060 +/— 30 6994-6837 (87.8%)
416424

Beta 970 6010 +/— 30 6941-6782 (91.7%)
439024

freshwater condition) (Finch and Hill, 2008) typified this zone. This
zone is wetter and more humid as compared to Zone 5 which corre-
sponds with the proposed 5-10% increase in precipitation in Maputa-
land during this period (Partridge, 1997).

4.2.4. Zone 3 (2600-1800 cal yrs. BP)

Podocarpus declined at about 2600 cal yrs. BP and finally dis-
appeared at around 2390 cal yrs. BP. This decline was accompanied with
a decline in other forest elements and cryptogams with a corresponding
increase and peak of Spirostachys at around 2600-2390 cal yrs BP. Spi-
rostachys later declined after 2390 cal yrs BP with a corresponding in-
crease in Poaceae, Amaranthaceae, Isoglossa and Cyperaceae.

Podocarpus resurfaced again in very low quantity of less than 8% at
around 1700 cal yrs BP as Spirostachys pollen levels were still low.
Foraminiferal linings appeared in this zone suggesting marine influence
that may be due to high sea levels leading to marine incursion hence the
increase in Amaranthaceae which might have spread along the shores of
the lake. The decline in forest elements and cryptogams during this
period and a corresponding increase in Poaceae and Isoglossa signals to a
change from a forested environment to a more open ecosystem that may
be due to a drop in moisture level (droughts). Similar Podocarpus forest
retreat has been reported by Mazus (2000) at around 3100 cal yrs. BP in
the Maputaland coastal area and Neumann et al. (2010) reported a
similar Podocarpus retreat at around 3600 cal yrs. BP at Lake Eteza.
Hence, it is suggested that this vegetation trend is a regional trend in the
coastal area of the IOCB biome (see Fig. 7). PCA results agree with the
changes reported as they show a strong positive loading of >0.02 for
Podocarpus and cryptogams (forest and humid condition indicator) and a
strong negative loading of >-0.02 for Spirostachys and Poaceae

—MKD-1

——Eteza

Sibaya

3500
CalyrsBP

4500

(]
u
=]

6500

Fig. 7. Percentage of Podocarpus to Spirostachys pollen in the IOCB showing a
decline in Podocarpus in the late Holocene.
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(woodland/ savanna indicator) see Table 2. This means that an increase
in Spirostachys indicates a reduction in the forest plants (e.g. Podocarpus)
and cryptogams hence, a change from a humid forested environment to
a dryer open woodland vegetation.

4.2.5. Zone 2 (1800-800 cal yrs. BP)

Spirostachys pollen increased as Poaceae declined and Podocarpus
declined and disappeared. Amarathaceae also increased and Phragmites
increased and reached its peak. Foraminiferal linings increased and
reached a 20% peak at around 1700 cal yrs BP. During this period,
Pteridophytes and Bryophytes declined and disappeared, and fungal
spores declined suggesting low moisture level (humidity) which signals
a severe drought and marine influence leading to increased salinity in
the environment. The marine influence is due to more sea water flowing
into the lake which was a lagoon at the time when the youngest beach
ridge was formed, around 1500 yrs. BP (Botha et al., 2018). The pres-
ence and peak of benthic foraminiferal linings in this zone could be due
to severe drought leading to increased evaporation of water from the
lake as it is very sensitive to evaporation due to its very shallow depth
(Orme, 1990; Hutchison and Midgley, 1978). Hence, as water is lost
from the lake through evaporation, and less fresh water was incoming
due to drought, more sea water flowed into the estuarine lake. The
overall low moisture level experienced by the ecosystem might have led
to the disappearance of Podocarpus which is moisture loving (Scott,
1999; Finch and Hill, 2008) and does not survive in highly saline en-
vironments. Zou et al. (2021) working on De novo transcriptome anal-
ysis of P. macrophyllus reported that salt treatment of P. macrophyllus
significantly affected the photosynthesis system of the seedlings in the
way of decreased chlorophyll content, altered chloroplast ultra-structure
and reduced photosynthesis. Severe drought was reported by Humphries
et al. (2019) working on diatoms for Lake Muzi during this period
2100-1400 and 850-550.

Table 2
Fossil pollen taxa and their environmental indications (after Scott, 1999; Finch
and Hill, 2008).

Pollen types Vegetation Environment
Podocarpus Forest Relatively moist conditions
Isoglossa Forest floor
Proteaceae Upland or mesic Wide range of temperature, sub-humid
Olea savanna condition
Combretaceae Microphyllous or Relatively warm conditions, wide
Spirostachys plains savanna range of moisture condition; Senegalia/
Euphorbia-type Vachelia associated with relatively
Peltophorum local deep soils
Senegalia/

Vachelia
Ficus
Tarchonanthus Kalahari thornveld Relatively dry conditions

savanna
Asteraceae Shrubland Relatively even seasonal moisture
Artemisia distribution
Ericaceae Fynbos Cool, sub-humid conditions, relatively
Passerina seasonal moisture distribution
Cliffortia
Stoebe type
Aizoaceae Succulents Relatively warm and/ or dry conditions
Aloe type
Amaranthaceae Halophytes Local? Evaporation
Persicaria Semi-aquatics Moist to damp or wet soil, indicates
disturbances
Typha Aquatics Shallow freshwater conditions
Cyperaceae Semi-aquatics Local swamp, shallow water or damp
soil

Poaceae Grassland or savanna  Generally indicative of summer rainfall
Cyathea Forest edges Relatively warm and moist conditions
Polypodiaceae (humid)
Monolete/

Trilete
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4.2.6. Zone 1 (800-17 cal yrs. BP)

Typha increased together with fungal spores as fungal spores reached
60% with little to no foraminiferal linings in the last 300 cal yrs BP
suggesting a warm, sub-humid, less saline to freshwater environment in
the last 300 cal yrs BP, but 800-300 cal yrs. BP was still dry and hy-
persaline. Pinus pollen appeared in the last 385 cal yrs BP indicating
disturbance by the European settlers (Neumann et al., 2008). This is
because Pinus was introduced to South Africa by the Europeans hence is
not indigenous. The date of 385 cal yrs BP might look too early as
Marwick (1973) and Thamm et al. (1996) reported that the Europeans
introduced and grew large Pine plantations in coastal areas of the Indian
Ocean Coastal Belt biome since 1928-1929 and in the St. Lucia region
since 1957. The older pollen date may be due to bioturbation as Lake St
Lucia is inhabited by large hippos which often times are on the floor of
the lake and their activities can mix up the sediments. The increase and
composition of fungal spores in the last 300 cal yrs BP also signals
anthropogenic activities (Gelorini et al., 2012; Kettner et al., 2017. See
Table 3 for a summary of palaeoenvironmental interpretation of core
MKD-1.

4.3. Regional comparison

The Early Holocene period 10,200—7000 cal yrs. BP that precedes
the sequence we study here, is characterized by moist climate as Podo-
carpus and other forest elements were present and abundant in Mfabeni
peatland and Lake Eteza (Finch and Hill, 2008; Neumann et al., 2010).
In the Mid-Holocene, regionally vegetation history varies among the
various sites, but Lake Eteza, Lake Sibaya, Mfabeni peatland and Lake St.
Lucia (MKD-1) shared a similar vegetation history as they are in the
Maputaland Coastal Belt (Mucina et al., 2006). Other available sites are
inland except the coastal forest and Miombo woodland of Vilankulo in
Mozambique (Ekblom, 2008; Ekblom et al., 2014). Considering that

Table 3
Summarized paleoenvironmental interpretation for MKD-1.

Pollen character Age (calyrs. Climate interpretation

BP)
Zone Podocarpus, Olea, Manilkara, 6300-5900 Warm, moist with marine
6 and cryptogams present influence
High Amaranthaceae,
Scolecodonts
Zone Increased Podocarpus, 5900-4900 Cool, sub-humid with
5 Poaceae, cryptogams freshwater conditions
appeared, presence of
Ericaceae and Passerina
Peak of Pseudoschizaea, and
increase Typha
Zone Podocarpus peak at 3500 cal 4680-2600 Relatively warm, moist
4 yrs. BP. Increased with freshwater condition.
cryptogams, Typha Wetter and more humid
than zone 5
Zone Decline in Podocarpus and 2600-1800 Warm, drop in moisture
3 cryptogams, Increase level (drought) and
Spirostachys initially but later Podocarpus and
declined as Poaceae cryptogams retreat
increased.
Zone Increase Spirostachys as 1800-800 Warm and dry (drought)
2 cryptogams and Podocarpus (drier than zone 3) with
declined then disappeared. intense marine influence
Amaranthaceae, at 1700 cal yrs. BP
Scolecodont and
foraminiferal lining
increased, the latter peaking
at 1700 cal yrs. BP
Zone Decrease in Spirostachys and 800-17 Relatively warm and dry
1 Poaceae in the last 500 cal (800-300 cal yrs BP) with

yrs BP, increase in Typha in
the last 300 cal yrs BP,
fungal spores increased and
presence of Pinus in the last
385 cal yrs. BP

increased precipitation in
the last 300 cal yrs BP and
disturbance from human
activities
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local biogeography is influenced by elements other than climate, such as
soil nutrients, soil type, topography, etc., the vegetation history varies
locally, but a consistent overall climate sequence is suggested by paly-
nological data at various sites over time (see Tables 4, 5). Other paleo-
environmental proxies in the area that extends to the South African
summer rainfall zone provide varying climate deductions on drought

Table 4
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phases but are consistent in suggesting that moist and wet climate pre-
vailed between 7000 cal yrs BP to 4700 cal yrs BP. Drought phases were
reported to last about 4700-2800 cal yrs BP based on geochemical
studies in Lake St Lucia (MKD-1) and diatom studies Lake Muzi
(Humphries et al., 2020; Humphries et al., 2019). However, drought
phases were also recorded around 2100-1400 and 850-550 cal yrs BP

Summary of vegetation dynamics and climate inferences in palynological sites in the IOCB.

Coastal forest and Miombo
woodland of Vilankulo

Southern Mozambique
(Nhaucati lake) Ekblom

Mfabeni Peatland (south of
MKD-1 core) Finch and Hill

Lake Eteza (far south of MKD-1
core) Neumann et al. (2010)

Lake Sibaya (north of MKD-1
core) Neumann et al. (2008)

(2008) (Mozambique) Ekblom et al. (2008)
(2014)
Age (cal yrs Vegetation Climate Vegetation Climate Vegetation Climate Vegetation Climate Vegetation Climate
BP) dynamics inferences  dynamics inferences  dynamics inferences  dynamics inferences inferences
0-250 Moraceae, Drought Herbs and Cold dry Neophytes, Climate Neophyte, Vegetation
Celtis, Trema  during the  aquatic periods Poaceae, change Zea mays, change
and Dialium little ice increased while Protea, induced by Ericaceae induced by
type age at Ca. grasses declined Cliffortia human grains human
declined by 550 cal also, activities and activities
250-550 5-10% yrs. BP Brachystegia the onset of Spirostachys, Humid
Alchornea declined and littleiceagein  Celtis, Stoebe, climate
and Cassine disappeared Ca. 700 cal Manilkara
types are in yrs. BP and Searsia
higher
number.
550-800 Alchornea Warm Increase in Phoenix,
type, period tree/shrubs and Hyphaene,
Savanna is Cyperaceae, monolete
moderately Nymphaea, spores,
represented Typha (riparian Poaceae
by forest)
Sclerocarya,
grassea and
sedges also
have their
peak
800-1200 Forest and Warm Myrtaceae Phoenix, Drier, Olea,
riverine period (Syzygium and Poaceae and  continued Manilkara,
forest Eugenia), Asteraceae gradual Celtis,
vegetation Phyllanthus, decrease of Bruguiera
(Celtis, Nymphaea, SST, Sea levels
Dialium Brachystegia is drop.
type, represented in Mangrove
Moraceae low numbers. swamp forest
and Trema) decline
1200-1600 Asteraceae, Dry Sterospermum, Dry Podocarpus,
Nymphaea period Combretaceae, periods Moraceae,
(dry Myrsine Morella, Ilex
bushveld africana, and
savanna Alchornea, Asteraceae
vegetation) Moraceae,
Trema and
Brachystegia
1600-3600
3600-4600 Acacia, Podocarpus, High
4600-6800 Cyanthaceae, Isoglossa, precipitation,
Ficus, Morella, Mangroves, High SST,
Mpyrtaceae, Aquatic relatively
Protea, ferns high sea level
Rosaceae,
Podocarpus
declined
6800-8000 Isoglossa, Relatively wet ~ Phoenix, Warm
Olea and Ca. 10,000 cal  Isoglossa, moist
Phoenix yrs. BP Manilkara, conditions
declines, becoming dry Celtis
8000-10,200 Podocarpus Moist Poaceae Ca.
abundant cool increases 8000-7000
forest, climate and Acacia cal yrs. BP
Anacardiaceae, gerardii is increase SST/
Apocynaceae, represented sea level
Celastraceae,
Fabaceae,
Rosaceae,
Rubiaceae

10
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Table 5
Summarized regional paleoenvironmental results.
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Periods Southern Mozambique Coastal forest and Miombo Mfabeni Lake Eteza Lake Sibaya Lake St Lucia Core
(Nhaucati lake) woodland of Vilankulo Peatland Finch Neumann et al. Neumann et al. MKD-1
Mozambique) Ekblom (Mozambique) Ekblom et al. and Hill (2008) (2010) (2008)
(2008) (2014)

Late Holocene (last Warm and dry Cold and dry dry Warm and dry with

2000) cal yrs. BP
Middle Holocene
(7000-2000) cal.
yrs. BP
Early Holocene
(10,200—7000) cal.
yrs BP

marine influence
High precipitation/
High sea levels

High precipitation/
High sea levels
Moist climate

Moist, cool Moist climate

climate

for Lake Muzi (Humphries et al., 2019) but in contrast, drought phases
for Lake St Lucia suggested by palynomorphs were recorded between
2600 and 300 cal yrs BP with intense drought between 800 and 300 cal
yrs BP.

Mid Holocene (7000-2600 cal. yrs BP): The mid Holocene climate
is characterized by high sea levels (Cooper et al., 2018), leading to a
marine incursion in Lake St Lucia as the beach ridges began forming in
the mid Holocene and a sequence of beach ridges continued to form until
the late Holocene (Botha et al., 2018). High precipitation (fresh water
conditions) and high moisture content were also characteristic of the
Mid-Holocene which is seen by the presence of moisture loving plants
(Podocarpus forest, cryptogams and fungi), marine elements such as
scolecodonts (worm jaws) and freshwater indicators such as Pseudo-
schizoaea and Typha.

Late Holocene (Last 2600 cal. yrs BP): Regional vegetation char-
acteristics during the last 2600 cal. yrs. BP are said to denote a warm and
dry climate because the Podocarpus forest retreated as Spirostachys
increased in Lake Sibaya, Lake Eteza (Neumann et al., 2008, 2010) and
Lake St Lucia (Core MKD-1). Additionally, in Mozambique from the
Nhaucatic Lake, Coastal forest, and Miombo woodland, an increase in
bushveld savanna pollen, Asteraceae, and Brachystegia was noted
(Ekblom, 2008; Ekblom et al., 2014). It became drier regionally leading
to drought around 800-250 cal. yrs. BP hence, the decline in Brachys-
tegia in Miombo woodland, decline in bushveld trees in Nhaucatic Lake,
and corresponding reduction in Spirostachys in Lake St Lucia (Core MKD-
1) and Lake Eteza (Ekblom, 2008; Ekblom et al., 2014; Neumann et al.,
2010). The marine influence was seen in MKD-1 between 1700 and 300
cal yrs BP as foraminferal linings were recorded. This can be explained
as an increase in the flow of seawater into the estuary due to the drying
out of the lake (evaporation) and less supply of freshwater from the
rivers caused by drought. This was possible as the youngest beach ridge
was formed only around 1500 cal yrs BP (Botha et al., 2018).

4.3.1. Podocarpus/Spirostachys trend in the Indian Ocean Coastal Belt
Biome (IOCB)

Lake Eteza and Lake St. Lucia exhibit high Podocarpus percentages,
despite fluctuations between 7000 and 2600 cal yrs BP (see Fig. 7).
Podocarpus decreased as Spirostachys increased in Lake Eteza, Sibaya,
and Lake St. Lucia between 2600 and 670 cal yrs BP. This inverse
relationship is as a result of a drop in moisture content in the last 2600
cal yrs BP. Podocarpus was forced to retreat because of its sensitivity to
changes in moisture content and so the distribution is restricted to areas
of high moisture availability (Chevalier et al., 2022). This interpretation
is confirmed by other proxies such as used by Miller et al. (2019) and
House et al. (2022).

During the past 800 cal yrs BP, Podocarpus remained present in Lake
Eteza and Lake Sibaya as they attempted to recover, but it vanished from
the Lake St. Lucia pollen record (MKD-1) (see Fig. 7). The disappearance
of Podocarpus in core MKD-1 could be due to the soil in the surrounding
environment becoming hypersaline as a result of the extreme drought.
Podocarpus can only survive in slightly saline environments as studies
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like those by Abiti (2019) and Zou et al. (2021) have demonstrated
where hypersaline soils kill or impede the germination and growth of
Podocarpus seedlings.

In conclusion, the Indian Ocean Coastal Belt Biome (IOCB) experi-
enced high moisture availability during the mid-Holocene (7000-2600
cal yrs BP), as demonstrated by the abundance of Podocarpus in Lake
Eteza, Sibaya, St. Lucia, and even Mfabeni peatland. The late Holocene
witnessed low moisture availability as shown by Podocarpus retreating
and in the last 800 cal yrs BP, with extreme drought in Lake St Lucia
leading to the disappearance of Podocarpus (see Fig. 7).

The neophyte, Pinus, is present in the Lake St Lucia profile from 385
cal yrs BP but historical records show that pine plantations were
established only in the 1920s. Bioturbation of the shallow lake waters by
hippos might account for the rather early occurrence of this northern
hemisphere tree.

5. Conclusion

According to the pollen analysis of the Lake St. Lucia core, the
environment was warm, sub-humid to dry with high local evaporation
or a saline microenvironment, such as coastal salt marshes, between
6300 and 5900 cal yrs. BP. This was interpreted from an increase and
peak in Amaranthaceae and very low numbers of cryptogams (pterido-
phytes and bryophytes). Based on the occurrence of Scolecodonts
coinciding with periods of high sea level as well as the beginning of the
formation of beach ridges, there was a marine incursion 1700-300 cal
yrs BP. Cryptogams, Ericaceae, Passerina, Typha, and Pseudoschi-
zaea—the latter of which was common—are evidence that the envi-
ronment between 5900 and 4900 cal years BP became cooler, sub
humid, with freshwater conditions. Cryptogams and Podocarpus prolif-
erated and peaked when the climate warmed and became more humid
between 4900 and 2600 cal yrs BP. Between 2600 and 800 cal yrs BP,
the environment became warmer, there were low moisture levels
(drought), and there was a greater influx of sea water into the estuarine
Lake as a result of the lake’s high rate of evaporation and low freshwater
input caused by drought. Hence, the presence of foraminferal linings
around 1700 cal yrs BP and the retreat of Podocarpus in the last 2600 cal
yrs BP. A relatively warm environment with high precipitation, wetland
mosaic and human disturbances was evident in the last 200 cal yrs. BP
which is seen with the presence and increase in Typha, Persicaria, Pinus,
Phragmites and Cyperaceae.

In conclusion, findings show a change from a humid forested envi-
ronment with high precipitation and high sea levels (6300-2600 cal yrs
BP) to a warm and dry open woodland environment (2600-300 cal yrs
BP), with Principal Component Analysis (PCA) confirming this assertion.
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