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A B S T R A C T   

Coastal East Africa has undergone massive transformations through the Late Holocene, with a combination of 
changes in sea level, increasing human settlement, and ensuing use of coastal resources. A comprehensive multi- 
proxy analysis, including pollen, phytolith, charcoal, stratigraphy, particle size, and geochemical data from 
sedimentary cores extracted from mangrove ecosystems combined with soils from archaeological contexts, 
provided valuable insights into vegetation dynamics, environmental changes, and human interactions within the 
mangrove ecosystem of Songo Mnara Island, Tanzania over the last 2590 BCE (4540 cal yr BP). The bottommost 
layers indicate a lack of vegetation, as deduced from the presence of coral rags and high calcium and carbonate 
content, possibly due to high mid-Holocene sea-level. Evidence of mangrove taxa suggests a decrease in sea level, 
enabling the establishment of mangroves from around 2590 BCE. A brief period of sea-level rise occurred be-
tween 90 BCE and 320 CE before sea-level fell until 1570 CE. Significant evidence of human activity is recorded 
from around 1400 CE indicated by increased charcoal, crop phytoliths, and evidence of marine resource uti-
lisation. The timing of this human-environment interaction is also linked to the time of lower sea level. However, 
there was evidence suggesting human abandonment of the island from around 1500 CE. This coincided with a 
subsequent rise in sea levels and potentially prolonged drought conditions spanning from 1570 to 1700 CE. These 
factors likely contributed to a shortage of food resources in the area, impacting both agricultural practices due to 
the scarcity of natural freshwater and the accessibility of marine food resources. From 1700 CE to the present, 
fluctuations in sea level have been observed, with a signal of recent sea-level rise in tandem with shifts in 
mangrove, terrestrial herbaceous taxa and fire activity. 

The low sedimentation rates within mangrove areas suggest that the mangroves on Songo Mnara Island may 
not keep pace with the current rate of sea-level rise.   

1. Introduction 

Mangrove ecosystems, transitional between terrestrial and marine 
environments, have experienced dynamic changes attributed to climatic 
and relative sea-level fluctuations (Cohen et al., 2021; Fontes et al., 
2017; Moraes et al., 2021). These factors shape mangrove ecological 

dynamics and adaptive responses to environmental changes. Mangroves 
respond to sea-level changes by migrating seaward during falling sea 
levels, and expanding landward during rising sea levels (Gilman et al., 
2008). Accumulating sediment and preserving fossils, mangroves offer 
insights into sea-level changes, freshwater input, and compositional 
shifts (Bozi et al., 2021; Cohen et al., 2021; Ellison, 2015; Punwong 
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et al., 2024). Crucial for tracking past environmental shifts and 
human-mangrove interactions; understanding historical mangrove dy-
namics aids in anticipating their response to future sea-level changes 
(Gilman et al., 2008). 

Research on mangrove ecosystems along the Tanzanian coast is 
limited and primarily focused on Zanzibar (Englong et al., 2023; Pun-
wong et al., 2013a, 2013c, 2013b, 2018a). Although Zanzibar was an 
important centre, the Swahili coast encompasses the whole Kenyan and 
Tanzanian coast. Swahili culture were historically very significant in 
terms of trade, culture, architecture and maritime skills (Wynne-Jones 
and LaViolette, 2017). Notably, Swahili settlements and coastal trading 
ports were often established near mangrove areas. These mangrove 
ecosystems provided crucial resources, including marine food and con-
struction materials, for the Swahili people; playing a significant role in 
the development of Swahili civilization (Nakamura, 2012). However, 
there is little understanding of the intricate relationship between the 
environment and human activities in the vicinity of important settle-
ments such as Songo Mnara. Songo Mnara Island, located in Tanzania, is 
a Stonetown along the East African coast (Wynne-Jones and Fleisher, 
2015). This site has archaeological significance as a well-preserved 
exemplar of the Swahili tradition. It dates to the 14th and 15th cen-
turies, which was the peak of the Swahili trading civilization, and 
together with neighbouring Kilwa was one of the richest and most 
prominent towns on the coast (Fleisher, 2014; Sulas et al., 2019; Wyn-
ne-Jones and Fleisher, 2015). This study provides insights into 
long-term vegetation dynamics and climate change, including sea-level 
fluctuations and societal interactions and adaptations, in an area where 
the sea and climate profoundly influenced human existence and 
resource availability and possible human responses to different episodes 
of these changes. 

Palaeoenvironmental data based on a single proxy can be limiting; by 
combining multiple proxies we can improve the interpretive power of 
the results. While previous studies have been conducted on geophysical 
and geochemical analyses, artefact distribution, and anthropogenic 
modifications of the coastline of Songo Mnara (Fleisher, 2014; Fleisher 
and Sulas, 2015; Pollard et al., 2012), there is no palynological work that 
combines insights on mangrove dynamics and links environmental ar-
chives from sediment cores and archaeological soil samples. This study 
presents the first attempt to investigate the palaeoenvironment using 
multi-proxy analysis of both mangrove sediment and soil samples 
collected from archaeological context (Fig. 1). To obtain an extensive 
and detailed record of environmental changes, this study employed 
multiple proxies including pollen analysis to indicate vegetation dy-
namics and sea-level fluctuations (Cohen et al., 2021; Mustaphi et al., 
2021; Punwong et al., 2013a). Phytolith analysis is used to infer human 
activities during the domestication of crop plants such as maize and 
millet (Gao et al., 2023; Piperno et al., 2009). Charcoal analysis is used 
to investigate past fire regimes and human activity (Ma et al., 2020; 
Whitlock and Larsen, 2001), whereas particle size and loss-on-ignition 
analyses provided supplementary evidence of hydrological regime and 

sea-level changes (Sanders et al., 2012; Wang et al., 2023). Furthermore, 
geochemical analysis corroborated the palaeoclimatic conditions and 
human influence in the area (Castañeda-Posadas et al., 2022; Tchoun-
wou et al., 2012; Wang et al., 2023). The integration of these data with 
carbon-14 dating enables the investigation of the developmental pat-
terns and vegetation dynamics of mangrove ecosystems, which can then 
be used to infer the impact of past environmental changes on the 
ecosystem. This approach provides insights into the potential connec-
tions between settlement, development, and abandonment in Songo 
Mnara, Tanzania. To provide a broader view, the findings of this study 
will be integrated with previous research to the regional-scale dynamics 
along the Swahili coast of East Africa. 

1.1. Regional setting 

Songo Mnara Island is a nearshore island in the Kilwa archipelago on 
the southern coast of Tanzania, 200 km from Mozambique’s border 
(Pollard et al., 2012; Sulas and Madella, 2012) (Fig. 2). The island is 
connected to the Sanje ya Majoma Islands by mangrove forests and is 
divided from Kilwa Kisiwani, which is also a part of the Kilwa region, by 
a 3 km wide channel (Pollard et al., 2012). Climate and rainfall are 
influenced by the northeast and southern monsoon systems, which are 
controlled by the Intertropical Convergence Zone (ITCZ) (McClanahan, 
1988). The northeast monsoon occurs between November and March, 
whereas the southern monsoon is active from May to June. The rainfall 
amount of Songo Mnara is similar to the central and southern mainland 
of Tanzania around 1000–1800 mm year−1 (Indeje et al., 2000; 
McClanahan, 1988; McParland, 2017). The geology of the Kilwa region 
consists of bedrock of upper Cretaceous to lower Miocene clay stones 
with limestone and sandstone (Nicholas et al., 2007). Songo Mnara is 
situated on the East African coral reef (Adojoh et al., 2023; Ruiz--
Fernández et al., 2018) and is typically composed of limestone areas, 
natural quartz sand, and sandy clay deposits. The coral bedrock is 
covered with shallow subsoil of degraded coral sands (Nicholas et al., 
2007; Stoetzel, 2014). The northern, northeastern, and southern edges 
of Songo Mnara are close to those of mangrove forests (McParland, 
2017; Pollard et al., 2012). There are six dominant mangrove species at 
the Songo Mnara (Stoetzel, 2014), namely Avicenia marina, Bruguiera 
gymnorrhiza, Ceriops tagal, Rhizophora mucronata, Sonneratia alba, and 
Xylocarpus granatum. In addition to mangrove forests, a diverse range of 
vegetation types exist on this island, including coastal dry forests, 
impenetrable mixed scrub forests, maritime scrub forests, Brachystegia 
forests, riverine forests, and freshwater swamp forests (Stoetzel, 2014). 
Moreover, there is a large plantation of Cocos nucifera at Songo Mnara, 
and baobab trees (Adansonia digitata) are also found near the ruins of 
Songo Mnara (McParland, 2017). Crops, including Sorghum bicolor, 
Pennisetum glaucum, and Carica papaya, are observed in close proximity 
to Songo Mnara within the village of Mikadi, located approximately 
1.5–2 km away from the archaeological site (McParland, 2017). 

Fig. 1. Summary of proxies for inferring environmental changes and human activities in this study.  
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1.2. Archaeological background 

The Songo Mnara site, situated in the northwest corner of Songo 
Mnara Island, was founded and occupied for a relatively short period of 
150 years between the late 14th and 16th centuries and was distin-
guished by a significant investment in architecture constructed of coral 
(Pollard et al., 2012; Wynne-Jones, 2013). The site was abandoned 
when Kilwa was partially depopulated after the arrival of the Portuguese 
at approximately 1500 CE (Chittick, 1974; Wynne-Jones, 2013). Songo 
Mnara is a one of a series of ‘stonetowns’ along the East Africa coast built 
during the ‘Golden age’ of Indian Ocean trade in the 14–16th centuries 
(Pouwels, 2002; Wynne-Jones, 2013). Stonetowns are coral-built set-
tlements on the Swahili coast that include stonehouses, wattle and daub 
structures, mosques, and tombs (Stoetzel, 2014; Sulas and Madella, 
2012). According to an archaeological investigation, the site contains 
three enclosed open spaces, six mosques, four cemeteries, and two dozen 
housing blocks (Fleisher and Wynne-Jones, 2012). The variety of house 
styles at the site suggests that they were occupied by a diverse group of 
people. Elite members would have organised the town’s management 
and planning, as seen by the significant grand architectural style of the 
most elaborate settlement structures, such as mosques and the town 
wall. Small coral houses at this site reveal a different class of families 
involved in both local and global economies, as indicated by the dis-
covery of imported ceramics and locally minted coins, even among the 

smallest coral buildings (Fleisher, 2014). Songo Mnara was reoccupied 
in the middle to late 19th century but not at an ancient site (Wynne--
Jones and Fleisher, 2015). A modern village is situated on the eastern 
coast of the island, about a 30-min walk from the archaeological site, 
which is bordered by irrigated rice fields on the southern part of the 
island (Wynne-Jones and Fleisher, 2015). 

2. Materials and methods 

2.1. The field methods and collection 

The vegetation on Songo Mnara Island was surveyed in April 2022, 
and the ecological distribution and dominant mangrove species along 
the coast were recorded. Sediment cores were taken from mangrove 
areas at Songo Mnara during the field survey using a Russian-type corer 
(5-cm diameter x 50-cm length). Survey cores were conducted and 
ranged in depth from 30 cm to a maximum of 120 cm due to impene-
trable coral-bed rock. Therefore, only two cores of 80 cm SMR 
(9.039076S, 39.550582E) and 120 cm SML (9.049167S, 39.576074E) 
were collected from two different mangrove locations (Fig. 2). The core 
SMR is landward of small mangrove areas approximately 300 m from the 
sea in the northwest of the island. The core SML is also landward, but of 
a larger mangrove area to the northeast of the island, 3 km away from 
SMR. The mangroves surrounding the SML were connected to the sea by 

Fig. 2. Study site. (A) The site is within a black rectangle in the map of Tanzania (GISGeography, 2023); (B) core and soil collections were made in an area covered 
by a white rectangle in the map of Songo Mnara (Google, 2022); (C) coring sites (white circles) and soil pits of archaeological area (pink circles) on the right and left 
sides of the island (SMR and SML, respectively); (D) digital elevation model (DEM) map of Songo Mnara providing an approximate altitudinal heights in meters for 
the study site; (E) details in a white rectangle of (C) and locations of archaeological ruins and a stepped Mnara mosque ruin (yellow boxes) relative to cores/soil 
collecting sites. Elevation data in the DEM map at the sampling locations were extracted from NASA Version 3.0 SRTM (NASA JPL, 2013) using ArcGIS. The spatial 
resolution of the data was 1 arcsec at the equator and approximately 30 m horizontally. The absolute height error of the African data was 5.6 m (Rodriguez et al., 
2006). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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a tidal creek located approximately 2.3 km away at the shortest distance 
from the open sea. The other edge of the mangroves in the SML was 
connected to the adjacent grassland areas (Fig. 3E). The sediments were 
transferred to PVC pipes and wrapped in aluminum foil for trans-
portation to cold storage in the Department of Environment and Geog-
raphy, University of York. Seventeen soil samples of three landscape 
types were obtained using a Shovel Test Pit survey (STPs) from the 
cultural layer from 8 to 56 cm in the open areas (Fig. 2E) as part of the 
Songo Mnara Urban Landscape Project. These soil samples were situated 
close to the mangrove area and core SMR. The samples were kept in 
plastic bags and stored in the cold storage at BioArCh at the University of 
York. 

2.2. Chronology 

The chronology of the cores was established based on accelerator 
mass spectroscopy (AMS) radiocarbon dates of two charcoal/bark and 
three bulk sediments from the DirectAMS Radiocarbon Dating Service, 
USA. The samples were selected from the basal sections and places of 
biostratigraphic changes in mangrove cores. Two samples were treated 
with acid-base-acid (ABA) method following Brock et al. (2010) to 

remove soluble carbonates and prevent humic acids from percolating 
into the mangrove sediment sequences. Age-depth models were pro-
duced using the package ‘rBacon’ in the R statistical programming 
language version 3.4.0 (Blaauw and Christen, 2013; R Development 
Core Team, 2017). In this study, the surface sample collected at 0 cm 
depth serves as a reference point for the present year, which is 2022 CE. 
Calibration was performed using a Southern Hemisphere calibration 
curve (SHCal20) that provided a range with 95% confidence intervals 
(Hogg et al., 2020). All calibrated dates within this work are presented 
as calibrated years before the present (cal yr BP), BCE (Before Common 
Era) and CE (Common Era). 

For the soil samples, chronology was obtained from previous 
archaeological research at this site (Fleisher, 2014; Fleisher and Sulas, 
2015). Although the exact dates for the soil samples were not available, 
they were recorded based on the cultural materials found within each 
cultural layer. 

2.3. Pollen, phytolith and charcoal analyses 

Sediment samples were sub-sampled at 2 cm intervals along the cores 
SMR and SML for pollen, phytolith, and charcoal analyses. Two grams of 

Fig. 3. Vegetation in the study site from the seaward area of the SMR to SML coring sites: (A) limestone cliff exposed to the sea with grassland/scrub; (B) seaward 
area dominated by Sonneratia alba; (C) the SMR coring site covered with Rhizophora mucronata; (D) archaeological ruin with coconut trees and baobabs; (E) grassland 
adjacent to the mangrove in SML; (F) the SML coring site with extensive pneumatophores of A. marina; (G) a schematic representation illustrating the ecological 
distribution and dominant species in the mangrove area, coring site, and archaeological ruin of Songo Mnara based on the DEM, with detailed information about the 
stratigraphy of the SMR and SML cores. 
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each soil sample were subjected to pollen, phytolith, and micro-charcoal 
analyses. One hundred wet-sediment samples (1 cm3) and seven soil 
samples were extracted for pollen analysis. Pollen preparation was 
performed following standard procedures, including acetolysis (Erdt-
man, 1969; Faegri and Iversen, 1989) and heavy liquid separation with a 
sodiumpolytunstate solution (Hunt et al., 1985). To estimate pollen 
concentration, Lycopodium spores were added to each sample (Bonny, 
1972; Smol et al., 2001). Pollen identification was performed using 
modern pollen references (Chumchim, 2010; Punwong, 2008) and 
compared with pollen from mangrove specimens collected during 
fieldwork. To estimate the optimal grain count the number of pollen taxa 
in five samples from each coring site were counted and recorded for 
every 20 grains, up to a count of 200 grains. After 80 grains no new taxa 
were discovered; as a result 150 pollen grains were calculated as per-
centages and are presented as pollen diagrams. However, pollen is 
frequently poorly preserved in soil samples from archaeological sites; 
consequently, relatively few pollen grains are extracted from these soil 
samples. Constrained incremental sums of squares cluster analysis 
(CONISS) was used to statistically determine zonation within the TILIA2 
and TILIA*Graph software (Grimm, 1991). Pollen data were classified 
into mangrove, back mangrove, terrestrial herbaceous, non-mangrove 
arboreal, and unknown groups. Mangroves and back mangroves were 
categorized according to Watson’s (1928) and Santisuk’s (1983) inun-
dation classes. Pteridophyte spores were excluded from the pollen sum. 

Phytoliths were also extracted from 1 cm3 of wet-sediment and 2 g of 
soil samples according to Madella et al. (1998) using a combination of 
pre-treatment methods to remove sand, clay, and organic material from 
the samples and gravity sedimentation with flotation in a heavy liquid 
with a specific gravity of 2.3 g/cm3. The sample residues were mounted 
on microscope slides using a mounting medium. However, the phytolith 
concentration in mangrove sediments was extremely low and insuffi-
cient for analysis. Therefore, only the phytoliths from each soil sample 
were investigated. The extracted phytoliths were counted and described 
according to the International Code for Phytolith Nomenclature 2.0 
(International Committee for Phytolith Taxonomy (ICPT) et al., 2019). 
Phytolith taxonomic identification was performed by comparison with 
published references (Barboni and Bremond, 2009; Mercader et al., 
2009; Runge, 1999) and additional studies on similar geographic or 
contextual case studies (Harvey and Fuller, 2005a; Novello and Barboni, 
2015; Sulas et al., 2019). At least 300 phytoliths, if the concentration 
allowed, with taxonomic significance, were counted per sample and 
categorized into four major groups according to their taxonomic origins 
(Sulas and Madella, 2012): Poaceae (grasses) including three sup-groups 
(Panicoideae, Pooideae, and undifferentiated grasses, Arecaceae, 
woody/herbs, and others). The phytoliths were interpreted by calcu-
lating percentages based on the total phytolith sum and are presented in 
a diagram within the graphics software TILIA2 and TILIA*Graph 
(Grimm, 1991). 

Microscopic charcoal is typically identifiable by fragments that are 
angular in shape, opaque, and black in colour (Waddington, 1969; 
Patterson III et al., 1987; Pitkanen and Huttunen, 1999; Clark, 1982, 
1988a, 1988b; Clark et al., 1989). However, particles less than 3 μm 
could be mistaken for pyrite, biotite, or marcasite (Blackford, 2000; 
Rhodes, 1998), and the darkening or blackening of unburned plant 
pieces may occur due to techniques involved in the pollen and phytolith 
slide process, particularly acetolysis. Therefore, they were excluded 
from the studycounting. The microscopic charcoal in pollen and phy-
tolith slides were presented using size classes of microscopic charcoal 
adapted from Tinner and Hu (2003) and Rucina et al. (2009). Charcoal is 
divided into seven classes (3–10 μm, 11–25 μm, 26–50 μm, 51–75 μm, 
76–100 μm, 101–149 and > 150 μm). The size of charcoal fragments can 
be used to infer the relative distance from the ignition source. Smaller 
fragments (3–100 μm) are typically associated with distant regional 
fires, as they can be transported over larger areas. Larger fragments 
(>100 μm) tend to be found closer to the fire source, suggesting a local 
origin and potentially establishing connections between human 

activities and environmental changes, especially those related to fires set 
by humans (Punwong et al., 2018b; Whitlock and Larsen, 2001). Char-
coal counts for each size class were determined as the total number of 
fragments counted within a complete pollen and phytolith slide in 500 
fields of 400 × magnification view (Rucina et al., 2009). The total 
charcoal accumulation is determined by summing the multiples of mean 
length, measured in millimetres (mm), and the number of fragments per 
calculated area for each size class on sample slides (Punwong et al., 
2018b). 

2.4. Stratigraphy, particle size, LOI and geochemical analyses 

Sediment samples of 1 cm3 were subsampled at 2 cm intervals along 
the cores SMR and SML for particle size, loss on ignition, geochemical 
analyses. Two grams of each soil sample were subjected to geochemical 
analyses. 

The lithology of the sediment cores and the soil samples were 
described as follows: depth, colour, texture by eye evaluation and finger- 
texturing on dry and wet samples following a modified version of the 
Tro; els-Smith (1955) classification (Kershaw, 1997). Munsell soil colour 
charts were used to determine the colours of the sediment cores and soil 
samples (Color, 2009). 

To determine the grain-size distribution, 100 wet-sediment samples 
were pre-treated with 10% HCl and 30% H2O2 to remove organic ma-
terial and carbonates, respectively. The grain size distribution of the 
remaining samples was measured using a Malvern Mastersizer 2000 
analyser at the University of York, with a measurement range of 
0.02–2000 μm. The end-member modeling algorithm of Weltje (1997) 
was used to calculate the end members from the total set of grain size 
measurements of the cores. 

Loss on ignition (LOI) procedure was performed as described by Heiri 
et al. (2001). Organic matter and carbonate contents of each 
wet-sediment sample were determined by weight loss on ignition (LOI) 
at 550 ◦C and 950 ◦C respectively (Heiri et al., 2001). 

Geochemical analysis was conducted using a handheld X-ray fluo-
rescence analyser at the Department of Geology, Faculty of Science, 
Chulalongkorn University. A total of 100 dry-sediment samples and 17 
soil samples were analysed in extra-soil mode using a large-area silicon- 
drift detector, with a 3 × 60 s acquisition time (beam) at accelerating 
voltages ranging from 8 to 40 kV. The resulting XRF powder data pro-
vide concentrations in parts per million (ppm) for various elements, 
including phosphorus (P), sulfur (S), potassium (K), calcium (Ca), tita-
nium (Ti), magnesium (Mg), iron (Fe), nickel (Ni), zinc (Zn), strontium 
(Sr), zirconium (Zr), and lead (Pb). Furthermore, the concentrations of 
Ti, Zr, Fe, and S were selected to compute the Ti/Zr and Fe/S ratios, 
which offer valuable insights into sedimentary environments. Ti and Fe 
contents potentially suggest the presence of terrigenous sediments, 
whereas the Zr contents are associated with coastal placer formation 
(Bahr et al., 2005; Ma et al., 2020; Nace et al., 2014; Rozan et al., 2002). 
Therefore, a high Ti/Zr concentration suggests that the sediments 
originated predominantly from terrestrial sources (Adojoh et al., 2023; 
Ruiz-Fernández et al., 2018). Conversely, a pronounced representation 
of Fe/S indicates the presence of marine shale deposited on the conti-
nental shelf, which is associated with an anoxic period characterised by 
heightened concentrations of Fe and sulfur (pyrite) within the sediment 
(Doktorgrades, 2004; Kakroodi et al., 2012; Mendoza, 2007; Zabel et al., 
2001). 

3. Results 

3.1. Vegetation survey and mangrove zonation in Songo Mnara, Tanzania 

The vegetation and mangrove forests on Songo Mnara Island were 
surveyed (Fig. 3A–F). The ecological distribution and dominant 
mangrove species are presented in this study (Fig. 3G). The position and 
environmental gradients of each mangrove species found in this study 
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are similar to mangrove zonation in Tanzania as recorded by Punwong 
et al. (2013c). S. alba and R. mucronata dominated the seaward area. The 
core SMR is dominated by R. mucronata (70%), C. tagal (20%), and 
B. gymnorrhiza (10%) trees. The core SML was characterised only by 
A. marina (100%). According to DEM data, the core SMR is higher than 
the core SML. 

3.2. Chronology 

Five radiocarbon dates were obtained from cores SMR and SML as 
shown in Table 1. Since the radiocarbon dating at the basal part of core 
SML was 518 cal year BP, getting close to the limit of C14 dating 
(Nichols, 2009), the dating of the overlaying layer possibly provides the 
modern age (after 1950 CE). Therefore, the chronology of core SML was 
determined by interpolation between a single dated sample at 78 cm and 
the top of the sediment sequence, which was 2022 CE, i.e when the core 
was collected. The homogeneous sediment and insignificant change in 
biostratigraphy allow us to assume further the continued deposition of 
1.3 mm year−1, which is comparable with that obtained from other 
mangrove sediments in the Indian Ocean during the past 500 years, i.e., 
0.8–1.6 mm year−1 in Unguja Ukuu, Zanzibar, Tanzania (Englong et al., 
2023), ~1.4 mm year−1 in Mahé, Seychelles (Woodroffe et al., 2015), 
and 0.6–1.78 mm year−1 in Kon Kan (Limaye and Kumaran, 2012) in 
coastal India. The consistency in the sedimentation rate of the mangrove 
environment across the Indian Ocean strengthens our treatment of the 
chronology for core SML. The median date was used to report 14C dates 
in this study, and the max-min date range was presented as a calibrated 
year before the common era (BCE) and the common era (CE) following 
the Gregorian calendar. The age-depth models for both mangrove 
sediment cores are presented in Fig. 4. Accordingly, it revealed that the 
deposition of organic deposits in the cores SMR and SML started around 
1432 CE and 2592 BCE, respectively. Dating of all soil samples from 
Songo Mnara were previously determined by Fleisher (2014) and Fle-
isher and Sulas (2015) to range from the late 14th to early 16th centuries 
CE. 

3.3. Pollen records 

Pollen was not extracted in sufficient amounts from soil samples, 
likely due to high oxygen exposure, resulting in decay and decomposi-
tion of pollen grains (Havinga, 1967). However, a few domesticated 
grass pollen grains were found under a light microscope in some sam-
ples. Domesticated grass pollen were recognised by a grain diameter and 
annulus size larger than 40 μm and 8.5 μm, respectively (Hapsari and 
Ballauff, 2022; Joly et al., 2007; Quamar and Kar, 2022). These findings 
were presented along with other results in soil samples. In contrast, 
pollen grains were well preserved in the sediment cores due to anoxic 
conditions, and the extraction yield was much better, as presented in a 
stratigraphic diagram and described as follows. 

3.3.1. Pollen diagram description of the core SMR 
The pollen diagram of core SMR was separated into three zones: 

SMR-1 (80-52 cm; 1430–1630 CE), SMR-2 (52-22 cm; 1630–1870 CE), 
and SMR-3 (22-0 cm; 1870 – present day), as shown in Fig. 5A. 

SMR-1 (80-52 cm; 1430–1630 CE): Mangroves had the highest 
appearance (73–92%), followed by terrestrial herbaceous species 
(4–20%), and non-mangrove arboreal species (3–10%). Mangroves were 
present with R. mucronata (68–80%), Bruguiera/Ceriops (0–11%), S. alba 
(0–7%), and A. marina (0–1%). Terrestrial herbaceous species were 
characterised by Poaceae (4–20%) and Cyperaceae (0–2%). Non- 
mangrove arboreal species represented low percentage values with 
Anacardiaceae (0–3%), Convolvulaceae (0–3%), Fagaceae (1–5%) and 
Myrtaceae (0–2%). The pollen concentrations varied between 4,194 and 
22,665 grains/cm3. 

SMR-2 (52-22 cm; 1630–1870 CE): Mangroves characterised by 
R. mucronata (52–80%) and S. alba (0–2%) gradually decreased while 
Bruguiera/Ceriops (3–12%) and terrestrial herbaceous species including 
Asteraceae (0–2%), Cyperaceae (0–3%) and Poaceae (7–29%) increased. 
Non-mangrove arboreal species were present at low percentages. Pollen 
concentrations varied between 7562 and 15,512 grains/cm3. 

SMR-3 (22-0 cm; 1870 – the present day): Mangroves were the pri-
mary group (80–90%), dominated by R. mucronata (49–84%) and Bru-
guiera/Ceriops (4–21%). The abundance of S. alba (0–1.4%) increased at 
the top. Terrestrial herbaceous species (7–16%), characterised by Poa-
ceae (6–15%) and Asteraceae (0–0.7%), decreased slightly from the 
previous zone. Non-mangrove arboreal taxa (0–5%) were rare with 
Anacardiaceae (0–3%), Convolvulaceae (0–0.8%), and Fagaceae 
(0–4%). Pollen representation ranged from 4,159 to 11,018 grains/cm3. 

3.3.2. Pollen diagram description of the core SML 
The pollen diagram of the core SML was divided into five zones: SML- 

1 (120-72 cm; 2590 BCE – 490 CE), SML-2 (72-52 cm; 490–1430 CE), 
SML-3 (52-24 cm; 1430–1760 CE), SML-4 (24-14 cm; 1760–1870 CE), 
and SML-5 (14-0 cm; 1870 CE– present day), as shown in Fig. 5B. 

SML-1 (120-72 cm; 2590 BCE – 490 CE): Mangroves were most 
common (92–98%), followed by back mangroves (0–3%), non- 
mangrove arboreal species (2–8%), terrestrial herbaceous species 
(0–1.3%) and unknown pollen (0–3%). Mangroves were characterised 
by R. mucronata (52–83%), S. alba (0–17%), Bruguiera/Ceriops (1–21%), 
and A. marina (4–38%), and back mangroves were dominated by Lum-
nitzera (0–3%). Non-mangrove arboreal species (2–8%) were recorded at 
low percentages. The percentage of terrestrial herbaceous species was 
very low. Pollen concentrations varied between 5,990–28,429 grains/ 
cm3. 

SML-2 (72-52 cm; 490–1430 CE): Mangroves remain the most 
common (53–97%), characterised by R. mucronata (27–76%) and Bru-
guiera/Ceriops (15–27%). The back mangroves had almost disappeared. 
A low percentage of non-mangrove arboreal areas was present. Terres-
trial herbaceous species increased toward the top (0–27%). The pollen 
concentrations fluctuate and ranged from 5111 to 28,439 grains/cm3. 

Table 1 
Radiocarbon dates of sediment cores from Songo Mnara mangroves. Dates were calibrated using a Southern Hemisphere calibration curve (SHCal20) (Hogg et al., 
2020).  

Core Depth 
(cm) 

Code Sample type 14C yr BP Min-max date range (Cal 
yr BP) 

Median date (Years 
BCE/CE) 

Median date (Cal yr 
BP) 

Sedimentation rates (mm 
yr−1) 

SMR 78 D-AMS 
047715 

Charcoal, 
bark 

521 ± 27 477–615 1432 CE 518 1.32 (0–78 cm) 

SML 42 D-AMS 
051617 

Bulk 
sediment 

346 ± 23 313–473 1544 CE 406 0.88 (0–42 cm) 

58 D-AMS 
049617 

Bulk 
sediment 

665 ± 24 550–660 1329 CE 621 0.77 (42–58 cm) 

82 D-AMS 
051618 

Bulk 
sediment 

2198 ±
25 

2009–2303 185 BCE 2135 0.16 (58–82 cm) 

118 D-AMS 
047717 

Charcoal, 
bark 

4106 ±
28 

4373–4784 2592 BCE 4542 0.15 (82–118 cm)  
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SML-3 (52-24 cm; 1430–1760 CE): Mangroves, particularly 
R. mucronata (27–70%), declined at the beginning and increased at the 
top. No back mangroves were present in this zone. Non-mangrove 
arboreal taxa (3–8%) were rare, with only Fagaceae. Terrestrial herba-
ceous species suddenly increased significantly along with Poaceae and 
Cyperaceae. Pollen concentrations ranged from 567 to 19,650 grains/ 
cm3. 

SML-4 (24-14 cm; 1760–1870 CE): Terrestrial herbaceous species 
(50–81%) were dominated by Poaceae (17–77%). Mangroves suddenly 
decreased with R. mucronata (0–50%). However, S. alba (0–20%) 
increased at the top. No back mangroves presented in this zone. The 
number of non-mangrove species increased with Podocarpus sp. 
(0–20%). Pollen concentrations fluctuate and ranged from 10,552 to 
21,406 grains/cm3. 

SML-5 (14-0 cm; 1870 CE – the present day): Mangroves sharply 
increased again, characterised by R. mucronata (17–44%), Bruguiera/ 
Ceriops (8–17%), and A. marina (18–52%). Terrestrial herbaceous spe-
cies (13–23%) with Poaceae and Cyperaceae sharply decreased. The 
abundance of non-mangrove arboreal species (0–3%) with Podocarpus 
sharply decreased. Pollen concentrations varied between 3,046–23,393 
grains/cm3. 

3.4. Phytolith records 

Seventeen soil samples collected from open areas close to mangrove 
forests yielded various types and amounts of phytoliths shown in the 
phytolith diagram (Fig. 6), where sixteen morphotypes were identified 
and categorized. The detailed phytolith descriptions are provided 
following the phytolith diagram in each landscape type. 

Coastal ridge (GT-81-GT-210): Undifferentiated grasses dominated 
the phytolith morphotypes (27–66%), including elongate dentate 
(0–7%), elongate entire (11–54%), elongate sinuate (0–26%), bulliform 
flabellate (1–22%), and rondel (0–3%) morphotypes. The woody mor-
photype (14–52%) comprised blocky (11–43%) and tracheary annulate 
(0–7%) forms, whereas the spheroid echinate (0–28%) belongs to Are-
caceae. The remaining phytolith morphotypes fell into three categories: 
Panicoideae (0–8%), Pooideae (0–5%), and other groups (2–29%), but 
they were present in small percentages of all samples. Notably, the GT- 
210 sample stood out with a significant representation of the cross 
morphotype from the Panicoideae group, accounting for 3% of its 
composition. 

Inland forest patch (GT-224): Undifferentiated grasses (45%) were 
the dominant morphotypes, although elongate (9%) was notably lower 
than the coastal ridge landscape. The woody morphotypes (45%), 

Fig. 4. Age-depth models of cores SMR (A) and SML (B).  
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particularly blocky (44%), also had a significant representation in this 
area. The cross morphotype (2%) of the Panicoideae group was still 
present in this landscape. Additionally, other morphotype groups, 
namely Arecaceae, Pooideae, and others, were also present, but at low 
percentages. 

Coconut field close to archaeological ruin (GT-227): Undifferentiated 
grass morphotypes (84%) including elongate entire (80%), and bulli-
form flabellate (4%) had the highest representation when compared to 
other landscapes. Woody morphotype (11%), including blocky, was 
dramatically lower than that of the inland forest patch. Cross morpho-
type (1%) of the Panicoideae group was lowest among all landscape 
types. Pooideae, Arecaceae and other morphotypes are not present in 
this landscape. 

3.5. Micro-charcoal records 

Following the pollen zone in the pollen diagrams, charcoal fragments 
in each size class and the total charcoal content of the two sediment 
cores are shown (Fig. 7A and B). 

The maximum value of charcoal accumulation in the core SMR was 
recorded at approximately 99 fragments/mm2 at a depth of 24 cm 
(~1850 CE), and the minimum value was recorded at 8 cm (~1970 CE) 
at approximately 12 fragments/mm2. The charcoal abundance in the 
SMR-1 zone was relatively high, ranging from 17 to 83 fragments/mm2. 
Between 54 and 58 cm (~1580–1610 CE), two larger fragment classes 
(100–149 μm and >150 μm) appeared. Charcoal accumulation in the 
SML-2 zone fluctuated and declined, although the size class of the 

Fig. 5. Pollen diagram of the cores SMR (A) and SML (B) showing pollen percentage of plant taxa. The Y-axis represents dating calculated by the age-depth model 
using rBacon. 
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100–149 μm charcoal fragments increased. The total accumulation of 
charcoal significantly decreased in the SMR-3 zone, with decreases in all 
size classes, except for the notable peak of the largest particles at 4 cm. 

Core SML had the highest charcoal abundance in the SML-1 zone, 
ranging from 11 to 71 fragments/mm2. The largest charcoal fragments 
were present in this zone between the depths of 74–82 cm (~320 CE-180 
BCE) and 98–102 cm (~1290-1540 BCE). In SML-2, 3, and 4 zones, 
charcoal contents in fragment size classes 76–100 μm, 101–149 μm, and 
>150 μm suddenly disappeared. Charcoal records of fragment sizes 
smaller than 75 μm increased from 14 cm to the topmost core in SML-5 
zone, with some peaks of size class 101–149 μm, and charcoal accu-
mulation was 2–45 fragments/mm2. 

The micro-charcoal records of the soil samples were characterised for 
three distinct landscape types, as shown in Fig. 8 and described as 
follows. 

Coastal ridge (GT-81-GT-210): Charcoal fragments within the size 
ranges of 3–10 μm and 11–25 μm display higher concentrations in all 
samples, particularly GT-160, GT-181, and GT-182. The total charcoal 
accumulation in these samples ranged from 162 to 4,940 fragments/ 
mm−2, with GT-181 showing the highest accumulation. Except for GT- 
117, all samples contained the largest charcoal fragment size class 
(greater than 100 μm). 

Inland forest patch (GT-224): Charcoal fragments in the size classes 
of 3–10 μm and 11–25 μm dominated, with concentrations of 175 and 
162 fragments/mm2, respectively. The largest charcoal fragment size 
class (greater than 100 μm) was also present, with a total accumulation 
of 507 fragments/mm2. 

Coconut field close to archaeological ruin (GT-227): The total char-
coal accumulation was comparatively low, measuring 163 fragments/ 
mm2. Charcoal fragments in the size classes of 3–10 μm and 11–25 μm 
exhibit a decrease in concentration but remain dominant in this land-
scape. The largest charcoal fragment size class (greater than 100 μm) 
was still observed, with a low representation of 19 fragments/mm2. 

3.6. Sediment and soil compositions 

The core SMR contained very dark-greyish brown to black silty sand 
with wood and bark fragments (Fig. 7A). The core SML contained gray to 
very dark gray silt and sand from the bottom to a depth of 70 cm (~640 
CE), with shell fragments at the bottom of the core, followed by 
brownish yellow silt and sand at the top of the core (Fig. 7B). Coral rags 

were found at the bottom of both cores. A stratigraphic description of the 
cores SMR and SML is congruent with particle size analysis. The core 
SMR contained moderately sorted medium sand and poorly sorted 
extremely coarse silty medium sand, with sand fractions ranging from 
54 to 93%, whereas the core SML mainly contained very poorly sorted 
very fine sandy to very coarse silt. Along the core SML, there were 
variations in the percentages of silt and sand particles, ranging from 39 
to 80% for silt and 13–66% for sand. Clay particles were also present in 
the core SML, but only in smaller portions (0.5–19%). 

Seventeen soil samples obtained from open areas were described as 
fine-sand silty loam soil (Fleisher and Sulas, 2015). Shell fragments were 
present in all samples, whereas glass bead fragments were found only in 
GT-100, 117, 118, 137, 157, 159, 160, 181, 182, 210, 224, and 227 
(Fleisher and Sulas, 2015). A detailed description of the soil structure for 
each soil sample collected at Songo Mnara is shown in Fig. 6. 

3.7. Loss on ignition analysis and geochemical analysis 

Loss on ignition was used to investigate only the organic matter and 
carbonate contents of the sediment cores in the mangroves, and both 
agreed with the sediment composition. Geochemical analyses were 
provided for both sediment cores and soil samples. The organic content 
of core SMR ranged from 1% to 37 %, whereas the carbonate content 
ranged from 0.1% to 37% (Fig. 7A). The organic content fluctuated 
along the core and decreased at the bottom, which is related to the 
appearance of wood and bark fragments throughout the core. The car-
bonate content sharply increased in the deepest part of the core, 
reaching 37%, which was associated with the appearance of coral rags at 
the bottom of the core. The core SML had an organic content ranging 
from 2% to 16%, whereas the carbonate content ranged from 0.6% to 
21% (Fig. 7B). The highest representation of carbonate content at the 
bottom of the core is also related to the appearance of coral rags and 
shell fragments at the bottom of the core, possibly indicating greater sea- 
level influence at the cored bed. 

Ten elements namely S, K, Ca, Ti, Fe, Zn, As, Sr, Zr, and Ni were 
found in both cores SMR and SML, while Mn and Pb were exclusive to 
core SML. K, Ti, Zn, and Sr in core SMR remained stable from bottom to 
top, whereas Ca peaked in the depth range of 66–80 cm (~1520-1430 
CE). S and Fe showed decreasing trends from bottom to top, whereas As 
had high levels in the depth range of 40–50 cm (~1720-1640 CE) before 
sharply decreasing. Zr was consistently present throughout, except in 

Fig. 6. Phytolith diagram of soil samples from Songo Mnara.  
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Fig. 7. Frequency plot showing pollen summary, charcoal, geochemical, particle size, and LOI data from cores SMR (A) and SML (B). Zones were based on a cluster 
analysis of pollen data. 

Fig. 8. Frequency plot showing phytolith summary, domesticated grass pollen, charcoal, and geochemical analysis of soil samples at Songo Mnara based on 
landscape types. 
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the deepest layer, and Ni exhibited a peak at a depth of 80 cm (~1430 
CE). The Ti/Zr ratio exhibited fluctuations, with a notable increase from 
the middle to the top of core SMR. The Fe/S ratio demonstrated its 
highest representation at the bottom of core SMR, and subsequently 
experienced a dramatic decrease before a slight increase from a depth of 
24 cm onwards (~1850 CE) (Fig. 7A). The increase in the Ti/Zr ratio, 
contrasted with the decrease in Fe/S ratios, possibly suggests that the 
bottom section was influenced by seawater rather than the upper section 
of the SMR core. The SML showed a similar pattern for S, K, Ti, Fe, Ni, 
Zn, and Zr with increasing trend from around 76–120 cm (~189 CE- 
2590 BCE), while Ca and Sr are represented in the depth range of 
95–120 cm. Mn was stable except at 98–114 cm (~1270-2370 BCE), As 
fluctuated, and Pb was consistently low throughout the core. The Ti/Zr 
ratio sharply increased from a depth of 94 cm (~1000 BCE) to the top of 
the core SML, and the Fe/S ratio significantly increased from approxi-
mately 86 cm (~470 BCE) to the top, with a peak value observed be-
tween depths of 34 and 24 cm (~1760-1640 CE) (Fig. 7B). Trends in 
both the Ti/Zr and Fe/S ratios in the SML core also indicate that the 
upper section of the SML core received less influence from seawater 
when compared to the bottom sections. However, the peak in Fe/S 
possibly indicates evidence of sea-level rise in those sections. 

Only nine elements were detected in the soil samples: P, K, Ca, Ti, Fe, 
Ni, Sr, Zr, and Pb. The results revealed that P was highly abundant in all 
landscape types except GT-118 and GT-157 in the coastal landscape. K 
was found in the coastal landscape for specific samples (GT-137, GT- 
157, GT-158, GT-160, GT-181, and GT-210), as well as in the inland 
forest patch landscape (GT-224) and coconut field landscape (GT-227). 
In contrast, Ca, Ti, Fe, and Sr were present in all samples, with Sr 
showing the highest concentration in nearly all samples. Conversely, Ni 
and Pb exhibited the lowest concentrations across all samples (Fig. 8). 

4. Discussion and interpretation 

The multi-proxy sedimentary records suggest that the mangroves in 
Songo Mnara were primarily shaped by relative sea-level changes and 
local geomorphological processes. R. mucronata pollen emerged as the 
dominant pollen type in all the sediment cores. This pollen type is pri-
marily sourced locally, although its abundance may be exaggerated 
because of its wind-pollination and high pollen production (Behling 
et al., 2001; Ellison and Strickland, 2015). While phytoliths are abun-
dant, especially in Poaceae, and are well-preserved under oxidizing 

conditions, primarily in arid environments, their diagnostic potential is 
limited to mangrove taxa due to low preservation rates in coastal en-
vironments (Pearsall et al., 2016; Stoetzel, 2014), where alkaline con-
ditions prevalent often lead to their dissolution and weathering, 
resulting in poor preservation (Coe et al., 2017; Prentice and Webb, 
2016). Therefore, in this study phytoliths retrieved only from cultural 
soil layers collected in dry areas provide additional insights into human 
activities complementing the evidence provided by pollen analysis. 
Based on these findings, we present and discuss the sequential records of 
vegetation dynamics and human-environment interaction on Songo 
Mnara from 2590 BCE (Figs. 9 and 10). 

4.1. Environmental changes 

4.1.1. Period from ~2590 to 90 BCE (4540–2040 cal yr BP) 
This period started from the deepest layers of the core SML, which 

date to approximately 2590 BCE, coral rags are prominently present in 
the stratigraphy, supported by the considerable abundance of Ca and 
carbonate content before the SML-1 zone. The prevalence of coral rags in 
the bottommost layers of the core SML and the elevated presence of Ca 
and carbonate content can be attributed to the geomorphological history 
of Songo Mnara, situated on the East African coast (Arthurton, 2003; 
Nicholas et al., 2007). These coral reefs have evolved over an extensive 
period of calcium carbonate sedimentary deposition and degradation at 
the land-ocean boundary during the Pleistocene (Arthurton, 2003). 
Consequently, the significant signals, including the presence of coral 
rags and the high representation of Ca and carbonate contents, indicate 
that the area was submerged by the sea and lacked vegetation prior to 
2590 BCE (Figs. 9 and 10). This observation aligns with the recorded 
evidence of mid-Holocene sea-level rise (5950–2650 BCE) in Tanzania 
(Punwong et al., 2018a) and is consistent with the mid-Holocene sea--
level highstand along the southern African coastline at approximately 
2850 BCE (Ramsay, 1996a,b). 

In the SML-1 zone, the prevalent presence of seaward mangrove taxa, 
particularly R. mucronata and S. alba, suggests a potential sea level 
decline after 2590 BCE. This may have facilitated the establishment of 
mangroves on coral rags (Fig. 9), especially in areas directly affected by 
marine tidal water. Further sea-level lowering was observed (Fig. 10), 
characterised by a decrease in R. mucronata and S. alba, in contrast to an 
increase in A. marina from 1400 to 90 BCE. Although A. marina is 
typically regarded as a pioneer species inhabiting seaward edges 

Fig. 9. Summary of major vegetation, sea-level and landform changes with human activities recorded at Songo Mnara from around 2950 BCE until the present day.  
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inundated by medium to high tides, it also exhibits a bimodal distribu-
tion concerning its tolerance to sea water inundation and a wide range of 
salinity (2–90‰) (Chapman, 1976; Duke, 1992; Smith, 1992). Previous 
studies have reported its presence across in landward areas, such as 
Makoba bay in Zanzibar, Gazi bay in Kenya and Australia (Martí-
nez-Díaz and Reef, 2023; Nitto et al., 2014; Punwong et al., 2013c), This 
appearance, coupled with the dominance of A. marina cover at the SML 
coring site (Fig. 3), which is connected to an area predominantly 
covered by grassland, suggests that the presence of A. marina in this 
location may indicate a sea-level fall. This evidence is further substan-
tiated by the consistent decrease in Ca content. In contrast, there is an 
observed upward trend in Ti levels, which potentially suggests the 
presence of terrigenous sediments (Bahr et al., 2005; Nace et al., 2014). 
The low representation of organic content at the base of the SML-1 zone 
further supports evidence of sea-level fall during this time. This can be 
attributed to the initial stages of mangrove establishment, which facil-
itates the transition of the environment from marine to mangrove. 
Therefore, there is limited mangrove vegetation cover in the early stages 
of the mangrove ecosystem in the area, leading to low accumulation of 
organic matter (Gonneea et al., 2004). The decrease in sea level in this 
area is linked to the reconstructed declining and/or stable relative sea 
level observed from 2450 BCE, as documented in Zanzibar, Tanzania 
(Woodroffe et al., 2015), along with a phase of sea-level fall after the 
mid-Holocene to 400 – 500 CE, as recorded in Makoba Bay, Zanzibar, 
Tanzania (Punwong et al., 2013c). Furthermore, there is evidence of a 
relatively rapid sea-level fall after 2050 BCE recorded along the southern 
African coastline (Ramsay, 1996a,b). 

Moreover, total charcoal content reaches its peak across all size 
classes during this time. The notable abundance of high charcoal levels 
suggests a combined influence of regional and local fires, with local fires 
indicated by the appearance of charcoal fragments larger than 100 μm 

(Punwong et al., 2018b; Whitlock and Larsen, 2001). This indicates a 
greater prevalence of fire events in this area (Fig. 10), corresponding to a 
concurrent arid event across East Africa from 2550 to 1550 BCE 
(Marchant et al., 2018; Marchant and Hooghiemstra, 2004). These 
conditions may have been influenced by a combination of hydrological 
patterns, such as the weakening of the summer monsoon and negative 
Indian Ocean Dipole events (Marchant and Hooghiemstra, 2004; 
Schreck and Semazzi, 2004), likely associated with the decline in sea 
level. However, similar to this study, long-term reconstruction faces 
challenges in clarifying the complex factors in specific areas through 
sediment cores. This period also marks the gradual transition from a wet 
to arid climate during the mid to late Holocene in East Africa, spanning 
3050–1550 BCE (Liu et al., 2017), which aligns with regional drought 
phases that emerged across tropical Africa, initiating around 2550–2150 
BCE (Hassan, 1997; Kiage and Liu, 2006; Rijsdijk et al., 2011; Stager 
et al., 2003; Thompson et al., 2002). The weakening of summer 
monsoon events during the early to mid-Holocene may have been a 
significant factor causing these drought events across East Africa (An 
et al., 1993; Gasse and Van Campo, 1994; Kiage and Liu, 2006; Overpeck 
et al., 1996). A decline in the strength of the summer monsoon could be 
associated with a reduction in the North Atlantic Sea surface tempera-
tures (SST) (Gasse and Van Campo, 1994), which, in turn, would lead to 
decreased moisture levels in the African monsoonal airflow responsible 
for transporting water vapour from the southern subtropical Atlantic 
anticyclone (Marchant and Hooghiemstra, 2004). 

4.1.2. Period from ~90 BCE – 1700 CE (2040–250 cal yr BP) 
After approximately 90 BCE, S. alba exhibited its highest abundance 

near the top of the SML-1 zone, until approximately 320 CE. Increasing 
concentrations of silt and reduced sand particles were contemporaneous 
with these vegetation shifts. This occurrence possibly indicates a brief 

Fig. 10. A synthetic diagram illustrating the main findings of the environmental changes and the human activities in Songo Mnara, referred from palae-
oecological proxies. 
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period of sea-level rise between 90 BCE and 320 CE (Fig. 10). Moreover, 
the increasing Fe/S ratio indicates sediment domination by marine in-
fluences, further supporting evidence of sea-level rise during this period. 
This record relates to the deceleration rate of sea-level rise observed in 
Makoba Bay, Zanzibar, from the mid-Holocene period until 500 CE 
(Punwong et al., 2013c), as well as a significant sea-level transgression 
event documented in Unguja Ukuu, Zanzibar, spanning 1800–600 CE 
(Englong et al., 2023). Following this period, between 320 and 1400 CE 
in the SML-2 zone, mangrove taxa continued to dominate. However, 
there was a marked decline in the presence of S. alba, while the preva-
lence of the landward mangrove species Bruguiera/Ceriops steadily 
increased toward the uppermost part of the SML-2 zone. These trends 
are indicative of a lower sea level (Figs. 9 and 10), corresponding to a 
period of sea-level regression occurring around 550–750 CE in Tanzania 
(Punwong et al., 2018a) and in northeastern South Africa after 550 CE 
(Ramsay and Cooper, 2002). Additionally, a late Holocene sea-level 
decline after 400 CE in Makoba Bay, Zanzibar, Tanzania (Punwong 
et al., 2013c) and a potentially low sea level recorded between 1050 and 
1150 CE in East Africa (Morner, 2000) further support this evidence. In 
continuation, Bruguiera/Ceriops displayed a continuous increase that 
extended almost to the middle of the SML-3 zone. In contrast, 
R. mucronata showed a marked decline, and S. alba was absent, during 
this period. Concurrently, non-mangrove arboreal and terrestrial her-
baceous taxa, notably Poaceae and Cyperaceae, also exhibited an in-
crease, possibly due to the lower influence of inundation frequency. This 
suggests a lower sea level compared with the previous period after 
approximately 1400 CE (Fig. 9). This further deduction is substantiated 
by the concurrent decrease in clay particles coupled with a concomitant 
increase in sand particles as well as the ascending trend exhibited by the 
Ti/Zr ratio. The temporal sequence of rising and falling sea levels during 
this period indicates significant sea-level fluctuations, predominantly 
marked by a notable decline from approximately 320 to 1400 CE and a 
lower sea-level fall extending to 1570 CE in this area (Fig. 10). This is 
supported by evidence of sea-level fluctuations and lower-than-present 
MSL, recorded from approximately 850 to 1650 CE in the Kariega es-
tuary along the southern African coast (Strachan et al., 2014), a 
regression of sea level on the Kenyan coast after 1450 CE (Åse, 1981), 
and documented instances of reduced sea levels in Zanzibar, Tanzania, 
from 1300 to 1700 CE (Englong et al., 2023). 

Considering a lower sea level after 1400 CE, this drove the reduction 
of tidal influence, leading the mangrove ecosystem to migrate towards 
the shore. This episode of decreased sea level resulted in the displace-
ment of the core SML away from the shoreline towards an inland 
mangrove area (Fig. 9). This transition led to the displacement of 
seaward mangrove species by landward mangrove species, Bruguiera/ 
Ceriops, and Poaceae, demonstrating the capacity to thrive within the 
newly established landward conditions. The combined factors, including 
the lower elevation of the SML position compared to the surrounding 
area (Fig. 2), the prevalence of A. marina and Bruguiera/Ceriops, and the 
presence of brownish-yellow sediment colour, potentially indicate that 
this site evolved into supporting basin mangroves with reduced water 
flow caused by infrequent sea-level inundation starting from around 
1550 CE and continuing onwards. Basin mangroves are typically found 
in areas situated behind fringing or riverine mangroves, and experience 
less frequent inundation (Ewel et al., 1998), which corresponds to the 
SML location (Figs. 2 and 9). The sedimentation rate in the core SML 
increases notably from the SML-3 to SML-5 zones (0.77–0.88 mm 
year−1), surpassing that in the lower section (0.15–0.16 mm year−1), 
may be attributed to local processes associated with the transition into a 
basin area, facilitating the deposition of both allochthonous and 
autochthonous sediments due to the low-lying topography. This period 
of sea-level fall at core SML is a cross-core similarity with the core SMR 
dated at around 1430 CE. At the bottom of core SMR, the appearance of 
coral rags and the highest Ca and carbonate contents suggest that the site 
may have been submerged in seawater and was not vegetated prior to 
1430 CE. 

In the core SMR, mangrove taxa, particularly R. mucronata, followed 
by S. alba and Bruguiera/Ceriops, were dominant, whereas Poaceae also 
appeared and exhibited fluctuations throughout SMR-1 zone, indicating 
a decrease in sea level, which may have enabled the establishment of 
mangroves later in the SMR from approximately 1430 CE (Fig. 9). 
Mangroves at the SMR site occur close to the shoreline, where they are 
subjected to greater tidal influence. This is associated with the domi-
nance of R. mucronata throughout the core, as this species typically 
thrives in tidal zones and is submerged in all tides (Macnae and Kalk, 
1962). Furthermore, an evidence of sea-level fall was supported by a 
small ruin (Figs. 2 and 9) in the mangrove area adjacent to the core SMR 
location. As documented by Horton et al. (2017), this ruin was identified 
as the Mnara mosque, which was constructed in the 15th century CE on a 
small island located approximately 30 m from the shoreline. The mosque 
was accessed during low tide by crossing muddy flats; however, it was 
surrounded by water during the high tide. From the archaeological data 
of the Mnara mosque, it can be inferred that the sea level in this area was 
falling during the time of its construction and flourishing around the 
15th century CE, which may coincide with the period of human occu-
pation (Fleisher, 2014; Fleisher and Sulas, 2015; Wynne-Jones, 2013) 
and establishment of mangroves in this area. From 1570 to 1700 CE, 
R. mucronata and S. alba increased, while A. marina and Bruguiera/Cer-
iops decreased in the core SML. Moreover, Cyperaceae pollen also dis-
appeared during this period. Clay and silt particles increased, while sand 
particles reduced in cores SML and SMR. These changes align with lower 
Ti/Zr and higher Fe/S ratios, suggesting a brief episode of sea-level rise 
(Fig. 10). This specific sea-level rise is a constituent of a broader upward 
trend noted from 1250 CE to the present day, as evidenced in the salt 
marsh of southern Langebaan Lagoon, South Africa (Compton, 2001). 
However, this rise contrasts with reduced sea levels along the Tanzania 
coast from 1300 to 1850 CE (Englong et al., 2023; Punwong et al., 
2018a), and findings from terraces along the Kenyan coast showed 
relative sea-level decline over the last 500 years (Åse, 1981). 

In addition, Cyperaceae pollen is less common in the basal part of the 
SML-3 zone. Charcoal content slightly increased at the basal part of the 
SML-3 zone and had a high representation in the middle of the SMR-1 
zone, spanning from approximately 1500 to 1610 CE. Coupled with a 
peak of Poaceae pollen at depths ranging from 58 to 54 cm in the core 
SMR and the presence of a brownish-yellow colour throughout the core 
SML from 70 cm onwards, this indicates that the area experienced less 
frequent and prolonged flooding, both from tidal and freshwater sour-
ces, due to drier conditions during the period between 1500 and 1610 
CE (Fig. 10). This dry period may have coincided with a minor drought 
period that occurred between 1560 and 1625 CE in the generally wet 
climate of the Little Ice Age (~1270 – 1850 CE) (Verschuren et al., 
2000), and with drought conditions reconstructed at Lake Edward, 
central Africa between 1050 and 1650 CE (Russell and Johnson, 2005). 
It should be noted that during this period of 1300 – 1570 CE, the 
charcoal content in the core SML was lower than that in both the pre-
vious period and the core SMR. This decrease is possibly attributable to 
the reduced mangrove woods but increased Poaceae in the core SML 
during this period, which resulted in reduced fuel availability for fires 
and, subsequently, less fires (Nguyen et al., 2023; Umbanhowar et al., 
2009). 

4.1.3. Period from ~1700 CE – to the present day (250 cal yr BP – to the 
present day) 

After 1700 CE, mangrove taxa notably decreased, whereas terrestrial 
herbaceous species, including Cyperaceae and Poaceae pollen, sharply 
increased in zones SML-4 and SMR-2. This vegetation shift is associated 
with a consistent decline in silt and increase in sand particles in the 
lower SML-4 and throughout the SMR-2 zone. Furthermore, an 
ascending trend in the Ti/Zr ratio in both cores provides further relation 
with the observed vegetation shift and particle dynamics during this 
period. These interrelated variables potentially suggest a subsequent 
sea-level fall around 1700 CE (Figs. 9 and 10). This reinforcing evidence 
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gains additional support from the decline in sea levels in Zanzibar, 
Tanzania, covering the period from 1700 to 1900 CE (Englong et al., 
2023). It is also a constituent of the extensively documented sea level 
retreat along the Tanzanian coastline between 1450 and 1850 CE 
(Punwong et al., 2018a). 

From 1870 CE onwards, at the base of zones SML-5 and SMR-3, there 
was a notable increase in mangrove taxa and a decrease in non- 
mangrove arboreal and terrestrial herbaceous plants compared to the 
previous zone. These shifts in pollen composition, coupled with a sudden 
reduction in sand and an increase in silt particles, may indicate a rise in 
sea level (Figs. 9 and 10). Subsequently, R. mucronata significantly 
decreased before increasing in the uppermost part of the SMR-3 zone, 
contrasting with the pattern observed for Bruguiera/Ceriops. S. alba was 
present in the uppermost parts of both cores. However, A. marina is 
sharply increased only at the topmost part of the core SML, which 
contributes to a higher density of pneumatophores, and may also be 
related to an enhanced sedimentation rate in the uppermost part of core 
SML (0.88 mm year−1), which is higher than that in previous section 
(Blasco et al., 1996). These pollen records may suggest a fluctuation in 
sea level over the past two centuries and a recent rise in sea level at 
present day (Figs. 9 and 10). The fluctuations in sea level in this area 
since 1870 CE were concurrent with Holocene sea-level variations 
observed along the Tanzanian coast in recent centuries (Punwong et al., 
2018a). Additionally, a similar trend has been revealed in sea-level 
changes recorded in Zanzibar, Tanzania, dating from 1700 CE to the 
present (Englong et al., 2023). The signal of a recent sea level record in 
this study is closely associated with a global mean sea level rise of 0.20 m 
during the period from 1901 to 2018 CE (Delmotte et al., 2022). 

In addition to the sea-level evidence, the total charcoal content 
gradually declined and only peaked once more in the upper part of the 
SMR-2 zone between approximately 1800 and 1850 CE. This peak is 
linked to a decrease in Cyperaceae pollen in the topmost SML-4 zone and 
a high representation of Poaceae pollen observed in both SML-4 and 
SMR-2 zones during the same period. This finding suggests that the area 
experienced dry conditions, possibly attributed to the broader, drier 
climate prevalent across East Africa between 1800 and 1850 CE 
(Fig. 10). This climate pattern may be driven by atmospheric mecha-
nisms closely connected to deviations in Indian Ocean sea-surface 
temperatures (Bessems et al., 2008; Marchant et al., 2018; Nicholson, 
2000; Ryner et al., 2008; Tierney et al., 2013). 

A low representation of total charcoal content and Poaceae pollen 
was observed at the bottom of the SML-5 and SMR-3 zones, along with a 
high presence of Cyperaceae in the SML-5 zone, which occurred after 
approximately 1870 CE, possibly suggesting fewer fires due to wetter 
conditions during this period. This finding corresponds to a wetter phase 
and a short period of increased rainfall that occurred in East Africa 
during the late eighteenth century (1860 – 1880 CE) (Marchant et al., 
2018; Nicholson, 1996). The total charcoal content showed an 
increasing trend at the topmost of both SML-5 and SMR-3 zones, coin-
ciding with a slight reduction in Cyperaceae in the uppermost part of the 
SML-5 zone. This suggests that more fires could relate to the climate in 
the area becoming dry again from the early nineteenth century to the 
present (Fig. 10). This finding is consistent with the arid climatic con-
ditions observed in other coastal areas of Tanzania such as Unguja Ukuu, 
Zanzibar (Englong et al., 2023). This evidence is also in line with the 
contemporary phase of human-induced climate change, known as the 
Current Warm Period (CWP), spanning from 1900 CE to the present 
(Mann et al., 2009; PAGES 2k Consortium, 2019). 

4.2. Human interactions with environmental changes in Songo Mnara 

Apart from palaeoenvironmental interpretation, sediment records 
obtained from mangrove cores, along with soil samples, appeared to be 
indicative of human activity in the area, consistent with the earliest 
human occupation of Songo Mnara dated from the late 14th to early 
16th centuries (Fleisher, 2014; Fleisher and Sulas, 2015). The presence 

of charcoal fragments greater than 100 μm in the SMR-1 zone after 1580 
CE indicates nearby fires (Tinner and Hu, 2003), as observed in this 
study near a mangrove area. The occurrence of the largest charcoal 
fragments (>150 μm) during the same period supports an increase in 
local fires (Carcaillet et al., 2001; Rucina et al., 2009) within mangroves. 
This finding is consistent with the massive occurrence of charcoal 
fragments larger than 100 μm found in soil samples collected from 
cultural layers during the 14th and 16th centuries CE in an open area 
close to the core SMR. The positive association between increased 
charcoal and the presence of C3-Pooideae and C-4 Panicoideae phyto-
liths in both sediment cores and soil samples suggests that Songo Mnara 
was significantly affected by anthropogenic activities during this time 
(Fig. 10). These findings possibly suggest that humans have utilised 
controlled fires for land clearance to create space for their activities, 
such as cultivation or the construction of residences (Bowman et al., 
2011). This period coincided with period of falling sea levels, beginning 
around 320–1570 CE and associated with human activity from 
approximately 1430 CE, may have led to the broad expansion of low 
coastal landforms. This expansion potentially represents one of the 
contributing factors that facilitates greater access to marine resources 
for the local population (Pollard, 2009). The elevated Ca levels detected 
in all soil samples may be attributed to the occurrence of shell fragments 
and shell beads (Fleisher and Sulas, 2015). The creation of shell beads 
involves the grinding of shells (Flexner et al., 2008), resulting in the 
formation of fine debris rich in calcium. This suggests the exploitation of 
marine resources for consumption and bead production (Pawlowicz 
et al., 2023), providing further evidence of human activities. 

In addition, the soil samples indicated the presence of bilobate and 
cross morphotypes recognised as C4-Panicoideae, as well as a trapezoid 
morphotype recognised as C3-Pooideae (Mustaphi et al., 2021; Neu-
mann et al., 2017). The occurrence of C4-Panicoideae phytoliths is 
potentially associated with native African cereals, such as domesticated 
pearl millet, sorghum, and finger millet. These crops have been identi-
fied as significant food resources in Songo Mnara, based on the presence 
of macrobotanical remains (Morales et al., 2022). Certain phytolith 
morphotypes of the C3-Pooideae may be connected to Asian rice 
(McParland and Walshaw, 2015), which may have been introduced into 
East Africa through trade across the Indian Ocean (Boivin et al., 2013). 
After around 1600 CE, charcoal fragments greater than 150 μm in size 
disappeared at the core SMR, suggesting a reduction in local fires, 
possibly caused by human abandonment from the early 16th century 
(Fig. 10). There is no clear evidence to explain the abandonment of 
humans in Songo Mnara during this period, although it coincides with 
the arrival of the Portuguese at Kilwa, their control over the town, and 
trade passing through it. However, it is possible that a drought regime 
between 1500 and 1612 CE, followed by a brief period of sea-level rise 
between 1570 and 1720 CE, as revealed in our records, is related to this 
abandonment. Archaeological records suggest that the inhabitants of 
this area rely on natural springs and wells for their daily needs and 
agricultural activities (Fleisher, 2014; Holliday and Gartner, 2007; Sulas 
et al., 2017), which in turn are indicative of their food resources. 
Therefore, if drought conditions occur and cause a shortage of natural 
freshwater, this could have led to a shortage of food resources. Com-
bined with evidence of sea-level rise, which also influenced the decrease 
accessibility of marine food resources, this may have resulted in human 
abandonment in the area. 

After 1870 CE, higher charcoal levels may be related to the re- 
settlement of humans after abandonment in the early 16th century 
(Fig. 10). Songo Mnara was once again occupied by an agricultural 
village on the southern part of the island and persisted until the recent 
day (Wynne-Jones and Fleisher, 2015). This record is related to the 
appearance of charcoal fragments larger than 150 μm at the top part of 
the core SMR, which dates to around 1950 CE. The presence of charcoal 
during this period may be attributed to the extensive utilisation of 
mangrove wood for the production of charcoal, firewood, fuel, and 
construction materials by human populations commonly found along 
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the East African coast (Englong et al., 2023; Ngoile and Shunula, 1992; 
Semesi, 1998), including Songo Mnara (Pawlowicz et al., 2023). This 
anthropogenic activity may have contributed to a slight reduction in the 
abundance of S. alba and R. mucronata from approximately 100 years 
ago, despite the majority of sedimentary records, especially pollen re-
cords, indicating evidence of recent sea-level rise. Limited evidence of 
human activity in the Songo Mnara area suggests that any practice is 
likely to have been local with no evidence of industrial activities. 

5. Conclusion 

Examining palaeoenvironmental data within the mangroves sedi-
mentary and cultural soil records of Songo Mnara not only indicates past 
environmental change over the past four millennia but also reveals the 
interaction between the coastal environment and human populations, 
especially in response to sea-level and climate changes. The presence of 
coral rags and the high calcium content in the deepest layers of the 
sediment cores indicate a lack of vegetation due to high sea levels before 
2590 BCE. Subsequent increases of mangrove taxa indicated a sea-level 
fall facilitating the establishment of mangroves in areas previously 
influenced by marine tidal waters from 2590 BCE to 90 CE. This aligns 
with regional sea-level patterns and arid climatic events during the mid 
to late Holocene. From approximately 90 BCE to 320 CE, the presence of 
seaward mangrove species suggested a brief sea-level rise phase, fol-
lowed by a lower sea level indicated by a transition from seward to 
landward mangrove species until ~1400 CE. After that, the records 
indicate that sea level was further reduced compared to the previous 
period. During the period from around 1400 CE, significant human ac-
tivity in Songo Mnara is evidenced by the presence of charcoal fragments 
and C3-Pooideae and C-4 Panicoideae phytoliths potentially associated 
with native African cereals, such as domesticated pearl millet, sorghum, 
finger millet, and Asian rice. This implies controlled fires potentially 
linked to agricultural practices and resource utilisation. This also co-
incides with sea-level fall, which likely enhances the exploitation of 
marine resources. These findings align with archaeological evidence 
indicating human settlement on the island from the late 14th century to 
the early 16th century CE, signifying a period of human-environment 
interaction on the island. Subsequent sea-level rise and possible 
drought conditions, which affected the availability of freshwater and 
marine resources, may have contributed to the abandonment of the is-
land in the early 16th century CE. From 1700 CE, the sedimentary re-
cords suggest fluctuations in sea level with evidence of both rise and fall, 
mirroring documented sea-level changes along the Tanzanian coast and 
broader climatic trends. The recent sea-level rise, consistent with global 
trends, is observable in records from approximately 1870 CE to the 
present day. This period also revealed the reoccupation of the island by 
human populations, with a particular focus on the utilisation of 
mangrove resources. However, this activity does not appear to involve 
large-scale industrial processes and the heavy metal content remains 
low, indicating effective conservation efforts. 

It should be noted that Songo Mnara Island is susceptible to sea-level 
rise. Projected global sea-level rise, ranging from 3.0 to 13.2 mm year−1 

by 2100 CE under low to high greenhouse gas emission scenarios 
(Horton et al., 2020), coupled with lower sedimentation rates of 
0.15–1.32 mm year−1 within mangrove areas, suggests that the man-
groves on Songo Mnara may struggle to keep pace with the current rate 
of sea-level rise. This vulnerability could have profound implications for 
the island, particularly for its coastal archaeological sites, which are 
listed as UNESCO World Heritage Sites. As a result, our records hold 
significant potential for informing the development of strategies aimed 
at safeguarding mangrove forests and coastal communities from the 
impacts of sea-level rise. Additionally, these findings may contribute to 
ongoing conservation efforts for this World Heritage Site and offer in-
sights applicable to other low-lying islands that face similar challenges. 
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