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ABSTRACT

We present a reconstruction of human demography and shell fishing activity in the Sine-Saloum
mangrove Delta (Senegal) in the past 6000 years using the summed probability density (SPD) of
radiocarbon dates in archaeological shell middens. We explore how this local history relates to the cli-
matic and political history of West Africa. We find that traces of human presence were scarce from 6000
to 2000 yr BP, partly because the geomorphology of the estuary was less favorable to human settlements
at that time. A specialized shell fishing population migrated massively to the Sine-Saloum around
2000 yr BP, at the end of the aridification trend that followed the African humid period. This population,
likely coming from the northern coast in search of land and resources, fleeing from aridity and the
subsequent warfare, found refuge in the coastal mangroves and reached a maximum activity at about
1700 yr BP. This period corresponds to the beginning of trans-Saharan trade, and to a political com-
plexification that would give rise to the Ghana empire. The incoming migration may have occurred in
two waves as suggested by two peaks in the SPD curve at 200—400 CE and 600—800 CE and by cultural
differences within the Delta. Most sites in the Sine-Saloum islands were abandoned in the early 15th
century, before the arrival of Europeans, possibly because intensive shell fishing was not sustainable
anymore, or because of the regional political destabilization associated to the fall of the Ghana empire
and the beginning of the Mali empire. Shortly after, in agreement with oral traditions, a new population
lead by the Manding Guelwars, moved to the Sine Saloum after a military defeat and founded the
modern towns. They had a reduced shellfishing activity compared to previous inhabitants, possibly
because activities were more oriented to the new trade with Europeans or to a prosperous agriculture in
more humid climatic conditions that prevailed from 1500 to 1800 CE.

© 2022 Published by Elsevier Ltd.
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1. Introduction

The Sine-Saloum area in Senegal hosts one of the most radio-
carbon dated archaeological complex in West Africa, providing in-
sights into the history of the demography and its relationship with
local and regional environmental and political context.

The Saloum Delta is a vast intertidal wetland covered by
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mangrove at the mouth of the Sine and Saloum rivers in Senegal,
today registered as a RAMSAR site and a UNESCO World heritage
site. One of the extraordinary features of this pristine maze of
mangrove islands and channels, is the presence of hundreds of
archaeological shell mounds, including some of monumental size
(up to 15 m high over ~10 ha) which makes them among the largest
in the world (Thilmans and Descamps, 1982). These mounds, waste
products of past human shell fishing and processing, are evidence
of a millennial activity that is still practiced by Serer-Niominka
people who live today in the Saloum Delta (Camara et al., 2017;
Cormier-Salem, 2014; Descamps, 1994; Hardy et al., 2016). Little is
known, however, about the history of the shell-collecting pop-
ulations that inhabited the Delta during the last thousands of years.

Historical documents from European travellers or tradesmen,
and oral tradition provide some information on people migrations,
their economy, and the succession of local and regional political
changes over the last five centuries. During his travel to the Saloum
islands in the 15th century, the Portuguese Valentim Fernandes
described in the village of Diofandor a population dedicated to shell
fishing, pottery, and agriculture (Monod et al., 1951). Trade with
Europeans, which included gold, salt, leather and slaves, rapidly
grew and transformed the economy and political relationships in
the region (Barry, 1998; Cormier-Salem et al., 1999). Before the first
contact with Portuguese travellers, sources are limited to oral
tradition, archaeological evidence, and to Arab travellers' texts who
documented the regional context. Mangrove swamps in west Af-
rican estuaries are thought to have been a refuge in the past
millennia for populations running away from wars, kingdom au-
thorities, or climate change (Cormier-Salem, 2014). The Sine-
Saloum population in particular has been likely influenced by
several migrations related to the rise and fall of west African em-
pires, islam expansion, and trans-Atlantic trade (Barry, 1998;
Pélissier, 1966). However, the impact of those events on the Sine-
Saloum population cannot be fully assessed without indications
about the demographic evolution in the Saloum Delta.

Climate variability likely had also a determinant influence on
past human activities and migrations in West Africa. After the Af-
rican humid period (AHP), which lasted approximately from 12,000
to 5500 years before the present (yr BP), the aridification of the
Sahara and the Sahel from 6000 to 3000 yr BP is now well docu-
mented, in particular by the sedimentological records of Lake Yoa
(Kropelin et al., 2008), Lake Bosumtwi (Shanahan et al., 2009) and
Lake Tislit (Cheddadi et al., 2021), and by a series of marine sedi-
ment cores off West Africa (deMenocal et al., 2000; Shanahan et al.,
2015; Tierney et al., 2017). The climate variability in the Sahel in the
past two millennia has only been recently reconstructed using the
isotopic record of the Saloum Delta shell middens (Azzoug et al.,
2012a, 2012b; Carré et al., 2019). Saloum shell middens indicate
that the climate in the Sahel is more arid today than in any other
period, as a consequence of an abrupt decrease of precipitation in
the past 200 years (Carré et al., 2019; Gallego et al., 2015). The
climate conditions of the past two millennia have therefore always
been more favorable than today, with the most humid period
recorded in the pre-colonial time from ca. 1500—1800 C.E., within
the little ice age (LIA) (Carré et al, 2019). This paleoclimate
reconstruction brings new key elements to understand the history
of civilizations in western Sahel.

In this study, changes in the frequency of radiocarbon dates in
archaeological shell mounds are estimated and used to reconstruct
the evolution of the intensity of shell fishing activities and human
occupation in the Sine-Saloum mangrove Delta since the first
occurrence recorded at 5849 yr BP. Radiocarbon datings from
archaeology and paleoclimatology research projects together yield
a database of 103 radiocarbon dates from 21 archaeological sites
from across the Delta and an opportunity to estimate past human
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occupation through time. Summed probability density (SPD) of
radiocarbon dates has been shown to be a powerful tool to explore
past population changes provided potential biases (related to
sampling, preservation...etc) are taken into account (Chamberlain,
2006; Contreras and Meadows, 2014; Rick, 1987; Shennan et al.,
2013; Surovell and Brantingham, 2007; Williams, 2012). The large
changes observed in the shell fishing population over the past
millennia in the Delta are discussed in the context of climatic and
political changes in the region.

2. Material and methods
2.1. The shell middens

Most shell middens in the Sine-Saloum mangroves are almost
exclusively composed of Senilia senilis shells (bloody cockle), while
some are composed of Crassostrea gasar (mangrove oysters) shells,
or a succession of layers of these species. Pores are mainly filled
with sand, charcoal and ashes. The scarcity of artefacts supports the
idea that the middens were not permanent villages but working
places, possibly seasonally used, and dedicated to the collecting and
processing of mollusks. However, the numerous burials mounds
found on top of the largest middens (Descamps and Thilmans,
1979) suggest that they played a more complex role in past Sal-
oum societies (Hardy et al., 2016).

The archaeological shell middens of the Sine-Saloum Delta have
been extensively surveyed by Thilmans and Descamps (1982) who
reported 96 sites (Fig. 1). These authors studied and dated the
stratigraphy of three large shell middens, Dioron Boumak
(Descamps et al., 1974), Faboura (Descamps et al., 1977), and
Bangaler (Elouard et al., 1974). These two latter sites do not exist
anymore, used up for construction material. Only a few sites have
been dated besides those until 2011 when a new research project
started with the aim of reconstructing past climate conditions us-
ing shell middens (Azzoug et al., 2012b, 2012a). Eleven additional
shell middens were sampled and 65 new radiocarbon dates were
produced. In this more recent work, shell middens from most areas
of the estuary were randomly sampled, although a preference was
given to larger accumulations. Sites are distributed across the
whole mangrove area. Since no particular period was targeted and
shell middens do not show any visual evidence of their age, sam-
pling biases are minimized. In large shell middens cut by tidal
erosion or by human exploitations, several samples were collected
for radiocarbon dates along the outcropping stratigraphy. In Dioron
Boumak, for instance, samples were collected every meter along
the ~11 m high cliff (Azzoug et al., 2012a). Unlike most archaeo-
logical shell middens, these sites show little mixing and fast
stratified accumulation, as evidenced by the depth-age models
obtained in three of those sites (Carré et al., 2019).

2.2. Radiocarbon dates

We completed the synthesis published by Hardy et al. (2016)
with 41 new radiocarbon dates, reaching a total number of 103
radiocarbon datings of samples collected from the surface or the
stratigraphy of 21 shell middens. Samples are composed of either
terrestrial material (mostly charcoal and one bone) or marine
material (otolith or mollusc shells including S. senilis and C. gasar).
The concentration of “C was measured using B radioactivity in the
earlier studies, and later exclusively with Atomic Mass Spectrom-
etry (AMS) which yields higher precision and allows for the analysis
of small charcoal fragments. New radiocarbon dates of S. senilis
were measured on the shell hinge, a part that is best preserved from
recrystallization and integrates several years of growth. All dates
are reported in Supplementary Table 1.
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Fig. 1. (A) Map of the Sine-Saloum study area, Senegal. Location of the shell middens dated and listed in Supplementary Table 1 (white circles). Pictures of some representative shell
middens: Site 85 (B), Bossinka (C), and Tioupane (D). Numbers used in some site names are from Thilmans and Descamps (1982).

2.3. Calibration For otolith and mollusk shell samples, it must be considered that
the conditions in the estuary are not fully marine. Today, the Sal-

Radiocarbon dates were all calibrated using the R package oum Delta is an inverse estuary during the dry season: the sea
rcarbon (Crema and Bevan, 2020) with the calibration curves water enters the Delta with tides and becomes hypersaline land-
IntCal20 (Reimer et al., 2020) and Marine20 (Heaton et al., 2020). ward because of evaporation (Pages and Citeau, 1990; Savenije and
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Pages, 1992; Mikhailov and Isupova, 2008; Carré et al., 2019). The
estuary recovers a normal salinity gradient during the rainy season
(July—September) with salinities ranging approximately from 15 to
30 in the mangrove area where mollusc live (Carré et al., 2019).
Oxygen isotopic values in archaeological shells showed that the
salinity was lower in the past, especially from 1500 to 1800 C.E.
(Carré et al., 2019). Shell calcium carbonate was thus precipitated
from dissolved inorganic carbon (DIC) that is partly marine and
partly terrestrial. As marine and terrestrial carbon have different
carbon isotopic composition (3'3C), their proportions were esti-
mated from the 3'3C values measured in shell samples
(Supplementary Table 1), since S. senilis shells precipitate aragonite
in isotopic equilibrium with DIC 8'3C without significant fraction-
ation as observed from modern §'3C DIC and shell measurements
(Carré et al., 2019). The ratio of marine carbon versus terrestrial
carbon was calculated assuming a 3'3C value of 0%o (V-PDB) for
marine carbon and a 3'3C value of —22%. (V-PDB) for terrestrial
carbon issued from the degradation of mangrove organic matter.
This latter 8'3C value was estimated considering a value of —31%o
for dissolved organic matter of mangrove (Dittmar et al., 2006) and
a fractionation of 9%o0 between dissolved CO, and carbonate ions
HCO3 (Zeebe and Wolf-Gladrow, 2001) used in shell aragonite
precipitation. The contribution of terrestrial carbon was generally
less than 20%, with a maximum value of 54% (Supplementary
Table 1). When a 8'3C value was available, the calibration of
mollusk shells was thus performed using a mix of IntCal20 and
Marine20 (AR = 0 + 50) calibration curves in the R package rcarbon.
Throughout the text, yr BP ages refer to calibrated years before
present (using conventionally 1950 CE as the present). For the more
recent period (the last 2000 years), the Current Era (CE) scale is
used.

2.4. Summed Probability Distribution (SPD)

Summed Probability Distribution (SPD) have been widely used
to estimate past changes in human demography through time and
space (Rick, 1987; Chamberlain, 2006; Williams, 2012; Shennan
et al., 2013). One of the most important bias that may arise from
this technique is the overrepresentation of some periods or sites
where archaeological efforts were concentrated (Chamberlain,
2006; Surovell and Brantingham, 2007; Contreras and Meadows,
2014). To minimize this bias, some radiocarbon dates have been
excluded from the SPD calculation using the following criteria. For
each site, samples with close radiocarbon dates and similar depths
were considered redundant and only one of the replicates was kept,
with a preference for terrestrial carbon source and/or better pre-
cision. The SPD was finally built from 73 radiocarbon dates (50
terrestrial and 23 marine). Probability distributions from radio-
carbon date calibration were calculated and summed using the
rcarbon package (Crema and Bevan, 2020). SPDs were first calcu-
lated separately for marine and terrestrial samples and then sum-
med. A 100-yr moving average of the total SPD was calculated. The
confidence interval was defined by the 0.025 and 0.975 quantiles of
values in the 100-yr windows. Three additional SPD curves were
built to evaluate the effect of sample selection and of the use of
mixed curve calibration of marine samples: (1) all the dates avail-
able were included (no sorting) and only the Marine13 calibration
curve was used for marine samples (no mixing) (Fig. S1a), (2) only
the selected subset of dates was included (sorting) and only the
Marine13 calibration curve was used for marine samples (no mix-
ing) (Fig. S1b), and (3) all dates were included (no sorting) but
mixed Marine20 and IntCal20 curves were used for marine samples
when possible (mixing) (Fig. S1c).
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3. Results

The oldest human presence in the Sine-Saloum was evidenced
ca. 5800 Cal. yr. BP in the site Sipo, a ~2 m thick shell midden on top
of a sandy beach ridge in the southern area (Fig. 1). After this first
occurrence, dates are scarce until the beginning of the Current Era,
and mainly concentrate between 0 and 1500 CE (Fig. 2). A sharp
decline is observed in the 15th century. This decline is also
accompanied by a strong turnover in the sites that cannot be seen
in the SPD curve. A large number of sites are abandoned in the 13th
and 14th century. The last five centuries are only represented by
one site, Diofandor, in our record (Fig. S2). These main features are
robust regardless the data selection or the calibration method
(Fig. S1).

Redundant datings have been identified mainly in Dioron Bou-
mak, Faboura, Guior and NDiar. Since most dates excluded as
redundant were from obtained marine material, this process
mainly affected the SPD derived from marine samples. The most
prominent effect is to drastically reduce the peak between ca. 700
CE and 1300 CE (Fig. S1). Using mixed calibration curves for shell
samples yields better defined peaks in the marine SPD curve. The
use of the mixed calibration is a posteriori supported by a better
agreement between the terrestrial and the marine SPD curves,
especially when using the selected dates (Fig. S1).

The high frequency variability in the SPD curve is not considered
as a significant signal. Only the changes observed in the 100-year
smoothed SPD curve are thus discussed here (Fig. 2). Within the
main occupation period (200—1500 CE), the SPD curve shows two
peaks at 200—400 CE and at 600—800 CE, followed by an inter-
mediate level plateau from ~900 to ~1400 CE. Sites are distributed
in the whole mangrove area, with a higher concentration around
the central axis of the Diomboss (Fig. 1, S2). Joal Fadiouth, at the
northern end of the Sine-Saloum, is one of the oldest occupation
and is still inhabited today by a shellfishing community (Hardy
et al., 2016), suggesting a possible 3000 years long occupation in
this area.

4. Discussion
4.1. Radiocarbon dates, shellfishing, and population density

Summed probability density of C dates from archaeological
sites may yield powerful insights into the past dynamics of human
population but is also prone to several potential biases (Williams,
2012). All the archaeological sites known in the Sine-Saloum
mangroves are shell middens, the age of which cannot be esti-
mated before dating. Since the first objective of the sampling was to
build a long paleoclimatic record, the sampling effort was not
focused on a specific period but rather intended to cover a period as
large as possible, so that sites were chosen as diverse and disperse
as possible, with a preference for long sequences. A bias related to
the site selection process is thus not considered significant here. For
diverse reasons, some sites have been more dated than others. This
overrepresentation has been corrected for (see section 2.3) so that
sampling bias would be minimum in the final SPD.

The record might be also possibly biased by the destruction of
some shell middens used up for construction material during the
20th century. This exploitation preferentially affected sites acces-
sible by roads on the periphery of the Mangrove, while sites in the
core of the mangrove area were better preserved. Faboura and
Bangalere for instance, dated in the 1970s, do no longer exist. Only
sites within the mangrove could thus be sampled during the more
recent dating campaign. This selective destruction would create a



M. Carré, L. Quichaud, A. Camara et al.

Quaternary Science Reviews 293 (2022) 107688

Cal. Yr. BP
6000 5000 4000 3000 2000 1000 0
0.1 T T T T

2z
E
[1+]
0
g
a
B 0.05
E
£
=3
w

-4000 -3000 -2000 -1000 0 1000 2000

Cal. Yr. (CE/BCE)

Fig. 2. SPD curve of selected radiocarbon dates from shell middens of the Sine-Saloum Delta. The SPD of terrestrial samples (dark grey) is added to the SPD of marine samples (light
grey) calibrated using mixed IntCal13 and Marine13 calibration curves. 100-yr moving average is shown (black line) with the 95% confidence interval (dotted lines).

bias in the SPD if shell mounds from outside or within the
mangrove had a different age, which is not supported by dates from
Faboura and Bangalere.

The total sample size determines the uncertainty of the SPD and
the reliability of its variations. The 21 sites dated here are only a
fraction of the 96 shell middens reported by Thilmans and
Descamps (1982). Some of these sites were dated in their stratig-
raphy and showed different occupation periods, yielding also a
diachronic dimension that adds to the SPD. Using a Monte Carlo
statistical resampling approach, Michczynska and Pazdur (2004)
determined that a minimum number of 14 dates per millennium
is required to have a meaningful signal, and 56 dates per millen-
nium are required for statistical variability to be less than 20%
(considering a mean 4 dating error of 115 years). Williams (2012)
reached a similar result finding that a minimum of 500 dates is
needed over a period of 40,000 years (i.e. ~13 dates per millen-
nium). In our record, radiocarbon dates are very scarce before the
Current Era. Although ancient sites may have been more subject to
erosion or human exploitation, this scarcity can only be interpreted
as a period of very low human activity. Detailed changes within this
period cannot be resolved with this dataset. Radiocarbon dates are
here concentrated in the past 2000 years, with ~30 dates per mil-
lennium (~50 dates per millennium before selection), above the
minimum suggested by these earlier statistical studies. In addition,
the 100-year moving average removes a large part of the variability
related to stochastic sampling. The 95% confidence interval asso-
ciated to the moving average curve provides an indication of the
statistical significance of the SPD variations (Fig. 2). We thus
conclude that the broad phases observed in the SPD in the last 2000
years are statistically robust.

4.2. Shellfish exploitation and population size

Senilia senilis is still very abundant today, has a high growth rate,
and is the main mollusk species collected in the Sine-Saloum. The
species lives in the first centimetres of the sediment on intertidal
mudflats, where it is manually collected by women during low
tides. Crassostrea gasar, an oyster species that lives attached to
mangrove roots is also easily collected from a small boat at low tide,
and is the second most used species. Mollusks are such an easy and
reliable protein source in the Sine-Saloum, that it seems very likely

that this resource has been part of the economy of any human
group living in or close to the mangrove area. Inhabitants of the
mangrove today collect mollusks for their own consumption and
accumulate shells in temporary fishing sites as well as in their
villages (Camara et al., 2017; Hardy et al., 2016).

The density of radiocarbon dates in shell middens primarily
reflects the intensity of the shellfishing activity in the Sine-Saloum,
and indirectly the size of the population living in the area, assuming
that shellfishing intensity and population size are linked. Because
of the multiple use of the mangrove ecosystem (Piqué et al., 2016),
the abundance and easy access of Senilia senilis, and the economic
importance of this resource, it can be reasonably assumed that
changes in shellfishing intensity are linked on a first order to
population size, but it also depends on the economic strategies
chosen by the groups. Those strategies may change through time
with climatic conditions or cultural evolution. Hence, shellfishing
intensity may overestimate population size in periods when the
mollusk extraction effort is intensified for trade, or underestimate it
when efforts are reallocated in other kinds of resources or activities.

Ancient shell middens in the Sine-Saloum are almost exclusively
composed of shells. Because remains of artefacts or settlements are
scarce, these sites have been considered as work site dedicated to
the processing of shells, the flesh of which is dried or smoked and
then transported to be consumed elsewhere (Camara et al., 2017;
Descamps, 1994; Hardy et al., 2016). The monumental size and the
fast accumulation rate of some middens such as Dioron Boumak
suggest an industrial activity aimed for trade rather than for do-
mestic consumption (Descamps et al., 1974; Descamps and
Thilmans, 1979). This hypothesis, however, also bears uncertainty.
First, these very large mounds are only a handfull among the 96
reported sites and the possibly hundreds of unreported ones
(Thilmans and Descamps, 1982). It also must be noted that these
very large sites generally bear numerous funeral tumuli sometimes
containing rich artefacts (Descamps and Thilmans, 1979), which
suggest an intermediate type of use in between the temporary
fishing sites and the permanent villages observed today. Finally, the
hypothesis is fundamentally based on the idea that the shell pro-
duction exceeded the needs of the local population, based on an
analogy with the modern population size rather than on archaeo-
logical evidence of past population size. Additional quantitative
evidence on traded products and past food production strategies
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including fish, cattle, and crops, are required to test this hypothesis.

Although no simple relationship exists between shellfishing
intensity and population size due to changing practices, we
consider here, based on the available information, that they are
broadly positively linked, so that the SPD can be considered as a
reliable qualitative indicator of population presence, activity and
size in the Sine-Saloum mangrove area. While possibly amplified by
trade-oriented extraction, the broad SPD peak observed between
~200 and ~1400 CE, very likely represents a maximum population
size. This is supported by the larger number of sites (not only the
number of datings) and the larger spatial coverage during this
period (Fig. S2).

4.3. The influence of sea level and coastal geomorphology

The availability of land for shell middens and of mollusk re-
sources depends on the geomorphology of the Sine-Saloum, which
has strongly evolved during the Holocene. The relative sea level was
about 1-2 m higher than today during the Nouakchottian marine
transgression period from approximately 6500 to 4000 yr BP. This
event has been well dated and described in Mauritania and Senegal
(Ausseil-Badie et al., 1991; Barusseau et al., 1995; Elouard, 1968;
Faure et al., 1980). For the combined effect of high sea level and a
stronger flow of the Saloum River in the African humid period
(AHP), the Sine-Saloum was a macrotidal estuary, with large
shallow and intertidal areas and relatively open and high energy
environments (Ausseil-Badie et al., 1991). Some early beach bar-
riers, like the one in Sipo where the oldest shell midden was found,
created protected area where Senilia senilis could grow and be
gathered. However, the absence of mangrove islands and channels
reduced greatly the availability of the mollusk banks and the terrain
to build shell middens.

After sea level reached its modern value 4-3ka (Faure et al,,
1980; Nizou et al., 2010) and after the AHP, new beach barriers
and a littoral spit formed ca. 3.5 to 2.5ka. Fluvial and aeolian sedi-
ments then accumulated in the barred estuary to progressively
form the islands and channels that constitute the modern
mangrove Delta (Ausseil-Badie et al., 1991; Diara and Barusseau,
2006). The Delta geomorphology was similar to the modern one
ca. 1500 BP.

Although the geomorphological and ecological conditions were
more favorable to shellfishing in the past 2000 years than before,
these changes cannot fully explain the SPD. Dense S. senilis banks
were present from 6000 to 2000 yr BP as attested by vast natural
Nouakchottian deposits (Debenay and Bellion, 1983), by their
presence in beach barrier sand (Ausseil-Badie et al., 1991), and by a
few archaeological shell middens. Although mangrove islands were
not available in early times to establish camp sites, these islands
were not indispensable for human to use mollusks. Numerous mid-
Holocene S. senilis shell middens were found around the Banc
D'Arguin in Mauritania (Barusseau et al., 2007; Vernet and Tous,
2004). The large shell middens of Faboura and Bangalere, accu-
mulated between 1900 and 600 yr BP, were built respectively on
substrate dated of 4700 yr BP (Ausseil-Badie et al., 1991), and on
pre-Holocene substrate (Barusseau et al., 1995; Elouard et al., 1974).
If geomorphological conditions were the primary factor deter-
mining the presence of shellfishing people in the Sine-Saloum, we
would expect a progressive increase of radiocarbon date frequency
in the past 6000 years, following the progressive formation of the
Delta. Instead, human presence and shell fishing abruptly increases
from insignificant level before 2000 yr BP to an absolute maximum
300 years later. This pattern could only be explained by the sudden
arrival of a large human population who migrated and settled in the
Sine-Saloum approximately 2000 years ago.
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4.4. The influence of climate change

In the Sahel and the close-by Sahara, climate largely determines
the availability of resources and agriculture productivity and is
therefore a primary driver of human societies' strategies, success,
and movements (Brooks et al., 2005; Magadza, 2000). In this sec-
tion, we examine how past climate and environmental changes in
west Africa in the past 6000 years may be related to the peopling of
the Sine-Saloum reflected by shell middens SPD.

The early to mid-Holocene in Africa is known as the African
humid period. In response to seasonal insolation changes, the west
African monsoon was intensified and shifted north (Braconnot
et al., 2000; Joussaume et al., 1999; Kutzbach and Liu, 1997) while
the mediterrannean winter rainfall system was also intensified and
shifted south (Cheddadi et al., 2021). As a consequence, rainfall was
increased from the Gulf of Guinea to the Mediterranean coast, lakes
and watersheds were active, and the Sahara was covered by vege-
tation (Bartlein et al., 2011; Jolly et al., 1998; Kropelin et al., 2008;
Watrin et al., 2009). The end of the AHP, once thought to have
occurred abruptly ca. 5500 cal yr BP (deMenocal et al., 2000), was
more likely progressive as shown by a broad range of indicators
including pollen records (Cheddadi et al., 2021; Kropelin et al.,
2008), wetland radiocarbon dates (Lézine et al., 2011), and leaf
wax deuterium records (Niedermeyer et al., 2010; Shanahan et al.,
2015; Tierney et al., 2017). These records indicate an aridification
trend approximately from 6000 to 3000 yr BP (Fig. 3). This transi-
tion from a productive environment to the extreme aridity of the
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Sahara Desert represents the largest Holocene environmental
change on Earth (Jansen et al., 2008; Wanner et al., 2008).

Human societies have been profoundly affected by this envi-
ronmental change across all northern Africa. The Sahara, widely
occupied by diverse human groups living from hunting, fishing, and
pastoralism during the AHP (Holl, 2004; Lhote, 1970; Paris, 1993;
Smith, 1980; Sutton, 1977), was progressively abandoned as aridity
increased (Brooks, 2006; Maley and Vernet, 2015; Manning and
Timpson, 2014; McIntosh and MoclIntosh, 1983; Vernet, 2002).
While in the eastern Sahara, people found refuge in the Nile valley,
possibly giving rise to the ancient Egypt civilization (Kuper and
Kropelin, 2006), in central Sahara, pastoralists migrated to the
Sahel, following the southward migration of Savanna and pasturage
(McIntosh and McIntosh, 1983; Smith, 1979). The progressive
decline of the Saharan population at the end of the AHP has been
well demonstrated by radiocarbon dates density in all the regions
of the Sahara (Manning and Timpson, 2014; Vernet, 2002). Inter-
estingly, the population of the West African Atlantic coast has an
opposite dynamics and tend to grow at the end of the AHP to reach
a maximum 3.5 to 3ka (Manning and Timpson, 2014; Vernet and
Tous, 2004). The reliability of marine resources was likely a factor
of resilience and the Mauritanian coast may have become a
momentary refuge. Between 3 and 2ka, the shellfishing groups of
Mauritania abandoned also their sites and seem to move south
towards Senegal, as aridity kept increasing (Vernet and Tous, 2004).
A final abrupt aridification occurred in the Sahel around 2 ka to
reach the modern semi-arid landscape (Lézine, 1989).

The abrupt rise of shellfishing population in the Sine-Saloum
around 2ka coincides with the end of the aridification after the
African humid period (Fig. 3), and the end of shellfishing activities
in Mauritania. Human occupation patterns in West Africa suggest
that environmental changes forced large migrations in search of
vegetal resources in the Sahel and marine resources on the Atlantic
coast. We hypothesize that a human group migrated and found
refuge in the Sine-Saloum around 2ka as a consequence of the
increasing scarcity of land in the Sahara and Sahel and the subse-
quent increasing competition for resources. They immediately
organized an intensive exploitation of S. senilis, which is evidenced
by the high accumulation rate of the middens (Azzoug et al., 2012a;
Descamps et al., 1977, 1974) and by the rapidly decreasing size of
the shells (personal observation) which indicates a strong gath-
ering pressure on the species. This observation suggests that they
were already specialized or at least knowledgeable in this activity,
and testifies therefore a possible origin from northern Senegal and
Mauritanian coast (Vernet and Tous, 2004). An ancient shellfishing
population collecting S. senilis was also present in the estuary of the
Senegal River since at least 5ka (Mbow, 1997; Michel et al., 1967).
Potteries found in middens of the first millennium BCE were
decorated with impressed cord-wrapped stick (Mbow, 1997), a
technique observed soon after in the Sine-Saloum sites (Thilmans
and Descamps, 1982), suggesting a cultural filiation. Shellfishing
activity did not end ca. 2ka in the Senegal River Delta as it did in
Mauritania. It seems thus that the shellfishing Mauritanian popu-
lation, moving South, may have triggered also a migration from the
Senegal River Delta to the Sine-Saloum.

The arrival of people in the Sine-Saloum also roughly coincides
with the spread of rice cultivation in West Africa (Linares de Sapir,
1971; Linares, 2002; McIntosh and Mclntosh, 1981). It is thus
possible as well that the new settlers came in search of fields for
rice cultivation since West African mangroves have long been a
highly productive environment for rice (Cormier-Salem et al., 1999;
Linares, 2002; Pélissier, 1966), and collected mollusks as a com-
plement during the dry season. Determining who these people
were, where they came from, and the exact cause of their migration
will, however, require a more detailed archaeological
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characterization of the shell middens in the Sine-Saloum.

In the past 2000 years, the changes in the SPD does not present
any clear relationship with climate variability (Fig. 4). Soil erosion
related to agriculture intensity in the region, as indicated by the
dust fraction in marine sediments, constantly increases during the
past 2000 years, with a strong acceleration with recent industrial
agriculture (Mulitza et al., 2010). The two large peaks in radio-
carbon dates density around 300 and 700 CE are not related to any
climatic event. Aridity conditions reconstructed by mollusk shell
oxygen isotopes show instead little variations until approximately
1500 CE when precipitations increased and the environment
became less saline (Carré et al., 2019). The Sine-Saloum was much
less occupied during the humid period that lasted from ~1500 to
1800 CE (Fig. 4). We could expect people to invest more in agri-
culture during a wet period and rely less on shellfishing. Combined
with overexploitation of S. senilis, indicated by the small size of
shells in the middens (pres. obs.), the benefit-cost balance of
shellfishing may have become too low for this activity to be pur-
sued, especially in a context of higher crop productivity. It is
however difficult to draw a causal relationship between these cir-
cumstances because of the chronological uncertainty. Most shell
middens were abandoned in the 14th century, when climate was
starting to improve, but before rainfall had reached its optimum.
This abrupt decrease in shellfishing population in the 14th century
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(it artificially appears in the 15th century in Fig. 4 because of the
effect of the 100-yr smoothing, but is better seen in Fig. 2, S1, and
S2) may therefore rather be related to local or regional political
troubles.

4.5. The influence of regional conflicts

The decreasing water resources across the Holocene and the
subsequent migrations likely triggered conflicts, warfare and po-
litical evolution in the whole region. Evidence of these conflicts are
however hard to identify in the archaeological record. Changes in
the structure of villages in the sequence of the Tichitt tradition in
southern Mauritania seem to indicate a period of warfare in the
middle of the first millennium CE (Munson, 1980). Shortly after,
trans-Saharan trade would start and become progressively a
essential element of West African economy (Fauvelle-Aymar, 2013).
From —300 to 500 CE, the trade favoured a socio-economic trans-
formation in the Sahara and the Sahel with the apparition of cities,
increasing exchanges and political complexity, that would lead to
the rise of the Ghana Empire (Holl, 1985; McIntosh and McIntosh,
1983; Munson, 1980). The shellfishing people settled in the Sine-
Saloum during this phase of regional scale transformation, and
likely took part to these new trade relationships using dried mol-
lusks, as attested by the industrial scale of shellfishing, and possibly
crops.

The second peak in the SPD from 600 to 800 CE might corre-
spond to a second migratory movement possibly in relation to the
foundation of the Ghana Empire but the archaeological information
about the Sine-Saloum and the regional context is scarce in this
period. The hypothesis of a second migratory arrival is supported by
cultural differences observed between Faboura, which started with
the first SPD peak, and Dioron Boumak which started with the
second peak. While ceramics at Faboura are similar to those found
further North, Dioron Boumak ceramics seem related to those from
Casamance (Descamps et al., 1977).

It has been proposed that the Serer population living in the Sine-
Saloum today came from the north pushed by the expansion of
islam through the influence of Almoravids, and especially from the
kingdom of Tukrur in northern Senegal (Sarr and Becker, 1986), one
of the first that officially adopted islam in the 11th century (Niane,
1985). Almoravids eventually destabilized and accelerated the
collapse of the Ghana empire in the 12th century, which was fol-
lowed by a regional scale political reorganization. With the rise of
the Mali empire, West African Manding population expanded to the
Senegambian coast, and the Sine-Saloum mangroves were likely
incorporated in the new empire in the 13th century (Meideros,
1980; Niane, 1985). Shortly after, during the 13th and 14th cen-
tury, most of the main sites of the islands were abandoned,
including Dioron Boumak, Faboura, Tioupane. Although the causes
of this abandonment are not clear, we speculate it was somehow
related to a period of strong political instability in West Africa
(Fig. 4).

New settlements were dated in the 15th century. They were
fewer and smaller. Shells were large again, indicating that S. senilis
populations were less exploited during a time and could recover.
This peopling turnover is strikingly coherent with the oral tradition
of the Sine-Saloum. According to the oral record, the ancestors of
the current inhabitants found the islands deserted when they
arrived in the Sine-Saloum and the population who had built the
large shell middens had disappeared (Cormier-Salem et al., 1999;
Pélissier, 1966). After the battle of Troubang (1335 CE) in the civil
war of the Kaabu kingdom, the Manding Guelwar aristocratic elite
found refuge in the Sine-Saloum area and initiated a dynasty who
ruled over the Sine and Saloum kingdoms until the 20th century
(Cormier-Salem et al., 1999; Richard, 2012; Sarr and Becker, 1986),
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first as vassals of the Wolof kingdom, then within the French col-
ony. The alliance and mixing of the Guelwars and the local Serer
seems at the origin of the Niominkas, the actual inhabitants of the
Sine-Saloum islands.

The first contact with European travellers was likely around
1446 CE (Cormier-Salem et al., 1999; Person, 1985; Thiaw, 2012),
after the settling of the Guelwars (i.e. after the had been abandoned
and reoccupied). Fernandes visited the Saloum Delta where ships
found a safe anchoring site, mentioned the village of Diofandor, and
described a population living from shellfishing and agriculture
(Monod et al., 1951). In the following period, the trade of salt, iron,
spices, ivory and slaves with Europeans deeply affected the eco-
nomic and political relationships in West Africa (Person, 1985), but
the trade routes were still controlled by the Niominkas (Cormier-
Salem et al., 1999). The intense trade with Europeans may have
contributed to reduce the need of shell fishing. For the last 300
years, the peopling of the Sine- Saloum would be likely better
documented by the history of the modern villages, which has not
been documented by archaeological methods so far.

5. Conclusions

The millennial history of the Sine-Saloum peopling, as revealed
by radiocarbon dates frequency in archaeological shell middens, is
closely related to the climatic, environmental and political evolu-
tion of West Africa since the middle Holocene. The geomorphology
of the estuary was less favorable to human settlement and shellf-
ishing in the mid-Holocene when sea level was higher and
mangrove islands had not formed yet. However, traces of human
occupation were still scarce between 3000 and 2000 BP, when
beach ridges were formed and the Delta islands were close to their
modern morphology. The population arrived massively around
2000 BP and reached a maximum shellfishing activity at about 1700
BP. This abrupt increase indicates the settlement of a migrating
population in search of resources and land at the end of the aridi-
fication trend that followed the African humid period. The Sine-
Saloum seems to have been a refuge for people fleeing the
Saharan desertification and the subsequent warfare. This period
corresponds to the beginning of trans-Saharan trade, and to a po-
litical complexification that would give rise to the Ghana empire.
The incoming migration may have occurred in two waves as sug-
gested by the double SPD peak at 200—400 CE and 600—800 CE and
by cultural differences within the Delta. After that time, the Sine-
Saloum peopling seemed primarily driven by political changes,
conflicts and the subsequent migrations than by climate change.
Most sites in the Sine-Saloum islands were abandoned in the 13th
and 14th century, before the arrival of Europeans, likely in relation
to the regional political destabilization that followed the fall of the
Ghana empire and the beginning of the Mali empire. The Manding
Guelwars, defeated in the Trandang battle in 1335 CE, moved and
founded the modern towns of the Sine-Saloum in the 14th century.
They had a reduced shellfishing activity compared to previous in-
habitants, possibly because of a more prosperous agriculture in
humid climatic conditions, and maintained their dynasty at the
head of the Sine and Saloum kingdoms until the 20th century.

Author statement

Matthieu Carré conceptualized the study, Matthieu Carré,
Moufok Azzoug, Abdoulaye Camara, and Rachid Cheddadi partici-
pated to field work, Louis Quichaud did the radiocarbon calibra-
tions and the SPD, Diana Ochoa, Jorge Cardich helped with
statistics, Matthieu Carré, Abdoulaye Camara, Moufok Azzoug,
Alexander Pérez and Rodolfo Salas contributed to the biblio-
graphical synthesis, Matthieu Carré, Julien Thébault, Yoann Thomas,



M. Carré, L. Quichaud, A. Camara et al.

and Jorge Cardich contributed to funding acquisition. All authors
commented on the methodology, read the manuscript and
contributed to its preparation.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by CNRS-INSU through the program
LEFE (Les Enveloppes Fluides et I'Environnement), and by the
French National Research Agency within the framework of the
IROCWA project (ANR-19-CE32-0003-01 grant). We thank the
LMC14 staff (Laboratoire de Mesure du Carbone-14), ARTEMIS na-
tional facility, (LSCE (CNRS-CEA-UVSQ)-IRD-IRSN-MC) for the re-
sults obtained with the accelerator mass spectrometry method. The
study received support from CONCYTEC (Peru) with grant n°034-
2019-FONDECYT-BM.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.quascirev.2022.107688.

References

Ausseil-Badie, ]., Barusseau, J.P., Descamps, C., Diop, E.H.S., Giresse, P., Pazdur, M.,
1991. Holocene deltaic sequence in the Saloum estuary, Senegal. Quater. Res. 36,
178—194.

Azzoug, M., Carré, M., Chase, B.M., Deme, A., Lazar, A., Lazareth, C.E., Schauer, A].,
Mandeng-Yogo, M., Simier, M., Thierno-Gaye, A., de Morais, L.T., 2012a. Positive
precipitation-evaporation budget from AD 460 to 1090 in the Saloum Delta
(Senegal) indicated by mollusk oxygen isotopes. Global Planet. Change 98—99,
54—-62.

Azzoug, M., Carré, M., Schauer, AJ., 2012b. Reconstructing the duration of the West
African Monsoon season from growth patterns and isotopic signals of shells of
Anadara senilis (Saloum Delta, Senegal). Palaeogeogr. Palaeoclimatol. Palae-
oecol. 346—347, 145—152.

Barry, B., 1998. Senegambia and the Atlantic Slave Trade. Cambridge University
Press.

Bartlein, PJ., Harrison, S.P., Brewer, S., Connor, S., Davis, B.A.S., Gajewski, K., Guiot, ].,
Harrison-Prentice, T.I., Henderson, A., Peyron, O., Prentice, I.C., Scholze, M.,
Sepp4, H., Shuman, B,, Sugita, S., Thompson, R.S., Viau, A.E., Williams, J., Wu, H.,
2011. Pollen-based continental climate reconstructions at 6 and 21 ka: a global
synthesis. Clim. Dynam. 37, 775—802. https://doi.org/10.1007/s00382-010-
0904-1.

Barusseau, J.P,, Ba, M., Descamps, C., Salif Diop, E.H., Giresse, P., Saos, ].L., 1995.
Coastal Evolution in Senegal and Mauritania at 103, 102 and 101-year scales:
natural and human records. Quat. Int. 29/30, 61-73.

Barusseau, J.P., Vernet, R., Saliege, ].F., Descamps, C., 2007. Late Holocene Sedi-
mentary Forcing and Human Settlements in the Jerf El Oustani - Ras El Sass
Region (Banc d'Arguin, Mauritania). Géomorphologie: Relief, Processus. https://
doi.org/10.4000/geomorphologie.634 environnement 1 2007.

Braconnot, P, Joussaume, S., Noblet, N. de, Ramstein, G., 2000. Mid-holocene and
last glacial maximum African monsoon changes as simulated within the pale-
oclimate modelling intercomparison project. Global Planet. Change 26, 51—66.
https://doi.org/10.1016/S0921-8181(00)00033-3.

Brooks, N. 2006. Cultural responses to aridity in the Middle Holocene and
increased social complexity. Quat. Int. 151, 29—49. https://doi.org/10.1016/
j.quaint.2006.01.013.

Brooks, N., Chiapello, I, Lernia, S.D., Drake, N., Legrand, M., Moulin, C., Prospero, J.,
2005. The climate-environment-society nexus in the Sahara from prehistoric
times to the present day. null 10, 253—292. https://doi.org/10.1080/
13629380500336680.

Camara, A., Hardy, K., Dioh, E., Gueye, M., Piqué, R., Carré, M., Sall, M., Diouf, M.W,,
2017. Amas et sites coquilliers du delta du Saloum (Sénégal)A : Passé et présent.
L'Anthropologie 121, 204—214. https://doi.org/10.1016/j.anthro.2017.03.018.

Carré, M., Azzoug, M., Zaharias, P., Camara, A., Cheddadi, R., Chevalier, M., Fiorillo, D.,
Gaye, A.T, Janicot, S., Khodri, M., Lazar, A, Lazareth, CE., Mignot, J., Mitma
Garcia, N., Patris, N., Perrot, O., Wade, M., 2019. Modern drought conditions in
western Sahel unprecedented in the past 1600 years. Clim. Dynam. 52,
1949—-1964.

Chamberlain, A.T., 2006. Demography in Archaeology. Cambridge University Press.

Quaternary Science Reviews 293 (2022) 107688

Cheddadi, R., Carré, M., Nourelbait, M., Frangois, L., Rhoujjati, A., Manay, R,
Ochoa, D., SchefuB, E., 2021. Early Holocene greening of the Sahara requires
Mediterranean winter rainfall. Proc. Natl. Acad. Sci. USA 118. https://doi.org/
10.1073/pnas.2024898118.

Contreras, D.A., Meadows, J., 2014. Summed radiocarbon calibrations as a popula-
tion proxy: a critical evaluation using a realistic simulation approach.
J. Archaeol. Sci. 52, 591-608. https://doi.org/10.1016/j.jas.2014.05.030.

Cormier-Salem, M.-C., 2014. Riviéres du Sud: Sociétés et mangroves ouest-afri-
caines. IRD Editions.

Cormier-Salem, M.-C., Chauveau, J.-P.,, Bouju, S., 1999. L'identité humaine des Riv-
ieres du Sud: unité historique et situation d’interface. Rivieres du Sud: sociétés
et mangroves ouest-africaines 2, 149—205.

Crema, E.R,, Bevan, A.,, 2020. Inference from large sets of radiocarbon dates: soft-
ware and methods. Radiocarbon 1—-17. https://doi.org/10.1017/RDC.2020.95.
Debenay, ].P., Bellion, Y., 1983. Le quaternaire récent des microfalaises de Mbodiéne
(Sénégal): stratigraphie, variations du niveau marin. Asequa. Bulletin de liaison

Dakar 70-71, 73—81.

deMenocal, P., Ortiz, ], Guilderson, T., Adkins, ], Sarnthein, M., Baker, L.,
Yarusinski, M., 2000. Abrupt onset and termination of the African humid
period: rapid climate response to gradual insolation forcing. Quat. Sci. Rev. 19,
347-361.

Descamps, C., 1994. La collecte des arches, une activité bi-millénaire dans le Bas-
Saloum (Sénégal). In: Cormier-Salem, M.-C. (Ed.), Dynamique et Usages de La
Mangrove Dans Les Pays Des Rivieres Du Sud (Du Sénégal a La Sierra Leone).
Orstom, Paris, pp. 107—113.

Descamps, C., Thilmans, G., 1979. Les tumulus coquilliers des iles du Saloum
(Senegal). Bull. Liaison Ass. Sénégal. Et. Quatern. Afr. 54—55, 81-91.

Descamps, C., Thilmans, G., Thommeret, ], Thommeret, Y., Hauptmann, E.F.,, 1977.
Données sur l'age et la vitesse d’édification de I'amas coquillier de Faboura
(Sénégal). Bull. Liaison Ass. Sénégal. Et. Quatern. Afr. 51, 23—32.

Descamps, C., Thilmans, G., Thommeret, Y., 1974. Données sur I'édification de I'amas
coquillier de Dioron Boumak (Senegal). Bull. Liaison Ass. Sénégal. Et. Quatern.
Afr. 41, 67—-83.

Diara, M., Barusseau, ].P., 2006. Late Holocene evolution of the Salum-Gambia
double delta (Senegal). Geo-Eco-Marina 12, 17—28.

Dittmar, T., Hertkorn, N., Kattner, G., Lara, RJ., 2006. Mangroves, a major source of
dissolved organic carbon to the oceans. Global Biogeochem. Cycles 20. https://
doi.org/10.1029/2005GB002570.

Elouard, P., 1968. Le nouakchottien, étage du Quaternaire de Mauritanie. In: Annales
de La Faculté Des Sciences de Dakar, pp. 121-137.

Elouard, P, Evin, J., Becker, M.V., 1974. Kjokkenmodding de Bangalere. Region du
Saloum (Sénégal). Bull. Liaison Ass. Sénégal. Et. Quatern. Afr. 41, 85—87.

Faure, H., Fontes, ].C., Hebrard, L., Monteillet, ]., Pirazzoli, P.A., 1980. Geoidal change
and shore-level tilt along Holocene estuaries: Senegal river area, west Africa.
Science 210, 421—423. https://doi.org/10.1126/science.210.4468.421.

Fauvelle-Aymar, F.-X., 2013. Le rhinocéros d'or. Histoires du Moyen Age africain.
Aima, Paris.

Gallego, D., Ordonez, P, Ribera, P, Pena-Ortiz, C., Garcia-Herrera, R., 2015. An
instrumental index of the West African Monsoon back to the nineteenth cen-
tury. Q. J. R. Meteorol. Soc. 141, 3166—3176.

Hardy, K., Camara, A., Piqué, R., Dioh, E., Gueye, M., Diadhiou, H.D., Faye, M.,
Carré, M., 2016. Shellfishing and shell midden construction in the Saloum Delta,
Senegal. ]J. Anthropol. Archaeol. 41, 19—32.

Heaton, TJ., Kohler, P, Butzin, M., Bard, E., Reimer, RW., Austin, W.E.N., Bronk
Ramsey, C., Grootes, P.M., Hughen, K.A., Kromer, B., Reimer, PJ., Adkins, J.,
Burke, A., Cook, M.S., Olsen, ]., Skinner, L.C., 2020. Marine20—the marine
radiocarbon age calibration curve (0—55,000 cal BP). Radiocarbon 62, 779—820.
https://doi.org/10.1017/RDC.2020.68.

Holl, A., 2004. Saharan Rock Art: Archaeology of Tassilian Pastoralist Iconography.
Rowman Altamira.

Holl, A., 1985. Background to the Ghana empire: archaeological investigations on
the transition to statehood in the Dhar Tichitt region (Mauritania). J. Anthropol.
Archaeol. 4, 73—115. https://doi.org/10.1016/0278-4165(85)90005-4.

Jansen, E., Overpeck, ]., Briffa, KR., Duplessy, ].-C., Joos, F., Masson-Delmotte, V.,
Olago, D., Otto-Bliesner, B., Peltier, W.R., Rahmstorf, S., Ramesh, R., Raynaud, D.,
Rind, D., Solomina, O., Villalba, R., Zhang, D., Barnola, J.-M., Bauer, E.M., Brady, E.,
Chandler, M., Cole, J.E., Cook, E.R. Cortijo, E., Dokken, T., Fleitmann, D.,
Kageyama, M., Khodri, M., Labeyrie, L., Laine, A. Levermann, A., Mosley-
Thompson, E., Muhs, D.R., Muscheler, R., Osborn, T., Paasche, O., Parrenin, F,,
Plattner, G.-K., Pollack, H., Spahni, R,, Stott, L.D., Thompson, L., Waelbroeck, C.,
Wiles, G., Zachos, ]J., Guo, Z., 2008. Palaeoclimate. In: Solomon, Susan, Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. (Eds.),
Climate Change 2007: the Physical Science Basis. Cambridge University Press,
Cambridge, pp. 433—497.

Jolly, D., Prentice, I.C., Bonnefille, R., Ballouche, A., Bengo, M., Brenac, P., Buchet, G.,
Burney, D., Cazet, ].-P., Cheddadi, R., Edorh, T., Elenga, H., Elmoutaki, S., Guiot, ].,
Laarif, F, Lamb, H., Lezine, A.-M., Maley, J., Mbenza, M., Peyron, O., Reille, M.,
Reynaud-Farrera, I, Riollet, G., Ritchie, J.C,, Roche, E., Scott, L., Ssemmanda, L.,
Straka, H., Umer, M., Van Campo, E., Vilimumbalo, S., Vincens, A., Waller, M.,
1998. Biome reconstruction from pollen and plant macrofossil data for Africa
and the Arabian peninsula at 0 and 6000 years. ]. Biogeogr. 25, 1007—1027.
https://doi.org/10.1046/j.1365-2699.1998.00238.x.

Joussaume, S., Taylor, K.E., Braconnot, P., Mitchell, J.E.B., Kutzbach, J.E., Harrison, S.P,,
Prentice, 1.C., Broccoli, AJ., Abe-Ouchi, A., Bartlein, PJ., Bonfils, C., Dong, B.,
Guiot, J., Herterich, K., Hewitt, C.D., Jolly, D., Kim, J.W., Kislov, A., Kitoh, A.,


https://doi.org/10.1016/j.quascirev.2022.107688
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref1
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref1
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref1
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref1
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref2
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref3
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref3
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref3
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref3
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref3
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref3
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref3
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref4
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref4
https://doi.org/10.1007/s00382-010-0904-1
https://doi.org/10.1007/s00382-010-0904-1
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref6
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref6
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref6
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref6
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref6
https://doi.org/10.4000/geomorphologie.634
https://doi.org/10.4000/geomorphologie.634
https://doi.org/10.1016/S0921-8181(00)00033-3
https://doi.org/10.1016/j.quaint.2006.01.013
https://doi.org/10.1016/j.quaint.2006.01.013
https://doi.org/10.1080/13629380500336680
https://doi.org/10.1080/13629380500336680
https://doi.org/10.1016/j.anthro.2017.03.018
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref12
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref12
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref12
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref12
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref12
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref12
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref12
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref13
https://doi.org/10.1073/pnas.2024898118
https://doi.org/10.1073/pnas.2024898118
https://doi.org/10.1016/j.jas.2014.05.030
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref16
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref16
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref16
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref16
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref16
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref16
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref17
https://doi.org/10.1017/RDC.2020.95
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref19
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref20
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref20
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref20
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref20
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref20
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref21
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref22
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref22
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref22
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref22
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref22
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref22
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref23
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref24
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref25
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref25
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref25
https://doi.org/10.1029/2005GB002570
https://doi.org/10.1029/2005GB002570
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref27
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref27
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref27
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref27
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref27
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref28
https://doi.org/10.1126/science.210.4468.421
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref30
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref30
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref30
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref30
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref31
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref31
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref31
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref31
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref31
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref31
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref32
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref32
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref32
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref32
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref32
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref32
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref32
https://doi.org/10.1017/RDC.2020.68
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref34
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref34
https://doi.org/10.1016/0278-4165(85)90005-4
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref36
https://doi.org/10.1046/j.1365-2699.1998.00238.x
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38

M. Carré, L. Quichaud, A. Camara et al.

Loutre, M.F,, Masson, V., McAvaney, B., McFarlane, N., de Noblet, N., Peltier, W.R.,
Peterscmitt, J.Y., Pollard, D., Rind, D., Royer, J.F., Schlesinger, M.E., Syktus, ]J.,
Thompson, S., Valdes, P, Vettoretti, G., Webb, R.S., Wyputta, U., 1999. Monsoon
changes for 6000 years ago: results of 18 simulations from the paleoclimate
modeling intercomparison project (PMIP). Geophys. Res. Lett. 26, 859—862.

Kropelin, S., Verschuren, D., Lézine, A.-M., Eggermont, H., Cocquyt, C., Francus, P.,
Cazet, ].-P., Fagot, M., Rumes, B., Russell, ].M., Darius, F,, Conley, D.., Schuster, M.,
von Suchodoletz, H., Engstrom, D.R., 2008. Climate-driven ecosystem succes-
sion in the Sahara: the past 6000 years. Science 320, 765—768.

Kuper, R., Kropelin, S., 2006. Climate-controlled Holocene occupation in the Sahara:
motor of Africa's evolution. Science 313, 803—807.

Kutzbach, J.E., Liu, Z., 1997. Response of the African monsoon to orbital forcing and
ocean feedbacks in the middle Holocene. Science 278, 440—443. https://
doi.org/10.1126/science.278.5337.440.

Lézine, A.-M., 1989. Late quaternary vegetation and climate of the Sahel. Quater.
Res. 32, 317-334.

Lézine, A.-M., Hély, C., Grenier, C., Braconnot, P,, Krinner, G., 2011. Sahara and Sahel
vulnerability to climate changes, lessons from Holocene hydrological data.
Quat. Sci. Rev. 30, 3001-3012.

Lhote, H., 1970. Le peuplement du Sahara néolithique, d’apres I'interprétation des
gravures et des peintures rupestres. J. de la Société des Africanistes 1970 (tome
40). https://doi.org/10.3406/jafr.1970.1676 fascicule 2.

Linares de Sapir, O., 1971. Shell middens of lower Casamance and problems of Diola
protohistory. West Afr. J. Archaeol. 1, 23—54.

Linares, O.F, 2002. African rice (Oryza glaberrima): history and future potential.
Proc. Natl. Acad. Sci. USA 99, 16360—16365. https://doi.org/10.1073/
pnas.252604599.

Magadza, C.H.D., 2000. Climate change impacts and human settlements in Africa:
Prospects for Adaptation. Environ. Monit. Assess. 61, 193—205. https://doi.org/
10.1023/A:1006355210516.

Maley, J., Vernet, R., 2015. Populations and climatic evolution in north tropical Af-
rica from the end of the neolithic to the dawn of the modern Era. Afr. Archaeol.
Rev. 32, 179—232. https://doi.org/10.1007/s10437-015-9190-y.

Manning, K., Timpson, A., 2014. The demographic response to Holocene climate
change in the Sahara. Quat. Sci. Rev. 101, 28—35.

Mbow, M.-A., 1997. Les amas coquilliers du delta du Senegal: Etude ethno-arch-
éologique (PhD thesis). Université de Paris I - Pantheon - Sorbonne, Paris.
Mclntosh, RJ., McIntosh, S.K., 1981. The inland Niger delta before the empire of
Mali: evidence from Jenne-Jeno. J. Afr. Hist. 22, 1-22. https://doi.org/10.1017/

S0021853700018983.

MclIntosh, S.K., McIntosh, R.J., 1983. Current directions in west African Prehistory.
Annu. Rev. Anthropol. 12, 215—-258.

Meideros, F., 1980. Les peuples du Soudan: mouvements de populations. In: El
Fasi, M. (Ed.), Histoire Générale de I'Afrique, vol. 3 1.

Michczynska, DJ., Pazdur, A., 2004. Shape analysis of cumulative probability density
function of radiocarbon dates set in the study of climate change in the late
glacial and Holocene. Radiocarbon 46, 733—744. https://doi.org/10.1017/
S0033822200035773.

Michel, P., Elouard, P., Faure, H., 1967. Nouvelles recherches sur le quaternaire récent
de la région de Saint-Louis (Sénégal). Laboratoire de Géologie de la Faculté des
Sciences de I'Université de Dakar, Dakar.

Mikhailov, V.N., Isupova, M.V., 2008. Hypersalinization of river estuaries in west
Africa. Water Resour. 35, 367—385.

Monod, T., Teixeira da Mota, A., Mauny, R., 1951. Description de la cote occidentale
d'Afrique:(Sénégal du Cap de Monte, Archipels) par Valentim Fernandes (1506-
1510). Centro de Estudos da Guiné Portuguesa, Bissau.

Mulitza, S., Heslop, D., Pittauerova, D., Fischer, HW., Meyer, L., Stuut, J.-B., Zabel, M.,
Mollenhauer, G., Collins, J.A., Kuhnert, H., Schulz, M., 2010. Increase in African
dust flux at the onset of commercial agriculture in the Sahel region. Nature 466,
226-228.

Munson, PJ., 1980. Archaeology and the prehistoric origins of the Ghana empire.
J. Afr. Hist. 21, 457—466.

Niane, D.T., 1985. Le Mali et la deuxieme expansion manden. Histoire générale de
I'Afrique 4, 141-196.

Niedermeyer, E.M., Schefuf, E., Sessions, A.L, Mulitza, S. Mollenhauer, G.,
Schulz, M., Wefer, G., 2010. Orbital- and millennial-scale changes in the hy-
drologic cycle and vegetation in the western African Sahel: insights from in-
dividual plant wax [delta]D and [delta]13C. Quat. Sci. Rev. 29, 2996—3005.

Nizou, ], Hanebuth, TJJ., Heslop, D., Schwenk, T., Palamenghi, L., Stuut, J.-B.,
Henrich, R., 2010. The Senegal River mud belt: a high-resolution archive of
paleoclimatic change and coastal evolution. Mar. Geol. 278, 150—164.

Pages, ]., Citeau, J., 1990. Rainfall and salinity of a Sahelian estuary between 1927
and 1987. J. Hydrol. 113, 325—341.

Paris, F., 1993. Les sépultures du Sahara nigérien, du néolithique a I'islamisation:
Coutumes funéraires, chronologie, civilisations. Paris, vol. 1.

Pélissier, P., 1966. Les paysans du Sénégal. Imprimerie Fabregue Saint Yrieux, France.

Person, Y., 1985. Les peuples cotiers—premiers contacts avec les portugais—de la

10

Quaternary Science Reviews 293 (2022) 107688

Casamance aux lagunes ivoriennes. Histoire générale de I'Afrique 4.

Piqué, R., Gueye, M., Hardy, K., Camara, A., Dioh, E., 2016. Not just fuel: food and
technology from trees and shrubs in falia, Saloum delta (Senegal). In:
Biagetti, S., Lugli, F. (Eds.), The Intangible Elements of Culture in Ethno-
archaeological Research. Springer International Publishing, Cham, pp. 217—230.
https://doi.org/10.1007/978-3-319-23153-2_17.

Reimer, PJ., Austin, W.E.N,, Bard, E., Bayliss, A., Blackwell, P.G., Bronk Ramsey, C.,
Butzin, M., Cheng, H., Edwards, R.L,, Friedrich, M., Grootes, P.M., Guilderson, T.P,,
Hajdas, 1., Heaton, TJ., Hogg, A.G., Hughen, K.A., Kromer, B., Manning, S.W.,
Muscheler, R., Palmer, ]J.G., Pearson, C., van der Plicht, ], Reimer, RW,
Richards, D.A., Scott, E.M., Southon, J.R,, Turney, C.S.M., Wacker, L., Adolphi, F.,
Biintgen, U., Capano, M., Fahrni, S.M., Fogtmann-Schulz, A., Friedrich, R,
Kohler, P., Kudsk, S., Miyake, F., Olsen, ]., Reinig, F.,, Sakamoto, M., Sookdeo, A.,
Talamo, S., 2020. The IntCal20 northern hemisphere radiocarbon age calibration
curve (0—55 cal kBP). Radiocarbon 62, 725—757. https://doi.org/10.1017/
RDC.2020.41.

Richard, F., 2012. Political transformations and cultural landscapes in Senegambia
during the Atlantic Era: an Alternative view from the Siin (Senegal)? In:
Ogundiran, A., Monroe, J.C. (Eds.), Power and Landscape in Atlantic West Africa:
Archaeological Perspectives. Cambridge University Press, Cambridge,
pp. 78—114. https://doi.org/10.1017/CB09780511921032.006.

Rick, J.W., 1987. Dates as data: an examination of the Peruvian Preceramic radio-
carbon record. Am. Antiq. 52, 55—73. https://doi.org/10.2307/281060.

Sarr, A., Becker, C., 1986. Histoire du Sine-Saloum (Sénégal). In: Bulletin de I'Institut
Fondamental d'Afrique Noire, Serie B: Sciences humaines, vol. 46, pp. 211—-283.

Savenije, H.H.G., Pages, J., 1992. Hypersalinity: a dramatic change in the hydrology
of Sahelian estuaries. J. Hydrol. 135, 157—174.

Shanahan, T.M. McKay, N.P, Hughen, KA. Overpeck, ].T., Otto-Bliesner, B.,
Heil, CW., King, J., Scholz, C.A., Peck, ]., 2015. The time-transgressive termina-
tion of the African humid period. Nat. Geosci. 8, 140—144.

Shanahan, T.M., Overpeck, ].T., Anchukaitis, K.J., Beck, J.W., Cole, ]J.E., Dettman, D.L.,
Peck, J.A., Scholz, C.A., King, ].W., 2009. Atlantic forcing of Persistent drought in
west Africa. Science 324, 377—380. https://doi.org/10.1126/science.1166352.

Shennan, S., Downey, S.S., Timpson, A., Edinborough, K., Colledge, S., Kerig, T.,
Manning, K., Thomas, M.G., 2013. Regional population collapse followed initial
agriculture booms in mid-Holocene Europe. Nat. Commun. 4, 2486. https://
doi.org/10.1038/ncomms3486.

Smith, A.B., 1980. The neolithic tradition in the Sahara. Sahara Nile 451—465.

Smith, A.B., 1979. Biogeographical considerations of colonization of the lower
Tilemsi valley in the second millennium B.C. J. Arid Environ. 2, 355—361. https://
doi.org/10.1016/S0140-1963(18)31690-2.

Surovell, T.A., Brantingham, PJ., 2007. A note on the use of temporal frequency
distributions in studies of prehistoric demography. J. Archaeol. Sci. 34,
1868—1877. https://doi.org/10.1016/j.jas.2007.01.003.

Sutton, J.E.G., 1977. The African aqualithic. Antiquity 51, 25—34. https://doi.org/
10.1017/S0003598X00100559.

Thiaw, I, 2012. Atlantic impacts on inland Senegambia: French Penetration and
African initiatives in eighteenth- and nineteenth-century Gajaaga and Bundu
(upper Senegal river). In: Ogundiran, A., Monroe, J.C. (Eds.), Power and Land-
scape in Atlantic West Africa: Archaeological Perspectives. Cambridge Univer-
sity Press, Cambridge, pp. 49-77. https://doi.org/10.1017/
CB09780511921032.005.

Thilmans, G., Descamps, C., 1982. Amas et tumulus coquilliers du delta du Saloum.
In: Recherches Scientifiques Dans Les Parcs Nationaux Du Sénégal. Mémoires de
I'Institut Fondamental d'Afrique Noire, Dakar, pp. 31-50.

Tierney, J.E., Pausata, ES.R, deMenocal, P.B,, 2017. Rainfall regimes of the green
Sahara. Sci. Adv. 3. https://doi.org/10.1126/sciadv.1601503.

Vernet, R., 2002. Climate during the late Holocene in the Sahara and the Sahel:
evolution and consequences on human settlement. In: Hassan, FA. (Ed.),
Droughts, Food and Culture: Ecological Change and Food Security in Africa's
Later Prehistory. Springer US, Boston, MA, pp. 47—63. https://doi.org/10.1007/0-
306-47547-2_4.

Vernet, R., Tous, P,, 2004. Les amas coquiliers de Mauritanie occidentale et leur
contexte paléoenvironnemental (Vile-Ile millénaires BP). Préhistoire Anthro-
pologie Méditerranéennes 13, 55—69.

Wanner, H., Beer, ]., Biitikofer, ]., Crowley, T.J., Cubasch, U., Fliickiger, J., Goosse, H.,
Grosjean, M., Joos, F, Kaplan, J.O., Kiittel, M., Miiller, S.A., Prentice, 1.C,,
Solomina, O., Stocker, T.E,, Tarasov, P., Wagner, M., Widmann, M., 2008. Mid- to
Late Holocene climate change: an overview. Quat. Sci. Rev. 27, 1791-1828.
https://doi.org/10.1016/j.quascirev.2008.06.013.

Watrin, J., Lézine, A.-M., Hély, C., 2009. Plant migration and plant communities at
the time of the “green Sahara. Compt. Rendus Geosci. 341, 656—670.

Williams, A.N., 2012. The use of summed radiocarbon probability distributions in
archaeology: a review of methods. J. Archaeol. Sci. 39, 578—589. https://doi.org/
10.1016/j.jas.2011.07.014.

Zeebe, R.E., Wolf-Gladrow, D., 2001. CO2 in Seawater: Equilibrium, Kinetics, Iso-
topes. Elsevier Oceanography Series. Elsevier, Amsterdam.


http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref38
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref39
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref39
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref39
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref39
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref39
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref39
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref39
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref40
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref40
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref40
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref40
https://doi.org/10.1126/science.278.5337.440
https://doi.org/10.1126/science.278.5337.440
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref42
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref42
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref42
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref42
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref43
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref43
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref43
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref43
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref43
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref43
https://doi.org/10.3406/jafr.1970.1676
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref45
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref45
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref45
https://doi.org/10.1073/pnas.252604599
https://doi.org/10.1073/pnas.252604599
https://doi.org/10.1023/A:1006355210516
https://doi.org/10.1023/A:1006355210516
https://doi.org/10.1007/s10437-015-9190-y
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref49
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref49
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref49
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref50
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref50
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref50
https://doi.org/10.1017/S0021853700018983
https://doi.org/10.1017/S0021853700018983
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref52
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref52
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref52
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref53
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref53
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref53
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref53
https://doi.org/10.1017/S0033822200035773
https://doi.org/10.1017/S0033822200035773
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref55
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref56
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref56
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref56
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref57
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref57
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref57
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref57
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref57
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref57
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref57
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref58
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref58
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref58
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref58
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref58
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref59
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref59
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref59
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref60
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref60
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref60
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref60
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref60
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref60
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref61
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref61
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref61
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref61
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref61
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref61
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref62
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref62
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref62
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref62
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref63
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref63
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref63
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref63
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref64
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref64
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref64
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref64
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref64
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref64
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref64
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref65
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref65
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref65
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref65
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref65
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref66
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref66
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref66
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref66
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref66
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref66
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref66
https://doi.org/10.1007/978-3-319-23153-2_17
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1017/CBO9780511921032.006
https://doi.org/10.2307/281060
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref71
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref71
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref71
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref71
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref71
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref72
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref72
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref72
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref72
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref73
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref73
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref73
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref73
https://doi.org/10.1126/science.1166352
https://doi.org/10.1038/ncomms3486
https://doi.org/10.1038/ncomms3486
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref76
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref76
https://doi.org/10.1016/S0140-1963(18)31690-2
https://doi.org/10.1016/S0140-1963(18)31690-2
https://doi.org/10.1016/j.jas.2007.01.003
https://doi.org/10.1017/S0003598X00100559
https://doi.org/10.1017/S0003598X00100559
https://doi.org/10.1017/CBO9780511921032.005
https://doi.org/10.1017/CBO9780511921032.005
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref81
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref81
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref81
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref81
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref81
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref81
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref81
https://doi.org/10.1126/sciadv.1601503
https://doi.org/10.1007/0-306-47547-2_4
https://doi.org/10.1007/0-306-47547-2_4
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref84
https://doi.org/10.1016/j.quascirev.2008.06.013
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref86
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref86
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref86
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref86
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref86
https://doi.org/10.1016/j.jas.2011.07.014
https://doi.org/10.1016/j.jas.2011.07.014
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref88
http://refhub.elsevier.com/S0277-3791(22)00319-5/sref88

	Climate change, migrations, and the peopling of sine-Saloum mangroves (Senegal) in the past 6000 years
	1. Introduction
	2. Material and methods
	2.1. The shell middens
	2.2. Radiocarbon dates
	2.3. Calibration
	2.4. Summed Probability Distribution (SPD)

	3. Results
	4. Discussion
	4.1. Radiocarbon dates, shellfishing, and population density
	4.2. Shellfish exploitation and population size
	4.3. The influence of sea level and coastal geomorphology
	4.4. The influence of climate change
	4.5. The influence of regional conflicts

	5. Conclusions
	Author statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


