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Abstract

The near-coast environments where oysters occur are among the most impacted by humans globally, especially during the Late-Holocene. Yet, in West
Africa, there is no documented historical record of change in these environments. We provide insight into the changing geochemical conditions of two
oyster environments through high-resolution analysis of total organic carbon (C), total nitrogen (N), carbon and nitrogen isotope ratios (5'>C, 5'°N), and
trace elements, in two cores retrieved from the Densu estuary and the Anyanui (Keta) Creek in Ghana. Drastic shifts in sedimentation rate occurred
in the Keta and Densu cores around 1996 CE and 960 CE respectively. At these times, comparatively, low levels of C and N were found in the Densu
core. Increasing C and N levels and decreasing 3'*C upcore aligned with the observed shift in sedimentation rate in the Keta core. The C/N ratios in
the Keta core suggest allochthonous organic matter (OM) dominance in the creek. The Densu core showed periodic changes in C/N ratios from very
high values (>20) between 1918 BCE and 1321 BCE, to values between 20 and | | between 1321 BCE and 1977 CE and below 10 from the late 1970s
CE to the present day, suggesting a varying degree of transformation in the catchment basin. Extremely high Sulfur (S) and moderate to significant Iron
(Fe) increases suggest reducing conditions in the Keta sediments. Moderate Calcium (Ca), Zinc (Zn), and Strontium (Sr) concentrations in the upper
part of the Densu core suggest a stronger influence of marine processes in the Densu in recent times. The findings reflect the impacts of catchment
basin modification on the health of the two coastal environments, likely to impact the growth, productivity, and sustainability of the fishery of the West
African mangrove Oyster.
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are highly dynamic but also complex and challenging due to con-
stantly changing conditions (Montagna et al., 2012). Large varia-
tions in geochemical conditions often driven by catchment area
modifications profoundly affect oyster growth, reproduction, pro-
ductivity, and survival (North et al., 2010). Landcover removal and
other land use changes accelerate the influx of sediments, organic
matter, nitrogen, and trace eclements to such transitional

Introduction

Opyster fisheries contribute significantly to the well-being and
livelihood needs of artisanal coastal communities in West Africa
(Mahu et al., 2022). For many years, the oyster fishery, dominated
by women, has sustained vulnerable communities across coastal
West Africa and continues to remain relevant in the context of
food security, poverty alleviation, health, and well-being, and
supporting gender balance. All these factors contribute directly to
attaining the UN Sustainable Development Goals. Within the
context of ecosystem systems services, oysters contribute signifi-
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cantly to improving environmental health, protecting coastlines,
and mitigating climate change, thus featuring significantly in the
goals of the United Nations Ocean decade for sustainable devel-
opment (2021-2030). Despite these numerous societal and eco-
system benefits, oyster populations have declined globally due to
various anthropogenic pressures (Zu Ermgassen et al., 2020).
More than 85% of oyster reefs have been lost to habitat degrada-
tion, water quality impairment, climate change, and mangrove
deforestation, ranking them among the most threatened ecosys-
tems on our planet today (Beck et al., 2011).

Oyster environments comprise nearshore ecosystems such as
estuaries, lagoons, and mangrove ecosystems. These environments
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Figure |. Map of sampling areas in the Densu Estuary and the Anyanui Creek, Ghana.

environments, thereby, altering their natural cycling, and creating
undesirable impacts on the ecosystem (Kennish, 2002). While the
flux of organic matter into coastal ecosystems is important for food
web dynamics and productivity (Bernoux et al., 1998), an exces-
sive supply of organic matter could compromise estuarine health.
For instance, marine primary production typically removes CO,
from surface water, thereby decreasing ocean acidification, and
adding this carbon as organic matter to bottom waters (Capelle
et al., 2020). Microbial breakdown of organic matter in bottom
waters releases CO,, consequently lowering the bottom water pH
(Hopkinson et al., 1998). Notably, carbon cycling in the marine
environment promotes aragonite under-saturation and pCO, eleva-
tion everywhere except in surface waters, with the most significant
impacts in bottom waters (Capelle et al., 2020). For bottom-dwell-
ing shellfish such as oysters, a lower aragonite under-saturation
state results in difficulties in shell building, leading to shell thin-
ning, reduced growth rate, and increased mortality (Gazeau et al.,
2011). Another consequence of high organic matter levels is the
removal of dissolved oxygen through microbial respiration (Wal-
lace et al., 2014), resulting in low dissolved oxygen levels. Stress
from low dissolved oxygen can yield profound lethal and sublethal
effects on many species, including oysters, leading to reduced
growth, reduced feeding, and increased susceptibility to disease
(Baker and Mann, 1994; David et al., 2005; Patterson et al., 2014).

The C/N ratios allow source determination of organic matter
in estuarine ecosystems, providing insight into how much influ-
ence estuaries and other nearshore coastal ecosystems receive
from fluvial or marine processes (Perdue and Koprivnjak, 2007).
Typically, C/N ratios between 4 and 10 indicate dominant marine
influence or in-estuary productivity, whereas ratios greater than
20 depict largely fluvial processes and terrestrial organic matter
influx into coastal ecosystems (Andersson et al., 2012). The §'*C
and 85N reflect both salinity and productivity variabilities in
coastal ecosystems, thereby, helping to discriminate between flu-
vial and marine processes (Medina and Francisco, 1997). Salin-
ity is an important ecological factor in oyster growth and health.
Changes in salinity have profound effects on the physiology of

oysters including altered filtration and respiration rates, growth,
reproduction, and mortality (Sutton et al., 2012; Yankson, 1990).
Estimates of C/N ratios combined with §!*C and §'°N are impor-
tant proxies for understanding historical changes in salinity and
nutrient regimes in oyster environments while deepening our
understanding of the impacts of watershed hydrological modifi-
cations on the environmental health of oysters and the fisheries
surrounding these (Leng and Lewis, 2017).

While the health of oyster environments globally has been
reported to be on the decline, the availability of historical data on
how these environments in West Africa have changed is unknown
due to limited research. High-resolution, long-term historical data
on estuarine geochemistry do not exist. This paucity of estuarine
biogeochemical data constrains our understanding of what is
changing in oyster environments, the extent and magnitude of the
change, and possible consequences to livelihoods and ecosystem
services. The present study used variabilities in trace elements
(Al, Si, K, Ti, Ca, Fe, Rb, Zn, Sr, Zr, Mn), C and N, (C/N ratios),
3'3C, and 8' N to look for geochemical changes in oyster environ-
ments in Ghana over the past ~3000 years. Although the data pre-
sented has wider implications for coastal ecosystem health, this
paper will discuss findings in relation to oyster health and produc-
tivity in West Africa.

Materials and methods
Sediment coring and preparation

Two sediment cores 150 and 200 cm in length were retrieved in
December 2021 from the mouth of the Densu Estuary (Densu
core) and Keta-Anyanui Creek (Keta core) respectively (Figure 1)
Located in the urbanized region of Ghana’s capital, the Densu
Estuary connects the Densu River to the Atlantic Ocean and sup-
ports healthy populations of the West African Mangrove Oyster
Crassotrea tulipa. Due to its location, the Densu estuary, a Ramsar
site, has experienced significant historical land-use and land
cover changes in its catchment, with significant growth in the
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built-up environment (Frank et al., 2019). The Anyanui Creek, a
tributary of the Volta estuary connects the Volta River, the Keta
Lagoon, and the Atlantic Ocean. The Creek is situated in a dense
mangrove forest in the Anloga District in the Volta Region. Unlike
the Densu Estuary, the catchment basin of Anyanui Creek is less
urbanized, however, there is evidence of fertilizer-intensive farm-
ing and trading of mangrove wood for livelihood purposes (Mahu
et al., 2023). Significant land-cover transformations in the Keta
area between 1991 and 2020 are linked to increased cutting of
mangroves for fuel wood and fishing traps and clearing the land
for agricultural purposes (Duku et al., 2021). The Creek which
once recorded a very healthy oyster population is currently wit-
nessing a decrease in the oyster population with remaining popu-
lations showing signs of stress including poor growth, and thin
and fragile shells. The two cores were collected using a 5cm
diameter X 50 cm length Russian-type corer. Cores were collected
in 50cm sections from overlapping adjacent boreholes with a
10cm overlap between core sections. On retrieval, sediments
were transferred to a PVC pipe and wrapped in aluminum foil
ahead of transportation to cold storage. The sediment cores were
stored at 4°C until ready for analysis. Each core was sub-sec-
tioned at 1 cm intervals and dried to constant weight at 60°C for
all analyses except for trace element scans which were carried out
on whole cores. The porosity and dry bulk density were deter-
mined at the Department of Environment and Geography Labora-
tories of the University of York.

Radiocarbon dating of cores and sedimentation rates

Chronologies were developed for each core through the analysis
of organic samples (tree bark and charcoal) isolated from selected
depths within each core. The organic samples were treated with
acid—base—acid (ABA) solution following Brock et al. (2010), to
remove soluble carbonates and prevent humic acids from perco-
lating into the sediment sequences. The pre-treated samples were
radiocarbon-dated by Acceleration Mass Spectrophotometry
(AMYS) at the Direct AMS Radiocarbon Dating Facility (Washing-
ton, USA). For the Keta core radiocarbon dates were obtained at
50, 100, 150, and 200cm depths, whereas for the Densu core,
dates were obtained at 100 and 150 cm depths. We did not date the
50cm depth of the Densu core because the prepared samples did
not have any charcoal or tree bark material. Age-depth models
were constructed using Oxcal 4.4 software (Bronk Ramsey, 1995,
2009) by applying the P-Sequence function, assuming k, = 1.
This method uses information about the order and position of
dates within a sequence to constrain posterior age distributions to
provide interpolated age range estimates for any given depth
(here: 1cm slices) within a modeled core. Outlier dates were
omitted from the model based on the Agreement Index (Bronk
Ramsey, 1995), an indicator of the overlap between prior data and
the posterior model. Samples were omitted should their agree-
ment index and the overall model be below 60%. Radiocarbon
dates were calibrated using the IntCal20 (Reimer et al., 2020) and
BombNH2 (Hua et al., 2022) curves for samples dated before and
after the year 1950 respectively. Calibrated dates referenced in
this study are the mean of the posterior distribution for readability
and are reported as BCE/CE.

C, N, C/N ratio, §'3C, and 8'°N

Analysis of C, N, 8'°N, and 8'3C was carried out at the National
Environmental Isotope Facility at the British Geological Survey
(Nottingham, UK). Oven-dried sediment was analyzed for C and
N using a Carlo-Erba CN analyzer, while 8'°N and 8'3C were
measured using an Elementar Vario ISOTOPE cube elemental
analyzer (EA) coupled to an Isoprime precisION isotope ratio
mass spectrometer (IRMS) with an onboard centrIlON continuous

flow interface system. The EA inlet converts organic materials in
solid sample matrices into pure gases via high-temperature com-
bustion. The post-combustion gas mixture is then separated and
focused into individual molecular species for quantitative nitro-
gen and carbon content analysis. It is then passed online to the
mass spectrometer to determine the stable isotope composition.
The §'3C and 8"°N data are reported in delta (3) notation in per
mill (%o) relative to the international reference scales VPDB and
AIR, respectively. 8'°C data were corrected using a two-point
calibration against organic analytical standard B2162 (spirulina,
Elemental Microanalysis Ltd.; —18.7%o) and a laboratory working
standard (BROC3, —27.6%o). 8'°N data were corrected using a
multi-point calibration to USGS40 (—4.5%o), USGS41 (+47.6%o),
B2162 (+6.1%0), and BROC3 (+1.5%0). The laboratory refer-
ence material BROC3 and B2162 have been calibrated for §'*C
using TAEA-CH-6 (—10.4%0), USGS54 (—24.4%.), USGS40
(—26.4%0), and B2174 (urea, Elemental Microanalysis Ltd.;
—36.5%0), and for 8N using USGS40 (—4.5%0), IAEA-N-1
(+0.4%0), and TAEA-N-2 (+20.3%0). BROC3 (41.3%C and
4.9%N) was used to calculate the carbon and nitrogen elemental
content of samples and C/N is reported as the mass ratio. External
precision (1o) for the within-run standards and sample repeats
was <0.1%o for both 3'*C and §"°N.

Trace element analysis

Trace element analysis was carried out at Manor Hall, Depart-
ment of Archeology, University of York using a high-resolution
Handheld Olympus Delta XRF, DPO2000 set to geochemical
mode. Each core was scanned at 1 cm intervals until 50 cm, after
which scans were made at 10 cm intervals up to the oldest regions.
This sampling strategy was adopted due to time constraints that
prevented the full length of each core from being analyzed at a
high resolution. Instead, we concentrated the high-resolution
analyses on the uppermost section of the core, assuming this
would contain the most intense periods of anthropogenic activity
relevant to the past few centuries. Lower resolution analysis was
carried out throughout the rest of the core, allowing us to assess
natural variability and characterize conditions before significant
levels of disturbance. Both cores were scanned for a wide array of
elements; however, only major elements Al, Si, K, Ti, Ca, and Fe,
and minor elements Rb, Zn, Sr, Zr, and Mn were detected in the
cores. For each core, standards (i.e. silicon) and standard refer-
ence material (SRM 2711a) were analyzed between scans. Over-
all, 18 SRM 2711a were analyzed for both cores. Recoveries
ranged from 72.4% for Ca to 130.3% for Zn.

Estimation of geochemical enrichment factors

The enrichment factor evaluates the control of anthropogenic pro-
cesses on trace metal accumulation in sediments by differentiat-
ing between metals originating from anthropogenic sources and
those originating from natural sources (Raj and Jayaprakash,
2008). Estimation of trace metal enrichment factor helps to deal
with variabilities in trace element concentration associated with
natural geochemical factors including grain size effect. It normal-
izes the measured trace element concentration in the sample with
respect to a sample reference element such as Al, Fe, or Ti (Raj
and Jayaprakash, 2008).

The element Al was used as the sample reference element in
this study since its concentration is derived majorly from natural
processes and it is considered one of the most abundant elements
in the upper continental crust (Raj and Jayaprakash, 2008). The
enrichment factors were estimated from Equation 1.

EF - [i}s{ﬂ}es I
Cie Cie
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Table |. Radiocarbon and IntCal20 calibrated ages of the Keta and Densu cores retrieved from the Anyanui Creek and Densu Estuary

respectively.

Lab code Core ID Depth (cm) Sample type Fraction modern C Radiocarbon age Calibrated ages
(Years BP)
pMC | & error BP | & error
D-AMS 046340 KETA 50 Tree bark, charcoal 105.82 0.39 Modern 14+ |
D-AMS 046341 KETA 100 Tree bark, charcoal 107.78 0.34 Modern 25+3
D-AMS 046342 KETA 150 Tree bark, charcoal 98.54 0.27 118 22 201 £22
D-AMS 046343 KETA 200 Tree bark, charcoal 78.32 0.28 1963 29 1952 =29
D-AMS 046345 DENSU 100 Tree bark, charcoal 87.29 0.25 1092 23 1072 +23
D-AMS 046346 DENSU 150 Tree bark, charcoal 63.75 0.22 3616 28 3997 £28
(a) (b)
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Figure 2. Age-depth curves of Densu (a) and Keta Cores (b) generated in OxCal version 4.4 (Bronk Ramsey, 1995, 2009).

where Ci is the element under consideration, the square brackets
indicate concentration (usually in mass/mass units, such as mg/
kg), Cie is a reference element, S is the sample of interest and RS
is the reference sample. Upper continental crust (Taylor and
McLennan, 1995) was chosen as the reference material for this
study. The enrichment factor is interpreted using five categories
of enrichment values: EF <2, implying depletion to mineral or
natural enrichment; 2 <EF <5, implying moderate enrichment;
5<EF <20, implying significant enrichment; 20 =< EF <40;
implying very high enrichment; and EF > 40, implying extremely
high enrichment in the sediments (Taylor and McLennan, 1995)

Results

Radiocarbon dates, age-depth model, and
sedimentation rates

The results of the radiocarbon dating are presented in Table 1 and
the modeled chronology for each core is presented in Figure 2.
The 150cm long Densu core was aged to 3997 = 28 years BP
whereas the 200 cm long Keta core was aged to 1952 = 29 years
BP. For the Keta model, an initial run showed poor model agree-
ment (30.2%) caused by low agreement between samples at 200

and 250 cm depths, likely due to the penetration of younger man-
grove roots. Removal of these samples greatly enhanced the
agreement between priors and posterior data (92.8%); therefore,
this was the model that we chose to use in this study. This model
indicates that rapid accumulation occurred at approximately
100cm (1996 CE) to the top of the core, with a mean modeled
sedimentation rate of 4cm/year. Before this, the sedimentation
rate was 0.3 cm/year from 1823 CE to 1992 CE and 0.03 cm/year
from 62 CE to 1820 CE.

The Densu model showed far better agreement (99.1%). Just
like the Keta core, there is a similar rapid increase in sedimenta-
tion around 100cm from 0.02 to 0.1 cm/year. In the Densu core,
this shift occurred around the year 960 CE whereas in the KETA
core sedimentation rates sharply accelerated in recent times, with
a mean date of 1996 CE.

C, N (C/N), 8'3C, and 8'°N

Downcore variations of C, N, (C/N), §'*C and §"°N are shown in
Figure 3. Generally, the Densu core shows a decreasing C content
upcore (from 2.2% to 0.1%) with values >1% observed between
1384 BCE and 1918 BCE. Like the C, the N content in the Densu
core decreases upcore with values ranging from 0.01% to 0.07%.
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Figure 3. Downcore profiles of sedimentation rates, dry bulk density, C, N, C/N ratio, 3'*C and §'°N of the Densu (a) and Keta (b) Cores.

Negative ages on the y-axis represent BCE years.

Very low values of 0.01% occur between 1678 CE and 1502 CE
while high N values (N> 0.06%) occur between 1440 BCE and
1919 BCE. High C/N in the older regions of the core corresponded
with low bulk-density values and vice versa. The C/N ratios
decreases upcore (from 39 to 9) in the Densu Core. High C/N
values (CN >20) occur between 1440 BCE and 1919 BCE, var-
ied between 19 and 11 between 1384 BCE and 1967 CE, and
remained below 10 from 1977 CE to the present. Generally, §'°C
values increase upcore, varying between —26%o and —23%o. The
N content of the Densu core is too low to measure §'°N. Largely,
the C and N content of the Keta core increase upcore, varying
between 1% and 17%, and 0.03% and 0.9% respectively. High C
and N correspond with low bulk density with the later decreasing
upcore. Several high peaks implying huge variabilities in both C
and N content were observed in the Keta core.

The 8'3C values in the KETA core decrease upcore from —25%o
and —28%o with low values corresponding to C, N, and C/N peaks.
The 8'5N values increase upcore varying between 1.7%o and 8.1%o
with very high values (i.e. 8'"N>4%o) occurring between 2000
CE and 1996 CE. Due to the very low N content (i.e. N <0.1) from
758 CE to 62 CE, no 8'°N was measured in this part of the core.

The C, N, 8'3C, and 8'°N data in the Keta core are all compara-
tively higher than in the Densu core, except for 8'3C which
increases toward the present and vice versa in the latter. A strong
correlation (R*=0.82 for Densu and R?>=0.86 for Keta) exists
between N and C in both cores (Figure 4).

Trace element geochemistry

Both major and minor elements show high variability in both the
Densu and Keta cores with no distinct trends observed upcore or
downcore. In the case of the Densu, major element concentrations
varied between 2.7% and 5.8% for Al, 18.4% and 32% for Si,
0.1% and 3.7% for S, 0.1% and 0.5% for K, 0.1% and 4.8% for
Ca, 0.2% and 0.4% for Ti, 0.8% and 1.9% for Fe (Figure 5). For
the Keta core, major element concentrations vary between 2.3%
and 6.2% for Al, 6.9% and 28.2% for Si, 1.3% and 4.7% for S,
0.2% and 0.4% for K, 0.01% and 1.6% for Ca, 0.1% and 0.4% for
Ti, 1.2% and 3.0% for Fe (Figure 5). Generally, the levels of all
major elements except for Ca are higher in the Keta core relative
to the Densu core. The minor element profiles exhibit a high
degree of variability down both cores (Figure 6). Minor elements
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Mahu et al.

(a) Zn (ppm) Rb (ppm) Sr(ppm) Y (ppm)  Zr (ppm) Mn (ppm)
20007 O
my
O  1500{~ 50 A
L £
) S
m =
S g
o 1000{9 . |
o) 100
< 5001
O,
-500
-1000
-1500-
150 ———— —_ —— ——— ——— e
15 25 35 4520 25 30 150 250 5 7 9 11100 200 100 300
b
()2022_ o Zn (ppm) Rb (ppm) Sr(ppm) Y (ppm)  Zr(ppm) Mn (ppm)
w
o 501
L
O 8
S 20001g
o @ 100
© [m]
(@)]
<
1800{ 1504
1400
10007
6007
200" oqp —

Figure 6. Downcore profiles of Zn, Rb, Sr, Y, Zr, and Mn in the Densu (a) and Keta (b) cores. Negative ages on the y-axis represent BCE
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vary between 14 and 48 ppm for Zn, 18 and 34 ppm for Rb, 129
and 347 ppm for Sr, 77 and 249 ppm for Zr, and 86 and 457 ppm
for Mn (Figure 6a). The minor element concentrations in the Keta
core vary between 16and 90 ppm for Zn, 10 and 47 ppm for Rb,
47and 67 ppm for Sr, 55 and 215 ppm for Zr, and 74 and 414 ppm
for Mn (Figure 6b). The Densu core has comparatively higher Sr
relative to the Keta.

Trace element enrichment factors

The variabilities observed in the concentrations of trace elements
in Figures 5 and 6 are likely due to geochemical effects such as
grain size (Liu et al., 2019), and thus may not necessarily reflect
pollution from industrial or mining sources. The level of pollution
in the two estuaries with respect to major and minor elements is
explained using the estimated enrichment factors. The Densu core
shows depletion in S and K, depletion to moderate enrichment in
Fe, depletion to significant enrichment in Ti, and significant to
extremely high enrichment in S (Figure 7). The Keta core, on the
other hand, shows depletion in Ca and K, depletion to moderate
enrichment in Si, depletion to significant Ti and Fe, and extremely
high enrichment in S (Figure 7). Although no distinct trends in
major elements are observed, high enrichment values have been
observed in recent times. Though both cores show extremely high
enrichment in S, the values are more than 10 times higher in some
sections of the Keta relative to the Densu.

For minor elements (Figure 8), the Densu core shows deple-
tion in Rb, and Mn, depletion to moderate enrichment in Zn and

Sr, and depletion to significant enrichment in Zr. The Keta core,
on the other hand, shows depletion in Rb, Mn, and Sr and
depletion to significant enrichment in Zr and Zn. The trends
observed in the profiles of enrichment factors for minor ele-
ments are not different from what was observed for the major
elements in both cores.

Discussion
Radiocarbon dates and sedimentation rates

Obtaining reliable chronologies from mangrove sediments is
challenging, due to the complexity of mangrove carbon cycling
(Sefton et al., 2021) and the dynamic sedimentary environment
(Peros et al., 2015). The use of ligneous remains and charcoal as
dating material may mean that the dates reported in this study
may have been affected by the “old wood effect,” whereby woody
remains and charcoal can be much older than the sediments in
which they are deposited within (Schiffer, 1986). It is difficult to
assess the accuracy of these age-depth models due to these uncer-
tainties, in addition to the limited number of dates available in the
study. Despite these limitations, the models generated show a rea-
sonable agreement with the data. As well as showing agreement
with stratigraphic shifts seen in the profiles of C and N in both
cores, these dates provide an interpretative chronological frame-
work for the chemical analysis.

The sedimentation rate in estuarine environments is partly
controlled by the sediment supply, which depends on factors such
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Figure 7. Profiles of Enrichment Factors for Si, S, K, Ca, Ti, Fe, and La for the Densu (a) and Keta (b) Cores.

as climate, the transformation of a river, and its catchment, as well
as other processes occurring in the sea (Armitage et al., 2011).
While natural events such as floods can significantly affect sedi-
mentation rates, most of the factors are linked to human activities
like reclamation, urbanization, industrialization, and deforesta-
tion (Godoy et al., 2012; Sanders et al., 2016). Although sedimen-
tation rates were far slower in the Densu core compared with
those obtained at Keta, coincidentally, both cores showed a rapid
increase in sedimentation rate observed at around 100cm depth.
At first glance, the coincidental alteration in sedimentation rate at
the 100 cm mark may be interpreted as stemming from compara-
ble natural or anthropogenic factors influencing the shift in sedi-
mentation regime in both estuaries. However, it is important to
note that the two depths represented different ages in both cores.
In the case of the Densu core, the rapid shift in sedimentation rate
at 100 cm overlaps with the year 960 CE whereas in the KETA the
shift at 100cm is more recent occurring around 1996 CE. This
suggests that different factors could be driving the sediment
inflow and variabilities within the two systems. For the Keta core,
we attribute this recent and significant change in sedimentation
rate to human-induced alterations in land use and land cover
dynamics within the Anloga-Anyanui area, notably the extensive
harvesting and trade of mangroves for fuel wood (Aheto et al.,
2016; Sekey et al., 2023) and clearing of land for farming pur-
poses (Mahu et al., 2023). During the period from 1991 to 2020,
a total of 37.6% of mangrove/dense vegetation cover, equivalent
to 200.2km?, was lost in the Keta-Anyanui area (Duku et al.,
2021). This unusual harvesting of mangroves and the resultant
loss in forest coverage has created several kilometers of bare earth

within the Creek’s catchment, consequently accelerating the
influx of sediment into the Creek. In the Densu core, the observed
periodic shift in sedimentation rate coincides with a sharp
decrease in 8'3C, spikes in §'°N, and a high C/N ratio at 960 CE,
suggesting historical catchment changes arising from either
anthropogenically driven land-use change or climatic variations
such as extended periods of drought accompanied by flood events.
We argue that the latter is a more probable cause of the sedimenta-
tion shift in the Densu because population growth and heavy land-
use transformation are quite recent dating back to the late 90s. On
the other hand, significant expansion in the built environment,
mainly housing and gray infrastructure during the mid to late 90s
within the watershed of Densu coupled with damming of the
Densu River is likely the cause of low sedimentation rates
observed in recent times in the Densu.

While oysters occur on sediment beds and have the potential
to naturally filter sediments, heavy sediment loads may be detri-
mental to their growth and survival; in the case of the Anyanui
Creek, this rapidly increasing sedimentation rate is likely to pose
challenges to oyster feeding, growth, and survival. Several studies
have established that heavy sediment loads in estuaries impact
oyster larval settlement (Poirier et al., 2021), and impair respira-
tion and feeding rates in juvenile and adult oysters (Loosanoff,
1962; Loosanoff and Tommers, 1948; Wilber and Clarke, 2010).
Although adult oysters can discern between inert and organic par-
ticulates (Gonda-King et al., 2010), at higher levels of siltation
and sediment accumulation, they generally reduce valve opening
and filtration time, which negatively affects their growth rates
(Gonda-King et al., 2010). Sedimentation impacts on bivalves are
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of broader concern for ecosystem health, wild fisheries, and the
associated livelihoods. Unpublished data on historical growth rate
of oysters in the Anyanui Creek and Densu Estuary show very
slow growth rates in the former compared to the latter with
improved growth rates in the latter observed in recent times.

C, N (C/N), 3C, and §'5N

Enhanced C in aquatic ecosystems can be both beneficial and det-
rimental to benthic organisms (Pearson, 1978). The extremely
high levels of C in the Keta core compared to the Densu core align
with the high sedimentation rate in the Anyanui Creek which is
attributed to intense vegetation cover removal, turning forested
lands in the catchment basin bare, particularly in recent years. The
C content in aquatic ecosystems is influenced by initial biomass
production and subsequent degradation, thus integrating the dif-
ferent processes of organic matter source, delivery routes, deposi-
tional, and preservation (Meyers, 2003). High sedimentation
rates and increasing grain size inferred from the dry bulk density
measurement imply short transport time for the sinking particles,
and subsequently, low exposure to water column oxidation result-
ing in higher preservation of C in the Keta core. Thus, the C con-
tent in the sediment could represent a bulk value of organic matter
that escaped remineralization during sedimentation and subse-
quent burial.

The C/N ratio is important in the discrimination of organic
matter sources in aquatic ecosystems. Typically, algae have molar
C/N values that are commonly between 4 and 10, whereas

vascular land plants, which are protein-poor and cellulose-rich,
create organic matter that usually has C/N ratios of 20 and greater
(Meyers, 1994). The higher C/N ratio and §'*C values in the Keta
core, particularly in recent times, depict the dominance of organic
matter originating from higher terrestrial plants. The marine algae
organic matter dominance observed in the mid-1800s in the Keta
core suggests a substantial change in land cover during this period
which could have reduced terrestrial and fluvial input, promoting
in-estuary tidal production of algal organic matter. The C/N and
8'3C of the Densu core on the other, show a distinct progression
from higher vascular plant dominance (high C/N ratios, lower
313C values) of organic matter from the oldest region of the core
to marine algae dominance of organic matter (low C/N ratios,
higher 8'3C values) from 1977 CE to present day. An explanation
for this change could be a reduction in land-based or riverine
organic matter flux into the Densu estuary through time arising
from catchment transformation including deforestation to wet-
land vegetation degradation to the establishment of a well-built
environment (Antwi-Agyakwa, 2014; Frank et al., 2019). The
period coincides with the construction of the Weija Dam in the
year 1978 on the Densu River (Kuma and Ashley, 2008). It is
obvious from this study how the damming of the Densu River has
changed the organic matter dynamics and geochemical outlook of
the Densu estuary. The estuary is now totally opened to the adja-
cent sea with limited freshwater input only when there is dam
spillage or precipitation. This gives it near or typical seawater
salinities (>25 PSU) during most times of the year. The Keta core
on the other hand portrays a system dominated by freshwater
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influx with little seawater influence with a measured salinity
ranging between 5 and 12 PSU. Salinity is among the most impor-
tant factors affecting the growth and survival of oysters (Davis,
1958; Nell and Holliday, 1988; Tan and Wong, 1996; Wang and
Li, 2018), with changes in salinity regarded as one of the most
significant environmental stressors for oysters. In a previous
study, a very high vulnerability index of 12 estimated for the West
African Mangrove oyster C. fulipa places it among marine organ-
isms that are highly vulnerable to climate change and climate
variability (Mahu et al., 2022). Salinity fluctuations driven by
variabilities in precipitation and sea level rise is among the most
important exposure factors driving this very high vulnerability
score. Though adapted to live in a wide range of salinities from 4
to 50 ppt (Mahu et al., 2022), higher salinities have yielded high
feeding, growth, and breeding success in the West African man-
grove oysters (Sutton et al., 2012; Yankson, 1990). Hence in the
case of the Keta-Anyanui Creek, our data on reducing salinity in
the Creek is well corroborated by the declining growth rate and
large mortalities we are observing in the Creek.

The composition of §'°N in aquatic sediment can be linked to
various factors (in a similar way to 8'3C) including nitrogen
source, nutrient cycling processes, organic matter input, redox
conditions, changing rates of sedimentation for marine and ter-
restrial input, and anthropogenic processes (Sebilo et al., 2019;
Sweeney and Kaplan, 1980). Terrestrial nitrogen compounds
discharged as sewage effluent can be differentiated by §'N
from non-sewage-related nitrogen compounds. Redox condi-
tions in sediments, particularly, oxygen availability can influ-
ence the 85N, with aerobic conditions favoring nitrification,
which can result in 8'°N depletion and anaerobic conditions pro-
moting denitrification, leading to 8'°N enrichment (Ke et al.,
2019). Also, sedimentation rates can affect the preservation of
organic matter in sediments with higher sedimentation rates
implying faster burial of organic material. This preservation of
organic matter decreases exposure to oxygen and microbial deg-
radation, maintaining the original 3'°N signature of the organic
matter. While it is difficult to ascertain the exact control on §'°N
in both cores, the contrasting sedimentation rates in the two
cores are likely to play a role in higher 3'N enrichment in the
Keta core and lower 8'3Nin the Densu core. The high 8'°N val-
ues from the change in sedimentation to the top of the Keta core
imply faster burial of organic matter and therefore the high !N
values. Again, from the 8'3C profiles, the Densu core has higher
8"3C compared to the Keta Core, suggesting more algae-gener-
ated organic matter in the former and terrestrial organic matter
dominance in the latter. Considering that generally, marine
plants tend to have lower 8"°’N compared to terrestrial plants
(Hoffman et al., 2008), the variabilities in §'°N in both cores
provide further evidence of dominant marine-dominated pro-
cesses in the Densu Estuary and terrestrial-dominated processes
in the Anyanui Creek.

Trace element geochemistry and enrichment

Sulfur (S) deposition in sediments is higher in eutrophic than in
oligotrophic sediments due to higher rates of S reduction, enhanced
sedimentation of organic S, and less reoxidation (Holmer and
Storkholm, 2001). The extremely high enrichment of S and Fe in
both cores suggest potential ongoing reduction processes at vari-
ous scales at the bottom of both the Densu estuary and the Anyanui
Creek. These reduction processes could have created chemical
boundaries leading to the enrichment of other trace elements and
85N (described above) in the cores. A study conducted on surface
sediments for the Densu Estuary showed high and low enrich-
ments of Fe and Mn respectively in the sediments (Akita et al.,
2020). The intensity of the reduction processes in the bottom could
trigger other chemical processes such as ocean acidification and
hypoxia, which has the potential to induce larvae mortality and

retard growth in juveniles and adult oysters (Jeppesen et al., 2018;
Lemasson et al., 2017; Stevick et al., 2021). In unpublished data,
we consistently find very low dissolved oxygen and anoxic condi-
tions in some parts of the Keta-Anyanui Creek. These low oxygen
levels, coupled with high sedimentation rate, high nutrient and
organic matter content, and low salinity in the Keta-Anyanui
Creek present the oysters with coping and adaptation struggles
contributing to the poor growth conditions and increasing mortali-
ties witnessed in the Creek. Also, oysters and bivalves in general
have the potential to bioaccumulate trace elements (Mok et al.,
2015; Rodrigues et al., 2022; Zhu et al., 2020), implying that oys-
ters in both estuaries may be incorporating more than acceptable
levels of trace elements into their tissues. Recent studies on heavy
metal accumulation in oyster tissues from some selected estuaries
in Ghana including the Densu, reported high levels of heavy met-
als in the tissues of the oyster (Owusu-Prempeh et al., 2022). This
potential of oysters to bioconcentrate trace metals has dire impli-
cations for their ecological functioning and ecosystem processes
as well as for human health.

Conclusions

Oyster fisheries support the livelihoods of vulnerable artisanal
coastal communities along the West African Coast. In addition,
they render a suite of ecosystem services to coastal environments
in the region. However, their landings and numbers have declined
significantly in the past century. The study documents evidence of
changing geochemical conditions in two oyster environments,
Densu Estuary and keta-Anyanui Creek in Ghana through high-
resolution studies of two sediment cores, highlighting likely
impacts to the oyster fishery.

Rapid shifts in sedimentation rates have occurred in both eco-
systems through time, however, in the keta-Anyanui Creek, the
change in sedimentation rate was more pronounced, and occurred
very recently starting from ¢.1996 CE to the present. In the case
of the Densu estuary, the change in sedimentation rate was com-
paratively little slower and occurred late in the core at ¢.960 CE.
The shift in sedimentation of the Anyanui Creek coincides with
periods of intense land cover change that is, mangrove degrada-
tion and vegetation clearing in the Anloga-Anyanui catchment.

High organic matter accumulation is observed in the Keta-
Anyanui Creek relative to the Densu estuary core with C levels in
the former about nine times that observed in the latter. The trend
observed in C levels agrees with the sedimentation rate in the
Anyanui Creek with C levels increasing up the core. On the con-
trary, the Densu core shows an increasing C content downcore
with high C values corresponding to the oldest parts of the core.
The trends in N content are like those observed in C for both cores
respectively with C and N showing strong correlations.

The C/N ratio and 8'3C values of the Keta core suggest organic
matter dominated mainly by wetland vegetation with little algae.
The C/N ratio and 8'3C values of the Densu core show a progres-
sion from higher vascular plant dominance of organic matter from
the oldest region of the core, followed by mangrove dominance
by ¢.1977 CE, and from then on depicting increasing marine algae
to present day. The period of transitioning from mangrove domi-
nance to marine algae dominance coincide with the daming of the
Densu River in 1978. This observation in the Densu estuary
clearly demonstrates a catchment basin that has witnessed various
degrees of transformation possibly starting from massive removal
of forest cover to wetland vegetation degradation and the estab-
lishment of a well-built environment in present-day.

Extremely high enrichment in S and moderate to significant
enrichment of Fe were observed in both the Keta and Densu
cores’ though higher in Keta. These elevated levels in metals sug-
gest possible ongoing reduction processes at various scales at the
bottom of both the Densu estuary and the Keta-Anyanui Creek,
particularly in the latter.
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The changes in sediment geochemistry in both cores reflect
ongoing changes in the chemical and physical signatures and con-
sequently the health of these ecosystems at a timescale that has
not been documented previously. Broadly, these changes will
impact the biodiversity and other services such as fisheries pro-
duction provided by the two ecosystems. With respect to the oys-
ter fisheries, we show from these geochemical data how this
globally threatened fishery is being impacted by changing local
environmental conditions. With the poorest conditions that is,
very high sedimentation rate, high organic matter accumulation,
high 8N, high S, and low oxygen levels and salinity documented
in the Keta-Anyanui Creek, we conclude that oysters in this envi-
ronment face serious coping and adaptation challenges. These
challenges are evident in the poor growth rate and population
health seen in the oyster fishery in the Keta-Anyanui Creek dur-
ing the past five decades. The changes observed in the health of
both environments are largely driven by various transformations
in the catchment basin of the two ecosystems, which in the case of
Keta-Anyanui, comprise the harvesting and trading of mangroves
as well as clearing of the land for agriculture purposes. Such
transformations in the catchment will not only impact the oyster
fisheries, rather the impacts will extend to the wider inshore bio-
diversity and fisheries with wide ramifications to livelihoods and
the functioning of this important wetland, RAMSAR, and Key
Biodiversity Areas. We recommend management actions that pri-
oritize catchment basin protection, ecosystem restoration, and
alternative livelihoods devoid of mangrove trading for coastal
communities. Future research should focus on addressing ques-
tions on the response of oysters to specific geochemical parame-
ters by looking at their direct or indirect impacts on the health of
oyster environments. Studies should also focus on devising cop-
ing and adaptation strategies that promote oyster population
growth to support livelihoods and enhance ecosystem services.
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