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Uncertainties associated with wild harvests of seed and adult oysters due to unknown
oceanographic oscillations are a major challenge in oyster fisheries and aquaculture
development. In contribution to addressing this challenge, we proffer clarity on the
spatiotemporal variations in spatfall (number of spat/m?) of the mangrove oyster
Crassostrea tulipa (Lamarck, 1819) in four estuaries along the Gulf of Guinea coast. By
monthly deployment of artificial substrates affixed to bamboo racks over 12 months,
we find significant differences in spatfall among and within the brackish systems, and
across months and seasons. Spatfall regimes were unique in each ecosystem albeit
with an overall preponderance of dry season availability of spat. Locations with reef
oysters had superior spatfall to mangrove root-adapted-oyster areas. Narkwa, a
relatively small lagoon with reef oysters had the highest annual mean spatfall, which
was 1.3, 2.5, and 9.8 folds the spatfall in Densu Delta, Benya Lagoon and Whin Estuary,
respectively. Spatfall varied significantly by depth as the more frequently exposed top
collectors harvested much less spat than submerged collectors. There was a year-
round availability of spat, confirming continuous spawning in C. tulipa. Spatfall
variability was significantly driven by fluctuations in prevailing dissolved oxygen and
salinity. Prevailing dissolved oxygen and salinity levels in the estuaries for optimal spat
settlement were 1.68 — 3.40 mg L™ and 11.00 — 29.33 ppt (parts per thousand),
respectively. The findings of this study are recommended as empirical reference points
for sustainable seed procurement for aquaculture production and management of C.
tulipa fishery in the region of the study.
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1 Introduction

Mangrove oysters distributed along the shores of the tropical Atlantic
Ocean are a vital fishery resource harvested by many communities for
subsistence and commercial purposes. The meat of these oysters is a
cheap source of animal protein and more so for the vulnerable (women
and children) in coastal communities of developing nations. At the same
time, the shells are utilised as a building material, as a poultry feed
ingredient and in traditional medicine, particularly in West Africa
(Yankson, 2004). Active fishing and trade of these oysters occur in
South America (Lapegue et al., 2002; zu Ermgassen et al.,, 2020) and West
Africa (Osei et al., 2020; Chuku et al., 2022), where a vast expanse of
mangrove vegetation provides suitable habitat for the growth of
mangrove oyster species such as Crassostrea rhizophorae and
Crassostrea brasiliana in South America and the Caribbean, and
Crassostrea tulipa in West Africa. In West Africa, for example, fisheries
associated with C. tulipa and other shellfish of estuarine ecosystems were
valued at US$ 300 million in 2021, with women being the primary
beneficiaries (Chuku et al., 2022).

The continued dependence on this vital resource for food and
livelihoods is, however, threatened by climatic factors, mangroves’
degradation for fuelwood use, and other marine stressors, resulting in
unpredictable yields. The open-access nature of the fishery in many
regions also exposes the animals to overexploitation, thus rendering
many populations of the species unsustainable and at risk of total
depletion (Cabral et al, 2019; Arthur, 2020; Aguion et al., 2022).
Particularly in West Africa, mangrove oysters are not targeted for
management on a broad scale (Chuku et al, 2022). To safeguard
mangrove oyster populations to ensure communities who depend on
the species obtain food security and livelihood opportunities, many
stakeholders have adopted to encourage the aquaculture and wild
management of the species (Asare et al., 2019; Chuku et al,, 2020;
Chuku and Osei, 2020; Osei et al., 2021; Mahu et al., 2022). On the
other hand, there is also a strong interest in shifting from fed to non-
fed aquaculture species as the latter does not require supplemental
feeding, hence, has minimal risk of polluting the environment
(Fredheim and Reve, 2018; Bhosle et al., 2021; Barrett et al., 2022;
McClenachan and Moulton, 2022).

Whereas the threats to the wild fishery and benefits of farming
mangrove oysters are well acknowledged, the essential data on biology
and ecology needed to manage its fishery and inform the large-scale
aquaculture of the endemic species C. tulipa is limited in many coastal
areas of the eastern Atlantic coast. Factors influencing the
reproduction and successful recruitment of new cohorts into the
wild stock of the species are not well researched. Meanwhile,
the present exploitation of C. tulipa is faced with fluctuating harvest
yields, an occurrence anecdotally attributed to the annual climate
variability, i.e., the wet and dry seasons. Oyster fishers have reported
low yields during periods of high rainfall, whereas periods after the
rains have seen increased yields. The accounts on C. tulipa harvests,
consequential of spat availability or stock recruitment, are speculative
at present, thus, impeding its exploitation to the full potential.
Further, the survival of adult C. tulipa in this region’s myriad of
suitable natural habitats is unknown and very little is known of the
conditions for optimum seed availability for possible procurement in
its aquaculture and the wild management of the species.
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This lack of data is limiting the development of C. tulipa in
support of coastal management objectives to tackle undernutrition
and hunger (SDG 2) and ensure decent jobs and economic growth
(SDG 8) through sustainable management of life below water (SDG
14). The literature on mangrove oysters is bereft of data on
spatiotemporal spatfall regimes assessed in tandem with the
corresponding physico-chemical estuarine conditions to model the
effects on spatfall. At present, the species is known to have fast growth
reaching table size in approximately seven months in open culture
(Asare et al., 2019) and exhibits protandric sequential
hermaphroditism as a reproductive adaptation (Yankson, 1996).
Considering the foregoing and the fact that the adult stocks are
almost fished out in some estuaries during harvesting periods,
an understanding of the larval availability is a crucial step
toward sustainability interventions, that is, management and
aquaculture development.

In this study, we address the data deficit in spatial and temporal
spatfall dynamics of C. tulipa by running experiments in different
brackish ecosystems selected to reflect different hydrodynamics along
the coasts of the Gulf of Guinea. We were particularly interested in
ascertaining variations in spatfall at different water depths, as
conditions in these different layers were unknown. The monthly
and seasonal availability of C. tulipa spat in each brackish system
was assessed from November 2017 to October 2018. To depict relative
depths at the different spat collection sites and the potential influence
on spatfall, bathymetry maps were developed and overlaid with
“presence of adult C. tulipa” data. This was necessary as spat
availability is a function of larval production which is dependent on
adult spawning and successful spat recruitment (Friedman et al,
1998; Soria et al.,, 2015; Gregori et al., 2019). We further regressed
some physicochemical estuarine parameters against the observed
spatfall regimes at the different stations and throughout the year to
identify the significant hydrographic predictors and their prevailing
ranges for optimal C. tulipa spatfall in the open estuary. This
knowledge on spatfall regimes highlights the significance of
different ecosystems to enable coastal management decisions,
including the establishment of protected areas to conserve oyster
breeding grounds as demanded by the industry (Kennedy and
Roberts, 2006; Laing and Spencer, 2006; Gregori et al., 2019).

2 Materials and methods

2.1 Study sites

Four brackish systems — an open lagoon, an intermittently closed
lagoon, a deltaic estuary and a classical fluvial estuary reflecting the
hydrography of coastal brackish ecosystems along the Gulf of Guinea -
were assessed for C. tulipa spat availability. Sites representing each of
these systems were selected in the eastern part of the Gulf of Guinea, on
the coast of Ghana. The open and intermittently closed lagoons were
represented by Benya (located between 1°20'50” W, 5°04'59” N and 1°21
26" W, 5°05’18” N), and Nakwa (located between 0°56'22” W, 5°12'17”
N and 0°54'41” W, 5°12'32" N) lagoons, respectively. The Densu Delta
represented the deltaic estuary (lies between 0°16'43” W, 5°34'07” N and
0°20'02” W, 5°30"21" N), and the classical fluvial estuary was represented
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by Whin (located between 1°46'47” W, 4°52'52"” N and 1°46'04” W, 4°
52’30” N). The locations of these water bodies spanned a distance of
about 200 km from the easterly Densu delta to the westerly Whin Estuary
(Figure 1). These water bodies were selected to represent significant
oyster harvesting locations along the Ghana Gulf of Guinea coastline and
also to explore the uniqueness of the brackish systems, with respect to
hydrology and geomorphology, in the region.

The Densu Delta is a deltaic estuary. The larger Densu River Delta
wetland (Figure 1A) is a Ramsar site and covers a vast low-lying land
mass encompassing the concession of a salt manufacturing company.
Excluding the salt company, the wetland covers an area of about 8.2
km”. The delta is heavily influenced by freshwater from the Densu
River, which is dammed upstream by the Weija Dam and emerges as
smaller tributaries downstream that empty into the wetland,
cumulating in the southerly estuarine section before discharging
into the Gulf of Guinea. C. tulipa colonies are found on the bed of
the estuary having lost their primary habitat (mangroves) to
degradation from cutting for use in the artisanal brush-park fishing
in the Densu delta.

Narkwa Lagoon is a complex, intermittent lagoon estuary which
lies parallel to the sea and is regularly fed by one of the two major
tributaries of the Okye River, the Narkwa-Okye tributary. The lagoon
has a somewhat centrally placed mouth usually open to the sea
(Figure 1B), which seals off once in several years to form a
continuous sand bar (observed during the course of this study) as a

10.3389/fmars.2023.1075313

result of persistent sand accretion. The sand bar breaks after a few
months by the force of water from the riverine source during the rains
or mechanically opened to revert resulting floods. The lagoon covers
an area of about 0.6 km”. The oysters C. tulipa are adapted to the
sandy-mud bottom of the lagoon.

Benya Lagoon is an open tidal lagoon constantly flooded by the
sea. Benya Lagoon (Figure 1C) is a man-made open lagoon which
maintains contact with the Gulf of Guinea throughout the year
(Obodai et al., 1991). Dykes have been constructed at the mouth of
the lagoon to maintain a permanent opening. The lagoon is bordered
on the east by the densely populated urban community, Elmina, and
to the immediate west and north by mangrove vegetation and large
saltpans. C. tulipa abounds on the roots of the mangrove fringing the
lagoon, with a few found on the muddy bottom. The lagoon receives
minimal freshwater inflow during the rainy season.

Whin Estuary (Figure 1D) is a classical river estuary. It lies
oblique to the Gulf of Guinea relative to the orientation of the
prevailing shoreline at its narrow mouth, which is about 90 m wide
compared to further upstream where it spans over 350 m wide. It is
relatively shallow and constantly fed with freshwater from the Whin
River. The estuary is fringed by mangrove vegetation that provide
suitable habitat for the C. tulipa. Although largely shallow with most
parts of its sandy bottom exposed at low tide, there is a relatively deep
(>1m) rocky section at the western north area which serves as a
natural C. tulipa sanctuary. Relatively few oysters are found on the
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predominantly sandy bottom of the estuary. The estuary receives
effluents from near-by industrial area.

2.2 Experimental design and setup

The spatial dimensions of the study constituted four coastal water
bodies (Densu Delta, Narkwa Lagoon, Benya Lagoon and Whin
Estuary) at distances of approximately 65 km apart, from one water
body to the next, and three experimental stations (ST1, ST2 and ST3)
in each water body. Station 3 at the Densu was, however, eliminated
due to conflict with local fishing activities. At each station, a rack
made of bamboo stakes with an upper frame measuring
approximately 1 x 1 m® in length and breadth was installed as a
holding unit for the study (Figure 2). The height of each rack was
adjusted by the position of the upper frames to the level of the
observed high tide mark at each station.

Each rack (holding unit) was strung with collectors of varied
materials of the most locally common, affordable and suitable
artificial spat collectors (ceramic tiles, coconut shells, oyster shells,
and PVC slats) with different spat harvesting capacities (Chuku et al.,
2020). The use of different collectors was assumed to mimic the
natural occurrence as the species settles on a host of substrates in the
open estuary environment. Strings of 3 collectors of the same
material, knotted apart (a cultch), were hung vertically on the racks
in water with one each at the top, middle and bottom water column
(Figure 2). Thirty-six (36) double-sided collectors were deployed at

X = Replicate cultches

10.3389/fmars.2023.1075313

each station with twelve, ie., three of each of the four different
materials, at each water column/depth.

Collectors at the top were adjusted to = 0.1 m below water surface at
high water level, bottom ~ 0.1 m off the bottom, and middle collectors
placed equidistant from the two. The depths at the experimental stations
are presented in Supplementary Table 1. Although the actual depth in
numerical value varied at the stations, the underlying principle of the
design was inundation and exposure, such that top collectors were more
frequently exposed to open air, middle collectors were moderately
exposed/submerged, whereas bottom collectors were only briefly
exposed or under constant submergence, by tidal action. This presents
a consistent phenomenon of top, middle, and bottom at all experimental
stations. Temporally, data were collected at each station monthly for 12
months from November 2017 to October 2018. The sampling months
were categorised into the two main annual climatic (dry and wet) seasons
using the anomalies from rainfall data obtained for the period of the
study from the online global climate database (Tutiempo.net, 2019).
Consecutive months of positive anomalies, that is, average total rainfall
higher than the annual (12 months study period) mean, were assigned to
the wet season category, and vice versa.

2.3 Spat harvest and estimation of spatfall

At each sampling, spat-laden collectors were removed and
carefully arranged, bound and marked according to stations to
prevent mixing. A new set of collectors were then installed. The

Collector

surfaces

Bamboo stakes

FIGURE 2

An illustration of the cross-sectional view of the experimental setup at each station (not to scale).
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spat-laden collectors were transported to the laboratory where spat
were later counted, and spatfall was estimated as the number of spat
per square metre of collector surface. The fold-and-trace method was
applied for the determination of surface areas of irregular collectors
(Morales-Alamo, 1993; Chuku et al., 2020). A combination of
localised light and a hand lens was employed to detect very small
and translucent spat. Collectors were thereafter cleaned and sun-dried
for three days before returning them to the field the following month
for replacement. In the course of the study, heavy rains destroyed and
drifted the experimental rack at Station 2 of Narkwa Lagoon in
June 2018.

Similarly, the experimental setup at Station 3 of Densu Delta
suffered repeated destruction due to conflict with intense fishing
activities in this section of the delta. These resulted in no spatfall data
for Station 2 of Narkwa Lagoon in June 2018 and impeded successful
spat collection at Station 3 of Densu Delta entirely. They were
uncontrollable limitations of the study albeit not of significant
influence on the scientific inferences made from the study.
However, these occurrences underscore the challenges with open-
water aquaculture experiments.

C. tulipa spatfall was estimated as the spat density on each surface
of the collectors (number of spat per unit area of collector surface);
hence, spatfall was estimated using the derived equation (Chuku et al.,
2020):

Nsi

Sfi (spatcm’z) = g

X Sf (spatm™) = [n7". é(Sﬁ) (em™)] x 10000
i=1
Where Sfi = spatfall on individual collector, Ns = Number of spat on
collector surface, Ac = Surface area of collector material, X Sf=mean
spatfall, i = 1, 2, 3 ... n'" replicate collector, and n = number of
replicate collectors/surfaces.

Several previous spatfall studies do not consider surface area of
the settlement substrate making it difficult to numerically compare
with accuracy spatfall under different conditions. The spatfall
estimation used here provides a standardised metric to overcome
this challenge.

2.4 Physicochemical estuarine parameters
and rainfall

To relate the observed C. tulipa spatfall with the prevailing estuarine
conditions, some physical and chemical parameters of the estuaries and
lagoons studied including temperature, salinity, dissolved oxygen (DO),
and turbidity were measured in situ at all stations during each sampling,
mostly at mid-tide. A multi-parameter water quality instrument
(HORIBA U—50®) was used for the reading of temperature (°C), DO
(mg L™, turbidity (NTU) and pH. Salinity [parts per thousand (ppt)] was
measured with the E-LINE Refractometer 44-808. Three readings were
taken for each of the parameters within the water column at the respective
experimental stations without considering the vertical stratification of the
water bodies as the brackish systems were shallow, measuring up to about
one meter in depth at high water (Supplementary Table 1). With the
bottom of some stations completely exposed at low tide and considering
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the regular inflow and outflow of estuarine water, the systems were
assumed to have vertical homogeneous mixing with negligible differences
in hydrographic conditions from top to bottom at the stations.

2.5 Mapping bathymetry, oyster presence
and spat availability in the water bodies

Aerial images of the water bodies were captured with UAV - DJI
Phantom 3 Professional and image classification and digitisation were
done with the Pix4Dmapper® software. To obtain the depth profile of the
water bodies, a depth sounder (3-126-D15) was used to measure depth
along grids that were created remotely with ArcGIS software; these grids
had geographical positioning system (GPS) location information. The
sizes of grid areas varied based on the size of the particular water body
under study. Within each grid area, depth was measured, and the specific
location was re-marked with a GPS device (Garmin GPSMap64
Handheld Navigator). The data for depth (bathymetry) and the
corresponding GPS coordinates were entered into a Microsoft Excel
spreadsheet and exported to the ArcMap 10.3 software in comma-
separated values (.csv) file format. The data was then converted to
shapefiles and interpolated using Inverse Distance Weighting (IDW)
tool to create depth profiles overlaid on the maps digitised from the aerial
images. Locations with oyster populations within the water bodies were
identified and marked through direct observations and also dwelling on
local traditional knowledge of oyster harvesting locations. In water bodies
with C. tulipa populations on the roots of mangroves, the landward
extent of mangrove vegetation with oysters on roots was measured by a
horizontal distance using a tape measure.

2.6 Data analysis

A nested multi-way Analysis of Variance (ANOVA) was applied in a
factorial design to explicate the C. tulipa spatfall variations in the selected
Gulf of Guinea brackish systems considering the complex ecosystem
interactions across space and time. Spatial factors were the different water
bodies (Waterbody), stations within each waterbody (Station) and the
categorised depth - top, middle, bottom - in each water body (Depth).
The temporal factor was the sampling month (Month) or season (dry
season = Nov-17 to April-18; wet season = May-18 to Oct-18). The
categorical variable “Station” (Station 1, 2 and 3) was not comparable
across systems as the systems were different in configuration with respect
to geomorphology and flow. For instance, Densu was deltaic in nature,
Narkwa Lagoon had a centrally placed mouth, whereas Benya Lagoon
and Whin Estuary had terminal mouths at the end of the watercourse
where they meet the ocean. In addition to their varying characteristics,
“Station” was less by one at the Densu Delta, presenting an unbalanced
design for the variable “Station”.

For these reasons, “Station” was nested in “Waterbody” during the
data analysis to present a scenario of 11 independent sampling stations.
The response factor, spatfall (number of spat m =), was a continuous
variable. The data were checked for normality and homogeneity of the
variance with Levene’s test, and the spatfall data were transformed to log
10 (x + 1) before ANOVA. The analysis was done using the General
Linear Model function in Minitab® 20.3 (64-bit). The critical P-value for
all the ANOV A was taken to be 0.05. Tukey’s HSD (0. = 0.05) was used as
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the post-hoc test to determine which pairs of means were significantly
different. The relationship between C. tulipa spatfall and depth in the
water column was determined in each water body using One-Way
ANOVA with depth (top, middle, bottom) as a categorical predictor
and spatfall (spat m™) as response variables. One-Way ANOVA was also
used to determine the difference in spatfall among seasons (dry and wet)
in general and within the waterbodies and to compare physicochemical
estuarine parameters among the water bodies.

The physicochemical estuarine parameters, temperature, dissolved
oxygen (DO), salinity, turbidity and pH, were analysed as predictors of
spatfall for all water bodies combined for the study period with a multi-
linear regression model in Minitab® 20.3 (64-bit) using the “Fit
Regression Model” function. The data was checked for
homoscedasticity and multicollinearity and transformed for the
regression model [log;y (x + 1) for spatfall and salinity; log;, (x) for
temperature, DO, turbidity and pH]. Marginal plots generated with the R
Statistical Programme were used to visualise the distribution and
scattering of the relationship between spatfall and its significant
hydrographic markers. We assess the statistical distributions and
confidence intervals (CI = 95%) to suggest optimal prevailing
conditions for spatfall in the systems. Summary means of
hydrographic factors are presented with stations pooled for each water
body as many stations were similar.

3 Results

3.1 Spatial and temporal variations in
C. tulipa spatfall

Variable spatiotemporal spatfall regimes were found in the different
Gulf of Guinea brackish systems from which C. tulipa spat was collected
in this study. Table 1 presents a summary of the single and combined

10.3389/fmars.2023.1075313

effects of spatial (i.e., the different water bodies, stations and depths) and
temporal (sampling months, and further, seasons) factors on C. tulipa
spat availability, showing significant interactions with spatfall (Table 1) at
all levels. There were significant monthly variations in spat availability
within each of the four water bodies (Table 1).

Spatfall varied significantly (P < 0.001) depending on the depth at
which collectors were placed in the water column (see ANOVA
results in Table 1). The overall depiction was a bottom-up
decrement in spatfall with bottom water column collectors
harvesting most of C. tulipa spat whilst top collectors had the least.
This occurrence was not expressed at a few stations, but in most of
these cases, the superiority of middle and bottom water column spat
availability over the top was maintained (one-way ANOVA). This
observation also had slight variations upon nuancing spatfall by water
body and season. Charts of station-specific variations in vertical water
column (top-middle-bottom) availability of C. tulipa spat are overlaid
on composite maps of depth profile and presence of adult C. tulipa in
each system in Figures 3-6.

Spatfall differed significantly for the dry season, i.e., the period
from November 2017 to April 2018, and the wet season (May 2018 to
October 2018). Overall, mean spatfall for the dry season (2259 + 60
spat m™ month™") was greater than that of the wet season (1037 + 46
spat m* month™) (One-way ANOVA; P < 0.001); pooled from all the
systems studied. There were, however, seasonal discrepancies in the
respective brackish systems (Table 2). Spat settlement was
significantly higher in the dry season than the wet season (One-way
ANOVA) in both Densu Delta (P = 0.003) and Narkwa Lagoon (P <
0.001), the inverse occurred in the Benya Lagoon (P < 0.001), whilst a
marginal difference (P = 0.049) was recorded in the Whin Estuary.

3.1.1 Densu delta
In the Densu Delta, spatfall fluctuated from November 2017 to
June 2018 and reduced to extremely low or no settlement from July to

TABLE 1 Results of multi-way ANOVA of the spatial (water body, stations, and depth) and temporal (monthly) variations in C. tulipa spatfall in the selected

coastal water bodies.

Source DF Adj SS Adj MS F-Value P-Value
Waterbody (W) 3 1698.3 566.096 533.48 < 0.001
Depth (D) 2 1006.2 503.078 474.09 < 0.001
Month (M) 11 2473.0 224.817 211.86 < 0.001
Station(Waterbody) (ST)* 7 179.5 25.640 24.16 < 0.001
WxD 6 66.1 11.009 10.37 < 0.001
WxM 33 1298.1 39.336 37.07 < 0.001
DxM 22 146.8 6.672 6.29 < 0.001
STxD 14 175.6 12.545 11.82 < 0.001
STxM 77 579.8 7.529 7.10 < 0.001
WxDxM 66 303.8 4.603 4.34 < 0.001
STxDxM 154 268.4 1.743 1.64 < 0.001
Error 4356 4622.4 1.061

Total 4751 12584.4

*Station nested in water body; each station is unique for all 11 stations.
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October 2018 (Figure 3A). The highest mean monthly spatfall in the
Delta was recorded in May 2018 at both Stations (Station 1 = 6484 +
778 spat m’%; Station 2 = 9703 + 1426 spat m™).

Specifically, for the Densu Delta, the bottom (= 0.10 m off the
water bed and = 0.70 m deep from the surface) and middle collectors
(= 0.40 m deep) had similar spatfall of 3701 + 348 spat m™ month™
and 3408 + 391 spat m > month ™" respectively (P = 0.792). In contrast,
the top collectors (= 0.10 m below high-water level) had significantly
lower spatfall of 1188 + 175 spat m™ month™ (P = 0.000). The
situation was similar for both stations in the delta (Figure 3B). The
oysters in this water body are found on the sandy mud bottom
substratum and spread out widely in both shallow and deep areas.

3.1.2 Narkwa lagoon

Progressively decreasing fluctuations in spatfall were observed at
all stations in the Narkwa Lagoon from November 2017 to July 2018
and remained very minimal afterwards (Figure 4A). During this
period of minimal spatfall, Stations 1 and 3 maintained spatfall
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FIGURE 3
(A) Mean monthly C. tulipa spatfall (spat m™2) at stations (ST) in the Densu Delta pooled from collectors at all depths for each water body. Interval bars
are standard errors (S.E.) of the mean. (B) Geomorphological representation of the estuarine section of Densu Delta at low tide showing depth profile,
oyster presence and charted C. tulipa spat availability in water column at the experimental spat collection stations. Map generated from orthomosaic
image of UAV flights for this study in June 2018.

below 400 spat m™> until October 2018, when Station 3 regained a
relatively substantial amount of spatfall. In the same period, there was
no spatfall recorded at Station 2 in June, September and October
2018. The highest mean spatfall at Station 1 (10705 + 918 m ) of the
Narkwa Lagoon occurred in February 2017, whereas Stations 2 and 3
had their respective spatfall peaks of 11011 + 699 m™ and 8999 + 548
m™ in February 2018.

Spatfall in the Narkwa Lagoon followed the general observation of
bottom-up C. tulipa spatfall decrement with significant differences at
all columns in water, increasing from the top (2022 + 218 spat m™
month™) through the middle (3028 + 215 spat m~ month™) to
bottom (4794 + 293 spat m™ month™) (one-way ANOVA; P <0.001).
Probing further into the stations, it was revealed that the western
shallows (Station 1) of the Narkwa Lagoon (see Figure 4B), the
shallowest of all stations in this study, represented the widest
distinctive variation in spatfall among the water columns. Here,
spatfall was extremely low at the top (257.7 + 61.7 spat m™ month”
Y and extremely high at the bottom (5227 + 544 m™ month™), with
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the middle being intermediate (2560 + 395 spat m™ month™).

Stations 2 and 3, on the other hand, had appreciable spatfall in the
top water column similar to mid-water spatfall levels [Tukey HSD for
top and middle; ST2 (P = 0.969), ST3 (P = 0.599)] whereas the bottom
remained highest.

3.1.3 Benya lagoon

Spat settlement was observed in every month in the Benya
Lagoon, although minimal in March, August, September and
October 2018. In general, spatfall was relatively low in the Benya
Lagoon than that of Densu Delta and Narkwa Lagoon but higher than
that of the Whin Estuary. The least spatfall in the Benya Lagoon was
recorded in March 2018 for Stations 1 and 2 (Station 1 =39 + 11 spat
m% Station 2 = 104 + 22 spat m ) and in August 2018 for Station 3
(52 % 11 spat m ™). Hikes in spat densities were observed from May to
July 2018 in the Benya Lagoon, with a peak at Station 2 in May 2018
(8701 + 998 spat m™) (Figure 5A).

There was a slight contrast in the vertical column availability of C.
tulipa spat for the stations at Benya compared to those of the other
brackish systems studied. Spatfall was highest in the middle water
column (2037 + 195 spat m™ month™), which was significantly
different from the top (1037 + 134 spat m™ month™’; P < 0.001) but
statistically similar to the bottom (1670 + 155 spat m> month™; P =
0.251). Again, collectors at the top had significantly lower spatfall
than both middle (P < 0.001) and bottom (P = 0.017) water column
ones (one-way ANOVA). The oysters at Benya Lagoon are found on
the roots of mangrove vegetation along its fringes, and the deepest
parts of the lagoon measure up to 1.5 m at low tide (Figure 5B).

3.1.4 Whin estuary

Spatfall in the Whin Estuary was the lowest among the brackish
systems studied and was consistently low throughout the study period
with two relatively smaller peaks, one in January and the other in May
2018 (Figure 6A) at all three stations. The January peaks were 398 +
73 spat m2, 628 + 182 spat m > and 1205 + 271 spat m > for Stations 1,
2 and 3, respectively. More pronounced peaks (Station 1 = 1706 + 217
spat m™% Station 2 = 2087 + 409 spat m™%; Station 3 = 1437 + 331 spat
m?) were observed in May. There was no spat settlement in
September and October 2018 at all three stations.

In general, spatfall differed significantly at all levels from the top
(12.35 + 5.14 m™ month™), middle (224.9 + 34.5 m™ month™) to
bottom (699.9 + 68.6 m™ month™) in the Whin Estuary. There was,
however, no spat settlement on top collectors at Stations 2 and 3
(Figure 6B) for the entire study period. In addition to that, the area
near the mouth of the estuary (Station 1), where spatfall was the least
and without mangrove vegetation, showed similar spat densities at the
middle (= 0.50 m deep) and bottom (= 0.80 m deep) water columns
(P = 0.360).

3.2 Physico-chemical estuarine conditions
associated with C. tulipa spatfall

One-way ANOVA showed similarities and variations in
physicochemical estuarine parameters among the water bodies.
Annual mean water temperatures were 28.471 + 0.231°C, 29.048 +
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0.265°C, 28.028 + 0.204°C and 29.113 + 0.212°C for the Densu Delta,
Narkwa Lagoon, Benya Lagoon and Whin Estuary respectively.
Temperatures were similar among the Densu, Narkwa and Whin
systems (P > 0.05). The mean temperature in the Benya Lagoon was
significantly lower than in the Narkwa and Whin systems (P < 0.01).
The general trend in monthly variations (Figure 7A) depicts a fall in
temperatures towards the end of the year in December, then a steady
rise from January through the highest mean temperatures from
February to April 2018 followed by a decline to about 24°C in July
and August 2018 (Figure 7A). Water temperature ascended through
October, after which temperatures were likely to dip again. The
highest mean water temperature of 34.58 + 0.21°C was recorded at
the shallow Station 1 of Narkwa Lagoon in February 2018.

Mean concentrations of DO were higher in the Densu Delta,
Narkwa Lagoon and Whin Estuary than in the Benya Lagoon
throughout the study, and followed a similar pattern in these
brackish systems (Figure 7B). Annual mean DO concentrations in
the three systems with comparable trends were 3.032 + 0.299 mgL ",
3.547 + 0.269 mgL"' and 2.846 + 0.263 mgL™". On the other hand,
relatively low DO levels were observed in the Benya Lagoon (1.1421 +
0.0692 mgL™"). Dissolved oxygen fluctuated, with the highest
concentrations recorded in February and April 2018 and dipping in
between, whereas minimal concentrations persisted from June to
October 2018. For the period of study (November 2017 - October
2018), salinity averaged 17.42 + 1.55 ppt, 20.021 + 0.895 ppt, 28.713 +
0.670 ppt and 14.695 + 0.928 ppt in the Densu Delta, Narkwa Lagoon,
Benya Lagoon and Whin Estuary respectively. Salinity was generally
high in the water bodies from January to April 2018 and reduced
thereafter, showing no clear pattern after April 2018 (Figure 7C). In
the Benya Lagoon, however, higher salinities were recorded after
April 2018 with the highest (39.778 + 0.465 ppt) in August 2018.

Annual mean turbidity values were 12.177 + 0.641 NTU, 19.83 +
2.00 NTU, 12.865 + 0.277 NTU and 24.84 + 1.91 NTU in the Densu
Delta, Narkwa Lagoon, Benya Lagoon and Whin Estuary respectively.
It is seen in Figure 7D that the Narkwa Lagoon and Whin Estuary had
wider fluctuations in turbidity with peaks in December 2017, May and
June 2018. On the other hand, Densu Delta and Benya Lagoon had
relatively low fluctuations in turbidity. In the Narkwa and Whin
systems, high turbidity was observed in December 2017 and from
May to September 2018. Annual mean pH in the water bodies
(Densu = 7.96 + 0.08, Narkwa = 7.81 + 0.05, Benya = 7.60 + 0.03
and Whin = 7.8652 * 0.05) indicates slight alkalinity in the coastal
water bodies studied. Densu Estuary had the highest pH of 9.61 + 0.44
in November 2017 whereas the least pH (6.55 * 0.08) for the study
period was recorded at Narkwa Lagoon in July 2018 (Figure 7E).

3.3 Relationship between physico-chemical
estuarine conditions and C. tulipa spatfall

Results of the multi-linear regression model provided enough
evidence to adduce that dissolved oxygen and salinity were the
significant (P < 0.001) predictors (hydrographic markers) of spatfall
among all observed hydrographic parameters in the brackish systems
studied, explaining 18.64% and 10.26% of the respective data
variations in the model. A regression coefficient of 32.77%
significant at P < 0.001 was obtained for the model (Table 3). The
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of the Narkwa Lagoon at low tide showing depth profile, oyster presence

two hydrographic markers were individually regressed against
spatfall, and their models were used to predict data within the
observed range of values (see red trend line) and overlaid with a
scatter plot of the actual data as shown in the marginal plots
(Figure 8). The distribution of the actual data is visualised on the
axial margins of the marginal plots as histograms, boxplots and
density plots. There was a moderately positive but statistically
significant relationship between the two predictors and spatfall [DO
(r = 0.47, R* = 0.22); Salinity (r = 0.42, R* = 0.18); P < 0.001].

The median values for DO and salinity were 1.68 mg/L and 25
ppt, respectively. Dissolved oxygen ranged from 0.32 to 12.79, and
salinity from 0.00 to 41.00 ppt. The corresponding interquartile
ranges were 2.54 (1.68 - 3.40) mg/L and 18.33 ppt (11.00 - 29.33).
The means and other descriptive statistics are shown in
Supplementary Table 3. The data distribution provides further
insight into the prevailing conditions in the systems based on
frequencies. The interquartile ranges of the axial distribution plots
(the box plot helps with the illustration here) for DO and salinity
represent the spectra of the most occurring data points (i.e., prevailing
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estuarine conditions) and the consequential spatfall. There is also
greater confidence in the predicted data traceable to this region of the
interquartile range (see salmon-red 95% CI ribbon in Figure 8), thus,
inferred to be the conducive conditions prevailing in the systems and
supporting most of the observed spatfall.

4 Discussion

The results of this study provide enough evidence to adduce
spatiality and temporality in the availability of C. tulipa spat in the
tropical sub-Saharan coastal systems studied. Spatially, the highest
mean monthly spatfall among the water bodies studied, recorded at
Narkwa Lagoon, was 1.3, 2.5, and 9.8 times those of Densu Delta,
Benya Lagoon and Whin Estuary, respectively. Spatfall variations
were also confirmed within each water body at the different stations
and depths. Temporally, a generally greater spatfall in the dry season
(November 2017 to April 2018; total precipitation ~ 448 mm; average
temperature ~ 28.2°C) than in the wet season (May to October 2018;
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(A) Mean monthly C. tulipa spatfall (spat m™2) at stations (ST) in the Benya Lagoon pooled from collectors at all depths for each water body. Interval bars
are standard errors (S.E.) of the mean. (B) Geomorphological representation of the Benya Lagoon at low tide showing depth profile, oyster presence and
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for this study in June 2018.

pat collection stations. Map generated from orthomosaic image of UAV flights

total precipitation = 1390 mm; average temperature = 26.5°C) was
observed, in addition to monthly fluctuations. Whereas the observed
general seasonal spatfall trend resonated with the occurrence in the
Narkwa Lagoon and Densu Delta, the reverse was true for Benya
Lagoon whilst Whin Estuary showed no conspicuous seasonal
variation. The preponderance of dry season availability of C. tulipa
spat was accentuated in the Narkwa Lagoon, where there was a drastic
and persistent decline from the onset of rains until the end of the wet
season as major spat settlement occurred from November to April in
the following year.

Narkwa Lagoon presented the most favourable sections for
harvesting spat among all 11 stations, particularly Stations 2 and 3
yielding an average of 3592 + 252 spat m ™ and 3360 + 227 spat m >,
respectively, in a month. The relatively low spatfall at Station 1 at
Narkwa Lagoon is most probably due to the sharp contrast in
estuarine conditions compared to the other two. Unlike stations 2
and 3, which were located at the eastern part of the lagoon with
similar depth (= 1 m at high water), Station 1 was very shallow (=
0.5 m at high water) and exposed for longer periods with muddy
substratum and only a few adult oysters visible on the bed at low tide.

Frontiers in Marine Science

The hydrodynamics of the Narkwa lagoon also appears to create a
relatively narrower salinity regime (11 — 32 ppt) at Station 1 than at
Stations 2 and 3 (1.4 - 34 ppt), engendering a more stable
environment for larvae to develop and settle on spat
collectors successfully.

The Densu Delta presents an alternative site for spat harvesting
after the Narkwa Lagoon. When estuarine conditions were favourable,
C. tulipa spat were available in the Densu Delta from November 2017
to June 2018, with a major settlement at Station 2 during April-May
2018. The apparent absence of spat settlement at Densu from July to
October 2018 is a probable effect of freshwater intrusion in the delta
due to the flushing of an upstream river retention dam, the Weija
Dam. This annual intervention is carried out to protect the integrity
of the dam when it exceeds the threshold retention capacity, which
occurs after periods of high and prolonged rains in the rainy season.
Such major flooding events diminish the quality of estuarine water
and further endanger populations of oysters by causing mass
mortalities (Pruett et al,, 2021). Stations 1 and 2 had a similar
abundance of C. tulipa spat, whilst Station 3 was not secure for spat
collection due to persistent interference with other fishing activities.
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(A) Mean monthly C. tulipa spatfall (spat m™2) at stations (ST) in the Whin Estuary pooled from collectors at all depths for each water body. Interval bars
are standard errors (S.E.) of the mean. (B) Geomorphological representation of the Whin Estuary at low tide showing depth profile, oyster presence and
charted C. tulipa spat availability in the water column at the experimental spat collection stations. Map generated from orthomosaic image of UAV flights

for this study in June 2018.

In contrast with the two previous accounts, the wet season had
increased salinity in the Benya Lagoon, possibly caused by the
washing of salt from the numerous saltpans located at the
periphery into the lagoon system coupled with the daily tidal
seawater inflow. This period coincided with the major spat
settlement season for C. tulipa in this lagoon, from May to July
2018. Consequently, seasonal variation in salinity appears to
determine temporality in C. tulipa spat availability in the Benya
Lagoon. The longest continuous peaks previously observed in Benya
Lagoon (April to June 1996) (Obodai, 2007) corroborate the findings
of this study. The Benya Lagoon presents the most stable marine
condition and would be suitable for C. tulipa seed banking. Deviating
from the other systems, the Whin Estuary showed no distinct seasonal
pattern in the availability of C. tulipa spat but had two relatively small
peaks occurring separately in January and in May 2018. This pattern
is not easy to explain, but it should be noted that spatfall in the Whin
was the least among the water bodies studied. The uniform but low
spat settlement observed at the Whin Estuary could be due to the
similar hydrographic conditions at all the stations and the
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shallowness of that water body. The estuary appears to be at a
higher altitude, compounded by the high intrusion of sea sand. A
summary visualisation of the observed spatfall is depicted by the
heatmap in Figure 9.

The observed year-round availability of spat in the Narkwa and
Benya Lagoons in this study reinforces continuous spawning by C.
tulipa and corroborates findings from Obodai (2007). C. tulipa
populations from the Ghanaian coast are reported to exhibit
protandric sequential hermaphroditism as a reproductive
behaviour, differentiating first as male and later as female (Yankson,
1996). This reproductive strategy is a key survival adaptation that
enhances breeding success as the species may differentiate faster to
female and spawn quickly in response to unfavourable environmental
conditions (Yankson, 1996). The success of this reproductive strategy
is, however, contingent on food availability. It is worthy of note that
accounts of the sexual differentiation of Crassostrea species are
conflicting and remain debated in oyster biology (Enriquez-Diaz
et al., 2009; Santerre et al., 2012; Yasuoka and Yusa, 2016; Parker
et al., 2018). Also, in the course of this study, an instigation to elevate

frontiersin.org


https://doi.org/10.3389/fmars.2023.1075313
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chuku et al. 10.3389/fmars.2023.1075313

TABLE 2 Annual and seasonal mean, minimum and maximum spatfall (number of spat/m?) in the Densu, Narkwa, Benya and Whin brackish systems
pooled from monthly averages.

Statistic Annual Dry season (Nov 2017 - Apr 2018) Wet season (May - Oct 2018)
Water body
Spat m™ (+ SE) Spat m™ (+ SE) Month-Year Spat m™ (+ SE) Month-Year
Densu Estuary Mean 2267 + 756 2826 + 132 - 1709 £ 175 -
Minimum 0 + 0.00 886 + 119 Nov-2017 0 + 0.00 Jul, Sep, Oct-2018
Maximum 8094 + 821 5152 + 396 Feb-2018 8094 + 821 May-2018
Narkwa Lagoon Mean 2974 + 886 5518 + 161 - 429 £ 25 -
Minimum 159 + 26 1721 + 114 Mar-2018 159 + 26 Sep-2018
Maximum 8269 + 441 8269 + 441 Feb-2018 816 + 81 May-2018
Benya Lagoon Mean 1273 £ 455 661 + 28 - 1885+ 106 -
Minimum 71+ 11 71+ 11 Mar-2018 136 + 17 Sep-2018
Maximum 5363 + 444 1071 + 96 Apr-2018 5363 + 444 May-2018
Whin Estuary Mean 282 + 146 219 + 22 - 346 + 37 -
Minimum 0 £ 0.00 31+6 Nov-2017 0 +0.00 Sep, Oct-2018
Maximum 1744 £ 170 744 £ 113 Jan-2018 1744 + 170 May-2018
Mean 1699 + 339 2259 + 60 - 1037 + 46 -
gi:lr;:;d shsystems i imum 81+9 713 + 45 Mar-2018 81+9 Sep-2018
Maximum 3632 222 3382 + 183 Feb-2018 3632 + 222 May-2018

fishing pressure by the local harvesters at the onset of the rainy season ~ 2016). Oscillations in physicochemical estuarine conditions prior to
was driven by the local ecological knowledge of the advent of mass  and during spatfall could affect setting success (Laing, 1995) and may
mortalities in C. tulipa from freshwater intrusion. The events of  influence juvenile abundance and reproductive activity of the oysters
increased fishing pressure and rapidly changing estuarine conditions ~ (O’Connor and Lawler, 2004). In addition, the relatively higher
at the onset of the rainy season appeared to trigger synchronous  dissolved oxygen concentration in the Narkwa Lagoon could be a
spawning in the oyster populations, thus, the record of maximum  major contributor to the high spatfall observed.
mean spatfall in May. The differences in temporal spatfall patterns The general increase in abundance of C. tulipa spat with
among the systems indicate varied spawning potentials and patterns  increasing depth in all the four water bodies observed in this study
that require further investigation. could be attributed to differences in exposure and hence food
The spatiotemporal variations in C. tulipa spat in this study could  availability or active feeding time. In an experiment conducted by
be influenced by a myriad of physical and chemical estuarine factors ~ Laing (1995), setting success was affected by the amount, type and
such as temperature (Flores-Vergara et al., 2004; Cognie et al., 2006;  concentration of algal diet supplied to larvae of O. edulis and C. gigas
Saucedo et al., 2007) and other conditions of the aquatic environment,  before and during spatfall. The spat collectors’ contact time with the
ie., freshwater inflow, microalgal diet and total seston (Hofmann  water medium for the nourishment of the newly attached pediveliger
et al, 1992; Monteforte et al., 1995; Dekshenieks et al., 2000; Kimmel  larvae is therefore important for the successful setting. The apparent
and Newell, 2007). This study underscores the significance of DO and  interminable inundation of most bottom collectors in such fixed rack
salinity, among the other parameters, to spat availability in the Gulf of ~ systems as the one used in this study could also lead to the faster
Guinea brackish systems. By inference from the data distribution  formation of biofilms providing suitable conditioning of collector
analysis and with recourse to the confidence intervals, the prevailing  surfaces, attractive to larvae. Biofilms play a vital role in larval
DO and salinity conditions for optimal spatfall in the open brackish  settlement in oysters by increasing settlement rate and
systems were 1.68 — 3.40 mg/L and 11.00 - 29.33 ppt, respectively. As  metamorphosis (Tanyaros, 2011; Tanyaros and Chuseingjaw, 2016).
observed for the Densu and Narkwa systems, it would appear that  Longer tidal exposure limited conditioning time for top collectors
periods after heavy rains are accompanied by low salinity due to  than those at the lower levels. In a deep estuary, this occurrence could
freshwater incursions with deleterious effects on adult C. tulipa and,  be influenced by stratification at the different depths, however, the
consequently, spat availability. A reduction in activities for acquiring  unlikely assumption of vertical hydrographic advection in these
energy whilst concentrating on expending more energy to regulate  shallow systems studied rules out differences in physical and
cell volume and to prevent osmotic shock (Solan and Whiteley, 2016)  chemical oceanic parameters as significant determinants of C. tulipa
as a survival strategy may have compromised spawning at very low  spat availability at the different depths.
salinities. Further, fertilisation of successfully spawned gametes, if Genetic variations in the reproductive capacity of different
any, and survival of zygotes would not be achieved in salinity less than ~ populations or pedigrees could also be a reason for spatial
10 ppt (Pechenik et al., 2007; Allen and Pechenik, 2010; Fang et al.,  differences in spat availability of Crassostrea species (Taris et al.,
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Monthly mean (+ SE) concentrations of physico-chemical estuarine parameters - (A) Temperature, (B) Dissolved oxygen, (C) Salinity, (D) Turbidity, and (E)
pH - in the Densu Delta, Narkwa Lagoon, Benya Lagoon and Whin Estuary from November 2017 to October 2018. Data were pooled for all stations in

each water body.

2006; Han et al., 2022), providing cues to the possibility of different
sub-populations of C. tulipa along the Gulf of Guinea coast. Indeed,
this observation inspired an assessment of the genetic diversity and
population structure in wild populations of C. tulipa which revealed
that the populations of C. tulipa occurring along the coast of Ghana
were potentially of multiple populations (Edekor et al., 2022). From
the spatfall data in this study, bottom-sediment-adapted C. tulipa
populations appeared to be more prolific than their mangrove root-
adapted counterparts. Gamete quality, interactions between sperm
and eggs at fertilisation, and differential viability among larval
genotypes all contribute to variance in reproductive success in C.
gigas (Boudry et al., 2022) but not well researched for C. tulipa on the
Gulf of Guinea coast. Adult C. tulipa in the Benya and Whin systems

Frontiers in Marine Science

13

10.3389/fmars.2023.1075313

Dissolved oxygen (mg/L)
o

Jan Feb Mar Jul

2018

Nov Dec
2017

Apr May Jun Aug Sep Oct

80
70
60
50
40

30

Turbidity (NTU)

20

Nov
2017

Feb Mar

Jan
2018

Dec Apr May Jun Jul Aug Sep Oct

Legend

—8— Densu Delta
--@- Narkwa Lagoon
~-@®-- Benya Lagoon
—®-— Whin Estuary

were mostly settled on mangrove roots coinciding with relatively low
spatfall suggesting a lower fecundity adaptation of the oysters.
Further, the respective beds of these systems had muddy and sandy
substrata, respectively, unsuitable for the survival and growth of
the species.

Geomorphological evolution of the systems potentially changed the
hydrodynamics within, altering the estuarine conditions at the different
stations and the resultant spat settlement success as well as local larval
transport. In this light, an important observation in this study was the
slight natural revamping of C. tulipa spat in October 2018 in the Narkwa
Lagoon; Stations 1 and 3 appeared to be regaining, whereas Station 2,
which hitherto yielded more spat, had none. The relocation of the mouth
of the lagoon close to Station 2 after three months of the closure of the

frontiersin.org


https://doi.org/10.3389/fmars.2023.1075313
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chuku et al. 10.3389/fmars.2023.1075313

TABLE 3 Effect of measured estuarine parameters on C. tulipa spatfall.

Factor Coef SE Coef Contribution 95% Cl P-Value VIF
Constant -0.34 525 (-10.72, 10.04) 0.948

Temperature -1.74 3.00 3.13% (-7.69, 4.20) 0.563 1.42
Dissolved oxygen 1.807 0.448 18.64% (0.921, 2.693) < 0.001 1.65
Salinity 1.070 0.249 10.26% (0.577, 1.563) < 0.001 1.40
Turbidity 0.397 0.402 0.45% (-0.399, 1.193) 0.326 1.38
pH 295 3.97 0.29% (-4.91, 10.81) 0.459 1.30
Model Regression DF Adj SS Adj MS F-Value P-Value

R? = 32.77% 5 60.042 12.0085 12.28 < 0.001

The table shows coefficients and contributions of the linear regression model for spatfall (response) and the measured hydrographic parameters (predictors). The shaded rows were the significant
determinants for spatfall.

Bold: The shaded rows were the significant determinants for spatfall.

original mouth resulted in the deposition of large volumes of sea sand  harvesting C. tulipa spat may therefore be endangered by the process of
into this section due to escalated erosion rate on the banks of the new  creating artificial openings in sand bars close to oyster beds, hence,
mouth of the lagoon. The impact of such changes in the geomorphology ~ requires detailed investigation. Further, in a system with nearly consistent
of coastal intertidal areas, brought about by artificial openings in the sand  physicochemical estuarine conditions at all three stations like the Benya
bar, on C. tulipa populations has not been assessed. However, the  lagoon, geomorphology could steer the duration of submergence of the
observation in this study reveals potential negative consequences on  vertically distributed spat collectors due to undulated estuary beds, hence,
the availability of spat, possibly from adult C. tulipa being smothered  driving the differences in spat availability among stations. Consequently,
under sand deposits. A similar event of the mechanical opening of the  deeper portions (Station 2), where middle and bottom collectors were
sand bar as flood control was observed in the Densu, which led to a  inundated even at low tide, had about twice as much spat as higher beds
massive sand accretion in the system that blocked away the section west ~ (Stations 1 and 3), where all collectors were exposed at low tide.

of Station 1. The distribution of competent larvae by flow and currents Pollution could account for the relatively suppressed spat availability at
would be hampered under such events. Potentially suitable sites for ~ the Benya and Whin. Microplastics significantly negatively impact the
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larvae of oysters by upsetting their reproductive cycle and causing
alterations in their feeding patterns (Sussarellu et al., 2016) and ecotoxic
compounds such as persistent organic pollutants and metals, for example
copper, have dire developmental effects on oyster larvae (Jo et al., 2008;
Gamain et al,, 2016). The Benya and Whin systems had copious amounts
of plastic and industrial waste discharge that could consequently exacerbate
physiological stress and hamper successful reproduction. Whin estuary
receives effluents from hospitality and industrial establishments on the
north-eastern boundary. The Benya has a notable heap of refuse and a pig
farm and houses the largest artisanal fishing canoe fleet along the coast of
Ghana. Paint fragments are increasingly becoming a big part of the ocean
microplastics pollution (Gaylarde et al,, 2021) and the artisanal canoe fleet
in the Benya are a likely source of such pollution.

The data and discussion on the spatiotemporal dynamics of C.
tulipa spatfall and the potential (and empirically assessed for physico-
chemical estuarine parameters) controlling factors presented in this
study highlight the need for management interventions to conserve the
species along the Gulf of Guinea coast. This will safeguard the
livelihood, food and nutrition security of several thousands of
vulnerable coastal inhabitants in the region and guarantee
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aquaculture production reliant on wild seed stock. Management
interventions could be seasonalised. During the period of superior
spat availability in the year, that is, the dry season, interventions that
focus on the harvest sizes and quotas will ensure that maturing stocks
are not fished out, thereby enhancing the spawning activity of the
population and culminating in sustainable exploitation of the stocks.
This period also presents the ideal time of the year to deploy suitable
substrates in order to provide adequate surfaces of attachment for the
settlement and growth of competent larvae. Of particular use of this
practice is the procurement of seed oysters for aquaculture either within
the same ecosystem or for transplant to other suitable systems of
desired growing conditions with the consideration of any biosecurity
concerns. The Densu and Narkwa systems are the most suitable for
oyster seed supply, and the Benya suitable for holding and
conditioning. Spat collectors should be placed near the bottom to
achieve the best spatfall. Other spat collector placement techniques may
be useful for optimising the available surface area for spat settlement
and minimising wastage of collector material (Chuku et al., 2020;
Chuku and Osei, 2020). In addition, a proactively controlled spillage of
the Weija dam is suggested to regulate the salinity regime of the Densu
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delta and minimise the present effect on C. tulipa. Instituting sanitation
programmes around estuaries with mangrove oysters will also reduce
pollution and improve reproductive success.

5 Conclusions

The dynamics of wild spat availability in one of the most significant
endemic regions for C. tulipa globally are described in this study.
Clarity is proffered on the annual trend of seed availability and the
ecosystem-specific variations in spatfall. In summary, C. tulipa spat
availability varied monthly through the year and was generally greater
in periods of drought whereas with elevated precipitation came
suppressed spatfall. The success of spat collection differed from one
brackish system to another, and further within each system, there was
significant variation among locations. Vertical progression in spat
availability was recorded from top to bottom, suggesting that longer
inundation periods present a greater chance of harvesting more spat.
Among the four brackish systems studies, the Densu Delta and Narkwa
Lagoon, which had reef oysters, are recommended for seed
procurement for aquaculture. There was enough statistical evidence
to adduce that dissolved oxygen and salinity were the significant
markers of spat availability in the open estuary environment.
Extremely low levels of these two parameters possibly hampered the
physiological processes of the oyster, culminating the observed
unsuccessful settlement of spat. Management and policy actions
should be geared towards sustainable extraction including harvest
quotas and size limits during the dry season for the benefit of
investments, local economic development and job creation. Systems
such as the Benya Lagoon or sections within particular systems with
minimal DO and salinity fluctuation could be held as sanctuaries and
managed under protected area arrangements. The results of this study
could support criteria for granting harvest quotas and rights at different
seasons and the balancing of social equity which currently has women
at the core. Considering that ocean conditions may differ from one
ecosystem to another and patterns may shift over time, we recommend
that spatfall assessments be conducted for specific ecosystems of
interest for management, conservation and the establishment of
growing leases. Assessments should be conducted from time to time
to ascertain possible shifts in spatfall regimes spatially and temporally.
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