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ARTICLE INFO ABSTRACT
Keywords: This study applied ocean models data from Copernicus Marine Environment Monitoring Service
Coastal waters (CMEMS) in assessing the impacts of the trends in key ocean parameters on the primary pro-

Gulf of Guinea

duction of the Gulf of Guinea (GoG). Trend analyses, from 1993 to 2020, were done using linear
Climate change

regression and Mann-Kendall significance test methods to ascertain inter-annual and inter-

Models .. C . X

Primary productivity seasonal variations and check the significance of the trends, respectively. Results affirm that
Phytoplankton temperature, salinity, nutrients, and oxygen play significant roles in the primary production of the
Nutrients GoG. Also, parameters such as temperature, salinity, chlorophyll-A, net primary production,
Trends phosphate, and dissolved oxygen have been experiencing increases between the study duration

while silicate and nitrate have been declining in the GoG. However, there are regions and years
with contrary values to the average trends. The varying level of significance of the trend showed
that the impacts of the climate on the primary production of the GoG vary basin-wide.

1. Introduction

It is generally known that marine food web relies to a great extent on the phytoplankton primary production as it accounts for an
estimated 95% of marine primary production [1,2]. Hence, a change in this important source of food to the higher trophic levels will
have effects of varying magnitudes on the wellbeing of the marine ecosystem [3]. Global marine primary production of about 50-60
pentagrams of Carbon per year [4,5] has been reported by global and regional studies. The abundance or scarcity of the primary
producers regulate fish catch thereby increasing or reducing the volume of protein available to humans use [5]. This primary pro-
duction provide support principally for all life in the oceans and ultimately affects global biogeochemical cycles and climate [5].

These photosynthetic phytoplankton also contribute to climate regulations by absorbing more than 100 Teragram of carbon per day
[6]. This reduces the global temperature because it removes more CO,, a renowned greenhouse gas, from the atmosphere [7]. It is
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reported that the ocean takes up about 30% of the annual anthropogenic emissions [8]. Climate change has been reported to be the
biggest anthropogenic threat faced by marine ecosystem [9]. Study have reported a significant increase in Sea Surface Temperature
(SST) in the global ocean [10]. This has led to an increased thermal gradient between the surface water and the layer below which is
expected to cause a reduction of nutrients supplied to the surface layer where primary production is predominant [11]. Similarly,
studies have found that increasing SST has been implicated in the observed decline of oceanic phytoplankton biomass and other
biological effect on plankton metabolic rates [12,13]. This has consequently reduced the climate regulating role of the global ocean
through CO, capture by photosynthetic phytoplankton [14]. Other impacts of climate change on the global ocean include a change in
nutrient supply [15].

Unlike the less productive open ocean, the coastal seas like the Gulf of Guinea (GoG) coastal waters contributes close to 80% of the
global seafood harvested from the wild [16]. The upwelling system of West Africa combined with that of the western Iberian Peninsula
has been reported to be one of the largest marine ecosystems globally [17]. It supports a high quantity of fisheries and aquaculture
because of the high nutrients inputs from coastal sources and upwelling [18,19]. Despite these important contributions, the coastal
seas have been the most impacted by human activities including overfishing, marine transport and engineering activities, plastic and
agricultural pollution in form of nutrient enrichment [20,21].

Several factors such as temperature, light and nutrient availability have been linked to marine primary production [22]. The
limiting factors are to a great extent regulated by upwelling, atmospheric deposition, ocean and mixed layer dynamics as well as solar
cycles [23]. Net primary production is greatly influenced by wind-driven upwelling which brings nutrient-rich water from the deep
ocean to the surface [24]. These coastal upwelling regions are usually found on the western side of the continent like West Africa where
the Gulf of Guinea is located [18]. Globally, despite its occupying less than 1% area, these upwelling regions produce about 10% of
primary production [25]. As a result of climate change, winds that favour the occurrence of upwelling have been projected to increase
due to different rates of warming of land and ocean [25]. This is expected to lead to reduced SST in some parts of the world thereby
increasing primary production in form of photosynthetic phytoplankton [26,27].

Photosynthetic phytoplankton are expected to be the fastest to be impacted due to their small size and fast rates of proliferation [28,
29]. This is expected to lead to one of the most rapid impacts of climate change on the global marine ecosystem [30,31]. This is
expected to be mostly in form of changes in rates and distribution of marine primary production which is expected to have both direct
and indirect impacts on the global marine food web as diatoms, and fish and their associated predators are projected to decrease and
the microbial food web to increase under global warming scenarios [32-34].

Due to the time-consuming, limited spatio-temporal coverage and expensive nature of the various methods used in the in-situ
measurement of marine primary production, studies mostly rely on satellites remotely-sensed and ocean models data to assess the
trends in this important ocean properties [3]. Studies such as [31,35] have employed the use of ecosystem models in assessing the
impacts of climate change on the net primary production under different climate change scenarios and the uncertainties inherent in the
estimation. Models from recent studies showed how climate change impacts lower trophic level organisms, and these effects are
transferred through the food chain to larger animals which has societal impacts on fisheries [31,35]. These studies have found that
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Fig. 1. Map of study area covering West African coastal waters including Gulf of Guinea (Red box shows the focus of the study)



Table 1

Summary of the data used in the study.

Data product

Global_reanalysis_bio_001_029

Global_analysis_forecast_bio_001_028

Global-reanalysis-phy-001-031

Global_analysis_forecast_phy_001_024

Acronym
Data Type
Acquisition Tool
Water levels
Temporal
Coverage
Temporal
Resolution
Spatial
Resolution
Parameters
acquired
Source

User Manual

Quality
Information
Document

GRB

Model

NEMO PISCES biogeochemical model
Surface

1993-2018

Daily

0.25° x 0.25°

GAB

2019-2020

Chlorophyll, Nitrate, Phosphate, Silicate, Dissolved Oxygen, Primary Production

https://data.marine.copernicus.eu/product/
GLOBAL_MULTIYEAR _BGC_001_029/services

https://catalogue.marine.copernicus.eu/

documents/PUM/CMEMS-GLO-PUM-001-029.

pdf
https://catalogue.marine.copernicus.eu/
documents/QUID/CMEMS-GLO-QUID-001-
029.pdf

https://data.marine.copernicus.eu/product/
GLOBAL_ANALYSIS_ FORECAST_BIO_001_028/
services

https://catalogue.marine.copernicus.eu/documents/
PUM/CMEMS-GLO-PUM-001-028.pdf

https://catalogue.marine.copernicus.eu/documents/
QUID/CMEMS-GLO-QUID-001-028.pdf

GRP

GAP

Operational Mercator global ocean analysis and forecast system

1993-2018

0.083° x 0.083°

2019-2020

Sea water potential temperature and Sea water salinity

https://data.marine.copernicus.
eu/product/GLOBAL_
REANALYSIS_ PHY_001_031/
services
https://catalogue.marine.
copernicus.eu/documents/PUM/
CMEMS-GLO-PUM-001-031.pdf
https://catalogue.marine.
copernicus.eu/documents/QUID/
CMEMS-GLO-QUID-001-031.pdf

https://data.marine.copernicus.eu/product/
GLOBAL_ANALYSISFORECAST PHY_001_024/
services

https://catalogue.marine.copernicus.eu/documents/
PUM/CMEMS-GLO-PUM-001-024.pdf

https://catalogue.marine.copernicus.eu/documents/
QUID/CMEMS-GLO-QUID-001-024.pdf
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change in water temperature can affect very important marine processes including rates of metabolic reaction causing molecular to
ecosystem scale impacts [31]. The two most predominant forcings used in driving these models for projecting climate change impacts
on the ecosystems are temperature and net primary production [36]. Other drivers which are used in place of the net primary pro-
duction include phytoplankton and zooplankton biomass as well as export carbon.

Mostly, these studies are on global scale which provides the average condition on basin scale but not entirely representative of the
regional situation in locations such as the GoG. Consequently, as a result of the importance in the role played by the primary pro-
duction in the sustenance of the whole marine food web, the goal of this study is to make use of ocean model data in the assessment of
the impacts of the changes in physical and biogeochemical parameters on the primary production of the Gulf of Guinea region. Model
physical and biogeochemical data between 1993 and 2020 will be statistically analyzed to check their trends and possible impacts on
the biological productivity of the GoG. The remaining part of this article is structured as follows. The study area in the Gulf of Guinea,
data acquisition and data analyses methods are described in section 2. The results are presented and discussed in section 3 and the
conclusion given in section 4.

2. Materials and methods
2.1. Study area

The focus of this study is the GoG, the coastal water of West Africa, located in the northern part of the Atlantic Ocean close to the
equator. For this assessment, the coverage of the GoG is defined from Cape Palmas in Liberia down to Cape Lopez in Gabon including
the island country of Sao Tome and Principe (red rectangular box in Fig. 1). This ranges between longitudes 15°E and 2.6°W and
latitudes 10°N and 1.5°S. The GoG region is known to have relatively uniform oceanic conditions in terms of bathymetry, hydrography,
productivity and trophic dynamics due to the predominant eastward flowing Guinea Current.

The GoG region has a strong upwelling between the coast of Cote d’Ivoire and Benin Republic popularly referred to as the Central
West African Upwelling [37,38]. This very productive coastal upwelling system peaks between July and September with minor up-
welling seasons between December and March [39,40]. This upwelling system is believed to be weakening as a result of the impact of
climate change in the region since temperature is known to play a crucial role in the marine productivity of the GoG [41].

2.2. Data acquisition

For this study, the data source is the publicly available reanalysis data from the Copernicus Marine Environment Monitoring Service
(CMEMS). The four globally available products used in this study are GLOBAL_REANALYSIS_BIO_001_029, GLOBAL-REANALYSIS-
PHY-001-031, GLOBAL_ANALYSIS_FORECAST PHY_001_024 and GLOBAL_ANALYSIS FORECAST BIO_001_028 which will hence-
forth be referred to as GRB, GRP, GAP and GAB respectively (Table 1).

Both GRP and GAP are multi-year 3D potential temperature, salinity and currents reanalysis and analysis forecast, respectively,
from top to bottom. These global products contain the physical state variables of the ocean including seawater temperature (°C),
seawater salinity (PSU), sea surface level/height (m), seawater velocity (ms’l), mixed-layer thickness (m) but the daily mean of Sea
Surface Salinity (SSS) and Sea Surface Temperature (SST) was used in this study. All the variables of the GAP are defined on the same
standard grid of 1/12° which is approximately 8 km with 50 standard levels of which only the surface level is selected for this study
[42]. While the GRP has a spatial resolution of 0.25° x 0.25° regular grid. The grid points in GRP and GAP that have the same lon-
gitudes and latitudes were extracted and concatenated.

Both GRP and GAP are improved with data assimilation using data from satellite and in-situ observations. The GRP contains four
reanalyses namely GLORYS2V4 by Mercator Ocean (France), ORAS5 by European Centre for Medium Range Weather Forecast
(ECMWF), GloSea5 by Met Office (UK) and C-GLORSO05 by Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC) (Italy) of
which the ORASS5 was selected for this study. The GRP spans a period of 01-01-1993 to 31-12-2019 while the GAP covers the period of
01-01-2016 till date. The period 01-01-1993 to 31-12-2018 from GRP was merged with period 01-01-2019 to 31-12-2020 for this
study. The daily version of both GAP and GRP were downloaded for this study.

GRB and GAB are also multi-year 3D hindcast biogeochemical products though the GRB has no data assimilation and the GAB has
some data assimilation of ocean colour observation. Like the GRP and GAP, these globally available biogeochemical products are
produced by Mercator-Ocean [43,44]. The daily product used in this study contains six variables vis-a-vis dissolved oxygen (DO) in
mmol. m’3, chlorophyll (Chl) in mg m’s, net primary production (NPPV) in mg.m’3.day’1, silicate (Sil) in mmol. m’3, nitrate (NO3) in
mmol. m~> and phosphate (PO4) in mmol. m~ which are all used in this study. The temporal and spatial resolutions of GAB and GRB
are also similar to that of GAP and GRP respectively.

According to a study by Varona et al. [45] on key atmospheric and oceanic parameters in the tropical Atlantic ocean where the GoG
is located, these data can be adjudged useful. This is especially for scientists who want to embark on in-depth analyses to interpret
trends of both physical and biogeochemical in the atmosphere and ocean in the tropical Atlantic Ocean. This is because they provide
relevant data to research trends in ocean climate through statistical studies.

2.3. Trend analysis and significance test

The data analysis for the trend assessment done in this study was carried out by first averaging the daily data downloaded on a
yearly basis for all the parameters considered. These yearly averages were then subjected to trend analysis using the linear regression
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approach employed by the MATLAB climate toolbox function “trend” [46]. This works on the principle of finding the linear trend of a
data series by least-squares method.

To confirm the significance of the changes observed in the trend analysis, the Mann Kendall test was also carried out. This was done
using the “mann_kendall” function in the aforementioned toolbox. This works by giving an output of 1 if true i.e., the trend is sta-
tistically significant and zero if false when one can reject the hypothesis of the presence of a significant trend.

These analyses were done on an annual as well as a seasonal bases to explain the interannual and intersessional variations in the
climate and biogeochemical parameters considered in this study. The seasonal analysis was done by separating the data into dry season
months (winter) and rainy season months (summer). Winter was defined similar to those used in previous studies by Dahunsi et al. [38]
in the GoG as months from November to March. Summer starts from April to October which is the major rainy season for the GoG
region.

2.4. Determination of drivers of primary production

In order to determine the potential drivers of primary productivity in the GoG, principal component analysis (PCA) was carried out
on the nutrient and physico-chemical parameters: NPPV, Chl, DO, NO3, POy, Sil, SSS and SST. These parameters were averaged
spatially (in the longitude and latitude dimension) to give 1-deminaional daily data between January 1993-December 2020. These
aforementioned variables were de-meaned to reduce bias resulting from differences in variables magnitude and measuring units. After
this, the “PCA” function of MATLAB was applied to determine the principal components coefficients and Eigen-values. This method
centres the datasets containing all the variables of interest in different columns before applying the singular value decomposition
algorithm on it. It also allows the estimation of the percentage (%) of the total variance in the dataset explained by each principal
component. To explain the relationships between the various parameters, correlation analysis was also done. These are presented in
the results and discussion section.

3. Results and discussion
3.1. Sea surface temperature (SST)

Generally, both the spatial and temporal trend analyses done show that the SST in the GoG has been experiencing increase between
1993 and 2020. Close to the coast, this increasing trend is higher off the coast of Benin Republic in West Africa, off Cameroon and the
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adjacent islands of Sao Tome and Principe as well as the southern coast of the GoG as seen in the spatial maps in Fig. 2a—c. The average
SST in the GoG was estimated as 27.7° and positive trends generally higher than 0.012 °C per year are observed in these regions. The
south eastern part of Nigeria around the Niger Delta shows a very low rate of increase of about 0.001-0.004 °C per year. This round the
year increasing SST depicts that the impacts of climate change are being witness in the surface water of the GoG.

The inter-seasonal variations in SST trends can be observed when Fig. 2b and c are compared. It can be seen that higher increasing
trends are seen closer to the coast during the summer while the reverse is the case during the winter. The Mann-Kendal trend sig-
nificance test done showed that the trends are significant in more places in the summer than in the winter as shown by the black dots on
the trend maps. It can be deduced that a significant increase has been experienced in the SST on the coastal strip of the GoG during the
summer between 1993 and 2020. This seem not to hold for the regions with major rivers like the Volta and Niger as these regions have
different trends which could not be statistically classified as significant.

In a study assessing the trends in SST and Chl in the major Large Marine Ecosystems in Africa [47], found the GoG is the third fastest
warming of all the seven ecosystems studied. Similar to what can be seen on Fig. 2a—c which shows that all parts of the GoG have been
experiencing warming [47], reported 100% warming in the region too. The study also captured the hotspot of increase seen off the
Benin Republic-Nigerian coast which is more obvious in Fig. 2b.

Fig. 2d confirms that higher SST are experienced during the dry season (winter) with SST generally higher than 28 °C whereas the
rainy season (summer) has SST less than 28 °C. The general trend shows that the rate of increase in the winter is higher than in summer
with values of 0.0087 and 0.0085 °C per year respectively. This increase can be observed to have been continuous between 2015 and
2020. In a study assessing the relationships between SST and primary production by Chiswell and Sutton [48], they found SST increase
up to 0.7 °C per decade in the New Zealand region.

Li et al. [49] suggested that the increase in mean temperature which can partly be attributed to climate change will impact the
mixed layer depth through its effect on thermal stratification. This is in fact due to the ocean-atmosphere interaction in terms of
exchange of mass, energy and momentum through physical processes. Research has proved that there exists a positive correlation
between SST and precipitation [23]. The Nigerian coast which was observed to be the warmest by Ayinde et al. [23] is seen to be the
region with the least increasing trend in SST owing to its already warm coastal water.

3.2. Sea surface salinity (SSS)

Unlike the SST trend which has been generally increasing, regions of decreasing SSS can be seen on the spatial distribution of trends
in Fig. 3a—c. This is obvious from Cameroon southward on the annual and seasonal trend spatial distribution maps. Close to the coast
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from Ghana to Nigeria, it can be seen that the SSS has been increasing at higher rates up to 0.08 psu per year in some cases. This trend is
round the year though it can be seen to be stronger in the dry season which suggests that temperature plays major role in the changes of
the SSS in the GoG. This deduction can be strengthened when the trend during the summer which is the major upwelling season is
observed. Coastal upwelling seems not to be the major influence in the increasing SSS in the GoG because even the eastern regions with
weaker upwelling have been experiencing higher rates of increasing SSS especially off the Nigerian coast.

The black dots (Mann-Kendal test) around the coast show that the increase in SSS close to the coast between 1993 and 2020 has
been significant. Though SSS is generally higher during the summer than in winter, as seen in Fig. 3d, the linear regression line
confirmed a higher rate of increase of 0.0111 psu per year for the winter than the 0.0053 psu per year in summer. Also, contrary to the
continuous increase from 2015 to 2020 seen in SST, the reverse seems to be the case for SSS. This confirms that temperature alone is not
the determinant of the SSS of a region as other factor like rainfall and river discharge play major roles [50]. Curry et al. [51] also found
that atmospheric freshwater fluxes contributed to the change in SSS.

From the time series plot in Fig. 3d, it can be observed that the SSS in the GoG has an oscillating cycle which usually last for five
years before another cycle. This cycle is noticed in both the annual plots and seasonal graphs. This cycle results into several years of
relatively high peaks as seen in 2005 and 2010 and distinct lows like 1994, 1999, 2008, 2013 and 2019.

Increase in salinity in the Gulf of Guinea had previously been reported by Houndegnonto et al. [52] but with magnitude smaller
than the period under this study. They also noted a decadal variability in SSS in addition to an increasing salinity trend in this region.
Interestingly, a global analysis also suggested that some of the largest increases in SSS over the period 1950-2008 were found in the
Gulf of Guinea [53-55]. However Da-Allada et al. [53], suggested that the increasing trend may have been a part of a more complex
processes.

3.3. Chlorophyll-A (ChD)

The spatial distributions of trends in Fig. 4a—c shows that the chlorophyl-A level in the GoG has been experiencing increase in
almost every part. This increasing trend does not vary with season though it can be seen that the rate of increase is higher during the
summer in the whole of the GoG. These higher rates in the summer can be linked to the coincidence with the major upwelling season in
the GoG region, that is, the boreal summer upwelling phenomenon at Cote d’Ivoire and Ghana coasts [23]. This deduction can be
strengthened by looking at the rates of increase in the major upwelling north-western coastal area of the GoG between Cote d’Ivoire
and Benin Republic. The general spatial trend indicates an increase in the concentration of chlorophyll-A from the coast to the open sea
and a decrease from the Liberian coast to the Nigerian coast [23]. This stronger coastal upwelling region showed higher rates of
increasing concentration of chlorophyll-A between 1993 and 2020. The representation of the Mann-Kendal trend significance test i.e.,
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the black dots show that the changes in chlorophyll-A experienced in the GoG can be adjudged as statistically significant between 1993
and 2020. The higher rates of increase seen in the summer which is the major raining season in the GoG can also be the explanation for
the fact that chlorophyll-A is increasing despite increasing SST. Increased rainfall due to climate change is expected to increase river
discharge and hence the supply of some nutrients from land sources.

Fig. 4d confirms results showing higher values for chlorophyll-A concentration reported in previous studies for most part of the
GoG. The maximum value of chlorophyll-A concentration which is seen in 2020 is about 0.5 and 0.3 mg m 3 for the summer and winter
season respectively. On average, the chlorophyll-A concentration in the GoG has been increasing by 0.0035 mg m ™ per year on an
annual basis while rates of 0.0029 and 0.0052 mg m > per year was estimated for the dry and rainy season respectively. This results are
similar to the findings of Sweijd and Smit [47] where a median Chl value of 0.23 and ranging from 0.14 to 5.14 mg/m® was reported.
Chiswell and Sutton [48] found chlorophyl increase of about 0.04 mg/m® per decade which is comparable when converted to the
yearly increase repoted in this study.

On average, a one-year cycle of maximum and minimum can be observed to be oscillating in the timeseries plot in Fig. 4d. An
observation of good correlations can be seen when the timeseries plots of SST, SSS and Chl are compared. This deduction was drawn
from years with low SST and high SSS coinciding with years with higher concentration of Chl. For example, years 2005 with an
exception in 2020 which has the highest Chl despite not satisfying the condition of low SST. The observed increase in Chl concentration
can be attributed to upwelling. This was in agreement with findings of Nieto and Mélin [18] who suggested that upwelling conditions
with cold SST, negative sea level anomalies (SLA), fairly strong frontal activity, and moderate winds, appeared as the environmental
window most favourable to high Chl values amongst other mixed properties.

Similar to the findings in this study, it is important to note that net primary production or chlorophyll-A has an inverse relationship
with SST as it is known that high SST depletes Dissolved Oxygen (DO) in the ocean [23]. This may not be the case in some scenarios, for
example, the year 2020 has the highest Chl and does not satisfy the condition of low SST. The Nigerian coast already known for its low
chlorophyl-A concentration as mentioned by Ayinde et al. [23] is also among the regions with least increasing trend in Chl because of
the warm nature of the water.

The years of exception to the negative correlation known between SST and Chl became more obvious from 2018. This is expected to
be a result of one of the factors contributing to primary production overshadowing the impacts of SST in the GoG. According to the
findings of Martins and Stammer [56], the year 2018 marks the strong influence of Congo River in the southern part of the GoG.
According to Martins and Stammer [56], the year 2019 has the strongest river discharge in the last 4 decades as a result of anomalous
high precipitation in the over the African continent. This is expected to strengthen the supply of nutrient from river discharge leading

@ Annual Mean Nppv-Level in the GoG between 1993-2020 ® 1 0°NS
°N e T e

ummer Mean Nppv-Level in the GoG between 1993-2020

1

0.9

] 0.8
£ o g s 87 |
: = 0.6 =
0.5 &
0° 0° g: —‘é
0° — 59F — 10°E T 0° 5°F T0°F, 15°E 0.2 "’E
© Longitude @ Longitude 0.1 ;1-
°Nter 2o Nopp e lin the pof peven 12 2080 :; | W=0.4534x+15.341 y=02938x+12334 y=0.2363x+6.5149 0 =

-0.1
-0.2

Latitude
wn
©
Z
NNPV (mg.m-3.day?
~
o

5.

0° L e e e B S e e e e e e B LA e e
NTVONNIOEAANMNTUNONNRNOEANMNTNONNDO

NN NNNOO0O0O00000 00 reddodddeddddN

NN NO0OO00O00000000000000000O0

e — — " e E A A NNANNNNNNNNNNNNNNNNNNN

0° S°E 10°E 15°E Years

Longitude ~—NPPV_A ~~NPPV_S ~~NPPV_W — Linear (NPPV_A) — Linear (NPPV_S) — Linear (NPPV_W)

Fig. 5. Spatial trend of average Net Primary Production level in the GoG between 1993 and 2020 (black dots show regions with significant trend)
(a) Annual (b) Summer (c) Winter (d) Temporal on annual (NPPV_A), summer (NPPV_S) and winter (NPPV_W) bases with their corresponding linear
regression lines.



A.M. Dahunsi et al. Heliyon 9 (2023) e13047

to the highest Chl seen in 2020.

3.4. Net primary production (NPPV)

Fig. 5a—c shows very similar spatial distribution to that seen in the previous section on chlorophyl-A concentration. Though the
trend values are some orders of magnitudes higher than seen for Chl, the net primary production in the GoG has been experiencing an
increase in some parts of the GoG. This increase is obvious in the coastal parts of the north-western part of the GoG with stronger
upwelling. The Mann-Kendall test showed that these trends are statistically significant in most of the GoG round the year. Very little
increase and in some cases, a decrease has been seen in the eastern parts of the GoG especially off the coast of Nigeria. This insignificant
decrease is also seen offshore around Cote d’Ivoire-Ghana region which was also captured as the region with the weakest increase in
Chl between the study period. Another very interesting observation seen in Fig. 5a—c, which is also observed in the spatial distribution
of the trends for Chl, is the uniqueness and similarity between the equatorial upwelling region around latitude 0 and the coastal
upwelling region in the north-western part of Cote d’Ivoire-Benin Republic and also the south-eastern part around off Equatorial
Guinea-Gabon axis. Though the values are less during the winter, it can still be seen that the increasing trend in this equatorial up-
welling region was still captured.

Again, comparing the seasonal spatial distribution of the trends, a level of intersessional variation can be observed. This is in form
of high NPPV in the summer than in winter. Fig. 5d confirms this seasonal variability with values of NPPV averaging about 40 mg m >,
day ! in the summer while the maximum value seen in 2020 for the dry season is half that of the summer.

Similar to the previously reported yearly rise and fall of the Chl, the case of the NPPV is also very similar. The trend on annual basis
estimated for the GoG is 0.2938 mg m>.day ! per year while the values are 0.4534 and 0.2363 mg m>.day ' per year for summer and
winter, respectively. The study by Sweijd and Smit [47] also confirmed the positive trend of NPPV in the GoG. This same trend was
found for all the major marine ecosystems in the western part of Africa.

The variabilities observed in this study have been identified by previous studies which have also showed that marine fisheries
production is primarily governed by available primary production [11,57]. Additionally, changes in primary production [11] and
temperature [31] affected growth rates and fish production, altering the responses of ecosystems to fishing.

3.5. Nitrate (NO3)

The spatial distributions of the pattern of changes seen in the Nitrate level in the GoG are presented in Fig. 6a—c. Generally, in the
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coastal areas of the GoG, the NOs has been experiencing a decreasing trend between 1993 and 2020. The only exception to this
decreasing trend is the region surrounding the entry point of the Volta River into the Atlantic Ocean which shows a positive trend. This
distinct region is seen on both the annual and summer spatial distribution but a westward extension of this increasing trend is seen
during the winter. This is evidenced in the positive trends seen around the coastal areas of Cote d’Ivoire to Togo during the dry season.
Nevertheless, positive trends are observed round the year offshore. This positive trend is especially strong in the coastal and equatorial
upwelling region which suggests that upwelling is a major contributing factor to the abundance of NO3 in the GoG region. The intensity
of the offshore increase is also higher during the summer which is the major upwelling season in the region [58]. A negative trend is
seen around the coast of Nigeria down to Cameroon despite the presence of major rivers as well as the Niger Delta emphasizing the
predominance of upwelling over the river supply from land in NOg3 distribution. The black dots representing the Mann Kendal test on
Fig. 6a—c showed that both the negative and positive trends are statistically significant round the year in the coastal areas as well as the
equatorial upwelling region.

Negative trends of —0.0134, —0.009 and —0.0224 mmol m ™ per year have been estimated on an annual, summer and winner basis,
respectively for the GoG between 1993 and 2020 as shown by the linear trend lines in Fig. 5d. Similar to the high concentration of NO3
reported for the winter with values higher than 1.2 mmol m 2 in 2009, it can be seen that the concentration of NO3 in the GoG has been
declining at a faster rate than during the rainy season. Contrary to the maximum NPPV and Chl reported in the year 2020, the NO3
concentration for 2020 happens to be one of the least during the study period. This suggests that other factors played major role in the
chlorophyll-A concentration and net primary production level reported for 2020. Citing the report by EPA [59], Ayinde et al. [23]
mentioned that the low nitrate level seen in 2009 and 2014 can be linked to the reduction in the use of nitrogen as a major fertilizer
applied in the agriculture. This is expected to lead to reduce land-sea deposition of nitrate through run-off from farmlands.

3.6. Phosphate (POy4)

Similar to what was seen in the spatial distribution of NO3 trend, Fig. 7a—c shows that the trends of PO4 are higher in the coastal and
equatorial upwelling regions. This is especially obvious off the coast of Ghana-Benin Republic where increasing trends as high as
0.0058 mmol m ™ per year can be seen. This region of increasing trend is more distinct and extends farther offshore during the rainy
season (Fig. 7b) than the winter (Fig. 7c). Though mostly positive for POy, the trends reported for PO4 are one order of magnitude less
than the generally negative trends for NOs. Also, similar to the case of NOs, the trends of PO, in the eastern part of the GoG especially
off the coast of Nigeria-Cameroon show decreasing trends. The significance of trend test showed statistically significant trend in most
parts round the year as depicted by the black dots representing the Mann Kendal test on Fig. 7a—c. An exception is seen for the region
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offshore Cote d’Ivoire-Ghana with a distinct trend for almost all the parameters considered in this study. This region located
approximately between 5°N-2.5°N and 0-1.6°W has been observed to have a different pattern from the surrounding areas to the east
and south in most instances.

Fig. 7d showed that higher concentrations of PO4 are recorded during the rainy season than winter in the GoG contrary to what was
seen for NOs. Concentrations higher than 0.1 mmol m ™~ was seen for peak years 2016 and 2020 during the summer. It is noteworthy
that one of the highest concentrations of POy is reported for the year 2020 which has been previously seen as the most productive year
in terms of Chl and NPPV. The westward advection of the anomalous events found by Martins and Stammer [56] and contribution of
large rivers such as Niger and Volta Rivers are the plausible explanation for the increased nutrients supply to coastal waters observed
from 2018. This was affirmed in a study by Auricht et al. [60] where a corelation greater than 0.6 was found between the Niger River
discharge and Chl for he GoG. This high correlation was found despite many months of missing data for river discharge which is one of
the factors inhibiting studies requiring long temporal data in the GoG. The average PO, trend values for the GoG between 1993 and
2020 are estimated as 0.0015, 0.002 and 0.0014 mmol m > per year on an annual, summer and winter basis respectively. It can be
observed that between 2011 and 2016, a continuously increasing concentration of PO4 has been recorded in the GoG until two years of
decline between 2017 and 2018 after which the concentration has also been on a continuous increase.

3.7. Silicate (Sil)

From the spatial distribution of the trends in the silicate concentration in the GoG between 1993 and 2020 presented in Fig. 8a—c, it
can be observed that on average, most places have been experiencing decline in silicate concentration. This decline is extreme in the
eastern part of the GoG off Nigeria and Cameroon where deceasing rates as high as 0.3 mmol m~> per year can be seen. Comparing
Fig. 8b and c shows that the decrease in silicate concentration is at higher rates in the winter than in the summer. The only region with
a seeming increasing trend of silicate concentration is the previously identified distinct region of the coast of Cote d’Ivoire to Ghana.
The Mann-Kendal test done also showed that this basin-wide decreasing trend is statistically significant for a greater part of the GoG
regions as can be seen by the black dots almost everywhere on the spatial distributions of trends for annual and seasonal analyses.

Fig. 8d shows that silicate follows a similar temporal trend with NO3 because it can be observed that the concentration during the
winter (dry season) is higher than in the rainy season. The winter has values generally higher than 5 mmol m~ with a peak of about
5.5 mmol m~ in 1998 whereas the concentration of silicate in the GoG is generally less than 5 mmol m > in the summer. The trends
also follow the similar a pattern with values of -0.047, —0.0528 and —0.0649 mmol m > per year for annual, summer and winter
average trends, respectively. Also contrary to phosphate which happens to be the only nutrients with values supporting the peak Chl
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and NPPV values seen in 2020, the value of silicate concentration is the lowest just like that seen for NOs. Though the trend of silicate is
an order of magnitude higher than that of NOs, the spatio-temporal analyses for both parameters show very similar patterns. The
values reported for all the nutrients considered in this study are similar to the findings of Nubi et al. [61] that reported higher con-
centration of silicates than phosphate and nitrate in the coastal water of the GoG. The reduction of NO3 found in this study is a cause for
concern owing to the fact that primary production in the coastal waters of the GoG is limited by availability of NO3 [62].

3.8. Dissolved oxygen (DO)

The spatial distribution of the trends of the Dissolved Oxygen in the GoG between 1993 and 2020 presented in Fig. 9a—c shows very
similar patterns to those of PO4 previously presented. An increasing trend of DO is seen in most parts of the GoG with higher values
seen from Togo down to the southwestern part of Nigeria. The exceptions are seen in the previously identified distinct region offshore
Cote d’Ivoire to Ghana and the south-eastern part of Nigeria through the coastal areas southward where negative trends can be
observed. These regions of negative trends can be seen to have higher rates of change in the summer. The negative trend seen in the
distinct region offshore Cote d’Ivoire to Ghana disappeared during the winter and the positive trends extended farther offshore towards
Sao Tome and Principe. The Mann Kendal test showed that the changes experienced by DO in the GoG between 1993 and 2020 is only
significant in few places notably the increasing trend region off Togo-Nigeria and the negative trend region off Cote d’Ivoire to Ghana.

The timeseries of DO between 1993 and 2020 for the GoG presented in Fig. 9d show that the DO concentration in the summer is
higher than in the dry season. This is seen in a value of about 212 mmol m > recorded for the year 2013 in summer whereas the winter
concentration is mostly less than 209 mmol m 3. Despite these higher values in the rainy season, values of 0.0214, 0.0128 and 0.0159
mmol m ™2 per year for annual, summer and winter trends depict a higher rate of increase in the DO during the winter. It is also worthy
of note that there is a continuous rise and fall of the DO concentration oscillating every 1-3 years throughout the study period. A value
that ranks among the highest is also recorded for the year 2020 which supports the previously reported high values of Chl and NPPV in
the same year.

Out of all the nutrients considered in this study, only phosphate seems to correlate with the maximum productivity in terms of Chl
and NPPV observed in 2020, therefore, being the most plausible driving factor despite unfavourable climatic factors like SST.
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3.9. Principal drivers of primary production

The results of the PCA test (Table 2) showed that the principal components are the first three (PC1, PC2 and PC3). These com-
ponents explained a total of 99.1% of the variation in the dataset. Looking closely at the table, one can observe that each of these
components have one predominant driving variables which are DO, Sil and SST for PC1, PC2 and PC3, respectively. This shows the
influence of SST which has a strong negative effect on the first principal component, DO, as can be seen in the correlation presented in
Table 3. A correlation of —0.90 between DO and SST shows a strong negative relationship which is expected to also result in negative
impacts of climate change in the GoG. This suggests that continuous increasing SST will have a very negative impact on the primary
productivity in the GoG since 90% of the variation in that NNPV is associated with DO. However, the results previously presented for
the various parameters considered in this study showed that DO has been increasing despite increasing SST. This suggests that the
increasing rate of SST in the GoG is not yet strong enough for the expected negative impacts on the DO. Another possible explanation of
this contradiction is the impacts of increasing supply of nutrients overshadowing the effects of increased SST. This can be attributed to
increased rainfall resulting in higher river discharge into the coastal waters of the GoG [23,63].

A closer observation of the correlation results coupled with previously presented findings gives an interesting insight into the
driving factors of primary production in the GoG. With the knowledge that silicate is the second principal component after DO, the
inter-relationship of Sil with other parameters showed that it has a fairly strong positive relation with SST. This means increasing SST is
expected to translate to increase in Silicate but a look at the trend in Fig. 8d showed that silicate has been reducing in the GoG. The
other nutrient (NOs) which has a weak positive correlation with SST also showed reducing trend as seen in Fig. 6d. These results when
coupled with the knowledge that silicate has very strong negative corelations of —0.82 and —0.78 with NPPV and Chl respectively
confirmed that the supply of these nutrients to the water of the GoG currently overshadows the impacts of SST. Though in the future,
higher increasing rates of SST may favour more silicates in the coastal waters of the GoG, it may not immediately translate to increase
productivity as seen in the negative correlations, —0.77 and —0.80, of SST with NNPV and Chl, respectively. This may be due to
negative relationship (—0.74) of SST with another important nutrient like PO4. Similar to the case reported in this study Kadiri et al.
[64], found a negative correlation between NO3 and Silicate in the Nigerian arm of the GoG.

4. Conclusion

The trend analyses done in this study has shown that despite the increasing trend of SST as a result of climate change, the pro-
ductivity indicators used i.e., Chl and NPPV also show that primary productivity of the GoG is also rising. The interplay between
nutrients supplies through river discharge and other ocean circulation processes such as advection have been concluded to be the
strongest explanation for this weak impacts of increasing SST in the GoG. This is expected to also translate to higher fish catch and
benefits the increase in the abundance of other endangered marine organisms including sharks and turtles. Nevertheless, the risk of
negative impacts of climate change on the whole ecosystem productivity cannot be categorically ruled out since community
composition analysis was not done in this study. Therefore, it is recommended that future study which makes use of regional models
that can simulate more complex predation and competition interaction within the GoG ecosystem be carried out. This will provide
ecosystem managers the needed information to ascertain the species that are most at risk due to climate change.
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Table 2

Summary of PCA output.
Parameters PC1 PC2 PC3 PC4 PC5 PC6
DO 0.91 0.27 0.31 0.098 0.036 —0.00015
NO3 —0.0028 0.16 -0.13 —0.34 0.91 —0.06
PO, 0.0091 —0.025 —0.0021 —0.029 0.059 0.99
Sil -0.15 0.85 -0.39 0.30 —0.097 0.036
SSS 0.095 —0.35 -0.27 0.83 0.33 —0.0063
SST -0.39 0.22 0.81 0.32 0.20 0.008
Percentage 90.0 6.67 2.43 0.50 0.39 0.0019
Eigenvalue 10.87 0.81 0.29 0.06 0.047 0.00023
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Table 3
Correlations between the variables assessed.
NPPV Chl DO NO3 PO4 Sil SSS SST
NPPV 1
Chl 0.98 1
DO 0.70 0.70 1
NO3 —0.075 —0.057 —0.0044 1
PO4 0.91 0.90 0.65 —0.028 1
Sil —0.82 —0.78 —0.48 0.48 —0.81 1
SSS 0.75 0.75 0.54 —0.30 0.73 —0.73 1
SST —0.77 —0.80 —0.90 0.028 —0.74 0.54 —0.72 1
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