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Abstract

This research describes the development and application of an empirical
model for toxin-producing algae developed from time series of cell abun-
dance coupled with concurrent measurements of environmental variables in
Nigerian coast, Gulf of Guinea. A Generalized Linear Model was formulated
to predict the population size of Cyanophyta, Oscillatoria, Dinophyta, total
phytoplankton abundance and toxic algae, for four different months in a year,
namely March (dry-wet period), July (wet period), October (wet-dry period)
and January (dry period), using 12 input variables, namely pH, salinity, PO,,
NO,, Fe, water temperature, DO, turbidity, Si, SO, and location determined
by Latitude and Longitude coordinates, with data collected from 53 locations.
The interactive effects of silicate and iron were also modeled to elicit effect of
these nutrients on the density and occurrence of toxic algae/phytoplankton
and total phytoplankton abundance. The model gives a very good fit for the
data and the results reveal the influence of season, location and nutrients on
the variation in the abundance of total phytoplankton abundance and the
toxic form abundance. In the wet season and dry seasons, surface and stem
plots for total phytoplankton abundance and toxic algae abundance were
noticeably dissimilar, with the Lagos axis of the Atlantic Ocean having sig-
nificantly high total phytoplankton abundance in the wet season and abun-
dant toxic algae in the south-south locations of Cross River and Akwa Ibom.
Ondo and Ogun axes of the Atlantic Ocean had significantly high abundance
of the toxic algae in the dry season. In the dry-wet and wet-dry seasons, the
surface and stem plots for total phytoplankton abundance and toxic algae
abundance were similar. There was significant abundance of toxic algae in the
south-west locations. Specifically, Ondo and Ogun in the south-west had sig-
nificantly high total phytoplankton and toxic algae abundance in the dry-wet
season.
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1. Introduction

HABs incidence and mass occurrences of toxic algae have increased in recent
years, in frequency, extent and geographic distribution [1] [2] [3]. Harmful algal
blooms are of global concern and have caused severe ecological, economic and
human health damages worldwide [4] [5] [6] [7] [8]. These blooms are triggered
by cultural eutrophication or nutrient pollution [4] [8] [9] [10] [11] [12].

It is estimated that one-quarter of Nigerian population live in the coastal zone
represented by nine states [13]. An increase in human coastal populations, indu-
strialization, and the intensification of agriculture have elevated the supply of
macronutrients such as nitrogen (N) and phosphorus (P) to coastal waters [14].
The Nigerian coast contains a diverse group of phytoplankton of different gene-
ra and species [15]. The phytoplankton will bloom under favourable nutrient
conditions while a relatively few species of phytoplankton produce biotoxins
under certain ecological conditions.

The toxin produced can remain inside the algal cells (intracellular toxins), or
they may be released into the surrounding water (extracellular toxins) during ac-
tive algal growth or when algal cells lyse [16]. Toxin producing phytoplankton
can cause harm to aquatic and terrestrial animals. These toxins directly or indi-
rectly enter aquatic and terrestrial animals and bioaccumulate, biotransfer and
biomagnify through food chains and webs [10] [16] [17] [18]. Algal toxins can
also be lethal to humans. It was reported that worldwide, algal toxins of all types
may be responsible for as many as 60,000 intoxication incidents per year [19].
They are responsible for the production of certain poisoning syndromes in hu-
mans. The respective poisoning syndromes have been named paralytic, diarr-
hetic, neurotoxic, amnesic, and azaspiracid shellfish poisoning (PSP, DSP, NSP,
ASP, and AZP respectively) and ciguatera fish poisoning (CFP) [20].

Earlier preliminary reports by [21] [22] [23] [24] revealed the presence of po-
tentially toxic phytoplankton in the Nigerian coastal waters. More recently,
Zendong et al. [25] reported the presence of algal toxin in the coastal waters of
Nigeria. Although there are no records of human illness and massive aquatic
animals and fish kills in Nigerian coastal waters, the presence of toxins produc-
ing species of phytoplankton implies the possibilities of its occurrence. There is
however, no report of mathematical modelling of toxic phytoplankton in the
coastal waters of Nigeria.

Mathematical modelling is a valuable tool to explore the features of the inte-
raction between certain environmental variables and toxin producing phytop-
lankton. It is vital to use this tool to predict the presence of toxin-producing

phytoplankton in the Nigerian coast. This could serve as a precautionary man-
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agement tool, considering the reliance of its increasing population on marine
ecosystems.

Several modelling frameworks have been used in HAB and HAB-related study
worldwide. Chattopadhyay et al [26] proposed a mathematical framework to
show the relationship between toxin phytoplankton and zooplankton and con-
cluded that toxin released by toxigenic species play a significant role in bloom
termination by reducing zooplankton grazing pressure. In the same vain Pal et
al. [27] proposed a nutrient-phytoplankton-zooplankton model and it was re-
vealed in their result that the concentration of toxin that surpasses a threshold
level dampens phytoplankton-zooplankton population oscillations. Meanwhile,
Chakraborty et al [28] used a nutrient-phytoplankton model approach to ex-
plore the dynamics of seasonally recurring bloom phenomena. Their studies re-
vealed that with a changing liberation rate, toxin can contribute to the explana-
tion for algal bloom. The work of Blauw et al [29] done in the Dutch coastal
waters, used a fuzzy logic approach to relate foaming events, Phaeocystis globosa
and environmental parameters such as irradiance, mixed layer and nutrient
availability. Their result gave an insight of foam formation and provided a base
for more detailed modelling efforts. Environmental variables such as tempera-
ture, salinity, light, nutrients, location, time of year and freshwater discharge
were used to predict the occurrence of the toxigenic diatom Pseudonitzschia
bloom using a logistic GLM approach. Their study identified several environ-
mental variables associated with Pseudonitzschia blooms but could not pinpoint
environmental indicators of the presence of its associated toxic agent [30]. Ba-
nerjee et al. [31] with a Monod-Haldane response approach analysed the phy-
toplankton-toxic phytoplankton-zooplankton interaction concluded that the
zooplankton population can survive with the existence of toxic phytoplankton.

In this paper, GLM of toxigenic phytoplankton species-environmental va-
riables interaction to analyse the potential influence of environmental variables
on toxin production in the Nigerian coast. To do this, environmental variables
and toxin-producing algae were integrated into the proposed model to ascertain
the response of the toxigenic species to abiotic variables. This will assist us to
understand and predict toxin production dynamics and the future occurrence.

The aim of this study is to investigate the applicability of mathematical mod-
elling to predict the occurrence of toxin-producing phytoplankton in Nigerian
coastal waters. It will apply data set over large temporal and spatial scales to

support modelling and prediction of toxin-producing phytoplankton.

2. Materials and Method
2.1 Study Area

The sampling area consists of 53 stations in ten sampling locations across eight
coastal states in south-south and south-west Nigeria which extends from Lagos
State in south-west to Cross River State in south-south (Figure 1). The study

was carried out in the Nigerian Coast-Atlantic Ocean and adjoining waterbodies,
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Figure 1. Map of study area: Coastal Waters of Nigeria, Gulf of Guinea, West Africa.

from the Bight of Bonny to Bight of Benin in the Gulf of Guinea. The sampling

sites vary from freshwater to marine water.

2.2. Sample Collection

Separate seawater samples for in situ measures physico-chemical parameters and
phytoplankton species abundance and toxin producing phytoplankton were col-
lected using a transparent one liter container at a depth of 10 meters, using a
Lund tube. Collection of samples were done in the 10 sampling sites within a
year (2014-2015) in March, 2014 (dry-wet), July 2014 (wet), October 2014
(wet-dry) and January 2015 (dry) seasons.

2.3. Phytoplankton Identification and Enumeration

Phytoplankton identification was done through observation of their gross mor-
phology and with the aid of appropriate texts [32] [33] [34] [35] [36] and enu-
meration was done using the Lackey method [37].

2.4. Modelling Methodology

A Generalized Linear Model (GLM) (empirical models) was formulated to pre-
dict the population size (abundance) of Cyanophyta (A), Oscillatoria (B), Dino-
phyta (E), as well as the total phytoplankton abundance (H) and toxic algae ab-
undance (), for four different months in a year, namely March (Dry-wet pe-
riod), July (Wet period), October (Wet-dry period) and January (dry period).
The models are given in (1) while the coefficients of the models, written as
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B.(i=1,---,12), for each of the 12 input variables are given in Tables 1-4 (cor-
responding) to the four months of interest.

The model takes in 12 input variables, namely pH, salinity, PO,, NO;, Fe, Wa-
ter temperature, DO, turbidity, Si, SO, and location determined by the Latitude
and Longitude coordinates. The models were fitted using data collected from 53
locations (Figure 1).

Model
Generalized Linear Model (GLM)

Y = B, + B [pH]+ 3, [Salinity]+ £, [PO, ]+ S, [N03 ] + f3; [Fe]
+ f3; [ Water Temperature|+ S, [ Dissolved Oxygen |

+ B Turbidity] + 5, [Si] + B, [SO, ] + , [Lat]+ B, [Long ] @

Y = population of species. (¥) can take any of the following:

A = Cyanophyta.

B = Oscillatoria.

E'= Dinophyta.

H = Total phytoplankton abundance.

I=Total Toxic species abundance.

The interactive effects of silicate and iron was also modeled to elicit effect of
these nutrients on the density and occurrence of toxic algae/phytoplankton and
total phytoplankton abundance.

March

Table 1. Coefficients of the model (1) predicting the population of the species specified
here in for the month of March.

E H I
5o 3.0876 9.5625 2.4779
i 0.2162 0.3572 0.0695
5 0.0296 -0.0731 —-0.0461
b5 -5.6102 —0.3415 -0.8939
P 1.0443 0.3203 0.5680
Ps —-0.0626 —-0.0408 0.2020
L 0.0856 0.0204 0.0969
5 -0.1018 0.2988 0.2897
L -0.0212 0.0010 -0.0135
5 —-0.0006 —0.0001 —-0.0012
P 0.0007 0.0001 0.0005
Pu 0.6020 0.0225 0.5255
P -0.0180 —-0.0816 —-0.0993
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July

Table 2. Coefficients of the model (1) predicting the population of the species specified

here in for the month of July.

A B E H I
A 11.7201 18.4822 7.6484 10.4401 0.7353
B —0.0244 —0.7740 —0.5949 -3.9291 —0.7454
B —0.1031 —0.1006 -0.0221 —0.0757 -0.1217
By 3.3943 3.9021 ~1.8595 -15.2965 —27.4475
B -2.1913 —2.5930 1.2509 1.4387 1.3954
Bs —0.7799 —0.4307 —0.2063 —0.3444 0.0395
Bs —0.1201 —0.1387 —0.0246 0.6474 -0.0847
5 0.0070 0.3958 0.1645 0.3474 0.9817
By —0.0110 —0.0478 —0.0410 0.1122 -0.0423
B —0.0006 —0.0039 0.0010 0.0037 -0.0039
Bo 0.0005 0.0003 0.0024 0.0019 0.0007
Bu 0.8133 0.4896 0.5430 2.8631 1.8135
B -0.1361 —0.3448 0.4664 —2.0538 0.8333
October

Table 3. Coefficients of the model (1) predicting the population of the species specified
here in for the month of October.

A B E H I
5 10.0971 17.3518 26.8601 4.4715 13.4596
B 0.6949 1.5798 -1.7140 0.0140 0.0811
b5 0.0665 0.3802 0.0625 0.0229 -0.0259
B5s -0.2503 -0.1035 —-0.2092 0.3925 -0.7602
b —-5.7295 —-100.6299 0.2874 2.3153 -1.7240
Bs 0.8857 0.0157 0.2016 —0.0847 -0.0597
Bs 0.0087 —0.4866 -0.1657 0.1544 0.0122
b5 -0.1877 -1.5629 0.4446 0.1316 0.1301
Bs -0.0020 -0.0903 0.0550 0.0243 0.0140
Bo —-0.0091 —-0.0258 0.0030 -0.006 —-0.0063
B -0.0015 -0.0073 0.0002 —-0.000001 -0.0003
B -0.5676 1.5172 -0.2134 0.4309 -0.2259
B —0.2308 0.0667 —0.5688 0.0325 -0.4870
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January

Table 4. Coefficients of the model (1) predicting the population of the species specified
here in for the month of January.

A B E H I
B —156.9272 —-27.3615 —36.5933 —6.6046 —38.2888
e 3.0826 2.0200 2.3151 0.0120 2.4116
b5 —-0.8456 —-0.2451 —-0.0872 -0.0772 —-0.1482
B5s -13.5519 —14.9825 -2.6929 5.2067 —2.9423
JA —2.8867 8.5869 7.9305 —3.2953 7.4332
Bs 6.9070 0.0006 1.2980 0.3274 1.1012
Bs 2.6715 0.9348 0.8447 0.2877 0.9843
5 3.6272 —-0.4475 -1.1685 0.5134 -1.1316
By —-0.2608 —0.0081 —-0.1056 —-0.0351 -0.0602
by 0.0490 -0.0270 0.0390 —-0.0014 0.0214
B 0.0077 0.0022 0.0013 0.0003 0.0019
B 5.9619 0.4513 2.6559 1.4506 2.1693
B —-0.3693 -0.9115 -0.6016 0.0537 -0.6675

3. Results

These plots (obtained using models (1)) show that the location of the phytop-
lankton is significant in determining their abundance during the months of in-
terest. The variations in the total phytoplankton abundance and the toxic form
abundance seem to be significantly affected by location at different times of the
year.

The models from (1) gives a very good fit for the data collected and can be
used to predict the populations specified herein with variations in the input pa-
rameters during the specific period of interest.

Figure 2(a), Figure 2(b), Figure 3(a) and Figure 3(b) illustrate the surface
and stem plots of toxigenic species and total phytoplankton abundance of the
Nigerian coast for dry-wet season. The surface and stem plots for total phytop-
lankton abundance and toxic algae abundance were similar in this season. This is
an indication that the phytoplankton abundance and toxic algae abundance were
equally distributed in terms of density in each sampling site. Specifically, Ondo
and Ogun in the south-west had significantly high total phytoplankton and toxic
algae abundance in this season.

Figure 4(a), Figure 4(b), Figure 5(a) and Figure 5(b) show the surface and
stem plots of toxigenic species and total phytoplankton abundance of the Nige-
rian coast for wet season. The surface and stem plots for total for total phytop-
lankton abundance and toxic algae abundance were noticeably dissimilar,
pointing to the fact that the total phytoplankton abundance and toxic algae ab-

undance did not correlated in terms of their densities in each location. Locations
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Figure 2. Total phytoplankton abundance for dry-wet season (a) Surface plot; (b) Stem
plot.
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Figure 3. Toxic algae abundance for dry-wet season (a) Surface plot; (b) Stem plot.
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Figure 4. Total phytoplankton abundance for wet season (a) Surface plot; (b) Stem plot.
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Figure 5. Toxic algae abundance for wet season (a) Surface plot; (b) Stem plot.

with abundant phytoplankton had few toxic algae while sites with fewer phytop-
lankton had abundant toxic algae. Precisely, the Lagos axis of the Atlantic Ocean
had significantly high total phytoplankton abundance in this season. On the
other hand, the toxic algae were abundant in the south-south locations of Cross
River and Akwa Ibom.

Figure 6(a), Figure 6(b), Figure 7(a) and Figure 7(b) shows the surface and
stem plots of toxigenic species and total phytoplankton abundance of the Nige-
rian coast for wet-dry season. The surface plot and stem plot for the total phy-
toplankton abundance in this season indicated that phytoplankton abundance
was evenly distributed across all the sampling sites from south-south to
south-west. However, the stem plot and surface plot for toxic algae indicated
that there was significant abundance of toxic algae in the south-west locations.

Figure 8(a), Figure 8(b), Figure 9(a) and Figure 9(b) shows the surface and
stem plots of toxigenic species and total phytoplankton abundance of the Nige-
rian coast for dry season. The surface plot and stem plots of the total phytop-

lankton abundance and toxic algae abundance were not similar. The plots for the
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Figure 6. Total phytoplankton abundance for wet-dry season (a) Surface plot; (b) Stem
plot.
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Figure 7. Toxic algae abundance for wet-dry season (a) Surface plot; (b) Stem plot.
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Figure 8. Total phytoplankton abundance for dry season (a) Surface plot; (b) Stem plot.
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Figure 9. Toxic algae abundance for dry-season (a) Surface plot; (b) Stem plot.

total phytoplankton abundance indicated that the south-west locations had sig-
nificantly high phytoplankton abundance when compared to the south-south
locations. Furthermore, the plots for the toxic algae abundance showed that
Ondo and Ogun axes of the Atlantic Ocean had significantly high abundance of
the toxic algae.

All plots were obtained using the model (1), with the appropriate coefficients
in Tables 1-4.

Figure 10(a) and Figure 10(b) depict the stem plots of the effect of silicon
(Si) and iron (Fe) on the total phytoplankton abundance and toxic for abun-
dance across the sampling sites respectively in the dry-wet season. The plots in-
dicated that Si had no effect while Fe had effect on the distribution of the popu-
lation total phytoplankton and toxic form abundance. Figure 10 shows clearly
that iron concentration seems to be more significant in both abundances com-
pared to the impact of Si on both populations, in the dry-wet period.

The distribution cut across different concentrations of iron. With respect to
Figure 10(a), two isolated spots had increased total phytoplankton abundance
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while the Figure 10(b) shows relative increase in the toxic form abundance in
some sampling locations.

Figure 11(a) and Figure 11(b) depict the stem plots of the effect of Si and Fe
on the total phytoplankton abundance and toxic for abundance across the sam-
pling sites respectively in the wet period. The plot indicated that iron at various

concentrations had significant impact on occurrence and distribution of toxic

(@

x10¢

Total Phyto Abundance

S

(=)

Toxic Form Abundance
o )

x10* ' 0 0
Si Fe
Figure 10. Stem plots of the (a) total phytoplankton abundance (b) toxic form abundance
as a function of Fe and Si, for the dry-wet period. Values of Si and Fe are expressed in

mg/L.

Total Phyto Abundance

Toxic Form Abundance

Figure 11. Stem plots of the (a) total phytoplankton abundance (b) toxic form abundance
as a function of Fe and Si, for the wet period.
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form and the total phytoplankton abundance while silicon had relative effect on
the distribution of both populations. In the wet period, it seems that Fe was
more significant in concentration compared to Si in determining the total phy-
toplankton abundance and toxic form abundance (with the Si playing a signifi-
cant role in a few instances as seen in Figure 11). This trend was also observed
in Figure 12, that Fe seems more significant than Si in determining the total
phytoplankton abundance and toxic form abundance in the month of wet-dry
period. However, total phytoplankton and toxic form abundance increased only
at one spot.

Figure 12(a) and Figure 12(b) represent the stem plots of the effect of Si and
Fe on the total phytoplankton abundance and toxic for abundance across the
sampling sites respectively in the wet-dry period. Iron had a significant influence
on the distribution of the population of both groups but silicon had relatively no
effect. The distribution cut across different concentrations of iron. Also, there
were relative increase in the total phytoplankton and toxic form abundance in
some sites as indicated in the stem plot.

Figure 13(a) and Figure 13(b) depict the stem plots of the effect of Si and Fe
on the total phytoplankton abundance and toxic for abundance across the sam-
pling sites respectively in the dry period. During this period, it is also observed
that Fe was more significant in determining the total phytoplankton abundance
and toxic form abundance compared to the impact of Si on these populations.

Iron had a significant impact on the distribution of the population of both
groups but silicon had effect mainly on two sampling sites. At lower concentra-
tion, iron had relative increase in the total phytoplankton abundance but there
was no effect on the toxic form abundance at all concentrations. However, silicon
had significant increase on the total phytoplankton and toxic form abundance

(@)
%108

Total Phyto Abundance

Toxic Form Abundance

Figure 12. Stem plots of the (a) total phytoplankton abundance (b) toxic form abundance
as a function of Fe and Si, for the wet-dry period.
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(2)

Total Phyto Abundance
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Figure 13. Stem plots of the (a) total phytoplankton abundance (b) toxic form abundance
as a function of Fe and Si, for the dry period.

only at one sampling site.
Overall Si had more effect and made higher contribution in promoting both
phytoplankton abundance and toxic form abundance in wet period, corres-

ponding to the season of its highest concentration.

4. Discussion

The modelling for this study implicated the effects of environmental variables on
the total toxin-producing phytoplankton and total phytoplankton abundance.
While the abundance of the total phytoplankton community could be linked to
nutrient enrichment or sufficiency, toxigenic species abundance may be a resul-
tant effect of certain nutrient limitation or changes in some environmental va-
riables. HABs, inclusive of toxin-producing forms, have been indicated to occur
in areas with strong regional upwelling of nutrients [38] which provides inor-
ganic nutrients and subsurface phytoplankton to the surface, culminating in
phytoplankton blooms. The effects of potential influence of cultural eutrophica-
tion on harmful algae have been amply pointed out by several researchers [4] [9]
[10] [11] [12] [39].

It has been proved that anthropogenic input promotes the development and
persistence of harmful algal blooms at many locations in the world [12]. The
growth, toxicity, and geographic distribution of harmful algae have increased
with environmental factors such as nutrient enrichment and warmer water tem-
peratures [40] [41].

Coastal eutrophication or nutrient enrichment is invoked by high inorganic
nutrients from river discharges [42] and this culminate in HABs [43] [44] [45]. Nu-

trient enrichment in coastal areas arises from high-inorganic nutrients in freshwa-
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ter runoff, sewage discharge, agricultural fertilizers, and nearby high-density
coastal aquaculture [46].

Reports of Graneli and Flynn [47] stressed that both macronutrients and mi-
cronutrients have profound influence on harmful effects expression via control
of cellular toxin content. Such influences occur in response to absolute nutrient
concentration, nutrient ratios, as well as nutrient speciation.

Changes in Redflield ratio leads to shifts in phytoplankton composition, pro-
viding insights into the dynamics of nutrient regulation of phytoplankton as-
semblages [8]. Some phytoplankton species including harmful algae are able to
thrive in non-Redfieldian proportions because of accessibility to variable forms
of nutrients. Many HAB species, including toxic representatives, have the ability
to acquire nutrients when in disproportionate supply, and also can produce toxic
compounds, making these species excellent competitors under non-Redfieldian
conditions.

The numerical result of the modelling revealed that there was seasonal varia-
tions of toxigenic species and total phytoplankton in the two distinct regions of
south-west and south-south of the Nigerian coast. South-west had high toxigenic
species and phytoplankton abundance in all the seasons except for the wet sea-
son where it had low abundance of toxin-producing phytoplankton. With re-
gards to the south-south region, there was low phytoplankton abundance in all
the seasons apart from the wet season. South-south region also had low abun-
dance of toxin producing phytoplankton in all the season with exception of the
dry-wet season. Researchers have established that toxin production may not be
associated entirely with phytoplankton abundance, and also, the ability of a spe-
cies to produce toxins does not directly translate to its bloom production [48].
Nevertheless, even at these low abundances, their presence indicates that under
the right environmental and physiological conditions, toxin production may be
triggered, which can lead to devastating effects in the coastal waters of Nigeria.

Silica influences diatoms in particular. The isolated response/high abundance
in the wet and dry periods could be ascribable to the toxic diatom species, par-
ticularly, Pseudonitzschia species.

The influence of iron on the biomass and density of phytoplankton in oceanic
waters has been corroborated by Takeda [49].

5. Conclusion

This work represents a pioneering effort at modelling toxic algal species in Nige-
ria marine and/or coastal ecosystem. The model provided a very good fit for the
data collected and can be used to predict the harmful algal populations with var-
iations in the input environmental variables. It has revealed that geographic lo-
cations and time of the year play a significant role in the abundance of toxic al-
gae. The result obtained will provide resource managers with the requisite in-
formation and tools in developing effective strategies for the mitigation and

management of harmful algal blooms and their concomitant frequently devas-
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tating impacts on coastal environments.
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