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ARTICLE INFO ABSTRACT

Editor: Olga Pantos Understanding phytoplankton assemblages in reef waters is vital to comprehend their spatial variation and
overall productivity. However, global research on these assemblages remains limited, especially using pigment-

Keywords: based high-performance liquid chromatography (HPLC)-CHEMTAX approach. Therefore, in this study, we

Coral reefs compare the phytoplankton assemblages in the Southwestern Atlantic, including reef areas and coastal reefless
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areas, using the HPLC-CHEMTAX method. Water column analysis revealed well-oxygenated conditions, with
euphotic zones extending from 8.6 up to 15.1 m. Similarities in abiotic variables between surface and mid-water
samples indicated a thoroughly mixed water column. Phosphate and dissolved inorganic nitrogen (DIN) con-
centrations remained low, ranging from <0.14 to 0.64 and < 0.10 to 1.51 pM, respectively. Dissolved reactive
silicon (DSi) concentrations varied from <0.14 to 23.12 pM, with high concentrations observed in coastal
samples. Overall, phytoplankton biomass was modest, with total chlorophyll a levels ranging from 0.18 to 0.91
mg m ™. Diatoms, prymnesiophytes, and picocyanobacteria accounted for 91.2 % of the total biomass, whereas
green flagellates, dinoflagellates, and cryptophytes made minor contributions. Phytoplankton composition
differed between reefs and coastal areas, but no significant differences were found in the total biomass. Diatoms
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were prevalent, especially near the reefs, where a decrease in silica concentrations was observed. In contrast,
Synechococcus and prymnesiophytes contributed more nearshore and beyond the reef areas. The distinct
phytoplankton composition near reefs, even in oligotrophic waters, underscores the important role of tropical
reefs in shaping phytoplankton assemblages via benthic—pelagic coupling.

1. Introduction

Phytoplankton contributes to approximately half (46.2 %) of the
global primary productivity (Field et al., 1998). Moreover, productivity
in continental shelves is approximately 3-5 times greater than that in the
open sea, although sea shelf only accounts for approximately 7 % of the
ocean surface area (Simpson and Sharples, 2012). Continental shelves
provide 90 % of the global fisheries (Pauly et al., 2002), and phyto-
plankton primary production is fundamental to this supply (Pauly and
Christensen, 1995; Stock et al., 2017).

Tropical coasts are characterized by interconnected reef systems
(Roelfsema et al., 2013). Along the Equatorial Southwestern Atlantic
Ocean, covering approximately 1000 km in the SE-NW direction, lies the
Brazilian semiarid coast (SAC) (from 5° S 36° W to 2° S 44° W). SAC is
located halfway between the Amazon Reef System (ARS) and Eastern
Brazilian Reef System (ERS) (Carneiro et al., 2022; Costa et al., 2024).
The hard-bottom formations covered by biogenic carbonate sediments
along the SAC (Knoppers et al., 1999a) connect the ARS and ERS,
forming a unique ecosystem considered as one of the largest semi-
continuous tropical marine ecosystems in the world (Carneiro et al.,
2022).

These complex reef systems, including that on the SAC, are charac-
terized by various types of consolidated substrates that are often asso-
ciated with other interconnected habitats, such as rhodoliths and
seagrass beds (Carneiro and Morais, 2016; Carneiro et al., 2021).
Moreover, the continental shelf in the SAC exhibits distinct environ-
mental features, including significant interannual variability in precip-
itation, low river input, and strong influence of wind on the coastal
landscape (Soares et al., 2021). Additionally, this low-latitude coast
experiences consistently high temperatures (> 26 °C) throughout the
year with minimal intra-annual variability (approximately 5 °C)
(Teixeira and Machado, 2013; Soares et al., 2019a).

Only a few ecological studies have been conducted on the phyto-
plankton assemblages of the SAC continental shelf, mainly using tradi-
tional microscopy (e.g., Klein, 1977; Passavante et al., 1982; Moreira
Filho et al., 1999; Franco et al., 2018) and flow cytometry (Saes, 2018).
Although Utermohl method using an inverted microscopy provides
reliable numerical data on nano- and microphytoplankton, it un-
derestimates picophytoplankton organisms (Edler and Elbrachter, 2010;
Brito et al., 2015; Mendes et al., 2017). Inverted microscopy combined
with epifluorescence or flow cytometry can be an alternative to account
for all fractions (Crosbie and Furnas, 2001; Jacquet et al., 2006; Ke et al.,
2016). However, high-performance liquid chromatography (HPLC)
makes it possible to obtain data for all fractions (Schliiter et al., 2011)
through a single high-precision technique that allows automated and
rapid analysis of a large number of samples (Wright and Jeffrey, 2006).

Studies exploring the western Atlantic Ocean using flow cytometry
(Menezes et al., 2023) and HPLC (Farias et al., 2022) revealed the
marked contribution of pico- (Menezes et al., 2023; Farias et al., 2022)
and nano-phytoplankton (Farias et al., 2022) to the structure of phyto-
plankton assemblages. Small phytoplankton organisms may be preva-
lent due to the nutrient-poor conditions in tropical oceans and coastal
areas (Waterbury et al., 1979; Hillebrand et al., 2022). However, the
influence of nutrients on cell size may also be intricately associated with
other factors such as seawater temperature and grazing (Pomati et al.,
2020; Hillebrand et al., 2022).

Previous studies comparing phytoplankton structure between coral
reef waters and the adjacent ocean have shown that phytoplankton can
undergo shifts in composition and biomass in waters overlying reefs (e.

g., Furnas et al.,, 1990; Van Duyl et al., 2002). For example, due to
complex interactions between bottom and overlying reef waters, a
decrease in phytoplankton biomass can occur through selective grazing
by reef suspension feeders (Ribes et al., 2005; Houlbreque et al., 2006;
Genin et al., 2009), which has the potential to influence phytoplankton
composition (Hoadley et al., 2021). On the other hand, studies in
oligotrophic waters have also reported an enhancement in phyto-
plankton biomass around reef formations (Jales et al., 2015; Vollbrecht
et al., 2021).

Our study aimed to compare the biomass and composition of
phytoplankton in the SAC (Equatorial Southwest Atlantic) between a
protected reef area and the surrounding coastal reefless areas, testing the
hypothesis that there are differences between these areas related to
environmental gradients. This knowledge is crucial in shallow (<30 m)
and well-mixed areas where benthic—pelagic coupling significantly af-
fects the spatial dynamics of primary producers (Rossi and Gili, 2009). In
addition, using the HPLC method, we will shed light on the composition
of phytoplankton in the SAC. Although for oligotrophic tropical coastal
regions it is common to expect the predominance of picocyanobacteria
(Charpy et al., 2012; Farias et al., 2022), due to the gap in studies using
methods that include the entire phytoplankton community in the SAC (e.
g., HPLC-CHEMTAX), other groups may be revealed as contributing
more to the biomass.

2. Material and methods
2.1. Study area

The study area was located in the Brazilian semiarid coast (SAC),
with 10 sampling marine stations between 1.74 and 26.9 km away from
the coast. Some stations (S3 to S7), encompass the marine protected area
(MPA) known as “Pedra da Risca do Meio State Marine Park” (PEM-
PRIM) (Fig. 1). Despite sea surface temperatures exhibiting spatial and
temporal homogeneity (Teixeira and Machado, 2013; Barroso et al.,
2023), the area demonstrates spatial heterogeneity due to shifts in ba-
thymetry, coastal current directions, and the presence of reef ecosys-
tems, mainly inside the MPA (Fig. 1). In this MPA, the main carbonate
reef builders are crustose coralline algae and four coral species, mainly
the reef-building coral Siderastrea stellata. The local circulation at the
stations near the coast and the MPA is similar and predominantly from
east to west by coastal currents (Costa et al., 2024). This complexity is
responsible for the diversity in this low-latitude continental shelf, which
remains relatively understudied despite its ecological significance (Dias
et al., 2013; Soares et al., 2017; Cotovicz et al., 2020).

This MPA has tropical reefs (geogenic and biogenic), with a signifi-
cant cover of macroalgae, sponges, and reef-building corals with a low
height in relation to the ocean floor (1 to 3 m). (Soares et al., 2017;
Carneiro et al., 2022). The MPA ichthyofauna is composed of 131 taxa
(in 54 families), and presents 63.3 % of the reef fish species recorded in
Ceara (Freitas et al., 2019). Covering a rectangular expanse of 33.20
km?, the MPA lies approximately 18 km from the city of Fortaleza, the
capital of Ceard State (Brazil) (Fig. 1), with tropical reefs varying in
depth from 16 to 30 m (Soares et al., 2011, 2017). Moreover, the coastal
reefless areas (outside the MPA) have submerged dunes and a large
quantity of carbonate and siliciclastic sediments (Soares et al., 2017;
Carneiro et al., 2022) (Fig. 1).
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2.2. Sampling

Oceanographic sampling was conducted in July 2019 at all 10 sta-
tions (Fig. 1), with one station (S1) situated near the coast, five stations
(S3, S4, S5, S6 and S7) within the reef region protected by the MPA, and
four stations (S2, S8, S9 and S10) around the MPA (Fig. 1). The mini-
mum distances from the stations located within the reef region to the
nearest reef cover ranged from 1.1 (S5) to 2.5 (S6) km, while the four
surrounding stations had minimum distances of 4.6 (S2) to 9.6 km (S10)
(Table S1). In terms of depth, the sampled area was relatively shallow,
with values ranging from 16.5 to 28.8 m. Station S1 was the shallowest,
while stations S6 (28.8 m) and S9 (27.7 m) were the deepest (Table S1).
Please see Table S1 in the Supplementary material for more details.

Water samples for phytoplankton pigment analysis, and nutrient
assessment were collected using Van Dorn bottles at both the surface
(0.15 m below) and mid-water depths (8-14 m). The depth, vertical
temperature, and salinity profiles were measured using a CTD CastAway
model. Dissolved oxygen (DO) levels were recorded using a multi-
parametric probe (YSI Professional Plus model). Water transparency was
estimated using the Secchi disk, and the euphotic zone depth (Z¢,) was
calculated as 2.7 times the Secchi depth (Cole, 1983).

2.3. Nutrient and pigment analyses via HPLC

For the analysis of dissolved inorganic nutrients, the samples were
immediately filtered onboard after collection. For nitrate (N-NO3) plus
nitrite (N-NO3), N-ammoniacal (NNHz+ N-NHJ), and phosphate (P-
PO3"), 1 L of water was filtered through glass fiber filters (0.7 pm pore
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size GF-3; Macherey-Nagel, Diiren, Germany). Dissolved reactive silicon
(DSi) was filtered through a mixed cellulose ester membrane (0.45 pm
pore size, HATF; Millipore, Billerica, USA) in 300 ml aliquots. After
filtration, all samples were stored at 4 °C in the dark until transported to
the laboratory and then stored at —20 °C until analysis. N-NO3, N-NO3,
P-PO3 ™ and DSi were analyzed according to the protocol by Aminot and
Chaussepied (1983) described in Baumgarten et al. (1996). For N-
ammoniacal analysis, it followed the protocol of Strickland and Parsons
(1972) described in Baumgarten et al. (1996). The concentrations of N-
NO3, N-NO3 and N-ammoniacal were summed and presented as total
dissolved inorganic nitrogen (DIN). All laboratory analyzes were per-
formed in triplicate, with detection limits (DL) of 0.05 puM, 0.10 pM,
0.06 pM and 0.14 pM for P-PO3 ", N-NO3 plus N-NO3, N-ammoniacal
and DSi, respectively.

For pigment analysis, volumes of seawater ranging from 0.10 to 1.0 1
were filtered through Whatman GF/F glass microfiber filters (pore size
0.7 pm, 25 mm diameter) under vacuum pressure of <5 in. of Hg and in
low light. After filtration, the samples were immediately stored in liquid
nitrogen for rapid freezing of the cells and, later, they were stored at
—80 °C until extraction. For pigment extraction, the filters were placed
in centrifuge tubes with 3 ml of cold buffered 95 % methanol (2 %
ammonium acetate), containing 0.05 mg.ml’1 of trans-p-apo-8'-car-
otenal as an internal standard and subsequently macerated with a glass
rod. The samples were stored for 30 min at —20 °C, then ultrasonicated
for 5 min in a cold bath, and stored again for another 30 min at —20 °C.
At the end of the extraction step, the samples were centrifuged in a
refrigerated centrifuge at 2 °C for 5 min at 3500 rpm. The supernatant
was then filtered using a 0.2 pm pore Millipore PTFE membrane filter. In
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specific vials for chromatography, an aliquot of 1000 pl of sample was
mixed with 400 pl of Milli-Q water and the solution was injected into the
Shimadzu HPLC with refrigeration at 4 °C.

The HPLC used is equipped with a degasser (DGU-20 A), a solvent
distributor module (LC-20 CE), an automatic sample injector (SIL-20
AC), a photodiode array detector (SPD-M20A; wavelength 190 to 800
nm, 1 nm spectral resolution), a column oven (CTO-20 AC), and a
fluorescence detector (RF-10AXL; excitation 430 nm/emission 670 nm).
The method adopted for the identification of chlorophylls and caroten-
oids by HPLC is described in Zapata et al. (2000), using a reversed-phase
C8 monomeric column with a mobile phase containing pyridine. The
limits of detection and quantification of the referred method are duly
described/discussed in Mendes et al. (2007).

From their absorbance spectra and retention times, the pigments
present in the samples were identified and quantified. Their concen-
trations were calculated from the signals obtained by the photodiode
detector in comparison with commercial standards of pigments obtained
at DHI (Institute of Water and Environment, Denmark), which were used
for HPLC calibration. For peak integration, the LCSolution program
(Shimadzu) was used, and all integrations were manually verified and
corrected whenever necessary.

2.4. CHEMTAX analysis of pigment data

After determining the concentrations of specific marker pigments for
the phytoplankton groups and chlorophyll a levels, their relative con-
tributions to the total chlorophyll a (Tchl a = Chl a + DVChl a) levels
were quantified using the CHEMTAX chemical taxonomy program
developed by Mackey et al. (1996) and optimized by Wright et al.
(2009). CHEMTAX analysis is described in detail in the Supplementary
material.

The initial pigment ratios of major algal groups used here were
compiled from Higgins et al. (2011) (see Table S2), preferably using,
when available, the ratios obtained from field data. Based on the iden-
tified diagnostic pigments, eight algal groups were loaded into the
CHEMTAX software, namely green flagellates (including those with
chlorophyll b: chlorophytes and prasinophytes), dinoflagellates, cryp-
tophytes, prymnesiophytes, Synechococcus, Prochlorococcus, and di-
atoms. Additionally, two types of diatoms were defined: Type 1,
containing typical diatom pigmentation (chlorophylls c;, ¢z, fucoxan-
thin, diadinoxanthin), and Type 2, where chlorophyll c3 replaces chlo-
rophyll ¢; — typified by Pseudonitzschia sp. (Zapata et al., 2011), which
were commonly observed in our samples. These chemotaxonomic
groups were identified as described by Jeffrey et al. (2011) (see
Table S3).

2.5. Statistical analyses

For all statistical analyses, we considered the samples from surface
and mid-water separately; that is, we used 10 samples for reef stations
(S3, S4, S5, S6, and S7: surface and mid-water) and 10 for surrounding
coastal waters (S1, S2, S8, S9, and S10: surface and mid-water).

We assessed the normality of total biomass (refers to Tchl a) using
the Shapiro-Wilk test (Souto and Souto, 2020). Since the data showed a
non-normal distribution, we used the Wilcoxon test (Mann-Whitney) to
examine the significant differences between samples from reefs and
coastal areas (p < 0.05) (Souto and Souto, 2020). The normality of the
biomass of each phytoplankton group was also analyzed and only di-
atoms type 2 followed a normal distribution. These statistical analyses
were carried out using the PAST v.4.02 program (Hammer et al., 2001).

Differences in phytoplankton assemblages between the protected
reef area (i.e., MPA) and the surrounding coastal waters were assessed
using non-metric multidimensional scaling (NMDS) based on
Bray-Curtis distance, followed by an analysis of similarities (ANOSIM)
using 999 permutations. For NMDS and ANOSIM we used the non-
transformed absolute biomass of phytoplankton groups, as both
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analyses are non-parametric and do not require normality (Xia, 2020;
Bakker, 2024). To reveal the environmental gradient and explore the
relationship between environmental variables (temperature, salinity, P-
PO.%~, DSi, and DIN) and phytoplankton assemblages structure, we
employed the “envfit” method (Borcard et al., 2018). Since environ-
mental variables were measured in different scales, before the “envfit”
they were transformed by log (x + 1). All these analyses were performed
using the R package “vegan” (version 2.6-8) (functions “metaMDS”,
“anosim” and “envfit” using 999 permutations) (Oksanen et al., 2024) in
R 4.3.1. NMDS plot was visualized using R package “ggplot2” (version
2.6-8) (Wickham, 2016).

To visualize the spatial distribution of total biomass, absolute
biomass of phytoplankton groups and abiotic variables (nutrients,
temperature, and salinity), we used Ocean Data View v.4.7.8 (Schlitzer,
2016) with a weighted average grid function (scale length 70 for X and
Y) to interpolate the data.

3. Results
3.1. Environmental variables

The surface layer exhibited high dissolved oxygen saturation (101 +
1.2 %) (Table S1). The depth of the euphotic zone ranged from 8.6 to
15.1 m, with the maximum limits often closely associated with mid-
water depths (Table S1). Water transparency varied, with minimum
and maximum values of 3.2 and 5.6 m recorded at S10 (station farthest
from the coast) and S2 (coastal surroundings), respectively (Table S1).
Temperature (Fig. 2a and b) and salinity (Fig. 2c and d) showed minimal
spatial and vertical variations (Table S1; Fig. S1) with mean values of
27.8 °C £ 0.06 and 36.2 + 0.14, respectively (Table S1).

P PO3~ concentrations ranged from <0.05 to 0.64 pM across the
area, indicating consistently low levels (Fig. 2e and f). Similarly, DIN
concentrations ranged from <0.06 to 1.51 pM, with most samples hav-
ing concentrations <1.0 pM, except for mid-water samples from S6
(1.51 pM) (inside reef) and S8 (1.13 pM), and S10 (1.01 pM) in coastal
surroundings (Fig. 2g and h).

Regarding DSi concentrations (< 0.14 to 23.1 pM), most of the
samples showed low concentrations (<1 pM), especially on the reefs.
However, high concentrations were observed at some stations in the
surrounding coastal zone, namely at S1 (the closest to the coast) (sur-
face: 23.1; mid-water: 14.1 pM), S2 (in mid-water: 7.3 pM) and S10 (in
mid-water: 5.6 pM) (Fig. 2i and j).

In all samples except for S1, the DSi:DIN ratios were <6. At S1, the
ratios were 27.9 at the surface and 37.6 at mid-water (Table S5). In turn,
the DSi:PO.3~ ratios were generally lower than 3, except for some sta-
tions located in the surrounding coastal zone, these being the samples
from S1 (> 30) and the mid-water samples from S2 and S10 (> 22)
(Table S5). For DIN:PO%’ ratios remained consistently low (always <5)
in both the reef area and their surroundings. Please see Table S4 in the
Supplementary material for more details.

3.2. Pigment concentrations, biomass, and composition of phytoplankton
assemblages

A total of 21 phytoplankton pigments were identified by HPLC
analysis (Table S5). Chlorophyll a (average Chl a = 0.34 + 0.14 mg
m~3), zeaxanthin (average Zea = 0.12 £+ 0.05 mg m~2), and fucoxanthin
(average Fuco = 0.10 + 0.05 mg m~>) were the pigments with the
highest concentrations and were present in all the samples. The lowest
concentration of Chl a (present in all groups except Prochlorococcus) was
at the surface of the station closest to the coast (S1 = 0.17 mg m’g),
while the highest concentration was observed in the mid-water of S9
(surroundings east of the reefs, Chl a = 0.84 mg m~3). In the reef areas,
the highest concentrations of Chl a were in the mid-water of stations S5
(0.52 mg m~3) and S7 (0.44 mg m ). The pigment Zea (dominant in
Synechococcus and present in Prochlorococcus) showed higher
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color scales.

concentrations in the surrounding coastal zone (mid-water of S1 = 0.22
mg m 2 and S9 = 0.26 mg m~3). In turn, in the reef area, Zea ranged
from 0.08 to 0.11 mg m~>. Fuco pigment (dominant in diatoms and
present in prymnesiophytes) was higher in the mid-water of S9 (sur-
rounding coastal; 0.24 mg m~>) and S5 (reef area; Fuco = 0.19 mg m~>).

Tchl a (phytoplankton biomass index) concentrations ranged from
0.18 mg m~3 (surface) at the station close to the coast (S1) to 0.91 mg
m~3 (S9 mid-water) east of the reefs (Fig. 3a and b). Except for S9,
located in the coastal zone, the highest Tchl a levels were observed in the
reef zone (S5, S6, S7). Despite the increase in some stations from the reef



A.D.A. Bezerra et al.

a)

Tehl 2 (mg m*) - surface

0.8

0.6

04

0.2

Ocean Data View

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

©)

0.3

Diatoms type 1 (mg m*) - surface
3.5°S

0.25
0.2
3.6°S 0.15
0.1

3.7°s 0.05

Ocean Data View

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

e)

Diatoms type 2 (mg m*) - surface

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

g) 0.25

Synechococcus (mg m*) - surface
0.2

0.15
0.1

0.05

Ocean Data View

Gesan Do View
N S S S S
=] - - N
o o

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

0.06

Prochlorococcus (mg m*) - surface
0.05

0.04
0.03
0.02

0.01

Ocean Data View

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

k)

Prymnesiophytes (mg m~) - surface

Ocean Data View

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

Science of the Total Environment 959 (2025) 178253

b) 1

Tchl a2 (mg m*) - mid-water

Ocean Data View

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

)

0.3

Diatoms type 1 (mg m?) - mid-water

0.25

3.5°s

3.6°S

3.7°s

Ocean Data View
S
S
&

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

Diatoms type 2 (mg m*) - mid-water

3.6°S

Ocean Data View

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

Synechococcus (mg m*) - mid-water

Ocean Data View

i)

0.06

0.05

0.04

0.03

0.02

Ocean Data View
)
3
<

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

)

Pr i (mg m?) - mid-wat 0.2

Ocean Data View

38.6°W 38.5°W 38.4°W 38.3°W 38.2°W

Fig. 3. Distribution of total chlorophyll a concentration (Tchl a) and absolute contribution of the main groups for Tchl a (mg m~®) in surface and mid-water samples
on the semiarid continental shelf of the Equatorial Southwestern Atlantic (Ceara, Brazil): (a and b) — Tchl a; (c and d) - diatoms type 1; (e and f) — diatoms type 2; (g
and h) - Synechococcus; (i and j) — Prochlorococcus, and (k and 1) — prymnesiophytes. The main reef area (MPA) is indicated by the black dotted rectangle (S3, S4, S5,

S6 and S7). Note the different color scales.

area, the averages were similar in both areas (reefs: 0.36 + 0.08 mg m™>;
surrounding areas: 0.36 + 0.19 mg m™~>) and no significant differences
were observed.

Analyzing the phytoplankton assemblages according to the presence
of reefs, an increase in diatoms was observed in this area, comprising
nearly 50 % of the total relative contribution (Figs. 4b, 3c—f, and

Table S6). In contrast, coastal areas showed a more equitable distribu-
tion, with diatoms, Synechococcus, and prymnesiophytes each presenting
similar contributions of around 30 % (Figs. 4a and 3g—j).

Across the entire area, diatoms (type 1 and type 2) were also the most
relevant group, comprising 38.2 % of the total composition, followed by
picocyanobacteria (Synechococcus and Prochlorococcus; 28.5 %; Fig. 4c
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Fig. 4. Average relative contribution of phytoplankton groups in the study area (semi-arid continental shelf of the Equatorial Southwestern Atlantic, Ceara, Brazil)
considering the a) surrounding coastal reefless areas, b) reef area, and c) total area.

and Table S6) and prymnesiophytes (24.5 %; Figs. 4c and 3k and 1).
Green flagellates, dinoflagellates, and cryptophytes exhibited low mean
contributions (Fig. S2), accounting for 5.2, 2.3, and 1.2 % of the total
biomass, respectively (Fig. 4c; Table S6). It is also important to highlight
the spatial distribution of picocyanobacteria (Fig. 3g—j). While Pro-
chlorococcus increased in the more distant stations (S9 and S10), Syn-
echococcus was higher in the station close to the coast (S1), although it
also increased in S9 (mid-water).

3.3. Structure of phytoplankton assemblages and relationship between
abiotic variables and phytoplankton

In order to understand the effects of reefs on the general structure of
phytoplankton assemblages, NMDS based on Bray—Curtis distance and
ANOSIM were performed. In the NMDS plot, the phytoplankton as-
semblages were clustered according to the areas (Fig. 5). ANOSIM values
across areas indicated a significant separation between phytoplankton
assemblages from reefs and coastal surrounding areas (R = 0.12; p <

R=0.1271
®  p-0043
Stress: 0.1608
0.4+
[
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Fig. 5. Non-metric multidimensional scaling (NMDS) plot based on Bray-Curtis distance of the structure of phytoplankton assemblages with environmental pa-
rameters added using envfit. *DSi was the only statistically significant variable measured through the envfit test (p < 0.05). R and p values were calculated by an
analysis of similarities (ANOSIM). DIN: Dissolved Inorganic Nitrogen. DSi: dissolved reactive silicon.
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0.04). To reveal the environmental gradient and the relationship be-
tween the abiotic variables and phytoplankton assemblages structure,
the “envfit” method was performed (Fig. 5). DSi was the only statisti-
cally significant variable (r> = 0.3698; p = 0.016), showing a negative
correlation with both NMDS axes (Supplementary Table S7). In the
NMDS plot, it is possible to see a negative association between DSi and
the phytoplankton assemblages from reefs, indicating a higher con-
sumption and demand for silicon in this area, which is consistent with
the higher relative contribution of diatoms (Fig. 4).

4. Discussion

In this study, we observed a shift in the phytoplankton composition
between stations in reef and coastal reefless areas via phytoplankton
pigment fingerprinting using the HPLC-CHEMTAX approach. The results
indicated oligotrophic conditions across the entire region and no sig-
nificant difference was observed in the total phytoplankton biomass
between reef areas and surrounding coastal areas. Nonetheless, it was
possible to observe an increase in relative contribution of diatoms
(phytoplankton assemblages) in the reef area (MPA). The local circula-
tion at the stations near the coast and the MPA is similar and predom-
inantly from east to west by coastal currents. Therefore, if the
differences in the diatom communities were due to coastal circulation,
they should be homogeneous throughout the area, but our results clearly
show heterogeneity due to the presence of reefs. Indeed, despite the
spatial homogeneity of the salinity and temperature data, heterogeneity
was found for the nutrients, notably DSi. Thus, the lowest DSi contents in
reefs was associated with higher diatom contributions likely due to
consumption. Besides diatoms, other important groups in SAC were
picocyanobacteria and prymnesiophytes.

4.1. Oligotrophy on the semiarid coast

The temperature and salinity data pointed to a horizontally homo-
geneous area. In turn, vertical temperature and salinity profiles indi-
cated the absence of stratification, suggesting a well-mixed water
column. Local hydrodynamic conditions, such as the semi-diurnal tidal
regime, strong trade winds, and intense ocean currents, contribute to the
high energy levels in the Southwestern Equatorial Atlantic shelf (Vital
et al., 2008; Dias et al., 2013), maintaining water column homogeneity
(Barroso et al., 2023).

Concentrations of dissolved inorganic nutrients fell within the range
of previous surveys in the Tropical Southwestern Atlantic (DIN =
0.05-3.20 pM; P-POz~ = 0.001-0.92 pM; DSi 0.07-70.0 uM) (Carvalho
et al., 2017; Araujo et al., 2019). A commonly applied approach to un-
derstand the nutrient limitation in coastal and oceanic waters involves
comparing in situ nutrient ratios with established thresholds that define
the nutrient levels required for phytoplankton uptake, such as the
classical Redfield and Brzezinski ratios (Redfield et al., 1963; Brzezinski,
1985). According to these researchers, for instance, diatoms require an
Si:N:P molar ratio of 16:16:1, respectively. Another approach to infer
nutrient limitation in coastal waters (Domingues et al., 2023) is to
combine nutrient ratios and absolute concentrations, according to the
following criteria: N limitation if DIN < 1 pM, N:P < 10, and DSi:N > 1; P
limitation if PO%’ < 0.1 pM, N:P > 22, and DSi:P > 22; and Si limitation
if DSi < 2 pM, Si:N < 1, and Si:P < 10 (Justic et al., 1995).

In the SAC region, in all samples the DIN:PO3 ™ ratio (< 5) was lower
than the Redfield and Brzezinski molar ratio (16), indicating strong ni-
trogen limitation, which is also consistent with previous reports in the
Southwest Tropical Atlantic (Araujo et al., 2019; Farias et al., 2022).

On the other hand, DSi:DIN ratios varied across the study area, and
some differences between reef and coastal areas can be noted. In reefs
(S3 and S4: surface; and S6: mid-water), low DSi:DIN ratios (<1) sug-
gested DSi limitation and increased consumption by phytoplankton.
Notably, at other depths of these stations (S3 and S4: mid-water; S6:
surface), DSi:DIN molar ratios >1 suggested no DSi limitation. However,
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by the criterion of absolute DSi concentrations (Justi¢ et al., 1995),
which was <2 pM in all these samples, the potential Si limitation was
corroborated in reefs. The highest relative contributions of diatoms in
these samples (27-58.2 %), associated with an significant inverse cor-
relation between this group and DSi concentrations corroborated the
demand for this nutrient in tropical reefs.

For coastal areas, we highlight the station closer to the coast (S1),
where high DSi:DIN ratios were observed, indicating high DSi avail-
ability and N limitation. At this station, Synechococcus was the group
that contributed most to Tchl a (> 30 %), while diatoms contributed
only around 15 %. Possibly, the high availability of DSi is due to con-
tinental input. In fact, the main source of DSi in seawater is continental
input, mainly from rivers and groundwater (Tréguer and De La Rocha,
2013).

In relation to the DSi:PO.>~ ratios <3, it was observed that in most
samples, they were below the Redfield and Brzezinski molar ratio of 16,
suggesting greater removal of DSi than of PO.>~. This reinforces DSi
limitation especially in the reef area. DSi is an essential nutrient for
siliceous primary producers (e.g., diatoms) and can become a limiting
nutrient in oligotrophic waters (Sospedra et al., 2018).

Therefore, our data suggest a high demand for nitrogen and silica in
the studied semiarid coast. However, these results should be interpreted
with caution, as there is growing evidence that nutrient limitation in
phytoplankton does not always adhere to the single nutrient limitation
model (e.g., Domingues et al., 2023). Instead, co-limitation by multiple
nutrients may be more likely in aquatic ecosystems (Elser et al., 2007).
To test this hypothesis, alternative approaches are needed, such as
investigating nutrient uptake kinetics and conducting experimental
bioassays with factorial additions of nitrogen, phosphorus, and silica
(Domingues et al., 2023; Ren et al., 2009).

Similar to inorganic nutrients, Tchl a levels were within a range
previously reported in the continental shelf of the Brazilian northeast
region (0.01-0.63 mg m’3) (Carvalho et al., 2017), except for an un-
explained concentration peak in the mid-water sample of station S9. The
chlorophyll a values from satellite data for MPA exhibited small inter-
and intra-annual variability with an average value of approximately 0.3
g L1, The monthly climatological standard deviations for chlorophyll
awere also small, usually <0.1 pg L. Based on the remote sensing data,
Barroso et al. (2023) also detected a small spatial variability within the
area, with values ranging from 0.2 to 0.6 pg L™ towards deeper regions.

Additionally, Tchl a concentrations were similar to find in other coral
reef zones, for example, the fringing coral reefs of Sesoko Island, Japan
(0.11-0.77 mg m_3; annual mean = 0.45 mg m~3) (Tada et al., 2003),
Abrolhos Bank (0.17 + 0.01-0.50 + 0.09 mg m~3) (Bruce et al., 2012),
and Rocas Atoll (average = 0.10-0.91 mg m ) (Jaleset al., 2021); being
the last two are also part of the South Atlantic reef ecosystems.

Chlorophyll a concentration, as a proxy for phytoplankton biomass,
is widely used in studies on the impact of eutrophication on coral reef
health, because this variable responds quickly to the input of nutrients
into the water column (Bell et al., 1989, 2014; Guo et al., 2019).
Phytoplankton blooms can cause various stresses, compromising the
survival of coral reefs by limiting the absolute concentration of nutri-
ents, changes in the N:P ratio, light limitation, suffocation by mucus,
production of toxins and depletion of dissolved oxygen (Guzman et al.,
1990). However, moderate levels of phytoplankton biomass may
represent solar protection against light stress (D’Angelo and Wie-
denmann, 2014; Keighan et al., 2023) and food availability for corals,
reef fish larvae and other reef inhabitants (Lo-Yat et al., 2011; D’Angelo
and Wiedenmann, 2014).

Previous studies have shown that our sampled reef area has a high
density of fish larvae when compared to other habitats in the region
(Mota et al., 2017), and it has even been suggested as a larval export
source (Freitas et al., 2019). The presence of reef-building corals in our
sampled area (Soares et al., 2017, 2019b; Costa et al., 2024) could in-
crease the supply of nutrients to the water column, being probably
rapidly consumed by phytoplankton, which could explain the greater
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abundance of fish larvae in this area relative to the surrounding area.
Indeed, laboratory experiments have shown that coral exudates increase
bacterial biomass by 6 times and autotrophic biomass (cyanobacteria
and flagellates) by 3-5 times (Ferrier-Pages et al., 2000). Coral exudates
can not only directly impact phytoplankton biomass, but also exert in-
direct effects, as the remineralization of nutrients by bacterioplankton
meets the nutritional needs of phytoplankton (Hopkinson et al., 1987).

However, it is important to note that despite the potential increase in
phytoplankton biomass due to the presence of reef-building corals, the
abundant fish larvae (Mota et al., 2017), corals, sponges (Soares et al.,
2017), zooplankton and other herbivores that inhabit reef areas can also
control the increase in phytoplankton biomass by feeding on these or-
ganisms (top-down effects) (Lesser, 2006; Genin et al., 2009; Anneville
et al., 2019), contributing to the balance of the reef ecosystem.

4.2. Phytoplankton assemblages

In this study, diatoms (type 1 and type 2), picocyanobacteria (Syn-
echococcus and Prochlorococcus, the latter genus to a lesser extent), and
prymnesiophytes contributed the most to the total biomass. However,
the distribution of phytoplankton assemblages exhibited significant
spatial heterogeneity as shown in NMDS (Fig. 5), with diatoms showing
a higher relative contribution in the reef area (~50 %), accompanied by
a stronger depletion of silica. This predominance of diatoms contrasts
with expectations for an oligotrophic region, where picocyanobacteria
typically dominate the phytoplankton assemblages (Charpy et al., 2012;
Farias et al., 2022). Synechococcus and Prochlorococcus belong to the
picophytoplankton fraction (<2 pm) and are important components of
primary production in tropical oligotrophic oceans due to their high
efficiency in assimilating nutrients at low concentrations (Agawin et al.,
2000; Carneiro et al., 2022).

However, one hypothesis to explain the higher contribution of di-
atoms at the expense of picocyanobacteria in the reef area could be that
diatoms are also being sustained by the release of organic nutrients
(Cochlan et al., 2008; Loureiro et al., 2009) from sessile suspension
feeders (e.g., sponges) through benthic—pelagic coupling. Notably, high
fractions of diatoms and low of Synechococcus also were reported in the
Caribbean reefs (Curacao), with the benthic filter feeders preferring
small cell fractions (Van Duyl et al., 2002), pointing out that benthic-
pelagic coupling in the reef area can take place in different ways, such
as nutrient enrichment and feeding selectivity.

In this sense, although the all study area is shallow and favorable to
benthic-pelagic coupling, the distinct nature of the bottom in the reef
area may intensify this process. Indeed, another study in the area has
corroborated the spatial heterogeneity in relation to partial pressure of
CO2 (pCO3) in the water (Cotovicz et al., 2020). In this study, coral reef
waters in the SAC region act as sources of CO: to the atmosphere due to
net calcium carbonate (CaCOs) precipitation by shallow-water reefs
(Cotovicz et al., 2020).

Additionally, the high degree of mixing of the water column in the
entire study area is another factor that likely favors diatoms in relation
to the other groups, even in the absence of reefs. This is because tur-
bulence keeps diatoms (non-motile and heavy organisms) suspended in
the euphotic zone, helping them compete for light and nutrient assimi-
lation (Reynolds, 2006; Villamana et al., 2019). In this way, in a shallow
continental shelf, such as the sampled area, the resuspension of nutrients
from the sediment into the water column is more effective (Margalef,
1978; Cullen et al., 2002; Glibert, 2016; Islabao et al., 2017; Villamana
et al,, 2019), influencing phytoplankton assemblages. However, as
indicated by our data, the differentiated bottom of the reef area (e.g.,
inside MPA) leads to more intense biogeochemical processes.

Another prevalent group in the SAC, the prymnesiophytes (Hapto-
phytes), occur in both coastal and oceanic environments (Eikrem et al.,
2017). The relative contribution of prymnesiophytes to Tchl a concen-
tration in the SAC was higher (10-40 %) than those in the Abrolhos coral
reef area, an environment enriched with DIN (Knoppers et al., 1999b). In
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this way, a higher contribution of prymnesiophytes in the oligotrophic
waters of the SAC may be related to their high affinity for assimilating
nitrate (Litchman et al., 2007) and phosphate (Riegman et al., 2000) at
low concentrations.

On the other hand, the relative contribution of Synechococcus, which
was higher than that of Prochlorococcus, was consistent with the average
abundance data for these genera (Synechococcus = 7.93 x 10° cells L™1;
Prochlorococcus = 2.76 x 10° cells L™!) obtained via flow cytometry in
the SAC (Saes, 2018). Although Synechococcus contributed more than
Prochlorococcus at all stations, the latter’s contribution increased at the
station furthest from the coast (510), which aligns with previous global
reports that show an increase in Prochlorococcus with distance from the
coast (Jacquet et al., 2006; Carreto et al., 2008; Zhou et al., 2018).
Similar behavior was found in research reports from other shallow
tropical regions (Knoppers et al., 1999b; Farias et al., 2022).

Additionally, it is important to highlight that the green flagellate,
dinoflagellate, and cryptophyte groups were responsible for a small
contribution to Tchl a (<10 %) in the SAC. These data are consistent
with previous research in the southwest tropical Atlantic (Knoppers
et al., 1999b; Farias et al., 2022). Although dinoflagellates are adapted
to oligotrophic waters and include even mixotrophic species, they prefer
low-turbulence environments (Margalef, 1978), higher N:P ratios, and
chemically reduced forms of nitrogen (Glibert, 2016), which was
opposite to our findings in the study area.

5. Conclusions and final considerations

In conclusion, we found that despite the horizontal environmental
homogeneity characterized by minimal variations in salinity and tem-
perature, the nutrients (mainly, DSi) and relative contributions of di-
atoms, picocyanobacteria and prymnesiophytes to the total biomass
exhibited significant heterogeneity. Notably, stations influenced by
tropical reefs (with significant sponge and coral cover) (Soares et al.,
2017; Carneiro et al., 2022) differed from adjacent reefless waters in
composition of the phytoplanktonic assemblages, but no significant
difference was found between the areas in total biomass. Despite this, it
was possible to see an increase in relative contribution of diatoms in the
reef area, which contributed to silica depletion.

The benthic-pelagic coupling could be relevant for the whole area
given the well-mixed water column resulting from the intense hydro-
dynamic factors and because it is a shallow environment. However, the
differentiated bottom of the reef area can lead to more intense biogeo-
chemical processes as reflected by differentiated spatial signature of
nutrients and phytoplankton composition (as detected by HPLC-
CHEMTAX).

Finally, our data sheds light on phytoplankton assemblages in
oligotrophic areas influenced by tropical reefs, demonstrating that,
contrary to what is currently expected, other groups besides picocya-
nobacteria, such as diatoms, may be the group that contributes most to
biomass. Additionally, we expanded our knowledge about the phyto-
plankton assemblages in the Equatorial Southwestern Atlantic by also
demonstrating the importance of prymnesiophytes, a group that is still
poorly detected in conventional microscopy analyses.
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