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Abstract :   
 
Structural changes in phytoplankton communities have large influence on marine elemental cycling, food 
web dynamics and carbon export. Here we used data from two field expeditions, performed in spring and 
fall, over a coast-offshore gradient to investigate phytoplankton structure and dynamics in the 
Southwestern Tropical Atlantic (SWTA). Results revealed a predominant role of the thermohaline 
structure as the main driver of phytoplankton dynamics regardless the season. In fall, the thermocline and 
nutricline shallowing promoted a biomass increase, which was 3-fold higher around the oceanic islands. 
The structure of phytoplankton community mainly varied vertically, with Prochlorococcus pigments 
contributing greatly to the higher nutrient Deep Chlorophyll Maximum, whereas other Cyanophyceae 
predominated in nutrient poor surface layers during the two seasons. In addition, a clear coast-offshore 
variability in the new production (Fp) was observed, with the shelf region displaying higher values (up to 
0.21), promoted by larger Bacillariophyceae pigments concentration, thus suggesting a coastal influence 
on shelf production. Although the phytoplankton biomass increased seasonally, our results highlighted a 
predominance of recycled production (Fp) and uncoupled dynamics between biomass and size of 
phytoplankton structure, with pico- and nanophytoplankton dominating the relative biomass, i.e., ca. 80% 
of the community in both seasons. We hypothesize that these patterns may result from a strong nitrogen 
limitation (N:P of around 3:1), which likely constrain a pronounced growth of the microphytoplankton. 
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Graphical abstract 
 

 
 
 

Highlights 

► Uncoupled dynamics between phytoplankton size structure and biomass were revealed. ► A 
decreasing gradient of biomass and new production from shelf to offshore was pointed out. ► Seasonal 
changes in thermocline shape the phytoplankton dynamics and size structure. ► Phytoplankton diversity 
increased with depth, but was mainly dominated by small cells. 

 

Keywords : Primary producers dynamics, pigment composition, tropical thermohaline structure, nutrient 
ratios 
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1. Introduction 

Phytoplankton communities are essential components in marine ecosystems functioning 

and key players in the global carbon cycling, contributing to about half of Earth primary 

productivity (Litchman et al., 2015). They encompass a variety of taxonomic and 

functional entities associated to diverse biogeochemical cycles, and therefore their 

structural changes alter marine elemental cycling (Finkel et al., 2010; Litchman et al., 

2015). Understanding how phytoplankton respond to the environmental variability is 

thus critical to assess not only changes in biogeochemical cycles, but also their 

implications in food webs functioning under global change scenarios. 

Phytoplankton structure, biomass and growth are shaped by multiscale 

interlinked environmental forces, from long term, large scale factors, i.e., climate, deep 

circulation/geostrophic currents, to short term, local ones, i.e., temperature, light, 

turbulence and nutrients concentration (Jardine et al., 2017; Ryabov et al., 2010; 

Toseland et al., 2013). The relative importance of these forces however, greatly varies 

among phytoplankton functional groups due to the diversity of life history traits and 

ecophysiological requirements (Falkowski and Oliver, 2007; Litchman and Klausmeier, 

2008). For instance, nutrient competition favors niche partitioning and shapes 

phytoplankton distribution, with Cyanophyceae thriving in low nitrogen-to-phosphorus 

waters over Bacillariophyta that are less efficient phosphorus competitors (Egge, 1998; 

Vrede et al., 2009). Moreover, empirical evidence on competition theory has shown that 

light intensity and temperature further influence the minimum nutrient requirements of 

phytoplankton taxa (Burson et al., 2018; Lewington‐Pearce et al., 2019). Hence, a 

thorough assessment of phytoplankton dynamics requires an integrative multi-scale, 

multi-stressor approach to effectively quantify, and eventually model, phytoplankton 

responses under changing ocean conditions. 
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In the last decade, growing interest has focused on plankton functional traits. 

Probably the most prominent is body size, as it influences community structure, 

stability, and food webs trophodynamics (Litchman and Klausmeier, 2008). In 

oligotrophic systems, smaller phytoplankton groups (picophytoplankton, < 2 μm and 

nanophytoplankton, 2-20 µm) are known to absorbe nutrients more efficiently than 

large phytoplankton cells due to their higher surface-volume ratio (Chisholm, 1992; 

Flombaum et al., 2013; Lange et al., 2018). In contrast, larger cells 

(microphytoplankton, > 20 μm) are generally dominant under turbulent conditions with 

higher nutrient concentration (Falkowski and Oliver, 2007). Hence, the contribution of 

pico- and nanophytoplankton to phytoplankton biomass change along with nutrient 

gradients and primary productivity (Bell and Kalff, 2001). However, empirical evidence 

has shown that in oligotrophic ecosystems the increase of phytoplankton biomass may 

be decoupled from significant variations in the size structure, with a predominance of 

smaller cells during high productivity events (Dandonneau et al., 2004; Marañón et al., 

2003, 2000; Rii et al., 2016).  

The southwestern tropical Atlantic (SWTA) is an oligotrophic area characterized 

by the intrusion of subtropical underwater channeled by the North Brazil Undercurrent - 

North Brazil Current system (Dossa et al., 2021; Stramma and England, 1999). The 

thermohaline structure of the region is characterized by the existence of different 

provinces portrayed by specific thermocline structure and stratification strength (Araujo 

et al., 2011; Assunção et al., 2020). How such environmental configuration shapes the 

structure of primary producers remains unclear, although their understanding might 

shed light on the dynamics of primary producers in oligotrophic oceans regions. 

Here, using data from two oceanographic surveys performed during austral spring 

and fall in the SWTA, we analyzed the space-time variability of phytoplankton biomass 
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and size structure along a coast-offshore gradient, and quantified the influence of 

thermohaline stratification on the phytoplankton community. We further test the extent 

of coupling between phytoplankton biomass and size structure (i.e., whether high 

biomass is driven by large, coupled production, or small phytoplankton cells, uncoupled 

production).  

2. Material and Methods 

2.1. Study area 

The SWTA has a narrow continental shelf not exceeding 40 km with a shelf break 

varying between 40 and 80 meters and a continental slope between 1600 and 3600 m 

(Knoppers et al., 1999). The region is governed by the western boundary current 

system, which is dominated by the North Brazilian undercurrent and the North Brazilian 

current (Fig. 1b) (da Silveira et al. 2000; Dossa et al., 2021). Offshore, the 

geomorphology is characterized by a chain of seamounts (between 20 and 250 meters 

high), the Fernando de Noronha ridge that includes the oceanic island of Rocas Atoll 

and the Fernando de Noronha Archipelago (Fig. 1b) (Castello, 2010; Kikuchi, 2002; 

Mabesoone and Coutinho, 1970).  This area is further influenced by the central and 

southern branch of the South Equatorial current and the South Equatorial Under current, 

which form the South Equatorial Current System (Dossa et al., 2021).  

Two thermohaline provinces have been defined from the continental slope to the 

oceanic islands (Fig. 1b) (Assunção et al., 2020). The first area located along the 

continental slope corresponds to the western boundary current system, which is 

characterized by a low thermal stratification, the presence of frequent and thick barrier 

layer and an average mixed layer depth of 53 and 39 m in spring and fall, respectively. 

The second area encompasses the Rocas Atoll and part of Fernando de Noronha ridge 

seamounts and corresponds to the South Equatorial Current System. This area is 
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characterized by a deeper mixed layer (~90 and 46 m in spring and fall, respectively), a 

sharp thermocline, a strong static stability and weak surface current (~0.34 m.s
-1

). 

Between these two thermohaline provinces lies a transitional area, with an intermediate 

stratification and moderate static stability (Fig. 1b).  

 

Fig 1. (a) Study area with the position of sampling stations surveyed during austral 

spring and fall in the three regions, Shelf: red; Slope: yellow; Islands: green. White 

solid lines show themohaline areas. (b) 10 m depth temperature field in spring and fall. 

White solid lines delimit thermohaline areas. The continental shelf limited by the 

isobaths of 60 m is represented in light grey. RA: Rocas Atoll; FNA: Fernando de 

Noronha archipelago. The main currents are represented. cSEC: central branch of the 
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South Equatorial Current; SEUC: South Equatorial Undercurrent; NBUC: North Brazil 

Undercurrent; NBC: North Brazil Current. Redrawn from Assunção et al. (2020). 

 

2.2.Field Collection  

Samples were collected during the “Acoustics along the BRAzilian COaSt 

(ABRACOS)” oceanographic campaigns, carried out in Austral spring (30 August - 20 

September of 2015 - ABRAÇOS 1; Bertrand, 2015) and fall (9 April - 9 May of 2017 - 

ABRAÇOS 2; Bertrand, 2017) on board the French R/V ANTEA. Spring 2015 and fall 

2017 are representative of canonical spring and fall conditions in terms of thermohaline 

structure and currents dynamics (Assunção et al., 2020; Dossa et al., 2021). Hence, 

hereafter we will only use spring and fall to identify the oceanographic campaigns. 

ABRACOS 1 comprehended 54 stations encompassing the shelf, the continental slope 

and oceanic islands (Fig. 1a), while ABRACOS 2 extended the study area towards the 

western part of the Fernando de Noronha ridge and totaled 61 stations (Fig. 1a). In all 

stations, vertical profiles of conductivity, temperature, depth and fluorescence were 

acquired from the surface to 1000 m depth (or 10 m above the sea bottom) using a CTD 

Seabird SBE911+.  

Water sampling for pigments and nutrients were carried out using a rosette at 

four depths defined by CTD profiles: Surface, Mixed Layer, Deep Chlorophyll 

Maximum (DCM) (which showed a mean depth of 100 m in spring and 80 m in fall) 

and at 200 m. In shelf shallow stations (< 50 m depth), where no peak of fluorescence 

was observed, the DCM and 200 m samplings were replaced by a Shallow Bottom, 

sampling at ~10 m above the bottom. For each station and sampled depth, 500 ml of 

water were filtered in Whatman GF/F glass fiber for the estimation of pigment 

concentrations of the total phytoplankton community. Size fractionation of water 

samples was done using a 20 µm filter meshes to estimate the biomass of pico- and 
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nanophytoplankton (< 20 µm) and microphytoplankton (> 20 µm, by the difference 

between total and < 20 µm fractions). Filters were stored at -80ºC for subsequent HPLC 

pigment analysis. 

Water samples for nutrient concentrations estimation (NOx [NO2
-
 + NO3

-
], PO4

3-
 

and SiO4
4-

) were collected in 30 ml falcon tubes, pasteurized (heated at 80°C for 2.5 

hours in an oven) and frozen to ensure stability until the laboratory analysis. Nutrient 

analyses were achieved using classical colorimetric methods (Grasshoff et al., 1983). 

2.3.HPLC analyses  

Chemotaxonomic analysis was carried out on an Agilent Technology 1200 series HPLC 

following the LOV Method described in Hooker et al. (2000), to assess phytoplankton 

biomass and diversity. Pigments were extracted in 100% methanol in the dark for 5 

minutes at 4ºC. Samples were then sonicated and filtered on cellulose acetate filters to 

remove cell debris. A 600 μl aliquot was diluted with 150 μl Milli-Q water. For the 

analysis, 125 μl of this solution was taken and diluted in an injection loop with 125 μl of 

a 28 mM solution of Tetrabutyl ammonium acetate. The pigments were then separated 

on a ZORBAX Eclipse XDB-C8 column from Agilent Technology, with 3 mm in 

diameter, 150 mm in length and 3.5 μm in porosity. The column temperature was 

maintained at 60°C and the flow rate at 0.55 ml min
-1

. The separation was based on a 

linear gradient between a solution of methanol/Tetrabutyl ammonium acetate 28 mM, 

70:30 (v/v), and a 100% solution of methanol. Chlorophyll-a + Divinyl Chlorophyll-a 

were used to determine total phytoplankton biomass (TChl-a), while all other pigment 

markers allowed identifying major algal groups (Table 1). The HPLC system was 

calibrated with external standards (DHI Water and Environment, Horsholm, Denmark). 
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Table 1. Pigment biomarkers in major phytoplankton groups. Selected following Roy et 

al. (2011). 

 

2.4.Data analysis 

The overall methodological approach is described in the Figure 2. Average stations 

values of biological and environmental variables for each region and depth were 

calculated to generate mean vertical profiles (Fig. 3) The biological (TChl-a, see Table 

1) and environmental (nutrients, temperature and salinity) data were tested for normality 

(Kolmogorov-Smirnov) and homoscedasticity (Levene). Subsequently, these data were 

used for comparison among seasons (spring and fall) and diel periods (day and night) 

using t-test or Mann-Whitney (MW), and by depth (Surface, Mixed Layer, Shallow 

Bottom, DCM and 200 m) and region (shelf, continental slope and islands) using 

parametric (one-way ANOVA) or non-parametric (Kruskal-Wallis, KW) analysis of 

variance (Fig. 2), depending on the normality of the data. Day and night samples were 

aggregated since no significant differences were found among them (see Supplementary 

Figure 1).  

To examine the variability in phytoplankton communities, we applied a 

PERMANOVA in log-transformed biological data using a Bray Curtis similarity matrix 

with the software PRIMER 6 (Clarke and Gorley, 2006) (Fig. 2). Additionally, to 

Taxa Pigments Acronym 

Dictyochophyceae 19′Butanoyloxyfucoxanthin 19BF 

Bacillariophyceae 
ChlorophyllC3,ChlorophyllC2, Diatoxanthin, 

Fucoxanthin 

ChlC2, ChlC3, dia, 

fuco 

Prymnesiophyceae 19′Hexanoyloxyfucoxanthin 19HF 

Cryptophyceae Alloxanthin allo 

Dinophyceae Diatoxanthin, Peridin dia, peri 

Chlorophyceae Chlorophyll-b, Neoxanthin, Violaxanthin Chl-b, neo, vio 

Prochlorococcus Divinyl Chlorophyll-b div Chl-b 

Cyanophyceae Zeaxanthin zea 

All community (TChl-a) Chlorophyll-a, Divinyl Chlorophyll-a Chl-a, div Chl-a 
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evaluate nonlinear interactions between environmental factors and phytoplankton 

biomass, we used Generalized Additive Models (GAMs) (Fig. 2). GAMs allow one 

response variable to be fitted by several predictors in additive models and have the 

advantage of not requiring an a priori specification of functional relationships, which is 

suitable for describing complex ecological interactions. The model assumes that the 

effects of each predictor on the response variable can be described by smooth functions 

(Hastie and Tibshirani 1986; Wood 2006). Here, we modeled the response of 

phytoplankton taxa and TChl-a, as a proxy for phytoplankton community, to the effect 

of nutrients, physical (salinity, mixed layer depth and barrier layer thickness) and spatial 

(depth and regions) factors, using the function ‘gam’ in the R package ‘mgcv’ (Wood, 

2011). Models did not include outliers and we used the Generalized cross-validation 

(GCV) score for model selection. GAMs were constructed using the R package ‘mgcv’ 

(Wood 2011).  
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Fig 2. Flow diagram of the research procedure of data collection and analysis. MLD: 

mixed layer depth; BLT: barrier layer thickness. 

The phytoplankton size structure can also be inferred from the trophic status of 

producer communities. This was assessed by the quantification of the Fp index sensu 

Claustre (1994) (Fig. 2). The Fp index denotes the biomass ratio of the phytoplankton 

involved in the new production over the total phytoplankton: 

 Fp =  
∑ fuco + ∑ peri

____________________________________________________________________

∑ fuco + ∑ peri + ∑ 19'-HF + ∑ 19’-BF + ∑ zea + ∑ Chl b + ∑ allo

 

where the numerator corresponds to the new production composed by Dinophyceae and 

Bacillariophyceae, and the denominator corresponds to the total biomass of the main 
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groups of the phytoplankton community. To search for seasonal variabilities in the Fp 

values we used t-test or Mann-Whitney, depending on the normality of the data. 

For all analysis, p values < 0.05 were considered significant. 

3. Results 

3.1. Environmental seascape  

Sea surface temperature was higher in fall than spring (28.9 ºC vs. 26ºC; t-test, p < 

0.001) regardless the region (Fig 1b). In the shelf region, temperature was homogeneous 

along the vertical gradient (~26ºC and 28ºC in spring and fall, respectively), while in the 

continental slope and islands stations the thermal vertical structure showed a general 

decrease along with depth, with temperature values at DCM varying between seasons 

(~23ºC and ~25ºC in spring and fall, respectively). Likewise, in the 200 m depth 

temperature was higher (from ~18ºC to 15ºC in spring and fall, respectively) in the 

continental slope (MW test, p < 0.001) than in the islands stations, where it remained 

constant among seasons (~12.5ºC) (Fig. 3a; Supplementary Table 1).  

Salinity varied between 35 and 37 and showed a slight surface coast-offshore 

gradient with lower values observed in islands stations (ANOVA, p < 0.001), with an 

average of 36.2, in spring, and 35.9 in fall. The vertical profiles showed that DCM and 

200 m depth were characterized by higher salinities over the continental slope in both 

seasons (t-test, p < 0.001), with average values of 37.02 at the DCM and 36.06 at 200 m 

depth in spring, and 37.17 at the DMC and 35.57 at 200m in fall (Fig. 3a; 

Supplementary Table 1). 

Regardless the season, shelf stations showed a slight vertical increase of 

nutrients concentration, whereas stations of the continental slope and islands displayed 

an increased gradient of PO4
3
, SiO4

-4
, and NO3

- 
, with a depleted surface layer (Surface 
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and Mixed Layer) separated from a richer deeper layer (DCM and 200 m depth) (Fig. 3b 

and c; Supplementary Table 1). Overall, the average nutrient concentration was higher 

in fall (Supplementary Table 1), except for the average NO3
-
 (3.58 vs. 0.71 µmol l

-1
) and 

SiO4
-4

 (1.59 vs. 1.26 µmol l
-1

) concentrations at the DCM (Fig. 3c; Supplementary Table 

1). In spring, SiO4
-4

 surface concentrations were higher in the shelf than offshore (KW 

test, p= 0.003; ~0.84 µmol l
-1

), with some stations reaching ~1.5 µmol l
-1

, whereas the 

islands stations showed higher surface PO4
3-

 (ANOVA, p= 0.002; ~0.10 µmol l
-1

) (Fig. 

3c; Supplementary Table 1). The continental slope showed slightly higher surface NO3
-
 

in both seasons (Surface and Mixed Layer; ~ 0.07 and 0.32 µmol l
-1

 in spring and fall 

respectively), although no statistical difference was found between regions. At the 

DCM, nutrients concentration was higher in the islands stations at both seasons (MW 

test, p< 0.05) (Fig 3b and c; Supplementary Table 1). 

An evident increase with depth in NO2
-
 concentration was observed during fall 

in the shelf, with a NO2
- 
depleted surface (0.006 µmol l

-1
) and a richer layer in Shallow 

Bottom (0.021 µmol l
-1

) (Fig. 3b; Supplementary Table 1). This feature was 

conspicuous in the continental slope and islands showing a well-defined primary nitrite 

maximum with a NO2
- 
enrichment near the DCM. This was more evident in fall (0.02 

µmol l
-1

 vs. 0.08 µmol l
-1

 in the continental slope and 0.05 µmol l
-1

 vs. 0.07 µmol l
-1

 in 

the islands), although the NO2
- 

concentrations were statistically different only in the 

continental slope (MW, p= 0.008).  
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Fig 3. Vertical profiles of average values of temperature, salinity, TChl-a and nutrients 

at the depths sampled by the rosette in spring (dotted line) and fall (continuous line). 

The symbol * denotes depths at which the concentrations were statistically different 

between seasons. Notice different depth scales in the shelf. (a) average TChl-a, 

temperature and salinity; (b) average concentrations of NO2 and NO3
-
; (c) average 

concentrations PO4
3-

 and SiO4
4-

. 
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3.2. Phytoplankton biomass  

The total Chl-a (TChl-a: Chl-a + divinyl Chl-a) concentration ranged from 0.01 to 0.49 

(µg l
-1

) in spring, and 0.003 to 1.7 µg l
-1

 in fall. Overall, TChl-a was higher in fall, but 

this difference was only significant around the islands (MW test; p < 0.05), where it 

displayed a threefold increase in biomass on the surface layer (Fig 4; Supplementary 

Table 1). In spring, the shelf stations showed higher TChl-a in the surface layer (Surface 

and Mixed Layer; KW test, p < 0.5; ~ 0.18 µg l
-1

), while the continental slope and 

islands stations showed similar concentrations (Surface and Mixed Layer, ~ 0.10 µg l
-1

). 

In the shelf region, Shallow Bottom TChl-a values were 0.22 and 0.39 µg l
-1

 on spring 

and fall, respectively, with some stations showing concentrations similar to the DCM. 

During fall, islands stations displayed higher TChl-a than the other regions in the 

surface layer (Surface and Mixed Layer; KW test, p < 0.001; ~0.32 µg l
-1

), whereas in 

DCM islands and continental slope showed similar TChl-a in both seasons (~0.34 and 

~0.39 µg l
-1 

in spring and fall respectively) (Fig. 4; Supplementary Table 1). The lower 

TChl-a was observed in the 200 m depth stations in both seasons (<0.03 µg l
-1

). The 

lack of samples at 200 m depth during spring impaired comparison between seasons. 

  Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



16 

 

 

Fig 4. Total phytoplankton biomass (TChl-a concentrations, see Table 1) in the SWTA 

during spring and fall. S: surface, ML: mixed layer; SB: shallow bottom, DCM: deep 

chlorophyll maximum. Outliers were removed from the analysis. Notice different y axis 

scales between plots. 

 

3.3. Pico- and nanophytoplankton vs. microphytoplankton contribution  

The Figure 5 represents the pattern in pico- and nanophytoplankton and 

microphytoplankton contribution for all regions. The pico- and nanophytoplankton (< 

20 µm fraction) strongly dominated (>80%) the community regardless the season and 

depth (Fig. 5). In the Mixed Layer, this fraction accounted for 90% and 80% of the 

TChl-a in spring and fall, respectively (Fig. 5). In fall (no data in spring), at the more 

productive depths (Shallow Bottom and DCM), the contribution of microphytoplankton 
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was reduced in comparison with the Mixed Layer, not exceeding 10% of the total 

biomass. The higher contribution of the microphytoplankton in fall was related to the 

increase of Dinophyceae (peri) and Bacillariophyceae (fuco) at all depths (Fig. 7).  

 

Fig 5. Average relative contribution of pico- and nanophytoplankton, and 

microphytoplankton to the total biomass (TChl-a concentrations) for all sampling areas. 

S: surface, ML: mixed layer; SB: shallow bottom, DCM: deep chlorophyll maximum. 

 

3.4. Phytoplankton community structure and distribution 

A total of 15 pigments were analyzed: Chl-a, Chl-b, ChlC2, ChlC3, Peri, 19BF, 19HF, 

Fuco, Neo, Vio, Dia, Allo, Zea, Div Chl-a and Div Chl-b. These pigments were used to 

characterize the dominant taxonomic groups among the phytoplankton community (see 

Table 1). 

Factor df MS Pseudo-F p (MC) 

Region 2 2291.1 4.40 0.009 

Water Layer 4 33786 65.95 <0.001 

Season 1 6888.9 13.24 <0.001 

Table 2.  Results of PERMANOVA main tests comparing phytoplankton communities 

among the factors season (spring and fall), region (shelf, continental slope and islands) 

and water layer (Surface, Mixed Layer, Shallow Bottom, Deep Chlorophyll Maximum 

and 200 m). MC: Monte Carlo. 
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The horizontal and vertical patterns of pigments distribution (Fig. 6) showed 

higher Cyanophyceae (zea) concentration in the surface layer regardless the region and 

season, although their relative contribution declined in fall, i.e., ~58% and ~40% in 

spring and fall, respectively (Figs. 6 and 7). An increase of accessory pigments of three 

phytoplankton groups, Bacillariophyceae (fuco), Dinophyceae (peri) and Chlorophyceae 

(Chl-b, neo, vio) was observed in fall in all regions (Figs. 6 and 7). These differences in 

community structure were confirmed by the PERMANOVA (Table 2), which pointed 

out structural community changes among seasons. The Bacillariophyceae pigment 

increase was more evident over the shelf, going from 20 to 40% of the total accessory 

pigments in fall (Figs. 6 and 7).  

The overall pattern of phytoplankton community was shaped mainly by the pico- 

and nanophytoplankton (Fig. 5). Microphytoplankton pigments showed a clear 

dominance of the Bacillariophyceae pigments in the shelf stations, representing up to 

80% of the total pigments concentration, whereas offshore a similar vertical and 

horizontal pattern with the pico- and nanophytoplankton was perceived (see 

Supplementary Figure 2). 

Factor Regions 
  

Groups t p (MC) 

Shelf, Continental Slope 3.498 <0.001 

Shelf, Islands 1.157 0.22 

Continental Slope, Islands 2.255 <0.001 

Factor Depths 
  

Groups t p (MC) 

200 m, DCM 5.844 <0.001 

200 m, ML 5.984 <0.001 

200 m, S 5.632 <0.001 

SB, ML 0.974 0.41 

SB, S 0.806 0.59 

DCM, ML 16.111 <0.001 

DCM, S 15.343 <0.001 

ML, S 2.693 <0.001 
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Table 3. Pairwise PERMANOVA results showing comparisons of phytoplankton 

communities among the factors region (shelf, continental slope and islands) and water 

layer (S: surface; ML: mixed layer; SB: shallow bottom; DCM; 200 m). 

 

In contrast to surface layers, the pigment concentrations of all groups increased 

in both seasons in the DCM, especially Prochlorococcus (Div Chl-b) reaching up to 

30% of the community pigment concentrations over the continental slope, which was 

reflected in the PERMANOVA results, that indicated different communities between 

the surface layers and DCM (Table 3). The 200 m depth, also showed a contrasting 

community from the other depths (Table 3), with an increase in the Prymnesiophyceae 

(19HF) and Dictyochophyceae (19BF) pigments concentration (Fig. 7). 
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Fig 6. Concentrations of phytoplankton taxa pigment biomarkers (as indicated in Table 

1) in the SWTA during spring and fall for all regions and depths. Notice the different 

scale in the 200 m plots. DCM: deep chlorophyll maximum. 
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Fig 7. Relative contribution of phytoplankton taxa pigment biomarkers (as indicated in 

Table 1) to the total pigments concentrations in the SWTA during spring and fall as a 

proxy of each taxa contribution to total biomass. S: spring; F: fall; SB: shallow bottom; 

DCM: deep chlorophyll maximum. 

 

3.5. Environmental variability and phytoplankton community 

GAMs models assessing the influence of environmental parameters on the total (TChl-

a) or individual taxa explained at least 40% of the total variance (Table 4). Depth was 

the main predictor of the TChl-a in both seasons with the higher biomass in 50 m 

(spring) and 125 m (fall), which represented the main DCM depth in both seasons. 

Depth was also the main predictor for Prymnesiophyceae (19HF), Dictyochophyceae 
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(19BF) and Prochlorococcus (Div Chl-b), which displayed their higher accessory 

pigment concentrations near the DCM in both seasons, although the later presented 

small variability in spring (Fig. 8b). Cyanophyceae (zea) displayed a decrease in 

concentration with depth (Fig 8b), highlighting their association with the shallow layer. 

Besides depth, salinity and SiO4
-4

 were significant predictors for the whole community 

distribution, with an increase in biomass associated to salinity 37, in spring, and an 

inverse relation between salinity and TChl-a, in fall. In both seasons, SiO4
-4

 values 

above 1 µmol l
-1

 were also associated to a phytoplankton biomass increase (Fig 8a). 

This pattern was observed for Bacillariophyceae (fuco; both seasons), Cryptophyceae 

(allo; spring) and Chlorophyceae (Chl-b, neo, vio; fall), that showed SiO4
-4 

as their main 

predictor (Fig 8b). In spring, NOx was the main predictor for Chlorophyceae (Chl-b, 

neo, vio) distribution, with the higher importance of this phytoplankton group between 

concentrations of 1 and 2 µmol l
-1

 (Fig. 8b). Considering the spatial variability, only the 

continental slope was significant and associated to the lower biomass (Fig. 8a).  

 
Model Season R² GCV 

Pry 
pry = s(Depth) + s(Sal) + s(NOx) + regions Spring 0.93 0.9 x 10

-4 

pry = s(Depth) + s(Sal) + regions Fall 0.69 0.6 x 10
-3 

Dict 
dict = s(Depth) + s(NOx) + regions Spring 0.95 0.4 x 10

-4
 

dict = s(Depth) + s(Sal) + regions Fall 0.76 0.3 x 10
-3 

Cry 
cry = s(Sal) + s(SiO4) + s(PO4

3-
) + regions Spring 0.40 0.2 x 10

-6
 

cry = s(Depth) + s(Sal) + regions Fall 0.60 0.4 x 10
-5

 

Bac 
bac = s(Depth) + s(Sal) + s(SiO4) + s(PO4

3-
) + regions Spring 0.94 0.1 x 10

-3 

bac = s(Depth) + s(Sal) + s(SiO4) + s(PO4
3-

) + regions Fall 0.84 0.2 x 10
-3

 

Chl 
chl = s(Depth) + s(Sal) + s(NOx)+ s(SiO) + s(PO4

3-
) + regions Spring 0.95 0.3 x 10

-4
 

chl = s(Depth) + s(Sal) + s(SiO4) + regions Fall 0.73 0.6 x 10
-3

 

Din 
din = s(Sal) + regions Spring 0.51 0.3 x 10

-5
 

din = s(Depth) + s(Sal) + s(BLT) + regions Fall 0.67 0.3 x 10
-4

 

Cya 
cya = s(Depth) + s(Sal) + s(MLD) + regions Spring 0.70 0.1 x 10

-2 

cya = s(Depth) + s(Sal) + s(MLD) + regions Fall 0.82 0.03 x 10
-2
 

Pro 
pro = s(Depth) + s(NOx) + s(PO4

3-
) + regions Spring 0.92 0.6 x 10

-4
 

pro = s(Depth) Fall 0.73 0.3 x 10
-3

 

TChl-a 

tchl-a = s(Depth) + s(Sal) + s(SiO4) + regions Spring 0.89 0.2 x 10
-2

 

tchl-a = s(Depth) + s(Sal) + s(SiO4) + regions Fall 0.71 0.2 x 10
-2
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Table 4. Statistical summary of generalized additive models between the biomass of the 

different taxa and the environmental parameters. R
2
 is the adjusted proportion of total 

variability explained by the model. GCV: generalized cross validation score; NOx: 

NO3- + NO2; Depth; Sal: salinity; TChl-a: total biomass; MLD: mixed layer depth; 

BLT: barrier layer thickness Pry: Prymnesiophyceae; Dict: Dictyochophyceae; Cry: 

Cryptophyceae; Bac: Bacillariophyceae; Chl: Chlorophyceae; Din: Dinophyceae; Pro: 

Prochlorococcus; Cya: Cyanophyceae; n = 101 (spring) and 160 (fall). In bold are the 

main predictors of the taxa in each model.  

 

3.5. New Biomass vs. Recycled Biomass 

The phytoplankton trophic status was studied based on the Fp index representing the 

biomass ratio of the phytoplankton involved in the new production (Bacillariophyceae 

and Dinophyceae) over the total phytoplankton (Table 5). Overall, the average new 

production associated to Bacillariophyceae (fuco) and Dinophyceae (peri) was low, not 

surpassing 0.21 (Table 5). In both seasons, the new biomass was higher over the shelf 

(average Fp in the Shallow Bottom ranging from 0.10 to 0.21 in spring and fall, 

respectively). The continental slope and islands stations showed similar Fp in the Mixed 

Layer and DCM, with an average Fp of 0.09 (Table 5). An increase in the Fp value of 

all regions in fall was noticed, although it was only significant in the islands surface 

layer (Surface and Mixed Layer) (t-test, p < 0.001). 

  
Shelf Slope Islands 

  
Shelf Slope Islands 

Spring 

S 0.13 0.06 0.04 

Fall 

S 0.18 0.06 0.09 

ML 0.11 0.07 0.04 ML 
 

0.09 0.09 

SB 0.10  
 

SB 0.21  
 

DCM 
 

0.05 0.06 DCM 
 

0.07 0.06 

200m 
 

 0.04 200m 
 

 
 

Average 
 

0.11 0.06 0.045 
  

0.19 0.07 0.08 

Table 5. Fp index value for all regions and depths in both seasons in the SWTA. In bold 

values that were significantly higher in that season. S: surface; ML: mixed layer; SB: 

shallow bottom; DCM: deep chlorophyll maximum. 
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Fig 8.  Generalized Additive Models (GAMs) results describing the main factors that 

influenced the phytoplankton, for the entire community (a) and for the identified groups 

in both seasons (b). Solid lines represent smoothed mean relationships from GAM’s and 

shaded areas are 95% confidence intervals.  
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4. Discussion  

Our results pointed out a mosaic-like phytoplankton distribution mainly shaped by the 

thermohaline structure governing the SWTA, which during fall promoted a shallower 

depth of mixed layer and nutricline, thereby favoring a higher phytoplankton biomass. 

Along with such environmental configuration, the phytoplankton biomass displayed 

clear seasonal differences, although the contribution of pico- and nanophytoplankton to 

total phytoplankton biomass was similar regardless the season, suggesting an uncoupled 

dynamics between phytoplankton size structure and biomass production. 

      4.1. Influence of physical oceanographic structures on nutrients and biomass 

distribution 

The nutrients concentration showed a general increase with depth, excepting NO2
-
, 

which formed a primary nitrite maximum in the continental slope and oceanic islands 

DCM. Such feature has been previously reported from field records in oligotrophic 

stratified waters (Lomas and Lipschultz, 2006; Mackey et al., 2011), including in the 

SWTA (Paulo, 2016; Souza et al., 2013). The primary nitrite maximum may be related 

with both the excretion of NO2
-
 by phytoplankton, i.e., due to incomplete nitrate 

reduction, and with the nitrification of bacteria (Al-Qutob et al. 2002; Meeder et al. 

2012), although this should be confirmed with further field experiments. In addition, it 

is worth noticing the observed dominance of Prochlorococcus in the primary nitrite 

maximum. Indeed, this Genus has been formerly linked to the accumulation of nitrite in 

the water column due to the incomplete nitrate reduction of low light adapted ecotypes 

(Berube et al., 2016).  

In fall, the depth of thermocline favored a shallower nutricline, thus increasing 

nutrients availability in upper layers. However, in spring, some stations near Fernando 

de Noronha Archipelago and Rocas Atoll displayed an increase of nutrients at DCM 
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similar to the concentration recorded at 200 m depth. In addition, the interaction of 

oceanic islands and seamounts with the dynamics of water masses promotes an Island 

Mass Effect that foster productivity in the open ocean (Doty and Oguri 1956; Boden 

1988; Hasegawa et al. 2008). In the SWTA, such island mass effect has been observed 

in both nutrients concentration and plankton productivity (Chaves et al., 2006; Macedo 

et al., 1988; Melo et al., 2012; Souza et al., 2013). This phenomenon exhibits a marked 

seasonality, mainly occurring in the western region of the oceanic islands between 

March and July, concurrently with the enhancement of the South Equatorial Current 

(Tchamabi et al., 2017; Travassos et al., 1997). Also, during spring strong vertical 

shear, topographically induced, was observed between the surface South Equatorial 

Current and the subsurface South Equatorial Under Current, forming mesoscale 

meanders and a subsurface eddy-like structure, which likely contributed to the observed 

nutrients increase. However, such feature was not reflected in phytoplankton biomass, 

probably due to a lag in phytoplankton response. An alternative explanation may be 

linked to a phosphate limitation during the upwelling event, as suggested by the 

observed Redfield Ratio of 24:1.  

In all other stations, the observed nutrients concentration is in line with previous 

reports in the area that showed similar seasonal patterns (Hazin, 2009; Souza et al., 

2013). Likewise, surface nitrogen concentrations, under 1 µmol l
-1

, were similar to 

values reported for other stratified oligotrophic waters (Islabão et al., 2017; Mena et al., 

2019). However, compared with other regions it is worth noticing that the N:P ratio of 

about 3:1, was markedly lower than the ratio observed in the Tropical Eastern Pacific 

(7-10:1) and in the Mediterranean Sea (5:1) (Mena et al., 2019; Yasunaka et al., 2019). 

Overall, our records pointed out a nitrogen limitation with a N:P local ratio lower than 

the Redfield Ratio (16:1). 
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Nutrients availability in the SWTA are closely connected to seasonal patterns 

of dominant physical structures. For instance, the continental slope DCM showed lower 

nutrients concentration than the oceanic islands, regardless the season. The continental 

slope further showed the thickest thermocline and larger barrier layer, although the 

latter was not evenly distributed throughout the region (Assunção et al., 2020). Such 

physical barrier shape productivity of shallow waters preventing vertical transport from 

deep cold nutrient-rich waters to surface. (Cabrera et al., 2011; Qu and Meyers, 2005). 

Nevertheless, over the continental slope, surface layers showed higher NO3
- 

concentrations than around the islands, likely due to the activity of diazotrophic 

Cyanophyceae, which is the main group responsible for nitrogen fixation in tropical 

oceans (LaRoche and Breitbarth, 2005) and was more abundant in this region. 

Phytoplankton biomass was generally low, with maxima lower than 1.8 µg l
-1

, 

although a seasonal increase was observed in surface layers of islands stations. Souza et 

al. (2013) also noticed an increase in chl-a concentration from late summer to fall 

around the oceanic islands, although with higher biomass (~ 0.47 µg l
-1

 in the mixed 

layer). In addition, these authors observed a higher nitrogen availability than the one 

measured in this study, which also exhibit a similar low N:P ratio (5:1), thus suggesting 

a nitrogen limitation to primary production, as observed here. It is worth noticing that in 

fall higher nitrate concentrations in surface waters of the continental slope were 

uncoupled from phytoplankton biomass, which was almost three times lower than shelf 

and oceanic islands stations, possible due to zooplankton grazing, as suggested by 

maximum zooplankton abundance recorded in the continental slope (Figueiredo et al., 

2020). 

In this region, the variability of phytoplankton biomass has been previously 

ascribed to the seasonality of riverine nutrient inputs and upwelling events promoted by 
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the Island Mass Effect and Taylor column effect (Ekau and Knoppers, 1999; Otsuka et 

al., 2018; Souza et al., 2013). Furthermore, TChl-a concentration in oligotrophic oceans 

is characterized by seasonal changes that follow the intensity of the mixed layer, thus 

increasing when the mixed layer is deeper and reaching the nutricline (Mignot et al., 

2014; Signorini et al., 2015). In our study, we found a different pattern with a biomass 

increase in the shallower mixed layer and nutricline that was linked to the shallower 

thermocline. Our results suggest a pivotal role played by the vertical thermohaline 

structure in the seasonal variability of phytoplankton. 

4.2.Phytoplankton community dynamics associated with environmental variability 

Phytoplankton dynamics was shaped by water column vertical stratification, displaying 

marked changes in the distribution of phytoplankton, particularly between surface 

(Surface and Mixed Layer) and deep waters (DCM and 200 m depth), with a more 

diverse community in the latter. In surface layers, Cyanophyceae were dominant. This 

group is known to flourish in oligotrophic communities worldwide (Karlusich et al., 

2020; Queiroz et al., 2015), contributing to ~25% of the ocean net primary productivity 

(Lange et al., 2018) and having an essential role in the oceanic nitrogen cycle, due to 

their ability to use atmospheric nitrogen. Indeed, this feature allows the group 

dominating low nitrogen-to-phosphorus environments, such as the SWTA (Vrede et al., 

2009). With depth increase and the overall decrease of other Cyanophyceae, 

Prochlorococcus flourished. Prochlorococcus inhabits a wide range of depths from the 

surface waters to the base of the euphotic zone, due to their variable genetic ecotypes 

adapted to growth at high or low-light intensities (Moore et al., 1998). In communities 

dominated by the low-light adapted ecotypes, higher biomasses near the DCM are likely 

to be reached, as observed in oligotrophic oceans (Berube et al., 2016; Hawco et al., 

2021). These ecotypes display a prochlorophyte chlorophyll-binding protein, which 
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together with divinyl chlorophyll-b allows low-light adapted ecotypes a higher 

absorption of the blue light presented in deeper layers (Islabão et al., 2017). Although 

we did not distinguish ecotypes, Prochlorococcus biomass increased near the DCM, and 

the known relation with the nitrite primary maximum formation may indicate the 

dominance of low-light adapted Prochlorococcus in the SWTA phytoplankton 

community. 

The observed higher biomass of Chlorophyceae over the shelf, near the 

surface, and the biomass increase during fall may be indicative of riverine discharges, as 

this group is mostly composed by freshwater species (Mishra et al., 2009). Similarly, 

Bacillariophyceae are also abundant near the shelf, favored by the higher silicate 

concentrations, this trend was evident in the microphytoplankton pigments, which, 

although displayed low biomass, was dominated by the Bacillariophyceae. In 

oligotrophic regions, diatoms are commonly more abundant in the inner shelf than in 

oceanic regions, due to higher silicates availability and a weaker thermocline 

stratification (Falkowski and Oliver, 2007; Mishra et al., 2020). However, Dinophyceae 

relative biomass was low at both seasons, with a slight increase in fall. This is likely 

underestimated by our pigment analysis, as this group is composed by a variety of 

trophic strategies, i.e., autotrophic, mixotrophic and heterotrophic, that may represent 

ca. 50% of the dinoflagellate’s community (Hansen, 2011; Jeong et al., 2010; Sherr and 

Sherr, 2007). In addition, other dinoflagellates can be characterized by different 

pigments, such as fucoxanthin or chlorophyll-b, which suggest a possible 

underestimating of this groups (Zapata et al., 2012). 

Prymnesiophyceae and Dictyochophyceae were more frequent in the light-

limited and nutrient rich deep layers. Prymnesiophyceae show low light and nitrate 

saturation for growth (Araujo et al., 2017), thus this group can thrive in regions 
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constraining growth of other groups, such as Bacillariophyceae and Chlorophyceae, as 

seem to be the case here (Araujo et al., 2017; Gregg and Casey, 2007). On the other 

hand, Dictyochophyceae are widespread in the marine environments, especially in the 

subtropical and temperate regions (Andersen, 2004) composing mostly the 

microphytoplankton, ranging usually between 20 and 100 µm (Lemonnier et al., 2016). 

In the HPLC analysis, this group is represented by the larger silicoflagellate Dictyocha 

sp., and small picoflagellates and picoeukaryotes. Therefore, due to the main 

representation of the pico- and nanophytoplankton in the SWTA phytoplankton 

community, Dictyochophyceae is likely composed by small cells, although more 

specific analyses are needed to unveil the composition of this group. 

4.3. Size structure and trophic status 

Cell size is an ecological trait that affect all aspects of phytoplankton ecology, such as 

diversity, production, competition, and biomass transference to the higher trophic levels 

(Barton et al., 2013; Marañón, 2015). We observed a dominance of pico- and 

nanophytoplankton in both seasons, in agreement with reported observations in many 

oligotrophic regions (Dai et al., 2020; Mena et al., 2019; Pérez et al., 2005). These small 

sized communities are usually associated with recycling trophic webs. The Fp index is 

derived from the assumption that global new production is mainly related to diatoms 

growth, while dinoflagellates growth is less relevent (Claustre, 1994). This qualitative 

tool allows comparing trophic status of some oceanographic regimes and inferring about 

the size dynamics of a community. In the southernmost area of the tropical Atlantic, a 

preeminence of recycling productivity was previously reported, with the new production 

representing between 16 and 30% of the total phytoplankton production (Metzler et al., 

1997). Our results pointed out a predominance of recycled production, with a 

conspicuous coast-offshore gradient evidenced by the observed higher Fp in the shelf, 
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which was double than in other regions, likely due to the influence of the riverine 

runoffs on the coast productivity (Ekau and Knoppers, 1999; Otsuka et al., 2018). In 

addition, a significant seasonal increase in the new production was observed in oceanic 

islands, although, the values remained low and did not surpass 0.09, suggesting a 

dominance of small cells also in punctual productivity peaks.    

The overall increase in nutrients concentration usually results in an 

enhancement of large phytoplankton cells and a change in the trophic balance to a more 

classic food web instead of a microbial one (Chisholm, 1992; Falkowski and Oliver, 

2007; Landry, 2002; Vargas et al., 2007). However, in oligotrophic regions of the 

Atlantic Ocean there is an uncoupled relationship between productivity and 

phytoplankton size. Indeed, even during enhanced production and biomass, the 

dominance of pico- and nanophytoplankton remains (Marañón et al., 2003, 2000). Our 

observations support the hypothesis of the smaller cells (<20 µm) dominating the 

community, with a change in the trophic status only in a few shelf stations that showed 

high Fp (<0.5). The pico- and nanophytoplankton predominance probably is linked to 

the low N:P (<5), which appears insufficient to trigger a pronounced growth of larger 

cells. Nitrogen has been previously observed as a limiting nutrient for the phytoplankton 

growth in the SWTA (Hazin, 2009), with a N:P ratio in the euphotic zone lower than 

5:1 throughout the year. 

Large phytoplankton cells (i.e., diatoms and dinoflagellates) play an important 

role in carbon sequestration, due to their higher sinking rate in contrast to smaller 

phytoplankton cells (Guidi et al., 2016). In oligotrophic oceans however, their role in 

the carbon pump is replaced by small phytoplankton cells (Guidi et al., 2016; 

Weinbauer, 2004), which may form colloids and aggregates in the water column 

enhancing their rates of sedimentation. In a global change scenario, the expansion of 
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oligotrophic oceans and higher stratified waters are expected, with predominance of 

microbial food webs. Understanding the role of such small phytoplankton groups in the 

carbon pump is therefore crucial to assess not only changes in biogeochemical cycling, 

but also changes in food quality for pelagic food webs.  

5. Conclusions 

In the SWTA phytoplankton community, an uncoupling between the biomass increase 

and size was observed, with the phytoplankton being dominated by the small celled 

community and a recycled production (Fp) during the entire study time. Here we 

hypothesize that this may be caused by a nitrogen limitation that constrain population 

growth of the large phytoplankton taxa. In the SWTA this was the first study to analyze 

the contribution of the phytoplankton different size classes offshore. The domination of 

the pico- and nanophytoplankton presented here, highlights their importance to the 

global oligotrophic oceans. In the scenario of global ocean changes, in which water 

column stratification is expected to intensify, the abundance of this small phytoplankton 

and the recycling production will probably rise. Thus, the understanding of their 

distribution and role in the biogeochemical cycles is of pivotal importance to forecast 

the health of the pelagic food webs in the near future. 
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Uncoupled changes in phytoplankton biomass and size structure in the western 

tropical Atlantic 

 

Highlights  

 

 

 We unveiled uncoupled dynamics between phytoplankton size structure and 

biomass. 

 

 A decreasing gradient of biomass and new production from shelf to offshore was 

pointed out. 

 

 Seasonal changes in thermocline shape the phytoplankton dynamics and size 

structure. 

 

 Phytoplankton diversity increased with depth, but was mainly dominated by 

small cells. 
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