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The Western Tropical North Atlantic is a highly dynamic marine system where
the Amazon River Plume (ARP) generates a patchwork of environmental
condit ions that favor di fferent phytoplankton groups. To study
phytoplanktonic community structure in such heterogeneous conditions, we
used a set of five standard ship-based measurements taken from
oceanographic surveys between 2010 and 2021 to characterize different
habitat types. We then utilized a variety of multiparametric approaches to
examine phytoplankton biodiversity in the different habitats to assess the
biological relevance of our delineated habitats. Our approach generated a
consistent set of habitat types across cruises carried out in multiple different
years and the Amazon’s two predominant (wet and dry) seasons. Our
phytoplankton community analyses revealed strong distinctions among all
habitats along the plume gradient using in-vivo fluorescence and diagnostic
pigments, and clear contrasts of diazotroph community along the mesohaline
waters using direct cell-count, a pattern consistent with niche partitioning
among similar species. The few apparent mismatches we found between
phytoplankton community composition and habitat may reflect recent
hydrographic changes driven by mixing and/or upwelling and thus may be a
useful index to biologically-relevant temporal variation. Our habitat
classification approach is straightforward and broadly applicable in identifying
biologically distinct areas within heterogeneous and dynamic regions of
the ocean.
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Introduction

The Amazon River Plume (ARP) deposits nearly 20% of global
freshwater discharge into the Western Tropical North Atlantic
Ocean (WTNA) at an average annual rate of 120,000 m3/s and
extends more than 1,800 km from the mouth (Subramaniam et al.,
2008; Goes et al., 2014). From winter to peak discharge during
spring, the ARP is mainly transported northward along the eastern
coast of South America by the North Brazil Current (NBC). During
summer through fall, as Amazon River discharge is weakening, the
ARP is entrained by the North Equatorial Countercurrent (NECC)
and travels eastward (Coles et al., 2013). Fed by flow through the
world’s largest river basin, the ARP carries with it large amounts of
terrestrially derived sediments, nutrients, as well as particulate and
dissolved organic matter (Nittrouer et al., 1986; Del Vecchio and
Subramaniam, 2004). During its progression to the open ocean, the
ARP gradually mixes with adjacent coastal and offshore waters,
generating large gradients of temperature, salinity, turbidity, and
nutrient availability in the WTNA (DeMaster et al., 1996; DeMaster
and Aller, 2001; Coles et al., 2013). Due to variations in flow
direction, mixing, spatial extent, and mesoscale circulation, the
ARP creates diverse and dynamic distributions of ecological
niches in the water column.

The distribution of physical and chemical properties in the
ocean water column has long been recognized as a major factor
shaping the community composition of marine plankton (Sverdrup
et al., 1942; Platt et al., 1991; Weber et al., 2019), calling for methods
to define the different ecological niches observed. Based on physical
forcings and seasonal cycles of primary production, Longhurst
(1998) partitioned the upper ocean into several biogeographic
provinces, providing a general framework for understanding the
ocean at large regional scales, including studies of the export of
carbon dioxide to the deep ocean (Honjo et al., 2008), and spatial
distributions of various marine species at different trophic levels,
ranging from bacteria (Li et al., 2004) to plankton (Beaugrand et al.,
2002; Woodd-Walker et al., 2002; Alvain et al., 2005) to pelagic
fishes (Corbineau et al., 2008; Reygondeau et al., 2012).
Nevertheless, Longhurst’s scheme is often hard to implement in
systems with fluctuating physical and chemical conditions and
forcings over varying spatial and temporal scales. Yet, mesoscale
and submesoscale forcings, which either act as hydrographical
boundaries or provide nutrient injections, can shape the
planktonic community structure in some of the most productive
and diverse ocean regions, including coastal areas, upwelling
systems, and eddies (Lévy et al., 2001; Baltar and Aristegui, 2017;
Raes et al., 2018; Hernández-Hernández et al., 2020).

Physical tracers such as salinity or temperature are often used to
overcome this issue and characterize the spatial distribution of
biochemical processes in dynamic regions such as estuaries.
Although this is a robust approach for describing water masses
and the impact of mixing, single or double tracers like salinity and
temperature alone cannot fully capture the complex interactions
and processes that constrain primary production and
phytoplankton diversity. For example, phytoplankton biomass is
typically higher within the ARP (defined as water with salinity

below 35 psu) than in the surrounding oceanic waters as a result of
the nutrients and buoyancy discharged by the river. However, large
accumulations of diatoms have been found in more saline waters far
from the river mouth, where turbidity is low enough to alleviate
light limitation for photosynthesis (Smith and Russell, 1995; Smith
Jr and Demaster, 1996). Additionally, the phytoplankton
community structure can also drive and be driven by the
biogeochemical gradient along the aging plume (Goes et al., 2014;
Stukel et al., 2014; Weber et al., 2017).

To capture the biological impacts of variable biogeochemical
conditions, a robust method has been developed to delineate
regions into distinct phytoplankton habitats using fundamental
oceanographic measurements (Weber et al., 2019). This approach
includes the influence of upper water column properties and
extends Longhurst’s biogeochemical province concept to the
smaller scale of highly variable marine environments. The
approach of Weber et al. (2019) has provided insight into the
potential drivers shaping phytoplankton distributions in different
river-ocean systems like the Amazon and Mekong Rivers (Weber
et al., 2019; Charvet et al., 2021). While previous studies have
examined differences in phytoplankton communities in habitats
across the ARP continuum during single expeditions, a comparison
of habitats and their biological relevance across larger temporal
scales is lacking.

Here, we investigate phytoplankton community structure in the
context of previously defined habitats of the ARP over a multi-year
span. We hypothesized that: (1) the properties of habitat types
previously described are consistent across time, and (2) planktonic
community structure varies significantly and consistently among
habitat types.

Methods

We performed a hierarchical cluster analysis (HCA) parallel to a
principal component analysis (PCA) to study a set of plankton
habitats in the Amazon Plume region. Our habitat-defining
variables included sea surface temperature (SST), sea surface
salinity (SSS), mixed layer depth (depth of buoyancy frequency
maximum, MLD), the depth of the subsurface chlorophyll
maximum (ChlMD), and a nitrate availability index (NAI) as
proposed by Weber et al. (2019). All surface variables in this
study were defined as the nearest measurement to a five-meter
reference depth. NAI is defined as:
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Where [NO2/3] is the total concentration of measured nitrate
and nitrite, Z is the depth of the water column, positive downward.
The threshold surface concentration of nitrate and nitrite for
calculation of NAI was set at 0.5 µM as it is comparable to the
half-saturation constant KS range for nitrogen uptake of coastal and
oceanic phytoplankton and would support considerable rate of
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nitrate assimilation (Eppley et al., 1969). In case the surface [NO2/3]
does not reach the threshold value, we would look for the depth
where [NO2/3] reaches 2 µM as in Weber et al. (2019).

Sample collection

Biological and chemical data were collected during six
oceanographic cruises conducted in the Amazon River plume
region from 2010 to 2021 (Table 1; Supplementary Figure 1). On
all cruises, a Conductivity-Temperature-Depth (CTD) Rosette system
equipped with a fluorometer was used to measure hydrographic
properties in the water column Samples for measurement of nitrite
(NO2

-) and nitrate (NO3
-) concentration across the water column

were collected using Niskin-type bottles mounted on the CTD rosette
and analyzed at sea and reanalyzed as needed at the Georgia Institute
of Technology (Atlanta, USA) using a Lachat® QuikChem 8000
flow-injection analysis system for the first three cruises and a Lachat®
QuikChem 8500 series 2 for cruises EN614 and EN640 (Knap et al.,
1996). For cruise M174, nutrient analyses were conducted at sea using
a Seal Analytical QuAAtro 39 continuous flow analyzer. Detailed
calibration and processing protocol of CTD and bottle data for each
specific cruise can be found from their corresponding source on the
Biological and Chemical Oceanography Data Management Office
(BCO-DMO) and Data Publisher for Earth & Environmental Science
servers (See Data Availability). On each cruise, every CTD cast with a
measured nutrient profile was included in our habitat type analysis
(Table 1). Each cast was identified using a “cruise_station.event”
code, beginning with the cruise name, followed by the station number
before the decimal, and the specific event number after the decimal.

On cruises EN614, EN640, and M174, surface phytoplankton
pigments at five-meter depth were quantified for assessment of the
surface phytoplankton community structure (Table 2).
Phytoplankton pigments were determined and analyzed either via
Advanced Laser Fluorometric (ALF) analysis as described in
Chekalyuk and Hafez (2008) or via high-performance liquid
chromatography (HPLC) as described in Van Heukelem and
Thomas (2001).

Samples for ALF analysis were collected in 500 ml amber glass
bottles and stored in the dark under cold temperatures to reduce
non-photochemical quenching effects before analysis. Fluorescence
signals were measured using the Custom Laser Analytical
Spectroscopic Systems (Chekalyuk and Hafez, 2013). The Raman-
normalized measurements of phytoplankton variable fluorescence

(Fv/Fm), chlorophyll stimulated by a blue laser (679 nm), and three
phycoerythrin (PE) fluorescence signatures stimulated by a green
laser were used to quantify different groups of PE-containing
phytoplankton (Chekalyuk and Hafez, 2008). These include PE-1
(565 nm) found in blue water oligotrophic cyanobacteria, PE-2 (578
nm) found in green water cyanobacteria thriving in coastal
mesohaline waters, and PE-3 (590 nm) found in eukaryotic
photoautotrophic cryptophytes that are abundant in coastal,
estuarine, and enclosed bay waters (Chekalyuk and Hafez, 2008;
Goes et al., 2014).

For HPLC analysis, we filtered one to two liters of surface
seawater collected from the CTD rosette through a GF/F filter under
gentle vacuum. Filters were frozen in liquid nitrogen for later
analysis using an Agilent RR1200 Series Gradient system. Seven
diagnostic pigments from the HPLC analysis were analyzed and
their taxonomic significances at different levels were presented in
Table 3, following Vidussi et al. (2001) and Wright et al. (2005) and
references therein. Each diagnostic pigment was normalized by
dividing for the total chlorophyll concentration measured for each
cast. Detailed calibration and processing of both ALF and HPLC
data can also be found on the BCO-DMO server (Data Availability).

We also used direct microscopic counts to assess surface
diazotrophic community structure on cruises KN197, MV1110,
and AT21-04 (Table 2). Samples were collected directly from
distinct depths in the upper 10 m of the water column using the
shipboard CTD-rosette system. Ten liters of seawater (one full
sampling bottle) were filtered through an 8 µm pore size, 47 mm
diameter Nuclepore® membrane filter in an inline filter cartridge
(Carpenter et al., 1999). The filter was examined and enumerated
under 400x magnification using a Zeiss® Axioskop Epifluorescence
microscope. Colonies and single trichomes of Trichodesmium spp.,
as well as Richelia spp. found in diatom-diazotroph associations
(DDAs), were identified via phycoerythrin and chlorophyll
excitation under green (510-560 nm) and blue (450-490 nm)
illumination, respectively. The diatoms associated with Richelia
spp. were identified as either Hemiaulus or Rhizosolenia spp.
based on cell morphology observed using bright-field optics
(Carpenter et al., 1999).

Statistical approach

For our habitat type classification, we performed HCAs and
PCAs on correlations of the standardized habitat-defining variables

TABLE 1 List of oceanographic expeditions, vessel names, date ranges, and the total number of stations and casts for each cruise.

Cruise ID Vessel name Date range # stations # casts

KN197 R/V Knorr 05/23/10 – 06/23/10 23 40

MV1110 R/V Melville 09/03/11 – 10/07/11 28 74

AT21-04 R/V Atlantis 07/13/12 – 07/28/12 13 30

EN614 R/V Endeavor 05/07/18 – 05/29/18 13 42

EN640 R/V Endeavor 06/13/19 – 07/08/19 15 36

M174 R/V Meteor 04/21/21 – 05/13/21 25 73
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using JMP Pro 16 software (SAS Institute Inc., Cary, USA). Distance
and gap statistics were examined to select the optimal number of
clusters for the HCAs. We applied this routine on the entire dataset
of all six cruises and on individual cruise datasets to test for the
consistency of our approach. Shapiro-Wilk and Levene’s tests were
conducted for each variable to evaluate normality and homogeneity
of data, respectively. Since variables are generally heterogenous and
slightly non-normally distributed (Supplementary Tables 1 and 2),
we conducted Welch’s ANOVA to compare the means of each
variable across our habitat types. Since all variables showed
significant different among the habitat types (Supplementary
Table 3), we performed Games-Howell post hoc test for pairwise
comparisons of the variables (Supplementary Table 4). We also
conducted Wech’s ANOVA and Games-Howell post hoc test for
mean comparison of each variable in each habitat type across our
cruises (Supplementary Table 5). The statistical analyses were done
in R using RStudio (Team, 2013).

Phytoplankton community structure/
beta diversity

To test for the biological significance of the newly assigned
habitat types, we compared the upper water column phytoplankton
communities in the different habitat types sampled during the six
cruises. We used the R package “vegan” (Oksanen et al., 2020) to
carry out community structure analyses. Dissimilarity matrices of
community structure were calculated for all standardized datasets.
Euclidian distances were generated on the chi-square standardized
ALF signal and HPLC diagnostic pigment data, which are
equivalent to chi-square distances used in correspondence
analysis (Legendre and Gallagher, 2001). For cell counts, Bray-
Curtis dissimilarities were calculated on log(x+1) standardized
abundances. Permutational multivariate analysis of variance
(PERMANOVA) was performed on the dissimilarities of all
datasets to examine differences in phytoplankton community
diversity among habitat types (Anderson, 2001).

Since PERMANOVA tests for cell counts, diagnostic pigments,
and fluorescence all showed significant differences (p< 0.001,
Supplementary Tables 6–8) among habitats, distance-based
redundancy analyses (dbRDA) were conducted using the “capscale”
function to further examine the phytoplankton beta diversity among

different habitat types. DbRDA is a multivariate constrained ordination
method to explore the relationships among biological assemblages of
species and their environments (Legendre and Anderson, 1999). We
examined the data structure by doing eigen-analyses of the biodiversity
distance matrices fitted by the predictor variable, which is the habitat
assignment in this case (Anderson et al., 2008). The Pearson’s
correlation of the standardized phytoplankton measurements with
their respective axes was used to identify the individual pigments,
fluorescence signals, or phytoplankton species that accounted for the
differences observed among habitats. ANOVA-like permutation tests
based on 999 permutations were performed to assess the significance of
the model for all analyses (Legendre et al., 2011). While
PERMANOVA can test for the biological relevance of the
superimposed habitat types on the overall observed variation in the
phytoplankton data, dbRDA and its subsequent tests allow us to
examine the influence of the habitat assignment on the overall
variation and explore trends that would be masked by the high
variability or high correlation in the unconstrained ordination. Since
all tests were significant (p< 0.001, Supplementary Tables 9–11), we
conducted subsequent pairwise permutation tests among all the habitat
types in the dbRDA to further confirm their biological significance
(Kindt and Coe, 2005).

Results

Multi-cruise analysis

The HCA on the habitat-defining variables of all six cruises
generated a total of eight distinct habitat types that were also
highlighted by the PCA, with each habitat having a unique
combination of the habitat-defining variables (Figure 1). The clusters
produced by our HCA of all six cruises included five habitat types
previously defined byWeber et al. (2019): young plume core (YPC), old
plume core (OPC), western plume margin (WPM), eastern plume
margin (EPM), and oceanic water (OSW).

Many stations from our five other cruises fell into clusters
representing the previously defined habitat types (Figure 1). One of
our newly detected habitat types, namely riverine input, consisting
of casts from cruises AT21-04 (n=9) and M174 (n=20) that formed
a sister group with the plume-influenced waters (YPC, OPC, WPM,
and EPM). Two clusters, one consisting of casts from cruises EN614

TABLE 2 Sample size of in vivo fluorescence, diagnostic pigments, and diazotroph cell counts used in phytoplankton diversity analysis.

Cruise ID In vivo fluorescence Diagnostic pigments Cell counts

# stations # samples # stations # samples # stations # samples

KN197 – – – – 18 35

MV1110 – – – – 23 41

AT21-04 – – – – 7 11

EN614 11 25 12 21 – –

EN640 10 18 10 19 – –

M174 – – 27 34 – –
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(n=27), EN640 (n=15), M174 (n=8), which we designated as outer
plume margin (OPM), and one consisting of casts only from cruise
M174 (n=13), which we designated as modified oceanic waters
(MOW) both form sister groups with the OSW group. In summary,
stations from our six cruises fall into a total of eight distinct habitat
types, including the five habitats previously described by Weber
et al. (2019) and three new categories that encompassed the riverine
input (RI) and two habitats that fall between the plume influenced
region and oceanic water (OPM and MOW).

The first two principal components of the PCA of all stations
described a total of 79.5% of the overall variation (Figure 1). PC1

accounted for 52.7% of the total variation and was driven strongly
by SSS, ChlMD, and NAI. SST was the main driver for PC2, which
accounted for 16.8% of the total variation. The last defining variable
used in our analysis, the MLD, mainly drove the third component
(PC3), which accounted for 14.8% of the total variation
(Supplementary Figure 2). In the plane defined by the first two
principal component axes, the riverine input (RI), plume cores
(YPC and OPC), plume margins (WPM, EPM, OPM), and oceanic
waters (MOW and OSW) are arrayed along a continuum of habitat
defining variables where NAI decreased as SSS, and ChlMD
increased (Figure 1). We observed the same pattern on the plane
of PC1 and PC3, with MLD clearly separating the oceanic waters
from the plume-influenced waters (Supplementary Figure 2).

The RI habitat was distinguished by the lowest SSS although
they shared the same range of MLD and ChlMD with the plume
core habitats (Figure 2; Supplementary Table 12). The YPC and
OPC casts, having similar SSS, mostly differed in NAI, with YPC
having much higher values. Four variables (SST, MLD, ChlMD, and
NAI) together drive the differences among the WPM, EPM, and
OPM habitats. The MOW, having distinctly low SST and deep
ChlMD, shared the same range of MLD with the plum margin
habitats, and its SSS fall between that of plume margin and oceanic
water. The high SSS and deep MLD distinguished the OSW from
the rest of the water types.

We conducted Welch’s ANOVA to examine the differences in the
habitat-defining variables among our eight habitat types and the six
cruises. While we were not able to directly analyze interactions between
our habitat types and the different cruises, we observed significant

A

B C

FIGURE 1

Wards-mean hierarchical cluster analysis (A) and principal component analysis (B, C) of CTD casts from six cruises conducted in the WTNA based on
the habitat-defining variables of Weber et al. (Weber et al., 2019). (A) Dendrogram showing clustering of different groups, where colors correspond
to habitat types. The detailed classification of each cast can be found in the supplementary. (B) Scatter plot of each cast’s score with respect to the
first two principal components, where colors correspond to habitat types, and marker shapes correspond to cruises. (C) Loading plot showing the
unrotated loading matrix of the analyzed habitat-defining variables as a function of the first two principal components. The closer the variable’s
loading value is to 1 or -1, the greater the effect of the variable in driving that component. Habitat types are marked by color: riverine input (RI, gray),
young plume core (YPC, red), old plume core (OPC, orange), western plume margin (WPM, yellow), eastern plume margin (EPM, green), outer plume
margin (OPM, purple), modified oceanic water (MOW, cyan), and oceanic water (OSW, blue).

TABLE 3 Diagnostic pigments used in the study of phytoplankton
community structures and their associated taxonomic group.

Pigments Abbreviations Taxonomic
group

Divinyl chlorophyll a + divinyl
chlorophyll b

DVCHLA+B Prochlorophytes

19’ Butanoyloxyfucoxanthin 19’BF
Pelagophytes,
haptophytes

19’ Hexanoyloxyfucoxanthin 19’HF Haptophytes

Alloxanthin ALLO Cryptophytes

Zeaxanthin ZEA
Cyanobacteria,
prochlorophytes

Peridinin PERI Dinoflagellates

Fucoxanthin FUCO Diatoms
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differences for all variables among our habitat types and among cruises
for many of our habitats (Supplementary Tables 4 and 5).

Habitats and phytoplankton

To assess the biological relevance and consistency of the habitat
assignment, we used in vivo fluorescence (ALF), measured during
cruise EN614 and EN640, and diagnostic pigments (HPLC), also
measured during the above two cruises plus cruise M174, to
characterize the surface (5 m) phytoplankton communities and to
explore the relationship between community composition and the
habitat types. Since PERMANOVA analyses of both diagnostic
pigments and fluorescence signals with 999 permutations returned
p-values of 0.001 (Supplementary Tables 6 and 7), we further
studied the pigment profiles using the dbRDA.

For in vivo fluorescence measured with the ALF, the dbRDA
model fitted by our habitat assignment returned an R2 value of 0.51
and the permutation test returned a p-value of 0.001
(Supplementary Tables 9 and 10). The first two dbRDA axes
explained 46.6% of the total observed variation and 90.5% of the
variation when constrained by habitat types (Figure 3), with the first
axis dbRDA1 alone accounting for 30.4% and 59% of the total and
the constrained variation, and the second axis dbRDA2 accounted
for 16.2% and 31.5% of the total and constrained variation. Both the
pairwise PERMANOVA and the ANOVA-like comparison on the

dbRDA showed significant differences among the plume core (YPC
and OPC), plume margin (OPM), and oceanic water (OSW)
phytoplanktonic communities (Supplementary Tables 6 and 9).
On the dbRDA plane of the first two axes, the first axis,
negatively correlated with chlorophyll, mainly separated the
plume core (YPC and OPC) communities from the plume margin
(WPM and OPM) communities. The second axis, negatively
correlated with Fv/Fm, discriminated the oceanic water
communities (OSW) from the rest. PE-1 correlated positively
with both dbRDA1 and dbRDA2. PE-3 showed a weaker
correlation in the same direction as PE-1. PE-2 showed negative
correlation with the third axis dbRDA3, which contributed only
3.8% and 7.4% to the total and the constrained variation, mainly
separating the YPC and some OPM stations from the rest
(Supplementary Figure 3).

The fitted dbRDA model of the diagnostic pigment ratio returned
an R2 value of 0.55 with a p-value of 0.001 in the subsequent ANOVA-
like permutation test. The first two dbRDA axes explained 45.5% of the
total observed variation and 82.1% of the variation when constrained
by habitat types (Figure 4). The first axis, dbRDA1, alone accounted for
32.2% and 58.1% of the total and the constrained variation,
respectively. Zeaxanthin, divinyl chlorophyll a + divinyl chlorophyll
b, 19’butanoyloxyfucoxanthin, and 19’ hexanoyloxyfucoxanthin all
showed positive correlations with the first axis while fucoxanthin
showed a negative correlation with the same axis. The second axis,
dbRDA2, accounted for 13.3% and 24% of the total and constrained

A B

D

E

C

FIGURE 2

Habitat-defining variables of the seven studied habitat types: (A) mixed layer depth, (B) depth of maximum chlorophyll, (C) sea surface temperature,
(D) sea surface salinity, (E) nitrate availability index. Each symbol represents a measurement from an individual cast. Symbol shapes and colors
correspond to habitat types as in Figure 1. The boxes display the median, 25th and 75th percentiles. The upper and lower whiskers extend from the
hinge to 1.5*IQR (inter-quartile range, the distance between the first and third quartiles). Data beyond the end of the whiskers are considered
outliers. The letters above the whisker boxes display the Dunn’s pair-wise comparisons among the habitats (habitats with the same letter do not
differ significantly).
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variation, respectively, and showed a positive correlation with
alloxanthin. On the dbRDA plane of the first two components, the
first axis mainly separated the riverine input (RI) and plume core (YPC
and OPC) communities from the plume margin (WPM, EPM, OPM)

and oceanic water (OSW) communities. The second axis distinguished
most of the MOW from the rest of the habitat types. Peridinin showed
a strong negative correlation with the third axis, which accounted for
only 4.5% and 8.1% of the total and constrained variation, separating

A B

FIGURE 4

Distance-based redundancy analysis (dbRDA) of diagnostic pigment to total chlorophyll ratio from cruises EN614, EN640, and M174 (R2 = 0.55,
p=0.001). Panel (A) is a scatter plot of each measurement’s scores with respect to the first two axes of the dbRDA. Percentages of variation
explained by dbRDA1 and dbRDA2 in the total observed variation and in the model fitted with the habitat assignment are listed on their respective
axes. Each marker corresponds to a phytoplankton pigment profile from a single cast. Panel (B) is a biplot with arrows displaying the Pearson
correlations of phytoplankton pigments relative to the first two dbRDA axes. The length and direction of the arrows indicates the correlation of each
pigment with the respective dbRDA axis. The pigments analyzed include: divinyl chlorophyll a + divinyl chlorophyll b (DVCHLA+B), 19’
butanoyloxyfucoxanthin (19’BF), 19’ hexanoyloxyfucoxanthin (19’HF), alloxanthin (ALLO), zeaxanthin (ZEA), peridinin (PERI), and fucoxanthin (FUCO).
The phytoplankton groups corresponding to each pigment are presented in Table 3. Marker shapes indicate the cruise each profile was collected as
in Figure 1. Habitat types are marked by color: riverine input (RI, gray), young plume core (YPC, red), old plume core (OPC, orange), western plume
margin (WPM, yellow), eastern plume margin (EPM, green), outer plume margin (OPM, purple), modified oceanic water (MOW, cyan), and oceanic
water (OSW, blue).

A B

FIGURE 3

Distance-based redundancy analysis (dbRDA) of Advanced Laser Fluorometer (ALF) signal measurement from cruises EN614 and EN640 (R2 = 0.51,
p=0.001). Panel (A) is a scatter plot of each measurement’s scores with respect to the first two axes of the dbRDA. Percentages of variation
explained by dbRDA1 and dbRDA2 in the total observed variation and in the habitat-type fitted model are listed on their respective axes. Each marker
corresponds to an ALF measurement from a single cast. Panel (B) is a biplot with arrows displaying the Pearson correlations of ALF measurements
from cruises EN614 and EN640 with the first two dbRDA axes. The length and direction of the arrows indicates the correlation of fluorescence signal
with the respective dbRDA axis. The fluorescence signatures include the normalized phytoplankton variable fluorescence (Fv/Fm), chlorophyll (Chl a),
and three types of phycoerythrin (PE-1, PE-2, and PE-3). Marker shapes indicate the cruise each profile was collected as in Figure 1. Habitat types are
marked by color: riverine input (RI, gray), young plume core (YPC, red), old plume core (OPC, orange), western plume margin (WPM, yellow), eastern
plume margin (EPM, green), outer plume margin (OPM, purple), modified oceanic water (MOW, cyan), and oceanic water (OSW, blue).
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the riverine input and young plume core communities to some extent
(Supplementary Figure 4). The pairwise PERMANOVA and
permutation tests on the dbRDA confirmed the significant
differences among the riverine input, young plume core, and
modified oceanic water phytoplankton communities (Supplementary
Tables 7 and 10). While it is difficult to observe on the dbRDA plot, the
statistical tests also indicated that OSW community significantly differs
from OPM and WPM while OPM and WPM showed no significant
differences (Supplementary Tables 7 and 10).

To further evaluate the biological significance of the habitat types,
we draw on diazotroph cell counts of colonies and free trichomes of
Trichodesmium spp. and diatom-diazotroph associations of Richelia
spp. in the upper 10 m of the water column collected from cruise
KN197, MV1110, and AT21-04. While cell counts showed large
deviation within each habitat (Supplementary Table 16),
PERMANOVA indicated a significance difference among our habitat
types (p-value = 0.001) with the post hoc test showing the largest
differences amongWPM, EPM, and OSW (Supplementary Table 8). A
distance-based redundancy analysis was conducted to further explore
the relationship between the phytoplankton cell counts and the habitat
types. The dbRDA model of cell counts fitted by habitat assignment
returned an R2 value of 0.14 and the permutation test returned a p-
value of 0.001. The first two dbRDA axes of cell counts explained 12.6%
of the total observed variation and 90.1% of the variation fitted by
habitat types (Figure 5). The first axis, dbRDA1, accounted for 9.6%
and 68.7% of the total and constrained variation, respectively, and was
negatively correlated with Richelia-Hemiaulus hauckii DDA. The
second axis, dbRDA2, accounted for 3% and 21.4% of the total and
constrained variation, respectively, and correlated positively with
Richelia-Rhizosolenia clevei DDA. Both colonial and free
Trichodesmium spp., as well as Richelia-Hemiaulus membranaceus

DDAs, were positively correlated with dbRDA1 and negatively
correlated with dbRDA2. The ordination plot showed that dbRDA1
separated WPM from EPM to some extent, with Richelia-H. hauckii
highly correlated with most WPM casts while Richelia-H.
membranaceus correlated with most of the EPM communities.
Richelia-R. clevei DDAs were found in all habitat types and
correlated with most OSW communities. Both colonial and free
Trichodesmium spp. were found in all habitat types. Permutation
comparisons on the dbRDA confirmed the significant differences
among the WPM, EPM, and OSW communities (Supplementary
Table 11). Phytoplankton cell count profiles of YPC and OPC were
distributed haphazardly across the ordination plot.

Discussion

We drew on data collected during cruises in six different years
between 2010 and 2021 to explore the robustness of the approach of
Weber et al. (2019) for defining planktonic habitats. Hierarchical
clustering of stations from all six cruises revealed a consistent
classification of stations into the five previously defined habitats as
well as three additional habitats revealed in the larger data set, which
is more extensive spatially and includes both spring/summer (wet
season) and summer/autumn (dry season) cruises. Our approach has
increased the resolution of Longhurst’s biogeochemical provinces
concept (1998) in the dynamic system of the Amazon River Plume
along the Guianas coastal water (Figure 6).We included all stations in
our PCA, which provided insight into the differences among the
clusters associated with each habitat and its habitat-defining
variables. We first consider the patterns evident in our full data set
and then explore the differences among our six cruises.

A B

FIGURE 5

DbRDA of diazotroph cell count data from cruises KN197, MV1110 and AT21-04 (R2 = 0.14, p=0.001). Panel (A) is a scatter plot of each score with
respect to the first two axes of the dbRDA. Percentages of variation explained by dbRDA1 and dbRDA2 in the habitat-type fitted model and in the
total observed variation are listed on their respective axes. Each marker corresponds to a phytoplankton composition from one single cast. Panel
(B) is a biplot with arrows displaying the Pearson correlations of phytoplankton species with the first two dbRDA axes. The length and direction of
the arrows indicates the correlation of the species with the respective dbRDA axis. Marker shapes indicate the cruise each profile was collected as in
Figure 1. Habitat types are marked by color: riverine input (RI, gray), young plume core (YPC, red), old plume core (OPC, orange), western plume
margin (WPM, yellow), eastern plume margin (EPM, green), outer plume margin (OPM, purple), modified oceanic water (MOW, cyan), and oceanic
water (OSW, blue).
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FIGURE 6

Station map of the six cruises studied (A–F) where each marker denotes a single station. Marker shapes denote the different cruises as in Figure 1.
Marker colors show the most common habitat type assigned for the casts of each station: riverine input (RI, gray), young plume core (YPC, red), old
plume core (OPC, orange), western plume margin (WPM, yellow), eastern plume margin (EPM, green), outer plume margin (OPM, purple), modified
oceanic water (MOW, cyan), and oceanic water (OSW, blue). The red lines denote the individual cruise track. The black dashed lines denote the
boundaries of Longhurst’s biogeochemical provinces: North Atlantic tropical gyral (NATR), Western Tropical Atlantic (WTRA), and Guianas coast
(GUIA). Habitat types are marked by color: riverine input (RI, gray), young plume core (YPC, red), old plume core (OPC, orange), western plume
margin (WPM, yellow), eastern plume margin (EPM, green), outer plume margin (OPM, purple), modified oceanic water (MOW, cyan), and oceanic
water (OSW, blue).
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All cruises

Despite the differences in temporal and spatial coverage among
our six cruises, our habitat classification approach cleanly separated
all stations into distinct habitat types, most of which were defined
previously by Weber et al. (2019). Our habitat definition approach
clearly resolves the combinations of biologically relevant features of
the WTNA that are persistent across years. Our inclusion of all
stations from cruise KN197 previously described by Weber et al.
(2019) provides an internal test of the consistency of the habitat
assignments across time and space.

Habitat characteristics

The river input (RI) habitat represented the freshwater
discharge at the river mouth (Figure 6). The casts belonging to
this habitat can be easily identified by very fresh surface water (4.6 ±
3.6 psu) and high nitrate availability index, with a maximum of 18.7
(Supplementary Table 12). This value, representing the surface
NO2

-+NO3
- concentration in the river mouth, illustrates the

potential of the Amazon River for fostering primary production
in the region (Howarth, 1988; DeMaster and Aller, 2001).

The brackish warm core of the plume extending northwest of
the river mouth (YPC and OPC, Figure 6) can also be identified
using salinity alone (Figure 2; Supplementary Table 12), reflecting
the mixing of river discharge with oligotrophic ocean water. The
two habitat types falling within the plume core can be differentiated
by the sharp decline of the nitrate availability index from the young
plume core (-4.5 ± 10.2) to the old plume core (-82.2 ± 15.2).

Further north, our habitat analysis revealed three distinct
habitat types associated with the mixing of the aging plume and
oceanic waters: WPM, EPM, and OPM (Figure 6). These habitats
are characterized by increased SSS compared to the plume core,
and gradual deepening of the MLD from WPM to EPM to OPM
(Figure 2), reflecting the reduced influence of the river with
increasing distance from the river mouth. Two of these habitats,
WPM and EPM, were originally named based on their locations to
the west and east of the plume axis during cruise KN197
(Figure 6). However, our multi-year dataset analysis reveals that
these two distinct habitats actually represent different degrees of
riverine influence, which is greater in the WPM than in the EPM
habitat. The relative geolocalization of one habitat or the other
could simply arise from the seasonal variability in the Amazon
River Plume trajectory, itself tied to an array of forcing factors,
such as river discharge, precipitation, and oceanic current
structure (Molleri et al., 2010; Coles et al., 2013; Varona
et al., 2019).

Our newly defined outer plume margin habitat was located well
north of the plume core, where the previously defined WPM and
EPM habitats frequently co-occur (Figure 6). OPM waters shared
the same range of SSS (31.6 ± 1.5 psu) with the other plume margin
habitats but was characterized by the relatively cold water (27.5 ±
0.3°C), the slight deepening of the mixed layer depth, and a decrease
by a factor of 2 in nitrate availability to the surface water (Figure 2),

showing weaker riverine influence relative to the other plume
margin habitats.

The modified oceanic water (MOW) habitat was detected only
during cruise M174, located well north of the plume core, in a
region where we typically found OPM waters during the previous
cruises (Figure 6). This habitat shared the same range of mixed layer
depth with the plume margin habitats but was characterized by the
coldest water (26.7 ± 0.1°C), a slight increase in surface salinity and
a steep decline in surface nitrate availability relative to the plume
margin habitats and an extremely deep chlorophyll maximum
depth (126.9 ± 7.0 m, Figure 2). Thus, the only evident influence
of the river plume in this habitat was the shoaling of the mixed layer
depth compared to that typical of the oceanic water.

Oceanic water (OSW), which encompassed the oligotrophic
waters surrounding the plume, was typically found to the east of the
plume region (Figure 6). The only exception was during cruise
MV1110 when the plume retroflected eastward with the NECC, and
patches of OSW were found intermingled with EPM waters. OSW
waters were distinguished by their deep mixed layer depth and high
sea surface salinity (Figure 2).

Inter-cruise habitat comparisons

Most of the habitats described earlier from cruise KN197 were
sampled during the 6 additional cruises (Figure 6). The freshwater
(RI) habitat was only sampled during two cruises, AT21-04 and
M174. We sampled the OPM habitat only during the last three
cruises (EN614, EN640, and M174) and the MOW habitat only
during the last cruise (M174). Similarly, we largely missed the EPM
habitat on the middle three cruises of our series (AT21-04, EN614,
and EN640) and only captured one instance of the EPM habitat on
our most recent cruise (M174). These contrasts in habitats sampled
reflect both the varied sampling regions among cruises and the
dynamic nature of the plume margin and the distribution of
properties associated with it (Molleri et al., 2010; Coles et al.,
2013; Varona et al., 2019).

Cruise KN197 was conducted from late spring to early summer
of 2010, during peak river discharged following the Amazonia wet
season, and sampled the river plume as well as both the western and
eastern margins of the plume axis (Supplementary Figures 5 and 6;
Liang et al., 2020). The resulting five habitat types originally
described by Weber et al. (2019) represented a continuum of
water age and mixing history of the plume with oceanic waters
(Figure 6A). All of the habitat types originally defined by Weber
et al. (2019) are evident in our multi-cruise data set, and about
ninety percent of the station assignments were unchanged in our
global analysis. Only four casts from cruise KN197 were reassigned
when analyzed in the context of our full data set: two casts shifted
from WPM to EPM, and two casts shifted from OPC to WPM
(Supplementary Text; Supplementary Table 2). These
reassignments reflect a refinement of our ability to distinguish the
three habitat types based on our larger data set.

Cruise MV1110 was conducted in the early fall of 2011, right
before the driest month of the Amazon River basin (Liang et al., 2020).
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During this time, the river discharge weakened, and the ARP traveled
eastward as it was entrained in the NECC (Supplementary Figures 5, 6).
We classified the MV1110 stations into 4 of the previously defined
habitat types, with most of the casts assigned to the EPM habitat
(Figure 6B). As a result of the river plume being mixed with oceanic
water, we found a collection of habitat types from the plume core
(OPC) to the plume margins (WPM and EPM) to oceanic water
(OSW), with most of the casts showing the relatively high salinity and
greater depth of the chlorophyll maximum, characteristic of the EPM
habitat. Interestingly, the stations in the northwest region of the plume
and located to the west of the plume axis were also grouped as EPM,
reflecting the generally reduced influence of river discharge to this area
in comparison to what we observed on cruise KN197. When we
applied our habitat classification routine on the dataset of cruise
MV1110 alone, four casts shifted from OPC to WPM and four casts
shifted from WPM to EPM, changes that illustrate the dependence of
the hierarchical clustering algorithm on the diversity of the dataset
available (Supplementary Text; Supplementary Table 13). Sincemost of
the casts from cruise MV1110 had properties similar to those of the
plume margins and oceanic water due to strong mixing as the river
discharge retroflected toward the Central Tropical Atlantic Ocean, the
smaller number of plume-core-like casts closer to the river mouth did
not form a distinct grouping.

Cruise AT 21-04 was conducted during summer 2012, around
the start of the dry season, when the river discharge slightly
weakened and started to retroflect to the NECC (Supplementary
Figures 5, 6; Liang et al., 2020). This cruise focused on the western
area of the plume region and sampled the freshest portion of the
plume near the Amazon River mouth (Supplementary Figures 5, 6).
Our multi-cruise approach divided the casts from cruise AT21-04
into 4 habitat types, including the new riverine input (RI), the
plume core (YPC and OPC), and western plume margin (WPM,
Figure 6C). The RI habitat was distinguished by very fresh water
with a mean NAI value of 9.41 ± 2.8, which was slightly lower than
the riverine NO2+NO3 concentrations (11.5 µM) measured during
peak river discharge in May 2010 (Goes et al., 2014). The depths of
the mixed layer and the chlorophyll maximum of RI casts were
similar to those of YPC and OPC. The influence of the river
discharge extended both northward and southward of the river
mouth as some stations to the south of the outflow were classified as
either YPC or WPM, reflecting the importance of mixing in
determining habitats. Our single-cruise analysis was dominated
by stations strongly affected by the river plume, making it difficult
to distinguish among stations in the plume margin (Supplementary
Text; Supplementary Table 13).

Cruise EN614 was conducted in spring 2018, during river peak
discharge after wet season (Supplementary Figures 5 and 6). The
stations from cruise EN614 were assigned to 2 previously defined
habitat types, including YPC, OSW, and a new habitat type we named
the “Outer Plume Margin” (OPM), extending northward of the
plume region (Figure 6D). This habitat shared the same ranges of
mixed layer depth and surface salinity as WPM and EPM but was
characterized by much cooler surface water and lower surface nitrate
availability. The habitat classification of cruise EN614 reflected a

sharp decline of plume influence northward of the plume core from
YPC to OPM without any intermediate waters (WPM or EPM) as
previously observed. In the single-cruise analysis of cruise EN614,
two casts from the same station (EN614_08), located northwest of the
river mouth, were shifted from YPC to OPM (Supplementary Text;
Supplementary Table 13). Sea surface temperature and salinity of this
station fell within the range of the plume margin waters (27°C and 30
psu), hence they were classified as OPM in the single-cruise analysis.
However, the classification of these two casts in the more extensive
analysis was strongly driven by the high nitrate availability in the
upper water column (-5.9), a defining characteristic of the YPC
habitat, and intermediate depths of the mixed layer and chlorophyll
maximum (14 m and 20 m, respectively). The contrast between the
physical (SSS and SST) and biogeochemical (ChlMD and NAI)
properties of this station may reflect the mismatch in rate between
the more dynamic river mixing and the slower biological processes
(e.g., nitrate uptake, phytoplankton growth).

Cruise EN640 was conducted in summer 2019, as the river
discharge started to relax, and sampled across the plume core as well
as around Barbados, well north of the plume area (Supplementary
Figures 5 and 6). Stations from cruise EN640 were assigned to 5
habitat types, including a single representative of YPC
(EN640_06.01) and OSW (Figure 6E). Most of the stations of
cruise EN640 were classified as either OPM, with some stations
falling into the OPC and WPM habitats. On the whole, cruise
EN640 sampled a region with reduced exposure to the plume, with
low surface nitrate availability at all stations except for the single
YPC station and oneWPM station. In our single cruise analysis, two
casts shifted from YPC to WPM and from WPM to OPM
(Supplementary Text; Supplementary Table 13).

Cruise M174 was conducted in spring 2021, when the river
discharge had nearly reached its annual peak after the wet season,
and covered the entire plume region from the river mouth to
northern waters in the EEZ of Barbados (Supplementary
Figures 5 and 6; Liang et al., 2020). Stations from cruise M174
were assigned to all eight habitat types (Figure 6F). We captured
multiple RI and OSW stations but only one station in the EPM
habitat. We also found a new habitat type during cruise M174,
namely modified oceanic water (MOW). The casts classified into
this habitat were located well north of the plume proper, where we
typically found OPM waters on our previous cruises. The MOW
had a similar range of mixed layer depth and a slightly higher
surface salinity than the plume margin waters, but was
characterized by much colder water with deep chlorophyll
maximum depth and deficient nitrate in the upper water column.
Hence, this habitat has properties closer to that of the oceanic water,
with only a slight influence of the river discharge, evident in the
shoaling of the mixed layer depth. Among our expeditions, cruise
M174 sampled the most extensive region of the plume and its
environs and captured all of our previously defined habitats,
reinforcing the consistency of these habitats over a decadal time
span. We found only one change in our single-cruise analysis, in
which the only EPM cast shifted to WPM (Supplementary-Text;
Supplementary Table 13).
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Inter-cruise contrasts

We further conducted Welch’s ANOVA and subsequent post
hoc analyses to compare the habitat-defining variables across
different sampling times following the Amazonia wet (five
cruises) and dry (one cruise) seasons for each habitat type. As the
MOW habitat was solely detected during one cruise, only seven of
the eight habitats were analyzed.

Sea surface salinity showed significant differences in the waters
with higher plume influenced including RI, OPC, and WPM while
YPC showed high within-cruise variations (Supplementary
Figure 5; Supplementary Table 5), reflecting the different
hydrological conditions of the Amazon basin that drive the river
discharge and in turn, the salinity of the plume (Liang et al., 2020).
Sampling area can also be a major driver in the observed salinity
differences in the riverine input, where cruise AT21-04 had some
stations closer to the river mouth and thus sampled much fresher
water. Cruise M174, on the other hand, followed full tidal cycles at
single stations, where we observed pronounced variations in the
depth of the halocline.

Sea surface temperature appeared to vary the most among
cruises (Supplementary Figure 5), showing a gradual increase
from May to October in the Amazon Plume region, which could
be driven by both the Amazon and Pará rivers hydrology (Varona
et al., 2019). Interestingly, all three assigned habitats of cruise
EN614, sampled from May to June 2018, had lower surface water
temperatures than those of the same habitat type in other cruises
(Supplementary Figure 6; Supplementary Table 5). This could
reflect the cooling of both the Amazon basin and Tropical North
Atlantic due to the influence of La Niña during rainy season 2017/
2018 (DiNezio et al., 2017; Moura et al., 2019; Wu et al., 2020).
Adversely, the slightly higher SST observed during cruise KN197 in
June 2010 might have been driven by the 2009/2010 El Niño event
(Moura et al., 2019; Wu et al., 2020).

The depths of the mixed layer showed some significant
differences among cruises, with most notable changes in the
OSW, where we observed a gradual deepening of the mixed layer
depth from wet to dry season (Supplementary Figure 5;
Supplementary Table 5), reflecting differences in plume influence
across the different seasons and spatial coverage (peak discharge vs
retroflecting plume) of each cruise. The shoaling of the OSWmixed
layer depth in cruise KN197 could also reflect the increased
temperature due to El Nino as previously discussed. The temporal
similarity observed in the riverine input and plume core reflects the
shallow well-mixed water in these areas.

We observed little temporal differences for depth of chlorophyll
maximum and surface nitrate availability, both of which seem to
vary within each cruise more than between cruises (Supplementary
Figure 5; Supplementary Table 5). We found both high and low
outliers in the ChlMD and NAI distributions, which were either
single casts or groups of casts from the same stations (Figure 2).
These outliers might reflect local physical forcings such as upwelling
or eddies that may inject inorganic nitrogen into surface waters and
in turn affect phytoplankton growth. Biological activities can also
control the nitrate availability to the surface, both through

consumption of surface nutrients by phytoplankton blooms and
production of nitrate through nitrification.

The strong seasonality of the Amazon River discharge drives the
plume intensity and geolocalization, which in turn creates varied
gradients of hydrological and biogeochemical properties along its
path (Coles et al., 2013; Liang et al., 2020). The variations we found
among cruises in the individual parameters we considered illustrate
the difficulty of characterizing planktonic systems using just one or
two indices. By integrating five complementary and routinely
measured parameters, our approach produced a consistent habitat
classification across cruises carried out in different years and both
the wet and dry seasons.

Phytoplankton diversity

To further investigate the effect of the Amazon River dynamics
on primary producer community, we combined multiple
approaches to characterize phytoplankton community
composition at different taxonomic levels and to explore the
relationship between phytoplankton communities and the
delineated habitat types. In vivo fluorescence and diagnostic
pigment analyses provided a high-level assessment of major
taxonomic groups, while microscopic cell counts provided insight
into the phytoplankton community at the genus or species level.

Both ALF and HPLC pigment measurements from cruises
EN614, EN640, and M174 showed clear contrasts among the
strongly plume-influenced waters, including the riverine input
and plume cores, the intermediate plume margins, and the
oceanic waters (Figures 3 and 4), indicating a shift in
phytoplankton communities down the plume gradient. The
dbRDA routines showed that our habitat assignments captured
approximately half of the total observed variation in the surface
phytoplankton community composition at these broad taxonomic
levels. When the data structures were examined through the models
fitted with the habitat assignment, the first two dbRDA axes
explained more than 90% of the variation in the in-vivo
fluorescence and 75% of the variation in the diagnostic pigments,
indicating that our routines captured most of the significant
patterns in both data sets.

In vivo fluorescence measured by ALF showed a high level of
PE-1, an indication of blue-water cyanobacteria, among the WPM
and OPM communities, most of which were located well north of
the plume core during cruises EN614 and EN640 (Figure 3). Cell
count data previously reported for cruise KN197 suggested a high
abundance of Trichodesmium spp. and blue water Synechococcus
spp. in areas with high PE-1 signal, especially the northern area of
the plume region with salinity above 28 psu, where inorganic
phosphate was not a limiting factor for phytoplankton growth
(Goes et al., 2014). Although the two habitats share roughly the
same ranges of salinity, temperature, and nitrate available to the
surface, the high signal of PE-1 measured in the plume-influenced
northern area (OPM) compared to the eastern oligotrophic water
(OSW) suggests the important role of other nutrients (e.g.,
phosphate) from the river discharge in supporting primary
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production, as evidenced by the shoaling of the mixed layer depth at
the OPM stations (Figures 2). Signal of green water cyanobacteria
(PE-2), primarily DDAs (Goes et al., 2014), were found to some
extent in the YPC and OPM stations (Supplementary Figure 3).
While YPC represented a nutrient-repleted environment along the
river plume, providing optimal conditions for DDAs growth (Shipe
et al., 2006; Subramaniam et al., 2008; Foster et al., 2011), OPM is
more nutrient-limited, whose high PE-2 signal indicated other
sources of nutrient supporting growth of green water
cyanobacter ia . Fluorescence signature for eukaryotic
photoautotrophic cryptophytes (PE-3), which often dominate
coastal and estuarine waters (Chekalyuk and Hafez, 2008;
Chekalyuk et al., 2012; Goes et al., 2014), were also present in
plume margin waters (Figure 3). Unsurprisingly, ALF-derived
chlorophyll concentrations were high around the fresh surface
waters of the plume cores (YPC and OPC) with shallow
chlorophyll maximum depths. While these two habitats have
surface salinity comparable to the “estuarine type” of
phytoplankton community (below 28 psu) described by Goes
et al. (2014) in this region, we observed higher signal of
chlorophyll in most slightly N-deplete OPC stations (2.8 ± 2.3
RFU) comparing to the nutrient-rich YPC stations (0.6 ± 0.2 RFU,
Supplementary Table 14). The low signal of green water
cyanobacteria (PE-2) among the OPC stations compared to those
of YPC also indicates the different community compositions
between the two plume core habitats sharing the same salinity
range (Supplementary Table 14).

Diagnostic pigment measured via HPLC showed that diatoms
(FUCO) strongly correlated with the riverine input and plume core
habitats (Figure 4) where nitrate availability was higher than in
OSW and enough light was available to support their
photosynthesis and growth. Interestingly, we also observed
instances of high fucoxanthin concentration in some WPM and
OPM casts, suggesting different modes of nutrient repletion. The
strong vertical stratification of the favored diatom habitats could
support the retention of phytoplankton cells in the upper water
column (Weber et al., 2019; Farias et al., 2022), explaining their
accumulation in the surface waters of these habitats, contributing to
the rapid draw down of inorganic nitrogen across the plume core
area (Subramaniam et al., 2008).

Cyanobacteria (ZEA) and haptophytes (19’HF and 19’BF),
which are commonly found in subtropical and temperate marine
environments (Andersen, 2004) also correlated with plume margins
and oceanic waters (Figure 4). Zeaxanthin provided a broad
indication for cyanobacteria, including the prochlorophytes
(DVCHLA+B) that are ubiquitous in oligotrophic waters and the
free-living diazotrophs that thrive in environments characterized by
a low N:P nutrient ratio, due to their ability to fix atmospheric
nitrogen (Zehr et al., 2001; Vrede et al., 2009; Goes et al., 2014;
Dupouy et al., 2018). Haptophytes have low irradiance and nutrient
requirements for growth, giving them a competitive advantage over
diatoms under nitrate-limited conditions (Araujo et al., 2017).

Prochlorophytes (DVCHLA+B), commonly found in oceanic
waters (Weber et al., 2019; Farias et al., 2022), correlated strongly
with our nutrient-deprive OPM and OSW casts (Figures 4). Their
large surface-area-to-volume ratio is advantageous for nutrient

uptake in oligotrophic environments and is consistent with their
higher diagnostic pigment ratio found in the OSW than the OPM
habitat (Supplementary Table 15). In addition, this group presents a
suite of genetic ecotypes adapted to a wide range of irradiance,
enabling prochlorophytes to thrive across the often deep mixed layer
of oceanic environments (Moore et al., 1998; Partensky et al., 1999).
We found lower concentrations of prochlorophytes in some WPM
casts located well north of the plume area (Supplementary Table 15),
which fits the definition of these habitats as a transition between the
nutrient-replete plume water and oligotrophic oceanic environments.
The much clearer distinction between the OPM and OSW observed
in the ALF signals (driven by PE-1, Figure 3) compared to the
differences in the diagnostic pigments (Figure 4) reflect the varied
capabilities of each method in identifying the phytoplankton groups.

Cryptophytes (ALLO), common in fresh and brackish waters
(Chekalyuk and Hafez, 2008; Chekalyuk et al., 2012; Weber et al.,
2019), correlated strongly with the modified oceanic water and were
detected in some of the riverine input communities during cruise
M174 (Figure 4; Supplementary Table 15). The presence of
cryptophytes at the edges of the plume (MOW) is not surprising
as SiO2 becomes increasingly limiting with distance from the River
Mouth (Goes et al., 2014) and cryptophytes are known to succeed
diatoms when SiO2 becomes strongly limiting (Dokulil and Skolaut,
1986). Additionally, cryptophytes could have thrived under the high
turbidity, light-limited conditions of the riverine input due to their
capability to absorb a wide range of wavelengths of light (Haxo and
Fork, 1959) and also take up organic compounds (Lewitus and
Caron, 1991; Gervais, 1997) potentially supplied by the plume
(DeMaster and Aller, 2001).

Dinoflagellates (PERI) were found in most habitat types and
correlated with the riverine input and young plume core
communities (Supplementary Figure 4; Supplementary Table 15),
matching the microscopic cell count data for cruise KN197 plume
core stations (Goes et al., 2014). High nutrient contents from the
river discharge appeared to support growth of dinoflagellate as NAI
was the main driver separating the RI and YPC from the rest of the
habitat types. However, this group could be underestimated in our
pigment analysis as some dinoflagellates are characterized by other
pigments such as fucoxanthin or chlorophyll b as a result of
secondary endosymbiosis (Zapata et al., 2012; Farias et al., 2022).

Microscopic counts of diazotrophs from three cruises (KN197,
MV1110, and AT21-04) showed clear distinction along the
intermediate and oceanic waters (Figure 5). The Richelia-Hemiaulus
hauckii DDA correlated strongly with the OPC and WPM habitats
while the Richelia-Hemiaulus membranaceusDDA correlated with the
EPM waters, a distribution similar to the DDA-dominated
“mesohaline” communities described in Goes et al. (2014), where
they play a crucial role in nitrogen fixation and carbon sequestration,
extending the plume impact hundreds of kilometer further away from
the nutrient-rich area near the river mouth (Shipe et al., 2006;
Subramaniam et al., 2008; Yeung et al., 2012). More oligotrophic
conditions (OSW) appeared favorable for Richelia-Rhizosolenia clevei
symbioses (Foster et al., 2007). Biological interactions such as niche
partitioning among planktonic species may also play an important
role in driving community variation within as well as among habitats
(Weber et al., 2017). For example, the small, rapidly growing diatom
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H. hauckii may outcompete H. membranaceus and R. clevei in the
regions with more influence from the plume filaments (Villareal, 1989;
Hasle et al., 1996; Foster et al., 2007).

Interestingly, while Trichodesmium spp. are often found in
mesohaline and oligotrophic waters, and was previously reported to
correlate strongly with PE-1, dominating the “oceanic type”
community (salinity over 35 psu) together with blue water
Synechococcus spp. (Goes et al., 2014; Weber et al., 2017), we found
no geographical distinction in our cell count data. High instances of
Trichodesmium spp. were recorded throughout the plume gradient,
from nutrient-rich plume cores to oligotrophic waters. The mismatch
between our high PE-1 measurement in the outer plume margins and
the ubiquitous Trichodesmium spp. cell counts suggests that other
oceanic cyanobacterial groups, including Synechococcus spp., may
contributed greatly to the elevated PE-1 in the outer plume margins.
Our cell count observation fit other findings that DDAs distributions
were driven by the phosphate and silicate gradient along the plume-
influenced waters while Trichodesmium spp. were less effected by the
riverine input (Louchard et al., 2023).

It is worth noting that our cell count dataset focuses on
diazotrophs and may not reflect the complexity of the entire surface
phytoplankton community. Additionally, our cell count analysis
mainly focused on the dry season of the Amazon River (cruises
MV1110 and AT21-04), which might result in fewer observations of
strongly plume-influenced waters and their associated diazotroph
communities. Since phytoplankton community composition reflects
growth over some period of time before sampling, the mismatch
between the water biogeochemical properties and the phytoplanktonic
communities could be a result of temporal and spatial disparities
between ocean environmental conditions and the observed
phytoplankton communities, indicating recent changes in the system.

Conclusions

We applied the habitat-definition approach ofWeber et al. (2019)
to a suite of cruises spanning different portions of the Amazon’s
plume region in different years across its two predominant (wet and
dry) seasons. The five previously defined habitats were
distinguishable in all years of our study, and most of the initial
habitat assignments of Weber et al. (2019) based on a single cruise
were preserved in the larger analysis. Comparison of single- and
multi-cruise analyses demonstrated the general robustness of our
classification and the importance of adequately sampling the entire
range of habitat variation in the region. Our larger data set revealed
three additional habitat types, including the fresh river discharge (RI)
at the mouth of the Amazon River, water slightly influenced by the
river plume (OPM), locating to the northern edge of the plume core,
and the more oceanic-like water (MOW), located well north of the
plume region. The high number of mismatches between single-cruise
and multi-cruise classification in cruise MV1110 and AT21-04,
conducted during dry season, might be a result of our higher focus
on the peak discharge period of the Amazon River.

We have explored the biological relevance and consistency of
this habitat-defining approach among the six cruises using a
collection of phytoplankton community measurements. We were

able to observed much clearer differences among habitats using in-
vivo fluorescence and diagnostic pigment measurements conducted
in three cruises during river peak discharge (Table 2), than with cell
counts. We found clear distinctions of DDAs among the habitats in
the mesohaline region using direct cell counts. The single and
colonial Trichodesmium spp. differed less consistently among
habitats, which partially reflect the under-sampled dry season and
suggest that inter-species interactions may play an important role in
structuring the broader plankton community. The mismatch
between some phytoplankton communities on the ordination
space and their assigned habitat type may reflect the uncoupling
between often rapid changes in physical and chemical properties
and the growth responses of the phytoplankton populations.
Overall, our habitat classifications coincided with major patterns
in phytoplankton distribution in the Amazon River Plume region,
showing that our approach delineated robust and consistent
habitats that supported distinct phytoplankton communities.
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Subramaniam, A. (2020) Phytoplankton diagnostic pigments from
HPLC from samples collected on R/V Endeavor cruise EN614 in the
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Oceanography Data Management Office (BCO-DMO). (Version 1)
Version Date 2019-06-05. doi:10.26008/1912/bco-dmo.769601.1.
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Baltar, F., Marrero-Dıáz, Á., et al. (2020). Drivers of plankton distribution across
mesoscale eddies at submesoscale range. Front. Mar. Sci. 7. doi: 10.3389/
fmars.2020.00667

Honjo, S., Manganini, S. J., Krishfield, R. A., and Francois, R. (2008). Particulate
organic carbon fluxes to the ocean interior and factors controlling the biological pump:
A synthesis of global sediment trap programs since 1983. Prog. Oceanography 76, 217–
285. doi: 10.1016/j.pocean.2007.11.003

Howarth, R. W. (1988). Nutrient limitation of net primary production in marine
ecosystems. Annu. Rev. Ecol . Systematics 19, 89–110. doi : 10.1146/
annurev.es.19.110188.000513

Kindt, R., and Coe, R. (2005). Tree diversity analysis: a manual and software for
common statistical methods for ecological and biodiversity studies (Nairobi: World
Agroforestry Centre (ICRAF)).

Knap, A., Michaels, A., Close, A., Ducklow, H., and Dickson, A. (1996). Protocols for
the joint global ocean flux study (JGOFS) core measurements. JGOFS, Reprint of the IOC
Manuals and Guides No. 29 (Paris: UNESCO). 1994, 19.

Legendre, P., and Anderson, M. J. (1999). Distance-based redundancy analysis:
testing multispecies responses in multifactorial ecological experiments. Ecol. Monogr.
69, 1–24. doi: 10.1890/0012-9615(1999)069[0001:DBRATM]2.0.CO;2

Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful transformations
for ordination of species data. Oecologia 129, 271–280. doi: 10.1007/s004420100716

Legendre, P., Oksanen, J., and Ter Braak, C. J. (2011). Testing the significance of
canonical axes in redundancy analysis. Methods Ecol. Evol. 2, 269–277. doi: 10.1111/
j.2041-210X.2010.00078.x
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