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INTRODUCTION

Continental margin waters that receive input from
large rivers are characterized by high biological pro-
ductivity, intense biogeochemical cycling, and strong
ecological gradients in environmental conditions and
phytoplankton abundance and community composi-
tion (Smith & Demaster 1996, Lohrenz et al. 2008,
Zhou et al. 2008, Goes et al. 2014). The northern Gulf
of Mexico (NGOM) is an example of such a large
river system, strongly influenced by the Mississippi−
Atchafalaya river system (the third largest river basin

of the world, covering over 3.2 × 106 km2, draining
>80% of the continental USA; after Dunn 1996). This
marine ecosystem is one of the most highly produc-
tive (>300 g C m−2 yr−1, Heileman & Rabalais 2008)
continental margins of the world.

Prior studies that examined phytoplankton commu-
nity variability in the immediate plume area of the
Mississippi River and the inner shelf of the NGOM
(Dortch & Whitledge 1992, Dortch et al. 2001, Schaef-
fer et al. 2012) identified changes in river discharge
and the associated variations in nutrient ratios, light
and stratification to be important controlling factors.
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Additional studies have examined taxon-specific ver-
tical flux rates (Fahnenstiel et al. 1995) and found
that the highest loss rates for diatoms were strongly
related to size and density (silicification). Dortch et al.
(2001) also implicated diatoms as important vectors
for carbon flux. A conclusion of these studies is the po-
tential importance of variability in nutrient ratios (es-
pecially that of silicate to other nutrients) in altering
phytoplankton community composition and the as -
sociated impacts on overall productivity and carbon
flux. Understanding these processes is par ticularly
important in this region because of their potential
linkage to the widely recognized coastal eutrophica-
tion and associated hypoxia in the NGOM (Rabalais
et al. 2002a). Seasonal hypoxia in the NGOM (also
known as the Gulf of Mexico ‘Dead Zone’) is one of
the largest in the coastal zones of the world (Rabalais
et al. 2002b). The Mississippi River plume plays an
important role in the formation of hypoxia (Justic et
al. 1995, Rabalais et al. 2002a), and consequently,
studies focusing on the Mississippi River outflow re-
gion (mainly west of the Mississippi Delta) have re-
ceived considerable attention in the recent literature.

These prior studies of phytoplankton community
composition have been limited in spatial and tempo-
ral extent and, in some cases, to only a few phyto-
plankton taxa. Consequently, information is lacking
about the seasonal phytoplankton community dynam-
ics in the NGOM shelf and adjacent offshore waters.
Patterns of cross-shelf variations in phytoplankton
community composition in the NGOM, particularly
as they relate to gradients in salinity, have been
described previously in the northwestern (Lambert et
al. 1999) and northeastern Gulf of Mexico (Lambert
et al. 1999, Qian et al. 2003). However, these studies
lacked coverage in the central NGOM, which repre-
sents the area of predominant influence of the Mis-
sissippi−Atchafalaya river system, and they provided
limited information about relationships to other
 variables such as nutrients, temperature, mixing and
physical forcing (e.g. winds and currents).

In addition to the influence of river outflow on shelf
waters, a number of studies have observed signifi-
cant offshore transport events involving Mississippi−
Atchafalaya river-influenced waters (Walker et al.
2005, Schiller et al. 2011, Zhang et al. 2012). To date,
information about phytoplankton community compo-
sition in such offshore river-influenced features is
limited to a single event (Wawrik & Paul 2004), and
the relationship between environmental conditions
and phytoplankton community structure has yet to
be examined in such features for different seasons
and river discharge conditions.

The present study examined spatial and temporal
patterns of phytoplankton community composition,
based on phytoplankton pigment composition, across
a large portion of the central NGOM, extending from
freshwater bays and estuaries and the outflow re -
gions of the Mississippi and Atchafalaya rivers to
the oligotrophic slope and offshore waters outside
the direct influence of the rivers. A comprehensive
 multivariate statistical analysis was applied to hydro-
logical, chemical, and biological observations to
(1) produce a characterization of the phytoplankton
biomass and community structure regimes in the
NGOM, and (2) determine seasonal variations in
phytoplankton community composition in relation
to different chemical and physical properties. We
addressed the following fundamental questions: (1)
What are the important environmental variables
in addition to salinity (e.g. nutrients, stratification,
wind forcing) associated with phytoplankton commu-
nity dynamics in the Mississippi−Atchafalaya  river-
influenced margin of NGOM? (2) Is offshore trans-
port of river-influenced waters associated with dis-
tinct phytoplankton community composition in the
NGOM? Finally, we briefly comment on the ecologi-
cal im plications of our observations of phytoplankton
community structure for hypoxia and carbon export
in this region.

MATERIALS AND METHODS

Study sites and sampling

Five major cruises were conducted in the NGOM
region to study the vertical and horizontal distribu-
tion of phytoplankton communities. Four cruises were
conducted in 2009, including January (winter 2009),
April (spring 2009), July (summer 2009), October/
November (fall 2009), as well as one in March 2010
(spring 2010). Samples were collected at approxi-
mately 50 discrete stations (Fig. 1) for phytoplankton
pigments, inorganic nutrients and limited micro-
scopic analyses of phytoplankton. Water samples and
vertical profiles of temperature (T) and salinity (S)
were recorded at each station using a vertical profil-
ing package that included a SeaBird SBE911 plus
CTD and rosette sampler equipped with 10 l Niskin
bottles. The package was also equipped with a
chlorophyll fluorometer (Chelsea Instruments) and
beam transmissometer (Sea Tech, 20 cm path length).
Sampling depths for pigment analysis were selected
by examining chlorophyll fluorescence profiles and
choosing from at least 3 to 5 depths in the upper
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200 m that included the upper mixed layer and sub-
surface chlorophyll fluorescence maximum (CFM)
(when present). For station depths 25 m or less, only
surface and near bottom samples were collected.

For microscopic enumeration of phytoplankton
taxa, samples from selected stations were collected
into 25 ml bottles, preserved in glutaraldehyde (Sigma
Grade I) to a final concentration of 0.1%, and refrig-
erated for later analysis on shore. Phytoplankton
abundance was determined using an epiflourescence
microscope.

Samples for nutrients were initially filtered through
Whatman 25 mm GF/F filters and refrigerated in
acid-washed, polyethylene bottles until analysis
on shore. Nutrient samples were collected at depths
and included measurements of nitrate (NO3), nitrite
(NO2), ammonium (NH4), silicate (SiO3) and phos-
phate (PO4). Fluorometric methods were used for
nitrogen species and spectrophotometric methods for
PO4 and SiO3. All nutrient analyses were performed
using an Astoria−Pacific A2+2 nutrient auto-analyzer
(methods #A179, A027, A205 and A221; Astoria
 Pacific International).

Suspended particulate matter (SPM) was determi-
ned by draining an entire Niskin bottle into a 20 l
 carboy. Prior to withdrawing samples for filtration,
the carboy was agitated to ensure uniform distribu-
tion of sample. Samples were filtered onto pre-tared,
0.45 μm pore size, 45 mm diameter Poretics polycar-

bonate membrane filters. Filtered sam-
ples were stored at −20°C in a small
plastic Petri dish until returning to the
lab. Samples were dried for 24 h at 60°C
and weighed on a Mettler Precision
Analytical Balance. This was repeated
over 3 to 4 d until weight was stable.

Mixed layer depth (MLD) was deter-
mined at each station using a criterion
of depth rate of change of density of
0.05 kg m−3 (Mitchell & Holm-Hansen
1991). The stratification index was ex -
pressed as the Brunt-Väisälä frequency
(N), in rad s−1, defined as:

where g is gravitational acceleration
(9.8 m s−2) and ρ is the density of seawa-
ter in units of g m−3. The Brunt-Väisälä
frequency may also be expressed in
cycles s−1 as Nf = N / 2π.

High performance liquid chromatography 
pigment analysis

Seawater samples for pigment analyses were im -
mediately filtered (2 to 5 l volume) onto Whatman
47 mm GF/F filters under low vacuum (<0.5 atm).
The filters were blotted dry, and stored in 2 ml cryo -
tubes (Fisher) in liquid nitrogen until analysis. Prior
to extraction of the pigments, filters were lyophilized
at −47 to −52°C, 0.100 mbar for 12 h (using a Lab-
conco FreeZone 6 system) to remove excess water.
The lyophilized filters were immersed in 90% ace-
tone (3 ml), vortexed, and the contents weighed prior
to storing overnight at −4°C. Pigments were extracted
by filtering the slurry (acetone and filter contents)
through a 13 mm diameter 0.2 μm polytetrafluoro -
ethylene HPLC syringe  filter (Alltech) attached to a
5 cm3 glass syringe. The clarified extracts were
 subsequently collected in  disposable microcentri -
fuge tubes (2 ml) and stored at −19°C until analysis
(usually less than 8 h). Prior to injection, a 50:50
 mixture of 350 μl of sample extract and 350 μl tetra-
butylammonium acetate was prepared, adjusted to
pH 6.5. The injection loop (500 μl) was flushed and
filled with the mixture and subsequently injected
onto the column. The high performance liquid chro-
matography (HPLC) analysis method was similar to
that of Van Heukelem & Thomas (2001), with minor
modifications.

N
g z= ∂

∂
−

ρ ρ
(rad s )1
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Fig. 1. Study area and stations sampled during the Gulf Carbon cruises. The
letters and symbols denote the geographical locations of stations demarcating
the different water masses found in the area: estuaries (s), inner shelf (R), mid-
shelf (✳), and offshore/slope (d) waters. Cluster analysis was used to group the
stations (see details in ‘Materials and methods: Statistical analyses’ and Fig. S1 
in the Supplement at www.int-res.com/articles/suppl/m521p031_supp.pdf)

http://www.int-res.com/articles/suppl/m521p031_supp.pdf
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CHEMTAX analysis

CHEMTAX software v.1.95 (Mackey et al. 1996,
Roy et al. 2011) was used to determine contributions
of phytoplankton groups to chlorophyll a (chl a). Data
were organized into station groups with similar pig-
ment ratios using hierarchical cluster analyses (see
‘Statistical analyses’ below) of environmental vari-
ables and ratios of pigments to total accessory pig-
ments (TAccp). The pigments included in the analy-
sis are listed in Table 1. Three separate initial input
matrices were developed and used for CHEMTAX
analysis. The different subsets included (1) estuar-
ine−inner shelf, (2) offshore surface slope waters, and
(3) deep slope waters. From the cluster analysis
results, we concluded that pigment patterns in mid-
shelf waters bore characteristics of both inner shelf
and slope waters. Initial ratios of phytoplankton
groups at midshelf represented a combination of both
inner shelf and slope water values. The haptophyte
phytoplankton group was subdivided into hapto-
phyte-6 (hapto-6) and haptophyte-8 (hapto-8) ac -
cording to Zapata et al. (2004), and prasinophytes were

divided into prasinophyte-I (pras-I) and prasino-
phyte-II (pras-II) after Schlüter et al. (2006). Optimiza -
tion of the input pigment:chl a ratio matrix was
achieved through the construction of a series of 60
different ratio matrices by multiplying each ratio of
the initial matrix by a random function as described
in Roy et al. (2011). The average of the best 6 output
results (i.e. 10%, n = 6 with smallest residual root
mean square) was then run repeatedly in CHEMTAX
until a stable ratio matrix was obtained (Latasa 2007).
We acknowledge that the results of CHEMTAX
analyses are an ap proximate representation of the
phytoplankton taxa. Discrimination of taxa is sensi-
tive to variation in pigment composition that can be
influenced by several physiological and environmen-
tal factors (cf. Roy et al. 2011). Additionally, marker
pigments are shared among different groups (Table 1),
which can introduce ambiguity. Further informa -
tion is provided about the choice of initial ratios for
CHEMTAX analyses and final ratio matrices derived
for each phytoplankton group and water mass
regime in Table S1 in the Supplement at www.int-
res.com/articles/ suppl/m521p031_supp.pdf.
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Abbrev.   Description                                 Formula                                                                 Taxonomic group

chl a         Chlorophyll a                             chl a = (chl a + chl a-epimer + chl a-allomer)   Represents biomass in this study
DVchla    Divinyl chlorophyll a                                                                                                Prochlorophytes (prochl)
Tchl a       Total chlorophyll a                     Tchl a = Σ(chl a + DVchla + chllide-a)                 Universal
chl b         Chlorophyll b                                                                                                            Green algae (e.g. chlorophytes)
DVchlb    Divinyl chlorophyll b                                                                                               Prochl
Tchl b       Total chlorophyll b                    Tchl b = Σ(chl b + DVchlb)                                  
chl c2,1      Chlorophyll c2,1                                                                                                         Multiple
chl c3        Chlorophyll c3                                                                                                           Haptophytes (hapto), diatoms 
                                                                                                                                                   (diato), pelagophytes (pelago)
Tchl c       Total chlorophyll c                     Tchl c = Σ(chl c1 + chl c2 + chl c3)
caro          Carotenes                                   caro = (ββ-car + βε-car)
allo           Alloxanthin                                                                                                               Cryptophytes (crypto)
19’-but     19’-butanoyloxyfucoxanthin                                                                                   Pelago, haptophytes (hapto)
19’-hex    19’-hexanoyloxyfucoxanthin                                                                                   Hapto
ddx           Diadinoxanthin                                                                                                         Diato, hapto, pelago
fuco          Fucoxanthin                                                                                                              Diato, hapto, some dinoflagellates 
                                                                                                                                                   (dinofl)
diato        Diatoxanthin                                                                                                             Diato and various
lut             Lutein                                                                                                                        Green algae
neo           Neoxanthin                                                                                                               Green algae
viola         Violaxanthin                                                                                                             Green algae
peri          Peridinin                                                                                                                   Dinofl
pras          Prasinoxanthin                                                                                                          Prasinophytes
zea           Zeaxanthin                                                                                                                Cyanobacteria (cyano), prochl & 
                                                                                                                                                   green algae
PSC          Photosynthetic pigments           PSC = Σ(19’-but + fuco + 19’-hex + peri)             
PPC          Photoprotective pigments         PPC = Σ(allo + diad + ddx + zea + caro)              
TAccp      Total accessory pigments          TAccp = Σ(PPC + PSC + Tchl c + Tchl b)            
TEuk        Total eukaryotes                        TEuk = Σ(dinofl + diato + crypto + hapto +       
                                                                    chloro + pelago)
TProk       Total prokaryotes                      TProk = Σ(cyano + prochl)

Table 1. Major pigments/pigment groups and phytoplankton groups studied

http://www.int-res.com/articles/suppl/m521p031_supp.pdf
http://www.int-res.com/articles/suppl/m521p031_supp.pdf
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Statistical analyses

Hierarchal cluster analysis was carried out using
SPSS v.20 software. City block distances were calcu-
lated using Ward’s minimum variance method. Two
separate analyses were performed. The first was to
identify the different water types using T, S, chl a,
SPM, and bathymetry (Fig. S1 in the Supplement).
A second analysis examined natural groupings in
phytoplankton pigments to confirm that pigment
ratios were consistent within a water type (data not
shown). The nonparametric Kruskal-Wallis test and
Mann-Whitney U-test were used to ascertain differ-
ences among pigment concentrations, phytoplankton
composition, and environmental variables for different
sampling depths, periods and regions.

Principal component analysis (PCA) was applied
separately to data from each of the different water
types to access relationships between the taxonomic
groups of phytoplankton and the environmental vari-
ables. Environmental variables included T, S, mixed
layer depth (Zm), stratification index (Nf), chl a, dis-
solved inorganic nitrogen (DIN, sum of NO3 + NO2 +
NH4), PO4, NH4, and SiO3. In addition, sea surface
currents were obtained from a physical circulation
model (IASNFS; Ko 2003), and included eastward or
zonal (C-u) and northward or meridional (C-v) vector
components (units of m s−1). Similarly, vector wind
components for the eastward (W-u) and northward
(W-v) directions (3 h mean wind components at 10 m
height in units of m s−1) were obtained from NOGAPS
(https://hycom.org/dataserver/nogaps). Weekly means
of sea surface currents and sea surface winds were
computed and used in the analysis. Relative abun-
dance (fraction of chl a) of selected taxonomic groups
including diatoms, cryptophytes, haptophytes, cyano -
bacteria, and prochlorophytes were included in the
PCA analysis. These groups were selected because
they represent the major taxa for this region.

RESULTS

Spatio-temporal variability of water mass
 properties in the NGOM

For each season, stations were grouped, based on
cluster analysis of water mass properties (T, S, bathy -
metry, SPM, chl a), into 4 categories including estuar-
ine, inner shelf, midshelf, and offshore regimes. In
some cases, classification of stations as either estuar-
ine or inner shelf differed among seasons, and for this
reason, these 2 clusters were grouped together for

some analyses. Samples collected during the differ-
ent cruises showed marked regional and seasonal
variability in physical and biogeochemical properties
(Table 2). Temperature profiles were characterized
by the existence of a seasonal thermocline at some
stations during summer, at depths ranging from 10 to
15 m in inner shelf waters and 12 to 20 m in midshelf
waters (Fig. S2 in the Supplement). Thermoclines
were also evident at offshore (slope) stations, in -
creasing in depth from shallowest during strongly
stratified summer to deepest during completely mixed
winter conditions (Fig. S2).

Mean (±SD) salinities ranged from a low of 26.8 ±
7.1 in inner shelf waters to 35.24 ± 2.33 offshore. Low
salinities at offshore (slope) stations of less than 31
were observed to coincide with an offshore extension
of the Mississippi River plume that occurred during
July 2009, as has been previously described (Feng et
al. 2012, Zhang et al. 2012). During this period, a low
salinity surface lens (28.9 ± 1.31) was present at sev-
eral south central slope stations. Salinities in offshore
waters in spring 2010 were significantly (p < 0.05)
lower than the seasonal average for all offshore sta-
tions (Table 2, and cf. Huang et al. 2013).

The variability in salinity and temperature reflected
a combination of the influence of high freshwater dis-
charge during the spring season (Fig. 2) and thermal
stratification in summer, which in turn influenced Zm.
Seasonal variations in Zm were particularly promi-
nent at midshelf and slope stations, with deepest
Zm observed in winter (Jan 2009) and spring 2010
(Table 2, Fig. 3a,b). During summer, mixed layer
depths were relatively shallow at both midshelf
(Table 2) and slope stations. The Nf was generally
higher in estuarine and inner shelf waters and for all
water types during summer (Fig. 3c, Table 2).

Inorganic nutrients

Spatial patterns in nutrient concentrations in the
NGOM were characterized by strong cross-shelf gra-
dients. Surface values of DIN and SiO3 were orders of
magnitude higher in estuarine and inner shelf re -
gions than in midshelf and offshore waters (Table 2),
attributable to the high nutrient riverine inputs. Con-
centrations of DIN were relatively low in slope
waters with the exception of the spring 2010 cruise,
when concentrations were significantly higher (p <
0.05) compared to other periods (Table 2). The spring
2010 cruise occurred after a distinct peak in dis-
charge of the Mississippi and Atchafalaya rivers in
February 2010 (Fig. 2a); discharge levels of both
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rivers were high at that time compared to the 5 yr
means (Fig. 2b).

An examination of nutrient ratios provided evi-
dence for varying conditions of potential nutrient
limitation as defined using the criteria of Dortch &
Whitledge (1992) and Justic et al. (1995). Most of the
offshore stations (with the exception of spring 2010
and Mississippi plume-impacted stations in summer)
were potentially limited by nitrogen based on ob -
served DIN:PO4 ratios of <10, and NO3+NO2 concen-
trations <1 μM (data not shown). Additionally, poten-
tial P-limitation in estuarine and inner shelf waters
was inferred from observations of both DIN:PO4 and
SiO3:PO4 ratios >22 (Fig. 3e−h), and PO4 <0.2 μM
which was frequently observed during summer
(Table 2). Potential S-limitation (SiO3:DIN ratios <1
and SiO3 values <1 μM) was observed at several off-
shore stations during summer and spring 2010, and
in midshelf during spring 2009. In general, SiO3:DIN
molar ratios were >1 in estuarine and inner shelf
(Fig. 3e−h), an indication that SiO3 supplies were not
limiting. NH4 concentrations in slope waters were
high during fall (0.31± 0.09 μM), with highest values
observed in the plume-impacted stations during
summer (0.72 ± 0.40 μM).

Phytoplankton pigment composition and 
taxonomic groups

Strong cross-shelf gradients were evident in surface
chl a and in pigment composition from estuarine and
inner shelf regions to offshore (slope) stations (Fig. 4).
CHEMTAX-derived phytoplankton community com-
position in estuarine and inner shelf water was prima-
rily diatom-dominated (Fig. 5a), with diatoms ac-
counting for ~50 to 65% of chl a in winter and spring
cruises (2009 and 2010) and ~30 to 46% during
 summer and fall. Multiple species of the diatoms Ske -
letonema, Pseudo-nitzschia and Thalassiosira domi-
nated the estuarine and inner shelf waters. Fuco -
xanthin, a carotenoid characteristic of diatoms, was
the dominant accessory pigment in the region
(Fig. 4b), with high values reaching 1.8 to 5 mg m−3.
Besides fucoxanthin, other important  pigments in-
cluded alloxanthin (a marker of cryptophytes) and
chl b (chlorophytes). Cryptophytes were the second
major group, accounting for ~20 ± 5% of the chl a,
while chlorophytes accounted for ~6 ± 7% of chl a. In
stratified summer conditions (Table 2, Fig. 3c), the
relative contribution of diatoms to chl a was signifi-
cantly lower (Fig. 5a, p < 0.05) relative to other peri-
ods. In contrast, the cyanobacteria fraction in summer
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was significantly higher (p <0.05), occupying ~30% of
chl a in comparison to an average of only 3 to 7% of
chl a across all seasons. Trichodesmium tufts were
observed by microscopy at several inner shelf stations
during summer sampling, but it was not possible to
assess its overall abundance relative to other cyano-
bacteria. With the exception of spring 2010 and sum-
mer, dinoflagellates along with prasino phytes and
haptophytes accounted for a relatively small fraction
(1.2 to 5.4%) of chl a. Dinoflagellate contributions
were >10% of chl a in spring 2010; dinoflagellate
genera observed by micro scopy in cluded Prorocen-
trum and some Gyrodinium during that cruise.

Midshelf waters represented the transitional zone
between the inner shelf and the offshore with inter-
mediate levels of chl a (Table 2, Fig. 4a). The phyto-
plankton community exhibited seasonal fluctuations,
with diatoms accounting for ~48 and ~64% of chl a
during winter and spring 2010 respectively (Fig. 5b).
Consistent with this observation, fucoxanthin con-

centrations were higher (2 to 7 times) during spring
2010 (0.29 to 0.91 mg m−3) and winter (0.09 to 0.27 mg
m−3) than during other periods. The pennate diatom
Pseudo-nitzschia was observed microscopically in
several samples. Cyanobacteria were a relatively
large fraction of chl a (~45%) during the summer
in midshelf waters (Fig. 5b), with zea xanthin being
the dominant pigment (zea xanthin:TAccp ranged be -
tween 30 and 45%). Haptophytes were important at
 midshelf, and the ratio of 19’-hexanoyloxyfucoxan-
thin:TAccp was higher by an order of magnitude in
midshelf as compared to inner shelf waters (Fig. 4b).
The  non-calcifying haptophytes (hapto-8) were re -
latively important (~13% of chl a) during the non-
stratified periods (winter and spring 2010). Phaeo -
cystis, a representative of the hapto-8 group, was
also observed microscopically. Hapto-6, the calcify-
ing group (~14% of chl a), was relatively more abun-
dant during the stratified periods. Under the partially
stratified conditions during fall in midshelf waters,
cyanobacteria (22%) and prochlorophytes (16%) were
the major phytoplankton groups as supported by the
presence of diagnostic markers including zeaxanthin
and divinyl chlorophyll a (DVchla) and divinyl chloro -
phyll b (DVchlb). Average DVchla: TAccp ratios dur-
ing fall were ~2.5 times higher than that of other peri-
ods. The midshelf community in subsurface waters
(<50 m) mainly consisted of dia toms (16 to 65%) and
hapto-8 (10 to 30%). Varying contributions were
observed for pras-I (7 to 20%) and cyanobacteria (0
to 23%) along with some contributions from diatoms
and haptophytes.

Chl a concentrations were relatively low in off-
shore (slope) waters (means were 30 to 75% lower
than the shelf stations), and cyanobacteria mainly
dominated (42.8 ± 16.9% of chl a). Zeaxanthin along
with DVchla were the major pigments in surface off-
shore waters (Fig. 4b), and occasionally DVchlb was
observed. The only exception was spring 2010, when
relatively high values of chl a were observed (0.25 to
1.28 mg m−3) and zeaxanthin:TAccp concentrations
were substantially lower than other periods (Table S2
in the Supplement). Prochlorophytes were also con-
sistently observed (average 20.29 ± 11.8% of chl a) in
offshore waters except in spring 2010. The highest
prochlorophyte abundance was observed during fall,
comprising ~32% of chl a. Haptophytes were also
common, contributing on average 25 ± 9% of chl a, and
ratios of 19’-hexanoyloxyfucoxanthin:TAccp varied
between 10 and 20%. Among the hap tophytes, hapto-
6 was more prevalent, averaging 19 ± 8% of chl a.

Notable changes in phytoplankton com munities
were observed in association with offshore exten-
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Fig. 2. (a) Mean daily discharge of the Mississippi (left axis)
and the Atchafalaya (right axis) rivers from January 2009 to
March 2010; (b) average discharge anomaly for the Missis-
sippi and Atchafalaya rivers relative to the mean for the 

duration of the study
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Fig. 3. Seasonal variations in (a–d) mixed layer depths (Zm), stratification index (Nf), ratios of total eukaryote (TEuk):total
prokaryote (TProk), and (e–h) nutrient ratios. TEuk = (dinoflagellates + diatoms + cryptophytes + haptophytes + chlorophytes
+ pelagophytes); TProk = (cyanobacteria + prochlorophytes). Dashed bars in (b) and dashed box and whiskers in (f) represent
spring 2010 values. Error bars in (a–d) represent mean ± SD; solid line within each boxplot in (e–h) is the median. Gray right
axes in (e,g,h) represent SiO3:PO4 and SiO3:DIN ratios; dashed right axis in (f) represents spring 2010 values (offset for clarity).
Dashed horizontal lines in (e–h) correspond to a ratio of 1 (not shown for spring 2010). Key in (a) applies to panels (a–d); key in 

(e) applies to panels (e–h)
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sions of Mississippi plume waters during summer
and spring 2010. During the summer 2009 cruise, low
salinity plume water was detected at  several offshore
stations (Stns a5, a6, b4, b5, and c4 in Fig. 1). Diatoms
dominated (~58%) the low salinity (<31), high chl a
(0.29 to 0.8 mg m−3) plume stations in comparison to
the non-plume stations, where the diatom fraction
averaged ~4% (Table 3). Fucoxanthin concentrations
at plume-impacted stations were about 30 times
greater than the non-plume slope stations (Table 3).
The diatom species Skeletonema and Phaeodactylum
were identified in water samples collected at some of
the plume-affected offshore stations. Cyanobacteria
(including Tricho desmium observed microscopically)
dominated the non-plume stations (Table 3). Another

offshore extension of river-influenced
waters occurred in spring 2010. Strong
winds from the north and northwest driven
by the presence of large, low pressure sys-
tems over North America along with
record high river discharge from the Mis-
sissippi−Atchafalaya river system resulted
in large amounts of nutrients transported
onto the shelf (Huang et al. 2013). Low
salinity (≤34.7) lenses (depths of 1.5 to
2.25 m) high in chl a and nutrients were
detected at some offshore stations during
the study (data not shown). These condi-
tions coincided with relativ ely high diatom
abundance (Table 3) in plume-influenced
(S > 31) offshore waters. Small centric
diatoms (Thalassiosira sp. and Chaeto-
ceros sp.), and larger species of Rhizosole-
nia sp. and Gui nardia sp. were prevalent
in microscopic observations. Be sides dia -
toms, haptophytes, dinoflagella tes, crypto-
phytes and prasinophytes were also pres-
ent based on CHEMTAX analysis (Fig. 5c).
Dinoflagellates observed microscopically
mainly included Scripp si ella sp. and Proro-
centrum sp.

We observed a general pattern of in -
creasing mixed layer depth and decreasing
ratios of total eukaryote to total prokaryote
chl a (TEuk:TProk; Fig. 3a−d) from estuar-
ine and inner shelf to midshelf to slope
waters. In addition, the highest ratios of
TEuk:TProk were observed in winter and
spring. Spring 2010 represented a period
of exceptionally high TEuk:TProk ratios
(Fig. 3b).

A subsurface CFM was a prominent fea-
ture in slope waters, with chl a values at the

CFM feature in some cases 3 to 8 times higher than at
the surface, particularly in spring and summer 2009
(Fig. 4a). The CFM feature was absent during winter,
and was replaced by a surface layer maximum during
spring 2010 (Fig. S2). Phytoplankton communities ob-
served in  offshore CFM and deep sample populations
were  different from those in surface waters. A major
portion of the CFM and deep communities was com-
prised of prochlorophytes, on average accounting for
between18 and 58% of chl a (Fig. 6a) and 33 to 61% at
greater depths (100 to 150 m; Fig. 6b). In general,
DVchla and DVchlb levels increased with depth and
the ratio of DVchlb: DVchla increased from a range of
0.1−0.2 in surface waters to 1−4.5 for depths at or
 below the CFM. There was also seasonal variability
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Fig. 4. Mean ± SD of (a) chlorophyll a (chl a) and (b) ratios of pigments rela-
tive to total accessory pigments (TAccp) for the different regimes in the
northern Gulf of Mexico (NGOM). Estuarine chl a concentrations are rep-
resented on the right axis in the top panel. CFM: chlorophyll fluorescence 

maximum; see Table 1 for other abbreviations used in the key
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in the prochlorophyte contribution to chl a, which
peaked in fall and was minimal in spring 2010. In con-
trast to other periods, a more evenly mixed assem-
blage was observed in deep offshore populations dur-
ing spring 2010, with representation from diatoms
(~30%), hapto-8 (19%), and cyanobacteria (~5%)

along with smaller contributions from pe -
lagophytes and pra sino phytes (Fig. 6b).
Both pelagophytes and prasinophytes were
consistently observed in CFM and deeper
waters during all cruise periods (Fig. 6) and
were present in higher proportions than that
of surface offshore populations (Table S3
in the Supplement). This was further sup-
ported by higher ratios of prasino xan -
thin:TAccp and 19’-butanoyloxyfucoxan-
thin:TAccp (Fig. 4b, Table S2) in the deeper
samples.

Multivariate analysis

Relationships among phytoplankton com -
munity com position and environmental va -
riables across the different hydrographic
regimes and cruise periods were examined
using PCA (Fig. 7, Table 4). In general, the
first 2 principal components accounted
for 58 to 60% of the total variance. Vari-
able weightings (i.e. loadings) for the first
 component (PC1) were highest for salinity
along with NO3+NO2, SiO3, and chl a. PC1
was thus considered to represent the influ-
ence of freshwater inputs and associated
terrestrial materials. Significant loadings
for PC2 were positive for temperature and
negative for Zm, and consequently PC2 was
interpreted as an index of surface warming
and stratification. This view was reinforced
by the positive relationship of Nf with PC2
in midshelf and offshore waters. Addition-
ally, the positive relationship of W-v to PC2
in midshelf and offshore waters was con -
sistent with shoreward move ment of warm,

offshore waters. In contrast, W-u was positively related
with PC1 in midshelf and offshore waters (Table 4),
and such wind patterns would tend to be associated
with offshore or eastward distribution of river outflow.

Further examination of the principal components
(Fig. 7, Table 4) was useful in characterizing relation-
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Fig. 5. Relative percentages of chlorophyll a (chl a) as determined using
CHEMTAX attributed to major phytoplankton groups in (a) estuarine and
 inner shelf, (b) midshelf and (c) slope waters for the different cruise peri-
ods. The ‘Others’ category includes dinoflagellate, chlorophyte, prasino-
phyte and pelagophyte taxa; see Table 1 for other abbreviations used 

in the key

Station Salinity Chl a Fucoxanthin Zeaxanthin Diatom Cyanobacteria
(mg m−3) (mg m−3) (mg m−3) (%) (%)

Typical slope 36.07 ± 0.95 0.146 ± 0.08 0.011 ± 0.01 0.047 ± 0.016 6.66 ± 8.05 40.63 ± 10.76
Plume (July 2009) 28.9 ± 1.31 0.39 ± 0.181 0.153 ± 0.124 0.041 ± 0.009 58.9 ± 21.4 23.4 ± 14.4
Non-plume (July 2009) 34.9 ± 1.75 0.125 ± 0.041 0.005 ± 0.005 0.057 ± 0.047 4.2 ± 4.7 56.3 ± 8.9
Plume (March 2010) 34.2 ± 2.48 1.58 ± 1.24 0.122 ± 0.103 0.017 ± 0.012 26.15 ± 19.6 5.09 ± 6.03

Table 3. Salinity and pigment concentrations (mean ± SD) at plume-impacted and non-plume slope (offshore) stations
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ships among phytoplankton taxa and environmental
conditions in the different water mass types. In estu-
arine and inner shelf regimes, PC1 accounted for
~39% of the total variability in the input data and, as
previously noted, was an indication of freshwater
influence on environmental conditions (positive load-
ings for nutrients and chl a, and negative loadings for
salinity; Fig. 7a). The cryptophyte fraction of chl a
was positively correlated (r2 = 0.35, p < 0.05) with
PC1 while the cyanobacteria and haptophyte frac-
tions were negatively correlated (r2 = 0.25 and 0.16,
respectively, p < 0.05). The cyanobacterial fraction of
total chl a was positively correlated with PC2 (r2 =
0.47, p < 0.05), while diatom and cryptophyte frac-
tions were negatively correlated (r2 = 0.21 and 0.09,
respectively). In midshelf and slope regimes, PC1
accounted for 37 to 38% of total variability in the

input data, and loadings for chl a fractions of
cryptophytes and diatoms were relatively high
and positive, while cyanophyte, haptophyte and
pro chlorophyte loadings were negative (Fig. 7b,c;
also see Table S4 in the  Supplement). This was
an indication that the relative abundance of
taxa was related to river in fluence even at these
midshelf and slope locations.

DISCUSSION

Our initial guiding question was this: What
are the im portant environmental variables in -
fluencing phyto plankton dynamics in the Mis-
sissippi− Atchafalaya river-influenced margin of
the NGOM? We ad dressed this question by con-
sidering 4 distinct phytoplankton regimes: (1)
estuarine and inner shelf regimes dominated by
diatoms, cryptophytes and cyanobacteria; (2) a
mixed assemblage in the midshelf regime; (3)
an oceanic regime at the slope mainly domi-
nated by cyanobacteria, prochlorophytes and
hapto-6; and (4) CFM and deep water regimes
dominated by pelagophytes, haptophytes, pro -
chlorophytes and cyanobacteria. While such
groups have been previously characterized in
this region, prior studies were limited in spatial
extent and in the range of environmental vari-
ables potentially influencing the seasonal dis -
tribution and abundance of the phytoplankton
groups in the NGOM. Here, we consider each of
the regimes and discuss the relationships
between environmental factors and phyto-
plankton taxonomic composition.

Estuarine and inner shelf

Diatoms represented the largest fraction of chl a
(>50%) in NGOM estuarine and inner shelf waters
along with important contributions from cryptophy -
tes, cyanobacteria and chlorophytes. Seasonal vari-
ability was evident as we observed lower diatom
fractions in stratified summer conditions (Fig. 5a), as
has been previously reported (Schaeffer et al. 2012).
Nutrient delivery from the Mississippi and Atcha -
falaya rivers into the inner shelf has been suggested
to play a significant role in diatom dominance
(Dortch & Whitledge 1992, Lohrenz et al. 1999). In
addition, energetic systems (e.g. estuarine and inner
shelf) have been argued to favor large-celled phyto-
plankton such as diatoms (Margalef 1978). Crypto-
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Fig. 6. Relative percentages of chlorophyll a (chl a) as determined us-
ing CHEMTAX attributed to (a) depths of the chlorophyll fluores-
cence maximum (CFM) and (b) deep waters for the different cruise
periods. The ‘Others’ category includes dinoflagellate, cryptophyte
and chlorophyte taxa; see Table 1 for other abbreviations used in 

the key
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phytes and chlorophytes also were present in low
salinity (i.e. <30) waters, with cryptophytes parti -
cularly common (~20%) in estuarine and inner shelf
locations.

In contrast to diatoms, contributions by cyanobac-
teria were prominent in inner shelf waters during
summer (stratified and nutrient-limited conditions;
mean DIN:PO4 = 25 ± 20 and mean SiO3:DIN = 6 ± 8)
and, to a smaller extent, during weakly stratified fall
conditions (Fig. 5a). Cyanobacterial abundance has
been shown to increase under warmer water tem -
peratures (Li 1998) and lower discharge conditions
(Paerl 1996), consistent with our findings (PCA re -
sults in Fig. 7, Table 4) and those of several previous
studies in the inner shelf of the NGOM (Schaeffer et
al. 2012). Increased cyanobacterial fraction of total
chl a during summer may also be related to an ability
to overcome phosphate limitation by utilizing dis-
solved organic phosphorous through increased alka-
line phosphatase activity (Li et al. 1998). We ob -

served potential P-limitation in more than 30% of the
inner shelf stations during the summer (July 2009)
sampling period, and phosphate limitation and high
alkaline phosphatase activity has been widely ob -
served in the NGOM after high river discharge in
late spring and summer months (Sylvan et al. 2006).

Midshelf

The midshelf region is a transitional zone between
inner shelf and offshore waters. The phytoplankton
community was mixed (Fig. 5b), with diatoms, cyano-
bacteria, haptophytes and prochlorophytes being the
major contributing groups along with varying con -
tributions from cryptophytes and other eukaryotic
groups. Midshelf phytoplankton taxonomic composi-
tion was related to seasonal warming and stratifica-
tion as well as river influence. Diatoms dominated
in mixed winter conditions and during spring 2010
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Fig. 7. Principal component analysis (PCA) biplots for dif-
ferent regimes including (a) estuarine and inner shelf, (b)
midshelf and (c) slope. Gray lines: vector loadings (i.e.
weightings) for the environmental variables; black lines:
taxonomic groups. Vector length corresponds to magni-
tude of loading. Light gray annotation corresponds to en-
vironmental variables: T (temperature), S (salinity), Zm

(mixed layer depth), N (Brunt-Väisälä frequency), W-v
(northward wind direction), W-u (eastward wind direc-
tion), SiO3 (silicate), NO3 (nitrate), NO2 (nitrite), NH4

(ammonium); black annotations denote selected phyto-
plankton taxa: diatoms (diato), cryptophytes (crypto),
haptophytes (hapto), cyanobacteria (cyano), and pro-

chlorophytes (prochl)
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when the river influence extended over a large
region of the shelf, while cyanobacteria dominated
under stratified summer conditions (Figs. 5b & 7b).
Significant (p < 0.05) negative correlations between
DIN:PO4 and SiO3:DIN existed with cyanobacteria
and haptophyte groups. However, the co efficient of
determination was small (r2 ranged between 0.3 and
0.4). Our observations of the presence of ‘mixed
assemblages’ at intermediate chl a levels (Fig. 4a,
Table 2) is consistent with patterns inferred by Jolliff
et al. (2008) based on satellite observations.

Slope

Picoplanktonic cyanobacteria and prochlorophytes
along with haptophytes (hapto-6 and hapto-8) were
relatively abundant in low nutrient slope (offshore)
waters. These results are in agreement with previous
studies in the NGOM (Lambert et al. 1999, Qian et al.
2003) as well as studies in subtropical oceanic waters
(Gibb et al. 2001). Our findings confirmed the consis-
tent presence of haptophytes in offshore waters of
the NGOM as reported in prior studies. However, the
haptophyte fraction of total chl a in this study (25 ±
9%) was less than the maximum values of >35 and
42% reported by Lambert et al. (1999) and Qian et

al. (2003), respectively. The apparent difference may
be due to the use of different approaches in deter-
mining the relative contribution of each phytoplank-
ton group.

The phytoplankton community composition in
NGOM slope waters was strongly related to MLDs
and water column stratification (Fig. 3). Deeper
mixed layers in winter 2009 and spring 2010 (Table 1,
Fig. 3a,b) were accompanied by higher  relative
abundances of haptophytes (Fig. 5c) and other eu -
karyotes, mainly pelagophytes and prasinophytes
relative to prokaryotes, which suggests better adap-
tive ability of these smaller eukaryotes in highly
dynamic environments (Lindell & Post 1995, Stein-
berg et al. 2001). Cyanobacteria and prochlorophytes
occupied a major proportion of the community and
hapto-6 was the dominant eukaryote (Fig. 5c). The
hapto-6 group (e.g. Emiliania huxleyi) is known to
flourish under nutrient-limited, stratified oceanic
con ditions. Prochlorophytes have also been found
to favor stratified and nutrient-limited conditions
(Bou man et al. 2006) in the subtropical ocean. Such
was not so apparent in the NGOM, at least for
the surface waters. Cyanobacteria (including Tricho -
desmium) dominated the surface slope waters under
strongly stratified conditions (summer and spring
2009; Figs. 3 & 5c). A potential explanation for the
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Correlation Estuarine and inner shelf (df = 88) Midshelf (df = 48) Offshore (slope) (df = 64)
coefficients (r) PC1 (38.47%) PC2 (19.30%) PC1 (36.68%) PC2 (20.13%) PC1 (38.04%) PC2 (20.57%)

Salinity (S) −0.81 −0.9 −0.74 −0.59 −0.55 −0.61
Temperature (T) −0.42 0.72 −0.67 0.5 −0.31 0.69
NO3+NO2 0.81 0.27 0.68 0.18 0.67 0.01
SiO3 0.9 0.28 0.81 0.09 0.1 0.2
PO4 0.68 0.27 −0.27 −0.24 0.25 0.07
NH4 0.64 0.31 0.17 0.58 0.47 0.5
Zm −0.29 −0.36 −0.08 −0.6 −0.44 −0.68
C-u −0.23 0.63 −0.37 0.41 −0.16 0.36
C-v 0.27 −0.58 0.06 −0.28 0.02 −0.23
W-u 0.18 −0.12 0.57 0.36 0.73 −0.39
W-v −0.25 0.63 −0.13 0.72 −0.14 0.7
Nf 0.7 0.18 0.29 0.66 −0.44 0.64
Chl a 0.3 0.06 0.95 0.04 0.75 −0.2
Diato 0.19 −0.47 0.66 −0.25 0.68 0.16
Crypto 0.59 −0.31 0.73 −0.12 0.076 −0.067
Hapto −0.51 −0.02 −0.6 0.06 −0.44 −0.46
Cyano −0.33 0.68 −0.65 0.48 −0.71 0.49
Pelag NA NA NA NA NA NA
Prochl NA NA −0.43 −0.09 −0.78 −0.08

Table 4. Correlation coefficients (r) of input variables for the first 2 principal components for each water mass type. Numbers in
bold denote significant correlations (p < 0.05) of variables with the given principal component. NO3: nitrate; NO2: nitrite; SiO3:
silicate; PO4: phosphate; NH4: ammonium; Zm: mixed layer depth; C-u: eastward sea surface current; C-v : northward sea
 surface current; W-u: eastward wind component; W-v : northward wind component; Nf: stratification index; diato: diatoms; 

crypto: cryptophytes; hapto: haptophytes; cyano: cyanobacteria; pelag: pelagophytes; prochl: prochlorophytes 
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relatively low abundance of prochlorophytes in the
offshore surface waters during spring and summer
could be their susceptibility to UV radiation, as found
in some studies (e.g. Sommaruga et al. 2005). Higher
relative abundances of prochlorophytes in fall may
have been related to their ability to efficiently use
NH4 as an alternate resource (Moore et al. 2002).
High surface NH4 concentrations (NO3+NO2: NH4 =
0.3) and low DIN:PO4 (<10) ratios were observed
 during that period.

CFM and deep water

Stratification and mixing conditions also appeared
to be factors influencing phytoplankton CFM com-
munities. Strong stratification, particularly during
summer and spring 2009 (and occasionally in fall)
isolated the CFM community from the surface. Pro -
chlorophytes and haptophytes accounted for the
largest fraction of total chl a under those conditions.
Patterns in pigment ratios found in this study (see
Table S4) support the presence of at least 2 different
light-acclimated ecotypes: a high light-adapted sur-
face population with a lower DVchlb:DVchla ratio
and a low light-adapted deep population (occupying
the CFM or deep waters) with a high DVchlb:DVchla
ratio (Moore et al. 1995). Such vertical segregation
of prochlorophyte populations has been observed in
other tropical and subtropical marine ecosystems
(Partensky et al. 1993, Moore et al. 1995). Peak
prochlorophyte abundance at CFM and in deeper
waters occurred during fall in this study even though
water column stratification was stronger in summer;
this could be attributed to the higher water tempera-
tures in the euphotic zone during fall. Temperatures
at CFM and similar depths in fall (23.06 ± 1.59) were
higher than summer 2009 (21.79 ± 0.93) and spring
2010 (19.33 ± 0.09), when mixed conditions prevailed
and prochlorophytes were absent.

Haptophytes, pelagophytes and prasinophytes were
also common in CFM and deep populations (Fig. 6).
Vertical distribution of these groups likely reflects
control by light and nutrients (Marty et al. 2002).
Recent studies have shown the importance of pelago-
phyte subsurface populations (Not et al. 2008), in
some cases accounting for as much as 40% of the
total picoeukaryote populations at depth. Besides
pelagophytes, prasinophytes belonging to Micro monas
and Bathycoccus have also been found to be an
important member of picoeukaryote populations at
CFM depths and deeper waters of the Gulf of Mexico
(Paul et al. 2000, Hernandez-Becerril et al. 2012). Our

results are also consistent with Steinberg et al. (2001)
and Claustre & Marty (1995), who found the above
phytoplankton groups to be a significant part of the
community in the chlorophyll maximum and deep
populations in the subtropical and tropical North
Atlantic. Conditions in the CFM and deep waters
during spring 2010 differed from other periods, a re -
sult of upwelling-favorable wind conditions (Huang
et al. 2013), relatively high nutrient concentrations,
and increased Zm. The prevalence of diatoms and
hapto-8 during this period (Fig. 6a) was attributed to
these atypical conditions.

Phytoplankton community composition in river
plume-influenced offshore waters

During the course of this study, the freshwater dis-
charge from Mississippi and Atchafalaya rivers sig-
nificantly impacted the phytoplankton community
beyond the inner shelf regions. During summer 2009,
relatively high river discharge (Fig. 2) accompanied
by winds out of the southwest which persisted for a
long period (>30 d) provided an effective combina-
tion for transporting large amounts of freshwater and
nutrients offshore, as reported in prior studies (Feng
et al. 2012, Zhang et al. 2012). Shifting wind patterns
out of the south or southwest in the summer months
(July and August) can increase transport of the
 Mississippi and Atchafalaya outflow in the offshore
direction beyond the shelf break and to the east
(Schiller et al. 2011). Low salinity plume waters from
the Mississippi and Atchafalaya river system also
extended offshore during spring 2010, with substan-
tial impacts on phytoplankton community composi-
tion (Figs. 3b & 5c) and carbon system properties
(Huang et al. 2013). In contrast to the situation in
summer months, conditions in March 2010 for our
study involved winds out of the northwest.

Although diatoms were the dominant phytoplank-
ton group in the plume-impacted offshore waters in
both these summer and spring events, the dominant
diatom species differed between the 2 scenarios.
Based on microscopic analyses, the plume-impacted
offshore stations in summer mainly hosted heavily
silicified species of Skeletonema and some Phaeo -
dac tylum, while greater than 60% of the diatoms
during spring 2010 belonged to weakly silicified
small  centric species of Thalassiosira and Chaeto-
ceros, and larger species of Rizosolenia. Therefore,
the diatoms in the offshore plume during summer
were probably coastal species that had been ad -
vected offshore by the southwest winds. This con-
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trasted with spring 2010, when wind-driven export
of nutrients probably stimulated growth of native off-
shore diatom species.

Our results provide evidence that event-scale off-
shore transport of freshwater and high nutrients from
the inner shelf driven by physical and atmospheric
forcing beyond the shelf is an important mechanism,
leading to significant alterations of offshore phyto-
plankton communities. Such processes have impor-
tant biogeochemical implications for export flux of
carbon. Moreover, these findings demonstrate that
the classical concepts of phytoplankton communities
being strongly controlled by mixed layer depth and
stratification may not apply under such conditions.

Phytoplankton community composition, carbon
export, and regional hypoxia

The regional and seasonal patterns in phytoplank-
ton community composition detailed in this study
provide a basis for speculation as to how differences
in trophic structure may be associated with changes
in carbon processing in the upper water column. Car-
bon export from surface waters arguably contributes
to the consumption of bottom water oxygen through
decomposition of organic matter and is a factor in
the recurring hypoxia in this region (Rabalais et al.
2002b). Food webs in which diatoms are the domi-
nant primary producers are typically associated with
higher carbon export efficiencies (Dortch et al. 2001).
Diatoms (mainly Skeletonema sp., Coscinodiscus sp.,
Nitzschia sp., and Thalassiosira sp.) accounted for the
majority of the chl a in inner and midshelf waters
 during spring and summer periods in this study.
The average SiO3:DIN ratio was >1, although ratios
<1 were observed at several stations during spring
and summer 2009. Such prevailing conditions have
been argued to favor persistent hypoxia (Dortch &
Whitledge 1992, Dortch et al. 2001). However, the
areal extent of hypoxia during summer 2009 was the
smallest in the previous decade (8000 km2 in com -
parison to the average of ~13 800 km2 from 1985 to
2014; www.gulfhypoxia.net). Bottom water hypoxia
(dissolved oxygen ≤ 2 mg l−1) was observed only at 5
stations during our 2009 summer cruise. The wind-
driven transport of the river plume, as de scribed here
and previously (Feng et al. 2012, Zhang et al. 2012),
may have diverted diatom-dominated plume waters
off the shelf, which could at least partially explain the
re duced extent of shelf hypoxia in summer 2009.
Therefore, processes in addition to nutrient transport
and pelagic biology should be fully considered in

attempts to understand and predict hypoxia in the
NGOM (Bianchi et al. 2010).

CONCLUSIONS

Our study is unprecedented in spatial and temporal
extent in the NGOM and has provided one of the
most comprehensive analyses of phytoplankton com-
munity composition in relationship to environmental
conditions in this region. In addition, this work has
contributed to general knowledge about phytoplank-
ton dynamics in large river systems. Our findings
support the view that river outflows and their inter -
action with other environmental variables have a
profound influence on phytoplankton communities
over a large regional extent in the continental margin
waters of the NGOM. Consistent with prior studies, a
strong spatial gradient was found in the NGOM with
a eukaryotic phytoplankton-dominated system in
river-influenced waters in contrast to a mixed assem-
blage of prokaryotes and eukaryotes in continental
slope waters. This study identified water tempera-
ture, stratification, and mixed layer depth in addi-
tion to salinity as important environmental factors
related to phytoplankton community composition.
Highly stratified, low nutrient and high temperature
(i.e. summer) conditions favored picophytoplankton
groups, including cyanobacteria and prochlorophy -
tes, while eukaryotic phytoplankton were more
prevalent under mixed or less stratified conditions.
The phytoplankton group haptophytes along with
the marker pigment 19’-hexanoyloxyfucoxanthin was
consistently observed irrespective of mixing condi-
tions. Seasonal shifts in mixing conditions have been
considered to be the primary driver of phytoplankton
dynamics in the offshore NGOM. However, results
from this study showed that under certain wind and
current conditions, offshore extensions of the nutri-
ent-enriched Mississippi River water become impor-
tant and the classical concept of mixing and stra -
tification as dominant factors controlling offshore
populations may not apply. Correspondingly, wind-
influenced advection of river outflow waters and as -
sociated phytoplankton communities may influence
patterns of carbon export and the associated areal
extent of hypoxia.

The importance of cyanobacteria in the large river
dominated margin of the NGOM has been confirmed
in this study and the probable contribution of dia-
zotrophic processes in the food web should be con-
sidered in future research. In addition, in subsurface
waters as observed at the CFM, alternations between
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prochlorophytes and picoeukaryotes may have bio-
geochemical significance and are potentially impor-
tant in influencing the sinking particle and dissolved
carbon flux to the deep ocean.
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