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Abstract

The regional circulation in the northwestern GuliMexico during late spring-summer is modulated by
upwelling-favorable winds that can cause coastalali;ng in the western region and by freshwater
inputs from the Mississippi-Atchafalaya Rivers. &gavariability and temporal dynamics of
phytoplankton community composition were examinedrdy two upwelling-favorable periods using
data obtained with an Imaging FlowCytobot (IFCB)rfr two cruises on the Texas-Louisiana shelf in
June 2013 and 2014 and from the Texas ObservaioAddgal Succession Time series (TOAST) at
Port Aransas (Texas). Phytoplankton spatial distisims were determined by the influence of
upwelling and river discharged waters. In the 26i8se, upwelling was detected in a large portibn o
the western region and the phytoplankton assemblages dominated by diatoms, mostly chain-
forming taxa. As revealed by the TOAST time serilee,upwelling onset caused a dramatic increase in
diatom carbon biomass. In the areas not affectagplyelling, variation in the river plume distriboiti

that resulted from the circulation and the différéischarge magnitudes for each year influenced the
spatial distributions of the phytoplankton commumidmposition. Dinoflagellates and other flagekhte
taxa were notably dominant during the 2013 crugeereas both diatoms and flagellated groups
dominated the assemblages during the 2014 cruigh.diratification promoted by freshwater input,
notably higher during 2013 than 2014, likely fawibtbe dominance of flagellated groups in 2013. This
study provides evidence of the influence of coagpaelling in the phytoplankton community of the
northwestern Gulf of Mexico and contributes to kinewledge of the drivers of community

composition in this high-productivity area.
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1. Introduction

Marine phytoplankton play a central role in thentdi@mnic food web and biogeochemical cycling in the
global ocean. Primary production by phytoplankt®ronsumed or decomposed to support other
trophic levels, including the fish we harvest, gperted to deeper waters. In marine ecosystems, the
phytoplankton community is composed of assemblafesultiple species that coexist and have
different strategies (Margalef 1978). A suite détances and adaptations allows phytoplankton
species to respond rapidly to changes in the emwiemt and overcome growth limitation factors.
These diverse life traits lead to species seledepending on the environmental factors, resuiting
different species assemblages under different enwiental regimes (Margalef 1978; Smayda et al.
2004). The composition and abundance of phytoptangpecies influence the food web structure,
transfer pathways and fluxes of organic matter (Meds and Silver 1988). Therefore, knowledge of
phytoplankton community composition and the proesdbat drive its variability is essential for

understanding ecosystem functioning.

The Gulf of Mexico is a high productivity coastalion that supports abundant and diverse mariae lif
and resources (Lohrenz et al. 1990; Lohrenz di9819; Chen et al. 2000). Coastal waters of the
northern Gulf of Mexico are influenced by the diade of the Mississippi River and its distributary,
the Atchafalaya River. The elevated nutrient infpoin these rivers, in complex interaction with
factors such as light and mixing, sustains hight@blgnkton biomass and primary production
(Lohrenz et al. 1990; Lohrenz et al. 1999; Leheteal. 2009). Furthermore, nutrient-enhanced
phytoplankton biomass, together with other facsarsh as light and nutrient limitation, freshwater
inputs and other oceanographic processes that aféger column stability, control hypoxia in shelf
bottom waters of the Gulf of Mexico (Rabalais et24l02; Di Marco et al. 2005; Sylvan et al. 2006;

Bianchi et al. 2010; Fennel at al. 2011).
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The magnitude of river freshwater discharge and@®al patterns in regional and mesoscale
circulation drive the extent of the influence oé tMississippi and Atchafalaya Rivers on phytoplankt
biomass in the Gulf of Mexico (Muller-Karger et 4091; Chen et al. 2000). The shelf circulation is
primarily modulated by alongshore winds that vaggsonally (Cochrane and Kelly 1986; Nowlin et al.
1998). From fall to spring (September to May), wisdlirected downcoast (west-southward) and
generates currents that extend the river plumegjaloe coast toward the Louisiana-Texas shelf. This
coincides with the typical seasonal pattern inHvester discharge from the Mississippi and
Atchafalaya Rivers, in which discharge progressivetreases from fall to its maximum in spring. In
summer months (June to August), the prevailing wistift to upwelling favorable (north-
northeastward) and drive upcoast circulation traatgport river waters toward the east and offshore,
where plume waters can be entrained beyond thélsiealk by eddies and other mesoscale circulation
features (Cochrane and Kelly 1986; Muller-KargealetLl991; Walker et al. 2005). During this season,

freshwater discharge gradually decreases towangisianum discharge in fall.

Previous studies based on historical hydrographta,datellite imagery and numerical modeling have
identified cool waters along the western shelf ttudeep water upwelling as a result of prevailing
north-northeastward winds during summer (Walkerl2@alker et al. 2003; Zavala-Hidalgo et al.
2003, 2006). Injection of nutrients from deep waterthe surface promoted by upwelling favorable
winds is believed to play a role in supporting mpfankton biomass and primary production in this
region (Miller-Karger et al. 1991; Sahl et al. 19@Ben et al. 2000). In addition, other mesoscale
circulation features such as eddies shed from dop [Current have been shown to stimulate
phytoplankton biomass through the vertical entra&ntof nutrients as a result of their interactiathw

the continental margin (Biggs 1992; Biggs and MtKarger 1994).

Most studies of the phytoplankton community compasiin the northwestern Gulf of Mexico have

focused on the Mississippi River plume, while ocaliew have investigated the river-influenced areas
4
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on the shelf and offshore (Fahnenstiel et al. 18@te and Dortch 1996; Rabalais et al. 1996; Lamber
et al. 1999; Schaeffer et al. 2012; Chakrabortylastdrenz 2015). Previous findings showed that
assemblages were largely influenced by light, itation and nutrients, which produced changes in
community composition with consequent impacts ardpctivity and carbon flux (Dortch and
Whitledge 1992; Fahnenstiel et al. 1995; Lambeal.et998; Dagg and Breed 2003). Upwelling has
been recognized as an important process in thbwestern Gulf of Mexico (Muller-Karger et al.
1991, Sahl et al. 1993; Chen et al. 2000); howatsepotential influence on the phytoplankton
community composition has not been described. ditiath, the complex interaction between
upwelling and river discharge modulates the extéihe influence of these two major forcings in the
inner shelf, but the associated impacts on thegphgimhkton communities in the Gulf of Mexico are
largely unknown. Since phytoplankton species redpapidly and selectively to changes in
environmental factors, characterization of the camity composition can help identify the

mechanisms that drive responses in phytoplanktomuaanities.

The objectives of this study were to investigate gpatial variability and temporal dynamics of
phytoplankton community composition during upweghfavorable periods in the northwestern Gulf of
Mexico. We were also interested to examine howpthgoplankton community composition along the
shelf responded as the influence of upwelling aver discharge conditions varied. To address these
objectives, we analyzed the phytoplankton commueotyposition acquired with an Imaging
FlowCytobot (IFCB) during two cruises covering thexas-Louisiana shelf in the northwestern Gulf of
Mexico. To provide a broader temporal context fa truise’s observations, we also used data on
phytoplankton community composition from the IFCgecating continuously at the Texas
Observatory for Algal Succession Time series (TOA&Td associated oceanographic variables.

Previously, the high temporal resolution of the T&JAtime series was shown to be useful for
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identifying phytoplankton community responses twrst events at the relevant temporal scales (Anglés

et al. 2015).
2. Materials and methods
2.1. Sudy area and data collection

To study the horizontal spatial distribution of pdyylankton communities and associated
environmental variables, two cruises were condurtélde Texas-Louisiana shelf (northwestern Gulf
of Mexico) on board th&V Manta from 20-25 June 2013 and 18-23 June 2014. For@adde,
sampling started at the westernmost station antinuead eastward towards the Mississippi River
mouth, and then headed westward in a zig-zag pdttem near the coast to offshore and back.
Samples were collected from the surface (0.5-1tm2 atations (Fig. 1) for phytoplankton and
nutrient analysis. Phytoplankton samples were aealyising an IFCB set up on board (see below).

For nutrient analysis, samples were filtered throMghatman 25 mm GF/F filters and frozen (-20°C)

and analyzed ashore for nitrate (N nitrite (NO, "), ammonium (NH"), phosphate (P{) and

silicate (SiQ") by standard autoanalyzer methods (WHPO 1994Y)icatiprofiles of temperature (°C)
and salinity (PSU) were recorded at each statiomguSeaBird SBE25 CTD. The Brunt-Vaisala
frequency K; s*) was derived from temperature and salinity vetiizafiles using the formulal =

V(g/p) (0pldz), where g is gravityp is density and is depth. The maximum frequency throughout the

vertical profile was used as a measure of theifstedton strength for each station.
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128

129  Figure 1. Maps of the northwestern Gulf of Mexitb@wing the sampling stations of the cruises in

130 2013 and 2014, the location of TOAST (T) in PoraAsas, the station PTAT2 and the buoys B and D
131  (dots). Geographic locations: MAE = Mission-Aran&asuary; MB = Matagorda Bay; GB =

132  Galveston Bay; AB = Atchafalaya Bay; LB = LouisiaBht; SP = Southwest Pass. Rivers: MR =

133  Mississippi River; AR = Atchafalaya River.

134  As areference for the temporal dynamics of theggiignkton community during the periods of study,
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we used the IFCB phytoplankton time series at TOASHort Aransas (Texas). The IFCB has been
operating nearly continuously since September 200the University of Texas Marine Science
Institute (UTMSI) pier, located on the Port Aran&isp Channel (27° 50.296'N, 97° 3.017'W; Fig. 1).
This station is part of the Mission-Aransas Natidéstuarine Research Reserve (NERR) System Wide
Monitoring Program. The Port Aransas Ship Chamelell-mixed with strong tidal currents. Tidal
range is ~1.0 meter and the average water deptb iméters. Temperature and salinity at TOAST
were obtained from the Mission-Aransas NERR Poan&as Ship Channel station

(http://cdmo.baruch.sc.edu/).

Wind speed and direction were obtained from sta®AT2, located near Port Aransas (Fig. 1) from
the National Data Buoy Center (NDBC, http://ndb@aagov) and buoy B, located near Galveston Bay
(Fig. 1) from the Texas Automated Buoy System (TAB®p://tabs.gerg.tamu.edu/). We use negative
values of the alongshore wind component to indiagigelling favorable winds and positive values to

indicate downwelling favorable winds.

Water temperature was obtained from buoy D, locatad Port Aransas (Fig. 1) and buoy B, located

near Galveston Bay (Fig. 1) from TABS (http://tgjesg.tamu.edu/).

Satellite sea surface temperature (SST) was ugatide additional information on the spatial exte
of upwelling in the study area following Chen et(@000), Walker (2001), Walker et al. (2003) and
Zavala-Hidalgo et al. (2006). SST daily averagesevabtained from the NOAA High Resolution SST
dataset (Ol SST, version 2; retrieved from httpmatedataguide.ucar.edu/climate-data/sst-data-noa
high-resolution-025x025-blended-analysis-daily-ast-ice-oisstv2) provided by the
NOAA/OAR/ESRL PSD (Boulder, Colorado, USA; http:fiw.esrl.noaa.gov/psd/; Banzon et al.

2017). Average SST for each cruise period at eadpgint were calculated.

River discharge (fhs?) of the Mississippi and Atchafalaya Rivers wergaiied from Tarbert Landing
8
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and Simmesport stations, respectively, from the Br&y Corps of Engineers

(http://www.mvn.usace.army.mil/).

2.2. Imaging FlowCytobot

Phytoplankton community data were acquired withIEF@B, an instrument that combines flow
cytometry and video technologies to capture imajesno- and microplankton (~10 to ~150 um) and
the associated fluorescence and light scattergmps (Olson and Sosik 2007). The IFCB analyzes 5
ml of seawater in ~20 min. For the cruises, at etation, 3 replicate 5-ml samples were run on an
IFCB set up on board. For the time series at TOAB& standard configuration autonomous IFCB
analyzed a 5-ml sample of near-surface water ev2@ymin. The IFCB was run continuously,

although there are a few gaps in the time series@umaintenance or electrical power failures.

The images generated by the IFCB were processedasglfied automatically following the approach
described by Sosik and Olson (2007), with the mealion of replacing the support vector machine for
machine learning with an assemblage of decisi@stobtained by the random forest approach of
Breiman (2001). The automated classifier was cdeasedescribed in Anglés et al. (2015). Briefly, a
training set of images for the automated clasgibcawas created with images (~300 for each plankton
category) selected from the IFCB image data setsthts study, the automated classifier had 66
categories that were selected based on the comyraamitposition of plankton of the study area.
Categories were defined by morphology, so wereeeigenus- or species-specific, or were composed
of groups of taxa with similar morphological chasatstics. The classifier included 25 categories of
diatoms, 18 categories of dinoflagellates, 2 caiegmf cyanobacteria, 2 categories of haptophytes,
categories of raphidophytes, 1 category of dictybgdy 1 category of chlorophytes, the category
Flagellates (chlorophytes, cryptophytes, prasintgd)yand euglenophytes), the category Other cells

(small cells that cannot be taxonomically identiffeom the images), 11 categories of protozoa



181  (including microzooplankton), and 2 categoriesdoaant for noncellular material (detritus and
182 calibration beads). Of the 53 categories in theraated classifier that corresponded to phytoplankto
183 29 were observed in the data during this studyomgited classification results from the cruise data

184  were visually inspected and corrected manually.

185  To account for differences in cell size among pplaokton species when assessing the relative

186  contributions in mixed assemblages, carbon (C) besrestimates were chosen as the metric for

187  phytoplankton abundance (Smayda 1978; Hillebrarad. 41999; Jakobsen et al. 2015). Cell volume
188 calculations from the images, developed by Mobed) %osik (2012), were used to obtain biovolume.
189 Images of beads (@m, Duke Scientific Inc.) were used to obtain thespum factor to convert

190 biovolumes intqum®. C biomass estimations were then obtained fromdbimme using the C

191  conversion equations recommended by Menden-Deuek@ssard (2000). We used pgC ¢etl0.216
192  x biovolumé&@*for all protists except for large diatoms (>3Q06°), for which we used pgC célE

193  0.288 x biovolum®&®*to account for the lower C content in these taxa t the presence of

194 intracellular vacuoles.
195 2.3. Satistical analyses

196  Spatial distribution patterns of similar phytoplémk community composition were assessed using
197  Unweighted Pair Group Method with Arithmetic MedfPGMA) hierarchical agglomerative

198 clustering based on a Bray-Curtis dissimilarity mxaigenerated from the log-transformed (log+1)
199  phytoplankton biovolume. Data from the TOAST tinegiss was included using the average of
200 biovolume during the cruise period for each yeare@ay analysis of similarity (ANOSIM) was
201 performed to confirm significant differences betwélee clusters. Principal Component Analysis
202 (PCA) was applied to abiotic environmental varialle visualize patterns of variation and similasti

203  across stations and to determine the relation ltwemmunity composition and environmental

10



204  conditions for each of the cruises. Data were stedided prior to analysis. Statistical analysesawer
205 performed using the R statistical software (R Clagam, 2016) and the package vegan (Oksanen et al.

206 2017).

207 3. Results

208  3.1. Upwelling and freshwater discharge conditions

209 Wind data from the station PTAT2 (near Port Arahsasl TABS buoy B (near Galveston Bay) from
210 June 2013 revealed upwelling-favorable winds dutimeg4 (near Port Aransas) and 6 (near Galveston
211  Bay) days immediately preceding the June 2013 eriligy. 2). In contrast, upwelling-favorable winds

212 during June 2014 lasted a few days and occurreé than a week prior to the June 2014 cruise.

2013 2014
0 0
£ £
© ©
£ £
S S
0 0
£ £
© ©
£ £
S S

—rT T~ T T~ T T T T T T I T 1 —rT T T T~ T T T T T T T T 1
09 11 13 15 17 19 21 23 25 27 29 07 09 11 13 15 17 19 21 23 25 27

213

214 Figure 2. Alongshore wind component at PTAT2 anoyb (see Fig. 1 for locations). Hourly (black
215 line) and low-pass filtered (33-h; cyan line) data represented. Negative values indicate upwelling
216  favorable winds and positive values downwellingaiable winds. Cruise periods are marked by a gray

217  bar.

11
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Time series of temperature from TABS buoys D (i@t Aransas) and B (near Galveston Bay) from
June 2013 showed decrease in temperature concwitarthe development of upwelling-favorable
winds (Fig. 3). In 2013, temperatures reacheddhest values of ~26°C and ~28°C near Port Aransas
and Galveston Bay respectively, and remained fatetg around these values during the cruise dates.
In 2014, the decrease in temperature was less pnaed, most of all near Galveston Bay, and

temperatures were increasing during the dates Wiearuise was conducted.

2013 2014
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O @)
2 | | 2
o 30 30 o
2 2
© @©
5 28 28 5
o o
5 5
= 26 26
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_ TABS B TABS B _
g g
o 30 A - 30 o
=] S
© ©
5 28 1 - 28 g
o o
1S €
& 26 L 26

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
09 11 13 15 17 19 21 23 25 27 29 07 09 11 13 15 17 19 21 23 25 27

Figure 3. Water temperature at buoys D and B (gg€elRor locations). Semi-hourly (black line) and

low-pass filtered (33-h; cyan line) data are repnésd. Cruise periods are marked by a gray bar.

Average satellite SST during both cruises showedgrce of cool water along the southwestern
Texas-Louisiana shelf shore with variable spatiatet (Fig. 4). In this area, cool water along the
shore that extends from Mexico to Texas is indieatf upwelling (Chen et al. 2000; Walker 2001;
Walker et al. 2003; Zavala-Hidalgo et al. 2006)o0wmater extended eastward up to Galveston Bay
during 2013, whereas it did not reach further thtagorda Bay (located south of Galveston Bay)

during June 2014. These cool temperatures contraste the higher values over the mid and outer
12



233 shelf. In general, mid and outer shelf temperatwe® higher in 2013 than 2014 (note the different

234  scale in Fig. 4).

2013 1. G
29°N
28°N
27°N
96°W 94°W 92°W 90°W 96°W 94°W 92°W 90°W

235

236  Figure 4. Satellite sea surface temperature (Sgdrpge {C) for the cruise period in 2013 and 2014
237  (note that different scales were used for eaclofdead account for temperature differences between
238 years). Contours were generated using krigingpolation method. Locations of TOAST (T) in Port

239 Aransas, Matagorda Bay (MB) and Galveston Bay (&B)indicated.

240 Considering the development of upwelling favorablads, the associated decreases in water
241 temperature and the presence of cool waters alanghore visible from satellite SST, all these

242  observations suggest that upwelling of variablergjth and extent occurred during our study.

243  Freshwater discharge from the Mississippi and Aadaga Rivers was higher during May and June
244 2013 (26808 and 22968%w?, respectively, for the Mississippi River, and 153hd 9812 rhs?,

245  respectively, for the Atchafalaya River) compare@®14 (17827 and 16479°m, respectively, for

246  the Mississippi River, and 7636 and 7091gh respectively, for the Atchafalaya River). Disajr

247  during both May and June 2013 was higher than @hgeér (1975— 2014) average (21305 and 18291
248 m®s?, respectively, for the Mississippi River, and 92##] 7940 ms’, respectively, for the

249  Atchafalaya River), while discharge during May ahthe 2014 was lower.

250  3.2. Spatial environmental variables during the cruises
13
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The cruise periods spanned conditions of variaplealling and magnitude of river freshwater
discharges. The June 2013 cruise was conductedffasta long period of upwelling favorable winds
and cool waters were observed up to Galveston Bapglthe cruise dates. Therefore, upwelling was
present in the western portion (the Galveston Bagyon) of the area surveyed in the cruise. In June
2014, the period of upwelling favorable winds piskxt the cruise, occurring much earlier and for a
shorter duration, and cool waters did not exten@atveston Bay during the cruise dates;
consequently, upwelling was not present in the aoeeeyed in the cruise. In addition, freshwater

discharges were substantially higher before anohguhe cruise in 2013 than in 2014.

Temperature and salinity recorded during the cauisected the influence of upwelling-favorable
winds and the distribution of river plume waterslanthe different freshwater discharge conditions
(Fig. 5). In 2013, a water mass of cool temperatu28°C) and high salinity (>30 PSU) was present in
the Galveston Bay area. This cooler temperaturga&sted with warmer temperature (>30°C) over
most of the shelf, except for the Mississippi Riresuth (Southwest Pass), although values weresot a
low as in the Galveston Bay area. These obsenstgree well with the SST data that showed
presence of cool water along the shore and fudihygport the presence of upwelling in this arear&@he
was a gradient of high to low salinity from wesiest, with salinities <25 PSU in the middle and
eastern shelf. The lowest salinity values were ofeskin the Mississippi River region (Louisiana

Bight and Southwest Pass; ~7-10 PSU) and southedsivwen Atchafalaya Bay (~17 PSU).

14
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Figure 5. Maps of surface temperature (Temp), sgl{§al), maximum Brunt-Vaisala frequencies (B-
V), dissolved inorganic nitrogen (DIN), phospha®®y~) and silicate (Sig) contours using kriging

interpolation for the cruise in 2013 and 2014. iBtatocations are indicated by dots.

In 2014, there was no indication of upwelling ie Balveston Bay area (Fig. 5), in agreement wigh th
satellite SST that showed that cooler waters dicertend to Galveston Bay. Temperature was rather
uniform in most of the shelf, with cooler temperati(<30°C) compared to 2013. Higher temperatures

were observed near the coast, mainly west of Atdagé Bay. Due to the low river freshwater
15



277  discharge (lower than the long-term average) sagwere relatively high in the Mississippi River
278 region (15-25 PSU) compared to 2013, with loweugsalfound near the river mouth. The lowest
279  salinity was observed in the near shore area weStichafalaya Bay (~10 PSU). In the rest of the

280 shelf, salinity ranged between 25-34 PSU, with@sls30 PSU in most of the shelf.

281  Overall, stratification over the shelf was stronge2013 than in 2014 (Fig. 5). In 2013, maximum

282  Brunt-Vaisala frequencies were >0:1@ver the middle and eastern shelf, with the highakies in

283 the Mississippi-Atchafalaya Rivers area. The exoapivas the western area affected by the upwelling,
284  which showed frequencies <0.1. 4n contrast, Brunt-Vaisala frequencies were <0.bver most of

285 the shelf during 2014. Frequencies >0"&re observed nearshore in the middle and easheitf)

286  with the highest frequencies found west of AtcheafalBay.

287  Spatial distributions of surface nutrient concetiires showed high concentrations of dissolved

288 inorganic nitrogen (DIN=N@+NO, +NH,"), PQ,” and SiQ" in the vicinity of the Mississippi and
289  Atchafalaya Rivers and lower to the west of thdfgh&ring both cruises, except for another area of
290 high nutrient concentrations near the shore westtciafalaya Bay in the 2014 cruise (Fig. 5).

291  Overall, nutrient concentrations were higher du20g3 than 2014, particularly in the Mississippi
292  River area, likely as a result of higher river tiage. During 2013, DIN, POand SiQ

293  concentrations in the Mississippi River region wed4®pmol I}, >1 umol I}, and >4Qumol I,

294  respectively, with the highest values in the Misigipi River mouth and decreasing westward.

295  Nutrients were also high east of Atchafalaya Bayere concentrations >20nol [, >0.5umol I,
296  and >30umol It were detected for DIN, POand SiQ™ respectively. Throughout the rest of the shelf,
297  concentrations were &mol I™* for DIN, <0.5umol I for PQ;”, and <2Qumol I for SiOs™. During
298 2014, DIN was 10-5Qmol ! in the Mississippi River region and west of Atcilafa Bay, and <5
299 pmol It over the rest of the shelf. Concentrations of Pdd SiQ” were >1umol I* and >10umol

300 |7 respectively, in the Mississippi River region areér the coast east and west of Atchafalaya Bay.
16



301 Peak concentrations were observed in the MissisBimer mouth and west of Atchafalaya Bay. Away
302 from the coast, concentrations of P@nd SiQ” were generally <0.8mol I"* and <1Qumol I,

303 respectively, over the shelf.

304  3.3. Spatial distribution of phytoplankton community composition and relation with environmental

305 variables

306 The phytoplankton community composition observedifthe two June cruises was determined by the
307 influence of upwelling and river discharged watéterarchical clustering dendrograms based on
308 Bray-Curtis dissimilarity revealed three cluster2013 and six clusters in 2014 that grouped distin
309 phytoplankton community assemblages (Fig. 6a). AIN®SIM analysis confirmed the significant
310 differences between clusters (2013 crure: 0.83,p = 0.001; 2014 cruis®® = 0.78,p = 0.001). For
311 the 2013 cruise, cluster 1 grouped the statiomisadow-salinity plume in the Mississippi-Atchafgda
312  Rivers region, whereas cluster 3 encompasseddhbierst located under the influence of upwelling in
313  Galveston Bay and the nearest stations locatedaabs{Fig. 6b). Cluster 2 comprised the stations
314  between the low-salinity plume and upwelling ar€zlsster 1 was characterized by high relative
315 proportions of flagellated categories, mainly Otbelis (which includes small cells that cannot be
316 taxonomically identified from the images) and lowentributions of Flagellates, and Small

317 dinoflagellates (Fig. 6¢). Cluster 2 was largelgresented by flagellated categories, mostly by the
318 dinoflagellateProrocentrum texanum followed byAkashiwo and Small dinoflagellates. Cluster 3 was
319 characterized by a large proportion of diatom aaieg, primarilyAsterionellopsis andChaetoceros

320 followed byRhizosolenia, Guinardia andDactFragCerataul (category composed [yactyliosolen

321 fragilissimus, Cerataulina pelagica andLeptocylindrus danicus).
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Figure 6. a) Hierarchical agglomerative clustediegdrograms representing Bray-Curtis dissimilagitie
of the phytoplankton assemblages during the cini2®13 and 2014 (Cluster abbreviated as CL); b)
Maps of the distribution of the clusters accordinghe hierarchical agglomerative clustering analys
Stations belonging to each of the clusters are ethby color; c) Bar graphs showing the averaged C

biomass relative proportion of the phytoplanktotegaries in the assemblages of each cluster.

For the 2014 cruise, clusters 1 and 2 grouped mamwrshore stations influenced by low-salinity

plume waters (Fig. 6b). Cluster 1 included the sleaire station located west of Atchafalaya Bay
18
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(station 15), and cluster 2 grouped stations irMIssissippi River region. Cluster 3 included siati

18, located near Atchafalaya Bay. The remaininticsta were assigned to clusters 4 and 5, except for
one station near the coast east of Atchafalaya(8ayion 27) that represented cluster 6. Clustgad
characterized by the flagellated groups Other c8ltsall dinoflagellates and Flagellates (Fig. 6c).
Cluster 2 was mostly represented by similar redgatikoportions oDactFragCerataul andP. texanum.

In cluster 3, the dinoflagellatgyrodinium showed the highest proportion in the assemblalyest€r 4
was characterized by a high relative proportioR.dexanum, followed byDactFragCerataul, whereas

in cluster 5Rhizosolenia, Other cellsDactFragCerataul and Small dinoflagellates exhibited the largest
proportions. Cluster 6 was mainly represented dgdllated categories, primariBy texanum with

important contributions of the dinoflagellat&srodinium andDinophysis.

The grouping of the river influenced stations iatee cluster (cluster 1) and the stations in the
upwelling area into another cluster (cluster 3hi@ 2013 cruise was supported by the PCA of the
environmental variables (Fig. 7). PCA results réséahat the first component (component 1)
explained 42% of the variance and highest loadoogsesponded to salinity, DIN, SiCand PQ . The
highest positive scores of component 1 were foartle Mississippi-Atchafalaya Rivers area (Fig. 7),
therefore representing the influence of river désge and associated nutrients. The second component
(component 2) accounted for 26% of the variancetamgberature and Brunt-Vaisala frequency
showed the highest loadings. The location of tighdst positive scores corresponded to the area
influenced by upwelling. For the 2014 cruise, tinstfcomponent (45% of the variance), with highest
loadings for salinity, Si@ and PQ , was related to river discharge since the comedimg highest
positive scores corresponded to the MississippeRavea. The second component (20% of the
variance) showed highest loadings for temperaturethe highest positive scores displayed a
heterogeneous spatial pattern. We recall that mellipg was observed in the area surveyed durieg th

cruise in 2014.
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Figure 7. Principal Component Analysis (PCA) shayiine patterns of variation in abiotic

environmental variables (temperature (Temp), dali{8al), maximum Brunt-Vaisala frequencies (B-
V), dissolved inorganic nitrogen (DIN), phospha®®y ") and silicate (SiQ) across the stations for

the cruise in 2013 and 2014. Bars represent thieriga for PCA component 1 (Comp 1) and

component 2 (Comp 2). Maps illustrate the scorestatyon for each PCA component.

3.4. Temporal dynamics of environmental variables and phytoplankton community composition at

TOAST in Port Aransas

The IFCB phytoplankton time series at TOAST in FAndnsas and associated water temperature and
salinity were analyzed to characterize the tempadyabmics of these variables before and during the
cruises. Temperature and salinity showed the impiaitte upwelling-favorable winds (Fig. 8). The
development of upwelling-favorable winds coincideith a decrease in temperature and an increase in
salinity in both years (see Fig. 2 for upwellinggdgable winds). In 2013, temperature decreased from

~30 to ~26°C, while salinity increased concurrentiynf ~27 to ~37 PSU. In 2014, the increase in

20



368 salinity was noticeable earlier than the decreasemperature, and the fluctuations in both vaesbl

369 were smaller. While temperature decreased from 6227°C, salinity increased from ~33 to ~35

370 PSU. This change in temperature and salinity dutegupwelling-favorable winds is consistent with
371 the decrease in water temperature observed fromABS buoy D (near Port Aransas) time series and
372 satellite SST that showed presence of cool watePort Aransas for both years. These findings

373 indicate that upwelling was present at Port Ararfaad therefore TOAST) before and during the

374  period when the cruises were conducted.
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375

376  Figure 8. Temporal dynamics of temperature (Temsgl)nity (Sal) and diatom (Diat) C biomass at
377 TOAST. For temperature and salinity, raw (blacle)iand low-pass filtered (33-h; cyan line) data are
378 shown. The total diatom C biomass is plotted (he€l)lalong with diatoms as the percentage of the

379 total phytoplankton C biomass (blue line). Cruiseigds are marked by a gray bar.

380 Diatom categories (see Fig. 6c¢ for the list of aiiatcategories) showed a dramatic increase in C
381 biomass concurrent with the upwelling-favorable dgmnd change in temperature and salinity in 2013

382 (Fig 8). The dominant categories during the develept of the upwelling-favorable winds were
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Asterionellopsis andChaetoceros (data not shown). In 2014, the upwelling-favoralileds coincided
with an IFCB data gap; thus, the response of tlyggphankton categories cannot be characterized.
Nevertheless, the diatom categories showed sukat@nbiomass during the development of the
upwelling-favorable winds. The contribution of diats to the total phytoplankton biovolume reached

up to 80% and 70% during the upwelling in 2013 a0#4, respectively.

4. Discussion

The contrasting oceanographic conditions in Jui82td 2014 provided the opportunity to examine
the influence of regional circulation on phytopltark community composition. The circulation during
these periods was modulated by the interaction dmtwpwelling-favorable winds and freshwater
inputs from the Mississippi-Atchafalaya Rivers. Uglmg-favorable winds occurred for an extended
period immediately preceding the June 2013 cruvbde they occurred more than a week before the
June 2014 cruise and were shorter in duration. €prently, upwelling occurred at TOAST in Port
Aransas and in the western part (Galveston Baymggif the area surveyed during the 2013 cruise. In
contrast, while upwelling occurred at TOAST in PAransas, the area surveyed during the 2014 cruise
was not under the influence of upwelling. Freshwatiputs were also considerably different between
years: river discharge during May and June 2013higiger than the 40-year (1975 2014) average,
while it was lower during May and June 2014. Vaoias in upwelling-favorable winds and freshwater

inputs during both periods influenced the phytogtan community composition in the study area.

Coastal upwelling on the western shelf of the @GfilfMexico during summer has been described in
previous studies (Walker 2001; Walker et al. 2008;ala-Hidalgo et al. 2003, 2006). These studies
noted variability in the magnitude, duration, apatgal extent that depend on the intensity and
longevity of the northward wind during summer aglas on the intraseasonal variability of the wind

patterns. Upwelling-favorable winds (north-northeasd) cause upwelling of deep waters that result
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in cool waters along the shore visible from sae8ST. Typically, cool waters extend from Mexioo t
Matagorda Bay (see Fig. 1), but when upwellingrisrgger than normal, cool upwelled waters are
observed farther northeast in Galveston Bay (W&k€x1). During our study, we observed north-
northeastward winds, which provided upwelling-fade conditions. Further evidence of upwelling
included the decrease in temperature recordecdiubys in Port Aransas and Galveston Bay area and
the decrease in temperature concurrent with aeaserin salinity recorded at TOAST in Port Aransas
coinciding with the north-northeastward winds. td#@ion, satellite SST showed that cool waters glon
the shore differed in spatial extent between thigses and extended farther into the western podion
the study area in 2013 (up to Galveston Bay) tha20il4 (up to Matagorda Bay). Cool waters
observed by satellite in the western portion (tladvE&ston Bay area) of the area surveyed in the 2013
cruise were in agreement with the cooler tempeeatand higher salinities recorded at these staitions

the Galveston Bay area during that cruise.

The development of upwelling had a strong influeocehe spatial distribution and structure of the
phytoplankton community. The phytoplankton assegdsaat the stations under the influence of
upwelling during the 2013 cruise were dominatedliagyoms, in particular, the chain-forming diatoms
Asterionellopsis andChaetoceros. Observations at the high-resolution time sedéBGAST in Port
Aransas, which provided a detailed characterizatfathe temporal changes in the phytoplankton
community composition during the upwelling evemévealed that the onset of upwelling caused a
shift to almost complete dominance of diatom catiegan the total phytoplankton C biomass.
Dominance byAsterionellopsis andChaetoceros, the same diatoms found at stations under the
influence of upwelling during the 2013 cruise, pd®d further evidence that the development of
upwelling influenced the phytoplankton compositard structure. Chain-forming diatoms tend to be
dominant in upwelling regions, and previous studhespwelling areas repoAsterionellopsis and

Chaetoceros as characteristic of coastal upwelled waters (daggalef 1978; Pitcher et al. 1991,
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430 Tilstone et al. 2000; Lassiter et al. 2006), whsalpports our findings. Chain formation is a

431 morphological adaptation that confers these didtm an advantage in the turbulent conditions
432  generated by upwelling (Smayda 1970). Their phggjiichl features also provide a competitive
433  advantage, since upwelling-adapted diatoms aretalbkspond earlier and faster to increases in
434  nutrients, mainly of N@, compared to other phytoplankton taxa due to thigin NO; uptake rates

435 (Malone 1980; Fawcett and Ward 2011).

436 At stations not affected by upwelling, freshwatguuts were the main drivers of the phytoplankton
437  community. The extent of the river plumes overghelf during each of the cruises influenced the
438  spatial distributions and the composition of thgtpplankton assemblages. During periods of

439 upwelling favorable winds, the upcoast circulatieastward) extends the Atchafalaya River plume to
440 the east-southward and presses the Mississippr Biuee up against Southwest Pass and Louisiana
441  Bight (Cochrane and Kelly 1986; Wiseman et al. 2995hg et al. 2014). If river discharge is higlg th
442  low-salinity plume waters and nutrients remain lo@ iniddle shelf (Feng et al. 2014). Our observation
443  were in agreement; the low-salinity nutrient-ridbrpe waters were observed over the middle shelf
444  during the June 2013 cruise, when river dischawgge higher than normal. In contrast, the upcoast
445  circulation and low river discharge conditions caustention of low-salinity plume waters closehe t
446  coast near the freshwater sources (Nowlin et &52Walker et al. 2005; Schiller et al. 2011; Feng
447  al. 2014), which is consistent with our observadidnring the June 2014 cruise when river discharge
448  was below the 40-year average. Under these condjtmur study revealed that flagellated groups
449  dominated the overall community composition duting 2013 cruise, whereas diatoms were more

450 prevalent in the 2014 cruise.

451  The dominance of flagellated groups in the 2013serwas somewhat surprising, however, as previous
452  studies in the Mississippi River plume region dmel shelf report that diatoms typically dominate the

453 assemblages (Fahnenstiel et al. 1995; Bode anaDd@96; Rabalais et al. 1996; Lambert et al. 1999;
24
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Dagg and Breed 2003; Chakraborty and Lohrenz 2@ ppssible explanation for dominance by the
flagellated groups during the 2013 cruise was tlang water column stratification, which is known t
favor flagellated members of the phytoplankton camity, as motile phytoplankton have the
advantage of remaining in the euphotic nutrient-done. Freshwater input enhances density
stratification (Wiseman et al. 1997; Feng et all£20 Therefore, the high river discharge in 2013
promoted strong stratification over the middle aadtern shelf. These stratified conditions likely
favored the dominance of dinoflagellates in thedtedshelf, wherd. texanum was the primary
contributor to the assemblage followedAkashiwo and Small dinoflagellates. In the eastern shelf,
where stratification reached the highest valuesctimmunity was dominated by Other cells,
Flagellates (cryptophytes, prasinophytes and eogleytes), and Small dinoflagellates. Similar
assemblages dominated by cryptophytes, dinoflagslland chlorophytes were reported during peak
river discharge due to high stratification in trearshore zone of the Mississippi-Atchafalaya Rivers
area (Schaeffer et al. 2012). In addition, increasebundance of dinoflagellates, cryptophytes,
prasinophytes and euglenophytes were observediagsbwith high freshwater discharge and low

salinities previously at Port Aransas (Angles e2all5).

During the 2014 cruise, our observations of théotilagroupDactFragCerataul (composed by
Dactyliosolen fragilissimus, Cerataulina pelagica andLeptocylindrus danicus) in the assemblages of
the Mississippi River region support the findingprevious studies. Typically, high diatom bioméss
found at intermediate salinities (15-30 PSU) altregriver plume (Dagg and Breed 2003), which
coincided with the salinities in this region (1525U). Notably, the dinoflagellai texanum
comprised a substantial fraction of the total ppiaakton in the Mississippi River region. This sipsc
was dominant in the areas immediately adjacertoagh its contribution to the assemblages did not
extend as far westward as in the cruise of 201%wduggests that the spatial distributioriPof

texanum is largely influenced by the distribution of thear plume.P. texanum was described recently
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by Henrichs et al. (2013), who reported high abuda of this species from Port Aransas during
winter-spring. Our observations suggest tagexanumis a common and widely distributed species in
the northwestern Gulf of Mexico and the contribatad this species to the phytoplankton community
in the Gulf of Mexico might be more important thareviously thought. Elsewhere on the shelf, the
assemblages were characterized primarily by themii&hizosolenia. The presence &hizosolenia

could be an indication of onshore flow of open GaflMexico waters, sincBhizosolenia has been
reported to be abundant in offshore waters of théhern Gulf of Mexico (Chakraborty and Lohrenz

2015).

Our detailed analysis of the spatial distributidw@mmunity composition revealed heterogeneous
distributions of the phytoplankton assemblageseatshore stations (i. e. stations 15, 18 and 27, se
Fig 6 for 2014). These observed ‘hot-spots’ witstidictive taxonomic compositions are likely
indicators of different environments with spectfigdrographic conditions that influence the

phytoplankton community.

6. Conclusions

Our study shows that the phytoplankton communitygosition in the northwestern Gulf of Mexico
was shaped by two prominent processes of this @mwient, the freshwater input from the Mississippi-
Atchafalaya Rivers and coastal upwelling. Distidifterences in these forcing factors were observed
between years. Freshwater discharges were notajfighbefore and during the cruise in 2013 than in
2014, and the impact of upwelling extended farth&r the western portion of the study area in 2013
than in 2014. The phytoplankton assemblages iathas affected by upwelling were always
dominated by chain-forming diatoms. In contrast, dbmmunity showed different responses in the
areas influenced by freshwater input. During 2@lidtoms were more abundant in the phytoplankton

assemblages of the river plume as reported by gue\studies. However, dinoflagellates and other
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flagellated taxa were more prevalent in these allaasg the 2013 cruise. We suggest this shift was

likely due to increased stratification of the watetumn.

New insights provided by our study reveal a momagiex picture of the phytoplankton community
composition of the Gulf of Mexico. The importandedmoflagellates as a major component of the
phytoplankton community on the shelf in the norteteen Gulf of Mexico was unexpected. The most
common dinoflagellate species was the recentlyrdestP. texanum, which dominated a large part of
the shelf during both the 2013 and 2014 cruises.dDservations suggest that the contribution of
dinoflagellates to the total phytoplankton C biomasthe Gulf of Mexico might be more important
than previously thought. Since dinoflagellates preslifferent C:N:P:Si cellular ratios than diatqras
more dinoflagellate-dominated system can influghesgfood web, the export fluxes and consequently
the benthic biogeochemistry (Spilling et al. 208ywever, the impact of dinoflagellate dominance in

the ecosystem functioning of the Gulf of Mexicoioegremains to be elucidated.

While the impact of the Mississippi-Atchafalaya Bis on the phytoplankton community has been the
focus of attention in previous studies in this avethe Gulf of Mexico, data presented here idgntif
coastal upwelling as a driver of the phytoplanktommunity structure for the first time. The high
temporal resolution of the IFCB time series at TQASabled the identification of upwelling-induced
changes in the phytoplankton community compositAdthough the magnitude, duration, and spatial
extent of the coastal upwelling in the northwes@uif of Mexico is variablethe influence of

upwelling on the phytoplankton community is likelycommon phenomenon. Our study provides
further evidence of the influence that regional emekoscale circulation features exert on planktonic
community composition (e. g. Williams et al. 2015)ture research should consider upwelling events
as an important driver of the phytoplankton comrmyuocomposition and determine the potential impact
of upwelling-induced responses in primary produttémd food web dynamics in the northwestern

Gulf of Mexico.
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