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Abstract

To investigate the response of a subtropical coastal phytoplankton community to tropical cyclones, we
utilized high temporal resolution (hours) data from the Imaging FlowCytobot (IFCB) deployed in the Gulf of
Mexico. In 2010, four tropical cyclones (two during June-July and two during September) struck the area.
Passage of the cyclones produced two major impacts: (1) storm surges and strong onshore winds, and (2)
heavy rains producing substantial freshwater discharge and decreased salinity. The phytoplankton commu-
nity showed a rapid response to the passage of the cyclones with increased abundance. Using principal com-
ponent analysis, responses during storm surges and after freshwater discharges were distinguished and
considerable changes in community composition were revealed. Responses to storm surges were characterized
by an increase of diatoms. Freshwater discharges triggered increases in dinoflagellates and other flagellates
(prasinophytes, euglenophytes, and cryptophytes) relative to the other groups. In June-July, substantial
increases in diatoms were also observed. The response to freshwater discharge during this period was domi-
nated by a diatom (Thalassiosira), whereas in September the response was dominated by two dinoflagellates
(Akashiwo sanguinea and Polykrikos hartmannii). Observed abundances of these three taxa were the highest
recorded from the IFCB time series. The short-term responses of the phytoplankton community revealed here
emphasize the need for high temporal resolution sampling to fully capture the effects of tropical cyclones. Given
that extreme storms are predicted to increase with future climate change, the taxonomic resolution of the IFCB
is also valuable for detecting taxa-specific responses, which can have implications for ecosystem functioning.

Episodic climatic events such as droughts, floods, or
storms cause profound and multifaceted impacts on aquatic
ecosystems ultimately altering their structure and function.
Morevover, such events are expected to intensify in fre-
quency and magnitude due to global climate change (Meehl
et al. 2007). Tropical cyclones, such as hurricanes, typhoons,
tropical storms or tropical depressions, are extreme storms
that produce environmental perturbations with substantial
effects in physical and chemical conditions. Perturbations
associated with tropical cyclones include alteration of tidal
regimes, upwelling, vertical mixing, sediment resuspension,
and terrestrial runoff that affect estuaries, coastal areas and
the open ocean (Shiah et al. 2000; Babin et al. 2004; Wetz
and Yoskowitz 2013). The extent of these impacts is depend-
ent upon storm magnitude in terms of intensity (i.e.,
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amount of wind and precipitation), duration and location,
as well as upon environmental conditions of the system
before and after the passage of the cyclone (e.g., degree of
stratification and nutrient concentration). In addition, the
physical nature of the system (i.e., geometry and topogra-
phy) can influence the response (Mallin et al. 2002; Mallin
and Corbett 2006; Wetz and Paerl 2008b).

Considerable effort has been devoted to investigating the
impacts of tropical cyclones on phytoplankton in marine
ecosystems. Phytoplankton are the main source of primary
production supporting food webs in these systems and play
an essential role in biogeochemical cycling. Therefore, char-
acterization of the processes that influence phytoplankton
communities and of the consequent responses is crucial for
understanding ecosystem functioning. In the continental
shelf and in the open ocean, wind-forced upwelling, water
mixing and sediment resuspension, and occasionally riverine
nutrients can enhance nutrient concentrations that lead to
increases in phytoplankton biomass (Shiah et al. 2000; Lin
et al. 2003; Babin et al. 2004; Yuan et al. 2004; Hu and
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Muller-Karger 2007). In estuaries, wind-driven water mixing
and sediment resuspension can induce nutrient entrainment
to the water column by disrupting the stratification and
resuspending nutrients (e.g., Paerl et al. 2006b; Wetz and
Paerl 2008b). In addition, tropical cyclones can produce sub-
stantial input of nutrients and organic matter through fresh-
water river discharges as a result of precipitation that can
trigger phytoplankton blooms and shifts in the community
composition (Mallin et al. 1993). However, the high turbid-
ity and reduced water residence times often associated with
terrestrial runoff can also generate conditions that are unfav-
orable for phytoplankton growth (e.g., low light and rapid
flushing; Paerl et al. 1998; Peierls et al. 2003).

Phytoplankton responses to tropical cyclones in estuaries,
the continental shelf and the open ocean can be on the
order of days to several weeks (Fogel et al. 1999; Lin et al.
2003; Babin et al. 2004; Wetz and Yoskowitz 2013). In estua-
rine systems, long-term effects (months-years) after the pas-
sage of intense hurricanes have also been documented (Paerl
et al. 2001; Peierls et al. 2003), although considerable phyto-
plankton responses can occur on the order of days during
relatively weak tropical cyclones (Wetz and Paerl 2008b;
Paerl et al. 2010). Alterations of the environmental condi-
tions caused by tropical cyclones occur rapidly; conse-
quently, rapid shifts in the phytoplankton community
structure affect the responses of the associated food web
components (Zhang and Wang 2000; Wetz and Paerl 2008a).
However, most sampling programs are not designed to cap-
ture short-term (hours—-days) changes in the phytoplankton
community structure. Thus, the short-term response of phy-
toplankton to these events and the potential consequences
to ecosystem functioning remain largely unknown. Consid-
ering the episodic nature of tropical cyclones and their pre-
dicted increase under the future global change scenario,
studies characterizing the short-term phytoplankton
response are needed to fully understand the impact of these
climatic perturbations on ecosystem functioning.

The phytoplankton time series at the Texas Observatory
for Algal Succession Timeseries (TOAST) is located at the
entrance of the Mission-Aransas estuary, a subtropical coastal
ecosystem in the Gulf of Mexico. Using the Imaging FlowCy-
tobot (IFCB; Olson and Sosik 2007) continuous automated
images of the phytoplankton community at high temporal
resolution (hours) are generated (Campbell et al. 2010, 2013;
Henrichs et al. 2011). In addition to the high temporal reso-
lution, the IFCB time series offers other advantages with
respect to prior studies. It allows for the characterization of
the phytoplankton community to genus or species level.
Phytoplankton groups show different responses to environ-
mental changes as a result of their particular requirements
(e.g., nutrients), often at the species level (Reynolds 2006).
Moreover, selective grazing pressure on particular groups or
species may affect trophic transfers in the food web and
biogeochemical cycling. Thus, evaluation of the changes in
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phytoplankton community composition can provide a more
detailed understanding of ecosystem functioning. The loca-
tion of TOAST in a subtropical coastal ecosystem also pro-
vides the occasion to examine the effects of tropical cyclones
in an environment particularly sensitive to such episodic
perturbations. Due to the limited seasonality in light and
temperature, temporal patterns of phytoplankton abundance
in subtropical systems are often more influenced by varia-
tions in climatic conditions (e.g., episodic freshwater dis-
charges, tropical cyclones, droughts) than by seasonality
compared to temperate ecosystems (Murrell et al. 2007;
Phlips et al. 2012). Indeed, the dynamics of primary pro-
ducers, higher trophic levels and biogeochemical cycling are
more tightly coupled (Hoover et al. 2006; Murrell et al.
2007; Bruesewitz et al. 2013). Therefore, the relevant time
scale in these ecosystems can be of hours to days, for which
the high temporal resolution of the IFCB time series is
important.

In 2010, a sequence of four tropical cyclones (Hurricane
Alex, Tropical Depression Two, Tropical Storm Hermine, and
Hurricane Karl) occurred in the Gulf of Mexico. The IFCB
time series at TOAST provided an unprecedented opportu-
nity to investigate the responses of the coastal phytoplank-
ton community to tropical cyclones with high temporal
resolution (hours). The IFCB time series together with high
frequency measurements of physical and hydrological varia-
bles were analyzed to identify and characterize changes in
the phytoplankton community. Our aim was to improve our
knowledge on how tropical cyclones affect phytoplankton
communities at the relevant time scales.

Methods

Study area

The study area encompasses several estuarine systems of
the Western Gulf of Mexico (Texas): the Guadalupe,
Mission-Aransas and Nueces estuaries and the primary inlet
that connects these systems to the Gulf of Mexico, the Ara-
nsas Pass (Fig. 1). Water enters the Aransas Pass from the
Gulf of Mexico through three channels (Corpus Christi Ship
Channel, Lydia Ann Channel and Aransas Channel). The
estuaries are hydraulically connected through the Gulf Intra-
coastal Waterway, and Aransas Pass receives freshwater
inflow from several rivers discharging in the estuarine sys-
tems (Orlando et al. 1993). The estuarine systems are shallow
(~ 1-3 m average depth). The water column is typically well
mixed throughout the year (Brown et al. 2000). In addition
to tides, winds>7 m s~ ! can cause sediment resuspension in
the area (Wynne et al. 2005). The estuarine systems are usu-
ally nitrogen (N) limited (Pennock 1999; Mooney and
McClelland 2012). Although few studies have analyzed the
phytoplankton community in the Nueces and Mission-
Aransas estuaries, Holland et al. (1975) reported that the
community composition was uniform throughout the bays,
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Fig. 1. Location of: (a) the study area (red square) and landfall of Hurri-
cane Alex (A), Tropical Depression Two (T), Tropical Storm Hermine (H)
and Hurricane Karl (K) (red dots); and (b) TOAST in the Port Aransas
Ship Channel (red dot) and the rivers of the estuarine system, with the
USGS stream gauge stations (blue dots).

slightly influenced by the salinity regimes in the different
parts of the estuaries.

Imaging FlowCytobot time-series data

Phytoplankton community composition data were
acquired with the IFCB, which combines flow cytometry and
video technologies to capture images of nano- and micro-
plankton (> 10 to ~ 150 ym) and the associated fluorescence
and light scattering signals (Olson and Sosik 2007). Since
September 2007, the IFCB has been deployed at the TOAST
site on the University of Texas Marine Science Institute pier,
located in the Port Aransas Ship Channel in Aransas Pass,
Texas (27° 50.296' N, 97° 3.017" W; Fig. 1b). This station is
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part of the Mission-Aransas National Estuarine Research
Reserve (NERR) System Wide Monitoring Program. The Port
Aransas Ship Channel is a well-mixed channel with strong
tidal currents. Tidal range is ~ 1.0 m and the average water
depth is 6.5 m. Water temperature ranges from 7.1°C to
32.1°C (average 23°C) and salinity ranges from 12.6 to 41.3
(average ~ 32.2).

Tidal velocity ranges from —1.5 m s ' to —1.8 m s/,
where negative values indicate water movement into the
channel (Harred and Campbell 2014). The location of the
IFCB at the entrance to the estuary allows characterization
of the plankton community of both estuarine and coastal
waters as the water flow moves from the estuaries to the sea
(outgoing tide) and moves from the sea into the estuaries
(incoming tide).

The IFCB collects a 5 mL sample of near-surface water
every ~ 20 min. It runs continuously, although in the time
series used for this study there are a few gaps (usually ~ 1 d)
due to electrical power failures caused by the cyclones or for
maintenance. Image files are processed and classified auto-
matically following the approach described by Sosik and
Olson (2007), with the modification of replacing the support
vector machine with an assemblage of decision trees
obtained by the random forest approach of Breiman (2001).
For this study, the automated classifier used to classify the
data had 53 categories that represented the community com-
position of phytoplankton and microzooplankton of the
study area (Supporting Information Table S1). Categories
were defined by morphology, so were either genus- or
species-specific or groups of taxa with similar morphological
characteristics. The classifier included 21 categories of dia-
toms, 11 categories of dinoflagellates, 7 categories of other
phytoplankton groups, the category Other cells (small cells
that cannot be taxonomically identified from the images),
11 categories of microzooplankton, and a detritus category
(noncellular material).

A training set for the automated classification was pro-
duced with 300 images for each category selected at random
from the image data set spanning from 2007 to 2010. An
optimized threshold of classification probability score from
the random forest approach was determined for each cate-
gory. The thresholds minimized residuals between manual
and classifier-based abundance estimates. To evaluate the
accuracy of the automated classification, randomly selected
files from the 2007-2012 image data set were classified man-
ually. A total of 106,383 images were visually inspected and
manually placed into their corresponding categories (at least
150 images for category). Manual and automated results
were compared and a correction of abundance estimates was
applied as described in Sosik and Olson (2007). Overall, the
automated classification and correction accuracy across all
53 categories was 77%.

Estimation of cell abundance of chain-forming diatoms
was performed as described in Olson and Sosik (2007). The
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number of cells per chain was counted in images for every
chain-forming diatom category; reprentative images were
selected to cover the range of chain length as much as possi-
ble. The measured duration of chlorophyll fluorescence sig-
nal in each chain was calibrated with the corresponding
manual cell count to obtain estimations of cell abundances
over the entire time series.

Meteorology, hydrology, and physical variables

To characterize the spatial distribution and the temporal
evolution of the four tropical cyclones, we used 10-m wind
and sea-level atmospheric pressure fields from the European
Centre for Medium-Range Weather Forecasts ERA-Interim
reanalysis (Dee et al. 2011). Meteorological and hydrological
data from stations near the IFCB (< 1 km) were used to
assess the local effects of the cyclones. Precipitation data
were taken from the National Oceanic and Atmospheric
Administration’s (NOAA) National Weather Service (station
Mustang Beach Airport; http://www.weather.gov/). Sea level
and salinity were obtained from the Mission-Aransas NERR
website from the Port Aransas Ship Channel station (http://
cdmo.baruch.sc.edu/). Current velocity data were down-
loaded from the Texas A&M University Corpus Christi Divi-
sion of Nearshore Research website (http://lighthouse.
tamucc.edu/) from the Real-Time Navigation System Station
located on the Port Aransas Ship Channel station. Tidal sea
level and currents were estimated from sea level and current
velocity data by an iteratively reweighted least-squares calcu-
lation of harmonic analysis (Leffler and Jay 2009). Fresh-
water discharges to the estuary system were compiled from
the U.S. Geological Survey (USGS) database from stream
gauge stations that where more closely located to the estua-
ries (Guadalupe river, station 08176500; San Antonio river,
station 08188500; Copano creek, station 08189200; Mission
river, station 08189500; Aransas river, station 08189700;
Nueces river, station 08211500; Oso creek, station 08211520;
Fig. 1Db).

Data analysis

Of the 53 categories in the classifier, only 23 categories
were included in the data analysis (see Supporting Informa-
tion Table S1); the remaining phytoplankton categories were
generally absent, or if present, they appeared sporadically
and at very low abundances. Hourly data for each of these
23 categories were used to characterize the responses of the
phytoplankton community over the study period. Because
this data set is too large for direct visualization and analysis,
a method to encode the time series of the different catego-
ries into a smaller set of numbers is necessary. This can be
accomplished using principal component analysis (PCA),
which is a common exploratory multivariate statistical tech-
nique (Hotelling 1933). The mathematical basis of the PCA
technique is provided in the Supporting Information. The
PCA was applied to hourly averaged and standardized data
from the 23 categories over the entire time series (data from
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2008 to 2012). The PCA decomposes data into the patterns
(components) that explain most of the variation of the dif-
ferent phytoplankton categories, which allows identification
of the phytoplankton community responses over the course
of the tropical cyclones.

To determine if the observed increases in abundance were
consistent with potential cell growth in response to environ-
mental stimulation driven by the cyclones, estimates of
growth rates were calculated for each of the categories that
dominated the responses identified by the PCA. Category-
specific growth rates were calculated as the logarithm of the
difference in cell abundance between the maximum peak of
the category and the onset of the stimulation process
divided by the time interval between these points.

Results

Tropical cyclones description

In 2010, four tropical cyclones occurring in the Gulf of
Mexico had substantial impact in the study area within a 12-
week period. Landfall locations are indicated in Fig. 1a. Trop-
ical cyclones were concentrated in two periods, June-July
and September (Fig. 2). The first cyclone of June-July was
Hurricane Alex, which moved from the southwestern Gulf of
Mexico on 28 June toward the north-northwest while gradu-
ally intensifying. Alex made landfall in northeastern Mexico
as a strong Category 2 hurricane on 01 July and rapidly
weakened over land on 02 July. The second cyclone of June-
July was Tropical Depression Two, formed ~ 1 week after
Alex over the western Gulf of Mexico from a tropical wave
and made landfall on 08 July. During September, the first
cyclone was Tropical Storm Hermine, which developed over
the southwestern Gulf of Mexico on 06 September. Hermine
moved north and made landfall on the coast of northeastern
Mexico on 07 September. After 10 d Hurricane Karl, the sec-
ond September cyclone, emerged over the southern Gulf of
Mexico as a strong Category 3 hurricane on 16 September.
Karl made landfall on 17 September on the eastern coast of
Mexico (relatively far from the study area).

Hydrological and physical conditions

As a consequence of the strong onshore winds along the
Texas coast, storm surges developed in Port Aransas Ship
Channel and adjacent estuarine systems during the passage
of each pair of tropical cyclones (Figs. 3a, 4a). The magni-
tude of the storm surge was related to the intensity of the
tropical cyclone; thus, storm surge was greater for hurricanes
Alex and Karl (~ 0.62 m and ~ 0.38 m, respectively) than
Two and Hermine (~ 0.36 m and ~ 0.18 m, respectively).
After the passage of the tropical cyclones, the sea level grad-
ually recovered.

The tropical cyclones also brought heavy rains to a large
portion of southern Texas. At the station nearest to TOAST,
the total accumulated precipitation recorded was 108.2 mm,
25.1 mm, 152.4 mm, and 334.5 mm for Alex, Two, Hermine
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Fig. 2. Spatial distribution and temporal evolution of the tropical cyclones in the study area in 2010: wind directions and speed (arrows) and sea-
level pressure (color bar). From top to bottom: Hurricane Alex, Tropical Depression Two, Tropical Storm Hermine and Hurricane Karl.

and Karl, respectively (Figs. 3b, 4b). As a result, freshwater
discharge recorded at the USGS stations increased. During
June-July, peak daily mean streamflow reached 290 m?* s™!
after Alex, sixfold greater than baseline streamflow before
the hurricane’s passage (Fig. 3b). Average daily mean stream-
flow after Alex was 145 m® s '. Freshwater discharge
declined gradually during the following days until the sec-
ond tropical cyclone (Two) occurred. Despite the low precipi-
tation recorded, Two produced moderate freshwater
discharge, with average and peak daily mean streamflows of
131 m® s ! and 257 m® s™!, respectively. During September,
Hermine caused large freshwater runoff, with peak daily
mean streamflow of 490 m® s~ ! following its passage, 16-fold
greater than baseline streamflow before the passage of the
tropical storm (Fig. 4b). Average daily mean streamflow after
Hermine was 208 m® s~ !. Hurricane Karl also produced sub-
stantial freshwater discharge. Average and maximum daily
mean streamflow reached 199 m® s™! and 474 m® s7},
respectively.

Freshwater discharge caused a consequent salinity
decrease at the study site (Figs. 3¢, 4c). In June-July, salinity
started to decline gradually from 35 since the passage of
Alex reaching a minimum of 23 after Two (Fig. 3c). Then,
salinity recovered progressively to baseline values in ~ 6 d.
The impact of the freshwater discharge in September was
greater. As a result of the combined freshwater discharge
after Hermine and Karl, salinity decreased dramatically over
23 d and attained minimum values of 21-24 for several days
(Fig. 4c¢). Afterward, salinity remained around 24-26 for ~ 10
d and then increased progressively. The period for salinity
recovery to pre-cyclone levels lasted ~ 8 d.

Phytoplankton community responses

The total abundance of phytoplankton cells showed
marked responses to the tropical cyclones (Figs. 3d, 4d). In
June-July, a progressive increase in the total abundance of
phytoplankton cells was observed, which initiated during
the passage of Alex (Fig. 3d). Total cells reached the
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Fig. 3. Hydrological, physical and biological conditions during June-
July at TOAST in the Port Aransas Ship Channel: (a) sea level (red line)
and de-tided sea level (black line); (b) precipitation (red bars) and total
freshwater discharges calculated from the USGS stream gauge stations
(black line); (c) salinity (red line) and low-pass filtered salinity (33-h)
(black line); (d) total phytoplankton cell abundance. Vertical dashed
lines indicate start of the storm surge (black line) and the freshwater dis-
charge (red line) for each tropical cyclone. Grey bars indicate temporal
evolution of Hurricane Alex (A) and Tropical Depression Two (T) as in
Fig. 2.

maximum abundance (10.3 X 10° cells L™ !) 4.9 d after the
increase in freshwater discharge (Fig. 3d). Total cell abun-
dance afterward was lower and variable, showing peaks in
abundance during and after the passage of Two. After the
period of salinity recovery, abundance decreased until reach-
ing values similar to those before the cyclones. During Sep-
tember, total cell abundances were lower compared to June-
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Fig. 4. Hydrological, physical and biological conditions during Septem-
ber at TOAST in the Port Aransas Ship Channel: (a) sea level (red line)
and de-tided sea level (black line); (b) precipitation (red bars) and total
freshwater discharges calculated from the USGS stream gauge stations
(black line); (c) salinity (red line) and low-pass filtered salinity (33-h)
(black line); (d) total phytoplankton cell abundance. Vertical dashed
lines indicate start of the storm surge (black line) and the freshwater dis-
charge (red line) for each tropical cyclone. Grey bars indicate temporal
evolution of Tropical Storm Hermine (H) and Hurricane Karl (K) as in
Fig. 2.

July (Fig. 4d; note the different scales for y axis in Figs. 3d,
4d). Total abundances showed a modest increase during the
passage of Hermine, followed by a slightly decreasing tend-
ency that reached minimum concentrations after the ele-
vated freshwater discharge. Abundances increased abruptly
and reached up to 1.2 X 10° cells L™! 12 d after the increase
in freshwater discharge caused by Karl.
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PCA was applied to each of the two tropical cyclone peri-
ods (June-July and September). Each pair of tropical cyclones
had combined effects with respect to freshwater discharge
and impact on salinity in the Port Aransas Ship Channel (see
Figs. 3b-c, 4b—c). Therefore, the periods analyzed for the
June-July and September events were based on salinity
observations and correspond to the time of the first impact
to the time when salinity recovered to its pre-cyclone level.
For comparison, PCA was also computed for each individual
tropical cyclone and for the entire period (i.e., including all
tropical cyclones); results were coherent with those we pres-
ent here (not shown).

As mentioned above, PCA identifies the dominant coher-
ent fluctuations of the phytoplankton categories with respect
to the time series mean abundances for the corresponding
period. Further, the time series were standardized over the
entire I[FCB time series, so PCA represent deviations with
respect to the standard deviation of each category for the
entire [FCB time series. Figure 5 shows the time series mean
abundances and standard deviations for each period and for
the entire time series. Differences between time series for
June-July and the entire time series are significant for all the
categories (ANOVA, p <0.05), with the exception of Guinardia,
Leptocylindrus, Prorocentrum texanum, Pennate, Pseudo-nitzschia,
and Rhizosolenia. For September, the categories Chaetoceros
simplex, Guinardia, Leptocylindrus, Prorocentrum minimum, P.
texanum, and Pseudo-nitzschia are not significantly (ANOVA,
p>0.05) different from the entire time series.

Figures 6 and 7 show the scores and category loadings for
the first three PCA components. The scores of the PCA com-
ponents indicate the response of the phytoplankton commu-
nity over time (left panels), and the increase or decrease in
abundance of each category according to its corresponding
loading (right panels). Positive loading values for a specific
category indicate an increase in its abundance when the
score increases. In contrast, negative loadings represent a
decrease in the abundance when the score increases. Values

close to zero indicate that the category does not follow the
evolution displayed by the corresponding component. The
original (standardized) time series of each period can be well
approximated by simple linear combination of the most rele-
vant scores multiplied by their corresponding loadings. To
investigate the origin of the phytoplankton community
involved in the response (estuarine or coastal), the fluctua-
tions in time of the scores are plotted against outgoing and
incoming tide (denoting estuarine and coastal origin,
respectively).

The results of the PCA showed that the first three compo-
nents accounted for 76.6% of the variance in June-July (Fig.
6). The first PCA component, which explained 38.8% of the
variability of the phytoplankton community, revealed
increases for most of the categories that started progressively
2 d after the increase in freshwater discharge following Alex
and reached a notable peak ~ 4.9 d after (Fig. 6a). Increase
peaks were mostly coincident with the outgoing tide. As
shown in Fig. 6b, the response was dominated by categories
with higher positive loadings: the diatoms Thalassiosira
(maximum cell abundance 7.4 X 10° cells L™'), Flagellates
(maximum cell abundance 0.6 X 10° cells L™ '), and Other
cells (maximum cell abundance 1.4 X 10° cells L™!). The
estimated growth rates were 1.1 d ™! for Thalassiosira, 1.1 d™!
for Flagellates, and 0.7 d~' for Other cells. A few categories
(Dinoflagellates, P. texanum, Guinardia and Rhizosolenia)
experienced a slight decrease (negative loadings) with respect
to their time series mean values.

The second PCA component, accounting for 19.2% of the
variability, was characterized by marked increases during the
storm surges of the tropical cyclones (Alex and Two) and
when the salinity started to recover (Fig. 6¢). Most of the
peaks coincided with incoming tides, except for the first
peaks during the storm surges. The categories that increased
were mainly diatoms, primarily Asterionellopsis and Skeleto-
nema (Fig. 6d). The maximum increase peak occurred 2.5 d
after the onset of the storm surge for Alex and 0.8 d for
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Fig. 6. Results of the first three PCA components for June-July: left panel (a, c and €) PCA scores, where red lines indicate outgoing tide and black
lines incoming tide; right panel (b, d, f) category loadings. Red bars indicate dinoflagellates, grey bars indicate diatoms, black bar indicates Flagellates,
and white bar indicates Other cells. Note the difference in scale in PCA scores and category loadings. Vertical dashed lines indicate start of the storm
surge (black line) and the freshwater discharge (red line) for each tropical cyclone. Grey bars indicate temporal evolution of Hurricane Alex (A) and

Tropical Depression Two (T) as in Fig. 2.

Two. Maximum cell abundances for Asterionellopsis were 0.2
X 10° cells L' during Alex and 0.5 X 10° cells L~' during
Two; and for Skeletonema were 0.6 X 10° cells L~! during
Alex and 0.5 X 10° cells L' during Two. The estimated
growth rates for Asterionellopsis were 1.4 d~' and 1.2 d™ ' dur-
ing Alex and Two, respectively; and for Skeletonema were 1.2
d ! and 1.5 d”'. The categories that decreased during these
peaks were the diatoms C. simplex, Cylindrotheca and Pen-
nate, and all dinoflagellate categories except for Prorocentrum
and P. texanum.

The third PCA component, which accounted for 18.6% of
the variability, showed a moderate response 0.8 d after the
initiation of the storm surge of Alex and a stronger response
2.9 d after the initiation (Fig. 6e). The first peak was associ-
ated with incoming tide and the second with outgoing.
Only diatoms, primarily the category DactFragCerataul (Dac-
tyliosolen fragilissimus, Cerataulina pelagica and Leptocilyndrus
danicus, see Supporting Information Table S1; maximum cell
abundance 3.1 X 10° cells L™ ") and Cylindrotheca (maximum
cell abundance 0.2 X 10° cells L™") increased notably (Fig.

6f). The calculated growth rates were 1.0 d~' and 1.3 d”},
respectively for both categories. Dinoflagellates did not
respond notably or decreased (especially Polykrikos hartmannii
and Prorocentrum). Pennate, Flagellates, and Other cells cate-
gories also decreased.

For September, PCA results showed that the first three
components accounted for 75.8% of the variance (Fig. 7).
Most of the variability of the phytoplankton community was
explained by the first component (34.6%), which revealed a
modest increase of several categories 4.3 d after the fresh-
water discharge following Hermine, and a larger increase 6.8
d after the elevated freshwater discharge period following
Karl (Fig. 7a,b). Peaks were coincident with both incoming
and outgoing tides, but the majority were associated with
the latter. The response was dominated by the dinoflagellates
Akashiwo sanguinea and P. hartmannii, but most of the other
dinoflagellate categories, Flagellates, Other cells and a few
diatoms also increased (Fig. 7b). In the case of Hermine, cal-
culated growth rates for A. sanguinea (maximum cell abun-
dance 0.4 X 10* cells L™') and P. hartmannii (maximum cell
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Fig. 7. Results of the first three PCA components for September: left panel (a, c and €) PCA scores, where red lines indicate outgoing tide and black
lines incoming tide; right panel (b, d, f) category loadings. Red bars indicate dinoflagellates, grey bars indicate diatoms, black bar indicates Flagellates,
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surge (black line) and the freshwater discharge (red line) for each tropical cyclone. Grey bars indicate temporal evolution of Tropical Storm Hermine

(H) and Hurricane Karl (K) as in Fig. 2.

abundance 4.6 X 10* cells L™ ') were 0.7 d~* for both species.
For Karl, growth rates were 0.8 d~' for A. sanguinea (maxi-
mum cell abundance 2.8 x 10* cells L™!) and 0.7 d™! for P.
hartmannii (maximum cell abundance 1.0 X 10* cells L™1).
The only category that decreased was DactFragCerataul.

The second PCA component, which accounted for 25.2%
of the variability, showed a response pattern that started
moderately after the freshwater discharge following Karl
reaching maximum values 12 d after, and extended, with a
downward trend, during salinity recovery (Fig. 7c¢). As
observed with the first component, most peaks were coinci-
dent with outgoing tides. The dominant categories of the
response were the diatom DactFragCerataul (maximum cell
abundance 2.4 X 10° cells L™ ') and the dinoflagellate Proro-
centrum (maximum cell abundance 0.4 X 10* cells L™'). Esti-
mated growth rates were 0.4 d ' and 0.3 d ' for
DactFragCerataul and Prorocentrum, respectively. All other
dinoflagellate categories, Flagellates, Other cells and a few
diatom categories also showed a more moderate increase
(Fig. 7d). The categories that decreased or did not respond

substantially were mainly diatoms, with Pennate showing
the largest decrease.

The third PCA component accounted for 16% of the vari-
ability and was characterized by the increase of almost all
categories during the storm surges of Hermine and Karl and
during salinity recovery (Fig. 7e). The highest increase peaks
occurred 4.3 d after the start of the storm surge for Hermine
and 6.8 d for Karl. Both peaks corresponded to incoming
tides, while other minor peaks corresponded to outgoing
tides. The category dominating the response was the diatom
Thalassionema, and only the dinoflagellate A. sanguinea
showed a clear decrease (Fig. 7f). Estimated growth rates for
Thalassionema (maximum cell abundance 1.4 x 10° cells L™}
and 0.7 x 10° cells L™! for Hermine and Karl, respectively)
were 0.9 d~! for both tropical cyclones.

Discussion

Phytoplankton community responses to environmental
changes associated with episodic perturbations such as
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tropical cyclones can occur rapidly. To our knowledge, this
study is the first to report the effect of tropical cyclones on
phytoplankton community composition over the course of
their passage and aftermath with high temporal resolution
(hours). This is mainly because of the episodic nature of
tropical cyclones and the lack of observational tools capable
of characterizing phytoplankton communities at the appro-
priate temporal resolution. With the high-frequency meas-
urements provided by the IFCB, we were able to capture and
quantify the short-term responses (hours—days) of the phyto-
plankton community related to tropical cyclones in an
estuarine-coastal system. We first discuss the possible causes
of the responses and their relation to the cyclone characteris-
tics. Next, we examine the responses at the community com-
position level, and finally we discuss the implications of our
findings in a larger context.

Causes of phytoplankton responses to the tropical
cyclones

Tropical cyclones produced two major impacts in the
physical conditions of the studied area. First, the strong
onshore winds during the passage of the cyclones caused
storm surges. Afterward, heavy rains produced a substantial
increase in freshwater discharge. The PCA suggests that phy-
toplankton responded to both processes. The phytoplankton
peaks lagged the onset of storm surges by 0.8-3.6 d and the
freshwater discharges by 4.9-12 d. The estimated growth
rates for the dominant categories in each response (0.8-1.5
d~! for the storm surges and 0.3-1.1 d~' for the freshwater
discharges) agree with the values reported in the literature
for the taxa considered (Karentz and Smayda 1984; Collos
1986; Furnas 1990; Crosbie and Furnas 2001; Litchman et al.
2007; Matsubara et al. 2007). This confirms the correspon-
dence between the phytoplanton response and the corre-
sponding stimulating process.

Previous studies have shown that phytoplankton increases
in coastal and estuarine systems during the passage of tropi-
cal cyclones occur as a result of nutrient entrainment caused
by wind-forced upwelling, water mixing, and sediment resus-
pension (e.g., Fogel et al. 1999; Shiah et al. 2000; Paerl et al.
2006b). Nutrient pulses can enhance phytoplankton concen-
trations within a few hours (Collos 1986; Pinckney et al.
1999). Unfortunately, nutrient data were collected only once
a month at the Mission-Aransas NERR, and did not coincide
with the tropical cyclone occurrences, so could not capture
the short-term impact on nutrient concentrations. However,
the rapid responses by the phytoplankton to the storm
surges suggest growth of the phytoplankton community is
due to nutrient enhancement. Storm surge, in combination
with strong winds, can cause substantial sediment resuspen-
sion. The responses of the phytoplankton community to the
storm surges showed increases first during incoming tides
(Figs. 6¢, 7e), indicating that environmental conditions were
conducive for phytoplankton growth in nearshore waters
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outside the estuary. The second increases in the phytoplank-
ton response to the storm surge were associated with out-
going tides (Fig. 6c,e), supporting the observation that
conditions inside the estuary were also favorable for growth.

The phytoplankton community also showed responses
associated with the freshwater discharges after the passage of
the tropical cyclones. These responses were greater than
those during storm surge. The peaks in the responses were
coincident with outgoing tides, which suggests favorable
conditions for phytoplankton growth inside the estuary.
Numerous publications describe increases in phytoplankton
biomass and changes in the community composition trig-
gered by nutrient supply due to freshwater inflow related to
tropical cyclones (e.g., Mallin et al. 1993; Paerl et al. 2001,
2006a). Indeed, there was elevated nutrient loading through
river runoff after these tropical cyclone events in the
Mission-Aransas estuary (~ 1300—2700 kg d ' of nitra-
te + nitrite and ~ 90—550 kg d~! of ammonium; Bruesewitz
et al. 2013; Turner et al. 2014). Therefore, increased nutrient
input into the estuaries associated with freshwater discharge
was a likely cause for the observed increases in cell
abundances.

The impacts of tropical cyclones on phytoplankton are
variable and depend on cyclone characteristics, on proximity
of landfall location, and on environmental conditions of the
system both before and after the passage of the tropical
cyclone (Mallin et al. 2002; Mallin and Corbett 2006; Wetz
and Paerl 2008a). Our results show definite phytoplankton
responses both during and after the passage of the four tropi-
cal cyclones, although responses varied. Storm surges associ-
ated with the passage of the cyclones induced responses at
community level for all cyclones, but were more notable
during Alex, Two and Hermine. Although Hurricane Karl
was one of the more intense cyclones (along with Alex), the
landfall location was the farthest from the study area (Fig.
la). This likely weakened the impact of Karl on the phyto-
plankton community during the storm surge at our study
site. Another possibility is a role of light limitation due to
sediment resuspension reducing phytoplankton growth. We
can discount this effect, however, because maximum turbid-
ity values in the Port Aransas Ship Channel were registered
during the passage of Alex and they were much lower during
Karl (data not shown).

Total cell abundance maxima occurred after Hurricane
Alex (10.3 x 10° cells L") and Hurricane Karl (1.2 x 10°
cells L™') in response to the freshwater discharge for each
pair of tropical cyclones. In contrast, cell abundances did
not show a clear increase following Two and Hermine. This
suggests a relationship between cyclone intensity and total
phytoplankton abundance. It is plausible that the input of
nutrients through the moderate river discharge after Two
was not sufficient to trigger notable responses in the phyto-
plankton community at our study site, as reported in other
estuaries (Paerl et al. 2006a,b; Wetz and Paerl 2008a).
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However, the freshwater discharge after Hermine was the
highest of the four tropical cyclones. Rapid flushing due to
elevated freshwater inflow can result in unfavorable condi-
tions for marine phytoplankton growth and in transport of
phytoplankton cells (Paerl et al. 1998; Peierls et al. 2003).
The rapid decrease in salinity after the river discharge follow-
ing Hermine suggested increased flushing in the estuary,
which may have restricted the buildup of phytoplankton
biomass.

Responses at the community composition level

Examination of the categories involved in the different
response patterns of the phytoplankton community allowed
for a more detailed understanding of the variability in the
community composition in relation to the effects of the
tropical cyclones. Responses during the passage of the tropi-
cal cyclones were mainly dominated by diatoms. Diatoms
are fast-growing taxa known to respond rapidly to nutrient
input (Collos 1986; Pinckney et al. 1999). Particularly dur-
ing the passage of Alex, we observed a considerable number
of responses in the community composition within a very
short period (0.8-3.6 d). The response during the storm
surge caused by this hurricane (Fig. 6¢) showed a marked
increase in cell abundance that consisted predominantly of
the diatoms Asterionellopsis and Skeletonema (Fig. 6d). Aster-
ionellopsis and Skeletonema are common in coastal neritic
waters, and Skeletonema has been reported to be dominant
after a hurricane where upwelling was a nutrient source
(Tsuchiya et al. 2013). These taxa are able to grow rapidly
under favorable conditions and have among the highest
growth rates measured for diatoms both in situ and in labo-
ratory cultures (1.3-2.9 d™ ! and 0.7-4.3 d~' for Asterionellop-
sis and Skeletonema, respectively; Karentz and Smayda 1984;
Furnas 1990). Moreover, there was a moderate increase in
Cymatosira, a typical benthic diatom, which could be an
indication of resuspension (Hasle and Syvertsen 1997).
Therefore, the increase of these categories together with
their association with incoming tides supports our assump-
tion that conditions in nearshore waters outside the estuary
were favorable for phytoplankton growth as a result of
nutrient entrainment. Shortly after (0.4 d) and coinciding
with outgoing tides, the community shifted and was char-
acterized by the increases in the categories DactFragCera-
taul and Cylindrotheca (Fig. 6e,f). Species included in
DactFragCerataul have high in situ and laboratory growth
rates ranging between 0.4 d~ ' and 1.9 d™' (Karentz and
Smayda 1984; Furnas 1990; Crosbie and Furnas 2001).
Cylindrotheca is an estuarine diatom planktonic and epipelic
(mud-inhabiting) with high in situ growth rates (0.5-3.3
d™!; Furnas 1990; Crosbie and Furnas 2001), and therefore
the observed increase could indicate growth after resuspen-
sion. This reinforces the idea that the storm surge also
resuspended nutrients inside the estuary, which favored the
rapid growth of these diatom taxa.
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The response during the passage of Two showed an
increase of the same diatoms observed during the passage of
the previous hurricane, Alex (Fig. 6¢,d). As mentioned above,
the species dominating the response (Asterionellopsis and
Skeletonema) were characteristic of coastal neritic and upwell-
ing regions. The maximum peak of the response, however,
coincided with incoming tide. It should be noted that there
is a data gap before this peak, hampering the interpretation
of the observations. The community response to the storm
surges of the tropical cyclones in September (Hermine and
Karl) was also dominated by diatoms (Fig. 7e,f), although the
primary species were different than those during June-July
(mainly Thalassionema). Thalassionema is a coastal neritic
diatom found in upwelling regions with high in situ and lab-
oratory growth rates (0.6-1.8 d'; Karentz and Smayda 1984;
Crosbie and Furnas 1990). We note that the very high
growth rates of the diatom taxa that dominated the
responses to the storm surges are in agreement with our esti-
mated growth rates.

Freshwater discharges associated with the tropical cyclo-
nes also triggered notable responses in the phytoplankton
community composition; however, these were characterized
by different species and taxonomic groups. In general, the
response to freshwater input showed an increase of dinofla-
gellates, Flagellates and Other cells. In the case of Alex,
increases in a large number of diatoms were also observed.
Increase of dinoflagellates shortly after high freshwater
inflows following tropical cyclones has been reported in pre-
vious studies (Zeeman 1985; Tsuchiya et al. 2013). This shift
seems to be related to the ability of dinoflagellates to assimi-
late organic compounds together with the high input of
these substrates from river runoff. Flagellates and Other cells
were the secondary groups that contributed to the commu-
nity response. A visual inspection of the images revealed
that Flagellates and Other cells included a substantial pro-
portion of prasinophytes, euglenophytes and cryptophytes,
which are fast-growing phytoplankton groups that respond
rapidly to nutrient enrichment associated with freshwater
inflow and under reduced salinity conditions (e.g., Pinckney
et al. 1999; Paerl et al. 2006b, 2010). These taxa have maxi-
mum growth rates ranging between 1.3 d~! and 1.6 d!
(Litchman et al. 2007). The response to the discharge after
Hermine and Karl was dominated by two dinoflagellate cate-
gories, A. sanguinea and P. hartmannii (Fig. 7a,b), both com-
mon estuarine species (e.g., Badylak and Phlips 2004;
Rothenberger et al. 2009; Phlips et al. 2010). A. sanguinea
can sustain growth rates up to 1.1 d~' (Matsubara et al.
2007). In contrast, although dinoflagellates increased during
the discharge period following Alex, the community
response was dominated by a genus of diatoms (Thalassio-
sira; Fig. 6a,b). Thalassiosira is typically found in a wide
range of habitats and exhibits high growth rates (0.8-2.6
d~%; Karentz and Smayda 1984; Furnas 1990; Crosbie and
Furnas 2001). It should be noted that the second, more
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moderate response after the freshwater discharge in Septem-
ber (PCA component 2; Fig. 7c,d) was dominated by another
diatom category, DactFragCerataul. The freshwater discharge
that resulted from the rainfall after the tropical cyclones,
caused very high loading of dissolved organic nitrogen
(DON) to the Mission-Aransas estuary, with maximum values
reached after Karl (~ 700—12500 kg d~! of DON; Bruesewitz
et al. 2013; Turner et al. 2014). Dinoflagellates are physiolog-
ically well suited to benefit from organic N forms (Bronk
et al. 2007; Dagenais-Bellefeuille and Morse 2013, and refer-
ences therein), which confers a competitive advantage in
organic N-rich environments. Thus, dinoflagellate species
likely responded more notably than fast-growing phyto-
plankton groups such as diatoms and small flagellates. Dia-
toms, on the other hand, are known to take advantage of
large and episodic inputs of inorganic N for rapid growth,
rather than from organic compounds (Bronk et al. 2007;
Wawrik et al. 2009). In addition, some diatom species have
the capacity for intracellular nutrient storage that allows
them to keep dividing long after nutrient uptake, which rep-
resents an ecological advantage with respect to other phyto-
plankton groups, including dinoflagellates (Collos 1986;
Pinckney et al. 1999). In particular, Thalassiosira shows time
lags between nutrient pulses and cell division of up to 72 h
due to its capability of internal nutrient accumulation (Col-
los 1986). Similarly, species of Dactyliosolen and Cerataulina
(species included in DactFragCerataul) have been reported to
bloom in nutrient-pulsed environments as a result of an eco-
logical strategy favored by nutrient storage ability (Phlips
et al. 2010). This ecological strategy may explain the domi-
nance of Thalassiosira and DactFragCerataul in the commu-
nity response after the freshwater discharge following Alex
and Karl, respectively. As observed in responses to the storm
surges, the growth rates estimated for the categories that
dominated the responses to freshwater discharges are in
accordance with those reported in the literature.

Potential implications in ecosystem functioning

Previous reports have shown increases in phytoplankton
biomass shortly after (< 1 week) the passage of a tropical
cyclone (Miller et al. 2006; Paerl et al. 2006b; Wetz and Paerl
2008a; Tsuchiya et al. 2013). Indeed, in our study we
observed a significant phytoplankton bloom that reached its
maximum abundance 4.9 d after the passage of hurricane
Alex. Utilizing the IFCB, we were able to determine that the
bloom was dominated primarily by Thalassiosira, which
reached abundances up to 7.4 X 10° cells L™!. Based on the
IFCB time series at TOAST, this bloom was the largest ever
recorded for Thalassiosira. In addition, the occurrence of a
Thalassiosira bloom in July was rare, since the highest abun-
dances were usually observed during winter—spring months
(December—April). A previous study in the Neuse River also
reported higher abundance of Thalassiosira during years with
hurricanes (Rothenberger et al. 2009); however, these high
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abundances occurred during the typical season (winter—
spring). Similarly, the notable increases in cell abundance of
the dinoflagellates A. sanguinea and P. hartmannii detected
during the discharges after the September tropical cyclones,
although modest compared to Thalassiosira, were also the
maximum abundances observed for both of these species.

In estuarine and coastal ecosystems, pulsed nutrient
inputs can alter the plankton community structure, with
implications for ecosystem functioning and health. Rapid,
short-term changes in phytoplankton composition like the
ones observed in the present study can influence the compo-
sition of the grazer communities, and by extension of higher
trophic levels (Zhang and Wang 2000; Hoover et al. 2006).
In addition, the type of N supplied can further influence the
trophic interactions through the promotion of blooms of
specific phytoplankton groups. For example, dinoflagellates,
which appear to be stimulated by organic N forms, are con-
sidered to have less nutritional value compared to diatoms,
or are less preferred as food (Sterner and Schulz 1998).
Although further study is required to determine whether the
observed deviations produced positive or negative effects on
trophic transfers and their efficiency, it is clear that tropical
cyclone events exerted changes on the phytoplankton com-
munity in our study area, and consequently, potentially to
ecosystem functioning.

Conclusions

The detailed taxonomic time series of phytoplankton
community composition from the IFCB provides essential
knowledge on the responses of the phytoplankton commu-
nity to tropical cyclones at the relevant ecosystem time
scale. Moreover, it reports baseline information on the
effects of tropical cyclones in an estuarine and coastal sys-
tem from the Western Gulf of Mexico. The high-frequency
measurements of the IFCB allowed for the detection of
short-term responses (hours-days) of the phytoplankton
community, which would have been undetected with the
typical low-frequency samplings. Some shifts in the com-
munity structure were of very short duration (a few days),
but such short-term events can affect higher trophic levels
(e.g., Zhang and Wang 2000; Hoover et al. 2006; Wetz and
Paerl 2008b). The potential for rapid responses emphasizes
the need for high-resolution sampling to fully capture the
effects of these perturbations on the ecosystem. In addition,
the location of the IFCB at the entrance to the estuary
permited identification of phytoplankton responses both in
the estuarine system and in the nearshore coastal waters.
These observations underscore the potential of tropical
cyclones to alter the phytoplankton community of both
types of ecosystems. Deployment of additional instruments
to increase spatial resolution within this coastal system
would help to distinguish the responses of the estuarine
and nearshore ecosystems.
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The alterations in the phytoplankton community caused
by the tropical cyclones produced significant deviations for
most analyzed taxa from 2008 to 2012 averages. This implies
that we have to be very cautious when extracting global sig-
nals of climate change from phytoplankton observations in
coastal and estuarine ecosystems where episodic processes
like tropical cyclones can mask tendencies induced by
changing climate (Cloern and Jassby 2008). In addition,
some of the species that were involved in the responses to
the tropical cyclones, A. sanguinea and P. hartmannii, are
toxic species (Cardwell et al. 1979; Tang et al. 2013). Other
studies reported the occurrence of toxic species following a
hurricane (Hall et al. 2008). The few tropical cyclones ana-
lyzed in our study do not allow us to determine if occur-
rence of harmful algal blooms will be enhanced by the
predicted increase in tropical cyclone frequency in the
future. The physical and hydrological impacts and the result-
ing effect in phytoplankton were unique for each tropical
cyclone, as has been reported in the literature (e.g., Mallin
et al. 2002; Paerl et al. 2006b). The majority of studies, based
on chlorophyll a or analysis of other pigments, showed
either lack of phytoplankton response or development of
phytoplankton blooms of diverse magnitude and duration.
Our study of four sequential tropical cyclones supports these
observations, and the taxonomic resolution provided by the
IFCB also revealed that the taxa dominating each of the
responses were different among the tropical cyclones despite
occurring within a relatively short period of time.
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