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Multi-storm analysis reveals
distinct zooplankton communities
following freshening of the Gulf
of Mexico shelf by Hurricane
Harvey

Z. M. Topor™!, M. A. Genung & K. L. Robinson

Tropical cyclones can highly modify coastal ecosystems through interactions between their unique

set of meteorological traits and an ecosystem’s antecedent conditions. As such, resultant changes to
biological community structure are likely storm-specific, yet our understanding of cyclone effects on
marine communities is limited compared to communities in terrestrial and freshwater habitats. Using
northwestern Gulf of Mexico (NWGOM) mesozooplankton data, we tested: (1) for differences between
storm and non-storm community structure and dispersion; (2) if post-storm communities varied
between one another; (3) if salinity drove differences; and (4) if physical drivers of abundance and
evenness varied between storm and non-storm communities. Mesozooplankton community structure
following Hurricanes Harvey, lke, Rita, and during five non-storm years were analyzed. Post-lke, post-
Rita, and non-storm communities were similar while post-Harvey communities were distinct from
non-storm years. A structural equation model revealed stratification and abundance drove community
evenness. Post-Harvey mesozooplankton were more abundant in low salinity waters; a pattern muted
during non-storm years. NWGOM mesozooplankton community structure was generally resilient

to hurricane effects, except when large changes in salinity occurred. Our findings suggest resource
availability for planktivorous predators and energy transfer within coastal food webs is altered
following cyclones with high precipitation rates.

Tropical cyclones are intense meteorological events that can catastrophically affect coastal ecosystems where
they make landfall. Compounding drivers such as strong winds, heavy rainfall, and ocean mixing can lead to
complex ecological changes for planktonic communities following the storm, with effects that vary over space
and time (days to months"?). Variation in ecological response to a tropical cyclone is typically attributed to
either an endogenous driver like changes in prey composition®, or an exogenous one, such as changes in salinity
from a freshwater pulse®. Yet, it has recently been shown that both the initial environmental context (e.g., water
column stratification®), and the unique characteristics of each storm (e.g., max wind speed, total precipitation®)
are critical. This is particularly true for interpreting post-cyclone changes in plankton community structure,
abundance, and ecosystem function®”’. For example, when pre-storm waters of the Neuse River Estuary were
stratified, estuarine phytoplankton bloomed following tropical cyclone Helene. In contrast, no change in overall
chlorophyll-a levels were recorded after Hurricane Alex—which was attributed to the estuary being well-mixed
prior to the storm®. Careful consideration of an ecosysten’s antecedent conditions (sensu®) is therefore necessary
when analyzing the ecological impacts of tropical cyclones, especially within the same ecosystem.

An average of 14 tropical systems develop each year in the Atlantic Basin®. Highly active hurricane seasons
(e.g., May-Nov. 2020) may have 20 or more named storms. The northwestern Gulf of Mexico (NWGOM), spe-
cifically the Louisiana-Texas shelf (LATEX) shelf, receives many of these storms upon landfall. Situated south
of Houston (Texas, USA), Galveston Bay is the seventh largest estuary in the United States and a major shipping
port. This area has been subject to many tropical cyclones in the last 2 decades, with disturbance to coastal
ecosystems varying by degree and type. In 2005, Hurricane Rita hit the Louisiana-Texas border on September
24th as a Category 3 storm; but Galveston Bay, located 160 km southwest, encountered only a mild drop in water
levels and which returned to pre-storm values within 48 h?. Ritas effect on the northwestern GOM zooplankton
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community is mostly unknown. In the central Gulf of Mexico, total chlorophyll-a concentrations were elevated
following the passage of Rita due to shoaling of the nutricline'. Similar increases in primary production closer
to shore would support additional zooplankton production. Tropical Storm Edouard (Aug. 2), Hurricane Gus-
tav (Sept. 1), and Hurricane Ike (Sept. 13) all made landfall on the LATEX coast within the span of 2 months
in 2008". Of these, Hurricane Ike had the greatest impact. While rated as only a Category 2 storm, Hurricane
Ike’s landfall was preceded by a “forerunner wave” that inundated the coast under 5 m of water for 3 days and
washed-out protective dunes and barriers'?. For the 2 days following Ike, cooler sea surface temperatures (SST)
prevailed, and chlorophyll-a concentrations increased near the coast'. Like Rita, the effects of Hurricane Ike
on NWGOM shelf zooplankton communities are poorly understood. In estuarine Galveston Bay (TX), Liu
et al.? found acute and significant shifts in zooplankton communities in response to Ike-related flooding. These
changes included distinct communities at the upper and lower sections of the bay. Much like 2008, 2017 was an
active year for cyclones in the NWGOM, with five named storms making landfall on the Gulf coast'*. Notable
for Galveston Bay was Hurricane Harvey (hereafter Harvey). Harvey made landfall as a Category 4 storm near
the city of Houston on August 27th garnering national attention for its intense rainfall (92.7 billion m* of in
5 days), earning the distinction as the wettest tropical cyclone ever recorded’. Subsequent severe flooding and
loss of life ranks Harvey as the costliest storm in U.S. history with 80 fatalities and $160 billion in damages'®.

Harvey floodwaters inundated Galveston Bay and the adjacent northwestern Gulf of Mexico reducing salin-
ity in the bay to zero'. This freshening subsequently altered phytoplankton community composition!”'8 and
homogenized zooplankton communities in both space and time in the bay?. A large freshwater plume extended
to the coastal margin of the NWGOM?®, decreasing salinity, temperature, and phytoplankton biomass on the
shelf®’. The coastal margin showed prolonged impacts of Harvey. Water velocities at the mouth of Galveston Bay
were elevated until 6 September 2017, and satellite imagery captured high levels of chromatic dissolved organic
matter (CDOM) and dissolved organic carbon (DOC) exiting the bay onto the shelf. CDOM and DOC values
did not return to pre-storm levels until 30 September 2017, a full month after Harvey made landfall>*’.

Changes in Galveston Bay mesozooplankton community structure were found up to 2 months after Harvey’s
landfall®. However, it is unknown if shelf mesozooplankton communities were altered as well, as residence times
vary considerably between environments (13 days in Galveston Bay versus <1 day on the shelf!>?!). Kurtay
et al.?’ reported decreases in overall phytoplankton biomass relative to historic levels and numerical increases
of pico- and nanoplankton on the northwestern GOM shelf 2 months following Harvey. In the same area, Topor
et al.”? reported higher abundances 1 month after the storm in September as well as subsequent shifts in meso-
zooplankton abundance and diversity relative to the 6 months following the storm. A caveat to these findings
is that NWGOM zooplankton abundance is highly variable year-to-year**, and these results must be placed
within historic context to determine if Harvey was indeed anomalous?**.

Event attribution studies and physics support with high confidence the hypothesis that anthropogenic climate
change has increased heavy precipitation associated with tropical cyclones and that this driver contributed to
Harvey’s extreme rainfall®®. As the Atlantic Ocean and the Gulf of Mexico continue to warm in response to global
climate change, the increased heat content of the oceans will favor the formation of heavy rainfall hurricanes like
Harvey”*?’. Broader-scale meta-analyses have yielded projections that intense hurricanes (defined by wind speed)
will become more frequent in the Atlantic Ocean basin with global climate change?>*. Slower, wetter storms will
likely result in greater freshwater discharge to coastal oceans from flooding, altering salinity regimes and sedi-
ment loads to the waters of the shelf, while increased wind speeds will amplify subsurface mixing of the water
column, disrupting the physical and chemical environment through changes in temperature and nutrients. All of
these biophysical mechanisms are known to independently affect coastal zooplankton communities***?, but it
has yet to be shown how zooplankton react to the compounding influence of these intensified tropical cyclones.

Using a single study area and considering the characteristics of each storm (each storm varies along a wind
speed and precipitation gradient, Fig. 1), we tested four hypotheses about how mesozooplankton community
structure and abundance respond to tropical cyclones in the northwestern GOM. Specifically, we predicted that:
(1) post-storm mesozooplankton community structure would differ from non-storm communities and their
dispersion would be greater; (2) post-storm communities would be dissimilar; (3) salinity would be the major
driver of structural differences between storm and non-storm communities; and, (4) the strength of relationships
between environmental drivers and mesozooplankton abundance would differ between storm and non-storm
years.

Methods

We used mesozooplankton samples collected across 12 years (2005—2017) between September-November in
the northwestern Gulf of Mexico (Suppl. Table 1). Samples prior to 2017 were collected as part of the Southeast
Area Monitoring and Assessment Program (SEAMAP) Fall Plankton Survey. Seven established stations follow
an inshore to offshore transect off the coast of Galveston Bay, Texas (USA) (Fig. 1). We included samples from
years that experienced tropical cyclones (Hurricane Rita, 2005; Hurricane Ike, 2008; Hurricane Harvey, 2017) as
well as 5 years that had no major storm events (2006, 2009, 2010, 2012, 2016). Storm years were represented by
29 samples (6 for Rita, 9 for Ike, and 14 for Harvey) while non-storm years had 36 samples. Post-storm samples
were collected 9-53 days following the storm’s landfall (Suppl. Table 1). Each hurricane made landfall along the
Texas and Louisiana coastline and were classified as ‘severe weather events’ for the Houston area by Texas A&M’s
State Climatologist®. Zooplankton sampled after Hurricane Harvey in 2017 were collected at the established SEA-
MAP stations during September (21-24 Sept), and October-November (30 Oct-3 Nov) following Topor et al.?2.

Mesozooplankton. Physical SEAMAP mesozooplankton samples (pre-2017) were obtained from NOAA
National Marine Fisheries Service Plankton Archive. During Oct. 2017, a 1-m?, 333-um mesh Multiple Open-
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Figure 1. Spatial patterns of salinity (left, psu) and temperature (right, °C) recorded following Hurricanes
Harvey (red), Ike (yellow), and Rita (blue) in the NWGOM off the coast of Galveston Bay, Texas (green star)
compared to ‘non-storm’ conditions (bottom). Unique characteristics of each cyclone are displayed adjacent
with maximum values in bold.

ing/Closing Net Environmental Sampling System (MOCNESS) was used at stations with water depths>5 m. A
single MOCNESS net was towed to 2 m above sea floor in water depths <100 m or to 100 m at depths>100 m
to the ocean’s surface. As the initial net of the MOCNESS integrates the water column fished, these methods
allowed us to compare data between gear types. All samples collected under the SEAMAP program (including
Sept. 2017) were collected with a 0.5 m diameter, 335-um mesh bongo net towed obliquely from 2 m above sea
floor to the ocean’s surface and preserved in 5% buffered formalin-seawater solution®'. For both the MOCNESS
and bongo tows, the bottom third of all nets were washed from the outside into a 5-gallon bucket. The sample
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was then filtered through a 200-um mesh sieve to concentrated it into a 1-L bottle. All samples were preserved
and stored in 5% buffered formalin and seawater solution.

Mesozooplankton were identified and enumerated following Topor et al.?%. Physical samples were homog-
enized in a graduated beaker using an aquarium bubbler and multiple aliquots (2 mL or 5 mL) were taken using
a Henson-Stempel pipette. The total number of aliquots varied based on the sample volume such that the total
counts reached > 500 individuals/sample. The homogenized sample was then imaged with a Zooscan benchtop
plankton imaging system (Hydroptic v3 ZSCA04%?). Individual organism vignettes (>200 um) created by the
ZooProcess software were manually classified to one of 27 taxonomic orders by trained experts on the EcoTaxa
platform (https://ecotaxa.obs-vlfr.fr/). Taxa-specific density was standardized in each sample using Eq. (1):

N
D:
PTXV

(1)

where D is the density of organisms (individuals/m?), N is the number of organisms counted from all splits, Py
is the proportion of the total sample used, and V is the total volume of water filtered (m?).

Physical data. Temperature (°C), salinity, and fluorescence (pg/L) were measured between 0-100 m at each
station using a SEABIRD (9 plus; SBE 11) CTD. To isolate the influence of freshwater lenses and surface mixing
for statistical analysis, temperature and salinity were averaged over the top 5 m of the water column. To consider
the productivity of the water column within the model, a value of maximum fluorescence was calculated by aver-
aging the top five values recorded over the depth of the water column sampled by the bongo tow. We calculated
the average Brunt Vaisala frequency as an index of water column stratification using the gsw_Nsquared function
in the gsw package®. Distance to the mouth of Galveston Bay (29.36°N, —94.74°W) was calculated using geod-
Dist function in the oce package to create a distance from shore metric. All packages and analysis were conducted
in R version 4.1.0.

Statistical analysis. Compositional differences in mesozooplankton communities between storm and
non-storm years (n=65) were statistically differentiated using a permutational multivariate analysis of variance
(PERMANOVA; 999 permutations). Community dissimilarity matrices were calculated using the Bray-Curtis
index on log-transformed zooplankton abundances via decostand following Anderson® to account for large
variation in inter-cruise abundance levels. A permutational multivariate dispersion (PERMDISP) test was used
to confirm equal dispersion between storm and non-storm years*!. We followed our comparison of storm and
non-storm years with a pairwise. PERMANOVA post-hoc test to distinguish statistically different storms. To
evaluate the identity of taxa driving these differences, a similarity percentage (SIMPER) analysis was performed
on the groupings found to be statistically distinguishable.

Environmental drivers of storm and non-storm years were evaluated using a Principal Components Analysis
(PCA). Temperature, salinity, fluorescence, stratification, and distance from shore (km) were included in the PCA.
Due to sensor malfunctions in the field, we imputed missing fluorescence values using the imputePCA function
following the protocol of Borcard, Gillet and Legendre®*. However, four observations (Cruise 0284, B218; Cruise
0804, B217; Cruise 0705; B219, B220) had no associated environmental data from which fluorescence could
be imputed. As a result, these observations were removed from subsequent analyses. We determined principal
component axes using the coeflicients of the linear combination of variables stored in the prcomp object. We
compared PC values to the predicted sum of squares, assuming all parameter contributions were equal (Sum of
Squares =0.447), deeming absolute parameter values above this cut-oft meaningful.

We explored how physical parameters impacted multivariate zooplankton community structure using a
second PERMANOVA analysis, with the physical parameters as continuous predictors. Following the results of
our initial pairwise-PERMANOVA, we included a binary contrast of ‘Harvey’ versus ‘No Storm’ in our model.
Removing Ike and Rita years, and four zooplankton samples that lacked environmental data, resulted in 51
samples being included in the PERMANOVA (permutations =999). To circumvent collinearity between environ-
mental predictors and independence of observations between years, we used the coeflicients from the first three
principal components as predictors in our second PERMANOVA. As above, our response was a Bray—Curtis
dissimilarity matrix calculated from log transformed zooplankton abundances via decostand. All permutations of
parameters and interactions between parameters were compared using the lowest Akaike information criterion
for small sample sizes (AICc). AICc values were calculated using the AICc_ PERMANOVA function®.

Finally, we conducted a piecewise structural equation model (PSEM) to visualize direct and indirect rela-
tionships between environmental parameters, mesozooplankton abundance, and mesozooplankton evenness.
Stratification, fluorescence, and abundance were all log transformed to account for non-normality of the data.
Salinity values were heavily left-skewed and were transformed by subtracting values from the maximum and
then taking the natural log. This transformation requires that any parameter estimates for the effects of salinity
be interpreted as if they had the opposite sign; we do this throughout the results. Because we were interested in
the mechanistic drivers of storm impacts on zooplankton rather than unmeasured variables that covary with
space and time (e.g., seasonal currents), we used a residuals approach to the PSEM. As such, for all variables in
the PSEM, a linear model was run with distance from shore (Galveston Bay) and day of year as predictors. We
then used the residuals of these models within our PSEM. Linear mixed effect models were used to build the
PSEM, with ‘year’ held as a random effect to account for high interannual variability in NWGOM zooplankton
community structure?®. The model was refined by repeatedly removing the least statistically significant path
unless: (1) the path was significant in the multigroup analysis (which would indicate that the path varied after
Harvey and during non-storm years; see next sentence) or (2) the removal of the path increased the AICc for the
PSEM (which would indicate that the path has enough predictive power to be worth the complexity it adds to the
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DF | Sums of squares | Mean sum of squares | EModel |R? p-value
Harvey vs. Ike 1 0.011 0.011 0.856 0.039 | 0.457
Harvey vs. Rita 1 0.014 0.014 0.883 0.047 |0.395
Harvey vs. None 1 0.026 0.026 2.465 0.049 | 0.041
Ike vs. Rita 1 0.006 0.006 0.435 0.032 | 0.655
Ike vs. None 1 0.019 0.019 1.972 0.044 | 0.082
Rita vs. None 1 0.010 0.010 0.930 0.023 | 0.434

Table 1. Pairwise Permutational Multivariate Analysis of Variance (PERMANOVA) of natural log
transformed mesozooplankton abundances. Grouping variables are based on presence of a major hurricane
before sampling that year (Hurricane Rita, 2005; Hurricane Ike, 2008; Hurricane Harvey, 2017; non-storm
years 2006, 2009, 2010, 2012, 2016). Bolded text indicates significance at a=0.05.

model). Contrasts within the model during the year of Hurricane Harvey and non-storm years were compared
using the multigroup function in the piecewise-SEM package. This function tests whether the predictor-response
relationship for any path differs between the Harvey year and other years. We used an alpha-value («) of 0.05
in the multigroup analysis.

Results

Our PERMDISP analysis showed no difference in multivariate dispersion among the storm groupings (PER-
MDISP; p =0.64). Mesozooplankton community structure differed between storm (i.e., Harvey, Rita, and Ike) and
non-storm years when all data were considered (PERMANOVA, p=0.001). Pairwise comparisons among storms
indicated that Hurricane Harvey drove this pattern, and other storms (i.e., Ike, Rita) were not distinguishable
from non-storm years, nor from one another (Table 1). For this reason, subsequent analyses focused on ‘Harvey’
versus ‘non-storm contrasts, with data from ‘Ike, and ‘Rita’ years omitted.

Between Harvey and non-storm years, our SIMPER analysis determined that 12 taxa explained over 50% of
the community structure differences found by our initial PERMANOVA. In order of decreasing percentage of
community dissimilarity explained, Crustacea nauplii, Cladocera, Ostracoda, mollusk larvae, Mysida, Salpida,
polychaetes, Doliolida, gelatinous zooplankton, Amphipoda, gastropods, and Cumacea all contributed to dif-
ferentiating zooplankton community structure between Harvey and non-storm years. However, only Cladocera,
gelatinous zooplankton, and Doliolida were found to be significant based on 999 permutations. This should
be interpreted with caution as SIMPER analysis can be highly variable, and as such all taxa explaining the first
57% of variance are included in our figure (Fig. 2). Of the twelve taxa selected by the SIMPER analysis, all but
Ostracoda decreased in overall abundance after Harvey. Largest relative decreases in abundance were found in
gelatinous, mysids, cumaceans, and amphipods. Cladocera exhibit the greatest decreases as they were completely
absent in post-Harvey samples. Body sizes of hard-bodied taxa remained relatively consistent between Harvey
and non-storm years (e.g., mysids, amphipods). However, gelatinous and salps exhibited marked shifts in their
distribution towards increased size following Harvey.

Three principal components synthesizing environmental conditions during Harvey and non-storm years
explained 91% of the total variance (Fig. 3; PC1: 50.66%, PC2: 24.46%, PC3: 15.92%). Salinity, fluorescence, and
temperature were all lower during Harvey relative to non-storm years (Fig. 3A,B,D), while stratification was
slightly higher, yet less variable during Harvey (Fig. 3C). PC1 was characterized by a strong negative relationship
with salinity, a slight positive relationship with stratification, and a negative relationship with distance from shore
(Table 2). PC2 was strongly positively related to temperature. PC3 had a strong positive relationship with water
column stratification and strong negative relationship with fluorescence (Table 2).

The most parsimonious environmental PERMANOVA included the additive combination of PC1 (positive
stratification, negative salinity, and distance from shore) and PC3 (positive stratification, negative fluorescence)
with an interaction between PC2 (positive temperature) and the Harvey contrast (AICc=—164.84; Table 3).
Within the accepted range of A2 AICc, all models included PC1, PC2, and the Harvey contrast; models varied
most by the inclusion and identity of term interaction (Suppl. Table 2). PC3 was included in two of the top five
models but was never included in an interaction.

The best piecewise structural equation model (PSEM) of environmental effects on mesozooplankton abun-
dance and evenness revealed that higher total mesozooplankton abundance and water column stratification was
directly related to lower community evenness (Fig. 4). Stratification and salinity were strongly related to one
another, and fluorescence decreased with increasing salinity (Fig. 4).

The PSEM contrasts between Harvey and non-storm mesozooplankton abundance and community evenness
values revealed major changes in the directionality and standardized parameter estimates of some relationships
(Fig. 5). Salinity strongly decreased fluorescence during non-storm years but had a non-significant positive
effect on fluorescence following Harvey. Similarly, higher fluorescence during non-storm years led to lower
evenness, but was not significantly related during Harvey. Temperature increased mesozooplankton evenness
during non-storm years, but had a non-significant negative effect on evenness following Harvey. In contrast,
salinity strongly decreased abundance following Harvey, but had a smaller, non-significant effect on abundance
during non-storm years (Fig. 5).
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Figure 2. Standardized abundance (num. indv./m?) and maximum particle length distributions (mm) displayed
for the 12 taxa determined to explain 57% of the dissimilarity between Harvey (blue) and non-storm (yellow)
years (SIMPER analysis). Note that axis scales are not uniform to allow intra-taxa comparisons over Harvey and

non-storm years.

Discussion

In this study, we aimed to determine if tropical cyclones in the northwestern GOM differentially affected meso-
zooplankton community structure. We found that multivariate community structure varied between storm and
non-storm years. However, among the three hurricanes, only the post-Harvey mesozooplankton communities
were distinct from years where no storms occurred. Multivariate dispersion, a measure of variance within com-
munity structure, did not differ between storm and non-storm years. This result refutes our hypothesis that
variability in zooplankton community structure would be higher during storm years opposed to non-storm
years. Our prediction that post-storm mesozooplankton communities would differ from non-storm communi-
ties was supported, as was our expectation that mesozooplankton community structure varied among storms.
We hypothesized that due to the major flooding and rainfall of Harvey, reduced salinity would likely be the
main driver of mesozooplankton community differences relative to non-storm years. This expectation was par-
tially met; differences in mesozooplankton community structure between Harvey and years with no storms
were driven by salinity, stratification, and ‘distance-from-shore’ rather than solely salinity. This indicates that
NWGOM zooplankton community structure varies holistically with biophysical conditions rather than being
primarily driven by one or two dominating factors**. Moreover, we found that the presence of Hurricane Harvey,
rather than temperature, explained the second greatest amount of variance in zooplankton community structure
reflecting the importance of considering how complex disturbance mechanisms might compound and result in a
unique ecological responses following a tropical cyclone. The overall PSEM showed that high salinity was directly
associated with reduced fluorescence and depressed zooplankton abundance. Higher abundances were found
to result in higher community dominance (i.e., lower evenness). Conversely, high salinities indirectly reduced
zooplankton evenness via greater water column stratification. Lower fluorescence at higher salinities supports
the spatial patterns in NWGOM phytoplankton identified by Kurtay et al.?® following Hurricane Harvey. Those
authors observed declines in overall phytoplankton abundance and communities increasingly dominated by
cells <20 pm in size waters along a coastal to oceanic gradient.

Because Ike and Rita years were indistinguishable from either Harvey or non-storm years, we focused on the
statistically supported contrast of Harvey and non-storm years to investigate differences in zooplankton com-
munity structure. Our expectation was that we would find a larger effect size between salinity, mesozooplankton
abundance, and community evenness following Harvey. This hypothesis was partially supported. The PSEM
“multigroup” analysis showed that relationships between salinity and primary production (i.e., fluorescence)
switched signs and was reduced by an order of magnitude after Harvey. This reflects the post-Harvey shift in
underlying phytoplankton community, towards smaller heterotrophic organisms reported by Kurtay et al.?.
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Figure 3. Distribution of (A) salinity, (B) fluorescence, (C) temperature, and (D) stratification index between
Hurricane Harvey and non-storm years. (E) PCA of environmental observations (n=62). Sal salinity (psu), fluor
fluorescence (ug/mL), temp temperature (°C), BVstrat stratification index, dist distance from shore (km).

PC1 (50.66%) PC2 (24.46%) PC3 (15.92%)
Salinity -0.563 0.234 -0.258
Temperature 0.116 0.850 0.089
Stratification 0.499 0.117 0.605
Fluorescence 0.420 0.322 -0.646
Dist. from shore —-0.494 0.324 0.377

Table 2. Coeflicients of the first three axis from the principal component analysis. Cumulative proportion of
variance explained with the first three axis equals 90%. Bolded values represent absolute values exceeding the
predicted sum of squares, assuming all equal parameter contribution (0.447).

Finally, we see that after Harvey, higher temperatures led to lower zooplankton community evenness whereas
the reverse was true for non-storm years.

We found that increased zooplankton food availability (i.e., fluorescence) was linked to a decrease in zoo-
plankton community evenness during non-storm years but, this connection was greatly weakened and the direc-
tion changed during Harvey, likely due to the overall reduction in fluorescence®. The reduction of zooplankton
evenness at high productivity during non-storm years may be explained by the “paradox of enrichment”, where
excessive resource availability (e.g., high productivity) can result in specialization, leading to dominance of a
few taxa, reducing community diversity and evenness®.
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Df Sum of Squares R? F-statistic p value

PC1 1 0.155 0.095 5.620 0.001
PC2 1 0.074 0.045 2.689 0.012
Storm 1 0.111 0.068 4.036 0.001
PC3 1 0.070 0.043 2.551 0.016
PC2:Harvey 1 0.069 0.043 2.526 0.018
Residual 42 1.155 0.707

Total 47 1.634 1.000

Table 3. Results of the top PERMANOVA (n=48) chosen by AICc. PC1, PC2, and PC3 are coefficients from
principal coordinates analysis and are described in Table 2. ‘Harvey’ represents a binary contrast of Harvey v
non-storm years. Significant predictors of zooplankton community structure are bolded (a<0.05).
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Figure 4. Structural Equation Model (PSEM) of zooplankton abundance and evenness in the northwestern
GOM. Red arrows indicate negative relationships between parameters, while black hollow-headed arrows
represent positive. Relative size of the arrow width indicates magnitude of the interaction. Dotted lines indicate
cases in which there was a non-significant main effect of the predictor on the response variable, but the
predictor interacted with “Harvey” to affect the response variable.
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Notably, our model did not link fluorescence and mesozooplankton abundance in either the full or multi-
group PSEM. The absence of this connection is likely due to the coarse summary of fluorescence as a metric
for productivity, in which all photosynthetically active producers are grouped together. Producers are highly
diverse, both taxonomically and functionally (e.g., size), with a wide range of habitat preferences. This diversity
creates variation in the spatial and temporal resource environment for grazing mesozooplankton (e.g., pico- vs.
nanoplankton?®’). Additionally, heterotrophic microzooplankton may constitute a majority of mesozooplankton
diet, yet these organisms are not detected via chlorophyll fluoresced metrics.

The influence of temperature and salinity on zooplankton abundance and evenness between Harvey and
non-storm years varied substantially. Confirming our hypothesis that salinity would be the major influence
on zooplankton abundance, post-Harvey zooplankton abundances declined significantly more quickly with
increased salinities compared to non-storm years. It is important to note that this pattern is found when spatial
covariation is isolated, essentially removing the known influence of distance from shore gradients on salinity
and abundance. We attribute the switch in directionality and significance of temperature on evenness between
Harvey and non-storm years to the compressed temperature range exhibited during Harvey. This compression
reduced the influence of temperature on zooplankton dominance resulting in the negative, non-significant
relationship shown. These results indicate that cyclones like Hurricane Harvey can affect northwestern GOM
zooplankton communities via changes in salinity, either through direct effects on zooplankton abundance or
indirectly through the reduced influence of fluorescence on zooplankton evenness.

Tropical cyclones represent large coastal disturbances, and it is expected that years during which large storms
pass through an area, community composition and structure of the biologic constituents will differ from years
of no cyclone disturbance>>'”. We found that presence of a storm significantly predicted differences in meso-
zooplankton community structure relative to non-storm years, supporting our original hypothesis. However,
we surprisingly found that only post-Harvey zooplankton communities were statistically distinguishable from
non-storm years. This lack of variation may be attributed to the unique characteristics of each storm included
in our analysis. Hurricanes Ike and Rita both altered the coastal environment of Louisiana and Texas, but largely
through different mechanisms than Harvey. Hurricane Ike, a Category 2 storm, pushed cooler, saltier ocean water
into the coastal environment via a wave of storm surge greater than either Harvey or Rita. Hurricane Rita had
similar wind speeds and storm surge to Harvey, but its precipitation rate was significantly less, falling between
Harvey and Ike. Harvey had the highest recorded wind speeds as a Category 4 storm at landfall, and its rainfall
totals far exceeded the precipitation of Ike and Rita, causing major flooding of the Houston area, drastically
changed the salinity, turbidity, and temperature of Galveston Bay and adjacent coastal NWGOM?"!71°,

These differences in disturbance mechanism (e.g., precipitation, storm surge, mixing) and intensity may
explain the variance in zooplankton communities between storm and non-storm years, but the environmental
baseline remains an important consideration as antecedent conditions of a system have been shown to dictate
community response after a disturbance®. While salinity values were significantly reduced relative to historic
years following Harvey® (both at the mouth of Galveston Bay and nearshore), we show that salinity values across
the continental shelf do not vary considerably between Harvey and the non-storm years in our data set. Rather,
we see reduced temperature and fluorescence, and increased water column stratification following Harvey. We
found that salinity, fluorescence, and distance from shore (i.e., PC1), explained the most variance in community
structure in our PERMANOVA, and whether or not zooplankton were collected after Harvey followed closely
behind as the second strongest predictor. These conditions indicate that drivers of zooplankton community
change after large cyclones like Harvey are not always obvious, and both storm characteristics and natural vari-
ability of a system must be accounted for when investigating the ecological consequences of cyclones (sensu®).

The ambiguity of which physical driver best describes zooplankton community structure in the northwestern
GOM is unsurprising as these organisms are poikilothermic drifters that exhibit an incredible diversity of life
history traits and environmental tolerances. This variety is reflected in the multitude of taxa found to influence
differences in zooplankton community structure between Harvey and non-storm years from our SIMPER analy-
sis. When we compare the abundances of taxa between Harvey and non-storm years, we see a general reduction
across taxa such as amphipods, gastropods, cumaceans, mysids, polychaetes, and gelatinous zooplankton. An
interesting result is the conspicuous absence of cladocerans following Hurricane Harvey. Cladocera taxa are often
used as disturbance indicators in freshwater and coastal systems®*** and their absence may reflect the strong
environmental changes brought on by Harvey in the NWGOM as has been shown after other tropical cyclones
(e.g., Hurricane Agnes*’). Cladocera are known prey items for larval fish in this region (e.g., Cynoscion nothus,
Thunnus thynnus*"*?), and disturbances such as tropical cyclones may disrupt the temporal availability of this
food source, leading to decreased fitness and recruitment.

While overall abundance often dictates the productivity of zooplankton communities, it is also pertinent to
consider the size structure of taxa. Body size has been deemed the master functional trait in zooplankton ecol-
ogy, as almost all ecological interactions and rates are intimately related to how large or small a zooplankter is*.
Zooplankton body size may also influence the structuring of higher trophic levels through prey suitability. Larval
fish predation on zooplankton is size-limited, constrained by maximum gape width or gill raker density*!, while
gelatinous filter feeders such as salps, doliolids and appendicularians are limited by their mesh size. While we
see generally strong overlap in size distribution between Harvey and non-storm years, few taxa, such as doliol-
ids, salps, and gelatinous zooplankton show a greater size after Harvey, though their abundance is decreased or
equivocal to non-storm years (Fig. 2). Changes in the abundance of larger, soft bodied organisms such as gelati-
nous zooplankters may alter the available carbon within coastal food web and redirect secondary production
through the microbial loop rather than transferring energy to higher trophic levels. Additionally, filter feeding
gelatinous zooplankton such as doliolids and salps can process and filter greater volumes of water at increased
body sizes***, potentially increasing their ecological success leading to positive feedback of recovering energy
from the microbial loop*® and enhancing vertical carbon flux*. Kurtay et al.”° reported an increase in pico- and
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nanoplankton, prey items that falls within the filtering size of both doliolids and salps*#*°. The increase in their
available prey after Harvey may have resulted in our observed increase in gelatinous filter feeding size. Taxa
specific responses to tropical cyclones are of high interest, as different organisms within the zooplankton com-
munity react differently to environmental disturbances. Understanding which disturbance mechanism relates
to which specific taxa is beyond the scope of this study, but it is an important avenue to pursue if we are to better
understand long-term food web consequences within coastal ecosystems.

Holistic approaches towards understanding disturbance mechanisms, such as community structure, provide
a complex picture of taxa-specific responses and compounding environmental predictors. However, when we
collapsed zooplankton community variability into a univariate metric (i.e., zooplankton abundance and even-
ness), a clearer relationship between environmental drivers and our zooplankton emerged. Mesozooplankton
evenness was largely influenced by stratification and mesozooplankton abundance. Additionally, salinity indi-
rectly impacted evenness through water column stratification. As salinity decreases, stratification increases,
reducing the overall evenness of zooplankton. Zooplankton abundance was negatively related to both salinity
and zooplankton evenness. This relationship is highlighted through a major shift in the influence of salinity on
mesozooplankton abundance after a high precipitation storm event (i.e., Hurricane Harvey). The overwhelm-
ing influence of salinity on mesozooplankton abundance following Harvey, but not during non-storm years,
emphasizes the importance of unique storm characteristics and the difference in their mechanistic impact on
coastal ecosystems. Within the current climate regime, larger, wetter storms are likely to occur in the Northern
Hemisphere?. As we show here, increased precipitation from tropical cyclones can lead to a local change in zoo-
plankton abundance in the northwestern Gulf of Mexico. Storms may also have far-reaching impacts on coastal
zooplankton communities through their impacts on freshwater discharge upstream of coastal estuaries (e.g.,
Atchafalaya and Mississippi River). High precipitation events can modify alongshore transport and current pat-
terns of coastal waters off the coast of Texas'>*! altering the environment and distribution of coastal zooplankton
taxa. Consequently, larger, wetter cyclones can modify coastal food webs not only through salinity-controlled
zooplankton abundances (Fig. 4) or compositional shifts (e.g.*), but via physical displacement potentially causing
a spatial mismatch between plankton and their predators.

We show that Harvey affected northwestern GOM zooplankton communities for up to a month following
landfall, longer than has been reported for other storms***. The extended temporal span of Harvey’s impacts on
zooplankton, relative to Rita and Ike, likely has to do with the duration of post-storm coastal ocean conditions
in the northwestern GOM. After Hurricane Rita, elevated water levels returned to pre-storm values within 48 h°.
Similarly, after Ike, elevated water heights caused by the intrusion of 5 m of storm surge were recorded for 3 days
after landfall'?, and sea surface temperatures and elevated chlorophyll-a remained for 2 days before returning
to pre-Ike levels'®. In contrast, water levels of Galveston Bay were elevated for up to a week after Harvey, and
salinities within the Bay did not return to pre-storm levels for over 2 months (62 days?). It is important to note
that the residence time of Galveston Bay is around 1 month*. After the freshening event from Harvey’s rain, the
bay acted like a low salinity reservoir to the NWGOM, exchanging saltwater via tidal pumping and extending the
duration of low salinity intrusion into coastal waters'. This scenario is supported by prolonged levels of elevated
water velocity at the Galveston Bay channel recorded until 6 September 2017 and elevated sediment flux out of
the Bay until 26 September 2017, almost an entire month after Harvey made landfall>".

As energetic expressways between primary production and higher consumers, changes in the abundance and
evenness of zooplankton communities impact energy transfer in coastal food webs. Large increases in coastal
zooplankton abundance, like we see following Harvey?, can represent a flood of food resources for planktivorous
consumers in the area (e.g., forage fish). Zooplankton abundance is often closely linked to larval fish recruitment
success, with higher zooplankton abundances representing greater availability of prey in the water column®!, but
can also represent increased top-down control by zooplankton predating on larval fish®2. We show that increases
in zooplankton abundance drove down evenness, which may restrict energy transfer within the food web through
selectivity effects. Plankton communities where only a few taxa are numerically dominant can become ener-
getically unfavorable for trophic transfer if the dominant taxa are unpalatable for consumers®. Changes in taxa
dominance can result from mechanistic selectivity issues for predators if prey selection is determined by gape or
gill raker size (e.g., larval fish*'). Additionally, behavioral changes of the dominant taxa (e.g., distribution within
water column, diel vertical migration) could lead to an ecological mismatch in capture efficiency by predators.
For fish that spawn between September and October when cyclones activity is prevalent (e.g., Cynoscion nothus,
Larimus fasciatus™*), the abundance and composition of zooplankton in the northwestern Gulf of Mexico play
a vital role in overall fitness of the organism*!. Further connection between storm impacts on zooplankton size,
distribution, and its downstream effect on larval fish is warranted to understand how cyclones can impact com-
mercially important fish populations.

Conclusion

Storms that share Harvey’s characteristics (e.g., slow speeds, high precipitation) are predicted continue to form
and make landfall in the northwestern GOM during the current climate regime?>?$ and it is imperative that we
begin to disentangle differences in storm drivers and consider the historic context of the systems in question. We
show that mesozooplankton communities collected after Hurricane Harvey were distinct from non-storm years
and that zooplankton abundance and size distributions contrasted between taxa. Cladocera were conspicuously
absent in Harvey samples, likely reflecting their sensitivity to environmental changes. Gelatinous zooplankton
generally decreased or maintained their abundance between Harvey and non-storm years but increased in size,
which may have amplified microbial loop processes and carbon export. A combination of environmental fac-
tors, rather than solely salinity, influenced the differences in zooplankton community structure between Harvey
and non-storm years. Zooplankton evenness within the northwestern Gulf of Mexico was controlled largely by
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zooplankton abundance, as well as through direct and indirect effects of stratification and salinity respectively.
Finally, we found that salinity had a strong, negative relationship with zooplankton abundance after Hurricane
Harvey, a relationship not significant during non-storm years. The increase in zooplankton abundance but
decreases in community evenness after Harvey has important implications for coastal food web energy availability
and transfer as future cyclones are predicted to emulate Harvey’s characteristic high rainfall.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 24 February 2022; Accepted: 12 May 2022
Published online: 24 May 2022

References

1.

2.

10.

11.
. Hope, M. E. et al. Hindcast and validation of Hurricane Ike (2008) waves, forerunner, and storm surge. J. Geophys. Res. Oceans

13.
14.
. Du,]J. et al. A hydrodynamic model for Galveston Bay and the shelf in the northern Gulf of Mexico. Ocean Sci. 15, 951-966 (2019).
v
18.
19.
20.

21.

22.
23.

24.

25.
26.

27.

Du, J. & Park, K. Estuarine salinity recovery from an extreme precipitation event: Hurricane Harvey in Galveston Bay. Sci. Total
Environ. 670, 1049-1059 (2019).

Liu, H., Gilmartin, J., Li, C. & Li, K. Detection of time-varying pulsed event effects on estuarine pelagic communities with ecologi-
cal indicators after catastrophic hurricanes. Ecol. Indic. 123, 107327 (2021).

. Nielsen, T. & Kiorboe, T. Effects of a storm event on the structure of the pelagic food web with special emphasis on planktonic

ciliates. J. Plankton Res. 13, 35-51 (1991).

. Hoover, R. et al. Zooplankton response to storm runoff in a tropical estuary: Bottom-up and top-down controls. Mar. Ecol. Prog.

Ser. 318, 187-201 (2006).

. Wetz, M. S. & Paerl, H. W. Estuarine phytoplankton responses to hurricanes and tropical storms with different characteristics

(trajectory, rainfall, winds). Estuaries Coasts 31, 419-429 (2008).

. Hogan, J. A. et al. A research framework to integrate cross-ecosystem responses to tropical cyclones. Bioscience 70, 477-489 (2020).
. Lin, T.-C., Hogan, J. A. & Chang, C.-T. Tropical cyclone ecology: A scale-link perspective. Trends Ecol. Evol. 35, 594-604 (2020).
. Gaches, L. Atlantic hurricane season shows no signs of slowing | National Oceanic and Atmospheric Administration. noaa.gov

https://www.noaa.gov/news-release/atlantic-hurricane-season-shows-no-signs-of-slowing (2021).

. Musinguzi, A. & Akbar, M. K. Effect of varying wind intensity, forward speed, and surface pressure on storm surges of Hurricane

Rita. J. Mar. Sci. Eng. 9, 128 (2021).

Gierach, M. M., Subrahmanyam, B., Samuelsen, A. & Ueyoshi, K. Hurricane-driven alteration in plankton community size structure
in the Gulf of Mexico: A modeling study: Plankton response to hurricane passage. Geophys. Res. Lett. 36 (2009).

Kraus, N. C. Hurricane Ike along the upper Texas coast: An introduction. Shore Beach 77, 6 (2009).

118, 4424-4460 (2013).

Korobkin, M., D’Sa, E. & Ko, D. S. Satellite observations and NCOM assessment of the Mississippi-Louisiana-Texas coast following
hurricanes Gustav and Ike. in OCEANS 2009 1-4 (IEEE, 2009). https://doi.org/10.23919/OCEANS.2009.5422213

NHC NOAA. 2017 Atlantic Hurricane Season. https://www.nhc.noaa.gov/data/tcr/index.php?season=2017&basin=atl

Shultz, J. M. & Galea, S. Mitigating the mental and physical health consequences of Hurricane Harvey. JAMA 318, 1437 (2017).
Liu, B., D’Sa, E. J. & Joshi, I. D. Floodwater impact on Galveston Bay phytoplankton taxonomy, pigment composition and photo-
physiological state following Hurricane Harvey from field and ocean color (Sentinel-3A OLCI) observations. Biogeosciences 16,
1975-2001 (2019).

Steichen, J. L. et al. Microbial, physical, and chemical changes in Galveston Bay following an extreme flooding event Hurricane
Harvey. Front. Mar. Sci. 7, 186 (2020).

D’Sa, E. ], Joshi, I. & Liu, B. Galveston bay and coastal ocean optical-geochemical response to Hurricane Harvey from VIIRS ocean
color. Geophys. Res. Lett. 45, 10579-10589 (2018).

Kurtay, G., Prevost, H. J. & Stauffer, B. A. Pico- and nanoplankton communities on a near to offshore transect along the continental
shelf of the northwestern Gulf of Mexico in the aftermath of Hurricane Harvey. Limnol. Oceanogr. 66, 2779-2796 (2021).
Nowlin, W. D,, Jochens, A. E., DiMarco, S. E, Reid, R. O. & Howard, M. K. Low-frequency circulation over the Texas-Louisiana
continental shelf. In Geophysical Monograph Series (eds Sturges, W. & Lugo-Fernandez, A.) 219-240 (American Geophysical Union,
2005). https://doi.org/10.1029/161GM17.

Topor, Z. M., Robinson, K. L. & Turcu, A. Investigating seasonal succession patterns in mesozooplankton community structure
following Hurricane Harvey. Front. Mar. Sci. 7, 462 (2020).

Carassou, L., Hernandez, F. J. & Graham, W. M. Change and recovery of coastal mesozooplankton community structure during
the Deepwater Horizon oil spill. Environ. Res. Lett. 9, 124003 (2014).

Daly, K. et al. Resilience of the zooplankton community in the northeast Gulf of Mexico during and after the Deepwater Horizon
oil spill | Elsevier Enhanced Reader. https://doi.org/10.1016/j.marpolbul.2020.111882. https://reader.elsevier.com/reader/sd/pii/
$0025326X20310006?token=D63E6CCF2B06D0511BA24C221D0C70291A9A599398592B78F696 FAF80DB5B35750514B3A4C3
9D697AA89AASED43EA317&originRegion=us-east-1&originCreation=20210707191417 (2021).

IPCC 2021. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change (2021).

Trenberth, K. E., Cheng, L., Jacobs, P, Zhang, Y. & Fasullo, ]. Hurricane Harvey links to ocean heat content and climate change
adaptation. Earths Future 6, 730-744 (2018).

Potter, H., DiMarco, S. F. & Knap, A. H. Tropical cyclone heat potential and the rapid intensification of Hurricane Harvey in the
Texas bight. J. Geophys. Res. Oceans 124, 2440-2451 (2019).

. Arvola, L. et al. Food web responses to artificial mixing in a small boreal lake. Water 9, 515 (2017).
. Ji, G., Havens, K. E., Beaver, J. R. & East, T. L. Recovery of plankton from hurricane impacts in a large shallow lake. Freshw. Biol.

63, 366-379 (2018).

. Texas Severe Weather. https://climatexas.tamu.edu/products/severe-weather-summaries/index.html

. Rester, J. SEAMAP Operations Manual March 2016 (2016).

. Gorsky, G. et al. Digital zooplankton image analysis using the ZooScan integrated system. J. Plankton Res. 32, 285-303 (2010).

. Kelley, D. Package ‘gsw’ https://cran.r-project.org/web/packages/gsw/gsw.pdf (2021).

. Anderson, M. J. Distance-based tests for homogeneity of multivariate dispersions. Biometrics 62, 245-253 (2006).

. Borcard, D., Gillet, F. & Legendre, P. Numerical Ecology with R (Springer International Publishing, 2018). https://doi.org/10.1007/

978-3-319-71404-2.

. kdyson. R_Scripts (2021).

Scientific Reports |

(2022) 12:8721 | https://doi.org/10.1038/s41598-022-12573-y nature portfolio


https://www.noaa.gov/news-release/atlantic-hurricane-season-shows-no-signs-of-slowing
https://doi.org/10.23919/OCEANS.2009.5422213
https://www.nhc.noaa.gov/data/tcr/index.php?season=2017&basin=atl
https://doi.org/10.1029/161GM17
https://doi.org/10.1016/j.marpolbul.2020.111882
https://reader.elsevier.com/reader/sd/pii/S0025326X20310006?token=D63E6CCF2B06D0511BA24C221D0C70291A9A599398592B78F696FAF80DB5B35750514B3A4C39D697AA89AA5ED43EA317&originRegion=us-east-1&originCreation=20210707191417
https://reader.elsevier.com/reader/sd/pii/S0025326X20310006?token=D63E6CCF2B06D0511BA24C221D0C70291A9A599398592B78F696FAF80DB5B35750514B3A4C39D697AA89AA5ED43EA317&originRegion=us-east-1&originCreation=20210707191417
https://reader.elsevier.com/reader/sd/pii/S0025326X20310006?token=D63E6CCF2B06D0511BA24C221D0C70291A9A599398592B78F696FAF80DB5B35750514B3A4C39D697AA89AA5ED43EA317&originRegion=us-east-1&originCreation=20210707191417
https://climatexas.tamu.edu/products/severe-weather-summaries/index.html
https://cran.r-project.org/web/packages/gsw/gsw.pdf
https://doi.org/10.1007/978-3-319-71404-2
https://doi.org/10.1007/978-3-319-71404-2

www.nature.com/scientificreports/

37. Rosenzweig, M. L. Paradox of enrichment: destabilization of exploitation ecosystems in ecological time. Science 171, 385-387
(1971).

38. Galir Balki¢, A. & Ternjej, I. Assessing Cladocera and Copepoda individual disturbance levels in hydrologically dynamic environ-
ment. Wetl. Ecol. Manag. 26, 733-749 (2018).

39. Lindholm, M., Hessen, D. & Ramberg, L. Diversity, dispersal and disturbance: Cladoceran species composition in the Okavango
Delta. Afr. Zool. 44, 24-35 (2009).

40. Grant, G. C,, Bryan, B. B., Jacobs, F. & Olney, ]. E. The Effects of Tropical Storm Agnes on the Chesapeake Bay Estuarine System
(Chesapeake Research Consortium by the Johns Hopkins University Press, 1976).

41. Mcaskill, S., Paxton, S. & Geist, S. J. Trophic niche partitioning of three larval Sciaenidae species in the north-western Gulf of
Mexico. J. Plankton Res. 44, 99-115 (2022).

42. Shiroza, A. et al. Active prey selection in developing larvae of Atlantic bluefin tuna (Thunnus thynnus) in spawning grounds of the
Gulf of Mexico. J. Plankton Res. https://doi.org/10.1093/plankt/fbab020 (2021).

43. Hébert, M.-P,, Beisner, B. E. & Maranger, R. Linking zooplankton communities to ecosystem functioning: Toward an effect-trait
framework. J. Plankton Res. 39, 3-12 (2017).

44. Sutherland, K. R. & Madin, L. P. A comparison of filtration rates among pelagic tunicates using kinematic measurements. Mar.
Biol. 157, 755-764 (2010).

45. Gibson, D. M. Feeding and growth rates of the doliolid, Dolioletta gegenbauri Uljanin (Tunicata, Thaliacea). . Plankton Res. 22,
1485-1500 (2000).

46. Sutherland, K. R. & Thompson, A. W. Pelagic tunicate grazing on marine microbes revealed by integrative approaches. Limnol.
Oceanogr. 67,102-121 (2022).

47. Stone, J. P. & Steinberg, D. K. Salp contributions to vertical carbon flux in the Sargasso Sea. Deep Sea Res. Part Oceanogr. Res. Pap.
113, 90-100 (2016).

48. McKinnon, A. D. et al. Rapid changes in shelf waters and pelagic communities on the southern Northwest Shelf, Australia, fol-
lowing a tropical cyclone. Cont. Shelf Res. 23, 93-111 (2003).

49. Fiedler, P. et al. Effects of a tropical cyclone on a pelagic ecosystem from the physical environment to top predators. Mar. Ecol.
Prog. Ser. 484, 1-16 (2013).

50. Rayson, M. D,, Gross, E. S., Hetland, R. D. & Fringer, O. B. Time scales in Galveston Bay: An unsteady estuary. J. Geophys. Res.
Oceans 121, 2268-2285 (2016).

51. Beaugrand, G., Brander, K. M., Alistair Lindley, J., Souissi, S. & Reid, P. C. Plankton effect on cod recruitment in the North Sea.
Nature 426, 661-664 (2003).

52. Agostini, V., Bakun, A. & Francis, R. Larval stage controls on Pacific sardine recruitment variability: High zooplankton abundance
linked to poor reproductive success. Mar. Ecol. Prog. Ser. 345, 237-244 (2007).

53. Robinson, K. L. et al. Evaluating energy flows through jellyfish and gulf menhaden (Brevoortia patronus) and the effects of fishing
on the northern Gulf of Mexico ecosystem. ICES J. Mar. Sci. 72, 2301-2312 (2015).

54. Hernandez, E J., Powers, S. P. & Graham, W. M. Detailed examination of ichthyoplankton seasonality from a high-resolution time
series in the Northern Gulf of Mexico during 2004-2006. Trans. Am. Fish. Soc. 139, 1511-1525 (2010).

Acknowledgements

The authors would like to thank the captains and crew of the R/V Point Sur and all research vessels used in
the joint NOAA-GSMFC SEAMAP Fall Surveys. Much gratitude to Glenn Zapfe, Sara Lecroy, and Katherine
VanderKooy at NOAA Southeast Fisheries Science Center Laboratory in Pascagoula, MS for their assistance
providing SEAMAP samples and prompt replies to all inquiries and requests.

Author contributions
K.R. and Z.T. conceived the idea and collected the data. Z.T. and M.G. ran the analysis. Z.T., K.R., and M.G.
wrote the manuscript.

Funding
This project was funded by NSF RAPID grant number 1760704 to K.L. Robinson, B. Stauffer, A. Schnetzer, and
S. Geist and a Louisiana Board of Regents Doctoral Fellowship to Z.M. Topor.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-12573-y.

Correspondence and requests for materials should be addressed to Z.M.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:8721 | https://doi.org/10.1038/s41598-022-12573-y nature portfolio


https://doi.org/10.1093/plankt/fbab020
https://doi.org/10.1038/s41598-022-12573-y
https://doi.org/10.1038/s41598-022-12573-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multi-storm analysis reveals distinct zooplankton communities following freshening of the Gulf of Mexico shelf by Hurricane Harvey
	Methods
	Mesozooplankton. 
	Physical data. 
	Statistical analysis. 

	Results
	Discussion
	Conclusion
	References
	Acknowledgements


