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storm surge in Corpus Christi
Bay, Texas
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University-Corpus Christi, Corpus Christi, TX, United States, 2Harte Research Institute for Gulf of
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Extreme weather events, such as tropical storms and hurricanes, are known to deliver
large amounts of freshwater (surface runoff) and associated inorganic and organic
nutrients to estuaries and the coastal ocean, affecting water quality and nutrient budgets.
However, while Hurricane Harvey produced an unprecedented 1,000-year flood event
in 2017 that inundated areas north of the landfall, like the Houston/Galveston region
(Texas, United States), the impact on the Corpus Christi area, south of the landfall, was an
intermittent negative surge (~0.5 m below mean sea level (MSL)), caused by the
southerly direction of winds and limited freshwater inflows. With the use of pre- and
post-landfall surface-water, porewater, and groundwater nutrient measurements and
dissolved organic matter (DOM) molecular characterization analyses, this study assessed
the influence of negative storm surge on groundwater—surface water interactions and
nutrient composition. Within 2 weeks following the first landfall, the forms and inputs of
inorganic and organic nutrients fluctuated significantly nearshore Corpus Christi Bay.
Sudden drops in sea level were correlated with pulses of NH,;* and disproportionately
more dissolved organic carbon (DOC) than dissolved organic nitrogen (DON), likely from
a carbon-rich groundwater or benthic source with slightly lower labile characteristics.
Recovery to MSL drove higher proportions of nitrogenous DOM and lower dissolved
inorganic nitrogen (DIN) inputs. An increased presence of sulfurized DOM derived from
anaerobic microbial processing of organic matter mineralization in marine sediments
post-landfall was facilitated by enhanced groundwater inputs and flushing of porewater
due to considerable drops in sea level and steepening hydraulic gradients toward the
coast. The induced pulses of higher groundwater advective fluxes are also hypothesized
to have intermittently enhanced flushing of anoxic DIN and biodegraded DOM from
porewater and groundwater and suggested that dynamic hurricane-induced negative
surge events affect net nutrient budgets in estuarine and coastal seas.
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1 Introduction

Extreme hydroclimatic events, such as hurricanes, droughts,
and floods, have been predicted to increase in frequency and
intensity due to climate change (Webster et al., 2005). These
changes are expected to reflect onthe delivery of freshwater,
nutrients, sediments, and dissolved organic matter (DOM) to
estuaries, thus greatly influencing the biogeochemical cycling
and ecological productivity in estuaries (Riera et al., 2000;
Montagna et al, 2012). The estuarine nitrogen cycle is
disrupted by extreme storm events like hurricanes through
increased loading of nutrients from runoff, which may trigger
eutrophication and algal bloom propagation (Paerl et al., 1998;
Mallin et al., 1999; Shelton, 2009). However, only in recent years
has the impact of storm events on organic matter cycling and
composition become the focus of research in riverine (Raymond
and Saiers, 2010; Lu and Liu, 2019) and estuarine systems
(Letourneau and Medeiros, 2019).

With its important contribution of carbon (C) and carbon-
bound nutrients, such as nitrogen (N), phosphorus (P), and
sulfur (S) toestuaries, DOM plays an important role in
the biogeochemistry and ecological functioning of coastal
environments (Findlay and Sinsabaugh, 2004; Carlson and
Hansell, 2015). Studies indicate that DOM affects the solubility
(Chiou et al., 1986), bioavailability (Akkanen et al., 2004;
Ksionzek et al, 2018), and reactivity (Opsahl and Benner,
1997) of nutrients, trace metals, and contaminants in aquatic
environments. Transformations of DOM at the land-ocean
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boundaries, like estuaries, play a key role in the biochemical
transformations of nutrients; thus, further studies are necessary.

There are several sources of autochthonous and
allochthonous DOM in the estuarine environments (Lee et al,,
2020). Autochthonous sources include in situ marine production
by primary producers, exudation of aquatic plants, and aquatic
plant degradation (Carlson and Hansell, 2015). Allochthonous
sources are associated with terrestrial inputs via soil and plant
matter degradation (Bauer and Bianchi, 2011) and
anthropogenic contributions from industry, agricultural runoff,
and domestic sewage (Griffith and Raymond, 2011). As
expected, terrestrial DOM sources dominate where freshwater
inputs are significant, whereas estuarine-derived DOM inputs
are more dominant in low-flow estuaries (Sipler and Bronk,
2015; Santos et al., 2016). The source and degree of DOM
biodegradation in estuarine and marine environments are
reflected in the molecular characteristics. For instance,
terrestrial DOM is characterized by more aromatic compounds
and a greater CHO composition, due to the nature of terrestrial
plant detritus (Bianchi and Bauer, 2011). In comparison, marine
DOM is characterized by higher weighted averages of
phosphorous (P) and nitrogen (N) heteroatoms and aliphatic
compounds (Bianchi and Bauer, 2011). The quantity and forms
of DOM influence estuarine ecology through changes in
microbial community composition (Traving et al., 2017;
D’Andrilli et al,, 2019), with implications for seasonal changes
in marine primary productivity. For instance, biotic and abiotic
breakdown of terrestrially derived DOM from rivers to coastal
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margins was found to contribute to coastal eutrophication
(Duan et al,, 2007; DeVilbiss et al., 2016). Thus, while the
organic matter is a vital resource subsidy that supports
ecosystem diversity (Savage et al, 2012), excess inputs of
DOM can stimulate harmful algal blooms, especially during
warm months and increased runoff from storms (Boyer
et al., 2006).

Hydrologic processes control the transport path and the rate
of terrestrial DOM transformation within a watershed and to
coastal waters (Shang et al., 2018; Singh et al., 2019). Hydrologic
perturbations such as those caused by extreme hydroclimatic
events are expected to influence the quantity of DOM and
inorganic nutrient inputs, composition, and degradation
pathways in estuarine waters. These physical processes induce
changes in temperature, pH, and salinity, among other
hydrologic characteristics, whichin turn have the ability to
influence estuarine DOM bioavailability and transformations
(Liu et al., 2019). Given the different sources and sinks for DOM
converging in estuaries, including riverine inputs, flanking
marshes, groundwater and benthic fluxes, atmospheric
deposition, and oceanic waters (Hedges and Keil, 1999), these
types of investigations are scarce and have proven challenging.

While recent studies have begun to assess changes
in DOM after storm events, the focus has been on surface
runoff caused by compounded storm surges and rain (Denis
et al., 2017; Chen et al., 2019; Schafer et al., 2020; Gold-Bouchot
et al, 2021). For many of these studies, storm surges and
flooding were found to be the major source of terrestrial DOM
to marine waters during storm events, normally as a result of
increased precipitation and runoff (Inamdar et al., 2011; Chen
et al., 2019; Lu and Liu, 2019). However, the 2017 Hurricanes
Harvey (Goff et al., 2019) and Irma (So et al., 2019) caused
abrupt drops in surface water levels, exposing long stretches of
bay bottoms, a rare phenomenon called seaward or negative
storm surge. This extreme change in water level is expected to
affect hydraulic gradients and act as a pull of groundwater
discharge offshore, particularly in shallow and microtidal
embayments. These disturbances, however, have not been
considered in evaluations of inorganic nutrient and organic
matter inputs to coastal waters. This study evaluated changes
in DOM composition and sourcing and inorganic nutrients as a
function of the dynamic coupling of hydrological and estuarine
physical and biogeochemical processes nearshore Corpus Christi
Bay in response to the negative surge caused by Hurricane
Harvey. It is expected that the short-term dynamic changes in
the underlying physical processes in coastal estuarine areas
control the chemical form, timing, and inputs of nutrients and
DOM. The evaluation included a high-frequency daily sampling
of nearshore Corpus Christi Bay following Hurricane Harvey
and DOM molecular characterization (using ultrahigh-
performance liquid chromatography (UPLC) coupled with
mass spectrometry (MS)) and inorganic nutrient analysesin
relation to physical changes. Statistical analyses were employed
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to identify unique aspects of hurricane impacts on the chemical
composition of bay water and its association with
physical processes.

2 Methods
2.1 Study area

Samples were collected on the southern shore of Corpus
Christi Bay at University Beach on Ward Island, near Texas
A&M University-Corpus Christi (TAMU-CC; Figure 1). Corpus
Christi Bay, a shallow primary bay (average depth of 3.4 m) in
the Nueces Estuary, connects to the Gulf of Mexico through a
pass in the barrier island and to the secondary bays, Nueces Bay
and Oso Bay, where the rivers discharge (Figure 1B). Bay bottom
sediments are comprised of fine sand and silt along the shoreline
and mud toward the middle of the bay (Morton and Winker,
1979; Gardner et al., 2006). Ward Island is a remnant of the
Nueces River and Oso Creek deltaic complex discharging into
the bay. University Beach (Figure 1C) was constructed on the
north shore of Ward Island in 2001 to restore the beach that
once extended along the entire shoreline fronting the island.
Terminal groins stabilize 366 m of the beach, and three detached
breakwaters protect the beach from forces exerted on the shore.

The study area is mostly classified as semiarid, with average
precipitation rates that vary between 81 cm year_l, to the north,

1

to 69 cm year ', to the south of the study location. Average

evaporation rates range between 133 and 155 cm year '
(Behrens, 1966; TWDB, 2020). Typical average inflow rates to
the Nueces Estuary are 10° m® year™" and change to a negative
annual average (~10° m’ year™") to the south in the Laguna
Madre (Montagna et al., 2012). Low precipitation rates within
the watersheds, water diversions, and river dams have resulted in
absent to very limited freshwater inflows directly from the
Nueces River (Murgulet et al., 2016). Oso Creek’s
contributions to Oso Bay and Corpus Christi Bay are largely
dominated by permitted discharges (Sharma et al., 1999),
including hypersaline inputs from the Barney M. Davis
cooling reservoir (Bighash and Murgulet, 2015).

Corpus Christi Bay is located along the Texas Coastal Plain,
which is a monoclinal belt structure, gently dipping (1.8-7.5 m
per km) toward the Gulf of Mexico (Baker, 1979). The bay is in
contact with the Chicot aquifer, which is part of the Gulf Coast
Aquifer (GCA), a leaky artesian aquifer comprised of a complex
of clays, silts, sands, and gravels (Ashworth and Hopkins, 1995).
From well logs and electrical resistivity data collected as part of a
previous study (Stearns, 2019), it is evident that the slightly
deeper and semiconfined aquifer is in direct connection with the
bay within 100 m offshore (Figure 1C). Similar conduits are
expected to be present further offshore where dredging breached
the shallow confining layer, thus explaining inputs of deeper
groundwater further offshore during low water. Several recent
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(A) The Hurricane Harvey path and Saffir—Simpson Hurricane Wind Scale categories (Blake and Zelinsky, 2018) and precipitation totals. (B) The
geographic location of the study area with major river basins, stream gauges (Nueces River at Calallen, TX [08211500], and Oso Creek at Corpus
Christi [08211520]), salinity stations (Nueces Bay [NUDE3, 043] and Bird Island [NPSBI, 171]), wastewater treatment plants (WWTP), and Harvey
storm track shown. Samples were collected from the Texas AGM University-Corpus Christi beach on Ward Island (University Beach). (C)
Overhead view of Ward Island (credit: TAMUCC MARCOM, CC BY-SA 4.0) showing the location of the sampling transect for the vertical cross-
sectional representation of the study site with the sampling locations of groundwater and porewater shown. Surface water was collected in line

with the groundwater and porewater within 10 m of the waterline.

submarine groundwater discharge (SGD) studies found SGD to
be significant in this area; thus, it likely plays a major role in
ecosystem health (Douglas et al., 2020; Murgulet et al., 2022).
For instance, in Nueces Bay, across multiple seasons, SGD was
among the highest measured in south Texas, with rates as high as
242 cm-day ", following a multi-year drought, and as low as 27
cm-day', subsequent to extreme flooding (% 99 cm-day ')
(Murgulet et al., 2018).

2.2 Data collection and analyses

2.2.1 Sample collection and sample analyses

A total of 18 Corpus Christi Bay surface water samples were
collected within 10 m of the waterline at University Beach
beginning on 23 August 2017 and continued until 4 February
2018. Henceforth, we refer to surface water samples from Corpus
Christi Bay as surface water samples. All surface water samples

Frontiers in Marine Science

04

were in line with the groundwater and porewater samples
(Figure 1C). Two pre-hurricane surface water samples were
collected 2.5 and 1.7 days before the first landfall. Post-
hurricane, 11 samples were collected daily beginning on 30
August, the fourth day after the mainland (and second)
landfall, and three more samples were collected weekly
between 16 September and 30 September. An additional two
surface water samples were collected in February 2018. Two
porewater samples were collected pre-hurricane landfall and one
in February 2018. In addition, six groundwater samples were
collected from two nested monitoring wells near the monitoring
site (Figure 1C): one developed between 5 and 6 m in the
unconfined aquifer (shallow) and another between 10 and 12
m in the semiconfined water producing unit (deep).
Groundwater samples were collected from each formation 2
days pre-hurricane, post-hurricane on 20 September, and in
February 2018. All samples were analyzed for inorganic
nutrients, dissolved organic carbon (DOC), total dissolved
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nitrogen (TDN), and DOM molecular characterization. All
samples were collected using standard techniques for surface
water, porewater, and groundwater (Douglas et al., 2021a).

2.2.2 Inorganic and organic
nutrient measurements

Nitrate (NO;3"), nitrite (NO,"), and ammonium (NH,")
were measured on a Seal QuAAtro nutrients autoanalyzer
(EPA, 2011) at the Geochemical and Environmental Research
Group (GERG), College of Geosciences at Texas A&M
University College Station, with method detection limits
(MDLs; in pmol L™ of 0.11, 0.012, and 0.057, respectively.
The MDL is defined as Student’s t for 99% confidence level times
the standard deviation of seven replicate measurements of the
same low-level sample or spiked sample. Measurements of DOC
and TDN were conducted using a Shimadzu TOC-V analyzer
with a nitrogen module, with an MDL of approximately 1
mg-L™". Dissolved organic nitrogen (DON) was estimated as
the difference between TDN and dissolved inorganic nitrogen
(DIN = NO,™ + NO;~ + NH,").

2.2.3 Ultrahigh-performance liquid
chromatography—Orbitrap fusion
Tribrid mass spectrometry

Samples for DOM molecular characterization were collected,
processed, and analyzed with UPLC-OT-FT MS as described in
detail in Douglas et al. (2021a). Additional OT-FT MS methods
and specific OT-FT MS instrument settings can be found in the
Supplementary Material. Briefly, samples were collected in 1-L
polycarbonate amber bottles previously cleaned with Alconox and
HCI solution and rinsed with the sample. Immediately after
collection, samples were sterile filtered through 0.2-um
polyethersulfone filters conditioned with 5-10 ml of sample to
remove particulates and frozen until processed. Prior to extraction,
100 ml of each sample was acidified to pH 2 with HCl to increase
extraction efficiency for organic acids and phenols. DOM samples
were then prepared for mass spectrometric analysis using 200 mg,
3 ml Bond Elut-PPL solid phase extraction cartridges following the
procedure recommended by Dittmar et al. (2008). Preceding
elution of DOM, two cartridge volumes of 0.01 HCI were passed
through the cartridge to completely remove salts and then were
dried. The samples were eluted with 6 ml of Optima LC/MS-grade
methanol. The methanol eluents were dried in a Centrivap
benchtop concentrator and reconstituted with 1 ml of 95:5 water
to acetonitrile.

Aliquots of the sample were analyzed on a 1.7-um
ACQUITY UPLC BEH CI8 reversed-phase column (Waters,
30 A, 1.7 um, 2.1 mm x 100 mm) via a heated electrospray
ionization (H-ESI) source to Orbitrap Fusion Tribrid Mass
Spectrometer (Thermo Scientific, Waltham, MA, USA)
operated under positive mode. The positive mode was used for
its preferential ionization of nitrogen-containing organic matter
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to facilitate comparison with and discussion of changes in
inorganic nitrogen species. Between each sample analysis, an
8-min column re-equilibration was performed. For MS? the
isolation window was set at 0.7 m/z while performing both
collision-induced dissociation (CID) and higher-energy
collisional dissociation (HCD) using an ion trap mass
spectrometer as the detector.

Compound Discoverer software 3.1 (Thermo Fisher) was
used to identify the DOM compounds according to the following
conservative criteria: 1) a signal-to-noise ratio of above 3, 2) a
minimum of five mass scans per chromatographic peak, 3) a
minimum peak intensity of 50,000, and 4) at least one isotope
peak detected. All chromatography spectra retention times
(RTs) were aligned using an adaptive curve with a maximum
shift of 0.2 min and 5-ppm mass tolerance. The ratio of the M+1
to parent peaks was used to confirm the number of carbon
atoms, and the M+2 peak ratio was used to confirm the presence
of the S atom in the compound. If multiple adducts were
detected (Supplementary Material), all adducts of the same
compound were grouped together with an RT tolerance of 0.2
min. Based on our observed analysis, there were limited cases
where multiple adducts were detected for the same compounds.
A total of 1,427 out of 1,822 compounds detected had a single
adduct ([M+H]™), and the maximum number of adducts
detected for a single compound was 6.

A molecular formula calculator (Molecular Formula Calc
version 1.0 NHMFL, 1998) was used to determine empirical
formula matches with the following parameters: Cy jooH,-
20000-50N0-1050_3P0_3. Molecular formulas that are unlikely to
occur in nature or are not chemically possible were removed, as
described in detail in Abdulla et al. (2013). Internal standards
were not used when analyzing these samples; thus, the calculated
masses of the assigned formulas are all within 2.0 ppm of the
masses detected by OT-FT MS. For a more detailed description
of these analyses, the reader is directed to Douglas et al. (2021a).

2.2.4 Statistical data analysis

The data were gap filled and normalized to constant sum in
Compound Discoverer and exported for statistical analyses.
Compound presence or absence in each sample was determined
if it met or did not meet the four criteria listed above. For absent
compounds, a gap filling approach that integrated the area where
the peak was expected but not detected was performed to prevent
skewing toward missing values (i.e., zero values) in the statistical
analyses. No bias is introduced by integrating these gap-filled
areas, as they usually correspond to spectra noise. Peak
magnitude-weighted O/C,,, H/C,, and N/C,, were calculated, as
described in Douglas et al. (2021a), to characterize each sample
and facilitate discussion of DOM composition (Sleighter et al.,
2010; Schmidt et al., 2017).

A molecular lability boundary (MLB), developed from FTICR-
MS molecular data visualized in van Krevelen diagrams with
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chemical class regions, separates the data into more and less labile
constituents. This is based on the higher degrees of hydrogen
saturation of the protein-, amino sugar-, and lipid-like region
linkage to more bioavailable fractions of carbon (D'Andrilli et al,
2015). Constituents of DOM above the MLB at H/C > 1.5
correspond to more labile material, whereas constituents of
DOM below the MLB (H/C < 1.5) exhibit less labile, more
refractory character (grouping in more lignin-, tannin-, and
condensed aromatic-like regions of the van Krevelen diagram).
The percentage of more labile constituents (MLB; ) was determined
by the number of molecular formulas with H/C > 1.5 over all O/C
(0.0-1.2) divided by the total number of molecular formulas in the
sample or by the number of formulas in a heteroatom group,
multiplied by 100. Classification of less labile, or more refractory
components (MLBg), from each carbon source was calculated
similarly for molecular formulas below the MLB (H/C < 1.5).
These calculations are defined as chemical species richness for
labile and refractory contributions. The diversity of chemical
species was calculated by incorporating the normalized peak
height of each mass spectral peak to determine the weighted
effect of each ionized elemental composition on the overall
distribution in each group (i.e., labile: MLB,,; or refractory:
MLB,r). Although chemical class regions in van Krevelen
diagrams contain a degree of ambiguity, and the degree of
lability can also be a function of oxygenation; this conservative
MLB calculation can provide an unbiased way to distinguish
between more or less labile OM by high-resolution MS
(D'Andrilli et al., 2015).

Cluster analyses and principal component analyses (PCAs)
were performed to assess the temporal variability of DOM
composition using SAS 9.4 software. Cluster analyses were
performed using PROC CLUSTER with Ward’s minimum-
variance method after standardizing DOM peak magnitudes
with PROC ACELUS, which transforms the data such that the
resulting within-cluster covariance matrix is spherical when you
suspect the data contain elliptical clusters without known cluster
membership or number of clusters, and PROC STANDARD,
which creates z-scores for each variable to a mean of 0 and
standard deviation of 1. The number of clusters was determined
from a visual inspection of the dendrogram and the values of the
cubic clustering criteria, pseudo-F, and t* statistics. To explore
how sample groups differed based on compound class and
structure, the O/C and H/C ratios of the assigned molecular
formulas for compounds present in each cluster were plotted in
van Krevelen diagrams with generalized compound class regions
identified (Koch and Dittmar, 2006). The differences in DOM
composition between the clusters aid in identifying the potential
sources and transformations of compounds in the time series as
well as potential environmental drivers.

PCA and van Krevelen diagrams were used to visualize the
correlation between multivariate data in the samples. For PCA,
the data were standardized to a normal distribution using PROC
STANDARD so that scales were the same for all variables. PCA
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was performed using the PROC FACTOR procedure in principal
components mode with VARIMAX rotation for axis rotation
(Douglas et al., 2021a). A sample score plot and a variable loading
plot, which shows the distribution of the samples and variables
(i.e., individual compounds), respectively, were generated.

Spearman’s rho coefficient (r) was used for correlation
analyses of nutrients and hydrologic parameters (i.e., water
level and creek discharge). This type of analysis is best suited
for parameters not normally distributed and are not expected to
have a linear relationship, thus making Pearson’s correlation
coefficient unreliable (Hauke and Kossowski, 2011). For this
study, the 95% confidence interval (or p-values <0.05) is deemed
as an indication of a significant correlation.

3 Results
3.1 Hydrologic conditions

Hurricane Harvey originated in the Atlantic and rapidly
intensified as it approached the Texas coast, reaching a
sustained windspeed of 115 knots (213 kmh™')—category 4
status on the Saffir-Simpson scale—before making landfall
(NOAA, 2017). It first made landfall on 26 August at 03:00
UTC (25 August at 22:00 local time) approximately 50 km
north of Corpus Christi on the northern end of San Jose Island.
The second landfall on the Texas mainland occurred
approximately 3 h later with sustained windspeeds of 105 knots
(195 km-h™') (NOAA, 2017). After stalling over the south and
southeast Texas, the storm drifted offshore 3 days later before
making another final landfall in southwestern Louisiana on 30
August (Figure 1A).

Hurricane Harvey delivered considerable amounts of
precipitation at ~125 billion m> of rain over the United States
(Fritz and Samenow, 2017). Most of the rain received in Texas,
up to 152 cm (Blake and Zelinsky, 2018), occurred to the north
and northeast of the study area (Figure 1A) with only up to 16
cm measured at the TAMU-CC weather station. Consequently,
surface runoff from stream flow discharge (i.e., from Oso Creek
or Nueces River) and overland flow were relatively low near the
monitoring location (Figures 2A, B).

Oso Creek, which is the nearest source of returned flows to the
monitoring area, peaked slightly between the two landfalls but
quickly decreased to almost negligible flows (Figures 2C, 3A).
Contrary to typical storm impacts, which bring high storm surges
and rain that causes flooding, the coastal area southwest of the
hurricane’s track experienced maximum storm surges of <1 m
(Blake and Zelinsky, 2018) with the occurrence of negative storm
surge due to the offshore direction of winds (because of the
anticlockwise rotation of the storm and the location and
orientation of Corpus Christi Bay relative to the storm center).
The most significant changes in the area were related to changes in
sea level. Water levels within the Nueces Estuary, including Corpus
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FIGURE 2

United States Geological Survey (USGS) streamflow discharge for Oso Creek at Corpus Christi, TX (08211520) and Nueces River at Calallen, TX
(08211500), salinity (Nueces Bay: NUDE3, 043; Bird Island: NPSBI, 171), and precipitation depths recorded near the study area between 2015 -
2017 (A) with closer looks at (B) the 2015 flood event and (C) Hurricane Harvey.

Christi Bay, fluctuated significantly during and after hurricane
landfall, falling approximately 0.1 m below the mean lower low
water level (MLLW) during landfall, hovering around the MLLW
for approximately 4 days, and falling again to 0.2 m below the
MLLW on 1 September (Figure 3A). The water level eventually
recovered to mean sea level (MSL) but dropped again (not as
severely) before recovering. It is important to note that the largest
difference in water level recorded following the first and second
landfalls was approximately 0.6 m (Figure 3A) and was captured in
the daily sampling. The drop in water level was considerable given
that the average depth of Corpus Christi Bay is 3.6 m and the
microtidal nature of the estuaries in the northwestern Gulf of
Mexico (Gardner et al., 2006).

3.2 Nutrient concentrations
3.2.1 Surface water
Concentrations of NO3;~, NO, ", and NH," were substantially

greater following landfall and the accompanying ~0.5 m drop in
water levels from before the storm (Figure 3B). However, only

Frontiers in Marine Science

surface water NH," had a strong negative correlation with water
level (p-value = 0.03), while NH," and NO,~ were positively
correlated (p-value = 0.02 and p-value < 0.01, respectively) and
DOC was negatively correlated (p-value = 0.04) with Oso Creek
discharge (Table 1). In contrast, surface water DON
concentrations were slightly higher before the hurricane
landfall and initially decreased post-landfall (Figure 3C).
Concentrations of DON, NO;~, NO,~, and NH," fluctuated
with a decreasing trend corresponding with the most negative
surge, with water levels decreasing to MLLW or lower multiple
times over the 4 days after the second landfall. The most negative
surge followed 2 days after Harvey’s final landfall, though it
occurred approximately 280 miles (451 km) northeast of Corpus
Christi in southwestern Louisiana. Though concentrations of
DON and NH," initially followed the same trend, they began to
fluctuate with inverse trends to each other starting on day 9
while returning to MSL (Figures 3B, C). As DON spiked with a
slight drop in salinity in the early days post-landfall, NH,"
decreased (Figures 3A, C). Concentrations of NO3;~ remained
relatively low but peaked along with DON slightly on day 9 and
substantially on day 13 and were overall positively correlated to
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TABLE 1 Spearman’s rank correlations for inorganic and organic nutrients, dissolved organic matter chemical composition, and hydrologic metrics.

(n=18) Water level
Oso Creek discharge r —0.443
P 0.066
Salinity r -0.203
p 0418
pH r 0.424
p 0.079
NO;~ r -0.224
p 0371
NO,~ r -0.329
p 0.182
NH,* r -0.511
p 0.030*
DOC r 0.199
P 0.428
DON r -0.337
P 0.171
C:N r 0.447
p 0.063
Total compounds r —-0.113
p 0.656
Avg. MW r 0.424
p 0.079
0/C,, r ~0.022
P 0.932
H/C,, r -0.470
p 0.049*
N/Cy r -0.527
p 0.025*
S/C,, r 0.331
p 0.179
MLB; r -0.240
p 0.337

Oso Creek discharge Salinity pH
1
-0.015 1
0.951
0.157 -0.187 1
0534 0.458
0210 0.423 0.113
0.403 0.080 0.656
0.662 -0.189 -0.178
0.003* 0453 0.481
0.564 0.451 -0.178
0.015* 0.060 0.481
-0.484 0.583 -0.074
0.042* 0.011% 0.769
0.143 0.738 -0.073
0.570 0.001% 0.773
-0.467 -0.536 -0.057
0.050* 0.022* 0.823
-0.467 0214 -0.441
0.051 0.394 0.067
-0.278 -0.139 -0.062
0.265 0.581 0.807
-0.325 0.022 -0.022
0.188 0.932 0.932
0.131 0.053 -0.187
0.604 0.836 0.458
0.092 0.071 -0316
0.717 0.779 0202
-0.356 -0.131 -0.146
0.147 0.604 0.564
-0.051 0.044 -0.480
0.842 0.861 0.044*

Significant correlations (p-value < 0.05) are shown in bold with an asterisk (*) and weak correlations (p-value < 0.1) are shown in bold italics.

DOC, dissolved organic carbon; DON, dissolved organic nitrogen.

each other (p-value < 0.01). Concentrations of NH," peaked
slightly on day 10 with NO,™ concentrations peaking over the
following 2 days before the substantial NO3;~ peak on day 13,
indicating a recent local pulse of reduced inorganic N followed
by nitrification processes.

All nutrients and DOM concentrations stabilized on the
lower end for the following 3 weeks, with some slight differences.
With a steady overall increasing trend in water levels following
day 5, DON and NH," seem to have been modulated to a certain
extent by salinity fluctuations (p-value < 0.01) and the daily tidal
cycle (p-value = 0.03), respectively. Concentrations of DOC were
overall lower post-landfalls. Two periods of decreasing
concentrations correspond to declines in salinity, which may
be pulses of freshwater inflows.
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3.2.2 Porewater and groundwater
The groundwater and porewater signatures of different

dissolved inorganic and organic nutrients were used in this
study, representative of pre- and post-landfall conditions, as
means to evaluate the potential for groundwater-surface water
interaction. Groundwater in the nearby island water table (e.g.,
unconfined aquifer) was characterized by low to brackish salinity
(0.37-6.47, X = 3.1), both pre- and post-landfall, while for the
semiconfined (deeper) aquifer, salinities were generally
hypersaline (30-54, X = 44.3) though slightly fresher post-
landfall (Figures 1C, 4). Overall, the salinity of shallow
groundwater was lower than that of porewater, surface water,
and deep groundwater, likely due to recharge from local rainfall,
irrigation, and limited connection with the estuary. Similarly, the
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signatures of different dissolved inorganic and organic nutrients
reveal shallow groundwater as chemically distinct from deeper
groundwater (Figure 4).

While pre- and post-landfall changes in pore- and surface
water salinity had trends like the deep and shallow groundwater
(e.g., a shift toward lower salinity following the landfall), changes
in NO5;~, NO, ", and NH," concentrations were not consistent
(Figures 4A-C). The concentrations of NO,™ and NO;~ were the
highest in shallow groundwater a few months after the landfall,
when the system was more hydrologically stable. Deeper
groundwater had a range of NO,  concentrations that
encompass porewater and most of the surface waters
(Figure 4B). Concentrations of NH," were the highest in
porewater a few months post-landfall and about threefold
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lower pre-landfall, with levels approaching pre-landfall shallow
groundwater (Figure 4C). However, NH," in porewater
exceeded deeper groundwater and post-landfall shallow
groundwater. A trend with salinity for groundwater was not
obvious for inorganic N, except for NO3 ™, which was the highest
at the low salinity end, in shallow groundwater (Figure 4A).
Salinity and DON (Figure 4E) exhibit a negative trend with
surface water and porewater falling between the shallow and
deeper groundwater fields. However, salinity and DOC
(Figure 4D) showed a positive trend in each source, with the
pre-landfall samples at the high end and samples from months
after landfall at the low end, which may be due to a seasonal
effect, but the sample size is too small to speculate further. The
largest DON concentrations were in the shallow groundwater
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and the lowest in the pre-landfall deeper groundwater. Deeper
groundwater DON was higher post-landfall, while the opposite
was observed for the shallow aquifer. In comparison, pre-landfall
porewaters were more enriched in DON than surface water and
deeper groundwater. These trends in DON among the different
environments and pre- and post-conditions reveal a mixing
pattern between the two aquifers and porewater, and likely
exchange with surface water.

3.3 Dissolved organic matter molecular
characterization

3.3.1 Overall surface and groundwater
dissolved organic matter composition

A total of 1,821 unique compounds were identified by DOM
molecular analyses on pre- and post-hurricane surface water and
groundwater samples (n = 26). Of the total unique compounds,
1,452 (80%) were assigned formulas that were primarily CHO
(37.9%), CHON (39.6%), CHONS (11.1%), and CHOS (4.9%),
with the remaining as P-containing heteroatoms (CHONP and
CHOSP, 3.0%) and CHOP (3.4%). The much lower occurrence
of P-containing compounds was expected with ESI+ mode due
to the preferential ionization of N-containing compounds
(Ohno et al, 2016; Lu and Liu, 2019). An average of 190
formulas were identified in each sample, with the greatest
number in the deep (¥ = 365 formulas) and shallow
groundwater (X = 337 formulas, Table S2).

The relative abundance of different compounds in surface
water was compared during the pre- and post-landfall and the
recovery period of 5 months (i.e., February 2018, Figure 5, Table
S3). Pre-landfall surface water was dominated by CHON and
CHO compounds. Combined N-containing compounds
accounted for ~72% of the compounds detected in surface
water prior to landfall. Comparatively, on average, the post-
landfall relative abundance of CHO increased by 10%, while that

1ot & 2md 3
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I 4

rd
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of CHON decreased by ~12%. Also, the average relative
abundance of S-containing compounds nearly doubled (10.5%)
from pre-landfall (6.6%), with most compounds occurring as NS
heteroatoms. After 5 months, the composition of DOM
compounds had largely returned to pre-landfall conditions
with N-containing compounds once again comprising >70% of
the compounds detected, mostly as CHON, and CHO making
up most of the rest. However, the relative abundance of S-
containing compounds (10.6%) remained like in the post-
Harvey samples.

The weighted average molecular element ratios of oxygen to
carbon (O/C,,), hydrogen to carbon (H/C,), and nitrogen to
carbon (N/C,,) provide additional insight into DOM
composition changes after the landfall. The most oxygenated
DOM (i.e., greatest O/C,,) occurred in one February 2018
sample (0.299) and one pre-landfall sample (0.256), while the
least oxygenated DOM (i.e., lowest O/C, 0.159) occurred on
day 10 (Figure 3D; Table S2). All other surface water samples
had relatively consistent O/C,, values (0.214-0.232). These O/C,,
values were greater than those previously observed in nearby
Nueces Bay during a major flood event (¥ = 0.185), flood
recession (¥ = 0.176), and more typical low-flow conditions
(x = 0.182 and 0.178) (Douglas et al., 2021a). This study had
similar surface water unweighted O/C elemental ratios (0.22-
0.26) as those observed across four rivers located to the northeast
of this study’s location (0.21-0.27), before (at baseflow) and
following Hurricane Harvey (at high flow conditions) (Lu and
Liu, 2019). The February 2018 peak and day 10 drop in O/C,,
coincided with the lowest H/C,, values observed (1.41 and 1.46,
respectively). The highest surface water H/C,, values (i.e., the
most saturated DOM samples) were observed pre-landfall
(>1.60), on days 7, 8, and 11 (1.62-1.69, cluster 2 in post-
landfall samples below), and in the other February 2018 sample
(1.78). These values are within the upper range of H/C,, values
previously observed in the Nueces Bay study at flood peak (1.44-
1.77, X = 1.66) and flood recession (1.44-1.84, x = 1.67) (Douglas
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et al,, 2021a) and have similar unweighted elemental H/C ratios
(1.48-1.75) to those observed in the monitored rivers at baseflow
and high flow conditions (1.46-1.60) (Lu and Liu, 2019). All
other post-landfall samples had H/C,, values like the H/C,
values in Nueces Bay during low-flow conditions (X = 1.54 and
1.55). The surface water N/C,, followed similar trends to the H/
Cy throughout the study period.

For the groundwater DOM samples, 757 unique compounds
were detected in the deeper formation (n = 3), 1,012 compounds
in the shallow groundwater (n = 3), and 198 compounds in
porewater (n = 2); of these, 611 (81%), 803 (79%), and 153
(77%), respectively, were assigned formulas. Surface water had
greater relative abundances of CHON than groundwater
samples, while groundwater samples had more CHO, CHOS,
and CHOP (Figure 6). Surface water and porewater had similar
overall DOM compositions. In contrast, shallow groundwater
and deeper groundwater were, on average, composed of a greater
proportion of CHO (38%-39%) and S-containing compounds
(15%-19%) and had the least N-containing compounds (<50%).
Shallow groundwater DOM was generally less oxygenated (O/
Cyw X = 0.20) and less saturated (H/C,, X = 1.60) than porewater
(0/C,, ¥ = 0.23, H/C,, X = 1.67) and DGW DOM (O/C,, % = 0.27,
H/C, X = 1.70, Table S2). All groundwater endmembers had
generally more saturated DOM than surface water samples,
while porewater DOM had similar oxygenation to surface
water DOM. Deeper groundwater had the highest percentage
of labile compounds (MLBy, X = 82.3%), followed by porewater
(MLBy, X = 79.9%) and shallow groundwater (MLBy, X = 70.9%,
Table S3). Groundwater had generally higher percentages of
labile compounds than surface water (MLB X = 56.9%).

Cluster analysis and PCA of all surface water and
groundwater samples revealed three principal components
accounting for ~50% of the variance and comprise 4 clusters

10.3389/fmars.2022.961206

that can be explained by differences in groundwater composition
(PC1 and PC3) and the DOM composition post-Harvey (PC2,
Figures 7A, B). Principal component 1 accounts for 24.7% of
the variance and is driven by the deep groundwater
DOM composition (i.e., positive PC1 scores, cluster 1 in
Figure 7A). The scores of PCl were positively correlated
with DOC (p-value < 0.01) and negatively correlated with N/C,,
(p-value < 0.001), indicating that deep groundwater had higher
concentrations of N-depleted OM. Principal component 2
accounts for 13.4% of the total variance and is driven by the
difference in DOM composition immediately following Hurricane
Harvey (positive PC2 scores, cluster 2) from pre-landfall and
February 2018 surface water, shallow groundwater, and porewater
composition (negative PC2 scores, cluster 3, Figures 7A, B). On
the whole, post-landfall surface water samples contained less
CHON and more CHO than porewater and pre-landfall and
February 2018 surface water samples (Figures 5, 6). The scores of
PC2 positively correlated with pH and S/C,, (p-values < 0.01) and
negatively correlated with H/C,,, N/C,, and NH," (p-values <
0.05), indicating that post-landfall DOM was less saturated and
processed than other samples. The only factor to have a positive
relationship with water level (p-value = 0.05) and a weak positive
relationship with Oso Creek discharge (p-value = 0.07) was PC2.
The difference in shallow groundwater DOM composition was
revealed in PC3, which accounts for 12.4% of the variance and is
mainly driven by the unique DOM composition of pre-landfall
shallow groundwater (cluster 4, positive PC3 scores, Figure 7B)
that had less N (%CHON 30.6, N/C,, 0.06) and a lower percentage
of labile compounds (MLB; 66.3) compared to the other
groundwater samples. Principal component 3 was positively
correlated with NO;™~ (p-value < 0.01), weakly correlated with
DOC (p-value = 0.06), and negatively correlated with O/C,, and
N/C,, (p-values < 0.05).
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DOM molecular composition and percent presence with assigned formulas for pre- and post-landfall (September and February), porewater
(PW), and shallow (SGW) and deeper (DGW) groundwater. DOM, dissolved organic matter.
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3.3.2 Post-Harvey dissolved organic

matter composition

Cluster analysis and PCA of only post-landfall daily
molecular data revealed two principal components and three
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different groups: cluster 1 (days 4, 5, 6, 9, 10, 12, 22, and 28),
cluster 2 (days 7, 8, and 11), and cluster 3 (days 13, 14, and 35)
(Figure 8). Explaining ~20% of the variance in the post-
landfall DOM composition, PCI is driven by the difference
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of days 7, 8, and 11 (positive PC1 scores, cluster 2) from the
other post-landfall samples. Cluster 2 had 266 (77%) assigned
compounds with a higher presence of CHON and lower CHO
than cluster 1 (Figure 9A). Samples in PCl/cluster 2
(Figure 9B) were positively correlated with H/C,, (p-value <
0.01) and N/C, (p-value = 0.04) and weakly positively
correlated with Oso Creek discharge (p-value = 0.06). In
general, cluster 2 had more saturated DOM (H/C,, X = 1.65)
with a greater labile nature (MLB; X = 55.9%, MLB,,; X =
75.4%) than either cluster 1 (H/C,, x = 1.54, MLB X = 53.7%,
MLB,,; ¥ = 58.8%) or cluster 3 (H/C,, x = 1.56, MLB; X =
55.2%, MLB,. % = 61.2%).

An additional ~15% of the DOM variance is explained by
PC2 and is driven by the difference between the more immediate
post-landfall samples (negative PC2 scores) and the later post-
landfall samples (positive PC2 scores), which loosely match
cluster 1 and cluster 3, respectively. The PC2 scores were
0.03) and water
level (p-value < 0.01) and negatively correlated with NO,™ (p-
value = 0.05), NH," (p-value < 0.01), and Oso Creek discharge
(p-value = 0.05). Cluster 1 samples had 313 assigned formulas
comprised of mainly CHON, CHO, and CHONS (Figure 9A).

Cluster 3, with 270 (72%) assigned compounds, had a similar
presence of CHON and CHO as cluster 2, but with a higher
percentage of CHONS than clusters 1 and 2 (Figures 6, 9). As
mentioned above, samples part of cluster 3 had less saturated

positively correlated with DOC (p-value =

DOM with a less labile nature than cluster 2 while slightly more
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saturated DOM with a more labile nature than cluster 1. The
grouping of DOM constituents on the van Krevelen diagram
regions shows similarities among the other two clusters, a mix of
marine and terrestrial influences (Figure 9).

4 Discussion

Hurricane Harvey is a relevant example of how a warming
climate may affect storm evolution and impact different coastal
areas. For instance, Hurricane Harvey’s path was unusual,
reversing its course, making landfall twice, and producing
record rainfall in less than a week with major flooding for the
Houston/Galveston coastal region and other low-lying areas to
the south (Yan et al., 2020). Although stream flow discharge and
freshwater inflow to estuaries were significant to the east of the
hurricane center (e.g., Galveston Bay was converted into a
freshwater system) (Steichen et al., 2020), there were negligible
impacts from flooding to the west, and freshwater inflows to
Corpus Christi Bay were relatively low when compared to those
of other wet events (Figure 2). However, as previously
mentioned, the impact of Hurricane Harvey in the Nueces
Estuary was mostly felt through negative surges caused by the
southerly direction of winds and very limited freshwater inflows.
These negative surges were found to act as short-term pulses of
inorganic nutrients and DOM with slightly more refractory
molecular characteristics.
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FIGURE 9

DOM compound classifications by van Krevelen diagram (O/C vs. H/C elemental ratios) for PCA clusters (A) 1, (B) 2, and (C) 3, (D) porewater
(PW), (E) deeper groundwater (DGW), and (F) shallow groundwater (SGW). DOM, dissolved organic matter; PCA, principal component analysis.
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4.1 Hydrologic changes and relationships
to nutrient supply

Given that Oso Creek feeds into Oso Bay, which discharges
approximately 1.5 km from the monitoring site (Figure 1B), one
might expect it to reflect in the chemistry of Corpus Christi Bay.
Following Hurricane Harvey, a peak in stream discharge
followed the slight increase in precipitation (23 c¢m), but in
magnitudes similar to or smaller than those of other non-
tropical cyclone precipitation events throughout the year
(Figure 2). Thus, a significant influence from this nearby creek
was not expected to directly affect the water chemistry through
surface discharges. However, precipitation within the watersheds
feeds into the bay through increases in upstream creek levels that
serve as short-term aquifer recharge periods (Charette et al.,
2008). Felix and Murgulet (2020) determined that Hurricane
Harvey rain near the monitoring site had NO5™ of 10.4 uM and
NH, " of 5.7 UM. Since most of the incident rain occurred within
the first few days of landfall, wet deposition of inorganic N may
also be a source, both directly and indirectly through aquifer
recharge and subsurface runoft. Compounded by a sudden drop
in sea level, increased groundwater levels due to recharge lead to
steepening hydraulic gradients toward the coast that act as short-
term hydrologic pulls and input of groundwater further offshore
from the shoreline.

Previous studies within the Nueces Estuary have found SGD
contributions to be significant (Douglas et al., 2020; Murgulet
et al., 2022), with important fluxes of nutrients and DOM that
could impact ecosystem health (Douglas et al., 2021a; Douglas
et al, 2021b). Though groundwater is generally rich in NO;~
(Kennedy et al, 2009; Duffner et al, 2021), transport from
aquifers to estuaries facilitates conversion to, and
accumulation of, NH," in saline and anoxic porewaters
(Santos et al., 2009; Lopez et al,, 2020; Wong et al., 2020;
Douglas et al., 2021b). From the long-term analyses, surface
water NH," is negatively correlated with water level (p-value =
0.03) and positively with creek discharge (p-value = 0.02). In
contrast, NO;~ has no relationship with either water level or
creek discharge (p-value = 0.37 and p-value = 0.40, respectively).
Furthermore, the occurrence of NO,~ in the surface water is an
indication of a recent pulse of NH,", which is rapidly nitrified
(Moosdorf et al., 2021). Thus, one possible explanation for the
input of NH,*, which was overall the dominant form of
inorganic N at this nearshore location, particularly around the
third landfall (Figures 3A, B), is related to the short-term
hydrologic changes that act as flushing events of porewater,
with increases due to groundwater inputs of both NO;™ (shallow
oxic groundwater) and NH," (deeper anoxic groundwater).

Additionally, the occurrence of NO,™ in porewater and deep
groundwater accompanied by low NO; ™ and high DOC and NH,"
concentrations indicate that dissimilatory nitrate reduction to
ammonium (DNRA) may be occurring. In estuarine sediments,
DNRA competes with denitrification and conserves N as NH,"
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rather than removing it as N, through denitrification (Giblin et al,,
2013). While DNRA and denitrification have similar requirements
(i.e., anoxic conditions, available NO;~ and organic substrates),
DNRA is thought to be favored in systems with high carbon and
low NO;5~ content (Burgin and Hamilton, 2007), such as the
porewater and deep groundwater in this study. In addition to
DNRA, ammonification of organic matter within the sediment
(Abdulla et al., 2018) or photooxidation of new organic matter
introduced with SGD may also produce NH," (Hansell and
Carlson, 2015). Even though the rates of NH," production from
these processes cannot be well constrained from the current data
set, the lack of correlation between NO, ™ (p-value = 0.45), or weak
positive relationships between NO;~ (p-value = 0.08) and NH,"
(p-value = 0.06) with salinity, favors processing rather than
mixing. Short bursts of remineralized and terrestrially derived
inorganic nitrogen, via subterranean inputs, such as SGD found to
increase following Hurricane Harvey in the adjacent Nueces Bay
and Upper Laguna Madre (Murgulet et al., 2022), are a plausible
cause for the observed trends. Other recent studies found storm
events responsible for higher SGD rates and nutrient fluxes to the
coastal ocean, although these occurrences were mostly driven by
high precipitation rates and subsequent recharge (McKenzie et al.,
2021; Diego-Feliu et al., 2022).

No obvious trend was observed in surface water DOC and
DON as dependent on sea level. In contrast, an increase in creek
discharge had an inverse relationship with DOC and C/N and no
relationship with DON (Table 1). Assuming higher creek water
levels could be associated with recharge events to the shallow
aquifers, the negative correlation could signify a terrestrial
source of organic matter from recent runoff and groundwater
discharge to the bay. Furthermore, both DOC and DON
concentrations in surface water had positive relationships with
salinity (p-values 0.01 and <0.01), suggesting concentrations
were mainly driven by the mixing of saline/fresh inputs,
which, given this study’s hydroclimatic conditions, may be
hinting at benthic and deeper groundwater inputs (i.e.,
porewater flushing events associated with hydrologic pulls).
This may be further supported by the observed decrease in the
surface water and deeper groundwater C/N post-landfall
(Figures 3C, 4F), followed by a progressive increase to values
slightly higher than pre-landfall.

4.2 Hydrologic impacts on dissolved
organic matter composition

Pre-landfall, N-containing compounds were more abundant
when compared to the first days of sampling post-landfall.
Following Hurricane Harvey, samples uniquely grouped in
cluster 1 displayed a shift toward a DOM pool of lower
average O/C,, and H/C,, ratios with greater abundances
of CHO compounds in the lignin-like and unsaturated
hydrocarbon-like class regions (Figures 6, 9A), more like the
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shallow groundwater grouping (Figure 9F). The occurrence of
more CHO compounds has been related to an increasingly
higher presence of terrigenous DOM (Schmidt et al., 2017).
On average, cluster 1 samples also had the least labile
characteristics of the post-landfall samples (Table S2) and had
more unsaturated CHO and less N-containing compounds
(Figure 9A). Since terrestrial DOM is characterized by more
aromatic compounds and a greater CHO composition and given
the observed correlations described above, as well as the
dominance of CHO compounds in the nearby fresh aquifer
(Figure 6), a potentially more significant contribution from
advective and fresher SGD is hypothesized. Additionally, the
grouping of more DOM constituents in the unsaturated
hydrocarbon- and lignin-like regions of the van Krevelen
diagram for cluster 1 is comparable to that of the shallow
groundwater (Figure 9F). The change to lower surface water
levels and higher creek discharge seems to have played a role in
these observed shifts, which also favored inputs of DOC and
NH,", likely resulting from the enhanced flushing of porewaters
caused by hydrologic pulls.

Of the post-landfall, several days exhibited a shift to higher
N-like compounds, of higher saturation and less refractory state,
and corresponded with overall rising bay water level (e.g., cluster
2) or a return to average mean sea level (e.g., cluster 3). The
higher presence of N-containing compounds may be attributed
to a more autochthonous source like benthic fluxes of DOM
enriched by microbial activity (Schmidt et al., 2009) or a more
aliphatic marine-dominant source of DOM. The high H/C,
values in cluster 2 align with those from Nueces Bay during
flooding and flood recession (Douglas et al., 2021a) and
approach the high porewater (¥ = 1.67) and deeper
groundwater (X = 1.7) values. These characteristics may be
reflective of greater microbial influence, thus a more
autochthonous source affected by seawater recirculation rather
than more advective fresh terrestrial inputs. Both deeper
groundwater and porewaters are of high salinity and are
expected to be more interlinked (Figure 1C) and favor
microbial processes to dominate the porewater DOM signature
and those of the associated benthic fluxes. However, cluster 3,
including days more distant from the landfall (Figures 5, 6), was
characteristically like cluster 2 as far as the presence of CHON
and CHO compounds, but with a higher percentage of CHONS
than clusters 1 and 2 (Figures 6, 7). The DOM pool was less
saturated and less labile than cluster 2 while slightly more
saturated and more labile than cluster 1, potentially a mix of
marine and terrestrial influences as expected during more
stable conditions.

Interestingly, although proportionally lower when compared
to CHO and CHON, the presence of S-containing compounds
increased post-landfall. This increase could be attributed to
DOM sulfurization (e.g., reactions of DOM with aqueous
sulfide), which was observed to increase with increasing DOM
aromatic-, carbonyl-, and carbonyl-C content and facilitates
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Hg-sulfate-DOM bioavailability to a methylating bacterium
(Graham et al, 2017). Since sulfide may favor nitrate
reduction (Li et al, 2022), the presence of S-containing
compounds may provide some evidence for the production of
NH," from DNRA as indicated earlier. Sulfide produced from
microbial sulfate reduction can be readily incorporated into
DOM. Sulfate reduction is the predominant anaerobic
microbial process of organic matter mineralization in marine
sediments. Recent studies reveal that sulfate reduction occurs in
sulfate-rich sediments and even in deeper, methanogenic
sediments at very low background concentrations of sulfate
(Glombitza et al., 2016). Similar to NH,"*, sulfurized DOM
generally buried in dissolved form in porewaters (Lau and Del
Giorgio, 2020) during lower advective fluxes of SGD would likely
diffuse out of sediments, particularly during storm events. For
instance, Dixon et al. (2014) identified evidence of benthic
resuspension events of degraded, planktonic organic matter in
an estuary during high winds and turbulent conditions when
porewater flushing is enhanced.

Enhanced flushing of biodegraded organic matter from
bottom sediments or deeper anoxic formations may occur
during hydrogeologic pulls. Days with larger inputs of S-
containing DOM may reflect inputs from the deeper aquifer
with characteristically higher salinity and S-like compounds
when compared to other types of inputs (Figures 5, 6).
Fluctuations in sea level have the ability to influence SGD on
both short- and long-term scales, with tidal pumping effects
driving short bursts of groundwater into seawater (Kim and
Hwang, 2002; Taniguchi and Iwakawa, 2004). Although no
continuous groundwater level measurements were recorded for
the duration of the study, the detected statistical similarities in
the DOM molecular composition between groundwater and
surface water post-landfall, the presence of chemically unstable
inorganic N (e.g., NO,") species, porewater nitrogen enrichment
(e.g., NH4"), and disproportionally higher DOC versus DON
inputs (e.g., higher DOC/DON ratios) suggest that hydrologic
pulls have enhanced the existent nearshore groundwater input.

Episodic surface runoff may be responsible for inputs of N-rich
DOM but of lower H/Cw elemental ratios. Lu and Liu (2019)
showed a decrease in the H/C,, ratio during the high-flow events
(1.52 to 1.51 in ESI+) associated with Hurricane Harvey in the
rivers to the northeast and determined that at a high stage the
DOM riverine pool was increasingly dominated by terrigenous-like
inputs. For this study, however, the H/C,, ratio increases overall
following the hurricane landfall up to 12 days, with a decline to 1.4
after 35 days (Figure 3D). The decline is accompanied by a steady
decrease in salinity (Figure 3A) and DOC and NO;~
concentrations, suggesting lagged surface runoff inputs of
terrigenous DOM. Generally, terrestrial sources of DOM
including livestock wastewater (Sun et al, 2017) and pasture,
forest, and urban/suburban runoff (Seitzinger et al, 2002) are
~42% + 25% bioavailable due to their expected high abundance
of amino acids, peptides, and urea. Other allochthonous sources

frontiersin.org


https://doi.org/10.3389/fmars.2022.961206
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Douglas et al.

are wastewater discharges, believed to be a source of contamination
in flooded areas, with up to 80% bioavailability when the optimum
environmental conditions were met (Sun et al., 2017). In addition,
DON in the rain that recharges surficial aquifers is reported to be
20% to 75% bioavailable (Seitzinger and Sanders, 1999).
Stormwater runoff and tidal changes were found to increase the
bioavailability of DOM with predominant inputs of humic-like
compounds in the wet season and protein-like components in the
dry season (Smith et al., 2021). In this study, the negative surge was
linked to an increase in the humic-like compounds, which are
predominant in the nearshore groundwater but were also found to
increase in Nueces Bay following the 2015 flooding event (Douglas
et al,, 2021a). Because low-molecular-weight DOM compounds
can be sufficiently labile, uptake along the river course (Gardner
and Stephens, 1978) may limit their input to coastal waters unless
associated with pulse-shunt events of short residence times and
inundation (Douglas et al., 2021a). With the limited freshwater
inflows to the Nueces Estuary associated with Hurricane Harvey,
the increasing presence of CHO compounds in the nearshore
environment is more likely reflective of subsurface transport of
DOM, given similarities to the nearby groundwater.

5 Conclusion

Recent hurricanes have exerted a climatic fingerprint on the
DOM sources to marine environments through increased storm
surges and flooding. In the Nueces Estuary, the impact of
Hurricane Harvey manifested through negative surges and
limited surface runoff. These enhanced tidal pumping
mechanisms are caused by sudden drops in sea level and
steepening of the hydraulic gradient between the water table
and the sea. Collectively, this study suggests that the inorganic
and organic nutrient compositions of surface water in the
nearshore environment of Corpus Christi Bay changed
significantly a few days after the landfall of Hurricane Harvey.
This “hydrologic pull”, or enhanced flushing of porewater, led to
larger inputs of NH," following the landfalls with a switch to a
large pulse of NO;  combined, an increase in salinity
approximately 2 weeks post-landfall, and the mean sea level
approaching higher high. However, DOC and DON were lower
following the landfalls with a return to slightly higher pre-landfall
signatures that corresponded with the NO5~ pulse. However, the
DOC input in relation to DON for the recovery period up to 12
days after the first landfall was proportionally higher, with the
DOC/DON ratio reaching the highest value at the salinity and
NO;~ peak. Comparatively, a transition from a proportionally
higher marine N-dominated DOM pool before the hurricane to a
higher terrestrial CHO- and S-like (or sulfurized) DOM
composition was observed up to a month after the first landfall.
These changes are observed to mimic nearshore groundwater
signatures, in which the CHO- and S- are more abundant when
compared to surface water. A shift to larger terrestrially derived
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DOM sources occurs on most days post-landfall, although
streamflow discharge peaked only slightly 2 days after the first
mainland landfall. The increased presence of S-like DOM supports
the hypothesis that terrigenous DOM is mobilized and exported to
the estuary via SGD that includes both recirculated seawater
through bottom sediments and terrestrial groundwater fluxes.
Results of this study, although representative of Corpus Christi
Bay nearshore to an island environment, indicate significant
changes in forms of DIN and DOM inputs with mobilization of
slightly less labile and unsaturated terrestrial sources, linked to
nearshore subsurface runoff (e.g., freshwater table aquifer). While
this work captured the immediate impact of a hurricane on a
nearshore environment, future work is recommended to enhance
our understanding pertaining to the effects of negative surges on
SGD and the associated nutrient fluxes for an improved
understanding of the physicochemical and biological changes
following a large storm event within semiarid estuaries.
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