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Abstract

Tropical cyclones represent a substantial disturbance to water quality in coastal ecosystems via storm surge, winds, and flooding.
However, evidence to date suggests that the impacts of tropical cyclones on water quality are generally short-lived (days-months)
and that the magnitude of the disturbance is related to proximity to storm track. Discrete and continuous water samples were
collected in three Texas estuaries before and after Hurricane Harvey made landfall in 2017. Of the three estuaries, the Guadalupe
Estuary and its watershed received the highest rainfall totals and wind speeds. An ephemeral increase in salinity was observed
(mean 0f 9.8 on 24 August 2017 to a peak of 32.1 on 26 August 2017) due to storm surge and was followed by a rapid decrease to
<1 as floodwaters reached the estuary. Salinity returned to pre-storm levels within 1 month. During the low salinity period,
bottom water hypoxia developed and lasted for 9 days. In all three estuaries, there was an increase in inorganic nutrients post-
Harvey, but the nutrients largely returned to pre-storm baseline levels by winter. The lack of long-term water quality impacts from
Harvey despite its severity corroborates previous findings that estuarine water quality tends to return to baseline conditions within

days to a few months after storm passage.
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Introduction

Tropical cyclones can lead to dramatic short-term changes in
estuarine water quality (Wetz and Yoskowitz 2013). For ex-
ample, tropical cyclone-driven flooding can rapidly reduce
salinity and lead to strong stratification. In addition, it can
deliver copious amounts of allochthonous organic matter
and nutrients to the estuary (Paerl et al. 1998). Respiration
of the allochthonous organic matter as well as organic matter
from any phytoplankton blooms that develop can cause bot-
tom water hypoxia-anoxia (Paerl et al. 1998, 2001; Mallin
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et al. 1999; Peierls et al. 2003; Tomasko et al. 2006).
Despite the potential severe impact of tropical cyclones, most
studies have shown that estuarine water quality conditions
typically return to pre-storm conditions in 1 month or less
(Valiela et al. 1998; Hagy et al. 2006; Tomasko et al. 2006),
although longer-term effects have been observed with less
frequency (Glibert et al. 2009; Bricefio and Boyer 2010).
Long-term effects of tropical cyclones on estuarine water
quality have rarely been documented, due in part to lack of
continuous time series that would otherwise allow for impacts
to be placed in the context of a historical, longer-term
timeframe. However, some studies using continuous time se-
ries have captured long-term effects of tropical cyclones. One
example comes from North Carolina’s Neuse River Estuary-
Pamlico Sound, where a multidecadal water quality time se-
ries exists. Following the passage of three hurricanes in 1999,
recovery times for key water quality variables ranged from 1
to 2 months for dissolved nutrients to ~ 8 months for salinity
and chlorophyll (Peierls et al. 2003). Using long-term
National Estuarine Research Reserve data from Apalachicola
Bay, FL, Geyer et al. (2018) quantified the effects of a series
of four tropical cyclones that struck in 2004 and three more in
2005. Those authors found a period of persistently low chlo-
rophyll throughout 2005, presumably due to high flushing
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rates and low light availability. In Florida Bay, a series of three
hurricanes in 2005 were followed by a 3-year
picocyanobacteria bloom (Glibert et al. 2009). The long resi-
dence times in some regions of Florida Bay may have allowed
for the retention and recycling of storm-driven allochthonous
nutrients that fueled this bloom (Glibert et al. 2009; Briceio
and Boyer 2010; Lee et al. 2016).

Here, we have quantified the short-term (days to weeks)
and long-term (up to 9 months post-storm) effects of
Hurricane Harvey on select water quality indicators in three
Texas estuaries: Guadalupe (GE), Lavaca-Colorado (LC), and
Nueces-Corpus (NC). These systems are shallow (< 5 m), well
mixed by winds, have minimal tidal influence (~ 15 cm, Zetler
and Hansen 1970), and are separated from the Gulf of Mexico
by a series of barrier islands. Despite similar geomorphology,
hydrology varies between the three systems and influences
biogeochemical processes (Montagna et al. 2018). There is a
natural precipitation gradient along the Texas coast, with de-
creasing precipitation and increasing salinity from the north-
cast to southwest (Montagna et al. 2013). As a result of this
precipitation gradient, LC and GE are considered positive es-
tuaries because freshwater inputs exceed evaporation on aver-
age, while NC is considered a neutral estuary where freshwa-
ter inputs are roughly balanced by evaporation (Montagna
et al. 2018). Hurricane Harvey made landfall near Port
Aransas, TX, on 26 August 2017, accompanied by category
4 winds and heavy rainfall totaling over 152 cm in areas. After
slowly moving inland, the storm looped back seaward and
exited the coast over LC on 28 August before slowly moving
to the northeast away from Texas. This study provides critical
data on the timescales of water quality impacts from this very
high intensity tropical cyclone. This is important given recent
projections suggesting that anthropogenic climate change may
lead to an overall decrease in the frequency of tropical cy-
clones but an increase in the wind or rainfall intensity
(Christensen et al. 2013; Knutson et al. 2015; Emanuel
2017; Patricola and Wehner 2018).

Methods
Data Sources

Discrete water quality data were obtained from eight sampling
sites in GE, nine in LC, and nine in NC (Fig. 1). Sampling
sites were designed to capture estuarine salinity gradients. In
addition, high-frequency continuous water quality data was
collected from one site in GE (Fig. 1). Of the three estuaries,
GE was closest in proximity to Harvey’s landfall and experi-
enced the most severe weather impacts (a combination of
surge, wind, and rain) (Fig. 1). River discharge data were
obtained from the National Oceanic and Atmospheric
Administration’s (NOAA) National Climatic Data Center

and the United States Geological Survey. Inflow to LC was
calculated as the summed inflow from the Lavaca (USGS
gauge 08164000) and Tres Palacios Rivers (USGS gauge
08162600). Wind data (recorded at 0.8 m above mean sea
level) was obtained from NOAA Tides and Currents
Seadrift, TX station (# 8773037).

Discrete Sample Collection

Discrete water samples were collected at varying frequencies,
with low-frequency collections (typically quarterly) occurring
prior to Harvey, and more frequent collections (biweekly to
monthly) occurring after Harvey. Surface (~ 0.1 m depth) wa-
ter was collected for chlorophyll a (Chl @) and inorganic nu-
trients in acid-washed, amber high-density polyethylene bot-
tles and immediately stored on ice for transport to the lab. A
hydrographic depth profile (every 0.5 m) of dissolved oxygen,
pH, salinity, temperature, and conductivity was recorded
using a YSI multiparameter sonde at all stations and time
points. Sondes underwent pre- and post-calibration of these
variables using certified laboratory-grade standards to ensure
quality control of the data.

Nutrient and Chl a Analysis

Samples from two different sampling programs under differ-
ent investigators were utilized to broaden the data set. For all
LC samples, NC samples collected prior to 2018, and GE
samples collected prior to 2017, Chl a was collected by filter-
ing (<5 mmHg) a known volume (25-50 mL) of sample
water (determined based on turbidity conditions) through
Whatman 25 mm GF/F filters. Filters were then stored frozen
before analysis, which took place within 30 days. Samples
were filtered in the field and stored on dry ice for transport
to the lab. Chl a was extracted overnight using methanol and
read fluorometrically on a Turner Model 10-AU using the
non-acidification technique. For the remaining NC and GE
Chl @ samples, a known volume (25-50 mL) of sample water
was filtered (<5 mmHg) through Whatman 25 mm GF/F fil-
ters that were then stored frozen (< — 20 °C) for future analysis
within 30 days. Chl a was extracted from the filters by soaking
in 90% HPLC-grade acetone for 16-24 h. Fluorometric deter-
mination of Chl @ was performed with a Turner Trilogy fluo-
rometer without acidification.

Inorganic nutrient concentrations [(nitrate + nitrite (NO,),
ammonium, orthophosphate, silicate] were also determined
according to two different methods, depending on the inves-
tigator and program. For samples collected prior to May 2017
(GE) or October 2017 (LC, NC), nutrient concentrations were
obtained from the filtrate of water that passed through a
0.45-um polycarbonate filter and stored frozen (— 20 °C) until
analysis. Samples were analyzed with an O.I. Analytical Flow
Solution IV analyzer. Check standards of known

@ Springer



962 Estuaries and Coasts (2021) 44:960-971
Fig. 1 Map of sampling sites and z 97°30'0"W 961S0W . z
) o[ N 30 15 0 30 Kilometers =4

storm trajectory. Total 2 I e ¢

precipitation data (source: o A b

National Oceanographic and

Atmospheric Administration)

from August 25th to September .

4th, 2017, was interpolated using s O

inversed distance weighting and £ . P £

is displayed as a color map. 31 . LavacalColorado 8

Intervals were chosen based on ] o * «

natural breaks within the data P

shown in the map s extent. The Precipitation (in.) ot

path and chronologic strength of Guadalupe

the hurricane is shown as the o5

multi-colored line. The black dots z Ij 5-10 z

represent sampling locations. The :|_’ 10 - 20 7 &

star indicates the sampling loca- o  |20-25 h

tion of site A in GE where con- - S %o

tinuously recording water Hurricane Type c

quality sondes were deployed pre- Category 1 ® gaeceECopus \

and post-Hurricane Harvey = Category 3 =
; Category 4 §
:’; Tropical Storm :’G

97°30'0"W 96°15'0"W

concentrations, as well as matrix spikes and laboratory dupli-
cates, were run after every 10 samples. For samples collected
from May 2017 through 2018 (GE) or October 2017 through
2018 (LC, NC), inorganic nutrient concentrations were deter-
mined from the filtrate of water samples that were passed
through GF/F filters and stored frozen (— 20 °C) until analysis.
After thawing to room temperature, samples were analyzed on
a Seal QuAAtro autoanalyzer. Standard curves with five dif-
ferent concentrations were run daily at the beginning of each
run. Fresh standards were made prior to each run by diluting a
primary standard with low nutrient surface seawater.
Deionized water (DIW) was used as a blank, and DIW blanks
were run at the beginning and end of each run, as well as after
every 8—10 samples to correct for baseline shifts. Because of
the two different filtration procedures used, we ran a series of
tests to compare nutrient concentrations in filtrate of estuarine
water that passed through 0.45-um polycarbonate filters and
GEF/F filters. The water was collected from a high and a low
nutrient site in Oso Bay (TX), and samples were run in tripli-
cate for each filter type and site. Results showed no significant
difference in any of the analytes measured (Wetz, unpubl.
data, available upon request), consistent with previous work
by Knefelkamp et al. (2007), who also found no significant
difference in the same nutrient analytes across the same filter
pore sizes.

High-Frequency Water Quality Monitoring
Hydrolab DS5X sondes were deployed on the surface (0.1 m
below water surface) and bottom (0.1 m above sediment) at

the site closest to the river mouth (site A; 1.7 m mean water
depth) in GE (Fig. 1). Salinity, pH, dissolved oxygen (D.O.),
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and temperature were measured at 15-min intervals from May
to December of 2017. Datasondes were calibrated prior to
deployment and traded out every 5-14 days depending on
biofouling and weather conditions. Continuous sonde data
underwent rigorous post-deployment quality control to elimi-
nate erroneous data resulting from probe malfunction, biofoul-
ing, and drift. Upon retrieval of sondes, probes were checked
with known calibration standards before cleaning to assess the
accuracy of data recorded in the field. If values were outside
an established acceptance range, data for that parameter was
omitted. Acceptance ranges were +0.2 °C (temperature), +
5% (specific conductance), 0.5 (pH), and 0.5 mg L™
(D.O.).

Statistical Analyses

Using R version 3.6.1, ANOVA’s were used to test for differ-
ences between pre- and post-Harvey water quality conditions
by season (one ANOVA per water quality variable per sys-
tem). A post-hoc Shaffer adjustment was used due to the un-
balanced nature of the data. Comparisons were made for pre-
Harvey conditions consisting of January 2013 to August 2017
data and post-Harvey conditions consisting of September
2017 to August 2018 data.

Results

Rainfall, River Discharge, and Wind

Mean annual rainfall throughout the study period was 119, 99,
and 84 cm in LC, GE, and NC, respectively (data not shown).
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Seasonal rainfall patterns were apparent, with higher rainfall
observed in the spring and fall. Above average rainfall was
observed in 2015 and 2018, which is linked to El Nifio con-
ditions. Mean daily river discharge throughout the study peri-
od (2013-2018) was 13+74, 42426, and 5+20 m*> s ! in
LC, GE, and NC, respectively. Discharge increased from
21.0 m* s just prior to Harvey (24 August 2017) to a peak
of 172.7 m*> s on 1 September 2017 in GE (Fig. 2). In LC,
discharge increased from 0.40 m®> s ™' on 24 August 2017 to a
peak of 2077.0 m® s ' on 29 August 2017 (Fig. 2). A smaller
increase was observed for NC, from 0.0 m> s~ on 24 August
2017 to 3.6 m® s~' on 27 August 2017 (Fig. 2). Mean wind
speed throughout the study period was 4.1 m s ' at GE and
5.1 ms ' at NC. Mean annual wind speed data was not avail-
able for LC. During Harvey, peak wind speed was observed
nearest GE on 26 August 2017 at 27.1 ms ' (Fig. S1).

Effects of Hurricane Harvey on Guadalupe Estuary
Water Quality on Sub-Daily to Seasonal Timescales

Bay-wide water temperature was ~ 31 °C in the week prior to
Harvey (Fig. 3). By early September, just after Harvey’s pas-
sage, water temperature dropped to 28 °C. After a gradual
warm up to 29 °C by early October, temperature then declined
throughout the winter, consistent with historical seasonal pat-
terns in the system (unpubl. data). In the week prior to passage
of Harvey, mean salinity was 14.7+5.9 and mean bottom
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water D.O. was 7.1 +£0.8 mg L ™! for four sites along the estu-
ary axis (Fig. 3). Bay-wide salinity dropped to 2.2 +2.4 in the
week following Harvey and did not return to pre-storm con-
ditions until October 2017. Salinity stratification (bottom mi-
nus surface salinity) was present (14—18 difference among
bottom and surface conditions) at mid to lower estuary sites
during the week following Harvey (Fig. 4). This stratification
was ephemeral, as it dissipated by early September. Bay-wide
mean bottom D.O. dropped to 5.0+3.3 mg L' in the week
following Harvey and remained below the pre-storm average
until mid-September (Fig. 3). D.O. was lowest at site A
(0.9 mg L") during this timeframe (Fig. 4). Concurrent with
the decrease in D.O. was a decrease in pH (Figs. 3, 4). Bay-
wide mean bottom water pH dropped from 8.1 £0.2 in the
week prior to Harvey to 7.6 0.2 in the week following
Harvey and returned to pre-storm levels within 2 weeks.
Salinity, D.O., and pH increased with increased distance from
the river mouth (Fig. 4). Secchi depth decreased after Harvey
(minimum depth of 0.15+0.01 m in late September 2017),
and did not return to pre-storm levels until October 2017 (Fig.
3). Following this return, Secchi depths were higher than pre-
storm depths for the remainder of 2017.

High frequency data at site A showed that in the week prior
to passage of Harvey, salinity averaged 9.6 £0.6 (Fig. 5). As
Harvey neared landfall, storm surge from the Gulf of Mexico
tripled the salinity, but it dropped to pre-storm levels within
3 days as rainfall and runoff from the storm intensified (Fig.
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5). By 4 days post-storm (29 August 2017), salinity dropped
to <1 at site A and took 37 days to return to pre-storm condi-
tions (Figs. 3, 4). The water column at this site was not strat-
ified during this post-storm period (Fig. 4). Prior to the storm,
bottom water D.O. ranged from 3.6 to 8.3 mg L' over the
daily cycle (Fig. 5). During and immediately following the
storm, the daily D.O. cycle was briefly disrupted by high
winds and mixing of the water column (Fig. 5).
Approximately 5 days after the storm, bottom water
hypoxia/anoxia developed and D.O. remained <2 mg L'
for 1 week, concurrent with high river inflow (peak mean river
discharge of 172.7 m > s ™' on 1 September 2017) and salinity
<1 (Fig. 5). It took approximately 10 days for bottom D.O. at
site A to return to the pre-storm average. Average pH prior to
the storm at site A was 7.94, which dropped to a low of 6.91
during the hypoxic period and took approximately 15 days (14
September 2017) to return to pre-storm levels (Fig. 5).

In July and early August 2017 prior to Harvey, bay-wide
NH,4 and PO, averaged 2.4 £4.6 and 2.4 £0.7 pmol L re-
spectively (Fig. 6). NH4 and PO, increased following the
storm to 13.0+ 5.8 and 11.5+2.7 umol L™, respectively, by
Sep. 8 (Fig. 6). Both variables returned to pre-storm average in
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< 1-2 months. Prior to the storm, NH, and PO, peaked at
intermediate salinities in the middle/lower estuary, whereas
immediately following the storm, highest concentrations were
found at the lowest salinities in the upper estuary (Fig. 7). In
spring 2018, elevated NH, was occasionally observed at in-
termediate salinity conditions (Fig. S2). NO, concentrations
were only minimally affected by the storm, as a small, ephem-
eral increase (to 4.6+2.7 umol L ') was observed in early
September (Fig. 6). Prior to Harvey, Chl a was 22.7 +
9.4 ug L' at site A and 20.1+8.1 ug L™ at all sites in GE
from July to August 2017 (Fig. 6). A slight, but not signifi-
cant, system-wide decrease in Chl a concentration was ob-
served in early September following the storm (Fig. 6). This
was most pronounced in the upper estuary (Fig. 7). Chl a
returned to pre-storm averages within 3 weeks following the
storm (Fig. 6). There were indications of higher Chl a during
both fall and early winter in the upper estuary (Fig. 7).

Comparison of Pre- and Post-Harvey Conditions

Water quality data from 2013 to 2018 was used to compare
effects of Hurricane Harvey with previous water quality
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Fig. 4 Time series of (a) river
flow (m* s!) and contour plots
showing the spatial-temporal dis-
tribution of (b) surface salinity,
() salinity stratification (bottom
minus surface salinity), (d) bot-
tom pH, and (e) bottom dissolved
oxygen (mg L") in the

504
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conditions. The most obvious statistically significant effects
(p <0.05) of Harvey were noted in comparisons of water
quality indicators from the fall post-Harvey vs. fall pre-
Harvey (Table 1). In GE, salinity and pH were significantly
lower post-Harvey (7.8 £7.1 vs. 21.7£8.7 and 8.0+0.3 vs.
8.3 +£0.3, respectively), PO, concentrations were five times
higher post-Harvey (5.2+3.9 vs. 1.2+0.6 umol L"), NH,4
concentrations were four times higher post-Harvey (4.1 +£4.7
vs. 0.9+0.9 umol L"), and NO, concentrations were three
times higher post-Harvey (2.4+2.8 vs. 0.8 0.6 pmol L ™).
In LC, lower salinities were observed post-Harvey (16.0 + 6.6
vs. 25.1£6.1), Chl a was higher post-Harvey (16.8 + 13.3 vs.
11.1£5.9 ug L"), PO, was higher post-Harvey (2.9 +2.3 vs.
1.2+0.8 umol L"), and NH, was higher post-Harvey (1.0 +
0.7 vs. 0.8+ 1.1 umol L™"). In NC, salinity was lower post-
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Harvey (28.1 £3.7 vs. 34.5£4.6), pH was lower post-Harvey
(8.1£0.1 vs. 8.2+0.1), NH4 was threefold higher post-
Harvey (1.2 +0.3 vs. 0.4 + 0.4 pmol L"), and NOy was lower
post-Harvey (0.2+0.0 vs. 0.4+0.3 umol L™).

Only two water quality indicators displayed a significant
difference post-Harvey compared with pre-Harvey during
winter. These were pH in GE, which was 0.2 units higher
post-Harvey (8.4+0.2 vs. 8.2+0.3) and PO, in NC, which
was higher post-Harvey (1.1+0.7 vs. 0.5+0.6 pmol L")
(Table 2). Likewise, few significant differences were observed
in spring post-Harvey vs. pre-Harvey. Post-Harvey pH was
0.2 units lower in GE (8.0+0.1 vs. 8.2+0.2) and <0.1 units
higher in LC (8.1 +£0.2 vs. 8.1 £0.2). NH,4 was much higher
(10.0+8.3 vs. 1.8+2.3 umol L") in GE post-Harvey
(Table 3).
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Fig. 5 (a) Bottom dissolved
oxygen (mg L") and salinity and
(b) bottom pH and salinity at site
A in the Guadalupe Estuary

Discussion

This study analyzed the water quality effects of Hurricane
Harvey, a category 4 storm that had high winds and delivered

Fig. 6 Bay-wide averages of (a)
surface chlorophyll a (ug L),
(b) surface ammonium (NHy in
pumol L"), (c) surface
orthophosphate (PO, in pmol
L"), and (d) surface nitrate +
nitrite (NOy in pmol L") in the
Guadalupe Estuary from 22
February to 31 December of
2017. Error bars represent
standard deviation. The dotted
line indicates the date of landfall
of Hurricane Harvey
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copious rainfall along areas of the Texas coast. Climate pro-
jections suggest that tropical cyclone intensity, as well as the

frequency of high rainfall events similar to Harvey, may in-
crease in the future due to climate change (Knutson et al.
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Fig. 7 Time series of (a) river 2501

flow (m* s!) and contour plots
showing the spatial-temporal dis-
tribution of (b) surface chloro-
phyll a (ug L"), (c) surface am-
monium (NHy in pmol LY, and
(d) surface orthophosphate (PO,
in pmol L") in the Guadalupe
Estuary from 22 February to 31
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2015; Emanuel 2017; Patricola and Wehner 2018). Findings
from the present study show that changes in estuarine water
quality as a result of Harvey’s passage were short-lived.

The short-term impacts to all three systems were reflective
of storm surge and flooding that occurred during and follow-
ing Harvey. In GE, a rapid but ephemeral salinity increase
occurred as a result of storm surge, followed by prolonged
(~1 month) freshening of the estuary. Valle-Levinson
(2020) showed that water levels peaked early on 26 August
in GE, then declined rapidly until reaching near pre-storm
levels by 29 August. This timeline mirrors the aforementioned
salinity trends. Thereafter, the effects of freshwater flooding
became more evident. Flooding has been shown to increase
external organic matter loadings and strengthen vertical strat-
ification (Paerl et al. 2001) in estuaries, increasing the poten-
tial for prolonged bottom water hypoxia (Paerl et al. 2001;
Russell et al. 2006; Wong et al. 2010). In this case, salinity
stratification at the mid to lower estuary sites in GE likely
contributed to the relatively low bottom water D.O.
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conditions. However, the upper estuary site (site A) had the
lowest D.O. but the water column was not stratified. Other
studies have shown that following large storm events, the river
water that is discharged into the estuary may already be hyp-
oxic and simply displaces oxygenated water in the estuary
(Mallin et al. 2002; Tomasko et al. 2006). This likely occurred
in the upper estuary in GE, where low pH and D.O. conditions
occurred concomitant with a nearly homogenous fresh water
column, indicating that those conditions had a riverine source.
Given the magnitude of change in salinity in LC, it is possible
that similar phenomena occurred; however, the lower sam-
pling frequency limited our ability to detect this. Several other
studies, as well as results presented here from GE, emphasize
the importance of high frequency sampling for quantifying the
effects of ephemeral extreme climatic events (Paerl et al.
2009; Wetz and Yoskowitz 2013). From a biological stand-
point, the low salinity, D.O., and pH conditions could con-
ceivably have imparted a multi-stressor situation for estuarine
organisms. Large salinity swings such as those observed here
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Table 1 Fall season mean (+

standard deviation), sample size System Variable (units) Pre-Harvey fall n Post-Harvey fall n P

(n), and p value (p) for ANOVA mean + SD mean + SD

before and after Hurricane Harvey

for the Guadalupe (GE), Lavaca- GE Salinity 21.7 £ 8.7 16 7.8 +7.1 22 <0.001

Colorado (LC), and Nueces- pH 83+03 16 80+03 20 0.015

Corpus (NC) Estuaries. pH was Chla (ng LY 15.0 + 10.7 16 143 +97 18 0.501

recorded on the bottom; all other 4

variables were collected on the PO, (umol L) 12+0.6 16 52+39 19 <0.001

surface NH, (umol L) 0.9 +0.9 16 4.1£47 19 0.021
NO (umol L1 0.8 0.6 16 24+28 19 0.023

LC Salinity 25.1+6.1 36 16 + 6.6 15 <0.001
pH 82+0.1 36 8.1 +0.1 15 0.090
Chla (ug L") 11.1+59 36 16.8 £ 13.3 15 0.016
PO, (umol L™ 12+08 36 29+23 15 <0.001
NH,, (umol L™") 08+ 1.1 36 1+£0.7 15 <0.001
NO, (umol L) 1.1£15 36 33+51 15 0.445
NC Salinity 345+ 46 25 28.1+3.7 10 <0.001

pH 82+0.1 25 8.1+0.1 10 0.020
Chla (ug L™ 8.7+49 20 9.6 +4.1 10 0311
PO, (umol L™ 0.6 £0.8 20 08+1.1 10 0.310
NH, (umol L1 0.4 +03 20 12+£03 10 <0.001
NO, (umol L1 04 +£03 20 0.2 +<0.1 10 0.003

have been shown to have negative impacts on estuarine ben-
thic communities and diversity (Van Diggelen and Montagna
2016). Die-off’s of both benthos and nekton have also been
observed in response to storm-driven hypoxia/anoxia in the
environment (Mallin et al. 1999; Paerl et al. 2001), while

laboratory studies have shown that the combination of low
D.O. and low pH negatively affects the health of a broad range
of marine life (e.g., Gobler et al. 2014; Gobler and Baumann
2016; Tomasetti et al. 2018). In the case of Harvey, benthic
biomass, abundance, and diversity declined and minor shifts

Table 2 Winter season mean (+

standard deviation), sample size System Variable (units) Pre-Harvey winter n Post-Harvey winter n P

(n), and p value (p) for ANOVA mean + SD mean £ SD

before and after Hurricane Harvey

for the Guadalupe (GE), Lavaca- GE Sahnlty 19.8 £ 8.6 20 184 +£54 8 0.683

Colorado (LC), and Nueces- pH 82 +03 20 84 +02 8 0.004

Corpus (NC) Estuaries. pH was -1
Chla (ug L) 203 £ 18.7 20 25.9 +£26.1 8 0.788

recorded on the bottom; all other 4

variables were collected on the PO, (pmol L) Lo+ 14 20 04+04 8 0.886

surface NH, (umol L") 06+03 20 09+1.0 8 0.663
NO, (umol L™ 19.3 +32.3 20 38+9.1 8 0.253

LC Salinity 221+79 45 21.6 +4.8 15 0.385
pH 8.1+£02 45 82 +0.1 15 0.191
Chla (ug L") 67+53 45 104 + 14.5 15 0.996
PO, (umol L) 13+1.3 45 1.2+1.0 15 0.289
NH,4 (umol L1 24 +42 45 12+ 14 15 0.101
NOy (mol L) 13.9 £ 20.7 45 102 £233 15 0.155
NC Salinity 32.7+3.7 25 284 +22 10 0.614

pH 8.1+0.1 25 82+0.1 10 0.191
Chla (ug L") 42+40 25 42+3.0 10 0.410
PO, (umol L™ 05+06 25 1.1+£1.1 10 0.017
NH, (umol L™ 1.0£0.8 25 1.1+£0.7 10 0.829
NO, (umol L") 14+1.7 25 05+06 10 0.057
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Table 3 Spring season mean (+

standard deviation), sample size System Variable (units) Pre-Harvey spring n Post-Harvey spring n P

(n), and p value (p) for ANOVA mean + SD mean + SD

before and after Hurricane Harvey

for the Guadalupe (GE), Lavaca- GE Salinity 16.0 £9.2 24 152+5.1 16 0.898

Colorado (LC), and Nueces- pH 82+02 24 8.0+0.1 16 0.007

Corpus (NC) Estuaries. pH was Chla(ug L™ 20.7 +15.1 24 145497 12 0352

recorded on the bottom; all other 4

variables were collected on the PO, (umol L) 1.6+24 24 20£1.9 12 0.609

surface NH4 (umol LY 1.8+23 24 10.0+8.3 12 0.001
NOy (umol L1 16.8 + 35.6 24 19.6+18.2 12 0.096

LC Salinity 202 +£93 45 222+3 9 0.934
pH 8.1+0.2 45 8.1+0.2 9 0.017
Chla (ug L") 9.8 +£82 45 8.8+6.7 9 0.258
PO, (umol L™ 13+1.8 45 NA 0 NA
NH, (pmol L") 26+3.5 45 NA 0 NA
NO, (umol L") 11.6 £ 19.5 45 NA 0 NA
NC Salinity 32.0+29 25 31.0+1.5 12 0.054

pH 8.0+0.1 25 79+04 12 0.903
Chla (ug L™ 72+44 12 7.6+39 24 0.749
PO, (umol L™ 04+04 25 05+04 12 0.608
NH,4 (umol L1 1.5+£26 25 05+04 12 0.240
NO, (umol L1 1.6+24 25 05+09 12 0.235

in fish community structure were observed, concurrent with
reduced catch per unit effort from August to September 2017
in GE (Patrick et al. 2020).

Elevated loadings of inorganic nutrients frequently accom-
pany tropical cyclone passage (Peierls et al. 2003; Paerl et al.
2018). Ammonium increased in all three estuaries while phos-
phate increased in GE and LC following the storm. Based on
the distribution of these nutrients following the storm in GE, it
appears that the elevated concentrations were primarily de-
rived from riverine input. We cannot rule out additional con-
tribution from the regeneration of riverine organic matter in
the estuary during the hypoxic period however. Hypoxic con-
ditions combined with increased organic carbon availability
have been shown to significantly enhance anaerobic nitrate
reduction to ammonium in estuaries (Gardner et al. 2006;
McCarthy et al. 2008). The onset of anoxia in estuarine bot-
tom waters also induces the release of iron-bound phosphates
(Jensen et al. 1995; Sinkko et al. 2013).

Storm-driven nutrient loadings have been shown to be im-
portant for stimulating estuarine primary production (Paerl
et al. 2001, Paerl 2006). After Harvey, Chl « increased in
LC, suggestive of nutrient-stimulated growth. In GE and
NC, however, there were no clear impact on Chl a. In the case
of GE, a possible reason for this is that the benefits of in-
creased nutrient availability were counterbalanced by detri-
mental effects of increased flushing and/or to light limitation,
as evidenced by a prolonged shallowing of Secchi depth. This
has been observed following intense flooding events in other
systems (Mallin et al. 2002; Murrell et al. 2007; Paerl et al.

2018), and is consistent with the unimodal distribution be-
tween Chl a and inflow that exists in many estuaries (Roelke
et al. 2013; Azevedo et al. 2014; Dorado et al. 2015).

The most notable long-term changes (> 1 season) after
Harvey in GE were elevated ammonium and decreased pH
during the spring of 2018. This is likely due to the breakdown
of residual watershed-derived organic matter that was deliv-
ered by Harvey but not remineralized in the fall and winter of
2017. Previous studies have shown a strong temperature de-
pendence of bacterial degradation of organic matter, which
can often manifest as lags of many months between organic
matter inputs and subsequent remineralization in coastal sys-
tems (e.g., Cowan and Boynton 1996). In this case, the sea-
sonal decrease in water temperature during winter may have
limited remineralization of the organic matter. A plot of am-
monium vs. salinity from this timeframe indicates that the
increased ammonium occurred primarily at intermediate salin-
ities, pointing to internal regeneration (Fig. S2). Despite the
increased ammonium, there was no clear long-term stimulato-
ry effect on Chl a in the system.

The lack of pronounced long-term water quality impacts in
any of the three systems sampled here corroborates previous
literature showing that estuarine water quality tends to return
to baseline conditions within days to a few months after storm
passage (Tomasko et al. 2006; Wetz and Yoskowitz 2013),
although few studies have examined impacts from a storm of
Harvey’s magnitude. In the case of Harvey, the return to base-
line was somewhat surprising given both the severity of winds
associated with it as well as the magnitude of rainfall.
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Furthermore, the affected estuaries are all lagoonal systems
with minimal tidal influence. Previous studies have shown
that these types of systems are typically susceptible to
experiencing negative impacts from high external loadings
of organic matter and nutrients (e.g., Bricker et al. 2008;
Kennish and Paerl 2010; Wetz et al. 2016). Given that GE
and LC in particular have not displayed widespread signs of
water quality degradation prior to Harvey (Bugica et al. 2020),
it is possible that the impacts of flooding from Harvey were
muted because of the seemingly healthy watersheds of these
estuaries. This would contrast with examples such as the
Neuse River Estuary in North Carolina and Florida Bay,
which are experiencing eutrophication due to deleterious
changes in the watershed (Paerl et al. 2018; Glibert et al.
2009). Thus, more work may be needed to discern the influ-
ence of watershed health on the overall impact of high mag-
nitude storms before broad conclusions can be drawn (Wetz
and Yoskowitz 2013). Nonetheless, findings from this study
emphasize the resilience of estuarine water quality to external
perturbations such as Hurricane Harvey.
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