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Abstract

Understanding the transport of sediments in urban estuaries and their effects on water quality and microorganisms is a conver-

gent challenge that has yet to be addressed especially as a result of natural hazards that affect the hydrodynamics of estuarine

systems. This study provides a holistic view of the longitudinal nature and character of sediment in an urban estuary, the

Galveston Bay Estuarine System (GBES), under daily and extreme flow regimes and presents the results of water and sediment

sampling after Hurricane Harvey. The sediment sampling quantified total suspended sediment (TSS) concentrations, metal

concentrations and the diversity of microbial communities. The results revealed the impact of the substantial sediment loads

that were transported into the GBES in terms of the sediment grain type, the spatial distribution of trace metals and the diver-

sity of microbial communities. A measurable shift in the percentage of silt relative to historical norms was noted in the GBES

after Hurricane Harvey. Not only did sediment metal data confirm this shift and its ensuing impact on metal concentrations;

microbial data provided ample evidence of the effect of leaks and spills from wastewater treatment plants, Superfund Sites

and industrial runoff on microbial diversity. The research demonstrates the importance of understanding longitudinal sediment

transport and deposition in estuarine systems under daily flow regimes, but more critically, following natural hazard events to

ensure sustainability and resilience of systems such as the GBES that encounter numerous acute and chronic stresses.

1.0 Introduction

Sediments in urban estuaries have received much attention in the literature over the past few decades;
they are well understood to be a critical component of estuarine ecosystems supporting biota and benthic
organisms and microbial communities. Sediments also serve as a key environmental matrix in the form of
a sink or source for chemicals and pollutants emanating from land areas surrounding the estuary. It is well
established that sediments in estuarine systems are continuously changing over time due to the complex
hydrodynamic interactions within the estuarine environment and human interventions that have altered
natural flow patterns causing changes in freshwater inflows and sediment loads into estuaries.

While changes in sediment nature, character, and quality occur under daily flow regimes; they are amplified
as a result of severe storms and hurricanes. In the case of hurricanes, especially when accompanied by storm
surge, the elevated water velocities may mobilize the bed sediment moving it upstream and transporting and
depositing it in other parts of the estuary. Alternations in salinity and pH during a hurricane (Kiaghadi &
Rifai, 2019), although for a limited amount of time, may also alter sediment quality and associated ecosystems
(Ravisangaret al. , 2001; Carlin et al. , 2015). In the case of heavy rainfall accompanying hurricanes, such
as was experienced during Harvey in the Houston-Galveston region, storm water runoff can cause significant
shifts in the nature and character of sediment in estuarine environments (Du et al. , 2019), the pollutants
within them, and their microbial communities.

Research studies in the literature have reported on various aspects of sedimentation and erosion following
natural hazards, however, none as of yet, have elucidated the observed longitudinal patterns in estuarine
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. sediments in response to daily flow conditions and their response and recovery from a natural disaster such
as Hurricane Harvey. Hurricane Harvey, a Category 4 storm that landed on August 25, 2017 on the coast of
Texas has had a significant impact on the Galveston Bay Estuarine System (GBES)(NOAA National Centers
for Environmental Information and (NCEI), 2018; Du et al. , 2019). The storm with its historic 50+ inches
of rainfall, delivered more than 7,500 km3 of freshwater just from the Greater Houston watersheds, the
Trinity River, and rainfall over the surface of the Houston Ship Channel-Galveston Bay (HSC-GB) water
body; approximately 2.5 times the GBES volume. As a result, the GBES experienced its lowest salinities
ever for an extended period of time after Harvey with associated adverse effects on its biota.

In addition to historic rainfall, an important consequence of Hurricane Harvey was the delivery of astounding
amounts of sediment (˜ 9.86 × 107 metric tons) to the GBES (Du et al. , 2019). Houston’s waterways,
referred to as Rivers of Brown, were the main transport pathways for silts and sand into Galveston Bay
and the Gulf of Mexico (Figure S1A and B in the Supplementary Information, SI). Sediment mobilization,
polluted runoff, and spills and leaks during Harvey are thought to have caused acute and chronic changes
in the physical, chemical and microbiological characteristics of water and sediment in Galveston Bay as
reported in other estuaries after similar natural disasters (Sansalone et al. , 1998; SedNet, 2004; Stachel
et al. , 2004; Pardue et al. , 2005; Hagy et al. , 2006; Mallin and Corbett, 2006; Adamset al. , 2007;
Gong et al. , 2007; Amaral-Zettler et al. , 2008; Huang et al. , 2013; Horowitz et al. , 2014; Personna et
al. , 2015; Reilly et al. , 2016; Romanoket al. , 2016; Mandigo et al. , 2016; Artigas et al. , 2017). It
is noted, however, that while the type and grain size distribution of sediment and the changes in sediment
pollutant concentrations have been well studied after natural disasters, few studies have focused on changes
in microbial communities. Analyzing the microbial community within the sediment and water column may
provide valuable information on ecosystem health (Cao et al. , 2006), especially since microbial communities
exposed to environments enriched with complex toxics require several years to recover and return to their
original composition (Bell et al. , 1990; Ahmann et al. , 1997; Ford et al. , 1998; Zhou et al. , 2002; Torsvik
and Ovreas, 2002; Gillan, 2004; Branco et al. , 2005; Gillan et al. , 2005; Yannarell et al. , 2007; Allison
and Martiny, 2008; Haller et al. , 2011; Zhao et al. , 2014; Yu et al. , 2018; Beattie et al. , 2018).

This paper takes a holistic look at sediment in the Galveston Bay Estuarine System (GBES), and presents
historical Total Suspended Sediment (TSS), sediment grain size, trace metals, and flow data within the
system; the data are used to characterize the longitudinal nature and character of sediment in the GBES
under normal flow regimes. Uniquely, the paper presents sediment-sampling data collected after Hurricane
Harvey including metals concentrations and diversity of microbial communities within the estuary and places
the post-Harvey data in context relative to the historical dataset and relative to the recovery of the GBES
from this natural disaster. The paper is novel because it answers the question of whether specific impacts of
natural hazards can be effectively observed in sediment from natural water systems and whether sediment
microbial communities can be used as indicators of system health in terms of exposure to increased pollutant
loads from the estuarine watersheds due to increased sediment and associated pollutant loads. Importantly,
the research presents a unique dataset of sediment analyses that were collected from deposited soil along the
banks of two urban bayous, Brays Bayou and Buffalo Bayou, in Houston. The dataset is unique and illustrates
the specific nature and character and pollutant entrainment within eroded sediment from watersheds that
drain into the GBES.

2.0 Methodology

2.1 Development of Flow, Sediment and Metals Historical Dataset

Historical trace metal concentrations, TSS and grain size distribution data for sediments within the study
area were acquired from the Texas Commission on Environmental Quality (TCEQ) Surface Water Quality
Web Reporting Tool (TCEQ, 2020). WQM stations were selected based on data availability for the period
from 1997 to 2017 for metals and 2000-2020 for TSS and sediment. Historical metals data were very limited;
for sites with no data, upstream and downstream sites were used as an alternate. Flow data were collected
from the United States Geological Survey (USGS) flow gages (https://waterdata.usgs.gov/nwis/rt) for the
period of 1995-2020.
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. 2.2. Sediment Sampling Post Harvey

Six deposited soil samples (dried soil left after Hurricane Harvey due to overland deposition) from the banks
of Brays Bayou, and five deposited soil samples from the banks of Buffalo Bayou were collected on October
6 and October 9, 2017, respectively (Figure 1T). Brays Bayou is the most urban bayou in Houston, whereas
Buffalo Bayou is characterized by its Addicks and Barkers flood control reservoirs that reached capacity
during Harvey and released water that exacerbated flooding and significantly affected water quality in the
Bayou (Kiaghadi and Rifai, 2019). Most of the stations where deposited soil samples were collected were
located in residential areas except station B6 (Figure 1T) that was located in a commercial area. The
deposited soil samples were only tested for trace metals and not for Total Organic Carbon (TOC) and grain
size due to the dominance of white sand and silt. In addition, no microbial analysis was conducted on
deposited soil samples due to their exposed nature to wildlife.

Bed sediment samples in the tidal segments of the HSC-GB estuarine system (referred to as bed sediment
samples for the remainder of the paper) were collected from 11 sampling sites (see Figure 1B) during the
period from October 6 to October 27, 2017 (6-9 weeks after Hurricane Harvey landfall). The number of
samples was determined based on prior knowledge of the HSC-GB while taking into account limitations in
budget and sampling logistics. Most of the bayous and streams were back to a normal flow regime at the
time of sampling with the exception of Buffalo Bayou. In addition to lower flow rates from the discharging
bayous, satellite imagery (see Figure S1 in the SI) showed that sediment transport had largely abated at the
time of sampling. Thus, all sediment samples were collected when the system had reached quasi-equilibrium
in terms of sediment transport and deposition. The details of bed sediment and deposited sediment sampling
and quality assurance are presented in the SI.

2.3. Metals and Microbial Analyses

Metals Analyses . All sediment and soil samples were tested for arsenic, cadmium, chromium, copper,
lead, and nickel because of the presence of nearby Superfund sites that exhibit the six metals and the
abundance of industries with discharge permits for these metals, located upstream and within the HSC-GB
system. For metals, digestion and analysis followed EPA SW-846-6010D (U.S. EPA, 2014) 8, and EPA 3050B
(EPA, 1996), respectively (all of the analyses were conducted by an EPA accredited lab). All bed sediment
samples were analyzed for TOC and grain size distribution within the 28-day limit for hold time following
the Lloyd Kahns (Kahn, 1988) and ASTM D4464 (ASTM, 2015) standard methods, respectively. For all
bed sediment sampling locations, field water quality parameters including pH, DO, and salinity for the bed
layer (0.3 meters above the bottom of the waterbody) were measured using a field multi parameter water
quality Sonde (600 XLM, YSI Inc.). Table S1 in the Supplementary Information (SI) provides a list of the
sampled stations and their measured water quality parameters.

Trace metal concentrations in deposited soil samples were compared to protective concentration levels (PCLs)
from the Texas Risk Reduction Program (TRRP) (TRRP, 2017) and regional screening levels (RSLs) for
residential and commercial soils from the U.S.EPA (U.S. EPA, 2017) (see Table S2 in the SI). For bed sedi-
ments, combined PCLs (assuming metal intake is through all possible pathways) from TRRP for sediments
were used (see Table S3 in the SI) in the comparison.

Microbial Analyses. Microbial genomic DNA was isolated from 250 mg of sediments using DNeasy Power-
soil kit from Qiagen(r) (Germantown, MD). Sequencing of the 16s rRNA v3, v4 and v5 region was completed
in an accredited lab (Genewiz(r), New Jersey, USA) using the 16S MetaVx Environmental protocol on Il-
lumina MiSeq with 2x250 bp configuration (the primer sequences used in the 16S MetaVx environmental
sequencing service are proprietary). Microbiome analyses were primarily carried out using a QIIME2 (Ca-
poraso et al. , 2010) pipeline. The minimum nucleotide Phred quality score was set to 30; readings smaller
or larger than 400 nucleotides were eliminated using Deblur plugins in QIIME2. Chimeric reads, including
borderline sequences were removed via UCHIME (Edgar et al. , 2011). A total of approximately 10,074,932
reads were generated from the eleven samples. The Illumina sequence data have been deposited in the NCBI
Sequence Read Archive under accession number PRJNA554335.
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. 2.4. Comparison of Post-Harvey Sediment and Metal Concentrations to Historical Data

The GBES was divided into three independent segments as shown in Figure S2 in the SI to account for the
various hydrodynamic regimes; a riverine segment, a mid-bay segment, and a bottom-bay/outlet segment.
All segments receive waters from Houston watersheds while Trinity Bay, East Bay, and West Bay (Figure S2
in the SI) were excluded from the analysis because they are affected by the Trinity River, the Intracoastal
Waterway and Chocolate Bayou, respectively.

Sediment Grain Size and Transport Associated with Extreme Events . Data for several extreme
events in the Houston area were used to elucidate observations related to changes in sediment and metals
regimes after extreme events; the events included: Tropical Storm Allison (Allison, 2001), Hurricane Ike (Ike,
2008), Memorial Day Flood (MD, 2015), and Tax Day Flood (TD, 2016), and Hurricane Harvey (Harvey,
2017). Due to a lack of samples immediately before and after some of the events, samples collected one year
before and after the events were used. The MD and TD floods occurred within a year of each other, thus for
the purposes of the analysis in the paper, they were combined using a time period one year before MD to
one year after TD flood. Similarly, the TD flood and Hurricane Harvey were combined, the data that was
available between these two events was used as “after event” for TD flood and “before event” for Hurricane
Harvey.

For each segment in the GBES shown in Figure S2 in the SI, average values of all existing data within the
segment and before and after each event was used. The percent change in metal concentrations in sediment
and changes in each grain type were calculated using:

Percent changes (%) =
( value prior to the event− value after the event)

value prior to the event

The Pearson correlation test was performed on the percent change in metal concentrations and the percent
change in each grain type. Arsenic and Cadmium were excluded from the correlation analysis because 46%
and 58% of historical sediment samples showed values below the detection limit for arsenic and cadmium,
respectively.

Additionally, and because of the unique volume of transported sediment during Harvey, additional analyses
were undertaken for sediment data collected after Harvey that included visual inspection, repeated measures
ANOVA (RM-ANOVA), and paired t-test statistical analyses using IBM ® SPSS ® (IBM, 2017) to place
the data in context relative to historical patterns.

2.5. Microbial Diversity Analysis

Alpha and beta diversities reflect the richness within a sample and difference in bacterial composition among
different sites, respectively (Morris et al. , 2014) . For alpha and beta diversity metrics, a rooted phylogenetic
tree was generated and alpha rarefaction, as well as taxonomic classification of full-length sequences, was
then performed using SILVA (Quast et al. , 2013). To standardize the data, only operational taxonomic units
(OTUs) containing seven or more counts in at least one sample were retained prior to ordination in R using
the Phyloseq package (McMurdie and Holmes, 2013). Approximately 75% of the original number of taxa
across all samples was retained following the filtering criterion of including OTUs with 7 or more counts.
The total number of OTUs following filtering and standardization was 5,776.

Principal Coordinates Analysis (PCoA) was used as the method of ordination that captured the most of total
variance in the top 2 principal coordinates (mainly weighted UniFrac, a distance metric used to compare
microbial communities), along with unweighted UniFrac for comparison (Lozupone and Knight, 2005). The
UniFrac measure takes the phylogenetic relationship of species into account and is widely used in microbial
ecology (Lozupone et al. , 2011). It should be noted that unweighted UniFrac is a qualitative measure of
diversity mostly showing rare taxa, whereas the abundance of taxa is considered in weighted UniFrac, making
it a quantitative measure (Lozupone et al. , 2007). While all OTUs were used to calculate diversity metrics
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. and PCoA, microbial communities were investigated at the phylum level to find potential linkages between
anthropogenic activities and the abundance of specific bacteria within each community.

Classic clustering using the unweighted pair group method with arithmetic mean (UPGMA), single linkage
and Ward’s methods, and K-means clustering at phylum level was conducted in PAST Package (Hammeret al.
, 2001). For the K-means methods, three clusters were chosen based on some preliminary runs and considering
channel samples, bay samples, and samples affected by the anthropogenic activities. The significance of the
clustering analysis was tested using one-way multivariate analysis of variance (PERMANOVA). Stations
were grouped based on the output of the clustering analysis and permutations (N=100,000 due to the high
number of variables) were used to assess significance.

2.6 Effect of Environmental Factors on Metals and Microbial Communities

Visual analysis and correlation analysis in SPSS ®were undertaken to determine the correlation, if any,
between the concentrations of different metals, microbial richness and diversity, bed water field water quality
parameters, grain size and TOC levels. Moreover, a Principal Component Analysis (PCA) using environ-
mental factors including water quality parameters, total water depth, grain size distribution, and TOC was
performed to reduce the number of variables and observe any possible clustering behaviors based on mea-
sured environmental factors. To investigate the effect of environmental factors on microbial diversity, the
results of UniFrac PCoA were compared with the developed environmental PCA to determine if there were
supporting similarities between the two approaches.

In addition to the assumed linear response in PCA, and to consider unimodal species response to environ-
mental factors, a canonical correspondence analysis (CCA) with log-transformation was performed using
the environmental factors and microbial data at the phylum level. To consider the effect of trace metals, a
separate CCA was conducted; only samples with measured metal data were considered due to the approach
within the statistical software in treating missing data points (e.g., using the column average). Due to the
limited number of samples for metals and multitude of environmental factors, the sum of all six measured
metal concentrations was used as a single variable representing the metal effect, and the clay plus silt per-
centage was used to represent the sediment grain size effect. The Monte Carlo permutation test (N= 5,000)
was performed to test if the effect of environmental variables on the observed abundance of different phylum
is significant. In other words, using such high number of N increases the likelihood of capturing random cor-
relations. The CCA analysis and Monte Carlo permutation test were both performed in the PAST Package
(Hammeret al. , 2001).

3. Results and Discussion

3.1 Historical Sediment and Metals Concentrations

Soil types in the Greater Houston Metropolitan Area (GHMA) are diverse (Figure S3-A in the SI). In
general, the northern and northwestern parts of the GHMA are covered with sand, whereas the eastern and
southern parts have more clay soil. Silt is the dominant grain type in areas closer to the main waterbodies
and riverine/bayou system in the area. Almost all of the soils in the GHMA have a relatively high potential
of erosion as shown in Figure S3-B in the SI. This high erosion potential combined with a history of flooding
have led to significant loads of sediment into the GBES.

The data in Figure 2 illustrate flow exceedance rate curves in four of the major bayous in the GHMA for a
25-year period. The dots in Figure 2 represent the flow rates and their associated exceedance rates at the time
when TSS samples were collected from the bayous over the years. As could be seen in the figure, the majority
of the samples were collected when flow rates were low; an observation that is important because it highlights
the lack of understanding of sediment loads associated with hurricanes and severe storms that disrupt the
quasi-equilibrium that exists in sediment beds in natural water systems under normal flow regimes.

3.2. Sediment Transport during Hurricane Harvey

Sediment transport during Hurricane Harvey was mainly affected by the significant amount of silt carried

5



P
os

te
d

on
A

u
th

or
ea

12
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

25
38

18
.8

87
20

91
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. by the floodwater from the highly erodible silt-rich soil behind Addicks Reservoir (flood control dam) and
upstream of Greens Bayou (see Figure 1). TSS and flow data historically collected indicated that during the
low to moderate flow regimes, there were significant correlations (P-value < 0.05) between TSS concentrations
and flow rates (at the time of sampling as) as shown in Figure S4 in the SI. During Hurricane Harvey, with
the historical high flow rates, the measured TSS concentrations were higher than the median historical levels
(see Figure 3 as an example). Using the median TSS values for each bayou multiplied by the daily flow
rates from 1995 to 2020, Figure 4 shows the potential sediment daily load to the HSC-GB for each bayou.
It should be noted that this figure does not show the outliers (mainly extreme events), and also, does not
include all bayous/rivers discharging into the HSC-GB system due to the absence of flow gage or water
quality monitoring stations in some of the tributaries. Even without the outliers, a load as high as 7,000
tons/day could have been discharged into the GBES just through the San Jacinto River (SJR).

3.3. Grain Size Change during Hurricane Harvey

Figure 5 shows the changes in grain type distribution in sediment samples collected before and after the
five severe events in the studied segments. Among the studied storms, Hurricane Harvey showed completely
different behavior compared to the other storms and will be discussed separately. Within the riverine segment
of the system, the sand percentage increased while silt and clay percentages decreased during all events
except Hurricane Harvey (Figure 5). For the same events, all metal concentrations (arsenic and cadmium
were excluded) decreased in sediments collected from the riverine segment (Figure 6) suggesting a positive
correlation between clay and silt percentage and trace metal concentrations. Within the Upper Bay segment,
silt percentages decreased during TS Allison and MD+TD floods and increased during Hurricane Ike.

The opposite pattern was observed for sand. Changes in clay distribution were similar to silt except for
a slight increase during TS Allison (<10%). Metal concentrations in these sediments decreased during TS
Allison and MD+TD floods (except lead during TS Allison) when silt and clay percentages decreased and
metal concentrations increased during Hurricane Ike when silt and clay percentages increased. The Lower
Bay/Outlet segment had a different sediment redistribution behavior compared to the other two segments
during rain-based events; increasing in clay and silt and decreasing in sand percentages. Metal concentrations
in the Lower Bay/Outlet decreased which is not consistent with the observed correlation between clay and silt
percentages and metal concentrations in sediment. However, changes in clay plus silt distribution were only
+12% and changes in metal concentrations in sediments ranged from -15% to 15% in the segment during
TS Allison. Metal concentrations increased during the MD+TD floods as clay and silt percentages were
increased. During a surge-based event, the Lower Bay/Outlet showed similar redistribution to the riverine
and opposite to the Upper Bay segments. Higher silt and clay percentages after Hurricane Ike led to higher
metal concentrations in Lower Bay/Outlet sediments.

As noted before, Hurricane Harvey had different behavior in grain type redistribution. Sediment transport
during Hurricane Harvey was mainly affected by the tremendous amount of silt carried by the floodwater
from an unknown source. Silt percentages in sediments became up to two times higher than samples collected
before the event in all three of the segments. The effect was more significant in the Upper Bay (Figure 5).
Within the riverine segment, the average concentration of all metals except copper increased compared to
the average concentration of samples collected within a year before Hurricane Harvey.

Figure S5 (Top) in the SI shows the changes in grain size distribution for six stations from upstream to
downstream that had grain size data collected between Harvey and the Tax Day flood event (April 2016)
(grain size distribution for all 11 samples collected post-Harvey is shown in Figure S5 (Bottom) in the SI.).
Silt and sand percentages in sediment were up to four times higher and nine times lower than samples
collected less than a year before Harvey, respectively, while clay percentages did not change significantly.
The t-tests showed similar results when the percentages of silt, sand, and clay were compared before and
after Hurricane Harvey with P-values of 0.001, 0.026, and 0.437, respectively. In addition, the results of RM-
ANOVA showed that there was not a significant difference among samples collected before and after Harvey
when considering all grain types and that there was no significant difference among grain types. However,
when considering both factors (product of sampling event and grain type in IBM ®SPSS ®), the difference
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. was significant (P-value= 0.048) indicating some of the grain types were significantly different before and
after Harvey measurements. The observed changes in grain size distribution indicate the presence of newly
introduced sediment to the system through the system boundary. These findings are consistent with other
studies that reported on the effect of severe hydrological events on grain type distribution after Hurricane
Sandy in New York and New Jersey (Reilly et al. , 2016; Romanok et al. , 2016; Artigaset al. , 2017) and
after Hurricane Irene and Tropical Storm Lee on the east coast (Horowitz et al. , 2014).

3.3. Trace Metals

Trace Metals in Deposited Soil Samples. Figure 7 (A through D) shows the measured metal concen-
trations in the deposited soil collected from the banks of Buffalo and Brays Bayous (arsenic and cadmium
were plotted as one group (Figure 7B and D) and the other four metals as another group to account for the
different ranges in concentrations). No significant spatial trend in trace metal concentrations was found for
the deposited soil in either of the two bayous. Measured metal concentrations were below both EPA’s RSLs
and TCEQ’s PCLs except for arsenic. In four out of six Brays Bayou and two out of five Buffalo Bayou
stations, arsenic levels were above EPA’s RSLs and below TCEQ’s PCL. One station with commercial land
use (Brays Bayou at Broadway Street (B6), see Figure 1T), located at the confluence of Brays Bayou with
the HSC, showed the highest concentrations of arsenic, cadmium, copper, and lead; such relatively high
concentrations, however, might be attributed to construction activities that were observed during sampling.
It is noteworthy that the most downstream sampled site (Buffalo Bayou at Sabine Rd (BB5), see Figure
1T), showed a significantly lower concentration of metals compared to upstream station BB4. This may be
attributed to the unusally high and unexpected deposited amounts of sediment at BB5 (Figure S6 in the
SI).

Trace Metals in Bed Sediment Samples. Figures 7E and 7F show trace metal concentrations for the
bed sediment samples; all were below PCLs. By comparing values shown in Figure 7 with historical data
(Table S4 in the SI), it was found that cadmium levels in sediment measured after Hurricane Harvey were
higher than historical levels in all stations although they were still below TCEQ’s PCL. The highest levels
of metals were observed in samples collected from the most western part of the HSC (station S1, Figure
1B). The observed values of cadmium, chromium, and nickel in station S1 were significantly higher than
the values observed in deposited soils. This difference was attributed to the presence of Superfund sites and
industrial activities near the western part of the channel. As shown in Figure S7 in the SI, between stations
S1 and BB5, there are seven Superfund sites, five of which are still active (TCEQ, 2018); historically, metals
contamination has been reported for these sites (U.S. EPA, 2018). During Harvey, leaks were reported from
the U.S. Oil Recovery Superfund site located very close to the sampled station (NRC, 2017). Thus, the U.S.
Oil Recovery Superfund site and local runoff from industrial areas surrounding the HSC might potentially
be the source of high trace metals found in sediments collected from station S1.

3.4. Microbial Communities in Bed Sediment Samples

Alpha Diversity of Bacterial Communities. Alpha diversities defined by Shannon-Wiener and Simpson
indices are shown in Figure 8. In general, an increasing trend in alpha diversity from station S1 to S4, all
located in the western part of the HSC was observed followed by a decreasing trend from S5 to S10. Station
S1 showed the lowest alpha diversity among all samples followed by stations S10, S9, and S6. As shown in
Figure 1B, there are three active Superfund sites near station S9, three close to S10, one close to S1 (U.S. Oil
Recovery), and one close to S6 (San Jacinto Waste Pits). The low alpha diversity of microbial communities
observed at sampled sites close to the discharge points of Superfund sites might be attributed to the potential
leaks and spills from the Superfund sites over the years, especially during severe events. Contrary to what
might be expected, Station S5 that is very close to the San Jacinto Waste Pit Superfund site that exhibited
failure in its cap during Hurricane Harvey (United States Coast Guard, 2020), showed higher diversity and
number of OTUs compared to S6. This could be attributed to the specifics of the hydrodynamic regime at
S5 that is located in the deeper part of the channel; the relatively high stream flow of the SJR (up to 10,200
m3/s) during Harvey most likely washed out much of the sediment at this location.
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. Beta Diversity of Bacterial Communities and Clustering. The unweighted UniFrac measure, coupled
with PCoA displayed a pattern in the samples that seems to reflect the specificity of the sample physical
location (Figure 9T). Axis 1 from the PCoA plot, accounted for 28.5% of the variation, grouped the S1/S2,
S5/S6, S3/S4, S7/S8, and S9/S10/S11 stations together. As noted before, unweighted UniFrac mostly em-
phasizes the rare taxa, which could be affected by anthropogenic constituents found at these sites due to
industrial and agricultural runoff or the presence of Superfund sites that could favor the proliferation of
specific bacterial species and inhibit others. Stations S3, S4, S7, and S8 that are more distant from the
Superfund site did not group with the ones that are near Superfund sites.

Stations S1 and S2, based on the diversity data, are influenced by the Superfund site and industrial activities
adjacent to S1. Thermotogae, an anaerobic hyperthermophilic phylum commonly found in hydrocarbon-
impacted sites (Nesbø et al. , 2010; Gupta and Bhandari, 2011) , such as U.S. Oil Recovery Superfund site,
was only found in station S1 (5.13%), Latescibacteria, a saccharolytic and proteolytic phylum (Farag et al.
, 2017), showed the highest richness in S1 (7.99%), and Atribacteria, an anaerobic phylum usually found in
marine sediments and petroleum reactors and reservoirs (Nobuet al. , 2016), was the most abundant in S1
(9.37%) and S2 (0.36%). At the genus level, Nitrosomonas were most abundant in the western part of the
HSC system (1.27% in S1) with high level of anthropogenic activities compared to Nitrospira that were most
abundant in stations with the minimum level of anthropogenic activities (S5=2.55%, S7=1.29%) as observed
in other studies (Cao et al. , 2006). Stations S5 and S6 were affected by potential leaks and spills from the San
Jacinto Waste Pits, and the presence of grasslands and farms within the drainage area of the SJR that was the
source of significant amounts of sediment transported into the HSC-GB system during Hurricane Harvey.
Verrucomicrobia, a facultatively or obligately anaerobic phylum commonly found in grasslands (Janssen,
2006; Bergmannet al. , 2011) and in trace metals and nitrate-contaminated sites (Vishnivetskaya et al. ,
2011), was most abundant in S6 (3.71%) and S5 (2.17%). In addition, Cyanobacteria, a photosynthetic and
toxic phylum (Stanier et al. , 1979; O’Neil et al. , 2012) commonly found in freshwater lakes (Jia et al. , 2017),
were found in S5 (11.05%) and S6 (7.72%) at considerably higher levels than other stations. The source of
Cyanobacteria could be from the freshwater that was released from Lake Houston, a constructed lake behind
the Lake Houston dam, into the SJR at a rate of 10,000 m3/s during Hurricane Harvey. Five Superfund sites,
spills and leaks from wastewater treatment plants as well as industrial runoff from various petrochemical
industries located on the southwestern part of Galveston Bay potentially influence microbial diversity in S9
through S11. Ammonia-oxidizing phyla, commonly found in wastewater treatment plans (WWTPs) were
the most abundant in stations S9 through S11. The highest abundance of Thaumarchaeota (Hatzenpichler,
2012) was found in S9 (1.94%) and S10 (1.10%) as well as the highest level of Phycisphaerae (Fuerst, 2017),
which was found in abundance in S10 (2.85%) and S9 (1.39%). In addition, Chloroflexi (Mohamed et al. ,
2010), found often in WWTPs (Kindaichi et al. , 2012), showed the highest sequences in S10 (5.67%), S9
(5.26%), and S11 (5.20%).

The PCoA plot of the weighted Unifrac shows a different diversity pattern compared to the unweighted
UniFrac (Figure 9A and B). Axis 1 from weighted Unifrac PCoA accounted for the highest variation of
65.6%. As shown in Figure 9B, weighted Unifrac grouped samples into three groups. Group 1 consisted of
sample S1, group 2 comprised S11 and S10, and group 3 included the rest of the samples. Proteobacteria
followed by Bacteroidetes were the most abundant phyla of bacteria in all samples and together accounted
for more than 70% of OTUs in all samples except for station S1 (63.45%). The observed range of abundance
for Proteobacteria in bed sediment samples (35.10%-67.34%) was within the reported range in the literature
(22.95%-64%) (Spain et al. , 2009; Kormas et al. , 2010; Vishnivetskaya et al. , 2011; Bowen et al. , 2012;
Sun et al. , 2013; Zhu et al. , 2013; Hieke et al. , 2016). However, Bacteroidetes showed higher abundance
in bed sediment samples (11.21%-32.70%) compared to the reported values in the literature (1.9%-14.42%)
(Spain et al. , 2009; Vishnivetskaya et al. , 2011; Bowen et al. , 2012; Sun et al. , 2013; Zhu et al. , 2013;
Hieke et al. , 2016). Higher levels of Bacteroidetes, up to 50%, were only observed in anaerobic digesters
(Chen et al. , 2016) and the high measured range of this phylum in almost all bed sediment samples may be
indicative of the effect of spills and leaks from wastewater treatment plants during Hurricane Harvey. This
is an important finding since Bacteroidetes have been linked to human metabolic diseases (Johnsonet al. ,
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. 2017) that could potentially increase the risk of exposure to both water and sediment.

The results of the clustering analysis for all classical methods and K-mean clustering test (K=3) showed
similar outputs. The output clusters were 1) stations S1, S5, and S6, all located close to Superfund sites
with reported leaks during Hurricane Harvey, 2) S2, S3, S4, and S8, all located in the deeper part of the
HSC, and 3) all other stations located in the open and shallow bays (S7, S9, S10, and S11). Here again, the
effects of geometry (the specificity of the sample physical location) and the presence of hazardous sites were
confirmed. PERMANOVA results using the three clusters showed P-values smaller than 0.01 that indicates
the rejection of null hypothesis; the phylum distribution and abundances among the clusters are not equal.

3.5. Environmental Factors

Effects on Trace Metal Concentrations. For all metals except arsenic, a significant and strong correlation
between metal concentrations and TOC concentrations was found (P-values< 0.008) (Table S5 in the SI).
TOC levels, as would be expected, showed a strong negative correlation (R=-0.69, P-value=0.028) with the
sand percentage in bed sediment samples.

Effects on Microbial Communities. Correlation analysis showed no significant correlation among bed
water quality parameters and alpha diversity indices. However, the results did show significant and negative
correlations (R> 0.73, P-values< 0.038) among trace metal concentrations and the Simpson index. For
the Shannon-Wiener index, all metals except arsenic and cadmium showed significant correlations. Copper,
chromium, nickel, and lead concentrations at station S1 were identified as influential points.

The groups in the weighted Unifrac (Figure 4B) showed some similarities to the PCA plot developed using
field water quality parameters, and grain size distributions as shown in Figure 9C. The PCA1 shown in the
x-axis of Figure 4C accounted for 42.85% of variation in the dataset and was dominated by the level of sand,
clay, silt, and TOC. The sampling stations were grouped into S1, S10, S2/S5/S6/S11, and S3/S4/S7/S8/S9.
The similarities in groups between the weighted Unifrac and environmental PCAs (see Figure 9) and the
fact that the x-axis in environmental PCA is describing sediment distribution may suggest that unlike rare
bacteria, the distribution of common bacteria in samples could be a function of sediment composition in the
system.

Figure 10 shows the results of the CCA for both scenarios described in Section 2.6, one with all environmental
factors except metals and the other one with reduced size environmental factors including metals. For both
scenarios, the results were very similar to the PCoA plot of the weighted Unifrac (Figure 4B). Extremophile
phylum (rare) could be found on the right side of the CCA figures (Figure 5) with the closest station being
S1. Among environmental factors, metals and TOC had the closest distance to S1, indicating the potential
effect of both organic and inorganic pollutants on the microbial communities at S1. Station S7 through S11
all located in the side bays and Galveston Bay (see Figure 1B for locations) showed the shortest distance
to salinity, DO, and pH while stations S1 through S5 located in the western and deeper parts of the system
showed more proximity to total depth and sediment grain size variables. The permutation test for both
scenarios showed P-values greater than 0.05 meaning failing to reject the null hypothesis that the observed
correlation among the environmental factors and microbial diversities was due to chance. Overall, the lack
of a significant correlation among metal concentrations and the field water parameters at the bed layer and
among environmental factors and microbial diversities could be an indication that the system has not reached
equilibrium in terms of chemical and microbial properties and partitioning among phases.

4.0 Conclusions

A significant amount of sediment transport from the upstream watersheds occurred during Harvey in the
GBES that significantly altered the nature and character of bed sediment relative to historical data. Qualita-
tive and quantitative analyses conducted in the study provided strong evidence of the effect of this alteration
on the metal distributions and the microbial community characteristics of the HSC-GB sediments. The dif-
ference in metal concentrations in sediment samples collected from the tidal part of the estuarine system
compared to ones in deposited soil samples collected from the banks of freshwater bayous was indicative of
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. associations to potential leaks from nearby active Superfund sites and entrainment of pollutants in industrial
runoff. Locations with realtively high levels of toxic metals and nearby reported spills and leaks during Hur-
ricane Harvey showed significant different diversity and richness in microbial communities (at the phylum
level). Additionally, the relatively high abundance of ammonia-oxidizers and extremophile bacteria in samp-
les confirms the importance of polluted sediment transport, caused by anthropogenic activities, from urban
and rural areas into the estuarine system during Hurricane Harvey. Thus, it can be concluded that natural
hazards change bed sediments in various ways and have a lasting impact on estuarine environments long
after the event has passed. Quantifying sediment physical, chemical, and biological characteristics after na-
tural hazards is critical towards understansing the long term sustainability and resilience of these important
coastal environments.

5.0 Supporting Information (SI)

Bed Sediment Sampling. Deposited Soil sampling. Quality Assurance for Sediment Sampling.

List of WQM stations with their studied parameters (Table S1), Criteria for trace metals in soils (mg/kg)
(Table S2), PCLs for trace metals in sediment samples (mg/kg) (Table S3), Maximum and most recent
historical trace metal concentrations in sampled sediment sites (Table S4), Total depth, sediment total
organic carbon (TOC), and field water quality parameters measured at the bed layer of waterbodies (Table
S5).

Muddy waters in Rivers of Brown, Galveston Bay, and Gulf Mexico in the aftermath of Hurricane Harvey.
(A) On August 31, 2017, 6 days after Hurricane Harvey’s landfall. Photo captured by Moderate Resolution
Imaging Spectroradiometer (MODIS) on NASA’s Terra satellite. (B) through (D) are Sentinel 2, Level-
2A: Bottom of atmosphere reflectance, true color photos from 9/1/17, 10/1/17, and 10/11/17, respectively
(Figure S1), HSC-GB system segmentation (Figure S2), Spatial distribution of A) soil type, and B) erosion
potential in the Greater Houston metropolitan (Figure S3), TSS concentrations plotted against the flow rates
at the time of sampling for four of the major bayous in the GHMA (Figure S4), Grain type distribution
in sediment samples collected from the tidal segments of the HSC-GB system post Hurricane Harvey for
different stations (Figure S5), Deposited soil along Buffalo Bayou in Buffalo Bayou Park (29.764, -95.384)
close to BB5 (see Figure 1 in the manuscript) Photos taken on 09/17/2017 (Figure S6), Location of deposited
soil sampling stations and tidal sampling location relative to nearby Superfund sites (Figure S7).
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