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Abstract Seasonal changes of trace elements, nutri-
ents, dissolved organic matter (DOM), and carbonate
system parameters were evaluated over the largest
deteriorating oyster reef in the Western Mississippi
Sound using data collected during spring, summer,
and winter of 2018, and summer of 2019. Higher con-
centrations of Pb (224%), Cu (211%), Zn (2400%),
and Ca (240%) were observed during winter of 2018
compared to summer 2019. Phosphate and ammonia
concentrations were higher (>800%) during both

Highlights

e Water quality over the oyster reef is seasonally and
hydrologically controlled.

o The trace elements were higher during spring and winter
of 2018 than summer 2019.

o Three dissolved organic matter components were
identified over the oyster reef.

e Significant seasonal change in carbonate system
parameters was observed.

e The water over the oyster reef was above the saturation
state of CaCO; (> 1).
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summers of 2018 and 2019 than winter of 2018.
Among the three distinct DOM components identi-
fied, two terrestrial humic-like components were
more abundant during both spring (12% and 36%)
and summer (11% and 33%) of 2018 than winter of
2018, implying a relatively lesser supply of humic-
like components from terrestrial sources during win-
ter. On the other hand, the protein-like component
was more abundant during summer of 2019 compared
to rest of the study period, suggesting a higher rate
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of autochthonous production during summer 2019.
In addition, to their significant depth-wise variation,
ocean acidification parameters including pH, pCO,,
CO32_, and carbonate saturation states were all higher
during both summers of 2018 and 2019. The meas-
ured variables such as trace elements, organic carbon,
suspended particulates, and acidification parameters
exhibited conservative mixing behavior against salin-
ity. These observations have strong implications for
the health of the oyster reefs, which provides ecologi-
cally important habitats and supports the economy of
the Gulf Coast.

Keywords Watershed biogeochemistry - Oyster
health - Water quality - Dissolved organic matter -
Coastal acidification - Northern Gulf of Mexico

Introduction

The economy of the southern coastal states of the
USA depends on shellfish production to a great
extent (Weber & Mitchell, 2013). Coastal waters of
the Mississippi Sound are rich habitats for oysters
as well as fish, and commercially harvestable oyster
reefs covering an area of 7400 acres (30 km?) exist
along the western portion of the Mississippi Sound
(Mississippi Department of Environmental Qual-
ity, 2015). However, pollution in the coastal waters
is causing deterioration of the oyster reefs and
possible extinction in the near future (Beck et al.,
2011). Studies indicate that declining water quality
in the region has caused the mortality of more than
86% of oysters in the Western Mississippi Sound
(Kennicutt, 2017; La Peyre et al., 2014; Missis-
sippi Department of Environmental Quality, 2015).
As per the Mississippi Gulf Coast restoration plan,
water quality degradation of the region has been
linked to multiple factors, such as freshwater incur-
sions, nutrient input from terrestrial sources, hur-
ricanes, and oil spills, while the exact cause and
mechanism remain unclear.

The health of oyster reefs is tightly coupled
with a range of water quality indicators as well as
with various environmental processes that medi-
ate water quality (Beck et al., 2011). Studies indi-
cate that high turbidity and lower dissolved oxygen
in the surrounding waters can cause oyster mor-
tality (Lunt & Smee, 2014; Sarinsky et al., 2005;
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Soletchnik et al., 2007). Additionally, freshwater
influx and corresponding changes in salinity and
temperature can also cause oyster mortality (Powell
et al., 2003; Rajagopal et al., 2005; Soletchnik et al.,
2007). Excessive phytoplankton biomass, as meas-
ured by chlorophyll-a concentration, can adversely
affect oyster health through bottom water hypoxia
caused by heterotrophic respiration. For example,
higher chlorophyll-a concentrations during sum-
mer months led to a higher mortality rate in juvenile
oysters; while in the autumn—winter period, the ele-
vated chlorophyll-a concentrations led to the death
of 2-year-old oysters along the coasts of France
(Soletchnik et al., 2007). Similarly, seasonal pre-
cipitation in the watershed and associated water dis-
charge into the coastal oceans can cause significant
salinity changes and can lead to oyster mortality (La
Peyre et al., 2013; Soletchnik et al., 2007). Addi-
tionally, pathogens and fungal diseases could also
lead to a higher rate of oyster mortality (Andrews,
1984; Andrews & Hewatt, 1967; Winstead & Couch,
1988). Oysters can also act as hyper-accumulators of
trace elements if the surrounding water body is con-
taminated, which could adversely affect the health
of both oysters and their consumers (Garcia-Rico
et al., 2003; Wang et al., 2018). Dissolved organic
matter (DOM) can form complexes with trace ele-
ments and aggravate the toxicity effects on the
early life stages of the oysters (Brooks et al., 2007).
Changes in the balance of the production and rem-
ineralization of DOM can influence the concentra-
tion of CO,, pH, and O, in the water, which can have
significant impacts on oysters (Cai et al., 2011). The
absorption of light by chromophoric DOM (CDOM)
in the ultraviolet and blue portions of the spectrum
makes it an important control on the transfer of solar
radiation through the water column, which is critical
to the structure and function of aquatic ecosystems
including oyster reefs (Héder et al., 2007). Similarly,
excessive input of nutrients into coastal waterbodies
from adjacent watersheds can lead to algal blooms
and/or seasonal hypoxia and ultimately to oyster
mortality (Hagy et al., 2004; Keppel et al., 2016).
Last but not the least, coastal acidification can
adversely affect oyster health by causing high mor-
tality rates in oyster larvae and also inhibiting shell
formation (Waldbusser et al., 2015, 2016).

The water quality of a region has been traditionally
assessed using a suite of indicators that directly relate
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to the stress of an ecosystem. Measurement of the
indicators such as salinity, water temperature, depth
and transparency of the water, trace element concen-
tration, nutrient concentration, quantity and quality
of dissolved organic matter (DOM), and acidification
parameters can reveal information about the water
quality and its effect on the surrounding aquatic eco-
system. Additionally, linking the temporal changes
of the indicators mentioned above with watershed
hydrology, weather conditions, biological activity, and
land use and land cover of the surrounding watershed
would reveal biogeochemical mechanisms respon-
sible for the water quality variation in the aquatic
environment (Lu et al., 2014a; Sankar et al., 2019a).
Several studies have been conducted to understand
watershed biogeochemical mechanisms influencing
water quality by linking water chemistry with the sur-
rounding watershed environment (Beck et al., 2011;
Lu et al., 2014b; Sankar et al., 2019a; Sarinsky et al.,
2005). Hydrogeological studies conducted along the
coastal regions of the Northern Gulf of Mexico along
Louisiana, Mississippi, and Alabama indicate that the
combination of seasonal weather patterns and inland
anthropogenic activities including agricultural and
industrial effluents regulate the movement of trace
elements, nutrients, and DOM, thus affecting the
coastal water quality (Alexander et al., 2008; Bianchi
et al., 2007; Chen & Gardner, 2004; Faust et al., 2018;
Sankar et al., 2019a; Singh et al., 2018).

A few studies have been conducted to evaluate
the water quality of the Mississippi sound and its
influence on oyster health (Runner & Floyd, 2002;
Soniat, 2014; Turner, 2006), but a systematic study
of the seasonal change in water quality and its rela-
tionship with the surrounding coastal watersheds is
lacking. This study was carried out to evaluate the
seasonal variation of water quality over the largest
oyster reef of the Western Mississippi Sound by
combining field, laboratory, and spatial data. Water
quality assessment was performed using a com-
prehensive suite of indicators, including trace ele-
ments, calcium (Ca), nutrients, DOM quantity and
composition, and coastal acidification parameters.
The main objectives were to (a) evaluate the sea-
sonal variation of water quality and identify those
variables that exert significant control over the oys-
ter health, and (b) determine the biogeochemical
mechanisms responsible for the changes in water
quality proximal to the oyster reefs.

Materials and methods

Site description, fieldwork, sample processing, and
hydrological data acquisition

The Mississippi Sound extends in an east—west direc-
tion along the Florida-Alabama-Mississippi-Louisiana
coastal tract in the northern Gulf of Mexico (Fig. 1). It
is a shallow (~3—4-m depth) elongated basin with min-
imal tidal influence (< 0.6 m) covering an area of 4792
km? separated from the Gulf of Mexico by a series of
small sand bars and islands with an average freshwa-
ter inflow of 1235 m3s™! (Cambazoglu et al., 2017;
USEPA, 1999). This is an important nursery area for
commercial and recreational fishing, seagrass beds,
and various estuarine-dependent species including
loggerhead sea turtles and shellfish (Beccasio, 1982).
Coastal watersheds including North Lake Pontchar-
train, Pearl-Bogue Chitto, Mississippi Coastal, Pasca-
goula Basin, Mobile River Basin, and Perdido Basin
border the northern side of the Mississippi Sound. Riv-
ers such as Pearl River from the Pearl-Bogue Chitto
watershed, Wolf River, Jourdan River, Red Creek, and
Cypress Creek from the Mississippi Coastal watershed,
Pascagoula River predominantly from the Pascagoula
Basin, Mobile River from the Mobile River Basin,
and Perdido River from the Perdido Basin discharge
into the Mississippi Sound. Additionally, water from
Lake Pontchartrain of North Lake Pontchartrain water-
shed, and sometimes Mississippi River water diverted
through the Bonnet Carré Spillway to Lake Pontchar-
train empties into the Western Mississippi Sound. The
area where water samples were collected covers 15.25
km? of the Mississippi Sound and overlies the largest
oyster reef stretching from the mouth of the Bay St.
Louis to Pass Christian in Western Mississippi Sound
(Fig. 1).

Water samples along with salinity, water tempera-
ture, Secchi depth, water depth, and sampling loca-
tion information were collected from 70 different
locations distributed over the study area spanning
four field campaigns during spring (March 13-15,
May 7-10), summer (June 19-20, July 16-20), and
winter (December 17-18) seasons of 2018 and the
summer of 2019 (June 15-19, July 29-August 2).
A total of 31 surface samples were collected during
spring 2018, while a total of 14 samples were col-
lected during summer 2018 and 7 samples were col-
lected during winter 2018. Additionally, 18 more

@ Springer



175 Page 4 of 27

Environ Monit Assess (2023) 195:175

[ Land Use & Cover

[ ] Wettand
D Rangeland
- Open Water
- Forest
I: Hay/Pasture

o Sample Location

MS-10
15-69

.
WIS

WMS-15
.

- Urban
- Agriculture
I:l Barren Land

Oyster Reel

Fig.1 Land use and land cover map of six watersheds bordering the study area (right). The oyster reef with sampling points indi-

cated (left)

samples were collected during summer 2019. Surface
water samples for the subsequent analysis of trace
elements, Ca, nutrients, DOM, and suspended par-
ticulate matter (SPM) were collected using a 12-ft
extendable swing sampler rod with the attachment of
acid-washed 1-L high-density polyethylene (HDPE)
bottles (Dash et al., 2015; Sankar et al., 2019a). Addi-
tionally, water samples for the carbonate chemistry
parameters were collected in 250-mL borosilicate
glass bottles with 100 pL saturated mercury chloride
(Fisher Scientific®, HgCl,) solution from the top,
middle, and bottom depths from all locations using
a Niskin water sampler (Cai et al., 2017). Although
the sampling depth varied at each location, the sur-
face sample was designated as the top, while the mid-
dle sample at each location was collected by taking
sample at the halfway of the total depth followed by a
sample from the bottom of the water column. Except
the first sampling trip in March 2018, when only sur-
face samples were collected, otherwise water samples
were collected from top, middle, and bottom depths.
Along with sample collection, the depth profiles of
salinity and water temperature were measured using
a HANNA® probe from each sample location. After
collection, samples were stored in a cooler filled
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with ice and transported to the lab for processing and
storage.

In the lab, a portion of the collected surface water
samples was filtered through 0.2-pm Whatman®
nuclepore track-etch membrane filters into separate
acid-washed, and oven-dried 20-mL VWR® HDPE
narrow mouth bottles for the analysis of trace ele-
ments, Ca, nutrients, and DOC. The water samples
for trace elements and Ca were acidified using Fish-
erbrand® ultrapure nitric acid (0.2% by volume) and
were stored at room temperature, while the samples
for nutrients, DOC, and TDN were stored in a freezer
at—80 °C. Additionally, 50 mL of the filtered surface
samples was stored in 100-mL Fisherbrand® acid-
washed and pre-combusted amber glass bottles for
CDOM UV-Vis absorption and fluorescence meas-
urements and refrigerated at 4 °C. Another portion of
the surface water samples in replicates was used for
SPM analysis. Water samples were brought to ambi-
ent room temperature prior to laboratory analysis.

Hydrological data including river discharge and
precipitation in the watersheds were collected from
US Geological Survey (USGS) National Water Infor-
mation System Web Interface and multi-sensor pre-
cipitation estimates (MSPE) derived from hourly
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Weather Surveillance Doppler Radar-1988 (WSR-
88D) for the study period from January 2018 to
December 2019. Available daily discharge data for
the rivers draining through the six watersheds bor-
dering the Western Mississippi Sound were collected
from respective USGS measuring stations, including
Pearl River (USGS 02,489,500), Wolf River (USGS
02,481,510), Red Creek (USGS 02,479,300), Cypress
Creek (USGS 02,479,155), Pascagoula River (USGS
02,479,000), Mobile River (USGS 02,470,629),
and the Perdido River (USGS 02,376,500). Dis-
charge through the Bonnet Carré Spillway opening
for the years 2018 and 2019 were collected from the
US Army Corps of Engineers Bonnet Carré Spill-
way overview website. The total daily precipitation
in each of the six watersheds was calculated from
hourly precipitation data with 4 x4 km? spatial reso-
lution in Python and ArcGIS following the procedure
explained in Dyer and Mercer (2013).

The land use and land cover (LULC) classes of
six watersheds bordering the Western Mississippi
Sound were obtained from the geospatial data gate-
way of the United States Department of Agriculture
(USDA). The individual watersheds were delineated
by overlaying the digital elevation model (DEM), the
hydrological unit code-8 (HUC-8) watershed bound-
ary dataset along with the stream dataset of the state
of Florida, Alabama, Mississippi, and Louisiana in
ArcGIS® 10.3.1 software platform. The LULC infor-
mation of the individual watersheds was extracted by
overlaying selected polygons of the HUC-8 watershed
boundaries over the LULC layers of the individual
states (Fig. 1).

Analysis of water samples for trace elements,
nutrients, and suspended particulate matter

The concentrations of trace elements in the water
samples, including arsenic (As), manganese (Mn),
copper (Cu), lead (Pb), zinc (Zn), and uranium (U),
and a major element calcium (Ca) were determined
by inductively coupled plasma mass spectrometry
(ICP-MS) using a Varian 820MS ICP-MS instrument
located at Jackson State University as per the ana-
lytical procedures described elsewhere (Paul et al.,
2021). National Institute of Standards and Technol-
ogy (NIST) freshwater certified reference material
(SRM 1640a, Trace Elements in Natural Water) was
analyzed in triplicate for quality control purposes.

Values from SRM 1640a (n=3) were within 95%
confidence level of the certified values and/or refer-
ence values. The concentration of dissolved nutrients
including phosphate (PO43_), nitrate (NO;™), ammo-
nium (NH,*), and nitrite (NO,”) was analyzed using
a continuous flow auto-analyzer (Skalar Analytical
Inc., Buford, GA) at Dauphin Island Sea Lab. The
DOC concentrations in each of the water samples
were measured on a SHIMADZU® total organic car-
bon-total nitrogen analyzer (TOCv-TNM1) equipped
with an ASI-V autosampler following the method
described in Shang et al. (2018). The SPM content
was analyzed following the Glass-fiber filter (GFF)
method, B-3401-85 (Guy & Norman, 1970). Spe-
cifically, well-mixed 200 mL of surface water sam-
ples in duplicates were filtered using pre-combusted
(500 °C), pre-washed, and oven-dried 47-mm What-
man® GF-F filters. Along with the samples, blank
controls were also processed by filtering 18.2 MQ
deionized water (Barnstead). After filtration, filters
were oven-dried at 105 °C. After drying, the filters
were weighed and stored inside clean aluminum
foils and again weighed before ashing at 500 °C in
a Thermo Scientific® Lindberg/Blue M BF51748C
muffle furnace. The total quantity (mg/L) of SPM,
suspended inorganic matter (SPIM, calculated as
SPM-SPOM), and suspended organic matter (SPOM,
calculated using the mass difference before and after
ashing) were calculated.

Analysis of carbonate system parameters

Carbonate system parameters including pH, dis-
solved inorganic carbon (DIC), and total alkalinity
(TA) were analyzed at the School of Marine Science
and Policy, University of Delaware, USA, following
the analytical procedures in Cai et al. (2017). The
partial pressure of carbon dioxide (pCO,), bicarbo-
nate (HCO;™), and carbonate (CO32_) and the con-
centration of dissolved carbon dioxide (CO,(aq)),
aragonite saturation state (€2,,), and calcite saturation
state (Q,) were calculated using MS-Excel program
CO2SYS-V2.1 using pH and DIC as input param-
eters. Constant selections were as the following: K,
K, from Mehrbach et al. (1973) and refit by Dickson
and Millero (1987); K,SO, from Dickson (1990);
and total boron from Uppstrom (1974). The pH was
reported on the NBS scale.
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CDOM characterization by measurement of optical
indices and PARAFAC modeling

Optical characteristics of the 70 water samples col-
lected were determined by employing absorption and
fluorescence measurements. Absorption spectra of
the water samples were measured using a Lambda
850 double-beam spectrophotometer (PerkinElmer®,
Waltham, MA, USA). Wavelengths between 200
and 750 nm were captured at every 2-nm inter-
vals in a clean 4-mL quartz cuvette with 1-cm path
length. From the blank-corrected absorbance (A)
values, the Napierian absorption coefficient (a, m‘l)
for each sample at every wavelength (1) was cal-
culated (Sankar et al., 2019b). Absorption indices
such as UV absorption coefficient at 254 nm (a254),
UV absorption coefficient at 440 nm (a440), the
ratio of UV absorption coefficient at 250 to 365 or
a250:a365 (E2:E3), and spectral slope ratio (SR) for
each of the samples were calculated from the absorp-
tion coefficients (Hansen et al., 2016; Sankar et al.,
2020; Singh et al., 2018). SR was calculated as the
ratio of the spectral slopes of a275-295 nm to that of
a350—400 nm. Furthermore, by dividing the a254 val-
ues by DOC concentration, the specific UV absorb-
ance (SUVA,5, Lmg™ m™') was calculated. The
SUVA,;s, values indicate aromaticity, while values of
both E2:E3 and SR are inversely proportional to the
molecular weight of DOM (Dalrymple et al., 2010;
Hansen et al., 2016; Sankar et al., 2019a; Singh et al.,
2018; Spencer et al., 2013). The values of a440 are
directly proportional to CDOM concentration (Sankar
et al., 2020; Singh et al., 2017a).

The excitation-emission-matrices (EEM) fluores-
cence spectra were collected using a Fluoromax-4
spectrofluorometer (Horiba Jobin Yvon Inc., Edison,
NJ, USA). The EEMs were collected in signal to
noise ratio (S,/R,°) mode after applying excitation
peak, emission peak, cuvette contamination, Raman
Peak checks, and instrument-specific corrections
and calibrations. Emissions were recorded between
300 and 550 nm at 2-nm intervals and 0.25-s inte-
gration time with EEM excitations between 240 and
450 nm at 10-nm increments with a 5-nm slit width.
The EEMs were blank-corrected, Raman-normalized,
and adjusted for inner filter effects prior to the com-
putation of fluorescence indices and parallel factor
(PARAFAC) modeling (Sankar et al., 2019b). The
calculation of fluorescence index (FI), humification
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index (HIX), and biological index (BIX) followed the
steps in Hansen et al. (2016). FI values indicate the
source of DOM with values between 1.6 and 2.0 indi-
cating a microbial origin and values between 1.2 and
1.5 indicating a terrestrial origin, i.e., from decayed
terrestrial plants and soils (McKnight et al., 2001).
HIX indicates the degree of humification of natu-
ral organic matter (Sankar et al., 2019a), and larger
values suggest strong humification with contraction
of fluorescent molecules or low H/C ratios of DOM
(Ohno, 2002). BIX measures the freshness of DOM,
higher BIX values (>1) indicate freshly released
autochthonous production, while lower BIX (0.6-0.7)
indicates the dominance of allochthonous produced
compounds (Parlanti et al., 2000).

A total of 70 sample EEMs, representing spring
2018 (n=31), summer 2018 (n=14), winter 2018
(n=7), and summer 2019 (n=18) were used for PAR-
AFAC modeling, following the procedure described
in Stedmon and Bro (2008). Preceding the modeling,
all 70 EEMS were normalized to Raman-integrated
area at 350-nm excitation and 397-nm emission over
5-nm bandpass. After removing two outliers (two
abnormal spring 2018 samples), a three-component
PARAFAC model was created and validated by split-
half analysis using Tucker congruence coefficients
and random initialization method. The results of
three-component PARAFAC scores were represented
as fluorescence intensity maximum (F,,,,) in Raman
units (R.U). The PARAFAC computations were per-
formed using the DOMFluor toolbox in MATLAB®-
R2018a computing platform (Stedmon & Bro, 2008).

Statistical data analysis

The statistical analysis was performed in the R-ver-
sion 3.3.2 (R Core Team, 2016) programming plat-
form. Bootstrap resampling and non-parametric tests
were applied because the assumption of normality
(data fitting the bell-shaped curve) was not met for
this dataset. Bootstrapping is a non-parametric resa-
mpling method with replacement to get normally dis-
tributed data from which the confidence intervals of
the variables can be computed to estimate significant
differences and similarities. The mean and standard
deviation were calculated, and box plots were cre-
ated for all the measured variables. Subsequently,
bootstrap resampling at confidence intervals of 2.5%
(lower quartile), 50% (median), and 97.5% (upper
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quartile) was applied to water temperature, salin-
ity, trace elements, Ca, nutrients, SPM, carbonate
system parameters, DOC, DOM optical indices, and
PARAFAC components to evaluate if they vary sig-
nificantly with season by taking 1000 means or repli-
cates; subsequently, the replicates were used for cre-
ating boxplots. If there are any significant differences
(» <0.05), then the bootstrap median value of an event
does not lie within the limits of 2.5% and 97.5% lim-
its of the other events. Readers may refer to Table 2
for seasonal averages; Figs. 3, 5, and SI Fig. 1 for sea-
sonal variations, and SI Figs. 2, 3, 4, and 6 for boot-
strap results. Spearman rank correlation was applied
to F,. of the PARAFAC components and the opti-
cal indices to assess the correlation of the source and
composition of DOM, with the correlation coefficient
classified as strong (r>0.7), moderate (0.7 >r>0.5),
or weak (0.5>r>0.3). A r-test was performed to
estimate the significance of slope for changes in dis-
solved constituents with salinity for investigating the
extent and behavior of mixing. Principal component
analysis (PCA) was performed to assess significant
differences and sample grouping due to season and to
reveal the underlying biogeochemical processes. All
statistical analyses were performed at a 95% confi-
dence level (p-value <0.05). Finally, Spearman’s rank
correlation was performed for the winter 2018 subset
to further evaluate the explicit association of trace
elements (Cu, Mn, As, Pb, Zn, U), Ca, SPM, SPIM,
and SPOM in the PCA plot.

Results

Watershed characteristics, seasonal change in
precipitation, and discharge

Among the six watersheds bordering the northern
side of the study area, the Mobile River Basin water-
shed was the largest (11,586 km?), which covers
parts of Alabama and Mississippi; while North Lake
Ponchartrain watershed covering parts of Louisiana
and Mississippi was the smallest (3825 km?). Areas
of all the watersheds are given in SI. Table 1. The
largest landcover class in all the watersheds were for-
ests, followed by wetlands (Fig. 1). The combined
areal coverage of agriculture and pasture was high
in Perdido Basin (12.8% and 5.25%, respectively),

Pearl-Bogue Chitto (2.41%; 12.2%), North Lake
Ponchartrain (3.57%; 10.8%), and Pascagoula Basin
(2.35%; 7.19%) watersheds, while slightly higher
areal coverage of urbanized areas was present in both
Mississippi Coastal (12.8%) and North Lake Pon-
chartrain (10.6%) watersheds compared to the rest.

The average discharge of the seven rivers was high-
est during the winter of 2018 and lowest during the
summer of 2018 (Table 1). When comparing the seven
rivers of the study area, the Mobile River always had
the highest discharge, and the Cypress Creek had the
lowest discharge. The average water discharge during
winter 2018 through the rivers in the ascending order
were Cypress Creek (5.29+9.45 m3™!), Perdido
River (28.9+15.9 m3™"), Wolf River (29.8+29.4
m3s™!), Red Creek (42.0+30.8 m’s™!), Pearl River
(579+389 m’s7!), Pascagoula River (723 +660
m’s™!), and Mobile River (1361 +240 m’s™}), respec-
tively. Based on the information provided on the Mis-
sissippi River Flood Control website (https://www.
mvn.usace.army.mil/Missions/Mississippi-River-
Flood-Control/Bonnet-Carre-Spillway-Overview/Spill
way-Operation-Information/) of the US Army Corps
of Engineers, the Bonnet Carré Spillway connected
to Lake Pontchartrain was opened during spring 2018
from 8th March 2018 to 30th March 2018. Addi-
tionally, the spillway was again opened two separate
periods in 2019, from 27th February 2019 to 11th
April 2019 (Winter 2019 through Spring 2019) and
from 10th May 2019 to 27th July 2019 (Spring 2019
through Summer 2019).

In all six watersheds, the average daily precipitation
was higher during both summers and was 7.04 mm in
2018 and 7.20 mm in 2019, while average precipita-
tion was lower during spring 2018 at 4.16 mm. Simi-
larly, the average precipitation of the six watersheds
during winter 2018 was 5.20 mm (Table 1). Among six
watersheds bordering the study area, the Mississippi
Coastal watershed had the highest precipitation dur-
ing summer 2018 and 2019 and was 7.83 +7.55 mm
and 7.66+8.89 mm and the lowest was in North Lake
Ponchartrain Watershed and was 6.24+5.64 mm
and 7.14+9.04 mm (Fig. 2). Although the precipita-
tion was higher during both 2018 and 2019 summers
compared to spring and winter 2018, summer river
discharge during both 2018 and 2019 was generally
lower, which may be due to stronger evapotranspira-
tion in summer (Milliman, 2001).
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lines) bordering Western Mississippi Sound

Seasonal variation in physico-chemical parameters,
trace elements, nutrients, and suspended particulate
matter

Water depth, Secchi depth, and water quality param-
eters including surface water temperature and salinity
are summarized in Table 2 and SI Fig. 1. The results
suggest significantly (p<0.05) higher surface water
salinity during both the summer and winter of 2018
compared to the summer of 2019 (Table 2, SI Fig. 3).
On the other hand, significantly higher but similar
surface water temperature was observed during both
summers (2018 and 2019) compared to the spring of
2018. Significantly lower surface water temperature
was observed during winter 2018.

The average concentrations of Cu, Pb, Zn, U,
and Ca in the study area were significantly higher
(»<0.05) during winter 2018 than the rest of the
study period (Table 2, Fig. 3, SI. Fig. 2). Specifically,
higher concentrations of Pb (224 %), Cu (211 %), Zn

@ Springer

(2400 %), and Ca (240 %) were observed during the
winter of 2018 compared to the summer of 2019. On
the other hand, the concentration of As was signifi-
cantly higher (p <0.05) during summer 2018, and the
concentration of Mn was higher during summer 2019
than other sampling seasons. Conversely, the average
concentrations of dissolved As, Cu, Zn, and Ca were
significantly lower (p<0.05) during summer 2019
than the other periods. Similarly, the average concen-
trations of Mn and Pb were lowest during summer
2018, while for U, significantly lower average con-
centrations (p <0.05) were observed during spring
2018 compared to the rest of the study period.

The average concentration of all the dissolved nutri-
ents except NO,™ was high during the summer of 2019
and low during winter (Table 2, Fig. 3, SI. Fig. 2). Con-
versely, the average concentration of NO,™ was signifi-
cantly higher (p<0.05) during spring and was lowest
during summer 2018. The concentration of PO,*>~ was
also significantly higher (p <0.05) during both summers
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Fig. 3 Seasonal variation in concentration of trace elements, calcium, and nutrients in the study location following spring 2018
(n=31), summer 2018 (n=14), winter 2018 (n="7), and summer 2019 (n=18). “n” denotes the number of samples

(2018 and 2019), while NH,* concentration was simi-
lar during the spring and summer of 2018. Mainly, the
concentrations of both PO,* and NH,* were higher (>
800 %) during both summers than the winter of 2018.
Significantly higher SPM and SPOM (p<0.05)
during winter, significantly lower (p <0.05) SPM and
SPIM during summer 2019, and lower SPOM were
observed during spring (Table 2, SI. Figs. 1 and 3).
The amount of SPIM was reasonably higher during
summer 2018 (SI Fig. 1). Additionally, SPOM was
similar during both summers (2018 and 2019).

Seasonal variation of carbonate system parameters

The carbonate system parameters showed a strong
seasonal trend in their distribution in the water col-
umn of the study area. The TA, pH, CO32_, Qcas
and Q, showed nearly a similar seasonal trend with

an overall increase from spring 2018 to summer
2018, then decreased during winter 2018, and again
increased during summer 2019 (Fig. 4, Table 3).
Conversely, the DIC concentrations showed an
increase from spring 2018 to summer 2018, then
gradually decreased from winter 2018 through sum-
mer 2019. Average HCO;~ gradually increased
from spring 2018 through summer 2018 until winter
2018, then decreased during summer 2019. Further-
more, both TA, DIC, and HCO;™ increased from the
surface to bottom waters over the oyster bed during
all seasons. The pH, CO;™, Q¢,, QAL TA, DIC, and
HCO;™ showed a gradual decrease from the surface
to bottom waters during all seasons. However, they
were lower during the summer months (2018 and
2019). Compared to other seasons, the highest aver-
age values of both TA and DIC were observed dur-
ing summer 2018. Equivalently, the average amount
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surface=14; middle=14; bottom=14), winter 2018 (n, sur-

of HCO;™ was lower during spring and higher during
both summers (2018 and 2019). The pH during both
spring and winter was lower compared to both sum-
mer (2019 and 2018) months. The average pCO, and
CO, (aq) concentrations had a similar seasonal trend
in the water column as they both are related to Hen-
ry’s constant (Ky), which is a function of temperature
and salinity. The carbonate system parameters for the
surface waters also followed the above-mentioned
trend (Table 3, SI Fig. 4).

Seasonal variation of organic matter and optical
properties

The amount of DOC was significantly higher (p <0.05,
4.84+0.67 mg L™ during summer 2019 and was
significantly lower (p<0.05) during summer 2018
(3.56+0.51 mgL™"). Additionally, DOC concentrations
showed a significant increase (p <0.05) from summer
2018 to summer 2019 (Table 2, Fig. 5, SI. Fig. 6).
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face=6; middle=6; bottom=6), and summer 2019 (n, sur-
face=17; middle=17; bottom=17). “n” denotes the number
of samples

The PARAFAC modeling has resulted in three dis-
tinct compositions, C1 (Ex/Em <250-310 nm/412 nm),
C2 (ExEm 260-360 nm/486 nm), and C3 (Ex/
Em <250-280 nm/342 nm) (SI Fig. 5). Among the three
components, two of them (C1 and C2) were terrestrial
humic-like components that have been commonly iden-
tified in the near-shore marine ecosystems (Sankar et al.,
2020, 2019a, b; Yamashita et al., 2010; Yu et al., 2015).
The third component (C3) was a protein-like compo-
nent that is often used to represent a freshly produced,
biologically labile DOM of autochthonous origin (from
algae and microbes), and it has been commonly found
in cropland runoff, wastewater, and industrial effluents
(Sankar et al., 2019a; Singh et al., 2017; Yu et al., 2015).
The component C1 was found to be most abundant and
followed by C2 and C3 in all sampling seasons (Table 2,
Fig. 5, SI. Fig. 6). When the four seasons are compared,
Terrestrial humic-like compositions C1 and C2 exhib-
ited relatively similar seasonal variation. The C1 and
C2 during both summer (11 %, 33 %) and spring (12 %,



Environ Monit Assess (2023) 195:175

Page 11 of 27 175

0.90 0.6 0.7 .
*+ * .
085 1 (—— T T 0.6
. 05
0.80 . S - 05 . I
S 075 | ) 5
g . g 04 & 04 . ]L
s 070 fa) bS] o3l T -
0.65 0.3 I T ‘ \;
0.2 J,
0.60 . 02 . +
0.55 0.1
10 S 75 7
~ 9 7.0 6 * .
£ ° 065 . ¢ .
- ° T & 51 1
oo )
6.0 T —— T
£ 4 M Z I— Q4 T T
= \?l &'ss 3
el ° 2 T 3
- l a 50 - i . f\
é 5 + =45 ‘ 2 l pu
4 . 4.0 ] 1
1.0
18 . 1.50 ﬁ
=
s 1.6
3 + t+ 08 % T * 1.48 T
=
w :
T2 - £ L 06 l L6
'd o .
quog = . = +
I 0.4
208 1.44 -
S0 ’
= 0.2 l i
“ 04 . 1.42 .
.
0.2 0.0 hd
L5208 s o018 019
0.80 S gprive? S“mme"z winter 2 S“mme"l
. 7 .
0751 % % 6
.
T s -

Z 070 . .

0.65

w

DOC (mgL")
-
!

& —
.

0.60

or 7'0\9

L2018 208 a8 o208
S?n;\g S\ﬂ“‘“ﬂ \V“““ S\““‘“ S‘,‘-\\\E S“‘“me
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FI, BIX), and concentration of DOC in the surface waters over
the study location in west Mississippi Sound following spring

36 %) were significantly higher (p <0.05) than that dur-
ing winter. Conversely, the concentration of protein-like
component C3 was significantly lower during spring,
summer, and winter of 2018 than during summer 2019.

Both UV and fluorescence indices expressed sig-
nificant (p <0.05) seasonal control over the study
area (Table 2, Fig. 5, and SI Fig. 6). The values of FI
were always less than 1.5 and exhibited an increase
from spring to summer 2019. Although BIX values
were below one (< 1) during all seasons, its values

. s

EagE

¥ w\ﬁw wte’ 1“‘summe\‘ nd

b

2018 (n=31), summer 2018 (n=14), winter 2018 (n=7), and
summer 2019 (n=18) sampling events. “n” denotes the num-
ber of samples

were similar and significantly higher (p <0.05) dur-
ing both summers (2018 and 2019) than during
spring and winter. The HIX values were significantly
lower (p<0.05) during winter and summer 2019
compared to both spring and summer 2018. Simi-
larly, the SUVA,s, values were significantly lower
but similar during winter 2018 and summer 2019
than spring 2018. Furthermore, values of SUVA,s,
were significantly lower during summer 2018 and
higher (»p<0.05) during spring 2018 compared to
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other seasons. Compared to other seasons, the SR
values were significantly lower (p <0.05) during win-
ter 2018, while E2:E3 ratios were significantly higher
(p<0.05) during summer 2018. The @440 indices
were similar and significantly higher (p <0.05) dur-
ing spring 2018 and summer 2019 compared to sum-
mer and winter of 2018. Additionally, the a440 values
showed a significant increase (p <0.05) from summer
2018 to summer 2019.

Multivariate spearman correlation for DOM opti-
cal indices showed a significant strong positive corre-
lation between terrestrial humic-like components C1
and C2 (p<0.05; r=0.79), while both showed sig-
nificant negative correlations against the protein-like
component C3 (p<0.05; r=-0.27, r=-0.42). FI
had a significant negative correlation against both ter-
restrial humic-like components (p <0.05; r= —0.25,
r=—0.31). SUVA,,, had a significant positive corre-
lation with one of the terrestrial humic-like composi-
tions (C2) but a significant negative correlation with
FI (Table 4). FI, BIX, and a440 showed significant
negative correlation against HIX (p <0.05; r= —0.24,
r=-042, r=-042). BIX showed a significant
negative correlation with SUVA,s, (p<0.05;—-0.52)
and had a significant positive correlation against
a440 (p <0.05; r=0.62). The E2:E3 ratio had signifi-
cant negative correlations against SUVA,5, and a440
(»<0.05; r=-0.37, r=-0.35). Similarly, a440
also had a significant negative correlation against SR
(p<0.05; r=—-0.37).

Salinity versus dissolved constituents

There is strong seasonal control in the distribu-
tion of dissolved constituents along the entire salin-
ity range. The salinity in the study area had a sig-
nificant (p<0.05) positive correlation with trace
elements including As (r=0.93), Cu (r=0.46), U
(r=0.61), Ca (r=0.92), and Zn (r=0.56), while Mn
(r=-0.17) and Pb (r=—0.18) had a nonsignificant
(p>0.05) negative correlation with salinity (Fig. 6).
Although the nutrients including NO;~, NO,~, PO,
and NH,* had a negative relationship with salinity,
only the relationship of NH,* (r=—0.47) was sig-
nificant (p <0.05) (Fig. 7). Conversely, for nutrients
such as NO;~ (r=-0.17), NO,” (r=-0.07), and
PO,*~ (r=—0.01), a nonsignificant relationship with
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salinity was observed (Fig. 6). Additional figures (SI.
Figs. 7 and 8) were also created for NO,™, NO;~,
and NH,* by removing a few extreme values and by
adding Y-axis breaks on the same figure (Fig. 6) to
highlight the distribution of the sample points. Par-
ticularly, salinity had significant (p <0.05) positive
correlations against SPM (r=0.87), SPIM (r=0.83),
and SPOM (r=0.34) (Fig. 8). Most of the carbonate
system parameters had significant (p <0.05) posi-
tive relationship with salinity except pH, pCO,, and
CO, (o (Fig. 9).

The DOM compositions showed a nonsignifi-
cant (p>0.05) association with salinity (Fig. 7).
One of the terrestrial humic-like compositions Cl1
(r=—0.06) and tryptophan-like or protein-like com-
ponent C3 (r= —0.19) showed a negative relationship
with salinity, while the other terrestrial humic-like
composition C2 showed no relationship with salin-
ity. DOM optical indices including E2:E3 (r=0.29),
SR (r=0.29), and BIX (r=0.14) showed positive,
while SUVA,;, (r=—0.40), a440 (r=—0.42), HIX
(r=-0.13), and FI (r= — 0.14) had negative relation-
ship against salinity; the relationship was significant
(p<0.05) only for SUVA,s,, E2:E3, a440, and SR.
Similarly, the DOC also had significant negative rela-
tionship with salinity (p <0.05, r= —0.62).

Results of principal component analysis

The PCA biplot was generated by incorporating the
concentrations of trace elements, nutrients, DOC,
PARAFAC components, DOM optical indices, SPM
data, carbonate system parameters (pH, DIC, TA),
salinity, and water temperature collected during the
four seasons as PCA loadings (Fig. 10). The rest of the
derived carbonate system parameters were not included
into the PCA as their values depend upon both TA and
DIC. The biplot containing two principal components
(PC) as indicated by PC1 (25.9%) and PC2 (21.2%)
together explained 47.1% of the total variance of the
input data. The PC1 axis separates the loadings of
organic matter from inorganic components. Addition-
ally, the terrestrial humic-like components including
C1 and C2 had negative loadings and protein-like com-
ponent C3 had a positive loading on PC2. The terres-
trial humic-like compositions have a close association
with SUVA,s, and HIX and were on the negative PC2
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Fig. 6 Relationship of trace elements and nutrients with salinity in the surface waters of the study location in west Mississippi

Sound

axis, while the tryptophan-like or protein-like compo-
nent and FI and BIX were associated along the positive
PC2 axis. The salinity showed a positive relation with
SPM, SPIM, As, Ca, Cu, and Zn and were located on
the negative PC2 axis. Similarly, the TA, DIC, pH, and
temperature were positively related and were located
on the positive PC2 axis. In the same way, SPOM, U,
SR, and E2:E3 were also directly related to the posi-
tive side of the PC1 axis. The scores of the samples

collected during 2018 (spring, summer, and winter)
were spread across the PC1 axis, while the scores of
the samples collected during 2019 (summer) were
located on the positive side of the PC2 axis.

PCA analysis suggests correlation between the trace ele-
ments, Ca, and SPM, particularly during winter 2018 sea-
son. Therefore, a detailed analysis of the winter 2018 subset
using Spearman’s rank correlation was performed, which
revealed that both Cu, Ca, As, Pb, and U had moderate to
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Fig. 7 Relationship of the DOM composition, optical indices, and the concentration of DOC with salinity in the surface waters of

the study location in west Mississippi Sound

strong positive association with SPM and SPIM. Among
them, only Cu, As, Ca, and U had strongly to moderately
positive association and Zn had weakly negative association
with SPOM. Additionally, the SPOM was significantly cor-
related (p<0.05) with Cu and Ca. On the other hand, Mn
had a negative correlation with SPM, SPIM, SPOM, and all
other elements. Among them, only U had significant rela-
tionship with Mn. A significant strong, positive correlation
between SPM and SPIM was also identified (SI. Table 2).
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Discussion
Seasonal change in water quality over the oyster reef

The findings in this study suggest that precipitation in the
watersheds and discharge of the rivers have significant
control over the seasonal changes in water quality over
the oyster reef in terms of mobilization of elements and
alteration of biogeochemical parameters. The presence
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of higher amounts of trace elements (e.g., Cu, Pb, Zn, U, SPM in coastal waters has been well established (Balls,
and As), Ca, and particulate matter (measured by SPM, 1990; van der Sloot Hans et al., 1990; Jokinen et al.,
SPIM, and SPOM) during winter, spring, and summer 2020; Koukina & Lobus, 2018; Kuwabara et al., 1989;
of 2018 is attributed to relatively higher discharge during Regnier & Wollast, 1993; Turner & Millward, 2000).

these seasons compared to summer of 2019. The distri- Higher discharge of rivers flowing through the six water-
bution of trace elements through their association with sheds along with the Mississippi River water diverted
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Fig. 10 Principal compo-
nent analysis (PCA) biplot
for surface water composi-
tion of the study location in
west Mississippi Sound fol-
lowing spring 2018 (n=28),
summer 2018 (n=14),
winter 2018 (n=6), and
summer 2019 (n=18). The
seasonal sampling events
were represented by distinct
colors. “n” denotes the
number of samples
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through the Bonnet Carré spillway opening delivered
a higher amount of dissolved trace elements associ-
ated with SPM over the waters of Western Mississippi
Sound. Similar observations on higher concentration
of trace elements during the times of higher discharge
into the adjacent bays and rivers including Mobile Bay,
Weeks Bay, Mississippi River, and Pearl River have also
been reported (Lafabrie et al., 2011; Sankar et al., 2019a;
Stolpe et al., 2010). Salinity was higher during sum-
mer and winter seasons of 2018 compared to the spring
2018 and summer of 2019. This observation again rein-
forces the interpretation that freshwater influx during
spring 2018 and higher precipitation during summer of
2019 resulted in higher delivery of both dissolved mate-
rial and suspended particles into the sound. Previous
studies suggested multiple sources for the fluxes of the
above-mentioned trace elements including Mn delivered
along the coastal waters of the northern Gulf of Mexico
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PC1 (26.1 %)

and regions adjacent to the study area. The sources of
trace elements include effluents from chemical industrial
plants in the urbanized areas which is between 6.06 and
10.6% of total area (Lafabrie et al., 2011; Sankar et al.,
2019a; Zielinski et al., 2007), reductive dissolution of sea
bottom sediments along with decomposing organic mat-
ter (Joung & Shiller, 2016; Sankar et al., 2019a; Slowey
& Hood, 1971), desorption from the agricultural soil due
to the nitrification and soil acidification from the appli-
cation of ammonium fertilizer (Sankar et al., 2019a),
fertilizers such as basic slag (Sankar et al., 2019a), and
arsenical pesticides and herbicides applied to the crop-
lands years ago (Sankar et al., 2019a).

During both summers (2018 and 2019), the aver-
age discharge was comparatively lower, yet the
amount of precipitation was higher compared to other
seasons in the study area. The greater concentrations
of NO;~, PO43_, NH4+, and Mn during summer 2019
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Table 1 The seasonal
average precipitation

Spring 2018 Summer 2018 Winter 2018 Summer 2019

in six watersheds and
corresponding seasonal
average discharge through
the seven rivers/creeks
bordering west Mississippi
Sound

Watershed
Mississippi Coastal
Mobile River Basin
North Lake Ponchartrain
Pascagoula Basin
Pearl Bogue-Chitto
Perdidio Basin
Average of 6 watersheds
River/creek
Mobile River
Perdido River
Pascagoula River
Cypress Creek
Red Creek
Pearl River
Wolf River
Average of 7 rivers/creeks

Precipitation (mm)

4.51+10.51 7.83+7.55 4.92+10.50 7.66+8.89
4.00+7.86  7.08+5.51 5.15+10.85 7.13+10.57
4.08+11.2  6.24+5.64 5.18+11.48 7.14+9.04
4.89+104  7.70+7.28 537+1227 7.12+8.72
4.14+10.5 6.59+5.92 5.57+1250 6.88+9.11
335+6.82  6.79+6.29 5.04+11.09 7.25+11.0
4.16 7.04 5.20 7.20
Discharge m’s™!
1106 +413 540258 1361 +240 631393
15.7+£6.32 15.7+£7.82 28.9+15.9 17.8+£12.6
410+285 108 +44.3 723 £659 146+95.8
3.41+£6.45 1.50+£1.48 5.29+£9.45 1.20£1.45
28.7+37.3 18.3+16.6 42.0+£30.7 20.3+£18.3
497 +268 88.8+24.4 579388 301+3105
17.6+26.1 7.97+£10.0 29.8+29.40 13.0+19
297 111 395 161

compared to other seasons of 2018 may be attributed
to precipitation-mediated leaching combined with
reduced river discharge. Higher precipitation in the
region might have accelerated the leaching of phos-
phate and nitrate-based fertilizers being applied to the
agricultural areas (0.83-12.8%) and from the dissolu-
tion of waste materials present in the feedlots of pas-
tures (3.54—12.2%) and rangeland (17.3-26.1%) areas
of these watersheds. Consequently, a high amount of
dissolved nutrients from agricultural, pastoral, and
rangeland areas of six watersheds entered the river
system during the events of heavy precipitation and
eventually ended up in the sound waters during sum-
mer months. Furthermore, Bonnet Carré Spillway
opening and freshwater discharge during the summer
of 2019 and late spring of 2018 supplemented the
dilutional effects of trace elements in the study area
during summer.

Seasonal variability and elevated alkalinity at shal-
lower depths were well documented over the northern
Gulf of Mexico similar to Chesapeake Bay (Cai et al.,
2017; Renforth & Henderson, 2017; Yang et al., 2015).
The findings in this study also suggested seasonal vari-
ation along with significant but weak positive correla-
tion between TA (p<0.05, r=0.30), DIC (p<0.05,
r=0.33), and HCO;~ (p<0.05, r=0.30) with the
depth of the waters (0—6 m) over the oyster reef. Stud-
ies conducted in the northwestern Gulf of Mexico and

Louisiana Shelf suggest that the temporal changes in
the mixing of seawater and fresh waters along with
remineralization and respiration of organic matter could
be the main factor for such seasonal and depth-wise
variation in alkalinity (Hu et al., 2015; Wanninkhof
et al., 2015; Yang et al., 2015). Similarly, the river dis-
charge data collected for the present study also revealed
a significant seasonal variation signifying the temporal
changes in freshwater input. pH, CO,*~, Q_,, and Q,,
showed a decreasing trend with depth during the sum-
mer seasons (2018 and 2019), suggesting organic mat-
ter remineralization and subsequent lowering of acidity.
Additionally, higher precipitation, along with higher
pH, CO32_, Qc,, and Q,, during both summers, sug-
gests a higher rate of chemical weathering of calcareous
rocks of the Gulf Coast deposits in the watersheds and
hence higher input of both Ca and CO;~ into the sound
(Renforth & Henderson, 2017). Carbonate weathering
and input from inland areas can increase the pH, Q,,
and Q,, in the waters of the Western Mississippi Sound
during both summers, as indicated by significant posi-
tive relation of water temperature against pH (p <0.05,
r=0.24), Qq, (p<0.05, r=1.00), and Q,, (p<0.05,
r=1), again manifests the above observation. The sea-
sonal depth-wise difference in change of pH, CO32_,
Qc,, and ,  could also be due to the seasonally reg-
ulated higher input of alkaline load through the rivers
and its strong buffering capacity over the entire salinity
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Table 2 The seasonal averages of surface water quality parameters, dissolved constituents, DOM optical properties, and depth to the

bottom of the study area

Variable Spring 2018 Summer 2018 Winter 2018 Summer 2019
Mn (ugL™) 19.4+15.0 12.0+16.6 28.2+7.26 30.0+15.5
As (ugL™) 63.7+21.9 118+23.8" 71.4+15.70 29.8+7.36
Cu (ugL™) 8.72+3 .51 9.21+1.50 17.9+4.36" 5.76+1.21
Pb (ugL™) 0.60+0.35 0.19+0.19 0.68+0.22" 0.21+0.15
Zn (ugL™) 9.47 +6.09 14.0+3.58 16.5+15.46" 0.66+1.22
U (ugl™) 0.87+0.28 1.42+0.26 2.13+0.44" 1.27+0.22
Ca (ugL™) 1,210,123 +39,883 206,824 +42,005 253,441 453211 74,463 +19,133
NO; (ugL™) 242 +494 47.7+57.2 23.4+36.1 3411167
PO/ (ugL™) 36.5+29.7 159+23.2" 18.5+5.11 184 +123°
NO, (ugL-1) 10.6+22.5" 1.38+0.29 1.51+1.34 2.27+1.06
NH,* (ugL™) 14.1+6.8 13.8+7.26 0.64+1.55 196+ 135"
SPM (mgL™) 40.9+6.9 55.6+6.50 58.1+£9.59" 28.2+4.85"
SPIM (mgL™) 30.4+5.9 43.5+6.77 39.9+8.28 15.6+3.39"
SPOM (mgL™) 10.4+3.54 12.1+2.88 18.18+1.83" 12.5+2.30
Water depth (m) 3.08+0.76 3.68+£0.64 2.69+0.89 3.45+0.96
Temperature (C°) 24.6+4.36 29.7+0.88 12.52+0.29" 29.5+0.92
Salinity (PSU) 8.62+2.91 16.3+£3.03" 15.59+2.08" 5.42+0.94"
Secchi depth (cm) 72.3+21.2 112+43.7 155+16.6 78.4+54.7
DOC (mgL™) 4.26+0.54 3.56+0.51" 4.33+0.57 4.84+0.67
SUVA,s, (Lmg™ m™) 8.55+0.84" 6.11+1.16 6.63+£0.49 6.69+1.39
E2:E3 5.30+0.69 6.30+0.76" 5.65+0.53 5.42+0.57
a440 (m™) 2.89+1.18" 1.39+0.50 1.83+0.61 2.75+1.07"
SR 1.20+0.23 1.31+0.11 1.07+0.07" 1.22+0.29
HIX 0.75+0.10" 0.68+0.11 0.51+0.29 0.60+0.22
FI 1.44+0.01" 1.45+0.01 1.46+0.01 1.47 +£0.02
BIX 0.68+0.04 0.75+0.02" 0.66+0.03 0.76+0.08"
CI (R.U) 0.85+0.02" 0.84+0.04" 0.76+0.08 0.82+0.07
C2 (R.U) 0.49+0.02" 0.48+0.05" 0.36+0.08 0.43+0.09
C3(R.U) 0.29+0.06 0.28 +0.08 0.28 +£0.05 0.33+0.12"

D

The asterisk symbol

range along the coastal region near Western Missis-
sippi Sound (Cai et al., 2017). The values of Q., and
Q,, both measure of thermodynamic preference of the
mineral CaCO; to form (>1) or to dissolve (<1), and
calcifying organisms including oysters require €, ratio
above 1.0 (Feely et al., 2012). Our results indicate that
majority of the Q., and Q,, values were always greater
than 1 during all seasons suggesting that the waters of
the study region over the oyster reef are over the CaCO;
saturation state. The present study demonstrated slight
seasonal variation of pCO, with comparatively higher
levels of pCO, during both summers compared to the
rest of the seasons, suggesting seasonal variability of
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represents significant (p <0.05) differences (increase or decrease)

wind speed and air-sea gas exchange favoring sea-
sonal CO, mixing. The significantly (p<0.05) higher
amount of CO, during winter 2018 compared to other
seasons suggests a lower amount of CO, uptake by phy-
toplankton during winter 2018. A significantly higher
(p <0.05) amount of PO,>~ during both summers could
increase the phytoplankton activity or algal bloom and
hence higher CO, uptake than winter and spring.

The two terrestrial humic-like compositions (Cl1
and C2) showed similar seasonal variation, which
suggests their similar source of origin as forests
(24.54-46.50% of the total watershed area) and wet-
lands (19.8 to 31.1% of the total watershed area) and



Environ Monit Assess (2023) 195:175

Page 190f 27 175

Table 3 The seasonal

Variable Depth  Spring 2018 Summer 2018 Winter 2018 Summer 2019
averages of carbonate
system parameters at the TA (uMkg™) Top 1035+273 1653 +155" 1392+148 1389+83.9
Zggtfsein“gidlf{lg;‘irz‘;“om Middle 1247+136 1708+ 139 1642+85.1 14444108
Bottom 1311+113  1727+146 1679+66.4 1447+110
DIC (umkg™!) Top 948+243"  1395+79.4 1320+128  1293+58.0
Middle 1147+187  1461+104 1533+72.5 1385+121
Bottom 12101210 1481+96.8 1560+58.6 1401+118
pH Top 7.62+0.16  8.11+0.14" 791+0.08 8.48+0.17
Middle 7.76+0.13  8.05+0.16 7.99+0.04 8.30+0.19
Bottom  7.86+0.10  8.03+0.14 8.00+£0.04 8.25+0.19
pCO, (natm) Top 278+ 197 301210 283+492  337+178
Middle — 425+392 387+286 264+213 6094379
Bottom 497 +443 395+287 258+17.61 714+498
HCO;™ (umolkg™")  Top 867+232"  1194+187 1248+ 114 11934537
Middle 1049+216  1264+217 1435+63.6  1303+1263
Bottom 1109+191 1284207 1456 +52.7 1323 +114
CO;2~ (umolkg™) Top 71.9+56.7  192+132" 59.0+158 89.8+30.8
Middle 84.0+51.9  186+136 85.6+103 64.4+28.7
Bottom 859+54.1  185+135 92.0+7.40 56.5+24.4
CO, (aq) (umolkg™!) Top 9.10+5.89  8.45+597 12.742.09" 9.97+5.38
Middle 13.1+12.1  10.9+8.14 11.73+0.86 18.1+11.5
Bottom 15.4+13.7 11.1+8.16 11.36+0.71 21.3+15.1
Qca Top 2174172 5.44+3.63" 1.58+041 2.90+1.00
Middle 2.50+1.56  5.21+3.73 2254027 2.06+0.92
Bottom 2.53+1.60  5.19+3.71 241+0.19 1.81+0.78
The asterisk symbol “*” Q. Top 126+1.00 3.39+2.30 0.93+0.25 1.67+0.58
represents significant Middle 1.46+090 3.25+2.36 1.34+0.16 1.19+0.53
(p<0.05) differences Bottom  149+0.94  3.24+236 1.44+0.12  1.04+0.45

(increase or decrease)

their co-occurrence and transport. Moreover, studies
showed that the forests, woody, and herbaceous wet-
lands in the watersheds can be a major source of ter-
restrial humic-like DOM composition present in the
water bodies (Sankar et al., 2020, 2019a, b). Land

use and land cover analysis of the six watersheds
adjoining the study area also indicated that forests
were predominant land cover class (total area 14,058
km?) with significant coastal coverage of woody and
herbaceous wetlands (total 9369 km?), which could

Table 4 Multivariate

. C1 C2 C3 HIX FI BIX SUVA E2:E3 a440 SR
Spearman correlation
matrix of three parallel C1
factor components/
compositions and dissolved C2 0.79
organic matter optical C3 -0.27 -042
indices identified for the HIX —0.05 0.15 -0.13
surface waters of west FI -0.25 -0.31 0.14 -0.24
Mississippi Sound during BIX 006 —002 003 -042 017
spring 2018, summer 2018,
winter 2018, and summer SUVA,s, 0.21 0.26 —0.03 0.11 -0.32 -0.52
2019 E2:E3 0.10 0.04 0.04 0.03 0.02 0.04 -0.37
The bold italics numbers a440 0.05 -0.04 -0.01 -042 -0.19 0.62 0.00 -0.35
represent significant SR 003 012 001 014 018 006 -0.12 -038 -0.37

(p <0.05) relationships
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serve as a persistent source of terrestrial humic-like
DOM transported to Western Mississippi Sound.
The presence of the significantly lower (p<0.05)
amount of terrestrial humic-like DOM in the West-
ern Mississippi waters during winter could be due
to its lesser supply compared to summer and spring.
Similar observations were reported from a forested
watershed in the Mid-Atlantic, piedmont region of
MD, USA (Singh et al., 2014). Fairly higher amount
of tryptophan-like or protein-like composition (C3)
during summer 2019 compared to other seasons sug-
gested relatively higher autochthonous production
during summer 2019. The gradual increase of both
DOC, a440, and FI values (< 1.5) from spring 2018
to summer 2019 suggested predominant terrestrial
input. The persistence of lower BIX values (< 1) also
reaffirms allochthonous DOM input. However, com-
paratively higher BIX values during summer seasons
suggest relatively autochthonous production during
summer seasons. Meanwhile, high average surface
water temperature, comparatively higher amount of
NO;™, and significantly higher (p <0.05) concentra-
tion of PO,>~ were also observed during both sum-
mers. Thus, a higher amount of nutrients along with
ambient water temperature could enhance the amount
of phytoplankton, thus resulting higher amount of
algal derived, freshly produced, biologically labile
autochthonous tryptophan-like or protein-like DOM
composition during the summer season. Recurrence
of intense algal blooms and hypoxia over the waters
of the northern Gulf of Mexico during summer
months as a result of ambient temperature and nutri-
ent input has been widely reported (Rabalais et al.,
2002; Sellner et al., 2003; Stumpf et al., 2003; Turner
et al., 2006).

Seasonality in the mixing of dissolved and
undissolved constituents

Calcium, TA, DIC, SPM, SPIM, SPOM, and most of
the trace elements such as Cu, As, U, Zn, and DOC
showed a conservative mixing behavior with a linear
mixing trend against salinity of the waters of West-
ern Mississippi Sound. Although the nutrients includ-
ing PO,*~, NO;~, NO,™, and NH,*; cations such as
Mn and Pb; most of the carbonate system parameters
including pCO,, CO, (aq), pH, HCO;™, CO32_, Qcys
and Q,,; and DOM-PARAFAC compositions Cl,
C2, and C3 showed conservative mixing behavior,
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none of them had any specific enrichment or deple-
tion trend along the mixing line. Similar observations
for Mn, U, DOC, PO43_, and NO;~ were also identi-
fied near our study areas along the coast of Missis-
sippi and Louisiana (Ho et al., 2019; Joung & Shiller,
2016). While comparing the seasonal mixing behav-
ior, the summer 2019 samples are towards the lower
salinity range compared to the samples collected
during spring, summer, and winter of 2018 suggest-
ing that higher precipitation and lower discharge,
and low salinity during summer of 2019 might have
influenced the mixing of the dissolved/undissolved
constituents. Additionally, the sudden input of fresh-
water due to continued opening of the Bonnet Carré
Spillway during 2019 summer caused lower salinity.
The above finding also signifies the influence of local
weather conditions, riverine input, and Bonnet Carré
Spillway opening on salinity and mixing behavior
in the Western Mississippi Sound. Additionally, the
higher concentrations of Ca and the trace elements
such as Cu, As, Pb, Zn, and U during the events of
higher river discharge and low precipitation in spring
and winter of 2018 could be the result of seasonal
variations of the tributary mixing ratios as well as the
change in redox chemistry within the river system.
The trace element Mn showed no seasonal mixing
behavior. However, its resemblance with the mixing
on NH,* suggested a seasonal change in redox condi-
tions as well as variation in microbial Mn oxidation
in the bottom waters of the sound. Similar observa-
tions were also identified in Weeks Bay, Alabama,
as well as along the coast of Louisiana and these are
adjacent to the study area (Joung & Shiller, 2016;
Sankar et al., 2019a). The similarity in the seasonal
distribution of As, Ca, SPM, and SPIM along their
mixing line indicates their co-transport. Similarly,
many of the sample points of both As and Ca were
above the conservative mixing line implying that
both As and Ca were released from SPM or colloi-
dal particles upon mixing. Similar observations were
made during the mixing experiments conducted
along the Kona Coast of Hawaii (Johannesson et al.,
2017). Additionally, Cu, Mn, As, Pb, Zn, Ca, and U
during winter 2018 exhibited a bell-shaped distribu-
tion, with a maximum around salinity of 16, which
also coincides with the SPM maximum, suggesting
their peak transport during winter 2018. Similarly,
their distribution during summer 2019 coincides with
SPM minimum at a lower salinity range, suggesting
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minimal transport of Cu, Mn, As, Pb, Zn, Ca, and U
during summer 2019. The Bonnet Carré Spillway dis-
charge produced a distinct increase in the concentra-
tions of PO,*>~ and NH," in the sound during 2019.
This suggests that though the discharge was low, the
higher precipitation in the watersheds during both
summers might have caused the increased delivery of
PO~ from fertilizers applied to agricultural areas of
the watersheds into the sound. Additionally, the fre-
quent freshwater input from the Bonnet Carré Spill-
way during summer months might have also delivered
higher amount of dissolved PO,>~, which might have
also influenced its concentration in the study area.
Although the present study coincided with two of the
spillway openings (spring 2018 and summer 2019),
only the summer 2019 spillway opening had a detect-
able impact on our nutrient concentrations, especially
on PO,’>~ and NH,*. This also implies that prevail-
ing natural and anthropogenic conditions at the time
of spillway openings could have influenced nutrient
dynamics of this region. Parra et al. (2020) have also
reported similar observations. Similarly, the carbon-
ate system parameters such as TA, DIC, HCO;™, and
pH had most of their summer 2018 and 2019 data
points above the conservative mixing line suggesting
inland weathering and dissolution of carbonate rocks
and corresponding increase in pH in the sound waters
as the result of higher amount of precipitation events
during summer seasons. The close similarity in sea-
sonal mixing trends of CO;*~, Qc,, and Q,, illustrates
their interrelationship in the waters of the study area.

Reappraisal of water quality and coastal acidification
based on principal component analysis

The PCA analysis of surface water quality data com-
prising of salinity, water temperature, concentra-
tions of trace elements including a major element
Ca, concentrations of nutrients including DOC, car-
bonate system parameters (TA, DIC, pH), DOM
compositions, and its optical indices further show
seasonally and hydrologically controlled changes
in water chemistry over the oyster reef in the West-
ern Mississippi Sound. The PC2 axis separates 2018
samples from 2019 suggesting the influence of sea-
sonal rainfall, riverine discharge, and Bonnet Carré
Spillway opening events on the water quality of the
region. The close association of spring and winter
2018 samples scores along with SUVA,s,, terrestrial

humic-like compositions (C1 and C2), HIX, Pb, As,
Cu, Zn, Ca, SPM, SPIM, and salinity suggests high
aromatic character and similar source of origin, their
co-transport as well as delivery into the Western Mis-
sissippi Sound during spring and winter of 2018.
This substantiates our previous interpretation that
higher river discharge during the spring and winter
of 2018 brought a high amount of aromatic terres-
trial humic-like DOM compositions from the inland
forested and woody herbaceous wetland areas of the
watersheds along with the high amount of Pb, As,
Cu, Zn, and Ca adsorbed to SPM and SPIM from
the agricultural areas. Additionally, higher discharge
and moderate rain events during spring and winter
seasons could release Pb, As, Cu, Zn, and Ca from
agricultural areas of the watershed (0.83-12.8%; total
1545 km?) along with SPM and SIPM into the sound.
The higher concentration of Pb, As, Cu, Zn, and Ca
in the spring and winter of 2018 can also be due to
the less dilutionary effect in the sound waters related
to moderate precipitation and a higher load of SPM
and SPIM. Nevertheless, the association of HIX and
NO,~ with the spring 2018 sample scores was weak;
their association could be indicative of reducing con-
ditions as the result of the humification of terrestrial
humic-like organic matter. Although there was not
much difference in the amount of precipitation dur-
ing summer 2018 and summer 2019, the physical
separation of samples (scores) of the two summers
could be due to the higher amount of river discharge
including the Bonnet Carré Spillway opening during
summer 2019. While comparing summer 2019 scores
with the rest of the sample scores of 2018, the pres-
ence of the higher amount of protein-like component
C3 and its association with DOC, FI, BIX, tempera-
ture, PO,>~, and NO;~ suggest higher agal growth
and microbial activity as the result of high nutrient
input and ambient summer temperature. Besides,
high algal and microbial activity can generate a high
amount of fresh, biologically labile, autochthonous
tryptophan-like, or protein-like DOM composition
(C3) (Nguyen et al., 2005). Additionally, higher tem-
perature along with a high amount of biological activ-
ity and higher wind action could be the reason for the
increase in the concentration of CO, in the waters
of the Western Mississippi sound during summer of
2019. Furthermore, the strong association of both
NH,* and Mn during summer 2019 sample scores
could be either due to more reducing conditions or

@ Springer



175 Page 22 of 27

Environ Monit Assess (2023) 195:175

the associated release of Mn from the sound bottom
sediments. Similar observations about the presence of
reducing conditions were also identified in adjacent
coastal water bodies (Joung & Shiller, 2016; Sankar
et al., 2019a). The adjacent positioning of the load-
ings of U, SPOM, SR, and E2:E3 for summer 2018
sample scores suggests the presence of relatively
higher amount of low molecular weight organic mat-
ter in SPOM and the existence of U-DOM complex
during summer 2018. Overall inclusive relationship
of carbonate system parameters such as TA, DIC,
and pH loadings, their PCA bearings, and their affin-
ity with both summer 2019 and 2018 suggests their
higher input into the Mississippi Sound during sum-
mer months as the dissolved load from weathering of
carbonate rocks of inland Gulf Coast deposits. Addi-
tionally, Spearman’s rank correlation of winter 2018
subset reaffirms the association between Cu, Ca, As,
Pb, and U and SPM and SPIM, suggesting their co-
transport and higher delivery during winter 2018. The
inverse relationship of Mn with SPM, SPIM, SPOM,
and all other elements suggests a separate source for
Mn, which includes the possibility of occasional (sea-
sonal) release from sound bottom sediments under
reducing conditions. A significant positive correlation
(»<0.05) of SPM and SPIM suggests that a major
part of SPM is inorganic in nature.

The present study used multiple variables from
both inland watersheds bordering the study area as
well as from the waters of the Western Mississippi
Sound over the oyster bed to evaluate the factors con-
trolling water quality. A comprehensive evaluation of
seasonal change in water quality over the oyster reef
in the Western Mississippi Sound indicates that the
combination of local weather, hydrology, geology,
land use land cover, and watershed-biogeochemical
mechanisms influences its water quality. The results
suggest that precipitation events affect the mobility
of both dissolved and particulate constituents from
different land-use and land-cover areas of the water-
sheds and their delivery into the Western Missis-
sippi Sound through the river systems. Additionally,
the study also indicates that water temperature and
the dissemination of inland dissolved and particulate
loads into the sound waters through river discharge
cause changes in salinity, water chemistry, and bio-
logical activity in the waters over the oyster reef.
Although present research has identified the influ-
ence of local weather and hydrology on water quality
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including, trace element and nutrient toxicity (con-
centrations above water quality criteria), DOM com-
positional change, and acidification over the oyster
reef in the Western Mississippi sound, none of the
water quality parameters (National Recommended
Water Quality Criteria for Aquatic Life, EPA) seems
to be extreme except for arsenic (EPA limit, 36-69
pgL™") and copper (EPA limit, 3.1-4.8 ugL™") during
any of the seasons affecting higher rate of oyster mor-
tality in the Western Mississippi Sound. This leaves
us a question as to whether any instantaneous change
in water quality of the Western Mississippi Sound
as a result of frequent and abrupt changes in any of
the above-mentioned variables causes higher oyster
mortality in this region. Such recurring and instan-
taneous regional changes in the water quality of the
Western Mississippi Sound could be caused by sepa-
rate or combined effects of anthropogenic and natural
causes. Some of the natural and anthropogenic events
that could affect the instantaneous change in water
quality of the Western Mississippi Sound could be
seasonal algal blooms causing algal toxicity and asso-
ciated bottom hypoxia, storms and hurricanes, the
opening of Bonnet Carré Spillway, dredging activities
for port operations, and dredging for the oyster fish-
ery. The involvement of their combined or separate
action could alter the water quality of the region by
a rapid surge in turbidity and thus decreasing the dis-
solved oxygen in the waters of this region. The preva-
lence of prolonged higher turbidity and lower dis-
solved oxygen levels in the coastal waters could cause
a high rate of oyster mortality (Lunt & Smee, 2014;
Sarinsky et al., 2005). Bonnet Carré Spillway was
opened once in spring 2018 (March 8th to 30th) and
twice during spring through summer of 2019 (27th
February 2019 to 11th April 2019 and 10th May 2019
to 27th July 2019). Two of our field campaigns, one
during spring 2018 and another during summer 2019
coincided with Bonnet Carré Spillway openings.
Unusually low salinity observed during these periods
was due to the effect of Bonnet Carré Spillway fresh-
water discharge, which could have had an adverse
effect on the health of oyster reefs. Nonetheless, we
have observed a slightly higher amount of precipita-
tion (5.69 mm) and lower discharge (206 m®s~") dur-
ing 2018 opposed to 2019 (4.91 mm and 268 m’s~!).
The higher discharge could have caused dilutionary
effects on the concentration of trace elements and
SPM compared to the nutrients and carbonate system
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parameters in the study area during 2019 compared to
2018. This could be one of the reasons why the sum-
mer 2019 dataset was distinct from the 2018 dataset.
Additionally, a few samples had higher concentration
of NO;™ and NO,™ during spring 2018 compared to
the other seasons, which reaffirms the interpretation
that both higher precipitation, multiple spillway open-
ings, and less dilutionary effects during 2018 caused
higher presence of nitrogen-containing compounds in
the study area. With all, the present study emphasizes
that instances of any such extreme events occurring in
this region could adversely affect oyster health.

Conclusions and considerations

This study presents a comprehensive examination
of seasonality in water quality parameters including
trace elements, nutrients, DOM, coastal acidifica-
tion, and SPM over the waters of the biggest dete-
riorating oyster reef in Western Mississippi Sound.
The results demonstrated a strong seasonal change
in water quality, which was found to be controlled
by local weather, hydrology, watershed land use
land cover, inland geology, and biological activity
in the Western Mississippi Sound. It was found that
the concentrations of trace elements including Pb,
As, Cu, Zn, and Ca (major element) were higher
along with higher amounts of terrestrial humic-like
DOM compositions, SPM, and SPIM during spring
and winter of 2018 suggesting SPM-trace element
association and their co-transport. Contrarily, the
higher amount of algal or microbially derived tryp-
tophan-like or protein-like components along with
higher amount of nutrients including PO43_, NO;™,
and DOC were observed over the waters of the
study area during summer of 2019. Higher amount
of precipitation along with dissolution and trans-
port of fertilizers applied to agricultural areas of
the inland watersheds and dissolved nutrient input
from the Bonnet Carré Spillway and its subsequent
delivery to the Western Mississippi Sound through
river discharge caused excessive algal growth. Simi-
larly, the higher amount of U and SPOM and low
molecular weight organic compounds in the waters
were identified during summer 2018. While con-
sidering seasonal variation in carbonate system
parameters, TA, DIC, pH, and HCO;~ were higher
during both summer 2018 and 2019, implying the

higher rate of weathering and dissolution of inland
carbonate rocks of gulf coast deposits and its sub-
sequent delivery to the sound waters. Additionally,
the thermodynamic stability of CaCOj in the waters
of the study area was always supersaturated (Qc,,
and Q,,>1) and showed minimal seasonal change.
Although dissolved and undissolved constituents
had a conservative mixing behavior, the nutrients;
trace elements including Mn and Pb; most of the
carbonate system parameters including pCO,, CO,,
pH, HCO;~, CO;*", Q,, and Q,,; and DOM-PAR-
AFAC compositions C1, C2, and C3 showed no def-
inite enrichment or depletion trend against salinity.

Although there was a seasonal change in water
quality of the Western Mississippi Sound, instantane-
ous anthropogenic or natural events such as prolonged
and occasional freshwater input from Bonnet Carré
Spillway, seasonal algal blooms associated toxicity
and bottom hypoxia, severe storms, dredging activi-
ties for port operations, and dredging for oyster fish-
ery could affect the sudden change in water quality,
which can be detrimental to the health of the oyster
reefs. Our fieldwork during the instances of Bonnet
Carré Spillway opening reinforces the idea that sud-
den instances of low salinity may be causing large-
scale oyster mortality in the study region. For this
reason, based on the present study, our recommenda-
tion is to deploy in situ water sensors to continuously
monitor both seasonal and instantaneous changes in
water quality to evaluate the causes of the deterio-
ration of the oyster reefs in the Western Mississippi
Sound.
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