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Abstract In this study we evaluated the magnitude
and seasonal variations of natural and anthropogenic
fluxes of inorganic (NO;~, NH,", and PO,*7) and
organic (DON and dissolved organic carbon) nutrients
delivered by submarine groundwater discharge (SGD)
and rivers to the fourth largest estuary in the USA,
Mobile Bay in Alabama. To identify the sources of
SGD-nutrient in the estuary and their subsurface
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biogeochemical transformation, we applied a multi-
method approach that combines geochemical nutrient
(N and P) mass-balances, stable isotopes (nitrate

615NN03 and SISONO3 and sediment organic matter
513 Corg and 3! Nore) signatures, microbial sequencing
analyses, dissolved organic matter source-composi-
tion, and shallow estuarine sediment lithological
analyses. We found that during dry seasons SGD
delivered nearly a quarter of the total nutrient inputs to
Mobile Bay. These SGD fluxes were anoxic and N was
delivered to the bay almost entirely as NH," and
DON, which represented more than half of the total
NH,4 " and almost one fifth of the total DON inputs to
the bay. We further observed that these significant
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SGD-derived N fluxes occurred exclusively to the east
shore of Mobile Bay, historically impacted by hypoxia
and large-scale fish kills known as “Jubilees”. We
demonstrate here that although the Mobile Bay coastal
area is largely developed and anthropogenic influ-
ences are well documented, a shallow peat layer
identified only on the east shore serves as the main
source of the exceptionally high NH,* and DON
fluxes. We found that the high groundwater NO;™
concentrations observed further inland from over-
fertilization also identified by previous studies,
decreased dramatically as groundwater percolated
through the intertidal zone of the coastal aquifer.
The microbial community identified in the coastal
sediments suggests that denitrification and dissimila-
tory nitrate reduction to ammonium (DNRA) were the
main processes responsible for this extensive removal
and transformation of anthropogenic N, respectively.
Furthermore, we found no significant anthropogenic
inputs from manure or sewage waste to the bay. These
findings show that natural sources of nutrients can
outcompete anthropogenic inputs despite extensive
development of the coastal area. We hypothesize that
similar subsurface biogeochemical nutrient transfor-
mations can occur in other shallow estuaries of the
northern Gulf of Mexico and worldwide.

Keywords Submarine groundwater discharge -
Nutrient sources - Nutrient biogeochemical
transformations - Estuary - Jubilees - Harmful algal
blooms

Introduction

There is increasing evidence that estuaries worldwide
are ecologically impacted by anthropogenic excess of
nutrient inputs via submarine groundwater discharge
(SGD; e.g. Johannes 1980; Moore 1999; Charette et al.
2001; Null et al. 2012; Xu et al. 2013). Due to longer
residence time, dissolved constituents including nutri-
ents, are usually enriched in groundwater, resulting in
nutrient fluxes comparable to fluvial inputs (Charette
et al. 2003; Santos et al. 2008). The excess of SGD-
derived nutrient delivery in estuaries can cause
eutrophication (Hwang et al. 2005), hypoxia (McCoy
et al. 2011), seagrass beds degradation (Valiela et al.
1990), and harmful algal blooms (HABs; Garcés et al.
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2011; Smith and Swarzenski 2012). Identifying the
sources and fate of nutrients in the coastal aquifers as
SGD occurs is critical for evaluating their ecological
effects and improving management efforts in coastal
areas (Knee and Paytan 2011).

In the intertidal zone, where the shallow SGD
occurs, different forms of nitrogen (N) and phospho-
rous (P) nutrients undergo unique, yet intertwined
pathways of biogeochemical transformations (Moore
1999; Seitzinger et al. 2002; Sadat-Noori et al. 2016).
These changes are primarily controlled by site-specific
coastal aquifer lithology, SGD residence time in the
subsurface, redox conditions, and the rate and form of
nutrient supply to the aquifer (Slomp and Van
Cappellen 2004). The fast-growing population around
many estuaries have raised concerns about the
ecological implications of contaminants’ inputs from
agriculture, leaking septic systems, and inadequate
manure managements, to mention a few (e.g. Valiela
et al. 2000; Dowling et al. 2004; Kroeger et al. 2007;
Knee and Paytan 2011; Null et al. 2012; Xu et al.
2013). To date, studies investigating the significance
of naturally occurring sources of N and P in coastal
systems are very limited (Slomp and Van Cappellen
2004; Knee and Paytan 2011). Nevertheless, in marsh
and estuarine systems with inherently heterogeneous
coastal aquifers and often organic-rich in content,
there is evidence indicating that significant fluxes of N
and P via SGD may have a natural origin (Krest et al.
2000; Kelly and Moran 2002; Moore et al. 2006; Null
et al. 2011).

Estuaries are among the most diverse, productive,
and economically important ecosystems. Located at
the land—ocean interface, they are particularly sensi-
tive to ecological disturbances due to rapid ground-
water—surface water exchange and biogeochemical
reactions (Seitzinger et al. 2002; Dulaiova et al. 2006;
Burnett et al. 2007; Null et al. 2012; Xu et al. 2013;
Makings et al. 2014). Most of the modern estuaries
were formed after the last shoreline transgression
when the sea level reached its present stage about
5000 years ago (Dyer 1973; Wolfe and Kjerfve 1986).
The shallow coastal sediments of these estuaries
reflect their dynamic geologic history and typically
consist of alternating strata with significant variations
in composition, organic matter content, and perme-
ability (Krantz et al. 2004; Montiel et al. 2018).
Because a large portion of SGD in estuaries occurs
through the shallow intertidal sediments, the forms,



Biogeochemistry

transformations, and concentrations of N- and P-nu-
trients in the discharging groundwater, and receiving
surface waters, are modulated by this complex shallow
lithological setting (Santos et al. 2009; Sadat-Noori
et al. 2016; Cerda-Domeénech et al. 2017). The highly
heterogeneous hydrogeology, combined with seasonal
river flow fluctuations and daily tidal pumping gen-
erate particularly dynamic biogeochemical transfor-
mations of nutrients in the intertidal zone of estuaries
(Krantz et al. 2004; Michael et al. 2016).

Mobile Bay, located in the Alabama Gulf Coast, is
the fourth largest estuary in the USA (Fig. 1). Often
during the summer (i.e. the dry season) Mobile Bay
experiences large-scale fish and crustaceans Kkills
locally known as “Jubilees” (Loesch 1960; Montiel
et al. 2018). The economic impact of Jubilees is
extensive, affecting recreational and commercial fish-
eries in Mobile Bay. In 1967 May (1973) estimated
that during the Jubilee events that occurred between
1967 and 1971, 23,000 kg of fish, 18,000 kg of blue
crabs, and 2,653,000 oysters died, accounting for a
total value loss of $595,500 of that time. More recent
studies indicate that HABs also occur systematically
in Mobile Bay during the summer (Liefer et al. 2009;
Macintyre et al. 2011; Su et al. 2014). These studies
indicate that the Jubilees and HABs occur at specific
locations of Mobile Bay, often in areas without direct
surface water inputs (Loesch 1960; May 1973; Liefer
et al. 2009). Although some understanding of the
direct causes of Jubilees exists, the role of SGD in the
recurrent development of hypoxia and the processes
triggering and supporting the Jubilees has never been
explored.

In this study, we investigated the sources, biogeo-
chemical transformations, and main forms of N- and
P-nutrients (NO5;~, NH,*, DON, and PO,*") deliv-
ered by SGD and local rivers to Mobile Bay
(Alabama) to delineate the role of SGD for the
development of hypoxia (i.e. Jubilees) and HAB
events there. We used a multi-method approach based
on nutrient mass-balances, stable isotopes analyses,
description of the microbial community composition,
organic matter characterizations, and lithological
descriptions to identify and compare the magnitude
of natural and anthropogenic sources of N and P
delivered to the bay, specifically including areas
impacted by hypoxia.

Research area

Mobile Bay has an area of 1.3 x 10° mz, an average
depth of 3.5 m, and a total volume of approximately
4.6 x 10° m>. The main outlet of the estuary is Main
Pass, connecting the bay with the Gulf of Mexico
(GOM) in the south. Mobile Bay has a narrow (120 m)
ship channel dredged to a depth of 15 m that extends
from the City of Mobile to Main Pass (Greene et al.
2007; Duet al. 2018) (Fig. 1). As in all estuaries along
the northern GOM, the tides in Mobile Bay are diurnal
with an average tidal range of 0.4 m (Hummel 1996;
Greene et al. 2007; Du et al. 2018). Although
relatively shallow, Mobile Bay experiences strong
vertical stratification during the summer (i.e. the dry
season) under low river discharge and weak wind
conditions (Schroeder and Wiseman 1986). Vertical
temperature and salinity gradients generate a strong
pycnocline that prevents physical mixing, contributing
to extensive bottom waters hypoxia (May 1973;
Turner et al. 1978).

The annual mean temperature in Mobile Bay is
21 °C, with a monthly maximum of 27 °C during the
summer (June—August) and a minimum of 14 °C
during the winter (December—February). Precipitation
reaches maximum twice a year, once during the spring
(February—March) and once during late summer
(July—August), whereas the minimum usually occurs
in June and October, with an annual mean of
1670 mm year—' (Ward et al. 2005). Mobile Bay
receives 95% of its surface water from the Mobile—
Tensaw River System, the second largest river system
in the GOM after the Mississippi—Atchafalaya River
System (Dinnel et al. 1990). The Mobile-Tensaw
River System has a drainage area of approximately
115,000 km* and an average daily discharge of
1500 x 10° m® day™', which flow is controlled
mostly by precipitation throughout the year (Dinnel
et al. 1990; Stumpf et al. 1993; Ward et al. 2005).
Following the precipitation patterns, the river dis-
charge peaks in March, while the minimum flow
occurs during the late summer (July—September) when
evapotranspiration is highest (Schroeder et al. 1990).
Based on this annual trend, in this study we describe
the summer months as the dry season and the spring as
the wet season, with the exception of an extreme event
in 2017 when the occurrence of tropical storm Cindy
generated a rainfall exceeding that of March.
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Fig. 1 Study area location, showing land uses (from Ellis et al.
2011), potentiometric surface of the Miocene—Pliocene Aquifer
(Geological Survey of Alabama 2018), groundwater flow
direction, monitoring wells for groundwater elevation, and
sampled wells. The study area is divided in three sections:
western shore, northeastern shore, and southeastern shore. At
each section, the study sites where sediment core collection,
intertidal piezometers installation (Pz-1-5), SGD assessments
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About 80% of the Mobile-Tensaw River System
watershed is covered by forests and wetlands, whereas
agricultural lands comprise 18% and urban areas
represent 2% (Ward et al. 2005). On the east shore of
Mobile Bay, agriculture dominates the land use with
55% of the total area, whereas urban areas represent 5%,
and scattered cattle farms represent 4%. The remaining
36% of this area is naturally preserved as forests (26%)
and wetlands (10%) (Fig. 1). In contrast, on the west
shore of the bay, natural areas of wetlands and forest
dominate the land use with 39% and 22%, respectively,
while the urbanized area of Mobile City occupies 20%
and agriculture 19% (Ellis et al. 2011) (Fig. 1).

Two main aquifer units comprise the coastal hydro-
geology of Mobile Bay: the Watercourse Aquifer and
the Miocene—Pliocene Aquifer (Walter and Kidd 1979;
Gillett et al. 2000; Montiel et al. 2018). Both units are
hydraulically connected to Mobile Bay and are sepa-
rated by a thin interbedded clay layer. The Watercourse
Aquifer is a shallow (10-20 m) unconfined unit com-
prised of Pleistocene to Holocene sand deposits, present
only in the southernmost sector of the western shore and
Bon Secour Bay (Fig. 1). The Miocene—Pliocene
Aquifer is an unconfined to semi-confined formation
composed of sand deposits with a maximum thickness
of 50-60 m (Reed 1971; Chandler et al. 1985; Gillett
et al. 2000). The Miocene—Pliocene Aquifer water
table elevation indicates that SGD could occur uni-
formly along the whole shoreline of Mobile Bay (Fig. 1)
(Geological Survey of Alabama 2018). However, using
radon (**’Rn) as a groundwater tracer, Montiel et al.
(2018) found that SGD takes place preferentially along
the east shore (80% of the total SGD) of Mobile Bay
percolating through the shallow Miocene—Pliocene
Aquifer (Fig. 1). These preferential pathways are the
result of a combination of the regional topography
and the lithological heterogeneity of the Miocene—
Pliocene Aquifer coastal sediments. Additionally, using
electrical resistivity tomography (ERT) and sediment
cores Montiel et al. (2018) identified an organic-rich
sediment layer with moderate hydraulic conductivity
(82 m day_]) underlain by the Miocene—Pliocene
Aquifer that facilitates SGD on the east shore of Mobile
Bay (Fig. 2b, c). Utilizing the same methods, they
examined the western shore of Mobile Bay and found
that a continuous silt formation of very low hydraulic
conductivity (4.1 m day "), present uniformly along
this section, restricts SGD in this area (Fig. 2a).

Methods
Sample collection

To identify the sources and evaluate the magnitude of
nutrient inputs into Mobile Bay, we collected water
samples representative of all nutrient end-members
entering the system, including: (1) groundwater sam-
ples from the Miocene—Pliocene Aquifer in the inland
and intertidal zones, (2) surface water from all
tributaries of the Mobile-Tensaw River System
entering the bay, and (3) surface water from Mobile
Bay. All water samples were collected following the
same protocol unless specified otherwise.

Surface water samples from Mobile Bay were
collected during boat surveys conducted along the
shoreline and across the bay during three wet seasons
(March 2015, March 2016, and July 2017) and three
dry seasons (July 2015, March 2017, and July 2018).
During all surveys GPS positioning of the sampling
locations was recorded in 30-s intervals (Lowrance
HDS 5) with an accuracy of £ 1 m. The surface water
was collected with a submersible pump from a depth
of 0.3 m. Samples for nutrients (NO3 ™, NH,*, DON,

and PO,*7), NO;~ stable isotopes (615NN03 and

81801\103), dissolved organic carbon (DOC), and dis-
solved organic matter (DOM) were filtered in the field
with sterile 0.45 pm cellulose acetate filters and stored
in acid-cleaned 50 mL polypropylene vials. Samples
were kept in ice until arrival to the laboratory for a
maximum of 6 h and frozen until analyses, except for
DOM samples that were kept in the dark at4 °C. River
surface water samples were collected during all
sampling campaigns from the tributaries of the
Mobile-Tensaw River Delta, i.e. Mobile, Tensaw,
Apalachee, and Blakeley Rivers at their point of
discharge to the bay (Fig. 1).

Groundwater samples were collected from inland
wells and shore-perpendicular transects of piezome-
ters installed at study sites TS-W (western shore), TS-
SE (southeastern shore), and TS-NE (northeastern
shore) (Figs. 1, 2). The shore-perpendicular transects
consisted of five piezometers (Pz-1-5) installed at
different depths as illustrated in Fig. 2. Additionally,
groundwater samples were also collected at study site
TS-SE from a 2-m multi-level piezometer (SE-Pz-
4.5). A detailed explanation of the piezometers
installation can be found in Montiel et al. (2018).

@ Springer
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Fig. 2 Schematic geologic cross sections showing the litho-
logic characteristics of the shallow coastal sediments at study
site TS-W on the western shore (a), TS-SE on the southeastern
shore (b), and TS-NE on the northeastern shore (c) as presented
in Montiel et al. (2018). The locations of all intertidal

Additionally, groundwater was collected from five
preexisting deeper wells (10-12 m) on the western
shore (W-Well-1-3) and the east shore (SE-Well-1
and -2) located 2-3 km inland from the shore (Fig. 1).
Groundwater samples for microbial sequencing anal-
yses were collected in duplicate 250 mL glass bottles
and immediately filtered using 0.22 pm Merck isopore
membrane filters, placed in a sterile 1.5 mL micro
centrifuge tube, and stored frozen until analyses.
Shallow sediment cores (up to 4 m) were recovered
using a Geoprobe coring system (Model 5410, Geo-
probe Systems, Inc.) from the deepest piezometer (Pz-
1) at each study site (cores TS-W, TS-SE, TS-NE in
Fig. 2a—c). A detailed characterization of all sediment
cores including density, porosity, grain size, hydraulic
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piezometers (Pz-1-5) and sediment cores (highlighted in dashed
rectangles) are also shown on each panel. The dashed line
represents the SGD plume extent on the western shore at TS-W
(80 m), on the southeastern shore at TS-SE (70 m), and the
northeastern shore at TS-NE (100 m)

conductivity, and organic matter content can be found
in Montiel et al. (2018).

Analytical methods

Dissolved oxygen (DO) in surface water and ground-
water was measured using a Pro2030 (YSI, Inc.)
handheld instrument with a galvanic sensor and a
1.25 mil polyethylene membrane with an accuracy
of = 0.2 mg L™'. Before sampling, the DO sensor
was calibrated following the YSI calibration
procedure.

Nutrient (NO;~, NH,*, DON and PO43_) analyses
were performed at the Dauphin Island Sea Lab (DISL)
using a Skalar Sant" segmented flow autoanalyzer
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with automatic in-line sample digestion (Skalar Ana-
lIytical B.V.). The instrument analytical error was
+ 5% for all nutrient measurements. Nitrite (NO, ")
was also measured in all samples; however, NO,™
concentrations represented less than 5% of the NO; ™
concentrations in approximately 90% of all samples.
Therefore, NO,~ was not reported here given that the
instrument analytical error is £ 5%.

Nitrate stable isotopes 3'*Nyo, and 8'*Ono, were
analyzed at the UC Davis Stable Isotope Facility
following the bacteria denitrification method (Sigman
et al. 2001). Analyses were conducted using a
GasBench™ interfaced with a PreCon trace gas
concentration system (Thermo Scientific, Inc.) inter-
faced to a Delta V isotope-ratio mass spectrometer
(Thermo Scientific Inc.). Analytical precision for

51 Nno, and 61801\103 are 0.4%o0 and 0.5%o, respec-

tively. Values of 615NN03 and 81801\103 were calculated
relative to the atmospheric nitrogen standard (AIR)
and the Vienna Standard Mean Ocean Water
(VSMOW), respectively.

DOC concentrations in water were analyzed using a
Shimadzu TOC-V total organic carbon analyzer
(Shimadzu Scientific Instruments, Inc.) following the
method described in Lu et al. (2015), with a standard
deviation of duplicate measurements within 2%. To
characterize DOM composition and identify sources
(e.g., Hernes et al. 2009; Shang et al. 2018), DOM
optical measurements were performed as described in
Lu et al. (2015). Samples were analyzed using a
10-mm path length quartz cuvette on a UV-1800
Shimadzu UV-visible spectrophotometer (Shimadzu
Scientific Instruments, Inc.) under the scanning wave-
length from 190 to 670 nm at an interval of 1 nm.
Three-dimensional fluorescence excitation—emission
matrices were collected on a Horiba Jobin—Yvon
Fluoromax-3 spectrofluorometer at the excitation
wavelengths from 240 to 500 nm at 5 nm intervals
and emission wavelengths from 280 to 538 nm at
3 nm intervals. Fluorescence components were iden-
tified via the parallel factor analysis (PARAFAC) in
the DOMFluor toolbox (Stedmon and Bro 2008).

Molecular sequencing analyses of microbial com-
munities were performed as described in Adyasari
etal. (2019). Microbial community compositions were
examined utilizing the 16S rRNA sequencing method
on an [llumina Miseq. The DADA?2 package was used
to process the primer-clipped sequences (Callahan

et al. 2016). Taxonomic classifications were deter-
mined with version 132 of the SILVA reference
database. Primer-clipped sequence data from this
study are available at the European Nucleotide
Archive (ENA) with the Project Accession Number
PRJEB33004, using the data brokerage service of the
German Federation for Biological Data (Diepenbroek
et al. 2014).

The organic matter of the organic-rich sediment
layer (B) in core TS-SE (Fig. 2b) was analyzed at the
Alabama Stable Isotope Laboratory (ASIL) for &'+
Corg and 515Norg stable isotope abundance, weight
percent carbon (C-weight percent) and nitrogen (N-
weight percent). Sediment samples were oven-dried at
50 °C for 16 h and homogenized with a mortar and
pestle before analyses. The organic matter 8'°C and
8'°N were analyzed using an IRMS system consisting
of an Elemental Combustion System (ECS 4010;
Costech Analytical Technologies, Inc.) coupled to a
Delta V Plus (Thermo Scientific, Inc.) with a Conflo
IV (Thermo Scientific, Inc.). Values of 813C0rg were
calculated relative to the international Pee Dee
Belemnite (PDB) standard (Craig 1957) with a
precision of £ 0.2%o, whereas 515N0rg values were
calculated relative to the atmospheric nitrogen (AIR)
standard (Mariotti 1983) with a precision of £ 0.3%eo.
Values for N-wt% and C-wt% were calculated using
the linear relationship between m/z 28 and m/z 44
beam areas and standards of known N-wt% and
C-wt%, respectively. N-wt% and C-wt% were mea-
sured with the ECS 4010 using a thermal conductivity
detector.

Results

Miocene—Pliocene Aquifer shallow sediment
stratigraphy

The sediment cores (4 m) recovered at the intertidal
zone of each study site revealed large compositional
differences in the shallow coastal sediments. On the
east shore of Mobile Bay we identified the presence of
a fine-grained and organic-rich sediment layer (here-
after referred to as peat layer) that has moderate
hydraulic conductivity (8.2 m day ') (Figs. 2, 3). On
the southeastern shore, the sediment core TS-SE
collected at the intertidal zone revealed from top to
bottom: a coarse beach sand layer (A) of 0.5 m

@ Springer
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Fig. 3 Sediment cores
collected at study site TS-W

on the western shore, TS-SE
on the southeastern shore,
and TS-NE in the
northeastern shore from
locations indicated in Fig. 2

Symbology

TS-W
Medium sand
Coarse silt
[ ] Finesand

TS-SE

Medium sand

- Peat layer

Medium-fine sand

Medium sand
TS-NE
Coarse sand

thickness and 3% organic matter content, underlain by
a 1.5-m organic-rich black fine sand (B) with an
organic matter content of up to 36% (peat layer), which
was in contact with the Miocene—Pliocene Aquifer
(layers C and D) with an organic matter content of
2-7% (Figs. 2b, 3). Additional cores collected (n = 5)
on both the southeastern and northeastern shores
showed that the presence and composition of the peat
layer varies significantly, with organic matter content
varying from 15% to a maximum of 36%. On the
northeastern shore, sediment core TS-NE collected at
the intertidal zone of study site TS-NE showed no
vertical structure, consisting exclusively of coarse sand
(E), that was artificially added to develop beach areas
(Figs. 2c, 3). In contrast, on the western shore, the peat
layer was absent in sediment core TS-W collected at
the intertidal zone of study site TS-W. From top to
bottom, core TS-W was comprised of a 0.8 m coarse
beach sand (A) with only 2% organic matter, underlain
by a 2.5-m thick silt layer (B) with 11% of organic
matter and very low hydraulic conductivity
(4.1 m day_l), and a 0.5-m fine sand layer (C) with
5% organic matter (Figs. 2a, 3).

Analyses of the organic matter from the peat layer
(B) in sediment core TS-SE revealed a large range of
carbon and nitrogen weight content. The C-wt%
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ranged between 0.43% at a depth of 90-100 cm and
6.15% at 65 cm, with an average of 3.36 £ 2.15%,
whereas the N-wt% was highest at 45 cm with 0.12%
and lowest at 70 cm with 0.33%, with an average of
0.25 £ 0.07% (Table 1). The average C/N ratio was
19.0 £ 2.4, ranging between 16.8 at 55 cm and 24.4 at
45 cm. Both stable isotopes 813C0rg and 815N0rg were
highest (3"°Coprg = — 24 to — 23%o, 8"°Nye = 3 to
4%0) at a depth of 50-60 cm and were lowest
(8"Corg = — 30 to — 28%o, 3Ny = 0 to 1%o) at
80-90 cm (Fig. 4). The 813Cmg values were on average
— 257 £ 0.3%0, ranging from — 29.4 £ 0.1%0 at
85 cm and — 23.3 £ 0.3%0 at 55 cm, compared to
the average 815N0rg in this layer of 2.1 & 0.2, with a
minimum value of 0.4 £ 0.2%0 at 80 cm and a
maximum of 3.8 &+ 0.1%o at 50 cm (Table 1).

Surface (river and bay) and groundwater
compositions

Groundwater DO, nutrient concentrations (NO3™,
NH, ", DON, and PO,*"), §"°Nyo,, 8"®Ono,, DOC
concentrations, and DOM compositions varied signif-
icantly both spatially (between study sites) and
temporally (during dry and wet seasons). However,
although we also found significant spatial variations in
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Table 1 Characterization of the organic matter present in the peat layer (B) analyzed from sediment core TS-SE, showing C-weight
percent, N-weight percent, C/N ratio, stable isotopes 613Corg and 6'5Norg

Cores Layer Depth C-weight percent 813C0rg (%o N-weight percent SISNOrg (%o C/N in
present ID (cm) (%) PDB) (%) AIR) sediment
TS-SE B 45 2.88 —-277+£02 0.12 20+0.1 24.4
50 5.28 —237+£0.1 0.31 38+0.1 17.1
55 4.97 —233+£03 0.30 37+£02 16.8
60 4.99 — 234 £ 0.1 0.29 2.6 £ 0.1 17.1
65 6.15 — 244+ 0.1 0.29 1.3 £ 0.1 21.0
70 5.98 —24.6 £ 0.1 0.33 1.5+ 0.1 18.2
75 441 —244+£02 024 14 +£0.1 18.0
80 3.29 —249+ 0.1 0.17 04 +02 19.6
85 1.03 — 294+ 0.1 - - -
90 0.50 —287+04 - - -
95 0.43 —25.0 £ 0.1 - - -
100 0.43 —283+0.1 - - -
Average 3.36 —257+£03 0.26 2.1+02 19.0
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Fig. 4 Vertical profile of stable isotopes 8'>C and 3'°N of the
organic matter present in the peat layer (B) analyzed from
sediment core TS-SE. Both 813Corg and Slstg were highest
(3C=—124 to — 23%, 8N =3 to 4%0) at a depth of
50-60 cm and were lowest (5'°C = — 30 to — 28%o, 5'°N = 0
to 1%o) at 80-90 cm

the composition of Mobile Bay receiving surface
water between study sites, we did not detect large
seasonal variations (Table 1 in Online Appendix). A
detailed summary of the surface and groundwater

compositions during the dry and wet seasons can be
found in Table 2 and in the following subsections.

Dissolved oxygen (DO) levels

As to be expected, the highest DO values of
6-8 mg L™' in Mobile Bay surface waters were
measured near the river inlet (Mobile-Tensaw River
Delta) and the estuary outlet to the GOM (Main Pass).
During our study, DO in Mobile Bay waters along the
east shore was always below 2 mg L™' (Fig. I in
Online Appendix). Considering the whole bay, the
overall average DO concentration during all sampling
campaigns was 4.1 + 1.4 mg L~ ! (n = 88) (Table 2).
In the Mobile-Tensaw River System DO was on
average 7.0 + 1.8 mg L' (n = 18) combining all
sampling campaigns, ranging between 5.4 and
10 mg L™" (Table 2).

DO in groundwater on the western shore was on
average 1.2 + 0.3 mg L™ (n = 3) in the inland wells
(W-Well-1-3), whereas in the intertidal piezometers
(W-Pz-1-5) DO was 2.1 £ 1.0 mgL™" (n=18)
(Fig. 5). On the southeastern shore, DO was signifi-
cantly higher in groundwater collected from the inland
wells SE-Well-1 and -2 with an average of
5.6 = 0.7 mg L' (n = 9). In contrast, DO in ground-
water from the intertidal piezometers (SE-Pz-1-5) was
on average 0.8 £ 0.7 mg L '(n=27) (Fig. 5). Inthe
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northeastern shore the overall average groundwater
DO concentration in the intertidal piezometers (NE-
Pz-1-5) was 2.2 & 1.0 mg L™ (n = 17) (Table 2).

Nitrate (NOj3~ ) concentrations

The average NO3~ concentration in surface waters of
Mobile Bay during all sampling campaigns was
45+ 1.7 mmol m™ (n = 82) (Table 2). The highest
NO;~ concentrations were measured along the
northeastern shore and the northern sector of the bay
near the river delta and were between 6.0 and

Bay between 0.7 and 0.9 mmol m—> (Fig. 2a in
Online Appendix). In the Mobile-Tensaw River
System the average NOj3;  concentration was
8.4 + 2.0 mmol m~> (n = 23) (Table 2).

On the western shore, the average NO5;~ concen-
tration in groundwater was 96 £ 23 mmol m >
(n = 3) in the inland wells, which is much higher
than the average NO;~ concentration measured

in the shallow intertidal zone piezometers of
45+ 1.5 mmol m™> (n = 14). Similarly, on the
southeastern shore NO3~ was higher in the

inland wells with an average concentration of

_3 . _3 .
22 mmol m and lowest were in Bon Secour 110 £+ 34 mmol m (n=18), whereas in the
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Fig. 5 Groundwater dissolved oxygen (DO), NO;~, NH,*,
DON, and PO43_ concentrations, N/P molar ratio, and nitrate
stable isotopes (SISNNO3 and &' 8ONO3) values in the inland wells
and the intertidal piezometers during the dry (a) and wet

® Northeastern shore @ Southeastern shore

Dissolved oxygen (mg L-1)

< Inland wells (SE-Well)
(b) seasons. Most groundwater samples collected form the peat
layer showed anoxic conditions (DO < 1 mg L™") and signif-

icantly higher NH, ", DON, and PO,>~ compared to the other
study sites
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Fig. 5 continued

intertidal piezometers the average NO3~ concentra-
tion was 14 & 5.7 (n = 32). On the northeastern shore,
the average NO; ™ in the intertidal piezometers was
19 £ 9.0 mmol m ™ (n = 19) (Fig. 5; Table 2).

Ammonium (NH, ") concentrations

During this study the average NH4 " concentration in
Mobile Bay surface water was 2.6 £+ 1.2 mmol m™>
(n = 82) (Table 2). We found the highest NH,*
concentration (between 8.0 and 11 mmol m™>) on
the southeastern shore, and lowest in Bon Secour Bay
and near the river delta (0.3-0.7 mmol m™) (Fig. 2b
in Online Appendix). In the Mobile-Tensaw River

@ Springer

® Northeastern shore

Dissolved oxygen (mg L‘1)

@ Southeastern shore < Inland wells (SE-Well)

System NH," was on average 5.1 & 1.7 mmol m >

(n = 23) (Table 2).

Specifically, on the western shore at study site TS-
W the average groundwater NH, " concentration in the
inland wells was 2.1 + 0.7 mmol m™ (n = 3) and
was similar to the intertidal piezometers with
3.8 £ 2.1 mmol m™* (n = 14). For comparison, on
the southeastern shore, NH, ™ in the inland wells was
on average 4.3 &+ 1.3 mmol m—> (n=8) and was
108 £ 35 mmol m™> (n=32) in the intertidal
piezometers. On the northeastern shore intertidal
piezometers, NH," was on average 7.0 & 2.5
mmol m~—> (n = 19) (Fig. 5; Table 2).
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Dissolved organic nitrogen (DON) concentrations

During this study the average DON concentrations in
Mobile Bay surface water was 26 + 9.8 mmol m™>
(n = 82) (Table 2). Elevated levels of DON
concentrations were always detected in Bon Secour
Bay (36 & 11 mmol m_3) and the northeastern shore
(32 mmol m ). Compared to this part of Mobile Bay,
DON along the southeastern was 24 4+ 6.1 mmol m >
and along the western (20 + 6.4 mmol m™>) shores
(Fig. 2c in Online Appendix). In the Mobile-Tensaw
River System the average DON concentration was
30 £ 10 mmol m > (n = 23) (Table 2).

The average DON concentration in groundwater on
the western shore was 10 + 4 mmol m ™ (n = 3)in the
inland wells and was 25 & 12 mmol m ™ (n = 14) in
the intertidal piezometers. The highest DON concen-
trations were measured on the southeastern shore where
the average DON concentration in groundwater of the
inland wells was 80 + 45 mmol m—> (n=8) com-
pared to the average of 94 + 20 mmol m > (n = 32)
measured in the intertidal piezometers. On the north-
eastern shore we found that DON in groundwater in the
intertidal piezometers was 24 £+ 8 mmol m> (n=19)
(Fig. 5; Table 2).

Phosphorous (as reactive PO43_ ) concentrations

The average PO,’~ concentration in Mobile Bay
during all sampling campaigns was 0.4 + 0.1
mmol m™> (n = 82) (Table 2). The highest PO,>~
concentrations were found on the northeastern
shore and near the river delta with values of
0.5-1.4 mmol m™>, and were lowest along the west-
ern shore and Bon Secour Bay with concentrations of
0.1-0.3 mmol m~> (Fig. 2d in Online Appendix). In
the Mobile-Tensaw River System PO,’~ was on
average 0.8 + 0.3 mmol m~ (n = 23) (Table 2).

On the western shore the average PO,*~ concen-
tration was similar in the inland wells 0.1 £
0.08 mmol m (n = 3) and the intertidal piezometers
0.2 £ 0.04 mmol m™ (n = 14). These concentra-
tions were also very similar to the observed PO,
levels on the southeastern shore, where the average
PO,*” in groundwater was 0.1 & 0.04 mmol m™>
(n = 8) in the inland wells and 0.7 £+ 0.3 mmol m >
(n = 32) in the intertidal piezometers. The average
PO, concentration in groundwater from the inter-
tidal piezometers installed on the northeastern shore of

Mobile Bay was 0.3 £ 0.1 mmol m™>
(Fig. 5; Table 2).

(n=19)

Inorganic N/P ratio (calculated as NO;~ + NH,/
POS7)

The highest N/P ratios in Mobile Bay were found
along the southeastern and western shores with
average values of 20 £ 5.2 and 60 £ 12, respectively,
whereas the minimum values were found in Bon
Secour Bay with an average of 6.4 & 1.6. The overall
average N/P ratio in Mobile Bay surface water during
this study was 16 £ 11 (n = 82) (Fig. 2e in Online
Appendix). The Mobile-Tensaw River System N/P
ratio was on average 21 + 10 (n = 23) (Table 2).

The N/P ratios in groundwater were significantly
higher in the inland wells compared to the intertidal
piezometers at all study sites. In the inland wells
located on the western and southeastern shores N/P
was on average 870 = 220 (n = 3) and 1200 £ 490
(n = 8), respectively. In the intertidal piezometers of
the western, southeastern, and northeastern shores
the average N/P ratios were 79 & 23 (n = 14),
250 £ 120 (n = 32), and 66 + 29 (n = 19) (Fig. 5;
Table 2).

NO;™ stable isotopes (615NNO3 and 8180No3)

During this study, the 51 Nyo, and 81801\103 in Mobile
Bay surface water were on average 12 & 4%o and
17 &£ 6%o (n = 54), respectively. Both isotopes were
highest in the southern sector of the bay, specifically in
Bon Secour Bay, with values of 16-27%o and were
lower near the river delta with values of 6—10%o and 4—
11%o, respectively (Fig. 3a, b in Online Appendix).
The average 515NNo3 and SISONO3 in the Mobile—
Tensaw River System were 5 £+ 1%0 and 6 £ 2%o
(n = 16), respectively (Table 2).

On the western shore, the groundwater 515NNQ3
values were similar both in inland wells and intertidal
piezometers with an overall average of 7 £ 3%o
(n = 15). However, we found almost double values
on the southeastern shore, the overall 513 Nno, average
in the inland wells was 15 4+ 8%o (n = 6), whereas in
the intertidal piezometers 815NN03 was 11 + 4%o
(n = 26). On the northeastern shore the average

515NN03 in the intertidal piezometers was 7 + 2%o

@ Springer



Biogeochemistry

(n = 19). The 81801\103 values were generally lower in
the inland wells of the western shore with an average
of 6 2% (n=3) compared to the intertidal
piezometers where SISONO3 was 24 £ 8%o (n = 12).
In the inland wells of the southeastern shore at study
site TS-SE the average 8'®*Ono, was 8 % 2%o (n = 6)
and was 18 £ 6%o (n = 26) in the intertidal piezome-
ters. On the northeastern shore the average SISONO3 in
the intertidal piezometers was 12 £ 5%0 (n = 19)
(Fig. 5; Table 2).

Dissolved organic carbon (DOC) concentrations

DOC concentrations in Mobile Bay during all
sampling campaigns were on average
520 + 320 mmol m—> (n = 30). The highest DOC
was measured along the northeastern shore and Bon
Secour Bay with values ranging from 540 to
1250 mmol m*3, whereas the lowest concentrations
were measured near the river delta and the western
shore where DOC was relatively constant between 230
and 370 mmol m~> (Fig. 4 in Online Appendix).
Similarly, we did not find large variations of DOC in
the Mobile-Tensaw River System, with an average
concentration during this study of 570 £ 83
mmol m~> (n = 5) (Table 2).

The average DOC concentration in groundwater
recovered from the intertidal piezometers of the
western shore was 160 = 70 mmol m ™ (n = 4). On
the southeastern shore the groundwater DOC concen-
tration in the intertidal piezometers was significantly
higher with an average of 830 & 410 mmol m™>
(n = 14), whereas in the northeastern shore was
120 + 25 mmol m > (n = 5) (Table 2).

Dissolved organic matter (DOM) composition

In all water samples DOM analyses revealed three
groups of organic compounds (referred hereafter as
components C1, C2, and C3). The excitation—emission
maxima were 255-456 nm for C1, 310, 386 nm for
C2, and 280-320 nm for C3. C1 and C2 were assigned
as refractory humic-like compounds from decaying
plant material. In contrast, C3 was assigned as more
labile protein-like (tyrosine) DOM compounds
sourced from aquatic microorganisms.

The average percentages of Cl, C2, and C3 in
Mobile Bay were present in similar proportions during

@ Springer

all sampling campaigns with values of 28 £ 7% (C1),
33 £ 7% (C2), and 37 £ 12% (C3) (n = 31). How-
ever, the percentage of humic-like C1 and C2 were
higher near the river delta and in Bon Secour Bay and
on the northeastern shore with values of 26-46%
(Fig. 5a, b in Online Appendix). The spatial distribu-
tion of protein-like C3 showed nearly the opposite
trend, being highest in the mid-bay area (35-65%) and
lower near the river delta, the northeastern shore and
Bon Secour Bay (20-25%) (Fig. 5c in Online
Appendix). In surface water from the Mobile—Tensaw
River System the predominant DOM component was
C2 with 41 + 3%, whereas C3 and Cl1 were on
average 33 + 6% and 26 + 4%, respectively (n = 5)
(Table 2).

In groundwater collected from the intertidal
piezometers of the western shore, protein-like C3
was the major DOM component with an average of
89 £ 1%, while the remaining 11 £ 1% corre-
sponded with C1 (n = 4). On the southeastern shore,
C3 was also the major DOM component in ground-
water with an average of 89 & 2% in piezometers SE-
Pz-1 to -5, being C1 an average of 9 + 1% (n = 8).
However, in the multi-level piezometer SE-Pz-4.5
installed in the peat layer on the southeastern shore,
the humic-like C2 was the major component with an
average of 43 £ 4%, while humic-like C1 and
protein-like  C3  represented 29 £ 10% and
28 + 12% (n = 6), respectively. On the northeastern
shore, protein-like C3 was the major DOM component
in groundwater with an average of 89 £ 1%, while
humic-like C1 and C2 represented 10 £ 1% and
1 £ 1% (n = 5), respectively (Table 2).

Microbial community composition and metabolic
pathways in groundwater

In groundwater collected from the inland well SE-
Well-2 on the east shore, aerobic facultative freshwa-
ter genera Acinetobacter, Catenococcus, Vogesella,
Rheinheimera, Sphingomonas, and  Nitrospira
(Gammaproteobacteria and  Alphaproteobacteria
classes) were the most frequent taxa found in the
samples (Table 2 in Online Appendix). The main
metabolic pathways of these bacteria in the inland
groundwater were aerobic organic matter mineraliza-
tion (Vogesella, Sphingomonas, and Acinetobacter),
nitrification  (Nitrospira), and sulfur reduction
(Catenococcus) (Table 2 in Online Appendix).
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In groundwater samples collected from the inter-
tidal piezometers installed in the peat layer on the east
shore (SE-Pz-1 and -4.5-A to -4.5-F), the microbial
taxa with highest relative proportion were Deltapro-
teobacteria, Anaerolineae, Dehalococcoidia, Ther-
modesulfovibrionia, and Actinobacteria. The most
abundant genera from class Deltaproteobacteria (i.e.
Geobacter, Desulfobacca, and Desulfatiglans) are
NO3;~, sulfate (SO42_), and ferrous iron (Fez+)
reducers, while classes Dehalococcoidia and Anaero-
lineae consist of genera that are capable of imple-
menting organic matter mineralization as fermenters
and hydrolyzers. High sequence proportions of
methanogenic archaea (genera Methanoregula and
Methanolinea) were also observed in samples SE-Pz-
1, -4.5-C, and -4.5-D (Table 2 in Online Appendix).

In groundwater recovered from the intertidal
piezometers of the northeastern shore (NE-Pz-1A,
NE-Pz-1B, and EN-Pz-5) the dominant genera from
class Gammaproteobacteria were methane oxidizing
bacteria Methylobacter, Methylococcus, and Sporo-
sarcina. These methanotrophs were not found in any
other samples (Table 2 in Online Appendix).

Nutrient fluxes via SGD and river discharge

Using the SGD rates reported in Montiel et al. (2018)
obtained during the dry and wet seasons and using the
site-specific and season specific nutrient concentra-
tions presented here, we calculated the SGD-derived
nutrients fluxes at the three study sites of Mobile Bay.
All nutrient fluxes were calculated by multiplying the
site-specific SGD rates by the corresponding nutrients
concentrations as shown in Table 3.

On the western shore, during the dry season we
obtained an SGD-NO;~ flux of 5.8 x 10’
mmol day™!, an SGD-NH," flux of 8.1 & 2.7 x
10° mmol day ™', an SGD-DON flux of 48 +
14 x 10° mmol day~', an SGD-PO,>~ flux of
0.2 + 0.08 x 10° mmol day ', and an SGD-DOC
flux of 310 4+ 100 x 10° mmol day ™' (Fig. 6a;
Table 2). During the wet season, we found an
SGD-NO;~ flux of 12 + 4.0 x 10° mmol day ', an
SGD-NH, " flux of 4.8 &+ 1.4 x 10° mmol day ', an
SGD-DON flux of 50 & 17 x 10° mmol day ', an
SGD-PO,*~ flux of 0.4 + 0.1 x 10° mmol day ',
and an SGD-DOC flux of 400 + 140 x 10°
mmol day ™' (Fig. 6b; Table 3).

On the southeastern shore, during the dry season we
obtained an SGD-NO;~ flux of 18 + 8.1 x 10°
mmol day~ ', an SGD-NH," flux of 320 + 140 x
10° mmol day~', an SGD-DON flux of 300 +
130 x 10° mmol day~!, an SGD-PO,>~ flux of
1.1 £ 0.5 x 10° mmol day™', and an SGD-DOC flux
0f 2300 £ 990 x 10° mmol day ™' (Fig. 6a; Table 3).
During the wet season we found an SGD-NO; ™ flux of
74 £ 35 x 10° mmol day™', an SGD-NH," flux of
290 + 130 x 10° mmol day ™', an SGD-DON flux of
220 + 100 x 10° mmol day_l, an SGD—PO43_ flux
of 3.4 + 1.6 x 10° mmol day_l, and an SGD-DOC
flux of 3000 & 1000 x 10° mmol day~' (Fig. 6b;
Table 3).

On the northeastern shore during the dry season we
found an SGD-NO;~ flux of 50 21 x 10’
mmol day™', an SGD-NH," flux of 31 + 14 x 10°
mmol day ™', an SGD-DON flux of 120 + 54 x 10°
mmol day ', an SGD-PO,’~ flux of 1.9 & 0.8 x
10° mmol day ™', and an SGD-DOC flux of
470 + 200 x 10° mmol day~' (Fig. 6a; Table 3).
During the wet season we obtained an SGD-NO;™
flux of 170 + 63 x 10° mmol day ', an SGD-NH,*
flux of 34 + 13 x 10° mmol day ', an SGD-DON
flux of 90 + 34 x 10° mmol day ', an SGD-PO4*~
flux of 1.1 £0.7 x 10° mmol day™', and an
SGD-DOC flux of 680 + 230 x 10° mmol day '
(Fig. 6b; Table 3).

During this study, the Mobile-Tensaw River
System  discharge ranged largely; it was
70 x 10° m® day~' during the dry season and
1700 x 10° m® dAY™! during wet season (https://
waterwatch.usgs.gov). Using the rivers discharge
and corresponding nutrients concentrations during the
wet season, we obtained a river NO;~ flux of
13,000 £+ 1100 x 10° mmol day~', a NH," flux of
12,000 &+ 1100 x 10° mmol day_l, a DON flux of
49,000 + 4300 x 10° mmol day~', a PO,*~ flux
of 510 £ 180 x 10° mmol day ™', and a SGD-DOC
flux of 1,100,000 & 370,000 x 10° mmol day "
(Fig. 6a, b; Table 3). During the dry season we found a
riverine NO;~ flux of 620 + 220 x 10° mmol day ',
a NH," flux of 280 + 100 x 10° mmol day ™', a
DON flux of 2200 + 770 x 10° mmol day ™', a
PO43_ flux of 70 £ 30 x 10° mmol day_l, and a
SGD-DOC  flux  of 33,000 £ 14,000 x 10’
mmol day ™' (Fig. 6a, b; Table 3).
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Fig. 6 River-derived and SGD-derived nitrogen fluxes (NO; ™,
NH,", and DON) to Mobile Bay on the western, northeastern,
and southeastern shores during the wet (a) and dry (b) seasons.
Most of the SGD-derived nitrogen inputs to Mobile Bay
occurred on the southeastern and northeastern shores, repre-
senting an average of 93% of the total SGD-N in the bay

Discussion
Evaluating nutrients loading to Mobile Bay
Spatial variability of SGD-derived nutrient fluxes

During this study, we found that the SGD-N and -P
fluxes are delivered preferentially to the east shore of
Mobile Bay. This uneven nutrient flux distribution is,
in part, a result of the preferential SGD pathways in the
local coastal aquifer (Montiel et al. 2018). We found
that more than 90% of the total SGD-derived N inputs
to the bay occurred on the east shore, with two-thirds
occurring on the southeastern shore and one-third on
the northeastern shore. In contrast, less than 10% of
the total SGD-N were delivered to the western shore
(Table 3). Additionally to this uneven spatial distri-
bution of the N fluxes across the bay, we found
significant differences in the distribution of the N

speciation (NO3;~, NH,", and DON) between the
study sites (Fig. 6). During this study, half of the total
N delivered via SGD to Mobile Bay was in the form of
DON and more than one-third as NH, ", while NO;~
only accounted for less than 20% of the total SGD-N
inputs (Fig. 6).

We also found that the southeastern section (study
site TS-SE) receives close to 90% of all the SGD-
derived NH,4 ™, and two-thirds of the DON (Table 3).
Indeed, during this three-year study groundwater at
study site TS-SE was always anoxic with an average
DO concentration of 0.8 mg L™' (Fig. 5). These
highly anoxic conditions were reflected in the receiv-
ing shallow surface waters of the bay which had an
average DO of 2.7 mg L™ (Fig. 1 in Online Appen-
dix). Under these conditions, the NO3;~ fluxes to the
east shore accounted for only one-third of the total
SGD-derived NO3 ™ flux to Mobile Bay (Table 3).

The N speciation on the northeastern shore of the
bay (study site TS-NE), showed the opposite pattern.
We found that two-thirds of all SGD-derived NO5; ™
fluxes in the bay occurs in this section, but only 10% of
the NH,*, and one-fifth of the SGD-derived DON
fluxes (Fig. 6; Table 3). This N speciation and spatial
distribution are consistent with the higher groundwater
DO measured at this site, which was on average
3.9 4 1.0 mg L™'. We suggest that the observed oxic
conditions on the northeastern shore are most likely
resultant of higher infiltration rates through the
shallow coarse sand layer with a much higher
hydraulic conductivity (58 m day ') compared to
the other study sites (Fig. 2c). However, these condi-
tions reflect only the top layer of the surficial aquifer at
the beach face. The coarse sand layer that we
recovered in the deep core was artificially added
during the development of the area in the 70s. Thus,
although it impacts SGD and nutrient fluxes, it does
not represent the natural shallow marine sediment
environment of the east shore of Mobile Bay. Based on
shallow geophysics surveys (electrical resistivity
tomography or ERT and continuous resistivity profil-
ing or CRP the peat layer is also present at this study
site underlaying the coarse sand layer along the
northeastern shore of Mobile Bay (Fig. 2c) (Montiel
et al. 2018). We have evidence that the groundwater
plume percolates partially through the peat layer
along ~ 80 m from the shore (Fig. 2c) (Montiel et al.
2018). However, our shallow intertidal piezometers at
this study site did not capture the slightly deeper peat
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layer and therefore, the nutrient fluxes measured on
the northeastern shore during this study should be
considered as conservative estimates.

In comparison, we found that the western shore
(study site TS-W) of Mobile Bay receives negligible
(~ 1% of the total) nitrogen via SGD compared to the
total bay loading (Fig. 6; Table 3). In this section
more than 60% of the SGD-N occurred in the form of
DON, while NH4* and NO; ™ represented one quarter
and about 15%, respectively. As discussed in Montiel
et al. (2018), SGD in this section is impeded by a silt
layer, whose presence was confirmed both by ERT
measurements and multiple sediment cores collected
in the northern and southern ends of its shoreline.

During this study the SGD-derived PO,”~ fluxes to
Mobile Bay were one order of magnitude lower than
the N-fluxes. These findings are consistent with other
studies in a variety of coastal environments (e.g. Lee
et al. 2009; Santos et al. 2009; Rodellas et al. 2014).
However, the spatial distribution of SGD-derived
PO, inputs to Mobile Bay were also partially
controlled by the SGD fluxes and were thus similar
to the N-fluxes pattern. More than 90% of the total
PO,>~ flux in the bay occurred on the east shore, where
two thirds were delivered to the southeastern shore and
the rest to the northeastern shore (Table 3).

Temporal variability of nutrient fluxes

The total SGD-derived nutrient inputs to Mobile Bay
were constant throughout the year with a seasonal
variability of less than 5% for N and less than 30% for
PO,>~ when comparing the dry and wet seasons
(Table 3). This even temporal distribution was result
of the combination of a significantly higher nutrient
concentration in groundwater during the dry season
(Fig. 5) and the relatively lower SGD rates during that
season (Montiel et al. 2018). However, we observed
important site-specific temporal variations for each
nutrient (Table 3). Particularly, on the east shore (at
study sites TS-SE and TS-NE) the SGD-NOj3 fluxes
increased by 75% during the wet season. We also
observed more than 30% SGD-DON decrease during
the wet season compared to the dry season (Table 3).
In comparison, the SGD-derived PO, fluxes showed
a different behavior in all study sites. On both the
northeastern and the western shores, SGD-PO43* was
about 70% and 50% lower during the wet season
respectively, whereas on the southeastern shore we
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observed a two-third decrease. In contrast, the river-
derived N fluxes during the dry and wet seasons varied
by more than an order of magnitude due to the large
seasonal fluvial discharge fluctuations as the concen-
trations in river water remained fairly constant
(Fig. 7). Similarly, the river-derived PO~ fluxes
were more than seven times higher during the wet
season (Fig. 7).

When comparing the total SGD-derived and river-
derived nutrient fluxes to Mobile Bay during the wet
season (see “Nutrient fluxes via SGD and river
discharge” section), we found that SGD represented
only a small portion (less than 3%) of the nutrient
(NO5~, NH, ", DON, and PO,>") loadings of the bay
(Fig. 7a). However, during the dry season when the
river discharge is considerably lower, we found that
SGD accounted for > 10% of the NO3;~, > 50% of
the NH, ", > 15% of the DON, and about 5% of the
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Fig. 7 River-derived and total SGD-derived nitrogen fluxes
(NO;~, NH,*, and DON) to Mobile Bay from all sections
during the wet (a) and dry (b) seasons. NH;+ and DON were the
main forms of nitrogen delivered to Mobile Bay via SGD during
bot the dry and wet seasons, being relatively more important to
the total nitrogen loading of Mobile Bay during the dry season
(56% and 18% of the total respectively)
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Fig. 8 Schematic profile showing the annual groundwater
specific nutrient fluxes from the inland zone of the Miocene—
Pliocene Aquifer to the intertidal zone of the aquifer, fluxes from
the intertidal zone to Mobile Bay as SGD, and net fluxes after
groundwater flows through the coastal sediments. The coastal

constructed a conceptual model that illustrates the N
and P specific fluxes on the east and west shores from
inland to the intertidal zone and to Mobile Bay
(Fig. 8). For each shore, the boundaries of these box-
models were defined by the distances between the
farthest inland groundwater wells sampled during this
study, and the nests of intertidal piezometers (Pz-1 to -
5) installed at the SGD zone during this study (Figs. 1,
8). For reference, on the east shore this distance is
3.1 km, and it is 1.7 km on the west shore (Fig. 1).
Based on evaluations conducted by Gillett et al.
(2000), Dowling et al. (2004), and Ellis et al. (2013)
the groundwater flow velocities in the inland part of
the Miocene—Pliocene coastal aquifer are between
0.02 and 0.18 m day ' on the east shore, and between
0.02 and 0.10 m day*l on the west shore (Table 4).
To calculate site- and season- specific nutrient fluxes
between the inland wells and the intertidal piezome-
ters, we used nutrient concentrations obtained during
this study recovered from the inland wells. To
calculate the SGD-nutrient fluxes delivered to Mobile
Bay in the intertidal zone of the Miocene—Pliocene
Aquifer, we used seepage velocities reported in
Montiel et al. (2018), which are also site- and
season-specific based on radiotracers mass balance
models and seepage meters measurements, and nutri-
ent concentrations reported in this study. In all
scenarios, specific nutrient fluxes (in
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sediments at the intertidal zone generated negative net fluxes of
NO;~ and positive net fluxes of NH,+, DON, and PO,>". The
sketch is not drawn to scale vertically or horizontally for an
easier comparison

mmol m~2 day~') were calculated by multiplying
average nutrient concentrations (mmol m_3) in
groundwater collected during wet or dry seasons by
the groundwater flow velocities (m day ') assessed
for each season.

Applying this conceptual model and boundary
conditions on the east shore we found that the annual
groundwater N-flux in the inland zone of the
Miocene—Pliocene  Aquifer was on average
6100 mmol m~2 year™'. This flux was mainly dis-
tributed between NO5;~ (4000 mmol m~? yearfl) and
DON (2000 mmol m~2 year™ ') with large seasonal
variations, where both fluxes were one order of
magnitude higher during the wet season compared to
the dry season. On the other hand, the annual NH,*
flux in this area was two orders of magnitude lower
(64 mmol m~2 year ') and did not vary throughout
the year (Table 4; Fig. 8). On the east shore of Mobile
Bay, the shallow Miocene—Pliocene Aquifer in the
inland zone consists of quarzitic sand deposits with
low to almost absent organic matter content and a
hydraulic conductivity of 10-20 m day~' (Fig. 1)
(Chandler et al. 1985; Gillett et al. 2000; Dowling
et al. 2004). Based on previous studies conducted by
Murgulet and Tick (2009, 2013) NO3~ was the main
form of N in this area reaching groundwater concen-
trations as high as 1600 mmol m . Although we did
not find such high levels of NO3;™ in the same wells,
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average NO; ™~ concentrations in the inland wells (SE-
Well-1 and -2), installed at a depth of 10-12 m, were
always much higher (110 mmol m~) compared to
concentrations in groundwater recovered from the
intertidal piezometers (14 mmol m~>) (Table 4). For
comparison, NH,* (3 mmol m—>) and DON
(80 mmol m—>) were relatively lower, while the
average annual DO was 5.6 mg L™'. We attribute
this high NO;™ to the agricultural activities present in
this zone that represent two-thirds of the total land use
(Fig. 1). The main agricultural crops in this part of
southern Alabama are cotton and corn, which receive
rigorous fertilization twice a year, once in the spring
(March—April) and once in the fall (October) using
both inorganic and organic fertilizers (https://www.
nass.usda.gov/Surveys). On the other hand, the aver-
age annual P flux in the inland zone was much lower
(1.2 mmol m~? year™ ") compared to the N fluxes and
showed no seasonal variability (Fig. 8). We suggest
that these low P fluxes result from the observed oxic
conditions under which PO,*~ is removed through
sorption onto minerals and co-precipitation (Robert-
son 1995; Weiskel and Howes 1992; Zanini et al.
1998).

When applying the same mass-balance flux
approach to the intertidal zone of the east shore of
Mobile Bay (Fig. 8), we found that the average annual
N-flux delivered by SGD to Mobile Bay was about
15,000 mmol m~2 year™!, producing a net total N
surplus of about 8800 mmol m~> year '. However,
unlike the inland zone, the largest portion of the
N-fluxes in the intertidal zone of the Miocene—
Pliocene Aquifer occurred in equal portions
as NH," (7400 mmol m > yearfl) and DON
(6500 mmol m 2 yearfl) with a smaller seasonal
variability (Fig. 8). In contrast, the average annual
NO;~ fluxes in the intertidal zone were only
1100 mmol m™2 year™', resulting in a net negative
balance of about — 2900 mmol m™* year '. These
SGD-NO; ™ fluxes showed the largest seasonal vari-
ability of all nutrients with an annual flux three times
larger during the wet season (Fig. 8). Although still
lower than SGD-delivered N loadings, the average net
P flux to Mobile Bay via SGD was more than one order
of magnitude higher (54 mmol m2 year™') com-
pared to the inland zone (1.2 mmol m™2 year ).
We suggest that this can be caused by an enhanced
PO,>~ solubility under anoxic conditions via desorp-
tion as groundwater flows through the coastal

sediments (Figs. 2b, 5) (Weiskel and Howes 1992;
Slomp and Van Cappellen 2004).

Using the conceptual model in the inland zone of
the west shore of Mobile Bay, we found significantly
lower nutrient fluxes compared to the east shore with
an annual average total N flux of 2600 mmol m >
year ' and a P flux of about 1.8 mmol m™? year™
(Table 4). We observed a particularly pronounced
seasonal pattern in the NO3~ fluxes with an order of
magnitude higher flux during the wet season (Fig. 8).
Since this area is relatively pristine, i.e. two-thirds is
dominated by forests and wetlands, we attribute the
higher N fluxes to the seasonal variability of ground-
water flow velocity. Interestingly, the annual SGD-
delivered total N fluxes in the intertidal zone of the
Miocene—Pliocene Aquifer were four times lower
(640 mmol m~? year™') compared to the inland
fluxes, with no significant seasonal variability
(Fig. 8). Furthermore, when we calculate the net
fluxes between the two zones (i.e. inland minus
nearshore), we found large total N loss of about
— 4000 mmol m ? year '.  When looking at
the distribution of the individual N-speciation,
it was apparent that the NO3;~ net loss of
— 2300 mmol m~? year™' contributed the most to
the N deficit observed in the transition from the inland
zone to the intertidal zone. For comparison, although
the average net P flux was one order of magnitude
lower (1.2 mmol m™~? year™') compared to the N
fluxes, we detected a net surplus of PO,*” in the
transition between inland and the intertidal zone as
well as an important seasonal variability (Fig. 8).

Based on the calculated annual groundwater fluxes
in the coastal Miocene—Pliocene Aquifer, we conclude
that the intertidal coastal sediments on both shores of
Mobile Bay serve as a sink for the high NO; ™~ loading
observed in the inland groundwater, transforming
NO; ™~ into NH,+ and DON. However, we found that
concurrently to this N transformation resulting in
overall net loss of NO5; ™, there is a significant net
production of total N as NH," and DON
(8800 mmol m~2 year_l) on the east shore, resulting
in a significant positive N export via SGD of
15,000 mmol m~? year™ ' to the bay. These large N
fluxes were accompanied by a net production of about
51 mmol m™? year™' of PO, on the east shore of
Mobile Bay. Because the inland section of the aquifer
is mostly quartz with very low organic content, we
hypothesize that the net production of N and P

1
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observed on the east shore of Mobile Bay is generated
by the peat layer that is only present on this shore,
explaining the large spatial differences in SGD-N and
-P fluxes observed between shores.

Microbial-mediated transformations of nutrients
in groundwater

To be able to identify the biogeochemical transfor-
mations responsible for the observed nutrient trans-
formations in the Miocene—Pliocene Aquifer, we used
the microbial community composition as a proxy for
dominant metabolic pathways in groundwater. Meta-
bolic interpretations were collaborated with site-
specific redox conditions and rate of anthro-
pogenic/natural nutrients supply.

As we suggested earlier, the high levels of NO;™
and DON (Table 2) detected in the inland wells of the
east shore are, in part, a result of the abundant
agricultural activities in this area. However, oxic
conditions (Table 2) and presence of genera Voge-
sella, Sphingomonas, and Acinetobacter (Table 2 in
Online Appendix) also indicate that the high DON
observed in this inland zone (Table 2) may undergo
aerobic mineralization. The final degradation products
of this mineralization result in nitrite (NO, ™) which is
then fully oxidized to NO5;~ via nitrification as
confirmed by the high relative proportion of nitrifier
genus Nitrospira (Table 2 in Online Appendix)
(Watson et al. 1986; Weiss et al. 2007).

At the intertidal zone of the southeastern shore, the
shallow groundwater collected from a depth of up to
60 cm using a multi-level piezometer SE-Pz-4.5 (sam-
ples SE-Pz-4.5-A and -B) (Figs. 2a, 3), showed mostly
aerobic microbial communities (Table 2 in Online
Appendix). The high sequence proportions of Cyanobi-
aceae, oxygen-producing autotrophic bacteria, and
strictly aerobic bacteria such as Deinococcus and
Agquicella indicate that the upper-most sand layer is a
well-oxygenated environment (Stanier et al. 1971;
Brooks and Murray 1981; Santos et al. 2003; Sangwan
et al. 2004). However, at greater depths of 60—150 cm
(samples SE-Pz-1, -4.5-C and -4.5-D) using the same
piezometer and coinciding with the presence of the peat
layer (Fig. 2a), the water was anoxic and dominated by
anaerobic microorganisms (Table 2 in Online Appen-
dix). We identified a microbial community of hydrolyz-
ers and fermenters (Dehalococcoidia, Anaerolineaceae),
denitrifiers (Thermodesulfovibrionia), iron reducers
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(Geobacter), sulfate-reducing bacteria (Desulfobacca
and Desulfatiglans), and methanogens (Methanoregula
and Methanolinea) commonly found together in highly
reducing environment as a syntrophic microbial consor-
tium (Yamada et al. 2006; Kuever 2014a, b; Biderre-Petit
et al. 2016; Sun et al. 2016; Liu et al. 2018; Maus et al.
2018). In this peat layer (as in similar organic-rich
environments) the hydrolyzers and fermenters initiate the
abundant organic matter mineralization, further utilized
by nitrate, iron, and sulfate-reducing bacteria; and under
lower availability of preferred electron acceptor, by
methanogens to produce methane (Hattori 2008).

Some of the identified microorganisms in the peat
layer most likely use different electron acceptors
depending on the environmental conditions such as
tidal variations and seasonal changes in the SGD rate.
For instance, some genera from class Thermodesul-
fovibrionia and genus Geobacter are known to utilize
NO;~, Fe**, and SO,>~ as electron acceptors simul-
taneously (Lovley et al. 1993; Sekiguchi et al. 2008).
As no obligate Fe?" reducing bacteria were found in
the peat layer during this study, the N transformations
in this sediment layer are most likely dominated by the
organic matter mineralization, SO42_ reduction, and
methanogenesis. The thriving community of SO4*~
reducing bacteria can result in significant sulfide (S*7)
production, inhibiting the production of NO;~ via
nitrification as observed in “Conceptual model of
SGD-delivered N and P fluxes to Mobile Bay”
section. However, the production of $*~ also lowers
the rate of denitrification (An and Gardner 2002).
Consequently, the massive net production of NH4 "
shown in “Conceptual model of SGD-delivered N and
P fluxes to Mobile Bay” section must be generated not
only by the abundant organic matter mineralization,
but also via dissimilatory nitrate reduction to ammo-
nium (DNRA). Sulfate” reducing bacteria are known
to have the secondary capacity to implement DNRA
because the sulfite reductase is very similar and work
constitutively with the nitrite reductase gene NrfA
(Widdel and Pfennig 1982; Mitchell et al. 1986; Seitz
and Cypionka 1986; Tiedje 1988; Moura et al. 1997).
Furthermore, the occurrence of DNRA in the presence
of high S*~ concentrations has also been reported in
coastal sediments of other estuaries and coastal
lagoons worldwide (e.g. Rysgaard et al. 1996; An
and Gardner 2002; Gardner et al. 2006; Bernard et al.
2015).
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Below the peat layer in the transition sand at a depth
of 150-180 cm (Fig. 2a), the microbial community in
sample SE-Pz-4.5-F was almost entirely comprised of
aerobic bacteria (e.g. Pirelullaceae, Gaiellales, No-
cardioides, Mesorizhobium, Verrumicrobium, and
Curvibacter) (Prauser 1976; Jarvis et al. 1997; Ding
and Yokota 2004; Mohamed et al. 2010; Albuquerque
et al. 2011). This depth corresponds with the well-
oxygenated groundwater flowing from the inland zone
of the Miocene—Pliocene Aquifer (Fig. 2b), further
supporting that the observed net production of DON
and NH,4" is naturally originated in the peat layer as
SGD occurs to the bay (Fig. 8).

In contrast, in the intertidal piezometers of the
northeastern shore (samples NE-Pz-1-A, -B, and EN-
Pz-5) installed in the artificial beach coarse sand, we
observed the coexistence of obligate aerobic and
anaerobic facultative bacteria, indicative of a well-
oxygenated environment. We found high sequence
proportion of aerobic methanotrophic bacteria
(Methylobacter and Methylococcus) that are also
capable of performing nitrification as their key
enzyme (methane monooxygenase) is evolutionarily
linked with the primary enzyme to oxidize ammonia
(ammonia monooxygenase) (Holmes et al. 1995). On
the northeastern shore, as SGD occurs, groundwater
may be forcing the high amounts of NH," and
methane produced in the peat layer to migrate towards
the coarse sand and ultimately to the bay (Fig. 2c).
Methylobacter and Methylococcus are most likely
responsible for the lower NH,* and higher NO;~
concentrations in this study site by converting NH, "
into NO;3 ™ via nitrification using methane as substrate
(Hanson and Hanson 1996; Nyerges et al. 2010).

Nutrient sources in Mobile Bay

We strongly suggest that the nutrient inputs via SGD
to Mobile Bay and thus its ecological effect on the bay
are mostly resultant of the natural lithological com-
position and biogeochemical transformations in the
intertidal zone of the Miocene—Pliocene Aquifer.
Although abundant agriculture exists in the Mobile
Bay coastal area and impacts the groundwater in the
inland zone of the Miocene—Pliocene Aquifer near the
fields and farms, we did not find evidence of anthro-
pogenic sources of nutrients in the composition of
SGD that enters Mobile Bay. However, we found
strong evidence from a wide spectrum of approaches

to support a statement that the SGD-nutrient fluxes to
Mobile Bay have a natural origin.

Lithological evidence

Sediment cores recovered during this study from both
the northeastern and southeastern shores of Mobile
Bay showed the presence of an organic-rich (up to
36%) peat layer along the east shore. Detailed shallow
geophysical exploration (both ERT and CRP surveys)
revealed that this layer extends at least 110 m offshore
along the east shore of the bay (Montiel et al. 2018).
Combined ERT time-series measurements of the
subsurface during falling tide and sediment properties
analyses of the cores confirmed that the peat layer has
relatively high hydraulic conductivity (8.2 m day™ ")
allowing the occurrence of SGD (Montiel et al. 2018).
Furthermore, we found that the peat layer creates
anoxic conditions in groundwater at the intertidal zone
along the east shore and generates extremely high net
fluxes of NH4+ and DON (see “Conceptual model of
SGD-delivered N and P fluxes to Mobile Bay”
section). However, we found that the conditions
observed on the east shore are not ubiquitous in
Mobile Bay. Parallel geophysical and lithological
investigations of the shallow aquifer structure and
composition on the west shore did not reveal the same
conditions. ERT and CRP surveys as well as multiple
core sedimentological characterization showed a spa-
tially uniform fine-grained lithology, which was
confirmed to be a silt layer with very low permeability
based on the recovered cores (Montiel et al. 2018). In
addition, we found that the organic content of the silt
layer on the west shore was low (only 11%) and we did
not identify the distinct peat layer found on the east
shore (Montiel et al. 2018). In turn, although anoxic
conditions were present, we found negative net N
fluxes through the coastal aquifer on this shore,
showing that the coastal sediments on the west serve
only as a sink of nutrients. Therefore, we can conclude
that the peat layer on the east shore is a natural source
of N to Mobile Bay. The important net production of
N, only observed on the east shore, indicated that the
organic matter mineralization in the peat layer must be
responsible for the additional N fluxes as NH," and
DON. Additionally, the net loss of NO;™~ on both the
west and east shores of the bay indicate that denitri-
fication and DNRA are occurring in the coastal
sediments as described in “Conceptual model of
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SGD-delivered N and P fluxes to Mobile Bay”
section. Bernard et al. (2015) demonstrated in a
coastal lagoon near Mobile Bay (Little Lagoon) that
DNRA and denitrification occur during both wet and
dry seasons in this area. Furthermore, Bernard et al.
(2015) found that during the dry season, when Jubilees
and HABs occur, DNRA is the dominant NO5;™
reduction pathway. Similarly, Domangue and Mor-
tazavi (2018) found that in the coastal sediments of
Weeks Bay, an estuary connected to Mobile Bay on
the east shore (Fig. 1), DNRA is also the primary
process of nitrate reduction, exceeding denitrification.

Evidence from stable isotopes

To identify the sources of N in Mobile Bay we utilized
the 8'*Nno, and 8'®Oyo, isotopic signatures measured
in the two main water end-members entering the bay
including groundwater and river water inputs (Am-
berger and Schmidt 1987; Kendall 1998; Kendall et al.
2007; Xue et al. 2009). Using this approach, we were
able to (1) identify possible sources of N and (2)
confirm the microbial metabolic pathways and N
transformations in the shallow coastal aquifer and
Mobile Bay waters.

The 8"Nyo, and 8'Oyo, isotopic signatures
measured in the study area suggest the influence of
three main sources of NO3 ™ in the Mobile Bay system
including inorganic fertilizers (both NO; - and NH, -
based), organic fertilizers (e.g. manure), and organic
soil mineralization. Based on our data, the main source
of N in Mobile Bay is the mineralization of organic
soil N (Fig. 9a). This observation confirms our
findings based on nitrogen mass-balances (Fig. 8).
The 615NN03 and SIBONO3 values measured in both
end-members, river water and groundwater, also
indicate that the main source of N is the soil N
(Fig. 9a; Table 1 in Online Appendix). We found that
only groundwater collected from the inland wells
showed isotopic values indicating a fertilizers source
(Fig. 9a; Table 1in Online Appendix). The absence of
isotopic values indicating anthropogenic sources such
as fertilizers, sewage waste and manure at the
intertidal zone suggests that the soil N present in the
coastal sediments is the main source of N to Mobile
Bay (Fig. 9a). Similarly, Beebe and Lowery (2018)
also observed on the western shore that the main
source of N in groundwater was the soil organic matter
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Fig. 9 a Cross plot showing the nitrate stable isotopes &' Nno,
and SISONO3 values measured in rivers, Mobile Bay, and in
groundwater. Samples collected on the western, southeastern,
and northeastern shores are represented as white, grey, and black
circles, respectively. Theoretical values for anthropogenic
(NO;~ and NH,* fertilizers, manure and septic waste) and
natural (organic nitrogen in the sediments or soil) sources of
nitrate 8'°N and 3'®0 signatures are shown in all panels
(Amberger and Schmidt 1987; Kendall 1998; Kendall et al.
2007; Xue et al. 2009). The theoretical denitrification line of
5'80:8'5N as 1.5:1 is shown in all panels based on Kendall et al.
(2007) and Murgulet and Tick (2013). b Rayleigh plot
comparing 313 Nno, values and the natural log of nitrate
concentrations of all samples collected during this study. The
linear trends of Mobile Bay water samples are indicated in the
panel together with linear trends from the inland wells average
and rivers average to the Mobile Bay average. Slopes from the
two NO3™ pools (inland wells and rivers) to the Mobile Bay
average indicate their kinetic enrichment factor (¢g)

mineralization, whereas no evidence of anthropogenic
N inputs was found.

We found that significant denitrification and bio-
logical uptake occurs both in groundwater and in bay
waters. Groundwater values are scattered around the
denitrification line (Fig. 9a) suggesting a main trend
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but more complex in nature where the 8"’ Nyo, and

'8 0o, enrichment must be consequence of further
fractionation via other biogeochemical processes in
addition to denitrification. As described in “Concep-
tual model of SGD-delivered N and P fluxes to Mobile
Bay” nd “Microbial transformations of nutrients in
groundwater” sections, DNRA and biological uptake
must also contribute to the N transformations in the
groundwater before entering the bay. In Mobile Bay

waters the fractionation of 5'°Nyo, and 5'®*Oyo, also
indicate that denitrification is probably responsible for
significant removal of N inputs entering the bay from
rivers and SGD (Fig. 9a). The maximum isotopic
values measured in Bon Secour Bay (~ 16-27%o) and
minimum near the river delta (~ 5-10%o) indicate
that NO3~ experiences denitrification from the two
main routes of entrance in the bay, rivers and SGD on
the northeastern shore (Fig. 8a, b) (Kendall et al.
2007).

The isotopic kinetic fractionation derived from
denitrification and the intensity of this process can be
further determined by an enrichment factor (¢) that can

be obtained from a Rayleigh plot comparing &' Nno,
and the natural log of nitrate concentrations (Fig. 9b)
(e.g. Kendall 1998; Granger et al. 2008; Ryabenko
2013). Based on the Rayleigh trends, in Mobile Bay
waters about 50% of the NO; ™ loss is indeed caused by
denitrification with a 815NNO3 enrichment factor of
— 3.7%o, similar to other surface water environments
(Fig. 9b) (e.g. Sebilo et al. 2003; Yevenes et al. 2016;
Harms et al. 2019). Considering the two original pools
of NO;~ (groundwater and rivers) of Mobile Bay in
the Rayleigh plot, the two enrichment factors calcu-
lated from their average to the Mobile Bay waters
average clarified the dominant biogeochemical pro-
cesses occurring in the bay (Gruber 2004; Ryabenko
2013). We found that a € value of — 2.2%o from the
inland wells pool indicates that as NO;~ percolates
through the intertidal sediments to the bay waters via
SGD, NOj~ experiences both benthic denitrification
and biological uptake in the shallow sediments
(Fig. 9b). The isotopic enrichment of the riverine
pool of NO3™ in the bay, with a € value of — 10%o,
indicates that biological uptake is the main process of
N removal and to a lower extent denitrification in the
water column (Fig. 9b). The biological uptake of
NO;™ in the bay is also supported by the spatial
distributions of NO3™ concentrations in the bay. Most

of the NO; ™ inputs (8-98% of the total NO3 ™) to the
bay occurred via riverine discharge and NO5;~ con-
centrations gradually decreased from the river delta
(9-26 mmol m_3) to Bon Secour Bay
(0.1-1.2 mmol m~?) (Fig. 2a in Online Appendix).
Nitrification was not observed to occur, at least
significantly, in the study area considering that the two
routes of N entrance (SGD and rivers) in Mobile Bay
have much higher NO;3;™ concentrations and depletion

of both 8" Nno, and 61801\103 compared to bay waters
(Gruber 2004; Ryabenko 2013).

Evidence from organic source-composition
characterization

We analyzed the DOM composition entering to Mobil
Bay via rivers and groundwater to further confirm the
hypothesis of a natural origin of N to the system. In
Mobile Bay surface water, humic-like degradation
components C1 and C2 were detected in almost equal
percentage (28% and 34%), whereas protein-like
component C3 was 38%. The highest percentages of
components C1 and C2 were found near the river delta
and the northeastern shore. We suggest that the river
discharge and SGD through the peat layer on the east
shore are the main sources of components C1 and C2
indicative of decaying plant material (Fig. Sa—c in
Online Appendix).

In groundwater collected from the multi-level
piezometer (SE-Pz-4.5) on the east shore of Mobile
Bay, where the peat layer is located, DOM was
primarily composed of humic-like components C2
(43%) and C1 (29%) (Fig. 10a). This is a clear
indication that SGD is transporting the degradation
products of terrestrial organic matter to Mobile Bay
waters. We hypothesize that the presence of compo-
nents C1 and C2 in the peat layer can result from
decomposing salt marsh plants such as Juncus roe-
merianus, Spartina alterniflora and freshwater marsh
Typha and Schoenoplectus (undifferentiated) common
in the Mobile Bay area (Cory and McKnight 2005;
Fellman et al. 2010; Lu et al. 2015; Smith and
Osterman 2014; Wheeler et al. 2017). To confirm the
origin of the peat layer on the east shore of Mobile Bay
and the origin of the degradation products released by
SGD, we also conducted stable isotope analyzes of the
organic matter present in sediment core TS-SE
recovered at study site TS-SE on the southeastern
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Fig. 10 Cross plot showing the relationship between 613COrg
and C/N of the of the organic matter present in the peat layer
(B) from sediment core TS-SE. Ranges of all possible
theoretical origins of organic matter (bacteria, marine and
freshwater phytoplankton, marsh and terrestrial C3 plants) are
represented as defined by Lamb et al. (2006) and Guerra et al.
(2015). Three specific regional end-member values measured in
Mobile Bay are also shown for marsh plant species Spartina
alterniflora (Spartina), Typha and Schoenoplectus undifferen-
tiated (Typha and Schoenoplectus), and Juncus roemarianus
(Juncus) as presented by Smith and Osterman (2014). These
data highlight the importance of terrestrial organic matter to
Mobile Bay. All samples fall in the marsh and terrestrial C3
plants value range and regional Spartina alterniflora and Juncus
roemarianus end-members

shore (Fig. 3). The average C/N atomic ratios of 19 of
this layer (Fig. 4; Table 1) are similar to other peat
sediments (fine-grained organic-rich) sediments iden-
tified elsewhere (e.g. Stanek and Silc 1977; Schnur-
renberger et al. 2003; Lambert et al. 2008). When
comparing the C/N ratios with the 613C0rg isotopic
composition along the core profile, and using refer-
ence values reported by Meyers (1997) and Lamb et al.
(2006), we identified two organic matter sources: (1)
terrestrial C3 plants litter (e.g. pine and oak tree
debris) and (2) remains of C3 plants of marsh
environment (Fig. 10). The C/N values of all samples,
except for the shallowest sample (45 cm), are closely
clustered in the range between 17 and 21 with a narrow
813C0rg isotopic signatures of 23-28%. (Fig. 10),
confirming that marsh C3 plants are the main source
of organic matter in the peat layer (Guerra et al. 2015).
Furthermore, based on the Mobile Bay end-members
as presented by Smith and Osterman (2014), the plant
remains conforming the peat layer most likely corre-
spond to marsh species S. alterniflora and J. roemar-
ianus (Fig. 10).
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Ecological implications of SGD

We hypothesize that the occurrence of SGD-derived
nutrient fluxes focused on the east shore of Mobile
Bay, must have significant effects on the nutrient
balance and the ecological health of the bay.

Loesch (1960) indicated that Jubilee events are
linked to water hypoxia and water column stratifi-
cation during the summer months (dry season).
Montiel et al. (2018) further demonstrated that the
groundwater anoxia produced by the peat layer as
SGD occurs on the east shore is directly correlated
with the oxygen depletion of the adjacent surface
waters but had no evidence of the geochemical
transformations that caused the near-bottom water
hypoxia. May (1973) showed that Jubilees are
triggered by a combination of tidal and wind
conditions; while Turner et al. (1987) and Park
et al. (2007) suggested that the benthic oxygen
demand may cause the hypoxia and consequent
Jubilee events. The spatial distribution of the
significant SGD-derived NH4,* and DON inputs
observed during this study on the east shore coincide
exactly with the locations impacted by Jubilees
(Loesch 1960; May 1973; Montiel et al. 2018). The
delivery of anoxic groundwater and reduced forms of
N to the water column by SGD through the peat
layer may increase the chemical oxygen demand,
enhancing hypoxia in the deeper water layer and
potentially promoting Jubilee events in Mobile Bay.
A bottom-up mechanism of hypoxia has been
reported in other coastal areas. For instance, Peter-
son et al. (2016) showed that inputs of anoxic
groundwater via SGD were responsible for a signif-
icant DO deficit in the water column, leading to
hypoxic events in coastal waters of Long Bay, SC.
Furthermore, at a larger time scale, the delivery of
DOM and NH," via SGD can also promote
eutrophication and even more severe DO depletion
(D’Avanzo and Kremer 1994; Paerl 1997; Paerl
1998; Diaz and Rosenberg 2008; Howarth et al.
2011; Null et al. 2011). Often, this bottom-up
generated hypoxia is then maintained by the physical
and climatic conditions during these events leading
to stratification (e.g. McCoy et al. 2011).

A strong evidence supporting this hypothesis is the
absence of Jubilees on the western shore of Mobile
Bay. May (1973) showed that hypoxia also occurred
along the western shore when an extensive Jubilee
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only took place on the eastern shore, triggered by the
easterly winds. During the summer months slight
southwest to westerly winds are common in Mobile
Bay; however, Jubilees have never occurred on the
western shore. As discussed in Loesch (1960), the lack
of topographic protection against winds near the shore
may restrict the occurrence of Jubilees on the western
shore. Nevertheless, it is likely that the absence of the
peat layer combined with the insignificant SGD inputs
found on the western shore, could be limiting the
occurrence of Jubilees in this area. Furthermore, SGD-
derived nutrient inputs on the western shore always
represented < 2% of the total inputs in Mobile Bay for
all nutrients, restricting the potential effect of SGD on
Jubilees. Additional evidence strongly indicates that
Jubilees are caused by natural processes and that these
events may be affected by SGD-derived nutrient
inputs and the presence of a peat layer on the east
shore. The historical frequency and intensity of
Jubilees in Mobile Bay have not varied since at least
1867 although the area has experienced significant
development since the 1960s (Loesch 1960; May
1973; Turner et al. 1987; Park et al. 2007). We suggest
that because Jubilees have been documented to occur
historically (> 150 years) in the same locations it is
likely that inputs of groundwater and the natural
shallow lithology of these areas might be important
factors for hypoxia events in Mobile Bay. Rodriguez
et al. (2008) examined the formation history of the bay
and concluded that Mobile Bay is a flooded estuary
formed during the las sea-level transgression about
8000 years ago. During this transgression, large
nearshore marsh areas of the bay were flooded and
converted into central-basin areas. The lithologic,
DOM, sand table isotopes evidences found during this
study strongly suggest that the peat layer found in
Mobile Bay is composed of vascular plant remnants
from the ancient nearshore marsh areas identified by
Rodriguez et al. (2008). We suggest that SGD
occurring through this decomposing peat layer has
historically served as a natural source of significant
nutrients and anoxic groundwater on the east shore,
contributing to the hypoxia and Jubilee events.

The nutrient inputs derived from SGD in Mobile
Bay can have further ecological implications in the
norther GOM. During the summer, the Mississippi
Bight region, to the east of the Mississippi River Delta,
experiences extensive and persistent hypoxia (Rabal-
ais et al. 2002). Dzwonkowski et al. (2018) showed

that freshwater inputs from Mobile Bay represent the
largest contribution to the stratification and oxygen
depletion of the northern GOM. The significant
delivery of anoxic groundwater as SGD with abundant
NH, " and DON inputs in Mobile Bay observed during
this study must thus, also influence the regional
biogeochemical processes and oxygen budget of the
northern GOM.

Although HABs have never been studied in the
northern half of the bay, we hypothesize that the SGD-
derived nutrient inputs evaluated in this study could
also be affecting HABs. N/P ratios in SGD are
significantly different from the receiving coastal
waters, and thus could potentially result in the
ecological disequilibrium that directly affects phyto-
plankton growth (Kim and Swarzenski 2010). The
optimum nutrient uptake by primary producers in
typical marine environments occurs at the N/P Red-
field ratio of 16:1 during cellular growth (Redfield
1934). As aresult, coastal waters where degradation of
this planktonic material occurs would follow rela-
tively closely this N/P ratio. However, SGD-delivered
excess nitrogen (i.e. high N/P ratios) to the coastal
areas often triggers HABs among other ecological
impacts (e.g. Yamaguchi et al. 2001; Garcés et al.
2011; Smith and Swarzenski 2012). During this study
we found that the average N/P ratio of Mobile Bay
waters was exactly 16:1, indication that Mobile Bay is
nutrient unlimited. However, the bay’s surface waters
on the southeastern shore and the southern sector of
the western shore showed significant excess of N with
N/P values always above 30 and up to 350 (Fig. 11a;
Fig. 2e in Online Appendix). Previous studies by
Liefer et al. (2009) and Mcintyre et al. (2011) have
shown that these two areas are largely impacted by
toxic blooms of diatoms. During this study we found
that N/P ratio in the Mobile-Tensaw River System was
relatively constant and only slightly higher than the
Redfield ratio with an average of 21:1 (Fig. 11b).
Thus, the excess N observed in the areas impacted by
HABs must be affected by the important NH, " inputs
delivered by SGD. We found that the N/P ratios
measured in groundwater samples in the intertidal
zone of the western (79) and southeastern shores (250)
were very high (Fig. 11c), coinciding with the areas of
highest N/P ratios in Mobile Bay where HABs occur.
Previous studies assumed that SGD could affect HABs
by delivering the NO3™ contamination observed in the
Miocene-Pliocene Aquifer from nearby agricultural
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Fig. 11 Cross plot showing the nitrogen (as NO;~ + NH,™)
and phosphorous (as PO,>7) concentrations measure in Mobile
Bay (a), rivers (b), and groundwater (c). The Redfield molar N/P
ratio of 16:1 is shown in all panels for reference. The average
N/P ratio in Mobile Bay waters was 16 (Redfield ratio), while in
rivers and groundwater the N/P ratios were 21 + 9 and
270 % 130, respectively

fertilizers to Mobile Bay (Liefer et al. 2009; Murgulet

and Tick 2009; Mcintyre et al. 2011; Liefer et al.
2014). However, we demonstrated here that in the case
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that HABs are impacted by SGD, the nitrogen inputs
are of natural origin produced in the sediments and as
NH, ' and DON.

Conclusions

Although dominated by river inputs, Mobile Bay
receives nearly a quarter of the nutrient loadings via
SGD during the dry season, when river discharge is
lowest. During the dry season more than 90% of these
SGD nutrients fluxes occur on the east shore,
coinciding exactly with the time of the year and area
where Jubilees take place. We found that during the
dry season more than half of the total NH,* and 15%
of the DON inputs in Mobile Bay are delivered to the
east shore via SGD. We hypothesize that the Jubilee
events are supported by these SGD-derived NH,* and
DON inputs during optimum climatic and physical
conditions. Additionally, we also hypothesize that the
HAB events observed in Mobile Bay can be triggered
by the nitrogen excess as NH;* and DON provided by
SGD during the summer.

We found that mineralization of the abundant
organic matter in a peat layer and DNRA are
responsible for the exceptionally high NH," and
DON fluxes delivered by SGD on the east shore of the
bay. In contrast to previous studies, we found that the
NO;~ contamination in groundwater from anthro-
pogenic inputs of fertilizers further inland are con-
sumed and transformed by the microbial community
in the coastal sediments via denitrification and DNRA.
Furthermore, we found that other sources of anthro-
pogenic N and P pollution such as fertilizers, manure
and sewage waste are insignificant in Mobile Bay. We
demonstrate in this study that these important nitrogen
inputs are of natural origin, result of the biogeochem-
ical transformations occurring in the peat layer
identified on the east shore of Mobile Bay. We found
that this peat layer is comprised of the root system and
plant remains of an ancient marsh which history and
exact age require further evaluation. We further
hypothesize that due to the similar formation history
of modern estuaries; natural inputs of nutrients via
SGD can also exceed anthropogenic sources in other
estuaries worldwide.
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