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ABSTRACT: Hypoxic episodes in the shallow nearshore waters of Long Bay, South Carolina, USA,
an open coast embayment on the South Atlantic Bight, have been observed on a number of occa-
sions during the summer months from 2004 to 2009, with the most pronounced ones occurring in
July of 2004 and August and September of 2009. We present a synthesis of data that included
time-series oxygen measurements, synoptic surveys of water quality and oxygen consumption
rates, and circulation numerical modeling aimed at explaining these hypoxic events. Periods of
hypoxia coincide with coastal upwelling conditions (i.e. winds from the southwest and colder bot-
tom waters). Field flow data and numerical simulations confirmed that these conditions create
onshore-directed bottom flows. The latter also showed that this onshore water intrusion can pen-
etrate into very shallow waters (5 to 7 m depth) and is separated from the very shallow waters by
a mixing front. Nutrient and organic matter concentrations, especially the particulate forms, were
higher in the nearshore (~0.3 km from the coastline) compared to offshore (2 to 3 km from the
coastline) waters, while dissolved oxygen concentrations tended to increase with distance from
shore. Oxygen consumption rates via water-column respiration were highly variable (5.6 to
73.6 ng O, I"* h™!), but showed significant correlations with spatial variability in particulate nutri-
ent and organic matter concentrations. These observational and modeling results suggest that
occurrences of low dissolved oxygen in Long Bay result from regional oceanographic processes
that constrain water masses to the nearshore and thus prevent the wider dispersion of local terres-
trial inputs. The resulting enhanced material concentrations stimulate heterotrophic oxygen
demand, leading to hypoxia in the immediate nearshore waters.
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INTRODUCTION

Coastal hypoxia, defined as the depletion of dis-
solved oxygen (DO) to concentrations <2 mg O, 171,
has been increasing in frequency, duration, and
extent worldwide over the last 5 decades (Diaz &
Rosenberg 1995, Wu 2002, Chan et al. 2006, Hawley
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et al. 2006, Diaz & Rosenberg 2008). In addition,
coastal marine ecosystems tend to exhibit thresholds
whereby repeated occurrences of hypoxic events
promote an increased susceptibility of further pro-
longed hypoxia and accelerated eutrophication
(Conley et al. 2009). Hypoxic events can significantly
impact biological communities in the coastal ocean
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(Boesch & Rabalais 1991), and the impact of low
DO on sediment diagenesis and nutrient biogeo-
chemistry can alter and further exacerbate nutrient
conditions in coastal waters (Kemp et al. 2005).
Negative economic effects resulting from recurring
hypoxia, especially with respect to recreational or
commercial fisheries, can be substantial (Diaz &
Solow 1999).

It is clear from previous studies of coastal hypoxia
that low DO results from an interaction between
physical and biogeochemical processes. Increased
prevalence of coastal hypoxia is most often the result
of increased production of organic matter associated
with excessive nutrient input (Rabalais et al. 2010).
Depending on the physical processes, such as strati-
fication and mixing, this increased organic loading
alters the balance between oxygen supply through
physical forcing and oxygen consumption from
organic matter decomposition. Thus, in the absence
of stratification, or in the presence of intense mixing,
hypoxia is not generally expected to occur, regard-
less of organic matter loading rates (Conley et al.
2009, although see Verity et al. 2006). As a result of
this interplay between physical and biogeochemical
processes, hypoxic events have been reported for a
variety of coastal settings, ranging from regions with
narrow continental shelves such as that of the west
coast of the USA (e.g. Grantham et al. 2004, Chan et
al. 2006, Connolly et al. 2010), shallow shelves influ-
enced by river discharge such as the Gulf of Mexico
(e.g. Wiseman et al. 1997, Turner et al. 2006, Bianchi
et al. 2010), enclosed basins such as the Chesapeake
Bay and Long Island Sound (e.g. Anderson & Taylor
2001, Hagy et al. 2004), and shallow continental
shelves influenced by bottom bathymetry such as the
New Jersey Shelf (e.g. Glenn et al. 1996, 2004).
Zhang et al. (2010) suggested a classification of
coastal systems based on the location and mecha-
nisms responsible for the generation of hypoxic con-
ditions. These are (1) ‘coastal upwelling systems’,
driven by physical transport of deep bottom water
high in nutrients and low in DO to inshore waters;
(2) 'off river mouths and in estuaries’, driven by nutri-
ent input from land sources and water-column strati-
fication; and (3) ‘semi-enclosed seas and basins’,
driven by land-derived nutrient inputs and water-
column stratification in combination with restricted
physical exchange that promotes long water resi-
dence times.

Few cases of hypoxia have been observed for shal-
low coastal ocean environments such as those along
the open-ocean, shallow shelf, coastal region off of
South Carolina, USA, where hypoxia was first quan-

titatively observed in 2004 (Sanger et al. 2010). At
this time, hypoxic conditions were found in the near-
shore waters (5 to 7 m depth) off an open beach in the
central portion of Long Bay. That hypoxia occurred
just seaward of the surf zone (~0.3 km from the
beach-face) was somewhat surprising, given this is
an area generally considered to experience high
physical mixing. Analysis of limited water quality
and meteorological data revealed that the first docu-
mented hypoxic event occurred during a period of
sustained southwesterly upwelling-favorable winds
that coincided with the occurrence of cold bottom
water (Sanger et al. 2010). Although Long Bay is
influenced by coastal upwelling, no evidence existed
to suggest that the upwelled water was a direct
source of high nutrients or low DO. In addition, the
location is not adjacent a major river source and the
adjacent estuaries of Winyah Bay in the south and
Cape Fear in the north do not discharge large
amounts of water during the summer (McCarney-
Castle et al. 2010), and no evidence of surface-buoy-
ant plumes has been reported. The region is, how-
ever, subject to significant diffuse pollution from the
Greater Myrtle Beach area, a highly urbanized
ocean-front resort community. Given the shape of the
coastline, Long Bay cannot be considered a semi-
enclosed sea or basin, nor is it close to the continental
slope. As such, it cannot easily be classified as any of
the 3 system types for hypoxia formation. Instead, it
seems that hypoxia formation in the central region of
Long Bay results from a unique combination of phys-
ical and biological mechanisms that are a mixture of
the 3 types of systems identified by Zhang et al.
(2010).

Following the initial observation of hypoxia in the
summer of 2004, a multidisciplinary team of scien-
tists and managers from a variety of academic, state,
and federal institutions was assembled to investi-
gate the potential cause of hypoxia in Long Bay
(Sanger et al. 2010). Several alternative mechanisms
or hypotheses for hypoxia generation were proposed
at that time, based on experiences from well-known
hypoxic events elsewhere (Sanger et al. 2010). This
then led to a variety of research and monitoring
activities 2006 to 2008, with the goal of further doc-
umenting and understanding the occurrence of
hypoxia in this shallow open-coast environment.
The objective of our paper is to synthesize the
data from these efforts relating to the formation of
hypoxic conditions in the nearshore waters of Long
Bay and assess the contributions of oceanographic
and biogeochemical processes in promoting hypoxia
in this region.
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Fig. 1. (a) Long Bay region USA, with (b) the general area
(pink) over which hypoxia was observed at some point dur-
ing August of 2009. Monitoring sites near Apache, Second
Avenue, and Springmaid Piers are identified with triangles.
Red points and open circles in (b) are sites where measured
bottom dissolved oxygen concentrations were >2 and <2 mg
O, 1!, respectively, during the August 2009 event. Note:
5 sites to the south are not shown but were >2 mg O, 17%. (a)
Long Bay land use data—red: developed land; green: forested
and wetlands; orange: agriculture (NOAA Coastal Change
Analysis Program 2005). Green line in (b) shows the 10 m
isobath according to the NOAA Geophysical Data Center

MATERIALS AND METHODS
Study area

Long Bay, an open-ocean, shallow embayment on
the South Atlantic Bight (SAB) of the USA, extends
for 145 km from the Cape Fear Estuary, North Car-
olina, in the north, to Winyah Bay, South Carolina, in
the south, which are the 2 main riverine sources
(Fig. 1). The shoreline along the central portion of
Long Bay includes the urbanized beach-front resort
community of Greater Myrtle Beach, South Carolina
(~57 km of shoreline). This area, with a resident pop-

ulation of ~300 000 (based on 2008 United States cen-
sus data), receives ~14 million visitors per year with
90% visiting the beach (MBCC 2009). Tourism
accounts for $3.1 billion or 31.6 % of the state's total
domestic travel expenditures (US Travel Association
2009). Storm-water runoff from Greater Myrtle
Beach is discharged directly into nearshore waters
via 14 anthropogenically modified tidal creeks that
traverse the beach face and ~100 storm-water dis-
charge outlets (ocean and beach-front outfall pipes).
Together these outlets drain a highly urbanized land-
scape that includes a large network of storm-water
detention ponds.

Data availability

Following the initial observation of hypoxia in
Long Bay, several individual research projects were
initiated and carried out during the period from 2006
to 2008. In addition, a program of continuous moni-
toring of DO in surface and bottom waters at a central
location in the nearshore waters off Greater Myrtle
Beach was established. Although episodes of de-
pressed DO (<4 mg O, I7!) often occurred during the
summer months of this period, no sustained hypoxic
periods similar to the 2004 event were observed. Dur-
ing the summer of 2009, however, sustained hypoxia
with periods of anoxia was observed (Libes & Kindel-
berger 2010, McCoy et al. 2011), suggesting that the
2004 event was not an isolated incident. In response
to this event, an ad hoc effort was conducted to
gather as much information about the event as possi-
ble despite limited resources available at the time.
Data available from the planned research from 2006
to 2008 and from the rapid response to the 2009 event
are described in the following sections and broadly
categorized as continuous monitoring, targeted re-
search, and response sampling to the 2009 events.

Continuous oxygen monitoring

At the north end of Greater Myrtle Beach, near the
northern limit of the low DO observations made in
July of 2004, a continuous monitoring station was
established in June of 2006. The station consists of
2 sondes (Yellow Springs Instruments [YSI] 600R
with Clark DO cells) installed at the seaward end of a
fishing pier (Apache Pier, located at 33.7615°N,
78.7798° W) at a mean water depth of 7 m. The sen-
sors were placed in perforated PVC standpipe
painted with antifouling paint and provided mea-
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surements of DO, temperature, and conductivity at
15 min intervals at the surface (~1 m below the
instantaneous sea level) and at 1.5 m above the sea
bed. The performance of the sensors and data quality
was validated through pre- and post-deployment
calibration checks and by comparison with in situ
measurements made with other instruments. Meas-
urement uncertainties were 0.4 psu, £+0.4 mg O,
1Y, £5%, and +0.1°C, for salinity, DO concentration,
percent DO saturation, and water temperature,
respectively.

Hypoxia research projects

Two targeted research projects were undertaken
during the period from 2006 to 2008: (1) field sam-
pling of inner shelf waters (0.3 to 3.0 km from shore)
for water-column oxygen consumption rates and bio-
geochemical conditions associated with occurrences
of low oxygen waters and (2) numerical simulation
modeling of physical scenarios under which Gulf
Stream Water (GSW) can reach nearshore in Long
Bay. The first project was aimed at quantifying the
potential for local biogeochemical conditions to drive
in situ depletion of oxygen through enhanced pelagic
respiration (local forcing of low DO conditions), while
the second project was aimed at the hypothesis that
the hypoxia is the result of the advection of deep,
cold GSW that may be rich in nutrients and low in
oxygen concentration (remote forcing of low DO
conditions).

Biogeochemistry and pelagic respiration

To understand the relationships between near-
shore and offshore distributions of DO, chlorophyll,
nutrients, organic matter, and DO consumption due
to pelagic respiration, a series of sampling excursions
were conducted during the summers of 2006 (10 to
11 July 2006, 27 to 28 July 2006, 7 to 8 August 2006,
24 to 25 August 2006), 2007 (24 to 25 July 2007,
15 August 2007), and 2008 (11 July 2008, 25 July
2008, 29 August 2008). Sampling focused on dates
with spring tidal conditions (+3 d) and low slack
tidal stages (+2.5 h). For each date, 2 to 3 shore-
perpendicular transects were sampled running be-
tween 0.3 and 3.0 km from shore. The transects were
located off sites suspected of being influenced by
land-based stormwater contributions (i.e. tidal
creeks), as well as sites away from such influences,
with all transects confined in the region between

Apache and Springmaid Piers (Fig. 1). Along each
transect, DO and chlorophyll a (chl a) were routinely
sampled in surface and bottom waters using a YSI
85 DO sensor and WETLABS fluorometer, respec-
tively. The fluorometer was calibrated using inde-
pendently collected acetone-extracted chl a samples
that were quantified by bench-top fluorometry (Arar
& Collins 1997). In addition, water samples were col-
lected from the surface and bottom waters, using a
Van Dorn sampler, from the 0.3 and 3.0 km sites of
each transect, hereafter referred to as nearshore and
offshore sites, respectively. Samples were stored on
ice until returned to the laboratory for processing.

Water samples were analyzed for total nitrogen
(TN) (whole [TNW] and filtered [TNF]), total phos-
phorus (TP) (whole [TPW] and filtered [TPF]), ortho-
phosphate, nitrate + nitrite, ammonium, particulate
organic matter (POM), dissolved organic carbon
(DOC), chl a, and pheophytin (pheo). TN, TP, ortho-
phosphate, nitrate + nitrite, and ammonium were
measured using seawater methods for a Technicon
nutrient autoanalyzer, with working ranges suitable
for coastal waters. The TN and TP method was based
on dual persulfate digestion (Glibert et al. 1977). The
particulate components of the total nitrogen (TN
and total phosphorus (TP, were determined by
subtraction of the whole minus the filtered compo-
nents. Dissolved organic nitrogen (DON) and phos-
phorus (DOP) were calculated by difference. Total
suspended sediment (TSS) concentrations were de-
termined by standard gravimetric methods, with the
organic fraction of TSS (hereafter referred to as
POM) determined by loss on ignition at 450°C. DOC
concentrations were determined on filtered (GF/F),
acidified water samples by high-temperature com-
bustion using a Shimadzu TOC-VCPN following the
procedures of Benner & Strom (1993). Phytoplankton
pigments were analyzed via acetone extraction for
chl a and pheo and quantified by fluorometry (Arar &
Collins 1997).

A subset of water samples collected for the above
analyses were subjected to microplankton respira-
tion rate measurements. These samples were main-
tained at in situ temperatures during transport (<4 h)
to the laboratory, where incubations were conducted.
Respiration rates were determined from standard
dark-bottle oxygen consumption rates during 6 h
incubations in 300 ml borosilicate glass biochemical
oxygen demand (BOD) bottles (e.g. Smith & Kemp
2001). Oxygen concentrations were determined by
automated Winkler titrations of whole bottle samples
using a Metrohm 798 Titrino with potentiometric
end-point detection (Carignan et al. 1998). Tempera-
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tures during incubation were maintained at +1 °C of
in situ temperatures, which ranged from 26 to 28°C
for all sampling events.

Numerical simulation model

Previous research in the SAB has shown that it
is not uncommon for cold GSW to be present in
the outer shelf bottom layer during the summer sea-
son (Atkinson & Blanton 1986, Lee & Pietrafesa
1987, Hamilton 1987). Once the GSW is present on
the outer-shelf, upwelling-favorable southwesterly
winds, common in the summer (Blanton et al. 2003),
can transport it across the shelf (Hoffmann et al.
1980, 1981), with the occurrence of GSW on the
middle shelf not being unusual. Such events had
been identified in Long Bay from the analysis of
salinity—temperature data (T-S diagrams) from a data
buoy located at 10 m water depth (Voulgaris & Sanay
2010). These observations led to the development of
the hypothesis that GSW intrusions might be associ-
ated with the observed hypoxic events. In order to
identify the physical scenarios under which GSW
intrusions can reach the inner-shelf and the relative
importance of each forcing mechanism, a series of
process-oriented 3-D numerical simulations were
carried out.

The numerical model used was the regional
ocean model system (ROMS), a primitive equation,
free-surface, hydrostatic, sigma-coordinate model
(Shchepetkin & McWilliams 2005). The model setup
included all the terms of the primitive equations
except horizontal viscosity (Haidvogel et al. 2000,
Umlauf & Burchard 2003). The model domain (Sanay
et al. 2008, Voulgaris & Sanay 2010) was set up
to simulate a concave-shaped bay (300 km long)
bounded by Cape Fear (in the north) and Cape
Romain (in the south). The characteristics of the cen-
tral part of the domain resemble the morphological
and bathymetric features of Long Bay from the coast
(6 m depth) to ~150 km offshore (65 m depth). In both
horizontal directions, the grid resolution varied from
1.5 to 3 km, with the highest resolution near the
coast.

Several numerical simulations were carried out to
elucidate the physical conditions under which GSW
can reach the inner-shelf. The direction, magnitude,
and duration of the wind patterns used in the simula-
tions were consistent with those observed in this sec-
tion of the SAB during summer (Blanton et al. 2003).
The initial conditions used included (1) well-mixed
conditions and (2) an initial vertical stratification con-

sisting of a well-mixed surface layer (4 m thick, 22°C)
and a bottom layer (15°C) with a linearly stratified
thermocline density in between extending from 4 to
10 m below the surface, resembling typical summer
stratification conditions in the SAB (Aretxabaleta et
al. 2006). Each of the initial conditions presented
above were forced with (1) constant wind stress lin-
early ramped up to a maximum value of 0.10 N m™2
within a period of 6 h which then remained constant
and (2) an oscillatory wind stress with a period of 3 d
and minimum and maximum values of 0.01 and
0.20 N m?, respectively. Each simulation case was
carried out with and without solar radiation, resulting
in 8 simulation scenarios that combined all the condi-
tions described above. The wind stress levels and
periods of oscillations were selected to correspond to
the most common atmospheric conditions observed
during the hypoxic events of 2004 and in accordance
with published wind climatology. Additional simula-
tions were carried out with freshwater discharge
inputs of ~350 m® s~! from the north and south bound-
aries, representing buoyancy fluxes for the Cape
Fear and Pee Dee Rivers, respectively.

2009 hypoxia event sampling

With the onset of significant hypoxia observed at
the Apache Pier monitoring station in August of 2009,
several ad hoc sampling programs were undertaken
to resolve the cross-shore (nearshore to offshore) and
alongshore extent of hypoxic waters and the physi-
cal-chemical conditions associated with these waters.
Ship-based spatial surveys of surface (0.3 m below
water surface) and bottom (0.5 m above sediment
surface) water DO concentrations and water-column
physical properties were conducted on 3 separate
dates during the hypoxic period (20, 24, and 27 Au-
gust 2009). Discrete samples were also collected from
surface and bottom samples on 20 August 2009 (n =
28) and 27 August 2009 (n = 10) at a number of sites
both within and outside the observed hypoxic area.
These water samples were analyzed in the laboratory
for nutrients, organic matter, chl a, and pheo, as des-
cribed previously. Phytoplankton community compo-
sition was also determined from 250 ml of water pre-
served with Lugol's iodine solution diluted to 3%.
Phytoplankton identification to the lowest taxonomic
level possible was carried out using light microscopy,
but this analysis was limited only to samples col-
lected on 20 August 2009.

Flow measurement data were available for the
same period from 2 locations at ~0.85 km (7 m water
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depth) and 2.5 km (10 m water depth) off the shore-
line of Second Avenue Pier (Fig. 1, triangles). The
nearshore site was instrumented with a high-resolu-
tion downward-looking 1200 KHz RDI/Teledyne
Acoustic Doppler Current Profiler (ADCP) mounted
at 1.5 m above the seabed and an upward-looking
Nortek Acoustic Wave and Current (AWAC) Profiler.
The ADCP measurements were limited to the lowest
1 m of the water column, with a 10 cm bin size, while
the AWAC measured current velocities throughout
the entire water column, with a 1 m bin size from 2 m
above the sea bed to the surface. The offshore site
was instrumented with a Sontek Acoustic Doppler
Velocimeter (ADV) which measured currents at
15 cm above the seabed and an upward looking
1200 kHz RDI/Teledyne ADCP measuring directional
wave spectra and mean current profiles of the water
column in 1 m bins. The instruments that measured
currents within the lower water column at each
site collected data simultaneously in 'burst mode' at
1 Hz for ~17 min every 2 h. The AWAC and upward-
looking ADCP measured mean current velocities
throughout the upper water column every 10 min.
At the onset of hypoxia, the 2 flow measurement
sites off Second Avenue Pier were also equipped
with YSI 6600 sondes to measure DO, temperature,
pH, conductivity, turbidity, and chlorophyll every
15 min from 20 August to 4 September 2009. Addi-
tionally, 2 water quality Hydrolab 5 datasondes were
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deployed in the bottom waters at ~0.25 and 2.5 km off
Springmaid Pier (Fig. 1, triangles) from 20 August to
4 September 2009.

Statistical analysis

Statistical analysis of the various water-column
metrics (e.g. nutrients, organic matter, respiration
rates) included Spearman correlation analysis, prin-
cipal component analysis (PCA), and regression
analysis using the SAS (V9.1) and JMP (V8.0) statis-
tical packages. Spearman correlation and PCA were
used to determine the role of substrate regulation in
respiration rates. The correlation alpha levels were
corrected for multiple comparisons using a Proc
MULTTEST Stepdown Bonferroni.

RESULTS
Dissolved oxygen temporal dynamics

Time-series DO data from Apache Pier showed
both surface and bottom waters of the central portion
of nearshore Long Bay waters to be generally under-
saturated with respect to DO (Fig. 2). During the
summer months (June to September) of 2006, 2007,
and 2008, depressed DO levels (<4 mg O, 1™!) were
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Fig. 2. Time series of dissolved oxygen (DO) saturation levels (monthly mean, maximum, and minimum) near the (a) water
surface and (b) sea bed. (c) Difference of the monthly means from the surface to the bed (ADO). Data from the station located
on Apache Pier. Grey shading shows summer months (June to September)
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common in the bottom waters (Fig. 3a). They devel-
oped into hypoxic conditions (<2 mg O, I"!) for some
of these periods, but were of short duration (a few
hours). Close examination of the wind speed and
direction measurements from the Springmaid Pier
NOAA station indicated that all of these events coin-
cided with periods of upwelling-favorable winds
(Fig. 3c, positive alongshore wind velocity or winds
from the southwest). This coincidence of hypoxic
conditions along with upwelling-favorable winds
implied a strong dependence on physical forcing.

Biogeochemistry and pelagic respiration

In the summers of 2006 to 2008, nutrient, chl a, and
POM concentrations tended to significantly co-vary,
both within surveys and across years. In contrast,
concentrations of DOC showed little spatial or tem-
poral variation and were not significantly correlated
to other water chemistry parameters. Across all sam-
ples, approximately half the nitrogen and phospho-
rus pools were found in particulate form, with
organic fractions comprising a majority of the total
dissolved nitrogen (80 to 90 %) and phosphorus (40 to
60 %). On average, nutrient, chl a, and organic matter
concentrations all decreased from nearshore to off-
shore sites (Table 1). Pair-wise comparisons revealed
these nearshore—offshore differences to be sig-
nificant (p < 0.01) for all variables except for DOC
and the dissolved inorganic nutrients. Similarly,
concentrations of particulate nutrients and chl a
were significantly greater in bottom waters than
in surface waters, but surface-bottom differences
were not significant for dissolved nutrient or DOC
concentrations.

Rates of pelagic respiration measured during the
summer months of 2006 to 2008 were highly variable,
both within and across sampling events. For the
entire dataset (n = 72), respiration rates ranged from
5.6 to 73.6 ug O, 1" h™! and showed a log-normal
distribution, with a mean of 21.2 ng O, I"! h™! and
a median of 18.3 pg O, 1"t h™!. On average, respira-
tion rates measured in nearshore bottom waters ex-
ceeded rates measured in offshore bottom waters
(25.4 + 12.2 [average + 1 standard deviation] versus
19.5 + 9.2 pg O, I'! h7!, respectively), and in 15
paired-station comparisons of nearshore and offshore
bottom waters along the same longitudinal transects,
nearshore respiration rates were significantly higher
(p < 0.01) than corresponding offshore rates on 12
occasions. In contrast to this general nearshore—
offshore gradient in respiration rate, differences
between surface and bottom water respiration rates
(quantified in 2006 only) tended to be smaller. Sur-
face water respiration rates averaged 14.7 £ 5.3 ng O,
1"t h™!, compared to 18.9 + 15.0 pg O, 1" h~! in bottom
water, and bottom water respiration was significantly
greater (p < 0.01) than surface water respiration in
10 of 16 paired comparisons.

The lack of substantial temperature variation (<2°C)
across sampling events allowed us to use relationships
between respiration rate and in situ nutrient and or-
ganic matter concentrations to explore the role of sub-
strate regulation in controlling the magnitude and
variability in respiration in its absence. Across all
sampling events, rates of respiration were significantly
correlated (p < 0.0025) to concentrations of POM,
chl q, pheo, DOC, TNW, and TPW (Table 2). Concen-
trations of these substrates showed significant co-
variation, with the exception of DOC, which was
found to not be significantly related to either chl a or

pheo. The role of substrates in

regulating respiration rates was
also explored using PCA (Fig. 4).
The first 2 axes explained 73 % of
the variability in the dataset,
with 50 and 23 % attributed to

Table 1. Respiration rate (ng O, 1! h™!), chlorophyll a (chl a, pg 171), unfiltered total ni-
trogen (TNW, pmol 1Y), filtered total nitrogen (TNF, pmol 17!), unfiltered total phos-
phorus (TPW, pmol 171, filtered total phosphorus (TPF, umol 17!), and dissolved
organic carbon (DOC, mg 1"!) measured during summers of 2006 to 2008. All means,
with (SD, n). Respiration rate in surface waters was only measured during 2006

Location Respira- Chla TNW TNF  TPW TPF DOC PC 1 and PC2, respectively. PC 1
tion rate had high positive loadings for

all particulate substrate concen-

Nearshore 197  4.80 173 124  0.97 0.59 2.50 trations (POM, chl a, and pheo,
surface  (3.8,9) (2.91,49) (5.4,51) (3.3, 51) (0.43,51) (0.14, 51) (0.86, 49) TNpwo TPpuy) and respiration
Nearshore 25.4 8.13 19.8 12.4 1.42 0.65 2.67 rates, whereas PC 2 had high
bottom  (12.2, 27) (5.03, 48) (7.5, 50) (3.1, 50) (0.86, 50) (0.26, 50) (1.50, 48) positive loadings for all of the
Offshore 132 249 146 116  0.70 0.54 2.50 dissolved substrate constituents
surface  (8.8,9) (1.60,30) (5.0,30) (3.3,30) (0.22, 30) (0.14, 30) (0.88, 27) o o (B )
Offshore 195 677 163 116 098 0.61 2.43 (DOC, , TPF) (Fig. 4). The
bottom (9.2, 27) (5.97, 31) (4.9, 31) (2.2, 31) (0.42, 31) (0.14, 31) (0.69, 28) tight grouping of mean factor
loadings for respiration, POM,
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chl a, pheo, TNy, and TP, suggests the importance
of living and detrital particulates in determining vari-
ability in respiration rates, which is consistent with the
fact that POM and chl a were found to have the high-
est individual correlation coefficients with respiration
rate (0.66 and 0.70, respectively) of the entire dataset.

Numerical simulation model

The results from the numerical modeling work
clearly demonstrated the development of a cross-
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Fig. 3. Low-passed time series of (a) dissolved oxygen (DO)
concentration, (b) water temperature, and (c) wind velocity in
the surface (upper) and bottom (lower) water column, as well
as the difference (Diff) between them (Zero line corresponds
to the values for Diff). Pink and blue shaded areas: low
oxygen events of short and extended duration, respectively
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Table 2. Nonparametric correlation matrix (Spearman's rho

value) for respiration rate (resp), particulate organic matter

(POM), chlorophyll a (chl a), pheophytin (pheo), dissolved

organic carbon (DOC), total nitrogen unfiltered (TNW), and

total phosphorus unfiltered (TPW) concentrations. *Statisti-
cally significant (p < 0.01) correlations

POM Chla Pheo DOC TNW TPW
Resp 0.661* 0.698* 0.576* 0.558* 0.602* 0.555*
POM 0.724* 0.825* 0.405* 0.745* 0.706*
Chl a 0.875* 0.191 0.488* 0.398*
Pheo 0.215 0.600* 0.546*
DOC 0.556* 0.474*
TNW 0.841*

shore circulation (Fig. 5, onshore flow near the bed
and offshore-directed flow near the surface in right
column) at the outer- and inner-shelf under oscilla-
tory, southwesterly (i.e. upwelling-favorable) wind
conditions (Fig. 5, top panel) and under the influence
of solar radiation. A few hours after maximum wind
stress, the water column near the shoreline (dis-
tances < 4 km) was homogeneous (Fig. 5, time =
8.0 d). Further offshore, the water column remained
stratified and Ekman transport (i.e. offshore-directed
flows near the surface) was present. When the mag-
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Fig. 4. Principal components (PC) analysis biplot of mean
factor loadings on PC 1 and PC 2. Rotated eigenvectors for
each parameter are indicated by squares. The PC 1 and PC
2 eigenvalues were 4.5 and 2.1, respectively. The PC 1 and
PC 2 percent variability explained by each was 50 and
23.3%, respectively. TPF and TNF: total phosphorus and
nitrogen filtered, respectively; TP,y and TN, particulate
components of total phosphorus and nitrogen, respectively;
other abbreviations as in Table 2. Respiration (m) clusters
with particulate concentrations ()

nitude of the wind stress decreased, the inner-shelf
water column began to thermally stratify again due
to solar radiation and Ekman transport was re-estab-
lished in the nearshore (Fig. 5, time = 8.3 d, distances
< 4 km). This Ekman transport carries cold water
toward the coast in the bottom layer and further
enhances stratification. As the wind stress increased
again, Ekman transport intensified, as well as verti-
cal stratification (Fig. 5, time = 10.0 d), until wind
stress became strong enough to break the stratifica-
tion very close to the shoreline and mix the water col-
umn, thereby allowing re-oxygenation of the bottom
water (Fig. 5, time = 10.3 d). The model simulations
indicated that during this process, a mixing front
developed at the very shoreward end of the domain
that defined the area of stratified waters, with
onshore-directed bottom flow from a nearshore zone
of the well-mixed water column that clearly sepa-
rated these 2 domains. Model runs under constant
upwelling-directed winds of similar strength as the
oscillating winds showed no development of Ekman
transport due to enhanced mixing. The same results
were obtained for oscillating winds, but with no solar
radiation included.

The general pattern of flow and temperature con-
ditions provided by the model simulations described
above are in close agreement with that observed in
Long Bay (water quality at Apache Pier and cur-

rent/wind conditions at Springmaid Pier) in the sum-
mers of 2006 and 2007 (Fig. 3). In 2006, low-oxygen
(<3 mg O, I'!) events in the coastal bottom layer
occurred only during the summer season (with high
solar radiation and low river discharge) and under
long periods (>15 d) of upwelling-favorable wind
conditions. In contrast, during the summer of 2007,
no periods of low DO were observed near the coast
and the water column remained thermally homoge-
neous most of the time, providing no evidence of
thermal stratification (Fig. 3a,b).

2009 hypoxic event sampling

In 2009, a severe hypoxia occurred during the
period from 17 to 25 August 2009, followed by a sec-
ond event during the period from 15 to 17 September
2009 (Fig. 6¢). The instantaneously measured DO
concentrations varied within each day following a
predominantly diurnal cycle mixed with a secondary
semidiurnal frequency which led to absolute hypoxic
conditions for a significant part of each day (Fig. 6¢).
Diurnal variability in the instantaneous temperature
record was observed, which is explained by solar
radiation (Fig. 6b). Examination of the low-frequency
variation of the DO concentration shows that this
intra-diurnal variability was accompanied by a
reduction of the diurnal average over time. This
occurred for both surface and bottom signals, with
the latter always being lower (Fig. 6d). A similar ver-
tical difference in daily mean water temperatures
between surface and bottom waters indicated that
thermal stratification had occurred and coincided
with the decreases in DO concentration (Fig. 6d).

Sampling showed that this hypoxic event was spa-
tially limited to nearshore waters (0.25 to 2 km off-
shore) off Greater Myrtle Beach in a fairly cohesive
water mass (Figs. 1 & 7). As with previous events, the
2009 events again coincided with periods of stra-
tification (Fig. 6b,d, vertical differences in water
temperature or thermal stratification) and upwelling-
favorable wind conditions (Fig. 6a, north, north-
eastern-directed wind vectors). It is worth noting that
the oscillating character of the wind prior to and at
the initial stages of each event showed short times of
wind reversal followed by consistent upwelling wind
vectors, similar to those used in the numerical model-
ing (Fig. 6a). Furthermore, DO concentrations were
also found to increase from nearshore (0.25 to
0.85 km) to offshore (2.5 km) (Fig. 7a,b). It should be
noted that the August event occurred during a period
of unusually high astronomic spring tides (Fig. 6e)
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winds, colder bottom water was advected
onto the inner-shelf at the 2 Second
Avenue Pier locations (0.85 and 2.5 km).
These results follow the flow patterns
demonstrated by the numerical model

results presented earlier, indicating that a
10 to 15 d period of upwelling winds could
advect GSW to the inner-shelf and

nearshore during the summer months
when stratification of the water column
occurs.

In comparison to the 2006 to 2008 sum-
mer data, the August 2009 event was

characterized by high concentrations of
nutrients, organic matter, and chl a. The
highest concentrations coincided with the
lowest DO levels. Average total nitrogen
and total phosphorus (whole and filtered)

values in August of 2009 were at least dou-
ble those observed during the 2006 to 2008
sampling (Fig. 8), although the proportions
of total nutrients represented by the par-
ticulate fraction were generally similar.
Furthermore, station-averaged concentra-

tions of POM and chl a were also more
than twice the averages observed during
2006 to 2008 (Fig. 8). Concentrations of
DOC measured in 2009 were only slightly
higher than concentrations measured dur-
ing 2006 to 2008 (Fig. 8). Phytoplankton

15  community composition was assessed on
20 August 2009 and was found to be
largely composed of Proboscia alata,

-101
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Fig. 5. Sections (views toward the north) of temperature (left panels) and

015 0.2
Current velocity (m s™)

a large, surface-mat-forming diatom. Con-
centrations (~5 x 10° to 1 x 105 cells 17}
were higher in bottom water, suggesting
the senescence of P. alata cells.

velocity (right panels) fields of the inner-shelf response to wind-driven
upwelling at the middle of the bay after 8.0, 8.3, 10.0, and 10.3 d of simu-
lation. The colors in the velocity field represent the alongshore velocity

component, while the vectors represent the cross-shore velocity component.

Wind forcing is shown in the upper panel

(Sweet et al. 2009) and this was partially reflected in
the bottom DO signal at Apache Pier (Fig. 6¢), but
was not observed in the signal from the nearshore or
offshore stations where the oscillatory signal recor-
ded was mainly diurnal (Fig. 7a,b). Low-passed bot-
tom temperature (Fig. 6d) and cross-shore current
velocity data (Fig. 6g) showed a coincidence of lower
bottom water temperatures with onshore-directed
bottom flows (Fig. 6g, identified by crosses), which
indicated that after persistent upwelling-favorable

DISCUSSION

Low DO directly off the beach of an open

coastline, away from immediate riverine
discharge, would not be expected from the traditional
conceptual models of hypoxia development (Rabalais
et al. 2010, Zhang et al. 2010). The various observa-
tions and results presented in the current paper lead
us to conclude that low DO events in Long Bay are,
instead, caused by a rather unique combination of re-
gional- and local-scale drivers. The regional-scale
drivers are mainly physical oceanographic processes
and are associated with upwelling and solar radiation.
These physical processes act to concentrate local-



Sanger et al.: Constrained enrichment contributes to hypoxia 25

Wind vel.
(ms)

Q)

Water temp.

DO (mg I)

(c) Iower/

e e T S o L T e

0 -

0

—4

Water level (m)
o
1

cms™!

Elevation (m)

Elevation (m)

—— ——F—

08/10  08/15  08/20 0825  08/30  09/04  09/09  09/14
Month / Day of 2009 (UTC)

Fig. 6. Meteorological and water-quality time series in Long Bay for the period 8 August to 19 September 2009, showing the
correlation of low dissolved oxygen (DO) events with upwelling conditions, including (a) vector diagram of wind velocity
(oceanographic convention), (b) instantaneous (grey lines) and low-passed (33 h cut-off, black lines) water temperature at the
upper (surface) and lower (bottom) water levels, (c) instantaneous (grey lines) and low-passed (black lines) DO concentration
at the upper and lower levels in the water column, (d) difference of low-passed DO concentration (grey line) and temperature
(black line) between upper and lower levels (negative values indicate lower values in sensor closer to the sea bed), (e) tidal
and mean water level variability, (f) low-passed alongshore vertical structure of water flow measured at the offshore station
(positive values shown in light grey colors indicate flow toward the northeast), and (g) low-passed cross-shore flow at the same
offshore station (positive values indicate onshore flow, denoted by crosses). The contour lines in (f) and (g) represent zero
velocity. Vertical shading: periods of (I) consistent upwelling-favorable (light grey), (II) oscillating upwelling (white) and (III)
downwelling-favorable (dark grey) winds. Meteorological and tidal elevation data were collected at Springmaid Pier (NOAA,
NDBC, and NOS stations MROS1 and 8661070). Water-quality data were collected at Apache Pier. Coastline orientation is
~43° from true north
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Fig. 7. Time series in Long Bay for the period from 20 August to 4

September 2009 showing the dissolved oxygen (DO) and tempera-

ture off Second Avenue (a,c) and Springmaid Piers (b,d). Two sites

were sampled off Second Avenue Pier at 0.85 and 2.5 km, and 2 sites
were sample off Springmaid Pier at 0.25 and 2.5 km

scale (terrestrial) inputs of nutrient and organic
matter in the immediate nearshore waters,
which greatly enhances localized heterotrophic
metabolism and consequent oxygen demand, re-
sulting in formation of low DO conditions in
these waters.

The numerical simulations conducted as part
of the present study indicate that southwesterly
wind conditions can transport offshore water
masses all the way to the inner shelf (Fig. 5),
which is in agreement with previous studies
that have shown these winds can force coastal
upwelling along the continental shelf of the
southeastern USA (Atkinson 1985, Gutierrez
et al. 2006). The magnitude of the intrusion
depends on the characteristics (i.e. intensity and
duration) of the southwesterly wind events. The
cross-shore advective scales of the cold water on
the inner-shelf (e.g. distance from the shore)
depend on prevailing stratification (Aretxabaleta
et al. 2006) as this inhibits water-column mixing.
During the summer months, thermal stratifica-
tion is promoted by intense solar radiation which
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is continuously maintained since the moderate inten-
sity of the prevailing wind stress inhibits intense
water-column mixing (i.e. moderate wind speed and
oscillating strength; Fig. 6a). This is intensified by the
development of upwelling circulation from south-
westerly wind forcing which promotes an alongshore
front or barrier to lateral mixing of the very nearshore
water with the offshore water (Fig. 5). It is worth not-
ing that this mechanism does not operate on a tidal
frequency, the only exception was the August 2009
event where some tidal signal was observed which
was likely due to coincidence of this event with
the astronomically high tides observed during this
period. However, this tidal signal appears to be of
secondary importance, as the subtidal levels domi-
nate the signal (Fig. 6¢), and it might be associated
more with a lateral movement of the front as a func-
tion of the highly variable water depth, as has been
suggested by McCoy et al. (2011), or with changes in
vertical mixing induced by large changes in water
depth, or a combination of both.

The association of wind-driven upwelling and bot-
tom water DO conditions predicted by the numerical
simulations could best be seen in the 2009 data. In
the September 2009 event, hypoxic conditions per-
sisted while the wind was predominately from the
southwest, with small oscillatory periods (Fig. 6a,c,
12 to 16 September). The DO concentrations in-
creased when the wind direction changed, relaxing
the upwelling conditions which led to a remixing of
the water column, both surface to bottom and nears-
hore to offshore (Fig. 6a,c, 16 to 18 September). Dur-
ing the August 2009 event, the wind direction did not
change, but, instead, a slight increase in wind speed
and seizing of the initial oscillatory nature of the
wind similar to that in the model resulted in the mix-
ing of the water column (Fig. 6a,c). Under persistent
wind directions, the ocean continuously gains energy
and mixing increases over time allowing this energy
to penetrate to larger depths and keeping bottom
waters oxygenated.

Although this combination of moderate, oscillatory,
upwelling-favorable wind conditions and solar radia-
tion creates the physical pre-conditions necessary for
hypoxia development, the lack of evidence of low DO
conditions at offshore sites (Fig. 7) indicates that
upwelling does not advect a water mass with low DO
or high nutrient concentrations from offshore sour-
ces, as in typical coastal upwelling systems (Grant-
ham et al. 2004, Zhang et al. 2010). Rather, it appears
that the nearshore front of the upwelling system, as
identified in the model and 2009 data (Figs. 5 & 6),
provides a barrier or front that limits dispersion and

increases the residence time of materials entering the
nearshore coastal waters from terrestrial sources
(e.g. tidal creeks, stormwater discharge pipes, sub-
marine groundwater discharge). As the model indi-
cates, this front can extend to very shallow waters
(up to 5 m, the limit of the model), suggesting a very
limited offshore extent of the front. This is further
supported by the limited spatial extent of hypoxic
water both alongshore (~50 km along the length of
the coast) and offshore (~2 km). McCoy et al. (2011)
observed greatly elevated radon-222 activities in
the nearshore of Long Bay during the August 2009
hypoxia period, which can be explained by the
restricted dispersion and trapping of this ground-
water tracer in nearshore waters. This observation
directly supports the notion that materials were not
being mixed out of the nearshore, but, instead, were
confined, both surface to bottom by stratification and
nearshore to offshore by the upwelling front, in a
water mass immediately adjacent to the shoreline.

The importance of terrestrial inputs of nutrient and
organic matter substrates is suggested by consistent
decreasing material concentrations from nearshore
to offshore waters, especially for particulate matter
concentrations (Table 1). During the August 2009
hypoxia event, nutrient and organic matter concen-
trations were substantially elevated relative to mean
concentrations measured during previous summers
(2006 to 2008) when no significant hypoxia events
were observed (Fig. 8). These increases were not
uniform, however. The increase in mean POM con-
centration (123%) was much greater than that of
DOC (42%), but, interestingly, the relative ratio of
chl:POM for the 2009 data was essentially identical to
that for the 2006 to 2008 data. Examination of precip-
itation records from the study area revealed no evi-
dence of significant rainfall immediately prior to this
event, and no differences in precipitation values
between years (except 2007 was a drought year)
were found that would result in a significant change
in the input of materials into the bay during the
August or September 2009 time periods (SC State
Climatology Office unpubl. data). This indicates a
lack of dispersion of terrestrial materials consistently
entering the bay (e.g. via flow from irrigation of
urban landscapes, tidal flushing from tidal creeks,
groundwater) instead of an episodic influx of new
materials. In addition, most of the particulate forms of
organic matter and nutrients measured tended to
show a high degree of covariation (Table 2), suggest-
ing that upwelling processes simply act to constrain
and concentrate all particulate materials equally in
the nearshore bottom waters.
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Pelagic respiration rates in Long Bay were both
substantial and highly variable. The general pattern
of higher rates in nearshore waters compared to off-
shore waters (Table 1) is consistent with previous ob-
servations of respiration in the South Atlantic Bight
(Jiang et al. 2010). Respiration rates measured in the
present study were much more variable, however,
than those reported by Jiang et al. (2010) for inner-
continental shelf waters off Georgia in the summers
of 2003 to 2006 (20.5 to 28.3 ug O, 1I"* h™!) and sub-
stantially greater than respiration rates reported for
the region of the Gulf of Mexico which is susceptible
to hypoxia formation (5.5 to 14.4 pg O, 1" h™'; Murrell
& Lehrter 2011). The significant correlations between
respiration rates and POM, chl a, TNW, TPW, and
DOC concentrations (Table 2) indicate a strong de-
pendence of heterotrophic metabolism on substrate
availability. The fact that these substrates, with the
exception of DOC, were themselves significantly cor-
related makes the use of simple correlation analysis
problematic in determining which individual resource
most strongly regulated the magnitude of in situ res-
piration rates in these waters. However, the fact that
respiration rate tightly clustered with particulate mat-
ter concentrations (Fig. 8) certainly implicates partic-
ulate, rather than dissolved, resources in driving en-
hanced respiration rates under upwelling conditions.

In the majority of hypoxic areas, the organic matter
fueling hypoxia is driven by high anthropogenic nu-
trient inputs stimulating algal blooms that fuel
oxygen demand as the bloom collapses and decays
(e.g. Pinckney et al. 2001, Conley et al. 2002, Nixon et
al. 2008). Although no direct data on primary produc-
tion rates in this area exist, several lines of evidence
suggest that the formation of hypoxia in Long Bay,
South Carolina, may not fit this conventional model.
The general lack of oxygen supersaturation of the
water column during normal conditions, but also im-
mediately preceding the 2009 hypoxia events (Fig. 2),
would imply that net heterotrophy predominates in
these waters (Verity et al. 2006). While relatively high
chl a concentrations have been observed during hy-
poxic periods, chl a concentrations were always high-
estin the bottom waters (Table 1) and always strongly
correlated with POM concentrations (Table 2) such
that chl a:POM ratios remained relatively constant re-
gardless of whether physical conditions promoted up-
welling, or not. In addition, a strong inverse relation-
ship has been observed in Long Bay, South Carolina,
between DO and chl a during both normoxic and
hypoxic periods (Koepfler 2010). These findings
can only be explained if heterotrophic metabolism of
POM, and its associated oxygen demand, exceeds in

situ organic production due to phytoplankton photo-
synthesis and its associated production of oxygen.
Thus, it would appear that microbial respiration lead-
ing to hypoxia depends on a source of organic matter
other than in situ phytoplankton production. How-
ever, the exact source or sources of this organic mate-
rial remains unclear at present, and further data are
clearly necessary to obtain a full understanding of the
input and processing of organic material that is driv-
ing this ecosystem, especially considering the follow-
ing 2 observations: (1) the fraction of POM estimated
to be represented by phytoplankton (averaged 20.2 +
11.1%, assuming chl a represents 1.15% of the ash-
free dry weight of organic phytoplankton biomass
[Reynolds 2006]) is similar to the fraction typically ob-
served in Chesapeake Bay, a eutrophic system driven
by phytoplankton production (Canuel & Zimmerman
1999) and (2) the observation, at least on one date, of
a large mat-forming diatom (Proboscia alata) occur-
ring in high concentrations during the first hypoxic
event of 2009.

In summary, hypoxia in Long Bay, South Carolina,
appears to occur as the result of regional-scale
oceanographic processes limiting cross-shelf disper-
sion of local-scale terrestrial inputs, which then ele-
vate local organic substrate concentrations that fuel
enhanced heterotrophic metabolism and consequent
oxygen demand, resulting in the formation of
hypoxic conditions in nearshore waters. Such condi-
tions persist until wind conditions change to relax
upwelling, which both remixes the water column and
allows for wider dispersion of terrestrial inputs,
thereby restoring oxygen concentrations and reduc-
ing heterotrophic activity due to lowered substrate
availability. This interaction between regional-scale
physical processes and local-scale ecological pro-
cesses appears to be a rather unique mechanism of
hypoxia formation such that Long Bay does not fall
into any of the categories of coastal systems experi-
encing hypoxia described by Zhang et al. (2010). If
worldwide trends are true such that once an area
experiences hypoxia, these low DO events tend to
become more frequent and intense over time (Conley
et al. 2009), we may expect hypoxic conditions in
Long Bay to increase, particularly as human popula-
tion levels are projected to increase, which will likely
enhance terrestrial runoff of nutrients and organic
matter. We hypothesize that increasing terrestrial
loadings associated with continued urban develop-
ment along the Greater Myrtle Beach area will
decrease the physical threshold necessary for the
development of hypoxia in Long Bay, and, as such,
hypoxic events might affect tourism and, conse-
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quently, the economy of the region. Future research
on the relative contributions of loadings from each
terrestrial source (e.g. stormwater outfall pipes, tidal
creeks, groundwater) is critical before developing
potential management actions. In addition, ascer-
taining the specific threshold levels for hypoxia
development in Long Bay will require a better mech-
anistic understanding of the relative roles played by
physical conditions, terrestrial loading, and in situ
DO processes in influencing nearshore water quality
and DO dynamics.
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