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ABSTRACT
The Deepwater Horizon (DWH) oil spill in the Gulf of Mexico (GoM) in the spring of
2010 introduced 4.4 million of barrels of oil to the ecosystem. Some biodegradation of the oil
occurs when microorganisms, particularly bacteria, metabolize the oil as a carbon source.
During this process, the microbes also require nutrients for energy. An introduction of oil at this
magnitude has the ability to induce large blooms of microbes, which in turn can affect nutrient
concentrations. Microbial petroleum degradation decreases nutrient concentrations, whereas the
microbial assimilation and decay of organic matter increase nutrient concentrations. This study
assessed whether any changes in nitrate, ammonium, and/or phosphate concentrations from
historical levels could be attributed to the oil spill as a result of biodegradation, and how those
changes can impact the GoM ecosystem. Nutrient samples were collected at discrete depths
throughout the water column, in a cross-shelf transect inland from the spill site outside the
DeSoto Canyon, in August 2010, February 2011, and May 2011 (four months to one year after
the spill). In August 2010, a subsurface oil plume was found at depths of 1000 m to 1200 m. At
the same depth of ~1000 m, a significant decrease in nitrate was observed, indicating the
biodegradation of oil by heterotrophic bacteria of the aphotic zone, compared to earlier data
during August 2000, when no known oils were present. Overall temporal increases in
ammonium and dissolved organic nitrogen (DON) were observed both in near-surface waters
and at an intermediate depth of ~400 m next to the walls of the DeSoto Canyon, suggesting an
incremental die-off of both plankton and benthic organisms during accelerated recycling of
nutrients. Continued decreases of phosphate were observed into February 2011, supporting
v

ongoing biodegradation then as well. By May 2011, however, there were more increases in nearsurface ammonium concentrations, compared to April 2000, with the implication that continued
interseasonal recycled nitrogen accumulations may have been due to a decadal ecological regime
shift, after a combination of top-down overfishing, petroleum perturbations, and/or increases of
toxic harmful algal blooms (HABs).
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INTRODUCTION
Hydrocarbon seeps in the ocean occur naturally, though most are only small volumes
released periodically. There are an estimated 22,000 natural seeps in the Gulf of Mexico (GoM),
and they release between 1,500 and 3,800 barrels of oil per day (Joye et al., 2014). The
components of these natural seeps have little impact on surrounding waters because the volumes
are small (compared to a large accidental spill) and the ecosystems are adapted to such
conditions (Joye et al., 2014). Occasionally, however, anthropogenic events cause hydrocarbons
to enter the environment on much larger scales. On April 20, 2010, an explosion aboard the
Deepwater Horizon (DWH) oil rig in the GoM caused an estimated 4.4 x 106 ± 20% barrels of
oil to spill into Gulf waters over 84 days (Crone and Tolstoy, 2010) from a depth of about 1500
meters (Wade et al., 2011).
Crude oil is made up of different forms of hydrocarbons, generally referred to as total
petroleum hydrocarbons, or TPHs. Among hydrocarbon components of the spilled oil were
benzene, toluene, ethylbenzene, and xylene (BTEX) and polycyclic aromatic hydrocarbon (PAH)
compounds. BTEX compounds are of low molecular weight, making them more volatile and
subject to evaporation through weathering, and constitute approximately 1% of oil (Wang et al.,
1995). Camilli et al. (2010) found a subsurface plume in June 2010 at 1000-1200 meters, with
estimates that more than 5,500 kg day-1 of BTEX accumulated in this plume alone. PAHs are
toxic components of oil, and are considered carcinogenic and mutagenic (Liu et al., 2014),
especially to fish larvae (Incardona et al., 2004), bacteria, and phytoplankton (Paul et al., 2013).
Approximately 2.1x1010 g PAHs were released during the DWH spill, making up about 3.9% of
1

the oil (Reddy et al., 2012). PAHs in DWH surface oil included naphthalene, phenanthrene,
fluoranthene, and pyrene (Liu et al., 2014).
The first components of oil to degrade in the marine environment are short chain alkenes,
such as BTEX, which either evaporate (Atlas and Bartha, 1998) or are biodegraded by
microorganisms (Atlas, 1995). Oil compounds of greater complexity are more resistant to
biodegradation, so the rates at which microbes can degrade them are slower (Atlas, 1995).
Marine sediments retain the remaining intermediate-chain alkenes, long-chain alkenes, and
hydrocarbon aromatics, such as PAHs for longer time periods (Atlas and Bartha, 1998). In an
effort to prevent these more complex compounds from reaching beaches and remaining in the
sand, chemical dispersants can be applied to spill areas to form small droplets of oil and
surfactant (Ramachandran et al., 2004) which sink out of surface slicks. During the DWH spill,
Corexit 9500 was used as a dispersant for this purpose (Hazen et al., 2010). Although this action
most likely did lessen coastal impacts along Gulf shores, the sinking of micro droplets of oil
through the water column potentially altered not only the distribution of nutrients in the GoM,
but also the biological community as a whole, by enhancing already present subsurface plumes
of oil (Paris et al., 2012) that were sustained due to reduced weathering effects.
Nutrients are important to ecosystems, and changes in normal nutrient distributions can
have adverse effects. Nutrients directly affect primary production, and therefore whole food web
dynamics. Inorganic nitrogen (in the forms of nitrate, nitrite, and ammonium) and inorganic
phosphorus (in the form of phosphate) are the most commonly identified limiting nutrients to
phytoplankton production (Valiela, 1995). A typical distribution of dissolved inorganic nutrients
in seawater shows low concentrations at the surface due to uptake by phytoplankton, with higher
concentrations at depth, as a function of nutrient regeneration from organic to inorganic forms.
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Typical nutrient concentration ranges in the GoM are zero µM at the surface to 2 µM subsurface
for phosphate, 30 µM subsurface for nitrate, and 0.3 µM subsurface for ammonium (Jochens and
Nowlin, 2000).
Inorganic nutrients are fixed into organic compounds at the surface by phytoplankton
(Eppley and Peterson, 1979). As these organisms die and sink through the water column, they
carry particulate organic matter to the sea bottom, while releasing dissolved organic matter
(DOM) into the surrounding pelagic and interstitial waters. After zooplankton consume organic
matter, they secrete waste as both dissolved materials (i.e. ammonium) and solid fecal pellets
(Ducklow et al., 2001). The fecal pellets sink, as do dead zooplankton, taking with them the
fixed organic matter. The dead organisms and fecal pellets can aggregate naturally, forming
marine snow.
In the case of the northern GoM following the DWH event, these aggregations were
enhanced by increased release of biopolymers as microbial and plankton stress responses to
petrochemicals (Passow et al., 2012). This marine snow was then also combined with
sedimentary material from the Mississippi River and oil droplets, which caused it to settle out of
suspension at rates of hundreds of meters per day (Passow et al., 2012) at the same speed as fecal
pellets. The DOM, whether originating from recent plankton, or ancient fossil petroleum, can be
used by bacteria at depth, which release inorganic nutrients back into the water via
remineralization (Ducklow et al., 2001), contributing to the higher concentrations of inorganic
forms observed in the aphotic zone. Ancient petroleum contains very few phosphorus and
nitrogen compounds, however, so utilization of the carbon substrates by bacteria must be
supplemented with external supplies of dissolved nutrients, while competing against
phytoplankton in the euphotic zone of the upper water column.
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Physical processes also play a role in the vertical distribution of nutrients. Upwelling of
nutrient rich water brings “new nutrients” to the surface (Dugdale and Goering, 1967).
Dissolved phosphate, nitrate, and ammonium are transported horizontally by currents, and
ammonium can be transported while adsorbed to particles (Valiela, 1995). By these routes, oil
effects on nutrients may be observed in areas of the GoM that may not have been directly
affected (i.e., no physical petroleum contact) by the spill.
Nitrogenous nutrients like nitrate and ammonium exhibit a heterotrophic cycle in which
they are added and removed from the ecosystem by bacterial production and uptake in the
aphotic zone. Nitrate is removed through the bacterial-driven process of denitrification, during
which nitrate is returned to molecular nitrogen gas pools of the oceans and atmosphere. This is a
phosphate-limited process (deBarbadillo et al., 2006) that usually requires organic compounds
and little to no oxygen (Pilson, 1998), although it has also been observed under aerobic
conditions (Ward, 1996; Robertson and Kuenen, 1984). In the GoM, denitrification typically
happens in sediments and hypoxic waters, such as those near the Mississippi River delta (Wu et
al., 2008). Conversely, nitrification removes ammonium from the system and produces nitrite
and nitrate. This process is carried out by bacteria, and is limited by oxygen supply (Valiela,
1995).
Alternatively, ammonium can also be oxidized in anaerobic conditions with nitrite, which
is referred to as Anammox (Dalsgaard et al., 2005). Denitrification causes the greatest loss of
nitrogen from aquatic systems, and is enhanced by nitrate supplied from coupled
nitrification/denitrification (Valiela, 1995). This happens when the release of ammonium from
decaying organic matter fuels the process of nitrification, thus leading to denitrification and
preventing an accumulation of ammonium (Codispoti and Christensen, 1985). Finally, when
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excessive accumulations of ammonium prevail, although mortality of organisms may accelerate,
this recycled, transient form of inorganic nitrogen is an otherwise desirable substrate for removal
from the water column by growth of both bacteria and phytoplankton (Fanning et al., 2015).
Phytoplankton in the GoM have adapted to grow in oligotrophic conditions (Howarth,
1988), for example, where nutrients are already at low concentrations. Competing bacterial
utilization of nutrients could deprive phytoplankton of autotrophic growth substrates, resulting in
suppressed growth of the phytoplankton. The typical Redfield C:N:P ratio for the elemental
composition of phytoplankton is 106:16:1 (Redfield et al., 1963), while the body ratios of C:N:P
in marine bacteria are 45:9:1 (Goldman et al., 1987).
If the surrounding seawater is nutrient deficient, then the element composition ratio in the
phytoplankton cells will deviate from the Redfield ratio, such that cell growth and division will
be stunted (Redfield et al., 1963). Moreover, when dissolved silicate stocks, required for
formation of diatom frustules, are reduced and result in much larger nitrate/silicate ratios than an
N:Si ratio of one (Bryzezinski, 1985), silicate-limitation prevents dominance of diatoms by the
competitive exclusion of these otherwise fast growing phytoplankton.
Together with reduction of grazing pressures due to influxes of petroleum, heavy metal
(Hg), pesticide, and radionuclide poisons during overfishing induced trophic cascades (Walsh et
al., 2015), in which altered nutrient-limitations could potentially cause large fluctuations of
biochemical cycles since phytoplankton represent the majority of marine biomass (Redfield et
al., 1963). Alternatively, an increase in nutrients during eutrophication would stimulate the
growth of other, more nutrient-limited phytoplankton species (Howarth, 1988), potentially
leading to harmful algal blooms (HABs), more dead fish (Walsh et al., 2009), and eventually a
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decrease in oxygen as those blooms and poisoned fish die during circulation through the marine
biological pump.
The oil itself might not have a direct impact on nutrient concentrations, but the presence
of recent oil spills could have induced incremental microbial activity through the addition of
other carbon substrates, besides dead organisms, which do have an impact on biogeochemical
cycling of other nutrients. Microbial, heterotrophic bacteria also use nitrogen and phosphorus
nutrients to metabolize dissolved organic carbon (Alexander, 1994), in competition with the
photosynthetic production of particulate organic carbon by phytoplankton within the oligotrophic
~100 m euphotic zone.
Approximately seven percent of microbial populations possess the ability to metabolize
oil (Yang et al., 2014) containing negligible amounts of organic nitrogen and phosphorus,
including gamma-proteobacterial communities which employ oil (petroleum hydrocarbons) as a
carbon source (Horel et al., 2012) from natural oil seepages in the marine environment.
Anthropogenic oil spills thus have the potential to cause substantial increases in these microbial
communities (Kostka et al., 2011). Such an input of carbon to the GoM ecosystem at the scale of
the DWH oil spill could potentially have initiated a large bloom of these carbon-metabolizing
microbes, if ambient nitrogen and phosphorus supplies were available and sufficient for
utilization.
The ten-fold increase of HABs, specifically of fish-killing Karenia brevis, before the oil
spill in 2010 (Walsh et al., 2015) and their consequent demands of dead fish as poisoned
maintenance nutrient sources (Walsh et al., 2009), together with the addition of oil carbon
sources to extant GoM microbial communities, may have exacerbated already intensified
bacterial remineralization processes of organic matter. During the prior large HABs of >75 µg/L
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chlorophyll of K. brevis in 2001, alpha-proteobacterial decomposers of the DON of free amino
acids, urea, and proteins were already present as the dominant Roseobacter clade on the WFS
(Jones et al., 2010), capable of killing phytoplankton (Mayali et al., 2008; Riclea et al., 2012) at
HAB demise (Lenes et al., 2013).
In terms of vertical distributions of the GoM microbial communities during March 2010,
when no seasonal HABs had yet initiated, or throughout 20 April to 15 July 2010, as a
consequence of successful diatom competition (Weisberg et al., 2014) over the euphotic zone,
the ratio of alpha/gamma-proteobacterial communities was 1.7 within the upper 100 m (King et
al., 2013). By contrast, deeper within the euphotic zone, the gamma-proteobacterial community
of natural oil spill bioremediators then dominated, with an alpha/gamma of <1.0 (King et al.,
2013).
The biodegradation potential of these latter organisms had led to their use in deliberate
bioremediation efforts following prior oil spills. Within oligotrophic waters, nutrients in the
forms of ammonium, nitrate, and phosphate have been added to spill areas as fertilizers to
increase microbial activity (Atwood and Ferguson, 1982). After the IXTOC-1 oil spill in 1979,
the application of nutrient fertilizers was most effective at the surface within floating oil patches,
where nutrient concentrations were typically depleted to <1μM (Atwood and Ferguson, 1982).
Edwards et al. (2011) found that microbial biodegradation potential following the DWH spill
was phosphate limited at the surface.
By contrast, within subsurface waters, where dissolved nutrients are in higher
concentrations away from phytoplankton competitors, larger amounts of nitrogen and
phosphorus would support growth in bacterial populations. An increase in such aerobic
microbial activity would also lead to the draw-down of dissolved oxygen. Moreover, under
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anoxic conditions, some oil metabolizing bacteria, such as Enterobacter aerogenes, are also able
to use nitrate for anaerobic respiration (Payne and Wiebe, 1978). Both of these processes have
the potential to reduce nutrient concentrations where oil is present in seawater.
The death of a large bloom of plankton and/or nekton can lead to an increase in
ammonium concentrations as bacterioplankton convert organic nitrogen from the dead
organisms. Under sufficiently low carbon and nutrient substrates, free-living bacteria can switch
to particle-attachment modes, reflected in bacterial-induced lysis of HABs (Lenes et al., 2013).
The toxicity of petrochemical poisons, left behind during bacterial bioremediation of an oil spill,
also varies.
Initially, these microbes preferentially use lower molecular weight compounds of oil
(Johnsen et al., 2005), and the remaining high molecular weight compounds left behind in the
oil-water emulsion can inhibit microbial growth (Horel et al., 2012). Furthermore, of the
algicidal bacterioplankton, 45% are gamma-proteobacteria (Roth et al., 2008). Consequently,
upwelled injections of oil toxins of greater potencies (Paul et al., 2013, McDaniel et al., 2015,
Weisberg et al., 2015), as well as HAB-killers from aphotic stores of resident algicidal
bacterioplankton not usually in contact with autotrophs, would accelerate plankton and nekton
deaths, with subsequent remineralization of larger amounts of recycled nitrogen.
Droplet size also has an effect on how quickly and effectively bacteria are able to
metabolize oil. The use of dispersant causes a reduction in droplet size, increasing the surfaceto-volume ratio and therefore bacterial contact with the oil (Traxler and Bhattacharya, 1978).
This allows for the biodegradation of some less water soluble compounds that would not
otherwise be removed (Traxler and Bhattacharya, 1978). While the Corexit used in this spill
may have enhanced biodegradation, it also may have inhibited the growth of other nekton
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(Ramachandran et al., 2004), plankton grazers, phytoplankton (Hsiao et al., 1978), and bacteria,
altering the distribution of carbon (King et al., 2014) and nutrient pools in the water column.
Nutrient distributions and time series of their dissolved and particulate forms are thus an
important tool for validation of eventual causal models of the effects of spilled oil on the marine
environment. Nutrient availability in the affected area of the spill can promote biodegradation,
while nutrient depletion can prevent it. Nutrient depletion can also serve as an indicator of past
biodegradation processes that have occurred, while anomalously large nutrient increments
suggest an unbalanced system state, en route to a potentially irreversible state. Thus, it is very
important to identify where and when changes in nutrient concentrations have occurred in
relation to the decomposition of oil during transit from the sea bottom to surface waters: the
focus of this study.
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METHODS
Study Area
This study was conducted outside of the DeSoto Canyon, along a transect of three
stations (DSH08: 1050 m deep at 29.1003N, 087.8816W; DSH10: 1500 m deep at 28.9757N,
087.8665W; and DSH09: 2010 m deep at 28.6406N, 087.8824W), 45-65 km east of the DWH
site in the GoM (Figure 1). These stations were selected based on simulated oil trajectories (Liu
et al., 2011), which generally showed movement in a northeastward direction from the DWH
site.

Figure 1. Map of the study area. The Deepwater Horizon site is marked as *DWH. The other
black labels are stations of the DSH transect analyzed in this study. The red labels are stations
for the NEGOM historical reference data.
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Nutrient sampling occurred over the course of one year following the spill, aboard the
Florida Institute of Oceanography’s research vessel Weatherbird II on three cruises: August
2010; February 2011; and May 2011. A CTD was used to measure conductivity, temperature,
density, chlorophyll (excitation/emission 470/695 nm), dissolved oxygen (DO), and colored
dissolved organic matter (CDOM). On the CTD, a Seabird instrument package (ECO-AFL/FL
chlorophyll fluorometer, SBE 43 DO sensor, and ECO-CDOM fluorometer) was employed.
Discrete seawater samples were collected using a 12-bottle Niskin rosette.
An earlier series of transects in the Northeastern Gulf of Mexico (NEGOM) were
obtained from April and August 2000 as part of another chemical oceanography and
hydrography study (Jochens and Nowlin, 2000). Nutrient data were collected along an
additional eleven transects. The results of one station from each of those transects (Figure 1)
were employed in this study as historical references. The prior eleven stations were occupied at
the edge of the West Florida Shelf (WFS) along the 1000 m isobath, chosen for their proximity
and depths comparable to those of this study.
Analytical Methods
The discrete water samples from the Niskin bottles were collected in 30 mL high-density
polyethylene (HDPE) bottles. The samples were then frozen for later analysis. The depths
sampled varied by station and date, and the range spanned the entire water column at each
location. The features of the water column sampled included the thermocline, halocline, oxygen
minimum, chlorophyll maximum, and any other fluorescence maxima that indicated the presence
of oil. All of the cruises consistently sampled the same features, albeit with some vertical
modifications because of changes in the water column positions of the above parameters. A total
of 115 seawater samples were collected.

11

The frozen samples were thawed in a water bath and analyzed at the Oceanic Nutrient
Laboratory of the College of Marine Science at the University of South Florida (USF).
Dissolved inorganic nutrients (phosphate, nitrate + nitrite, and nitrite) were measured using the
methods described in Gordon et al. (2000) on a segmented flow Technicon AutoAnalyzer II.
Minor modifications of the ammonium technique (Gordon et al., 2000) were required to extend
the dynamic range to 30 µM for high ammonium waters. The flow rates for the nitroprusside,
hypochlorite, phenolate, citrate, sample, air bubble, and waste draw were decreased to 50, 50, 50,
320, 600, 160, and 1200 µL/minute, respectively. Low nutrient seawater (LNSW) was used as a
matrix, deionized water was used as a reagent blank, and a refractive index correction was
applied to the data. Detection limits for phosphate, nitrate + nitrite, nitrite, and ammonium were
0.14 µM, 0.22 µM, 0.02 µM, and 0.38 µM, respectively. These limits were calculated according
to methods by Miller and Miller (1992), and are three times the standard deviation of the yintercepts from standard curves generated with concentration units on the y-axis.
For this research, total dissolved nitrogen (TDN) was assumed to be composed of
dissolved organic nitrogen (DON), nitrate, nitrite, and ammonium. TDN samples from the
Niskin bottles were diluted 2:1 with deionized water. A potassium persulfate solution was
added, and an autoclave was used for 30 minutes at 121°C and 15 lb/in2 to complete the process
of oxidizing all of the reduced components of TDN to nitrate for analysis. TDN concentrations
were thus measured as nitrate on a segmented flow Astoria Analyzer in the Oceanic Nutrient
Laboratory, according to the methods of Valderrama et al. (1981), using deionized water as a
matrix. DON was calculated by subtracting the sum of the dissolved inorganic nitrogen (nitrate,
nitrite, and ammonium) from the TDN after the persulfate oxidation.
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Chlorophyll
Whole water samples were collected in dark, 4 liter HDPE bottles from the Niskin rosette
casts. Based on low phytoplankton estimates, 250 mL of seawater were filtered on board
through GF/F filters (0.7 μm). The filters were folded, placed in foil, and frozen until later
analysis ashore. The thawed samples were extracted in methanol (Holm-Hansen, 1965) for
measurement of chlorophyll.
Statistical Methods for Nutrient Data
To determine when vertical nutrient profiles were statistically different, GoM
concentration data were analyzed with a paired Student’s t-test. NEGOM data from the 11
earlier stations were averaged at depths consistent with those sampled in this study (+/- 10m).
Those averages were used in the t-test for comparison against profiles from this study. If the
experimental t values (texp) were greater than critical t values (tcrit) at the 95 percent confidence
level, then the nutrient data were determined to be significantly different. To determine if data
points were statistically different from other outlying points at any depth, the outlying points
were also analyzed with a Dixon’s Q-test. If the experimental Q values (Qexp) were greater than
critical Q values (Qcrit) at the 95 percent confidence level, then these data were determined to be
significantly different.

13

RESULTS
Phosphate
Phosphate observations during August 2010 did not differ significantly from the August
2000 NEGOM data (Table 1, Figure 2). The earlier summer NEGOM phosphate concentrations
ranged from 0.00-2.00 μM, while the range in August 2010 was similarly 0.00-1.99 μM. During
February 2011, however, below depths of 500 m at all three stations, there were smaller
concentrations of phosphate, compared to the April 2000 NEGOM levels (Figures 3-5), with
significant differences at DSH08 (texp=2.45, tcrit=2.36) (Table 2) and DSH09 (texp =3.84,
tcrit=2.31) (Table 3). In presumed response to continued upwelling (Weisberg et al., 2014; Walsh
et al., 2015), phosphate concentrations increased from February 2011 to May 2011 (Figures 3-5),
with then no significant differences between observations taken in May 2011 of this study and
the April 2000 NEGOM profiles.
Table 1. Phosphate, nitrate, and ammonium data at DSH08 from August 2010 and NEGOM
averages from August 2000. The data are significantly different for ammonium (texp=3.63,
tcrit=2.36). *At 1000 m depth, nitrate is significantly different between DSH08 in August 2010
and NEGOM in August 2000 (Qexp=0.939, Qcrit=0.710).
Depth
(m)
Surface
20
50
100
200
275
400
1000

PO4 (μM)
Aug-00
Aug-10
0.03
0.01
0.04
0.31
1.00
1.02
1.58
1.73

0.02
0.07
0.08
0.40
0.95
1.33
1.41
1.70

NO3 (μM)
Aug-00
Aug-10
0.13
0.04
0.19
6.83
18.35
18.09
26.54
26.60*
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0.00
0.00
0.00
1.65
7.27
20.01
24.53
19.46*

NH4 (μM)
Aug-00
Aug-10
0.08
0.13
0.10
0.04
0.04
0.04
0.03
0.03

0.07
0.77
0.70
0.58
0.44
0.53
0.06
0.08

PO4 (µM)
0
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1

1.5
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Depth (m)

500

1000

1500
NEGOM
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Figure 2. Phosphate profiles of NEGOM data (August 2000) and stations DSH08, DSH09, and
DSH10 (August 2010).
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Figure 3. Phosphate profiles for NEGOM in April 2000 and station DSH08 for cruises in
February 2011 and May 2011.
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Figure 4. Phosphate profiles for NEGOM in April 2000 and station DSH09 for cruises in
February 2011 and May 2011.
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Figure 5. Phosphate profiles for NEGOM in April 2000 and station DSH10 for cruises in
February 2011 and May 2011.
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Table 2. Phosphate, nitrate, and ammonium data at DSH08 from February 2011 and May 2011,
and NEGOM averages from April 2000. The February profiles are significantly different from
the April 2000 data for phosphate (texp=2.45, tcrit=2.36) and nitrate (texp =2.40, tcrit=2.36). The
ammonium profile in May is significantly different from the April 2000 data (texp=3.51,
tcrit=2.45).
Depth
(m)

PO4 (μM)
Apr-00 Feb-11 May-11

Apr-00

NO3 (μM)
Feb-11
May-11

NH4 (μM)
Apr-00 Feb-11 May-11

Surface
20

0.04
0.03

0.02
0.04

0.12
0.06

0.04
0.05

0.00
0.26

0.00
0.00

0.04
0.05

0.00
0.00

0.18
0.12

50

0.03

0.07

0.07

0.07

1.15

0.00

0.04

0.00

0.01

100
200

0.28
0.98

0.30
0.73

0.58
--

5.72
18.24

6.73
16.50

9.85
--

0.04
0.03

0.00
0.00

0.09
--

275

1.11

1.21

1.58

20.80

24.79

24.91

0.02

0.00

0.00

400
1000

1.53
1.68

0.98
0.95

1.84
1.55

26.45
26.30

19.30
15.70

28.44
21.26

0.03
0.03

0.00
0.00

0.00
0.00

Table 3. Phosphate, nitrate, and ammonium data at DSH09 from February 2011 and May 2011,
and NEGOM averages from April 2000. The phosphate profile in February 2011 is significantly
different from April 2000 data (texp =3.84, tcrit=2.31). Nitrate at 750 m is significantly different
between April 2000 and May 2011 (Qexp=0.979, Qcrit=0.625).
Depth
(m)

PO4 (μM)
Apr-00 Feb-11 May-11

NO3 (μM)
Apr-00 Feb-11 May-11

Apr-00

NH4 (μM)
Feb-11
May-11

Surface
30

0.04
0.07

0.03
0.07

0.00
0.00

0.04
0.04

0.00
0.02

0.00
0.00

0.04
0.08

0.00
0.00

0.00
0.00

50

0.03

0.06

0.00

0.07

0.00

0.00

0.04

0.00

0.00

75
100
300
400
750
1000

0.08
0.28
1.30
1.53
1.80
1.68

0.31
0.07
0.85
1.19
1.49
1.28

0.02
0.31
1.45
1.71
1.44
1.73

1.03
5.72
22.87
26.45
29.05*
26.30

0.09
0.00
18.19
24.81
29.05
22.87

0.53
6.02
23.40
27.12
20.22*
25.89

0.05
0.04
0.05
0.03
0.05
0.03

0.01
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
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Nitrate
Interannual changes in nitrate concentrations between NEGOM profiles of 2000 and this
study were more pronounced than those of phosphate. In August 2010 at station DSH08, nitrate
concentrations of 19.46 μM at a depth of 1000 m were significantly decreased from historical
levels of 26.60 μM (Qexp=0.939, Qcrit=0.710) (Figure 6). By February 2011, already reduced
nitrate concentrations of the aphotic zone had further declined to 15.70 µM at station DSH08 and
17.61 µM at station DSH10 (Figures 7 and 8). These February nutrient profiles for stations
DSH08 (texp=2.40, tcrit=2.36) and DSH10 (texp=3.08, tcrit=2.36) were significantly different from
the April 2000 NEGOM profiles (Tables 2 and 4, respectively). These decreases of nitrate,
combined with the apparent depletions of phosphate at similar depths, were both indicative of
aerobic denitrification processes (deBarbadillo et al., 2006).
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Figure 6. Nitrate profiles of NEGOM data (August 2000) and stations DSH08, DSH09, and
DSH10 (August 2010).
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Figure 7. Nitrate profiles for NEGOM in April 2000 and station DSH08 for cruises in February
2011 and May 2011.
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Figure 8. Nitrate profiles for NEGOM in April 2000 and station DSH10 for cruises in February
2011 and May 2011.
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Table 4. Phosphate, nitrate, and ammonium data at DSH10 from February 2011 and May 2011,
and NEGOM averages from April 2000. Data are significantly different between April 2000 and
February 2011 for nitrate (texp =3.08, tcrit=2.36) and ammonium (texp =2.42, tcrit=2.36). *In May
2011, the ammonium at the surface (Qexp=0.993, Qcrit=0.466), 20 m (Qexp=0.969, Qcrit=0.710),
and 400 m (Qexp=0.993, Qcrit=0.568) were significantly different from ammonium at the same
depths in April 2000.
Depth
(m)

PO4 (μM)
Apr-00 Feb-11 May-11

NO3 (μM)
Apr-00 Feb-11 May-11

NH4 (μM)
Apr-00 Feb-11 May-11

Surface
20

0.04
0.03

0.01
0.17

0.15
0.09

0.04
0.05

0.05
9.28

1.27
0.03

0.04*
0.05*

0.00
0.52

2.69*
0.67*

50

0.03

0.08

0.14

0.07

3.52

0.00

0.04

0.15

0.00

150
300

0.64
1.30

0.58
1.21

-1.09

12.64
22.87

8.99
25.73

-16.56

0.05
0.05

0.00
0.00

-0.00

400

1.53

1.73

1.28

26.45

27.29

17.70

0.03*

0.19

5.92*

750
1000

1.80
1.68

1.88
1.31

-1.82

29.05
26.30

27.69
17.61

-26.73

0.05
0.03

0.14
0.00

-0.00

Ammonium
Major significant changes from historical data were observed in ammonium profiles of
near-surface waters. During August 2010, the ammonium concentrations were elevated at
DSH08, with the highest concentrations found near the surface (Figure 9). Then, the mean was
~0.80 μM at station DSH08, compared to a four-fold smaller amount of ~0.20 μM measured
there in August 2000 (Figure 9). Ammonium concentrations were then also elevated to a
maximum of~0.5 μM near the surface of station DSH10 in August 2010 (Figure 9). Within a
water depth of 275 m at the shallow station DSH08 along the DeSoto Canyon wall, the
ammonium concentration of presumed benthic community origins was 0.53 μM in August 2010,
compared to just 0.04 μM at the same depth in August 2000 NEGOM profiles (Table 1). Indeed,
the entire DSH08 depth profile in 2010 differed significantly (texp=3.63, tcrit=2.36) from those of
the August 2000 NEGOM profiles (Table 1).
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Figure 9. Ammonium profiles of NEGOM data (August 2000) and stations DSH08, DSH09, and
DSH10 (August 2010).
During February 2011, similar anomalous recycled nutrient results were obtained.
Ammonium concentrations were again elevated (Figures 10 and 11) at the surface of stations
DSH08 (0.49 μM) and DSH10 (0.52 μM), compared to ten-fold smaller amounts of ~0.05 μM
there in April 2000. By May 2011, increased ammonium concentrations of station DSH08 still
remained at 0.18 µM within surface waters and 0.24 µM at a depth of 500 m (Figure 10), with
again the entire depth profile differing significantly from those of the April 2000 NEGOM data
(texp=3.51, tcrit=2.45) (Table 2).
Station DSH10 showed the most significant changes of ammonium during May 2011
(Figure 11). Ammonium concentrations of this intermediate depth station reached 2.69 μM at
the surface, 0.67 μM at 20 m, and 5.92 μM at 400 m (Table 4). All three of these increments of
ammonium were significant, compared with April 2000 NEGOM data (Qexp=0.993, Qcrit=0.466;
Qexp=0.969, Qcrit=0.710; and Qexp=0.993, Qcrit=0.568; respectively).
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Figure 10. Ammonium profiles for NEGOM in April 2000 and station DSH08 for cruises in
February 2011 and May 2011.
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Figure 11. Ammonium profiles for NEGOM in April 2000 and station DSH10 for cruises in
February 2011 and May 2011.
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Dissolved Organic Nitrogen
Dissolved organic nitrogen (DON) concentrations in August 2010 exhibited a pattern of
both surface and near-bottom accumulations, yielding higher amounts at station DSH08 than
over the water columns of stations DSH09 or DSH10 (Figure 12). The larger range of DON
concentrations at DSH08 was 5.91-15.92 μM, compared to ranges of 0-9.74 μM at DSH09 and
0-7.18 μM at DSH10. The DON concentrations at DSH08 were highest at the surface, with
elevated surface concentrations of ammonium there as well. While most other stations fell
within a normal, marine DON range of 2-10 μM range (Pilson, 1998) with an average of 4.5 μM
(Figure 13), station DSH08 in August 2010 had more DON, averaging 10.4 μM. From August
2010 to February 2011 (Figure 13), the mean DON concentrations of the water columns
decreased, with a significant (texp=4.79, tcrit=2.36) decline (Table 5) of 7.84 µM at station
DSH08, due to presumed physical dispersion and biotic usage. By May 2011, the DON
concentrations had increased significantly (texp=5.1, tcrit=2.26) at station DSH08 (Table 6), while
they remained about the same at DSH09 (Figure 13).
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Figure 12. Dissolved organic nitrogen for August 2010 at stations DSH08, DSH09, and DSH10.
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Figure 13. A comparison of DON averages for DSH08, DSH09, and DSH10 in August 2010,
February 2011, and May 2011, with standard deviation bars.

Table 5. DON data at DSH08 from August 2010 and February 2011. The data are significantly
different between August and February (texp=4.79, tcrit=2.36).
Depth
(m)

DON (µM)
Aug-10

Feb-11

Surface
20
50
100
300
400
1000
1050

15.92
9.15
8.02
12.29
6.21
9.81
14.15
5.91

6.09
6.81
6.42
4.76
0.35
2.79
0.00
0.00
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Table 6. DON data at DSH08 from February 2011 and May 2011. The data are significantly
different between February and May (texp=5.1, tcrit=2.26). (*0.00 μM DON values indicate
concentrations below the method detection limit.)
Depth
(m)

DON (µM)
Feb-11

May-11

Surface
10
20
50
75
100
300
500
750
1000

6.09
0.00
6.81
6.42
7.52
4.76
0.35
0.00*
0.00*
0.00*

8.71
9.73
6.67
9.88
10.40
6.72
7.13
6.26
6.21
6.51

Dissolved Oxygen
Dissolved oxygen concentrations in August 2010 differed significantly from both those
of NEGOM cruises in 2000 and the other cruises of February and May 2011 (Table 7). The
oxygen minima during August 2010 were 88 μmol/kg at DSH08, 86 μmol/kg at DSH09, and 97
μmol/kg at DSH10. By contrast, the average oxygen minimum of the NEGOM cruises was 120
μmol/kg (standard deviation 1.5 μmol/kg) in 2000. Among the three stations in February and
May 2011, the average minimum was 116 μmol/kg (standard deviation 1.4 μmol/kg).
It should also be noted that, in Figure 14, the dissolved oxygen concentrations we
measured at nearly all depths in the upper 2000 m for DSH08, DSH09, and DSH10 on the date
closest to the DWH spill (August 2010) were distinctly lower than the dissolved oxygen
concentrations measured at DSH08, DSH09, and DSH10 just a few months later, in 2011. Those
oxygen profiles had essentially returned to the NEGOM oxygen profiles measured 11 years
earlier. This finding suggests a major chemical process in the upper 2000 m, which is consistent
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with a finding that August 2010 fluorescence profiles for the upper 2000 m at DSH08, DSH09,
and DSH10 showed strong positive offsets from fluorescence profiles for the same locations a
few months later in 2011 (Figure 15). Many details remain to be evaluated, such as the
circulation profiles, the role of the vertical distribution of DWH oil residues and perhaps other
organic compounds, or the roles of the chemically reactive microbial species in the water
column. The simultaneous shifts in these vertical profiles remain important features to be
considered.

Table 7. Dissolved oxygen (DO) data from NEGOM (combined averages from April 2000 and
August 2000), Feb/May 2011 (DSH08, DSH09, and DSH10 in February 2011 and May 2011),
and stations DSH08, DSH09, and DSH10 in August 2010. Station DSH08 in August 2010 was
significantly different from NEGOM in August 1998/2000 (texp=6.37, tcrit=2.57 at 95%) and
February and May 2011 (texp =5.57, tcrit=2.57 at 95%). Station DSH09 in August 2010 was
significantly different from NEGOM in August 2000 (texp =6.13, tcrit=2.78 at 95%) and February
and May in 2011 (texp =6.11, tcrit=2.78 at 95%). Station DSH10 was significantly different from
NEGOM in August 2000 (texp =8.64, tcrit=2.78 at 95%) and February and May in 2011 (texp =5.7,
tcrit=2.78 at 95%).
Depth
(m)

April/Aug
2000

Feb/May
2011

Surface
50
100
300
400
750
1000

202.22
212.69
162.56
123.31
120.80
148.64
178.05

210.60
205.34
178.98
119.31
115.57
147.28
175.21

DO (μmol/kg) by Station
DSH08
DSH09
Aug 2010
Aug 2010
135.71
138.04
116.84
87.92
96.17
-131.98
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141.82
117.69
102.12
86.26
--130.81

DSH10
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-163.69
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-97.23
110.53
145.84
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Figure 14. Dissolved oxygen profiles for NEGOM data (August 2000), stations DSH08, DSH09,
and DSH10 (August 2010), and remaining data from stations DSH08, DSH09, and DSH10
during February and May 2011 (FEB/MAY 2011).
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Figure 15. CDOM fluorescence profiles for stations DSH08, DSH09, and DSH10 (August 2010)
with remaining data from the same 3 stations during February and May 2011 (FEB/MAY 2011).
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DISCUSSION
Several lines of evidence suggested that there were spilled subsurface oils present in the
area sampled during past research cruises. Prior research detected subsurface oil plumes
(Camilli et al., 2010; Paul et al., 2013), while microbial analyses (King et al., 2013; Joye et al.,
2014) identified multiple gamma-proteobacterial communities, with the ability to degrade
components of oil during March and May 2010 at water column depths between 800 and 1320
m.
Dissolved chemical data from a subsequent August 2010 cruise showed the greatest
vertical variability in nutrient depth profiles at the shallowest station, farthest from the spill site
(DSH08). Based on previous nutrient measurements in the same region of the outer WFS during
the NEGOM expedition in August 2000, near-surface recycled nitrogen compounds (principally
ammonium) varied significantly. So also did DON concentrations within these surface waters.
Ammonium (Figure 9) reached 0.8 μM during 2010 (versus historic values of <0.4 μM in 2000),
and DON (Figure 12) reached 15.9 μM (versus the more typical ~10 μM).
There was a significant decrease in nitrate at a depth of ~1000 m at station DSH08
(Figure 6), where oil was found. Data from 10 months after the spill in February 2011 showed
continued decreases of phosphate and nitrate, with increases of ammonium in depth profiles
significantly different from the NEGOM historical data (Figures 3-5, 7, 8, 10, and 11). By one
year after the spill in May 2011, these nutrient profiles of phosphate, nitrate, and ammonium had
still not returned to those of the prior NEGOM data in 2000, suggesting that an intervening prior
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transition had also occurred to an alternate state of the GoM ecosystem, now exacerbated by oil
spills (Walsh et al., 2015).
Overall, trends of decreased nitrate and phosphate concentrations from historical data,
found in the deep aphotic zone, indicated aerobic denitrification during bacterial biodegradation
of the DWH spilled hydrocarbons. Denitrification usually occurs under anaerobic conditions,
which were not observed here (Figure 14). These data suggested that denitrifying
bacterioplankton simultaneously used oxygen and nitrate- a process that had been observed
before (Robertson and Kuenen, 1984). Moreover, Camilli et al. (2010) found that GoM
microbial activity only used an estimated 0.8 μM oxygen per day, indicating that it would take
months of bacterial oil degradation before an oxygen minimum zone would have become
harmful to higher trophic level organisms.
Furthermore, the opposing temporal trends of nitrate and ammonium were not always
observed in the same spatial location. Decrements of nitrate were separated in some situations
from increments of ammonium by a depth interval of ~500 m (Figures 7, 8, 10, and 11). These
observations suggested that the inverse nitrate and ammonium trends were not just caused by
denitrification. Production of ammonium occurs during the decomposition of organic matter,
from whatever the carbon sources: fossil fuels and/or modern plankton debris.
Indeed, sustained increases of both ammonium and the bulk DON within the euphotic
zone at DSH08 during August 2010 and May 2011 (Figures 9, 10, 12, and 13) required an
ongoing supply of autotrophic organic matter to fuel this decomposition process of the upper
water column. In response to the DWH oil spill, the total phytoplankton community, seen in
daily satellite surveys above the DeSoto Canyon, had increased above background levels during
2002-2009 to as much as ~5.0 μg/L chlorophyll by August 2010 (Hu et al., 2011). Subsequently,
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however, during May 2011 the extant micro-algal loss processes had reduced the biomass of the
total community that year there, back to the “usual” sum of ~0.1 μg/L chlorophyll (Figures 1618) in this WFS region.
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Figure 16. Euphotic zone chlorophyll-a profiles at station DSH08 for cruises in August 2010,
February 2011, and May 2011.
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Figure 17. Euphotic zone chlorophyll-a profiles at station DSH09 for cruises in August 2010,
February 2011, and May 2011.
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Figure 18. Euphotic zone chlorophyll-a profiles at station DSH10 for cruises in August 2010,
February 2011, and May 2011.
As part of a continuing overfishing-induced trophic cascade, begun in 1965 (Walsh et al.,
2009; 2015), copepod grazing pressures had been reduced to less than 10% of previous removals
of phytoplankton prey of varying palatabilities by 2010, at the start of the deleterious DWH oil
spill. Concurrently, unusually strong upwelling had favored nutrient additions of required
silicate for frustules of the fast-growing diatoms (Weisberg et al., 2014; Walsh et al., 2015).
These siliceous phytoplankton were also more tolerant of crude oil poisons than
competing dinoflagellates during blowouts of the Ekofisk and DWH oil drilling platforms
(Ostgaard et al., 1984; Ozhan et al., 2014). Bioassays (Craig et al., 2003) were also made for one
of the more oil-intolerant background members of the GoM phytoplankton community – a
bioluminescent, non-toxic larger dinoflagellate Pyrocystis lunula, with a 50% growth inhibition
(Ozhan et al., 2014) concentration (EC50) at an oil stock of 1835 ppb (ng/L) of TPH.
During August 2010, the greatest oil toxicity of P. lunula occurred in oil contaminated
water from depths of 215-275 m, with 45.9% potential growth inhibition due to presumed oil
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poisons within the aphotic zone (Paul et al., 2013). In any event, WFS HABs of K. brevis were
negligible during 2010, compared to full recovery of their standing crops by 2011, comparable to
those of 2001, presumably due to decreased oil toxicity.
Finally, although sources of DON in this area of the WFS are not known, since there
were no earlier data in this “Big Bend” region before August 2010, previous observations off
Tampa Bay (Vargo et al., 2008) provided confirmation of these changes of recycled nitrogen
stocks. In contrast to as much as 15.92 μM DON, measured here at the shelf-break station
DSH08 during August 2010, at mid-shelf along the 50 m isobath between Tampa Bay and
Charlotte Harbor, prior concentrations were a monthly mean of just 9.5 μM DON during 19982001, i.e. at the beginning of this decadal comparison and away from estuarine influences.
Farther north in the Mississippi Sound, additional allochthonous sources of terrestrial DON from
the Mississippi, Pearl, and Alabama Rivers led instead to ~22.0 μM DON at higher salinities
adjacent to the GoM during 2007 (Cai et al., 2012).
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CONCLUSIONS
It was hypothesized that the DWH oil spill during April-July 2010 would have effects on
dissolved nutrients, such that their concentrations would decrease as they were utilized by
bacterioplankton during the biodegradation of oil. Three stations near the spill site were visited
during cruises in August 2010, February 2011, and May 2011. Previous NEGOM data were
analyzed as historical references for typical nutrient concentrations of this region.
In August 2010, oil was found at subsurface depths, with TPHs detected at 1000 m (Paul
et al., 2013). There was also an observed utilization of nitrate at that depth (compared with
August 2000 NEGOM data), presumably due to bacterial biodegradation. At the same time,
there was an accumulation of ammonium, both at the surface and near the bottom of the water
column, again in comparison with August 2000 NEGOM data.
The toxicity of DWH oils to some GoM phytoplankton, which use ammonium for
photosynthesis, may have caused their deaths and less use of this growth substrate. Such a
process, however, did not prevail among the dominant, oil-tolerant diatoms, detected in satellite
anomalies of >5 μg/L chlorophyll and fueled by unusual supplies of upwelled silicate during
2010.
Ammonium was also released as a byproduct of bacterial ammonification, which would
have been supported by increased DOM from other dead plankton, either due to past trophic
cascades or recent oil poisonings within surface waters, following minimal exports to depth by
zooplankton fecal pellets. The increased ammonium stocks near the bottom, along the side walls
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of the DeSoto Canyon, may have been indications of both resuspended sediments rich in organic
matter and marine snow transports of phytodetritus to the sea bottom.
Oxygen utilization throughout the entire water column was observed in August 2010,
indicating bacterial respiration. There was also increased fluorescence during the same cast,
suggesting the presence of oil products and/or organic matter, with greater amounts of petroleum
in the aphotic zone.
In conclusion, the spilled oil had effects not only at the surface where it floated, but also
subsurface where plumes accumulated. Biodegradation used nitrate (27 percent) at depth, and
overall there were significant increases of both ammonium and bulk DON, particularly within
surface waters. By ten months after the spill, there was also continued evidence of
biodegradation, with the decrease of phosphate (by up to 43 percent) and nitrate (by up to 40
percent) nutrients at depth, compared to observations during 2000.
The analyses of dissolved nutrients in this study have shown that the DWH event made
incremental contributions to the oxygen demands and element recycling by bacterioplankton of
particulate matter, now retained in the water column, rather than just at the sea bed. The extent
to which future episodic oil-accelerated formations of marine oil snow vectors again increase
transfers of small particles to the sea floor, after past reductions of fecal pellet loadings, may
shift the present loci of decadal increments of bacterial activities at the surface back to the
benthos. Such a retrograde spatial focus of element regeneration would have serious
implications for higher trophic levels. A reversal of today’s altered GoM system state could lead
to expansion of anoxic areas, or at least an increase in oxygen minimum zones, where organisms
that depend on oxygen in these waters can no longer survive. Thus, future analyses of nutrients
over a greater geographical range in the GoM are essential for determining where these adverse
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effects of the oil spill will continue to occur. They would define the full extent of petrochemical
damages to the ecosystem’s health, against a background of other human regional perturbations
of heavy metal and pesticide influences.
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