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Biological carbon pump

• Food web processes 
transfer organic matter to 
depth

• Remove carbon from 
surface ocean

• Global carbon export range 
from ~4 - ≥12 GtC y-1



Microbial 
exopolymers:
• Are released by 

phytoplankton, 
zooplankton and bacteria

• Proteins, lipids, 
carbohydrates

• Thought to protect, aid in 
attachment, from biofilms

Stocker et al. 2012 Science DOI: 10.1126/science.1208929 Marine Microbes See a Sea of Gradients



Tsujita, 1953; 
Phytoplankton & zooplankton 
in matrix

Thornton et al. 2016; 
Transparent Exoploymeric
Particles (TEP)

Santschi et al. 1998;
Extracellular Polymeric 
Substances (EPS)

1–3 nm thickness & 100s 
to 1000s of nm in length

100 µm

Passow et al. 2012; 
Marine snow ( > 0.5mm)



Deepwater
Horizon Oil Spill

• began on April 20, 2010
• killed 11 people
• largest spill in US 

history
• total discharge at 4.9 

million barrels
• 1.84 million US gallons 

of oil dispersant



OMA

OMA

OMA
MOS

MOS

MOS

• Marine snow + oil = marine oil snow (MOS)
• Oil-mineral aggregates (OMA)

NOAA Report 2012



Marine Oil Snow Sedimentation and 
Flocculent Accumulation (MOSSFA):

• marine snow formation, 

• the incorporation of oil (marine oil 
snow or MOS) 

• subsequent settling to the seafloor, 
i.e., MOSSFA

• this pathway accounted for up 5-31% 
of the total oil returning back to the 
sediments 

MOSSFA report, 2012



What are important drivers?

• an elevated and extended 
Mississippi River discharge, 

• which enhanced 
phytoplankton production 

• Which increased suspended 
particle concentrations, 

• zooplankton grazing, 

• enhanced formation and 
release of marine snow 
materials

Statistical analysis
Correlation coefficients as well as differences between two

average valuesgiven astheir statistical mean 6 standard deviation

were tested for their significance using the Students t-test. Analysis

of variance (one-way ANOVA) was used for comparing average

values of more than two groups of data. If ANOVA was

significant, post hoc pairwise comparisons of means were

performed using the Bonferroni-Holmes test of variability. All

statistical analysis wasperformed in ExcelHusing the data analysis

toolpack as well as Daniel’s XL toolbox (both open source add-

ins).

Results

Formation of oil aggregates in roller bottles
Roller table incubation of uncontaminated seawater collected

near the Deepwater Horizon oil spill site with surface oil sampled

in the same area (hereafter referred to as SW+oil1 and SW+oil2

bottles; see Material and methods for roller bottles set-up) led to

rapid formation of aggregates (hereafter referred to as oil

aggregates) within one day (see Fig. S1 for close-up photos of oil

aggregates). Oil aggregates in both SW+oil bottles clumped

together after 7 days, forming a single aggregate up to 30 mm

in diameter, with visibly incorporated oil droplets. Oil aggregate

formation in control SW+oil (seawater that had been filtered and

autoclaved before the oil was added) was first observed at day 10

after the appearance of gelatinous networks of particulate matter

with incorporated oil droplets (hereafter referred to asoil gels). Oil

gels appeared to be very sticky surfaces onto which oil aggregates

attached upon collision (Fig. 1).

In contrast to oil-amended bottles, aggregate formation in roller
bottles with seawater not amended with oil (SW bottles) was

delayed and reduced in scale (aggregates that were much more
transparent than oil aggregates first appeared after 3 days; Fig.

S1E), and aggregates were lessabundant (2 to 3 per bottle). These
aggregates did not change in size and number throughout the 21

daysof incubation. No aggregates formed in the control SW bottle
containing filtered and sterilized seawater.

Wet weightsof oil aggregates in SW+oil1, SW+oil2, and control

SW+oil bottles after 21 days were 5.5 g, 7.1 g, and 9.8 g,
respectively. Assuming a final bottle water volume of 900 ml at

day 21 (weight< 924.3 g), oil aggregates occupied approximately
0.6% (SW+oil1), 0.8% (SW+oil2), and 1.1% (control SW+oil) of

the total roller bottle volume. SW1 and SW2 aggregates were
0.19 g and 0.17 g, respectively, and thus 0.02% of total roller
bottle volume.

Microbial cell abundance in ambient waters
The microbial cell counts documented the impact of oil

amendments on the abundance of prokaryotic cells in surface

seawater during the roller table incubations, compared to
uncontaminated seawater. Uncontaminated ambient water

(SW2) had 0.56 0.46 106 cells mL2 1 at day 0 (Fig. 2A); this
number was lower (p, 0.05) but the same order of magnitude as

the cell abundance of uncontaminated water fixed shortly after
sampling (0.86 0.26 106 mL2 1), indicating that storage time and

conditions from the time of sampling until the beginning of the
experiment had little influence on cell numbers in uncontaminated

water (note that a fixed sample of the oil slick was not available).
Initial SW2 cell numbers were also lower than the cell numbers

from SW+oil1 (1.36 0.66 106 mL2 1) and SW+oil2
(3.56 2.36 106 mL2 1) at day 0 of the experiment (p, 0.01),

suggesting that bacterial cells were introduced into oil-amended
bottles along with the oil sample.

Throughout the incubation, cell numbers in uncontaminated

bottles remained low and were either indistinguishable from one
another (control SW, p= 0.2; SW1, p= 0.2), or decreased towards

the end of the incubation (SW2, p, 0.05). In contrast, SW+oil1 cell
numbers increased after the start of the incubation (all time points

were significantly higher than day 0, p, 0.001), peaking at day 14

(8.56 1.56 106 mL2 1; Fig. 2B). SW+oil2 cell numbers were
significantly higher at day 10, 16, and 21 compared with day 0

(p, 0.001), and control SW+oil cells showed significantly higher
numbers at day 16 (7.36 2.26 106 mL2 1) than day 7

(4.16 1.16 106 mL2 1, p, 0.001; note that no cell counts are
available for days 0 and 2 due to high autofluorescence of the

samples).

Microbial cell abundance in oil aggregates
Aggregate-associated microbial cells accounted for high pro-

portions of the total cell counts in the oil-amended incubations.
Average cell numbers in oil aggregates at day 21 were

116 0.016 108 (mL aggregate)2 1 in SW+oil1 as well as
46 0.016 108 (mL aggregate)2 1 in SW+oil2 and control SW+oil.

SW1 and SW2 aggregates had 16.76 0.046 108 cells (mL
aggregate)2 1 and 28.26 0.016 108 cells (mL aggregate)2 1, respec-
tively (data not shown). Corrected for their approximate volume in

each of the roller bottles (e.g. SW+oil1 aggregates: 0.6% of 900 ml
bottle water< 5.4 ml oil aggregates), total aggregate-associated cell

numbers in oil-amended bottles were 60.76 0.056 109 (SW+oil1),
28.46 0.056 109 (SW+oil2), and 39.36 0.056 109 (control SW+oil;

Fig. S2). Uncontaminated bottles had fewer cells associated with
aggregates compared to oil-amended bottles (p, 0.001), with total

aggregate-associated cell numbers at 3.26 0.016 109 (SW1) and

Figure 1. Photo of an oil aggregate formed in one of the roller
bott les. Oil aggregate attached to surface water oil slick through sticky
oil gels. Photo was taken at the end of the 21-day roller table incubation
in one of the roller bottles containing seawater and oil (SW+oil1). Scale
bar is approximately 10 mm.
doi:10.1371/journal.pone.0034816.g001

Microbial Activities in Oil-Contaminated Seawater

PLoS ONE | www.plosone.org 3 April 2012 | Volume 7 | Issue 4 | e34816

Ziervogel, 2012

Marine Oil Snow Sedimentation and 
Flocculent Accumulation (MOSSFA):



Why do we care?

• bioaccumulation of hydrocarbons into the pelagic food web 

• oil on the seafloor increases exposure by benthic organisms and 
economically important fish, as well as corals and their habitat

Has this happened before?

Recent reports indicate that MOS sedimentation occurred during 
the Tsesis and Ixtoc-I oil spills; reviews suggest other scenarios in 
which this may have occurred

Marine Oil Snow Sedimentation and 
Flocculent Accumulation (MOSSFA):



Evaluate intersections between biology and chemistry 
in the water column in order to aid the development of

response strategies.



Acknowledgements:
Special thanks: Santschi, Knap, Wade, Passow, Sylvan, Chin, Hatcher, Finkel, Ziervogel



• What are the long-term effects on crustacean fisheries? 

• The oil that settled on the ocean floor is it still a factor or has it 
become part of the “snow”?

• Curious about the interactivity of microbes, dispersants, oil and 
marine snow. 
• Oil and suspended particle interactions

• Oil-related generation of flocs/marine snow

• What is the role of marine snow as an oil transport mechanism?

• How does this (marine snow) influence NEBA-SIMA based decision 
making in future spills?


