


allowed to grow from these inputs. The model tracked horizontal
circulation and mixing, bacterial abundance and metabolic rate,
and changes in oxygen and hydrocarbon concentrations resulting
from metabolism. A general description of the model inputs fol-
lows, with detailed descriptions provided in SI Text.
To estimate the input of hydrocarbons from the ruptured

Macondowell into the deep plume horizon of 1,000–1,300mwater

depth, several available sources were used. We began with daily
flux estimates of oil and natural gas from the well based on ref. 1
and subtracted the daily recovery volumes reported from active
collection. We then identified 22 compounds that were observed
or inferred (from solubility) to have partitioned into the deep
plumes, and we estimated each compound’s daily emission from its
reservoir abundance (3, 4). For volatile compounds, the possible

Fig. 1. An analysis of the autoinoculation effect through comparison of two water parcels with single- (red) and double- (blue) exposure histories. (A)
Trajectories of two water parcels for 150 d starting April 23, 2010. (B) Time course of cumulative hydrocarbon input to the parcels at the proportions shown in
Table S1. (C) Time course of hydrocarbon flux into the two parcels at the proportions shown in Table S1. (D) Time course of dissolved oxygen concentration in
the parcels attributed to hydrocarbon respiration. (E) Time course of respiration rate linked to methane consumption in the two parcels. (F) Time course of
bacterial growth for organisms consuming methane (Met and Met�). (G) Time course of respiration rate linked to consumption of 25 nonmethane hydro-
carbons in the two parcels. (H) Time course of bacterial growth for organisms consuming 25 nonmethane hydrocarbons (excludes Met and Met�). Units for
bacterial abundance are shorthand for micromoles carbon per liter.
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range of gas content led to both low (3) and high (2) assumptions;
results presented derive from the latter. We then applied partition
coefficients as described in SI Text to estimate the fraction of each
compound retained in the deep plume and thereby, calculated
a compound-specific daily input flux to the deep plume for the full
duration of the spill. We used a similar approach to estimate the
daily input flux for the less-soluble, longer-chain hydrocarbons,
which were divided into four classes based on chain length and
assumed to have been distributed into the deep plume as small
droplets. Together, the daily input fluxes of these 26 compounds
and classes are the only carbon inputs to the model.
We assume that each compound or class is consumed by a single

bacterial lineage, which we define as an operational metabolic type
(OMT), yielding 26 OMTs of primary consumers (Table S1). We
assume the metabolism of primary consumers partitions carbon
equally among CO2, biomass, and intermediate metabolites (in-
cluding surfactants) that escape the cell and feed a secondary
microbial community. The escape of intermediate metabolites is
typical of hydrocarbon degraders (18–20), presumably because
such intermediates are hydrophobic and readily cross the cell’s
membrane. Secondary consumers are uniquely linked to the in-
termediate produced by the associated primary consumer, yielding

26 OMTs of secondary consumers (Table S1). These secondary
consumers are assumed to partition their substrate evenly into
CO2 and cellular biomass. Biomass generated by both primary and
secondary consumers is assumed to be remineralized according to
a first-order decay process (k = 2 × 10−3 h−1) when substrate
concentration no longer supports growth. Each OMT is assumed
to be present throughout Gulf of Mexico deep waters at an
abundance of 104 viable cells L−1 (0.1% of the total microbial
community of 107 cells L−1) (13), except for methanotrophs, which
were assumed to be present at 103 viable cells L−1. The background
community was assumed to be present at 0.1 μmol-C L−1 (107 cells
L−1 at 120 fg C per cell). All OMTsmapped to one of the following
bacterial families/genera (substrate preference in brackets):Methyl-
ococcaceae [methane (2, 21)], Oceanospirillales [alkanes (13)],
Cycloclasticus [aromatics (18)], Methylophaga/Methylophilaceae
[methane-derived intermediates (2)], and Colwellia [propane,
ethane, and higher alkane-derived intermediates (21, 22)]. Where
possible, OMTs were mapped to bacterial species, and published
data on these species were used to estimate doubling times and
cell masses. Each OMT was assumed to grow with a characteristic
doubling time after it encountered the appropriate substrate,
limited only by substrate depletion. The estimated C masses and

BA
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C D

Eth’, Pro’, Alk1’ –
8’, Oil1’ – 4’

Colwellia, 
Oceanospirillales

Secondary degraders

Oil1 – Oil4 Oceanospirillales Oil degraders 
(droplets)

Alk1 – Alk8 Oceanospirillales Degraders of C4+ 
dissolved alkanes

Btx1 – 5, Btx1’ – 5’,
Aro1 – 6, Aro1’ – 6’

Cycloclas�cus Aroma�c HC 
degraders

Pro Colwellia Propanotrophs

Eth Colwellia Ethanotrophs

Met’ Methylophaga, 
Methylophilaceae

Methylotrophs

Met Methylococcaceae Methanotrophs

Fig. 2. Comparison of microbial community dynamics in water parcels with different exposure histories, all starting April 23, 2010. (A) Time course change in
hydrocarbon flux (red) and respiration rate (blue) shown in Top, dissolved oxygen concentration (red) and bacterial abundance (blue) shown in Middle, and
relative composition of the microbial community shown in Bottom for a parcel experiencing a single exposure. (B) Time course changes as described for A for
a parcel experiencing a triple exposure. (C) Time course changes as described in A for a parcel experiencing a double exposure. (D) Tabulated legend
identifying the OMTs, their putative phylogenetic affiliation, and their ecosystem function.
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doubling times for each of the 52 OMTs are provided in SI Text
along with the associated reasoning.

Results and Discussion
The model predicts that the 2 × 1011 g hydrocarbons injected into
the deepGulf ofMexico drove total bacterial productivity of 1011 g
C (∼1023 cells). Such productivity is sufficient to double the bac-
terial population in the deep plume horizon (1,000–1,300m depth)
over an area of 30,000 km2 and generate a regional oxygen
anomaly of 1012 g. Published observations suggest that this process
began within weeks of the initial irruption (9, 10, 13) and pro-
gressed over a period of ∼120 d, by which point the natural gases
had been consumed and the fluorescence anomaly in the deep
plume had been strongly attenuated (2). These observations, made
during the DWH event, serve to ground truth our models’ pre-
dictions of the temporal and spatial distributions for microbial
growth and metabolism.
Under our model, when a water parcel first encounters a hy-

drocarbon source, a seed population of active hydrocarbon-
degrading cells, present at low abundance in all waters, begins to
grow. As growth progresses, OMTs outpace the influx of their
preferred substrates, giving sequential pulses of respiration as
different OMTs flourish and then fade (Fig. 1). The timing of
respiratory pulses is controlled primarily by the growth rates of the
responsible OMTs, initial abundance of active cells, and duration
of source exposure. The model shows initial pulses of growth and
respiration linked to butane and pentane followed by sequential
pulses from consumption of propane and other short-chain alka-
nes, ethane, aromatic hydrocarbons, and finally, methane.
By injecting the hydrocarbons into moving parcels of water, the

model generates a complex spatial pattern of bacterial growth and
metabolism (Movie S1) and reveals associated feedback mecha-
nisms. Tracking individual water parcels as they advect reveals that
many parcels come into contact with the hydrocarbon source on
multiple occasions (Fig. 1). A parcel’s first encounter with hydro-
carbons feeds staggered pulses of respiration and successive
blooms of individual OMTs (Fig. 2A), and residual hydrocarbon-

degrading OMT abundances remain elevated above background.
We apply the term autoinoculation to describe the priming effect
that occurs when hydrocarbons are introduced into such a pre-
viously exposed parcel. When hydrocarbons irrupt into the pre-
viously exposed parcel, the elevated abundance of hydrocarbon-
degrading OMTs allows simultaneous consumption of different
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small number of parcels exit the domain near the end of the simulation.
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scaled units for the hypergraphs are defined in ref. 16.
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compounds at rates substantially faster than occurred after initial
exposure. This effect is apparent in Fig. 1 by comparing bacterial
abundance (Fig. 1H) with respiration pulses (Fig. 1G) for single
(red) vs. double (blue) exposure cases, noting that, after the second
exposure occurs at 53 d, previously irregular growth and re-
spiratory pulses are collapsed into single peaks. In the case of
methane, growth (Fig. 1E) and respiration (Fig. 1F) associated
with the second exposure are subsumed into a single pulse paced
by the timing of the initial exposure. Collapse of the respiratory
succession leads to subtle changes in bacterial community struc-
ture (Fig. 2), thereby avoiding the dramatic changes in OMT
abundance and community structure that followed the initial ex-
posure. Autoinoculation seems to have played an important role in
suppressing hydrocarbon buildup in the deep plume; because
discharge from the well continued for so long, roughly one-half of
the total irruptive hydrocarbon discharge entered preexposed
waters. In one instance (Fig. 3), the model predicts that waters
returning from the northwest in mid-June persisted over the
wellhead until mid-July when discharge ceased, resulting in what
we term an autoinoculation event. Crucially, the accelerated res-
piration resulting from this event both drove down levels of non-
methane hydrocarbons and stabilized the overall respiration rate,
which had previously been more variable (Fig. 3).
Currents and mixing processes modulated the distribution and

activity of bacteria in the deep Gulf of Mexico, frequently rein-
troducing water parcels to the source area. Analysis of our model
simulations shows that mixing features of the flow field influenced
the chemical and microbial distributions at plume depth. Com-
parison of figures representing bacterial abundance and hypergraph
maps (Fig. 4 A and C vs. Fig. 4 B and D) indicates that blue mes-
ohyperbolic features in the hypergraph map accumulate high bac-
terial density; such features act as convergence zones for the
advected reacting field. The green mesoelliptic zones in the flow
field cause a swirling, recurrent motion of the water and the

associated bacterial population (Fig. 4 A and B). This association
indicates that the spatial distribution of the nonlinearly reacting
flow field is strongly affected by the velocity field mixing features.
Their importance for the autoinoculationmechanism is particularly
evident in Fig. 4B, where the hypergraphmap indicates largemixing
events around the well that are visualized by the mixture of red and
blue. Mesoelliptic zones influenced bacterial communities, such as
in late May of 2010, when such a zone promoted a buildup of
hydrocarbons in the vicinity of the wellhead (Fig. 5). This recircu-
lation feature may have provided a false impression of a plume
emanating to the southwest, which was reported for that time (13).
Mesohyperbolic features may have also been inadvertently identi-
fied during the spill, such as in June of 2010 (Fig. S1), when a sin-
uous plume was tracked to the west of the wellhead (7).
We find good agreement between the model and available data

with respect to both plume motion and location and microbial
community distribution and activity. The plume was reported to
emanate to the southwest (2, 7–9) at some times and the northeast
at other times (10), eventually migrating to the southwest (2) in
August of 2010; the modeled current oscillates between the
northeast and southwest, with eventual migration to the southwest
in August of 2010. Samples collected close to the ruptured well in
June of 2010 showed different degrees of hydrocarbon degradation
(7, 9, 10, 13); the model predicts that previously exposed water
returned to the wellhead at this time (Fig. 3), leading to mixed
levels of biodegradation in the vicinity of the wellhead. Samples of
these waters revealed blooms of Colwellia and a biodegradation
preference for propane over ethane over methane (9, 10); the
model predicts concurrent blooms of OMTs mapped to Colwellia,
which have been linked to consumption of ethane and propane
(21). The model provides for abundant methanotroph and meth-
ylotroph production, which was observed in September and Octo-
ber of 2010 (2), and it independently arrives at the debated scenario
(23–25) in which methanotrophs and methylotrophs constitute
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a significant portion of the bacterial community, even with no de-
tectable oxygen anomaly (e.g., respiration of 0.05 μM CH4 yields
a maximum oxygen anomaly of 0.1 μM, below the detection limit;
the resulting bacterial biomass, a maximum of 0.025 μmol C L−1,
would constitute up to 20% of the background community with no
apparent oxygen anomaly, consistent with our previous observa-
tion) (2). Hazen et al. (13) observed that, on May 30, 90–95% of
the microbial community in the peak plume horizon southwest
of the wellhead was Oceanospirillales; the model predicts ∼80% of
the bacterial population as OMTs mapped to Oceanospirillales at
this place and time (Fig. 5). Likewise, column-integrated bacterial
productivity in the deep plume at this place and time was modeled
to be 0.16 mol-C m−2 (ranging from 0.05 to 0.50 mol-C m−2 within
5 km); this finding is in good agreement with the calculated value of
0.20 mol-C m−2 based on a 3.9 × 107-cells L−1 density of Ocean-
ospirillales (13), cell carbon content (Table S1) of 5.0 × 10−13 g-C
cell−1, and local plume thickness of 120 m (13). The locations of
observed oxygen anomalies were also consistent with model results
as in Movie S2. In this simulation, we compare the presence or
absence of oxygen anomalies from 190 hydrocasts conducted during
the time of active discharge (2, 7–10, 13, 26) with the contempo-
raneous model output.We find a 72%match rate; kilometer-scaled
heterogeneity may account for up to 93% of the remaining obser-
vations for which the model incorrectly predicted as anomalies.
Nonetheless, some discrepancies are apparent between model

and observation, particularly as the time course modeled grows
longer. Most notably, the model underpredicts the velocity of
plume migration in August and September of 2010, with a con-
current latitudinal offset; although the model properly moves the
plume to the southwest, observations show the plume arriving ∼2
wk earlier and ∼20 km farther south than the model’s prediction.
The model also fails to capture the small-scale spatial heteroge-
neity apparent from response efforts. This discrepancy is attrib-
utable to the model’s ∼4-km grid size, the Gaussian input of
hydrocarbons, and the even distribution of hydrocarbons within
the depth horizon. Unfortunately, because sampling typically tar-
geted the anomalies, local heterogeneity also complicates direct
comparison of model output and chemical data. Although model
tuning improves our ability to match observations, we find great
use in explaining biogeochemical andmicrobiological observations

from fundamental principles of chemistry, microbiology, and
ocean physics without the need for tuning or optimization.
In light of the model’s overall success, we considered how it

might inform the interpretation of results from previous studies.
First, the inclusion of physical dynamics corroborates a previous
hypothesis (23, 25) for why the extensive and persistent oxygen
depletion predicted in the deep plume horizon by Joye et al. (9)
was not observed. Second, the physical dynamics also suggest a
more complex flow field than the laminar flow used by Hazen
et al. (13) to estimate hydrocarbon half-lives associated with the
bloom, thus calling the accuracy of the reported half-lives into
question. Finally, the modeled flow regimen predicts that a sinu-
ous plume similar to the plume identified in the work by Camilli
et al. (7) may not have come directly from the wellhead but rather,
had first traveled northeast before recirculation to the southwest
(Fig. S1). Although its predictions cannot be conclusive, this
model, thus, provides a useful holistic context for the inter-
pretation of biological, chemical, and physical observations.
Our results suggest that currents and mixing processes acceler-

ated hydrocarbon biodegradation and structured microbial ecology
during the DWH event through priming of the native microbiota
residing in water parcels that recirculated around the ruptured well.
Although memory effects are common in enclosed environments
and physical processes are known to shape microbial biogeography
(27), we suggest that such a dynamic autoinoculation effect may
be of broad importance to deep ocean environments. The impacts
on ocean biogeochemistry and microbiology may encompass point
sources, such as hydrothermal vents and hydrocarbon seeps, but
may also include suboxic water masses, organic-rich sediment
deposits, flushing of silled basins, and regions receiving high-export
flux. For ocean waters susceptible to contamination from events
such as the DWH, a major challenge remains to predict how
physical dynamics, chemistry, and microbiology interact to set the
timescale and extent of the microbial response.
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SI Text
Physical Model. The hydrodynamic model used is the Hybrid
Coordinate Ocean Model (HYCOM; http://www.hycom.org).
HYCOM was developed from the Miami Isopycnal Coordinate
Ocean Model using the theoretical foundation set forth in refs.
1–3. HYCOM is a hydrostatic primitive equation ocean circu-
lation model that uses isopycnal coordinates in the open strati-
fied ocean, but it makes a dynamically smooth transition to
σ- (terrain-following) coordinates in shallow water and z-level
(pressure) coordinates in the unstratified mixed layer (3–5). This
hybrid coordinate provides unusual capability for accurate tran-
sition between the shallow and deep waters. With the isopycnal
interior, HYCOM provides an effective design for investigating
the interaction between surface flows, the mixed layer, and the
stratified ocean below. The regional HYCOM Gulf of Mexico
configuration was run with horizontal resolution of 0.04° or about
4 km and used 20 hybrid layers in the vertical.
The lateral nested boundary conditions were generated from

amultiyear, climatologically forced 0.08°-HYCOMAtlanticOcean
simulation. The surface forcing is from the real-time, three-hourly
0.5°-Navy Operational Global Atmospheric Prediction System
(NOGAPS) (6, 7) as well as monthly mean values for river input
and turbidity. The bulk formula parameterization in the work by
Kara et al. (8) for calculating evaporation and air–sea heat fluxes
has been included in HYCOM and used in the present study. The
simulation uses the K-profile parameterization model (9), which
provides a smooth transition from the relatively large surface
diffusivities to the weaker diffusivities in the ocean interior.
The data assimilation component of the nowcast/forecast/system

is the Navy Coupled Ocean Data Assimilation (NCODA) system.
NCODA was developed as an oceanographic version of the mul-
tivariate optimum interpolation technique widely used in opera-
tional atmospheric forecasting (10). The NCODA system
assimilates satellite altimetry track by track and sea surface tem-
perature (SST) directly from orbital data. Available in situ profiles
are also assimilated. The availability of in situ observations is
generally very limited in the open Gulf (e.g., ARGO floats are
usually not present, and there are very few profiles reported in real
time). The NCODA assimilation in this region relies primarily on
satellite altimetry and SST measurements. However, during the
time of the Deepwater Horizon spill, the number of in situ ob-
servations increased dramatically. Many were transmitted to the
Naval Oceanographic Office through the Global Telecommuni-
cation System and thus, were used in the Gulf of Mexico forecast
system. Additional sources of in situ profile observations were also
available from May to July of 2010 in the area near the Deepwater
Horizon wellhead from airborne expendable bathy thermograph,
airborne expendable conductivity temperature (AXCT), and
AXCT depth (AXCTD) sensors deployed from National Oceanic
and Atmospheric Administration’s WP-3D Orion aircraft, and
these sources preliminarily improved upper ocean temperature
errors by as much as 30% and decreased model bias by one-half.
The Gulf of Mexico forecast system did not assimilate any velocity
observations. The impact of altimetry assimilation is tapered to
zero toward the coast between themiddle and upper regions of the
continental slope. The surface observations from altimetry and
SST observations are projected vertically downward using the
Modular Ocean Data Assimilation System (11). Modular Ocean
Data Assimilation System is a statistical technique based on a re-
gression analysis between sea surface height anomalies and SST
observations using historical temperature and salinity profiles.
These synthetic profiles are only calculated along the altimeter

tracks and are used to adjust the interior water mass properties
(temperature and salinity) using increments based on the previous
days forecast. As currently configured, the system produces a 7-d
forecast one time per day.

Hypergraph Computations. The currents in the deep of the Gulf of
Mexicocalculatedby theHYCOMareused in thedevelopedmodel
to compute hypergraphs (12). Velocities from HYCOM are given
at 1,000 and 1,250 m depth on a 476 × 351 grid that covers area
from longitudes −98° to −79° West and latitudes from 18.0916° to
31.0055° North. One set of velocity data for each day (at time
00:00), starting with April 1, 2010 and ending with October 30,
2010, is available. To obtain velocities at any location and time, two
types of interpolation can be used with the developed model: tri-
linear (i.e., linear in two spatial dimensions and time) as well as
tricubic (13).
Hypergraphs presented in this work are computed in an area

surrounding the Macondo well (well position: −88.39° West and
28.74° North), with longitudes from −89.5° to −87.5° West and
latitudes from 27.3° to 29.3° North. The spatial computational grid
is 201 × 201, and for each grid point as final position, trajectories
are computed backward to the initial point for 3- and 7-day peri-
ods. These time integrations are performed with the four-step
Runge–Kuttamethod using time steps equal to 0.1 or 0.2 h. In fact,
when a trajectory is computed forward with the same numerical
method as it was computed backward, it ends at a final point that
differs from the original final point because of the global error of
the numerical method, but for these time steps, the average nu-
merical error (taken over all computed trajectories) is less than
1.e−7°. Mesochronic velocities for each trajectory are then com-
puted from the initial to final point, and numerical derivatives on
the regular grid are taken for the gradient. All hypergraph figures
are plotted using color and scale as described in ref. 12.
As described by Mezic et al. (12), there are three primary

mechanisms of redistribution of conserved scalars in essentially 2D
flows with complex time dependence that arise from analysis of
hypergraphs in our simulations. There are zones that are showing
elliptic (circulatory) behavior over an observed time interval—
calledmesoelliptic zones. Such zones are indicated in Fig. 4B andD
by green color. Zones that show strain in one direction and con-
vergence in another direction over an interval of time are called
mesohyperbolic. Such zones are indicated by blue and red colors in
Fig. 4 B and D. The difference between blue and red zones is that
blue zones are those zones with pure strain, whereas red zones
exhibit a mixture of straining and shearing behavior. The time in-
terval chosen for current analysis is 7 d—this interval is the time
interval on which substantial mixing features of the flow field be-
come evident. The time interval is larger than the interval chosen in
the work by Mezic et al. (12), in which surface streaming was con-
sidered, because the velocity magnitude at the deep water plume
horizon is much smaller than the velocity magnitude at the surface.

Hydrocarbon Irruption Rate. Hydrocarbon input was calculated
exclusively for the 1,000- to 1,300-mdepth range, the so-calleddeep
waterplumehorizon, and inputswere assumed tobeuniformacross
this depth range. Input terms were taken from several sources (14–
18) and calculated in terms of the grams of carbon per day as
follows. The environmental wellhead emission profile (16) was
normalized to a fractional daily emission. The daily emission for
each component of interest was then calculated as the product of
the fractional daily emission and the total input for that compound
as calculated below.
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For methane, we calculated a lower-bound input by using the
wellhead emission term from ref. 17 and assuming that 99% of the
methane was retained in the plume horizon (18, 19). An upper-
bound estimate for methane was calculated from the fractional
abundance presented in ref. 17 and the wellhead emission estimates
of ref. 15, also assuming that 99%of themethanewas retained in the
plume horizon; only the latter is presented here. For ethane and
propane, lower- and upper-bound estimates were calculated as for
methane using the wellhead emission terms above, and again, only
the latter is shown here. These wellhead emission terms were
modified for fractional dissolution in the plume horizon (17, 19)
(0.92 for ethane and 0.79 for propane) and fractional dissolution of
methane (assumed to be 0.99) to calculate the input terms to the
deep water plume. For n-butane, i-butane, n-pentane, and i-pen-
tane, lower- and upper-bound estimates were calculated as for
methane, ethane, and propane. However, the fractional dissolution
in the plume horizon was estimated from the average atmospheric
emission terms (18) by assuming that one-half of the nonsurfacing
fraction was trapped in the plume horizon, yielding fractional dis-
solution terms of 0.37, 0.41, 0.17, and 0.15, respectively. For cyclo-
pentane, cyclohexane, methylcyclopentane, and 2,3-dimethylbutane,
we calculated input terms from the wellhead emission terms (17),
again by assuming that one-half of the nonsurfacing fraction was
trapped in the plume horizon. The fractional dissolution terms are,
thus, calculated to be 0.31 (cyclopentane), 0.18 (cyclohexane), 0.11
(methylcyclopentane), and 0.31 (2,3-dimethylbutane).
For benzene input, we again used thewellhead emission term (17)

and assumed that fractional dissolution in the deep water plume
horizon was identical to ethane (0.92), which has similar solubility.
For several monoaromatic hydrocarbons (toluene, o-xylene, ethyl-
benzene, m+p-xylenes, 1,2,4-trimethylbenzene, n-propylbenzene,
1,3,5-trimethylbenzene, and naphthalene), we calculated input from
the wellhead emission terms (17) using their fractional dissolution
relative to benzene: 0.51 (toluene), 0.378 (o-xylene), 0.369 (ethyl-
benzene), 0.359 (m+p-xylenes), 0.211 (1,2,4-trimethylbenzene),
0.218 (n-propylbenzene), 0.232 (1,3,5-trimethylbenzene), and 0.221
(naphthalene). The input to the deep water plume horizon was then
calculated by also accounting for the fractional dissolution of ben-
zene. The input for two monoaromatic hydrocarbons, 1-methyl-4-
ethylbenzene and 1-methyl-3-ethylbenzene, was determined from
their wellhead emission terms (17), again by assuming that one-half
of the nonsurfacing fraction (18) was trapped in the plume horizon.
The fractional dissolution terms are, thus, determined to be 0.24
and 0.11, respectively, and the input was calculated in reference to
the fractional dissolution of methane.
The input terms of insoluble alkanes were estimated from the

wellhead flux (16, 17) by summing the n-alkane, iso-alkane, and
cycloalkane fractions and parsing them evenly into four fractions
based on the carbon chain length analysis (17). Each grouping
was assumed to have a fractional abundance in the plume of
0.04, and the input was calculated relative to the fractional dis-
solution of benzene. Note that the oil input term represents the
microdroplets of oil suspended in the deep plumes rather than
the dissolved compounds. The quantity of droplet oil suspended
in the deep plume is the least well-quantified and remains the
largest potential source of systematic error in the calculation of
hydrocarbon irruption rate.

Carbon Flow. We developed a general model of hydrocarbon con-
sumption and bacterial growth that was applied individually to each
hydrocarbon substrate.Carbon fromeach substratewas tracked into
the final product CO2 as well as an extracellular intermediate and
biomass of a unique primary consumer at the ratio of 1:1:1. Both
the extracellular intermediate and the produced biomass were as-
sumed to have an average carbon oxidation state of zero. After
formed, the extracellular intermediate was available for con-
sumption by a unique secondary consumer that produced CO2 and
biomass at a ratio of 1:1. Biomass produced by both the primary

and secondary consumer decayed away to CO2 at a first-order rate
with k= 2 × 10−3 h−1 after the biomass was no longer supported by
hydrocarbon substrate, but levels did not fall below the baseline.
Thus, the model necessitated 26 unique primary consumers, each
of which supplied an extracellular intermediate metabolite to 1 of
26 unique secondary consumers for a total of 52 unique metabolic
types. Each of the 52 unique bacterial consumers is defined here as
an operational metabolic type (OMT). An exemplary metabolic
scheme for propane is shown below, where Pro and Pro′ represent
the primary and secondary OMTs, respectively (S1):

C3H8 þ 3O2 →CO2 þ CH2Oðpro biomassÞ
þ CH2Oðintermediate metaboliteÞ þ 2H2O [S1]

(S2),

CH2Oðintermediate metaboliteÞ
þ 1
2
O2 →

1
2
CO2 þ 1

2
CH2Oðpro′ biomassÞ þ 1

2
H2O [S2]

(S3),

CH2Oðpro biomassÞ þO2 →CO2 þH2O [S3]

(S4),

1
2
CH2Oðpro′ biomassÞ þ 1

2
O2 →

1
2
CO2 þ 1

2
H2O [S4]

(S5), and

C3H8 þ 5O2 → 3CO2 þ 4H2OðNet ReactionÞ: [S5]

The rates of reactions S1 and S2 are dependent on the biomass
and growth rate of the respective bacteria, Pro and Pro′. The
rates of reactions S3 and S4 are assumed to be first order with
respect to biomass.

Metabolic Rates.The rate of consumption for a givenhydrocarbon is
determined by the population’s magnitude and growth rate, and it
was limited only by the complete consumption of a required sub-
strate. This approach differs from models in which the rate of
consumption is linked directly to the concentration of substrate;
however, this approach was deemed more appropriate in this case,
because the irruption of hydrocarbons overwhelmed the capacity
of the indigenous bacterial population and initiated a growth re-
sponse. Although this approach effectively captures bacterial
growth and substrate consumption rates in the earlier stages of
growth, it ignores the inevitable transition to higher-order kinetic
behavior that occurs as substrate levels decline, effectively driving
premature substrate depletion. Predation through grazing and
viral lysis would also likely act to reduce the effective metabolic
rate of the primary community near its metabolic peak and slightly
extend the duration of the active metabolic period. Such factors
were not incorporated into the model; they are likely to be minor
compared with the impact of growth, and there is too great of an
uncertainty in parameterizing their effect. Nutrients (N and P)
were not added explicitly to the model presented here, because
calculations indicate that nutrient levels (20) were sufficient at all
times to support the modeled levels of productivity. Trace metal
requirements for hydrocarbon-degrading bacteria are not estab-
lished and thus, were not included in the model.

Bacterial Types, Growth Rates, and Initial Population Size. For pur-
poses of the model, bacteria are defined by the substrate that they
consume as per Table S1. Each primary consumer has a unique
identifier related to its metabolism (e.g., Met for methane), and
many consumers aregroupedby commonmetabolic functions (e.g.,
Alk1–Alk8 are all consuming alkanes containing from four to six
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carbons). Secondary consumers are identified as a derivative of the
primary consumer that provides their substrate (e.g., Met′ is the
secondary consumer using the extracellular intermediate released
by Met). The model defines bacterial populations in terms of
carbonmass but not cell numbers, owing in part to the variability in
mass per cell among marine bacteria, likely over an order of
magnitude in this case (20, 21).
The substrate preference for both primary and secondary con-

sumers was linked to the dominant microbial populations observed
in the deep water plumes (15, 19–22) displayed in Table S1. This
exercise allowed us to assign four genera of bacteria to the primary
consumers and five genera to the secondary consumers. Among
the primary consumers, we assign methanotrophs to the genera
Methylococcaceae, alkane degraders to the generaOceanospirillales,
ethane and propane degraders to the genera Colwellia, and aro-
matic hydrocarbon degraders to the veneraCycloclasticus. Among
the secondary consumers, we assign methylotrophs to the genera
Methylophaga and Methylophilaceae, degraders of intermediate
alkane metabolites to the genera Colwellia and Oceanospirillales,
and degraders of intermediate aromatic metabolites to the genera
Cycloclasticus.
Growth rates were assigned for each OMT based on limited

available data, and they are displayed in Table S1.Growth rates for
methanotrophs (Met) were derived from a published interpolation
(15). Growth rates from ethane (Eth), propane (Pro), and n-bu-
tane (Alk1) were estimated from the activity of Eth and Pro in
June of 2010 (19) and previous observations of the relative use
rates of the three substrates (23). Growth on n-pentane (Alk3) was
assumed to occur at the same rate as for n-butane, whereas growth
from other short chain n-alkanes (Alk2 and Alk4–Alk8) was as-
sumed to occur at the same rate as for propane. Growth from
aromatic compounds (Btx1–Btx5 and Aro1–Aro6) was assumed to
occur at a uniform rate that was estimated from published values
(21). Growth rate from suspended, insoluble alkanes (Oil1–Oil 4)
was assumed to increase with carbon chain length, with Oil1
growing at the same rate as the consumers of dissolved short-chain
alkanes (e.g., Alk4–Alk7) and sequentially slower growth rates
occurring for consumers of higher molecular weight oil fractions
(Oil2–Oil4). Growth rates for the secondary consumers of alkanes
(Eth′, Pro′, Alk1′–Alk8′, and Oil1′–Oil4′) were assumed to be
uniform and equal the growth rate of Colwellia isolates at equiv-
alent temperature (24). Growth rates for the secondary consumers
of methane (Met′) were assumed to be slightly slower than for
Colwellia. Growth rates for the secondary consumers of aromatic
compounds (Btx1′–Btx5′ and Aro1′–Aro6′) were assumed to be
uniform and the same as observed previously for Cycloclasticus
acting as primary consumers (21). Thus, generation times by OMT
are as follows: Met (3.5 d), Eth (1.5 d), Pro (1 d), Alk1 (0.75 d),
Alk2 (1 d), Alk3 (0.75 d), Alk4–8 (1 d), Btx1–5 (3 d), Aro1–6 (3 d),
Oil1 (1 d), Oil2 (1.5 d), Oil3 (2 d), Oil4 (5 d), Met′ (0.5 d), Eth′
(0.42 d), Pro′ (0.42 d), Alk1′–8′ (0.42 d), Btx1′–5′ (3 d), Aro1′–6′
(3 d), and Oil1′–4′ (0.42 d).
The initial mass of viable carbon in each OMT was derived by

assuming an OMT cell contribution of 0.1% by cell number to the
microbial community and a total cell count of 107 cells L−1 (20).
The initial viable mass was then determined in reference to the
assumed carbon content for each OMT (Table S1). The sole
exception was for methanotrophs, which were assumed to con-
stitute 0.01% of the microbial community by cell number, con-
sistent with the low methane concentration and slow methane
consumption in these waters (19).

Numerical Representation of Respiration and Decay. When a water
parcel is chosen as the parcel of interest, its trajectory between
two given moments is computed by solving (Eq. S6):

_xðtÞ ¼ vðx; tÞ; [S6]

where v(x, t) is the known velocity field. The trajectory is actually
computed backward using four-step Runge–Kutta method. Then,
it is computed forward along the computed trajectory x = x(t),
and chemical reactions S1–S5 are tracked by solving the fol-
lowing set of ordinary differential equations (ODEs) (Eq. S7):

dcpj
dt

¼ sj − 3gpj [S7]

(Eq.S8),

dcsj
dt

¼ gpj − 2gsj [S8]

(Eq.S9), and

dρpðsÞj

dt
¼ gpðsÞj − dpðsÞj : [S9]

Here, cpðsÞj ¼ cpðsÞj ðxðtÞ; tÞ is the jth primary (secondary) chemical
compound concentration, and ρpðsÞj ¼ ρpðsÞj ðxðtÞ; tÞ is the jth primary
(secondary) bacterial population concentration. The primary
chemical compound is the hydrocarbon itself, and the secondary
chemical compound is the intermediate metabolite resulting from
the respiration by the primary bacterial OMT. For all these
concentrations, j = 1, . . ., N, where N is the number of hydro-
carbons; all these concentrations are measured in micromoles
carbon per liter.
On the right side of the ODE system, the source, growth, and

decay terms appear. In particular (Eq. S10),

sjðxðtÞ; tÞ ¼ Aj

2πσ2
e−

jxðtÞ− x0 j
2σ2

2

[S10]

is the source for j hydrocarbon (j= 1, . . ., N), and it is modeled as
a Gaussian distribution in 2Ds around the Macondo well at x0 =
(−88.386944°, 28.736667°) with the SD σ taken to be 0.1°. To
prevent fictive source input all over the computational domain,
sj(x(t), t) is put to zero if distance of the water parcel from the well
is greater than 3σ. The Gaussian distribution amplitude Aj is
computed, and therefore, the source flux integrated over time fits
daily hydrocarbon flux estimates. In this process, the fact that the
Macondo well is near the boundary between deep water and the
continental shelf is taken into account as well as the assumption
that hydrocarbon input is homogenously distributed in the vertical
direction of the observed layer, which has 300 m depth.
Next, on the right side of the ODE system, there are the growth

terms of the primary (secondary) bacterial population, which are
modeled as (Eq. S11)

gpðsÞj ¼ kpðsÞj ρpðsÞj : [S11]

Naturally, this growth has a limitation and happens only if primary
(secondary) chemical compound concentration is above its
background value. The rate of the primary (secondary) bacterial
growth, kpðsÞj , is easily obtained from the mass doubling time TpðsÞ

j;2
for that bacterial population (Eq. S12):

kpðsÞj ¼ ln2=TpðsÞ
j;2 : [S12]

Although primary bacterial growth occurs, one-third of the car-
bon from hydrocarbon mass goes to primary bacteria, one-third
goes to secondary chemical compound (intermediate metabolite),
and one-third goes to CO2. Therefore, factor 3 arises in the first
ODE. Also, although secondary bacterial growth occurs, one-
half of the carbon from intermediate metabolite goes to sec-
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ondary bacteria, and one-half goes to CO2. Therefore, factor 2
appears in the second ODE.
Finally, there are two terms for bacterial decay, which are

modeled as (Eq. S13)

dpðsÞj ¼ − μpðsÞj ρpðsÞj : [S13]

Similar to the rate of growth, μpðsÞj is the rate of the primary
(secondary) bacterial decay, and it is computed from the mass
halving time TpðsÞ

j;1=2 for that bacterial population (Eq. S14):

kpðsÞj ¼ ln 2=TpðsÞ
j;1=2: [S14]

Also, similar to the growth, the decay has a limitation—it happens
only if bacterial population concentration is above its back-
ground value.
At the end, total oxygen depletion can be computed by solving

(Eq. S15)

dO
dt

¼ −
XN
j¼1

��
1þ 3m

4n

�
gpj þ dpj þ gsj þ dsj

�
: [S15]

Here, O = O(x(t), t) is the oxygen concentration, and it is
measured in micromolar O2. On the right side of this ODE, n is
the number of carbon atoms in the hydrocarbon molecule, andm
is the number of hydrogen atoms in the hydrocarbon molecule.
The factors that multiply growth and decay rates in the ODE for

oxygen concentration can be explained as follows. Although
primary bacterial population is growing for each carbon that
increases the bacterial mass, 1þ 3m

4n of O2 molecules are de-
pleted. For each carbon that goes into the secondary bacterial
mass during its growth, one O2 molecule is depleted. Finally, for
both bacterial decays, for each carbon in the bacterial mass that
goes into decay, one O2 molecule is depleted.
At first glance, the ODE system seems as if it can be computed

analytically, because it results in simple exponential growth and
exponential decay dependences.However, because the trajectory is
only numerically given and because there are limitations for growth
and decay because of which right side changes significantly at time
moments that can be only numerically evaluated, the best choice is
numerical integration (four-step Runge–Kutta method). In fact,
because the growth and decay are exponential, even within a small
time interval, the system can switch from growth to decay and from
decay to background state, and particular care for these cases must
be taken while performing numerical computations.
The time step used in the model varied depending on the

specific application. In the case of select time series analyses (Figs.
1 and 2), water parcels are picked to show important reaction
phenomena, and time step is 0.1 h. In the case where spatial
distribution is displayed (Figs. 3–5), the time step is 0.2 h, and the
parcels at the day of the distribution form a regular 201 × 201
grid in the computational domain around the Macondo well,
with longitudes from −89.5° to −87.5° West and latitudes from
27.3° to 29.3° North.
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Fig. S1. Spatial and temporal context for plume structure reported by ref. 1 for June 25 and 27, 2010. (A) Seven-day hypergraph for June 25, 2010, showing
mixing regimens. (B) Spatial distribution of total hydrocarbons (sum of 26 compounds or classes) on June 25, 2010. (C) Spatial distribution of respiration rate for
hydrocarbon oxidation on June 25, 2010. (D) Seven-day hypergraph for June 27, 2010, showing mixing regimens. (E) Spatial distribution of total hydrocarbons
(sum of 26 compounds or classes) on June 27, 2010. (F) Spatial distribution of respiration rate for hydrocarbon oxidation on June 27, 2010. The yellow circles
denote the starting and ending locations for Sentry deployments.
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Table S1. Hydrocarbon input and bacterial growth parameters

Compound name Input (g C)* 1° OMT ID Putative ID† Ci (g C L−1)‡ td (d)§ 2° OMT ID Putative ID† Ci (g C L−1)‡ td (d)§

Methane 1.5E+11 Met Methylococcaceae 2.0E−11 3.5 Met′ Methylo phaga/philaceae 1.5E−09 0.5
Ethane 2.7E+10 Eth Colwellia 2.0E−10 1.5 Eth′ Colwellia 2.0E−09 0.42
Propane 2.2E+10 Pro Colwellia 2.0E−10 1 Pro′ Colwellia 2.0E−09 0.42
n-Butane 5.0E+09 Alk1 Oceanospirillales 5.0E−09 0.75 Alk1′ Colwellia 2.0E−09 0.42
Iso-butane 2.9E+09 Alk2 Oceanospirillales 5.0E−09 1 Alk2′ Colwellia 2.0E−09 0.42
n-Pentane 7.9E+08 Alk3 Oceanospirillales 5.0E−09 0.75 Alk3′ Colwellia 2.0E−09 0.42
Isopentane 7.0E+08 Alk4 Oceanospirillales 5.0E−09 1 Alk4′ Colwellia 2.0E−09 0.42
Cyclopentane 1.8E+08 Alk5 Oceanospirillales 5.0E−09 1 Alk5′ Colwellia 2.0E−09 0.42
Cyclohexane 6.1E+08 Alk6 Oceanospirillales 5.0E−09 1 Alk6′ Colwellia 2.0E−09 0.42
Methylcyclopentane 3.5E+08 Alk7 Oceanospirillales 5.0E−09 1 Alk7′ Colwellia 2.0E−09 0.42
2,3-Dimethylbutane 1.1E+08 Alk8 Oceanospirillales 5.0E−09 1 Alk8′ Colwellia 2.0E−09 0.42
Benzene 1.4E+09 Btx1 Cycloclasticus 2.0E−10 3 Btx1′ Cycloclasticus 2.0E−10 3
Toluene 1.9E+09 Btx2 Cycloclasticus 2.0E−10 3 Btx2′ Cycloclasticus 2.0E−10 3
o-Xylene 4.1E+08 Btx3 Cycloclasticus 2.0E−10 3 Btx3′ Cycloclasticus 2.0E−10 3
Ethylbenzene 1.1E+08 Btx4 Cycloclasticus 2.0E−10 3 Btx4′ Cycloclasticus 2.0E−10 3
M+p-xylenes 1.1E+09 Btx5 Cycloclasticus 2.0E−10 3 Btx5′ Cycloclasticus 2.0E−10 3
1,2,4-Trimethylbenzene 2.8E+08 Aro1 Cycloclasticus 2.0E−10 3 Aro1′ Cycloclasticus 2.0E−10 3
n-Propylbenzene 5.5E+07 Aro2 Cycloclasticus 2.0E−10 3 Aro2′ Cycloclasticus 2.0E−10 3
1,3,5-Trimethylbenzene 1.2E+08 Aro3 Cycloclasticus 2.0E−10 3 Aro3′ Cycloclasticus 2.0E−10 3
1-Methyl-4-ethylbenzene 7.3E+07 Aro4 Cycloclasticus 2.0E−10 3 Aro4′ Cycloclasticus 2.0E−10 3
1-Methyl-3-ethylbenzene 8.0E+07 Aro5 Cycloclasticus 2.0E−10 3 Aro5′ Cycloclasticus 2.0E−10 3
Naphthalene 1.1E+08 Aro6 Cycloclasticus 2.0E−10 3 Aro6′ Cycloclasticus 2.0E−10 3
Oil < C10 3.0E+09 Oil1 Oceanospirillales 5.0E−09 1 Oil1′ Colwellia 2.0E−09 0.42
Oil (C9 < Oil < C17) 3.0E+09 Oil2 Oceanospirillales 5.0E−09 1.5 Oil2′ Colwellia 2.0E−09 0.42
Oil (C16 < Oil < 27) 3.0E+09 Oil3 Oceanospirillales 5.0E−09 2 Oil3′ Colwellia 2.0E−09 0.42
Oil > C26 3.0E+09 Oil4 Oceanospirillales 5.0E−09 5 Oil4′ Colwellia 2.0E−09 0.42

*Total input to the deep plume horizon in grams of carbon.
†The genera or family of bacteria to which each OMT potentially maps.
‡Initial cell concentration in grams of carbon per liter.
§Doubling time of the population in days.

Movie S1. Model outputs for the 1,000- to 1,300-m depth interval spanning from April 13 to September 30, 2010. (Upper Left) Summed concentration of 26
hydrocarbon compounds or classes in the interval in micromoles carbon per liter. (Upper Right) Bacterial abundance in micromoles carbon per liter. (Lower Left)
Rates of hydrocarbon respiration by bacteria in micromoles oxygen per liter per day. (Lower Right) Oxygen anomaly in micromoles oxygen per liter. The
location of the Macondo well is shown by a black circle.

Movie S1
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Movie S2. Model output for the 1,000- to 1,300-m depth interval of oxygen anomalies compared with the presence or absence of a contemporaneous oxygen
anomaly observed during the response efforts (in μM 02/L). Solid green squares indicate concurrence between the model and observations, whereas solid red
squares indicate disagreement. The red concentric ring around each solid red square indicates the minimum distance to achieve concurrence. All oxygen data
are from ref. 1 or correspond to data from refs. 2 and 3, which were funded by National Science Foundation Awards OCE-1043976, OCE-1045670, and OCE-
1045025. The location of the Macondo well is shown by a black circle. The date is shown at the Top Center, and a running tally of concurrence/disagreement is
shown at Top Left.

Movie S2
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