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A composite database encompassing 6 benthic surveys from years 1983 to 2003 was constructed to

evaluate the distribution of macrofaunal biomass in the deep Gulf of Mexico (GoM) prior to the

Deepwater Horizon oil spill. Predictive models based on optimal scaling of ocean color data and high

resolution bathymetry were employed to map the benthic biomass in the vicinity of spill site because

no previous sampling had been conducted at that exact location. The predicted biomass declines with

water and mixed layer depth and is an increasing function of surface primary production and temporal

variation of sea surface temperature. The decline of animal size with depth, however, was a function of

a shift of dominant abundance from large to small taxa. At a local scale, high benthic biomass in the N

GoM was associated with the enhanced productivity by the nutrient-laden Mississippi River outflows,

offshore transport of the river plumes, and upwelling along the northern edge of the Loop Current. The

apparent biomass enhancement at the Mississippi and De Soto Canyon and deep sediment fan was

presumably related to lateral down-slope advection of organic carbon from the surrounding continental

margin. Except for the Campeche Bank, the meager biomass of the Mexican margin may reflect the

characteristic low-productivity Caribbean water that enters the GoM through Yucatan Strait. Benthic

biomass in the N GoM was not statistically different between comprehensive surveys in the years

1983–1985 and 2000–2002. The stock assessment and biomass predictions from 669 cores at 170

locations throughout the deep GoM provide an important baseline of the sediment-dwelling fauna that

may be subjected to immediate or long-term impacts from the oil spill or from climate change.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Deepwater Horizon oil spill

On April 20, 2010, methane gas erupted �1500 m below the
sea surface from the Macondo well (Mississippi Canyon Block 252
or MC252), triggering explosions at the Deepwater Horizon (DWH)
Platform. Gas, produced water, drilling mud, and crude oil gushed
from the seafloor for 84 consecutive days, releasing 4.4720%
million barrels of oil, causing the largest offshore oil spill in US
history (Crone and Tolstoy, 2010). On the order of �25% of oil was
ll rights reserved.
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il.com (C.-L. Wei).
recovered from the wellhead or burned/skimmed at the surface.
The remaining �75% of oil evaporated, was degraded naturally
through microbial oxidation, formed aggregates with suspended
sediments and drilling mud and sank to the seabed or entered
bays and estuaries (Lehr et al., 2010). Oil entered the marine food
web (Graham et al., 2010; Hazen et al., 2010; Valentine et al.,
2010) and eventually may affect the benthic community if and
when the assimilated carbon reaches the seafloor (Joye and
MacDonald, 2010). To prevent shoreline contamination, approxi-
mately 2.2 million gallons of chemical dispersant (COREXIT) was
applied at the wellhead (0.77 M) and at the surface (1.4 M) to
emulsify and thus disperse the oil within the water column
(Kujawinski et al., 2011). As this strategy seemed to spare the
coastline from catastrophic loss of juvenile fish cohorts after the
incident (Fodrie and Heck, 2011), opinions are growing that the
acute effects of the DWH oil spill will be in the deep-sea
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environment (Adcroft et al., 2010; Camilli et al., 2010; Lu et al.,
2012). A major concern is that the large-scale and subsea application
of dispersant may alter the fate and dispersal of the spilled oil and
increase the bioavailability of oil constituents to organisms in the
water column and on the seafloor (Hemmer et al., 2011).

1.2. Potential effects on deep-sea macrobenthos

The biological effects of oil contamination depend on the fate
of the spilled oil and the additive toxicity of individual petroleum
compounds, especially the aromatic hydrocarbons that are known
to have narcotic and carcinogenic toxicity (Coleman et al., 2003).
The lethal and sublethal effects include individual mortality,
alterations in population recruitment, growth, and reproduction,
as well as changes in community structure (Coleman et al., 2003).
Benthic infauna such as spionid and capitellid polychaetes and
ampeliscid amphipods have been studied extensively as bio-
indicators due to their resilience or sensitivity to oil contamina-
tion (Dean, 2008; Gesteira and Dauvin, 2000). For example,
Montagna and Harper (1996) found that the density of non-
selective deposit-feeders (polychaetes, oligochaetes and nema-
todes) was enhanced in the sediments near oil production plat-
forms whereas the density of crustaceans (amphipods and
harpacticoid copepods) declined due to their sensitivity to
the oil toxicants. At the head of the Mississippi Canyon
(�500-m depth), dense mats of tube-dwelling amphipod species
(412,000 individuals m�2), Ampelisca mississppiana (Soliman and
Wicksten, 2007), were discovered prior to the DWH oil spill. Their
tissues showed preferential bioaccumulation of polycyclic aro-
matic hydrocarbons (PAHs), possibly related to drilling activities
in the vicinity and anthropogenic sources from river discharge
and atmospheric deposition (Soliman and Wade, 2008; Wade
et al., 2008). Specimens of A. mississippiana appeared to tolerate
moderate PAHs toxicity, but it is probably because the back-
ground concentrations were not high enough to adversely affect
the biota (Wade et al., 2008). While the dissolved forms of
hydrocarbons are the most bioavailable (Coleman et al., 2003),
the PAHs accumulated in the tissues of marine benthos (such as
amphipods) can be available to higher trophic levels through
direct ingestion. The sessile macrobenthos could also be subjected
to prolonged hypoxia induced by excessive microbial methane
oxidation (Adcroft et al., 2010; Kessler et al., 2011). The effects
could mimic the responses of macrobenthos to oxygen minimum
zones (OMZs), where density and biomass reductions have been
observed at the lowest oxygen concentrations (Levin, 2003).
Echinoderms, crustaceans, and mollusks could be replaced by
hypoxia-tolerant nematodes (Rowe, 1971) and annelids (Levin,
2003). Reduction in species richness and dominance of one or a
few endemic species can also be expected in the OMZs (Levin and
Sibuet, 2012). Based on previous studies in shallow water and
estuaries, standing stocks of macrobenthos may decline immedi-
ately after initial spill impact (Gesteira and Dauvin, 2000; Grassle
et al., 1981). The recovery of the littoral community is expected to
be slower than the exposed shores, because the habitat has been
contaminated by sedimentation of oil-polluted particles with no
practical clean up strategies (Kingston, 2002). At �1500-m depth
near the wreckage of DWH platform, low temperature (4 1C) and lack
of sunlight impede natural degradation of oil in the water column or
sediments; hence, the benthos could be subjected to chronic
exposure to the hydrocarbons and the recovery time could be long.

1.3. Historical standing stock pattern and physical setting

The earliest quantitative macrofaunal sampling in the deep GoM
began in the 70’s (Pequegnat et al., 1990; Rowe and Menzel, 1971;
Rowe et al., 1974). These studies suggested that the standing stocks
of macrobenthos were depauperate compared to the NW Atlantic.
Most of these observations can be generalized by an exponential
decline of standing stocks with depth due to deteriorating quantity
and quality of photosynthetic carbon that sinks to the seafloor (Rex
et al., 2006; Rowe, 1983; Wei et al., 2010b). The overall level of
stocks, however, varies among continental margins, depending on
surface production, width of the continental shelf, latitude, and
terrestrial runoff (Gage and Tyler, 1991; Rowe, 1983). Based on in-
situ experiments, macrobenthos can rapidly respond to and process
a pulse of fresh phytodetritus to the seabed (Sweetman and Witte,
2008; Witte et al., 2003), presumably because of their ability to
quickly move to the newly settled fecal pellets, aggregates, or
detritus before these resources can be utilized by small metazoan
invertebrates and microbes (Rowe and Deming, 2011); hence, the
macrofaunal standing stocks can be considered as a surrogate for
benthic food supplies arriving on the seafloor (Johnson et al., 2007;
Smith et al., 1997). In the N GoM, the surface production and the
export flux of particulate organic carbon (POC) to the benthic
environment were estimated to be higher in the northeast than in
the northwest basin due to higher inputs of nutrients to the NE GoM
(Biggs et al., 2008). Furthermore, the Mississippi Submarine Canyon
in the NE GoM is an active conduit of organic matter between the
productive continental shelf receiving major riverine inputs (e.g. the
Mississippi River) and the sediment fan adjacent to the nutrient-
poor abyssal plain at the middle of the GoM basin (Bianchi et al.,
2006; Santschi and Rowe, 2008). In contrast with the prominent
canyon features in the NE GoM, the continental slope of NW GoM is
known for its complex physiography (Bryant et al., 1991), where
numerous salt diapirs and small basins may trap and accumulate
particulate organic material. In the S GoM, the Mexican margin is
characterized by meager surface production in Caribbean source
water that enters the Strait of Yucatan (Wiseman and Sturges,
1999). These regional differences in productivity regimes may affect
the benthic food supplies and limit the distribution and standing
stocks of deep-sea macrobenthos.

1.4. Census of marine life efforts and study objectives

Given the mounting challenges of climate change and anthro-
pogenic impacts on marine ecosystems, the Census of Marine Life
(CoML) was launched in 2000 to document the global baseline on
marine biodiversity (McIntyre, 2010; Snelgrove, 2010). A Census-
affiliated field project, the Deep Gulf of Mexico Benthos (DGoMB)
program (Rowe and Kennicutt, 2008), sponsored by the Mineral
Management Service (MMS), now the Bureau of Ocean Energy
Management (BOEM) of US Department of Interior, began a
3-year deep-sea survey to understand the structure and function
of benthic communities prior to ultra-deepwater drilling in N
GoM (4 1524-m depth, Richardson et al., 2008). In this analysis,
regional variability of macrofaunal biomass was examined among
major oceanic features in the N GoM with contrasting productiv-
ity regimes. The biomass from the DGoMB sampling was also
compared with the historical data in the N GoM and new
information from the S GoM. Here, the goal is to provide a
baseline condition of macrofaunal stocks for future assessment
of the DWH oil spill impacts. Since no previous sediment samples
had been taken at the spill site (MC252), the macrofaunal biomass
was reconstructed using predictive models based on bathymetry
and remotely sensed ocean color images. Similar modeling has
been utilized by the CoML Fresh Biomass Synthesis to predict
global seafloor biomass with encouraging accuracy (Wei et al.,
2010b). The complete assessment of the magnitude and effects of
the DWH oil spill, however, are still under the US Natural
Resources Damage Assessment (NRDA) process. The NRDA results
remain largely restricted and the account provided in this study is
unrelated to and independent from the NRDA process.
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2. Materials and methods

2.1. Northern Gulf of Mexico (GoM) sampling

During the Deep Gulf of Mexico Benthos (DGoMB) field work
(years 2000–2002, Rowe and Kennicutt, 2008; Rowe and
Kennicutt, 2009), benthic macrofauna were sampled using a 0.2-
m2 version of the GOMEX box corer (Boland and Rowe, 1991).
A total of 51 locations (Fig. 1, Table A1) were sampled from which
the distribution of macrofauna abundance and mean size along
the continental slope and abyssal plain were determined (from
213 m to 3732 m). At least 5 box cores were deployed at each
location and overall 271 box cores were collected for a total
sampled area of 54 m2. Standard sample processing procedures
for deep-sea benthos were used on board and in the laboratory
(detailed descriptions can be found in Wei et al., 2010a). Density
was estimated from specimens retained on a 300-mm sieve.
Macrofauna sensu-stricto density (excluding large size meiofauna
such as nematodes, harpacticoids, and ostracodes) was also
estimated (Gage et al., 2002). At selected continental slope sites
(C7, MT1, MT3, MT6, S36, and S42), bio-volume of individual
specimens was measured using an ocular micrometer from 3 sub-
cores (12.4 cm diameter) with appropriate morphometric formu-
lae. The volume was converted to soft-body wet mass assuming a
density of 1.13 mg mm�3 (Gerlach et al., 1985). Total biomass at
each location was estimated by summation of density multiplied
by the mean wet weight for each taxon (Table A2).

The Northern Gulf of Mexico Continental Slope (NGoMCS)
Study (years 1983–1985, Gallaway, 1988; Pequegnat et al.,
1990) used a 0.06-m2 version of the GOMEX box corer. Animal
density was estimated using the same sampling procedure (e.g.
300-mm sieve) for 45 sites based on 324 core replications from
298 to 2951-m depth (Fig. 1, Table A3). Macrofaunal body size
was not measured directly during the NGoMCS; therefore, the
biomass was estimated by multiplying the abundance with mean
weight of major taxonomic groups from the DGoMB sampling
Fig. 1. Locations of quantitative deep-sea macrofauna sampling in the Gulf of Mexico.

The station names show the DGoMB sampling. The star symbol indicates the location
(Table A2). Additional historical data on the Sigsbee Abyssal Plain
(Rowe et al., 2003) are listed in the Supporting information (Fig. 1,
Table A4). Except for a slightly smaller sieve size (250 mm), Rowe
et al. (2003) used the same GOMEX box corer and sampling
procedures as the DGoMB study.

2.2. Southern Gulf of Mexico (GoM) sampling

Macrofaunal data of the S GoM were provided by Universidad

Nacional Autónoma de México (UNAM) for comparison. A total of
73 stations from 38 m to 3795-m depth were sampled from
1996 to 2003 during the Oceanografı́a del Golfo de México

(OGMEX, Escobar-Briones and Soto, 1997), Procesos Oceánicos

y Mecanismos de Producción Biológica en el sur del Golfo de

México (PROMEBIO, Escobar-Briones et al., 2008a), and SIGSBEE
Cruises (Arredondo, 2011; Escobar-Briones et al., 2008b; Plaza-
Reséndiz, 2006). The infauna specimens were collected using a
0.2-m2 Smith McIntyre Grab (OGMEX), 0.16-m2 USNEL box
corer (PROMEBIO), 0.25-m2 USNEL box corer (SIGSBEE2 and
SIGSBEE3), and multiple corer (SIGSBEE6). The UNAM samples
were sieved with a 250-mm sieve (Fig. 1, Table A4). Preserved
wet weights were measured directly on a microbalance after
sorting to major taxa.

2.3. Hypothesis testing and statistical analyses

We focused on fine-scale spatial comparisons within the
DGoMB study (Rowe and Kennicutt, 2008, location names in
Fig. 1). A total of four null hypotheses were designed to test
whether the macrofaunal biomass was different among the
following geographic features in the N GoM:
(1)
The w

of th
The active Mississippi Canyon (MT transect) and adjacent
continental slope (C, WC, W, and RW transects). The RW
transect includes Station AC1 and all the RW stations. The WC
transect includes Stations WC5, WC12, NB2 to NB5, and BH.
hite line indicates depth of 200 m. The black lines indicate 1000 m isobaths.

e Deepwater Horizon oil platform (MC252).
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(2)
 The inactive De Soto Canyon (DS transect) and adjacent
continental slope (FL transect). The DS transect includes
Stations S35 to S38 and the FL transect includes Stations
S44 to S39.
(3)
 The FL transect cutting across the steep Florida Escarpment
and the RW & W transects across the relatively gradual
Sigsbee Escarpment.
(4)
 The continental slope basins (B stations) and the adjacent
non-basin slope (NB stations).
Additional null hypotheses were also employed to test
whether the biomass was different between:
(5)
 The 2000-02 DGoMB and the earlier 1983-85 NGoMCS sam-
pling in the N GoM.
(6)
 The N GoM (DGoMBþNGoMCS data) and S GoM (UNAM data)
sampling.
Macrofaunal preserved wet weights were converted to organic
carbon weights based on conversion factors for each taxonomic
group (Rowe, 1983, Table A2) and then log10-transformed to
approximate normality and equal variance assumption. When
the parametric assumptions were not completely satisfied, the
same analyses based on rank-transformed data were employed
for cross-validation (Conover, 1999; Conover and Iman, 1982). We
used analysis of covariance (ANCOVA) to compare the slope and
elevation of regression lines (depth as functions of biomass)
among transects and to remove unexplained variability asso-
ciated with sampling depths (covariate). When the regression
slopes were homogeneous, the elevations of regression lines were
compared using Tukey’s Honest Significance Difference (HSD) test
(Zar, 1984). When the slopes were heterogeneous (significant
interaction between treatment and covariate), Tukey’s HSD test
was applied to identify which pairs of transects had significantly
different regression slopes (Zar, 1984). These transect pairs were
compared using the Johnson–Neyman (J–N) test (Huitema, 1980)
to pinpoint the specific depth ranges where the regression
elevations were not significantly different. The depths outside of
the non-significant ranges (based on the J–N test) and overlapped
between the transect pairs (with heterogeneous regression
slopes) were reported.

In selected transects (C stations, Stations W1 to W5, Stations
WC5 and WC12), the DGoMB study repeated the historical
NGoMCS sampling (Fig. 1). Three sites on the FL Transect, Stations
S41 to S43, were also sampled in the proximity of historical
NGoMCS sites (�7.1–10.5 km apart). Hence, the null hypothesis
number 5 (sampling time) was also tested using randomized
complete block (RCB) analysis of variance (ANOVA), with the
blocking factor being the sampling sites along the selected
transect.

2.4. Random forest modeling

Random Forest (RF) models (Breiman, 2001) were constructed
to fit log10 macrofaunal biomass on multiple environmental
predictors. In the RF, 2/3 of the biomass observations (from the
core replications) were subjected to successive binary partitions.
At each split point, an optimal split value (S) was chosen from a
random subset of environmental predictors (from 1/3 of all the
variables) to divide the biomass data into left (oS) and right
groups (ZS). A selection criterion was making the stock data
within each group as homogeneous as possible, with continued
partitioning until no further division can be made. This resample
process (with replacement) was repeated 1000 times and the
tree-like structures were collected. Similar to a regression model
with a mathematical equation, predictions were made by passing
new environmental data through the individual trees following
the decision rules. The terminal answers from each tree were then
averaged as the final predictions.

For each decision tree, the roughly 1/3 of the unused biomass
data (out-of-bag or OOB data) can independently verify the model
goodness of fit (R2) against the predictions from corresponding
predictors. The importance of a predictor can be evaluated by
independently permuting its values within the OOB data. This is
to mimic the absence of that variable; hence, the increase of mean
square error (or deterioration of the R2) after the permutation
quantifies the variable’s importance. Based on this concept, we
employed an improved ‘‘conditional permutation’’ algorithm
(Ellis et al., 2012; Strobl et al., 2008), in which the predictor
values were permuted within partitions of the values for the
correlated predictors (r40.5, Pearson’s correlation). This new
algorithm corrects the assumption that the predictors are inde-
pendent of each other (independent permutation) and also
reduces the bias of spurious correlations.

After identifying the most influential predictors, we used a
partial dependence plot (Friedman, 2001) to visualize their effects
on the predicted biomass, or how the RF model responds to these
variables. For example, to evaluate the effect of 1000-m depth on
biomass model, all the actual depth observations (669 replica-
tions in our case) were replaced with 1000 and then the new
synthetic data matrix (along with ocean color observations) was
passed through the existing model to make the prediction. The
new average value from the 669 predictions is then the partial
dependence at depth of 1000 m, measuring the depth effect on
model response while accounting for the average effect of other
predictors. This averaging procedure was repeated across the
depth gradient to evaluate the model response as a function of
depth. The same procedure was conducted for other influential
predictors.

2.5. Environmental predictors and scaling simulations

Predictors used monthly ocean color images from October
1997 to December 2007 based on the Sea Viewing Wide Field-of-
view Sensor (SeaWiFS r2010) and Advanced Very High Resolution
Radiometer (AVHRR) and from January 2008 to December 2010
based on the Moderate Resolution Imaging Spectroradiometer
(MODIS r2010, Table 1). The switch from the SeaWiFS to MODIS
data is necessary because the SeaWiFS was decommissioned in
2010 and only had sketchy temporal coverage for the latter
period. The images of three net primary production (NPP) models
and seven parameters for building these NPP models were
obtained from the Ocean Productivity web page to represent the
complete state of surface productivity during the 13-plus year
period (full predictor attribution in Table 1). In addition, water
depths measured during original benthic surveys were also
included as a predictor (Table A1, A3, and A4). The full coverage
of the GoM bathymetry was obtained from the NOAA Geophysical
Data Center.

Prior to extracting the ocean color data, images of sea surface
temperature (data prior to January 2008) and mixed layer depth
were re-gridded to 5 arc-min grids (by re-defining the grid
spaces) to match the resolution of other images (Table 1). The
sampling year of earlier studies (before year 2000, Table A3 and
A4) was set to the year of 2000. Coordinates of sediment cores
were matched to the satellite images at the time of the sampling
(based on year and month). This direct matching approach,
however, is also subject to bias, because macrofauna stocks are
not necessarily concurrent with surface primary production
(Johnson et al., 2007). The time for detrital materials to sink to
the seafloor (Asper et al., 1992) and for the macrobenthos to
respond to changes of food supply (Sweetman and Witte, 2008;



Table 1
Environmental data for Random Forest analysis. The unit of image resolution is arc-minutes. Abbrev denotes the variable abbreviation.

Image resolution Abbrev Variable Unit

Monthly Mean and S.D. of ocean colors (www.science.oregonstate.edu/ocean.productivity)

SeaWiFS MODIS

1997–2007 2008–2010

5 5 vgpm Standard vertical general production model mg C m�2 d�1

5 5 eppley Eppley vertical general production model mg C m�2 d�1

5 5 cbpm Carbon based production model mg C m�2 d�1

5 5 chl Chlorophyll a concentration mg m�3

5.3 5 sst Sea surface temperature 1C

5 5 par Photosynthetic radiation einstein m�2 d�1

5 5 bbp Particulate backscatter m�1

10 10 mld Mixed layer depth m

5 5 growth Phytoplankton growth rate divisions d�1

5 5 carbon Carbon concentration mg m�3

ETOPO1 Global Relief Model (www.ngdc.noaa.gov/mgg/global)

1 1 depth Water depth m
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Witte et al., 2003), as well as complex hydrographic regimes
(Jochens and DiMarco, 2008), may complicate the scaling of the
satellite data. More likely, the macrobenthos is affected by the
overlying conditions of a large area and through a substantial
time period before the sampling. To cope with this scaling issue,
the following extraction scenarios were tested:
(1)
 The time lags between satellite images and benthic sampling
(from 0 to 24 months prior to the time of sampling).
(2)
 The catchment radius circling the sample location (grid cells
within 0 to 120 arc-min radius in 5 arc-min increments).
(3)
 The accumulating time windows (starting from 0 to 5 months
prior to the lag month).
For example, a typical extraction of one ocean color parameter
for one sample (or sediment core) includes the following steps:
1)
 Selecting multiple images from a desired accumulating time
window (prior to the sampling).
2)
 Calculating mean cell values within a desired catchment area
for all selected images.
3)
 Averaging those mean values and calculating standard devia-
tion (SD) over the time period.

The final mean and SD representing the overall level and
variation within the time window together with water depth (a
total of 21 variables, Table 1) were used as predictors to run the
RF analysis. The biomass predictions were made based on the best
fitting RF models to the empirical data (highest R2). We used an
average index to assemble the outputs from multiple top models.
The model uncertainty was then evaluated by the coefficients of
variation (CV, mean/SD�100%). Because most of the benthic
sampling was conducted in early summer (32.9% in May and
40.7% in June), we set the prediction target to the month of June.
For making predictions, new ocean color data were reprocessed
based on the known temporal and spatial scaling and then
combined with bathymetry before being passed to the selected
top models.

The utility of reduced models (based on subsets of environ-
mental data) was also examined. This was done by monitoring the
RF performance (R2) while step-wise eliminating the least impor-
tant or step-wise adding the most important predictors. Specifi-
cally, the two approaches started from the same rank of predictor
importance (full model, 21 variables). For the step-wise elimina-
tion, the predictor importance was re-examined (by running
separate RF) at each step for the predictors within the reduced
model. The least important predictor was then eliminated in the
next step. For the step-wise inclusion, the re-examination at each
step was done for the predictors not in the reduced model. The
most important predictor was then removed from the next re-
examination step and added to the reduced models.

Statistical analyses used R computing environment
(R Development Core Team, 2011) with R packages ‘‘random
Forest’’ (Liaw and Wiener, 2002), ‘‘extendedForest’’ (Ellis et al.,
2012; Smith et al., 2011), and ‘‘lattice’’ (Sarkar, 2008). Geostatis-
tical analyses and GIS mapping used ESRIs ArcMapTM 9.2 and R
package ‘‘sp’’ (Bivand et al., 2008).
3. Results

3.1. Standing stocks and average size estimates in DGoMB sampling

A total of 147,270 specimens were collected and sorted into 39
macrofaunal taxa during the DGoMB study. Nematodes had the
highest total abundance (30.3%) followed by polychaetes (26.2%),
amphipods (13.8%), and harpacticoids (6.3%) (Fig. 2a, Table A5).
The total density showed a significantly negative log-linear
relationship with depth (Fig. 3a, F1,49¼63.38, Po0.001). The head
of Mississippi Canyon (Station MT1, Fig. 1) had the highest
density (Table 2, 21,80177,659 m�2, n¼10). The second highest
density (�11,000 m�2) occurred in the upper Desoto Canyon
(Stations S35 and S36). The next level of animal density (�7000–
9,000 m�2) was found in the upper Mississippi Canyon (Stations
MT2 and MT3) and upper slope (Stations RW1, W1, and S43).
Surprisingly, the deepest site on the Mississippi Sediment Fan
(Station S5 at 3314-m depth) had one of the highest animal
densities (70757217 m�2, n¼2). All other abyssal sites at similar
depths (Stations S1 to S4 at 3409 to 3732-m depth) only had
�800–1600 individuals m�2, suggesting a 4- to 8-fold enrich-
ment of animal density at Station S5.

When the meiofaunal taxa (harpacticoids, nematodes, and
ostracodes) were removed (macrofauna sensu-stricto), the animal
density appeared to decline more rapidly with depth and the
linear model fit was improved (Fig. 3b, F1, 49¼140.4, Po0.001).
The hierarchy of animal density among sites showed an apparent
shift. The head of the Mississippi Canyon (Station MT1, Fig. 1) still
had the greatest density (Table 2, 21,63377,903 m�2, n¼10).
The second highest density was only �6000 m�2 at the upper
Mississippi Canyon (Station MT2) and the shelf break of the far-
west slope (Station RW1). The next level of 5000 or so
individuals m�2 occurred at the head of Desoto Canyon (Station
S35) or the shelf break of the Texas (Station W1) and Florida Slope
(Station S44). Despite its mid-slope depth (1572 m), the Station



Fig. 2. Total macrofauna abundance and organic carbon biomass collected during the DGoMB study. Bar chart shows the top 10 macrofaunal taxa with highest

(a) abundance and (b) organic carbon weights. The 11th to 39th most abundant taxa were combined as category ‘‘OTHER’’. Following the bar chart is relative abundance

(a) or biomass (b) for each taxon (%).

Fig. 3. Log10-transformed (a) total density, (b) macrofauna sensu-stricto density, (c) organic carbon weight, and (d) average body size as functions of water depth for

DGoMB sampling. Linear regressions (solid line) with 95% confidence interval (between dashed lines) were conducted on the station averages from core replications. The

standard error is shown as an error bar.
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HiPro had a surprisingly high sensu-stricto density (507671,279
m�2, n¼5) southeast of the mouth of the Mississippi River.
The sensu-stricto density on the deep Mississippi Sediment Fan
(S5) dropped dramatically to only 15457438 m�2 (n¼2);
nonetheless, it was still 3–5 times more abundant than the
sensu-stricto density at Station S1 to S4 (294 to 516 m�2) on
the abyssal plain.

Preserved wet weights and organic carbon weights were esti-
mated by multiplying density (Table A4) by the mean weight of each
taxon (Table A2). Polychaetes contributed more than half (63.0%) of
the organic carbon biomass, followed by amphipods (14.6%), bivalves
(10.8%), and isopods (3.0%) (Fig. 2b, Table A6). The carbon biomass-
depth trend (Fig. 3c) was similar to the trend for the sensu-stricto
density against depth (Fig. 3b). The Mississippi Canyon head (Table 2,
Station MT1, 492.17159.88 mg C m�2, n¼10) still had the high-
est biomass; however, the vicinity of Mississippi River mouth
(Station HiPro, 178.8743.02 mg C m�2, n¼5) and the upper De Soto
Canyon (Station S35, 166.2751.25 mg C m�2, n¼5; Station S36,



Table 2
Macrofaunal standing stocks and average size for DGoMB sampling. n¼size of sample, D¼density (individual m�2), Dx¼macrofauna sensu-stricto density (excluding

nematodes, harpacticoids, ostracodes), B¼preserved wet weight. (mg m�2), BC¼organic carbon weight. (mg C m�2), W¼average size (mg individual�1), WC¼average

size (mg C individual�1).

Station n D S.D. Dx S.D. B S.D. BC S.D. W WC

Far West (RW) transect

RW1 5 9202 4893 6137 3211 3257.1 728.79 145.7 32.73 0.41 0.018

RW2 5 4183 2196 2370 1087 1807.9 773.01 79.6 39.56 0.45 0.019

RW3 5 3011 1270 1641 906 1116.6 625.22 51.7 27.98 0.36 0.017

RW4 5 3009 1708 1399 660 935.2 526.50 39.1 20.60 0.32 0.013

RW5 5 2754 488 1372 378 900.8 276.63 38.6 11.13 0.32 0.014

RW6 5 1624 752 715 335 513.9 242.83 21.9 10.58 0.32 0.014

West (W) transect

W1 5 7332 4030 5626 3334 2504.7 1022.14 112.9 47.43 0.40 0.018

W2 4 6729 1739 3662 542 2600.4 424.87 116.1 19.08 0.40 0.018

W3 5 3690 1810 1883 841 1345.3 525.30 56.3 21.59 0.38 0.016

W4 5 3377 1296 1621 400 1123.3 193.34 49.6 6.63 0.35 0.016

W5 5 1533 688 659 233 496.2 169.37 21.9 6.47 0.35 0.016

W6 5 1682 518 804 233 580.7 225.20 24.5 11.14 0.35 0.015

AC1 5 1638 924 637 344 451.0 217.16 19.7 8.98 0.29 0.013

West Central (WC) transect

WC5 5 6248 2946 4382 2435 2419.3 1456.01 112.2 71.83 0.38 0.017

WC12 5 3843 1802 1787 856 1281.6 608.96 55.4 27.89 0.34 0.015

NB2 5 3323 1779 1700 946 1202.7 702.13 52.7 33.04 0.36 0.016

NB3 5 2420 755 1342 454 846.8 254.00 37.1 11.12 0.36 0.016

NB4 5 2582 1452 1443 966 963.2 625.75 41.1 28.78 0.37 0.016

NB5 5 1454 625 706 275 441.5 150.02 18.7 5.35 0.31 0.013

BH 5 3899 477 3143 465 2349.1 430.17 105.3 23.09 0.60 0.027

Basin (B) transect

B1 5 3681 1866 1446 664 1040.4 519.53 45.3 23.16 0.29 0.013

B2 5 1566 321 676 125 504.4 70.76 21.2 3.44 0.33 0.014

B3 5 1827 599 814 246 608.1 224.56 24.1 8.71 0.33 0.013

Central (C) transect

C1 5 6504 2925 4829 2419 2079.9 766.10 94.7 35.63 0.36 0.016

C7 10 6272 2485 3293 1230 2245.7 772.69 99.6 35.64 0.37 0.016

C4 5 6599 2669 3045 1167 2161.5 755.53 94.4 36.00 0.35 0.015

C14 5 5467 1358 1709 255 1275.8 82.92 54.8 5.47 0.25 0.011

C12 5 4079 1865 1485 550 1091.2 415.28 46.1 17.72 0.30 0.013

Mississippi Canyon (MT) transect

MT1 10 21801 7956 21663 7903 10625.0 3453.72 492.1 159.88 0.50 0.023

MT2 4 8194 1777 6172 828 3643.2 618.64 160.4 26.98 0.45 0.020

MT3 10 9219 6047 4924 2087 3212.2 1239.16 139.5 53.23 0.41 0.018

MT4 5 6317 2070 3262 1252 2228.7 956.84 101.8 46.34 0.35 0.016

MT5 5 2859 783 1763 736 1055.5 358.20 46.2 15.98 0.37 0.016

MT6 9 1485 731 638 315 430.3 208.44 18.8 9.72 0.32 0.014

De Soto Canyon (DS) transct

S35 5 10887 3103 5019 1404 3739.1 1033.66 166.2 51.25 0.35 0.016

S36 12 10859 5302 4481 1808 3488.5 1317.49 155.3 64.73 0.36 0.016

S37 5 6231 2232 2192 532 1611.3 400.43 71.5 19.33 0.27 0.012

S38 5 4268 3184 1445 566 1014.4 473.56 45.8 21.22 0.26 0.012

Florida (FL) transect

S44 5 6776 2815 5262 2337 3141.2 901.75 150.0 46.26 0.50 0.024

S43 5 7456 3834 4265 2198 2412.0 904.70 96.6 37.41 0.35 0.014

S42 9 4917 1628 2709 858 1893.8 625.08 83.7 29.80 0.39 0.017

S40 4 1572 968 729 392 504.5 268.70 21.4 12.40 0.43 0.017

S41 8 1744 986 828 461 563.9 309.43 24.9 13.89 0.36 0.016

S39 5 1595 744 769 284 533.9 186.09 23.5 7.95 0.36 0.016

Sigsbee Abyssal Plain

S5 2 7075 217 1545 438 1384.8 343.26 55.7 14.61 0.20 0.008

S4 4 825 124 294 84 248.0 82.15 10.4 3.18 0.30 0.013

S1 2 1612 500 516 173 414.2 140.03 18.7 6.52 0.26 0.012

S3 1 1223 N.A. 348 N.A. 260.2 N.A. 10.9 N.A. 0.21 0.009

S2 2 983 152 362 119 235.0 20.16 10.0 0.05 0.24 0.010

Other

HiPro 5 6826 2257 5076 1279 3949.4 919.31 178.8 43.02 0.60 0.027

GKF 5 1622 634 737 132 485.5 186.87 19.3 7.01 0.30 0.012
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155.3764.73 mg C m�2, n¼12) joined the upper Mississippi Can-
yon (Station MT2, 160.4726.98 mg C m�2, n¼4) to have the second
highest biomass (Fig. 3c). The biomass of the deep Mississippi
Sediment Fan (Table 2, Station S5, 55.7714.61 mg C m�2, n¼2)
was still 3 to 6 times higher than the other abyssal plain areas
(Stations S1 to S4, 10 to 18.7 mg C m�2).

The average animal size (organic carbon weight divided
by density) also declined with depth (Fig. 3d, F1, 49¼46.81,



Table 3
Linear regressions and ANCOVAs for organic carbon biomass against depth during

DGoMB sampling. (a) Regression statistics for each transect. The dependent

variable is log10 biomass (mg C m�2). The independent variable is depth (km).

(b) ANCOVA on biomass among 7 transects. (c) Transect pairs with heterogeneous

slopes (based on Tukey HSD multiple comparisons, Po0.05) and the depth ranges

where the biomass were significantly different (Johnson–Neyman test, Po0.05).

Inequality sign shows the direction of the difference between transects.

(d) ANCOVA on biomass among transects with homogeneous slopes. (e) Tukey

HSD multiple comparisons on regression elevations between transects with

homogeneous slopes.

(a) Transect Slope Intercept Df1 Df2 R2 F P

RW �0.33 2.14 1 33 0.68 71.7 nnnn

W �0.26 2.08 1 27 0.72 70.3 nnnn

WC �0.35 2.14 1 33 0.50 32.8 nnnn

C �0.14 2.08 1 28 0.36 16.0 nnnn

MT �0.57 2.79 1 41 0.84 214.6 nnnn

DS �0.28 2.52 1 25 0.40 16.8 nnnn

FL �0.27 2.12 1 34 0.74 94.5 nnn

(b) ANCOVA Df1 Df2 SS MS F P
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Po0.001). Station BH (Bush Hill), a methane-seep site and Station
HiPro, adjacent to the Mississippi River mouth, had the largest
average animal size (Table 2, 27 mg C individual�1). The relative
abundance of nematodes, harpacticoids, and ostracodes (4
300 mm) increased from 0.6% at the head of the Mississppi Canyon
(Station MT1) to about 78.2% on the deep Mississippi Sediment
Fan (Station S5), with an increase of about 10% every kilometer of
depth (Fig. 4, F1,49¼61.94, Po0.001). This suggests that the
decreasing average size with depth was associated with increas-
ing numbers of nematodes, harpacticoids, and ostracodes at
depths. However, in relatively deep water (1572 m), Station HiPro
only had about half (23.6%) as much of these taxa as other sites of
similar depths (�50%, Fig. 4). The organic carbon biomass had
higher correlation with the sensu-stricto density (Pearson’s cor-
relation, r¼0.98, t¼84.5, df¼269, Po0.001) than with the over-
all density (r¼0.94, t¼47.1, df¼269, Po0.001), suggesting that
the carbon biomass was affected less by macrofauna sensu-stricto
because the nematodes, harpacticoids, and ostracodes comprised
only �1.8% of the total biomass.
Slope 6 221 3.0 0.5 11.9 nnnn

Elevation 6 221 6.4 1.1 24.9 nnnn

(c) Transects Depths P Transects Depths P

MT4 RW 0.5–2.3 nn MT o C 1.7–2.7 nn

W 0.5–2.0 nn DS 0.8–2.6 nn

WC 0.5–2.3 nn FL 2.6–2.7 nn

C 0.5–1.6 nn C4 RW 0.7–2.9 nn

FL 0.5–2.0 nn WC 0.7–2.0 nn

(d) ANCOVA Df1 Df2 SS MS F P

Slope 4 152 0.2 0.0 0.9 n.s.

Elevation 4 152 4.4 1.1 25.0 nnnn

(e) Transects DF1 DF2 Q P

DS4 RW 4 152 12.1 nnnn

W 4 152 10.4 nnnn

WC 4 152 11.0 nnnn

FL 4 152 9.9 nnnn

Significance codes: n.s.: PZ0.1.
nPo0.1.

nn
3.2. Hypothesis testing

During DGoMB sampling, organic carbon biomass declined sig-
nificantly (log-linear) with depth on all 7 transects (Table 3a). The
regression slopes, however, differed significantly among transects
(Table 3b, ANCOVA, slope, F6, 221¼15.01, Po0.001) with the slopes of
MT (Mississippi Canyon) and C Transect (central slope) being
significantly different (higher and lower respectively) from the rest
of the transects (Table 3c, Tukey’s HSD test, Po0.05). The MT
Transect (Fig. 5) had the most rapid decline in biomass with depth
(slope¼�0.57), while the C Transect had the slowest decline
(slope¼�0.14). Transect MT (down the axis of the Mississippi
Canyon) had significantly higher biomass than RW (far-west slope),
W (west slope), WC (west central slope), and FL Transect (Florida
slope) between depths of 0.5 and 2.0 km (Table 3c, J-N test, Po0.05).
The rapid decline along the MT Transect intersected with the slow
decline of the C Transect (Fig. 5); hence, the biomass was significantly
higher on the MT than on the C Transect between 0.5 and 1.6-km
Fig. 4. Relative abundance of nematodes, harpacticoids, and ostracodes in box

core samples as a function of water depth (km) during DGoMB sampling. Linear

regression (solid line) with 95% confidence interval (between dashed lines) were

conducted on the station averages from core replications. The standard error is

shown as an error bar.

Po0.05.
nnn Po0.01.
nnnn Po0.001.
depths but was significantly lower between 1.7 and 2.7-km depths
(J-N test, Po0.05).

The steep slope of the MT Transect was associated with
extremely high biomass at the Mississippi Canyon head (MT1,
492.17159.88 mg C m�2, n¼10, Table 2). At a depth of 2712 m
(Station MT6), MT transect converged with the RW, W, WC, and
FL Transects (Fig. 5) to 18.879.72 mg C m�2 (n¼9). The biomass
of MT Transect declined so sharply with depth that it was
significantly less than DS Transect (De Soto Canyon) between
depths of 0.8 and 2.6 km and significantly less than FL Transect
between 2.6 and 2.7 km (Table 3c, J-N test, Po0.05). Despite the
increasing water depth, the C Transect maintained a relatively
high level of biomass, being significantly higher than RW and WC
Transect from 0.7 to 2.9 and to 2-km depth, respectively (J-N test,
Po0.05).

Regression slopes of the RW, W, WC, DS, and FL Transect were
not significantly different (Table 3d, ANCOVA, slope, F4, 152¼0.9,
P¼0.48); nonetheless, the elevations were significantly different
(elevation, F4, 152¼25, Po0.001). Only the DS Transect (Fig. 5)
had significantly greater regression elevation (Table 3e, Tukey’s
HSD test, Po0.001) than the other 4 slope transects (RW, W, WC,
and FL).



Fig. 5. Log10-transformed organic carbon biomass against depth for each transect

during DGoMB sampling. ‘‘MT’’ indicates the Mississippi Canyon transect (MT

stations); ‘‘DS’’ indicates the De Soto Canyon transect (Station S35 to S38); ‘‘C’’

indicates the central slope transect (C stations); ‘‘RW’’ indicates far-west transect

(RW stations & AC1); ‘‘W’’ indicates west slope transect (W stations); ‘‘WC’’

indicates west central slope transect (BH and WC & NB stations); ‘‘FL’’ indicates

Florida slope transect (Station S39 to S44). Detailed locations of sites can be found

in Fig. 1. Test statistics of linear regression for each transect can be found in

Table 3a.

Table 4
Linear regressions and ANCOVAs for organic carbon biomass against depth among

studies. (a) Regression statistics for basins (B), non-basins (NB), NGoMCS, DGoMB,

N GoM (NGoMCSþDGoMB), and S GoM. The dependent variable is log10 biomass

(mg C m�2). The independent variable is depth (km). (b) ANCOVA on biomass

between basin and non-basin sampling, between historical (NGoMCS) and current

(DGoMB) sampling in the northern GoM, and between northern and southern half

of the GoM basin.

(a) Transect Slope Intercept Df1 Df2 R2 F P

B �0.71 3.20 1 13 0.33 6.5 nnn

NB �0.49 2.42 1 18 0.16 3.5 n

NGoMCS �0.26 2.18 1 43 0.67 87.5 nnnn

DGoMB �0.29 2.25 1 49 0.69 109.8 nnnn

N. GoM �0.28 2.21 1 94 0.72 242.7 nnnn

S. GoM �0.31 1.73 1 69 0.56 89.1 nnnn

(b) ANCOVA Df1 Df2 SS MS F P

Basin vs Non-basin (H04)

Slope 1 31 0.01 0.01 0.3 n.s.

Elevation 1 31 0.2 0.2 3.9 n

NGoMCS vs. DGoMB (H05)

Slope 1 92 0.02 0.02 0.5 n.s.

Elevation 1 92 0.02 0.02 0.6 n.s.

N. GoM vs. S. GoM (H06)

Slope 1 163 0.06 0.06 0.8 n.s.

Elevation 1 163 9.6 9.6 136.8 nnnn

Significance codes: n.s.: PZ0.1.
nnPo0.05.

n Po0.1.
nnn Po0.01.
nnnn Po0.001.

Fig. 6. Log10-transformed organic carbon biomass as functions of water depth for

the DGoMB, NGoMCS, and S GoM studies. Linear regressions were conducted on

the station averages from core replications. The standard error is shown as error

bar. The test statistics of linear regression can be found in Table 4a.

Table 5
Randomized complete block ANOVA on organic carbon biomass for revisited sites

between historical NGoMCS and current DGoMB studies. Blocking factor is

different sites along the selected transects.

ANOVA Df1 Df2 SS MS F P

W stations

Study 1 33 0.04 0.04 2.4 n.s

Block 4 33 2.6 0.6 43.0 nnnn

WC5 and WC12

Study 1 19 0.1 0.1 1.5 n.s

Block 1 19 0.9 0.9 24.1 nnnn

C stations

Study 1 88 0.1 0.1 2.2 n.s

Block 4 88 4.3 1.1 17.7 nnnn

S41, S42, and S43

Study 1 46 0.3 0.3 10.4 nnn

Block 2 46 3.6 1.8 73.0 nnnn

Significance codes: n.s.: PZ0.1.
nPo0.1.
nnPo0.05.

nnn Po0.01.
nnnn Po0.001.
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Organic carbon biomass within small slope basins (B stations)
declined log-linearly with depth (Table 4a, F1,13¼6.5, P¼0.02),
while the adjacent non-basin sites (NB stations) only showed a
marginal biomass-depth relationship (F1,18¼3.5, P¼0.08). The
regression slopes were not significantly different (Table 4b,
ANCOVA, slope, F1,31¼0.3, P¼0.6) and the basin biomass was
only marginally higher than the non-basin biomass (elevation,
F1,31¼3.9, P¼0.06).
Historical NGoMCS sampling showed a similar log-linear
biomass-depth relationship (solid line, Fig. 6) with the current
DGoMB sampling. Neither the regression slopes nor the regres-
sion elevations was significantly different between the two
studies (Table 4b, ANCOVA, slope, F1,92¼0.5, P¼0.48; elevation,
F1,92¼0.6, P¼0.44). Among transects being revisited, only the
3 sites on FL Transect (S41, S42, and S43) had significantly higher
biomass for the NGoMCS than for the DGoMB study (Table 5,
ANOVA, F1,46¼10.4, P¼0.002), while the biomass of the rest of the
transects (W, WC, and C stations) were not significantly different
between the two studies (ANOVA, P40.1).

Because regression slopes and elevations were not significantly
different between NGoMCS and DGoMB, they were combined to
compare with the S GoM data (Fig. 6). Both the N and the S GoM
biomasses declined significantly (log-linear) with depth (Table 4a,
north, F1,94¼242.7, Po0.001; south, F1,69¼89.1, Po0.001). The
regression slopes were not significantly different between the N
and S GoM (Table 4b, ANCOVA, slope, F1,163¼0.8, P¼0.37); however,
the regression elevation of the N GoM was significantly higher than
the S GoM (elevation, F1,163¼136.8, Po0.001).
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3.3. Random forest (RF) modeling and standing stock prediction.

A total of 3750 scaling scenarios (for ocean color data) were
computed to run Random Forests (RF) analysis on 669 biomass
and 640 abundance records. The RF models explained 73.1%–
79.2% of the out-of-bag (OOB) biomass data (Fig. 7) and 51.7% to
60.9% of the OOB abundance data (Fig. A1). The ocean color data
from direct spatial matching and concurrent to benthic sampling
(time lag¼0, window¼0, catchment¼0, Fig. 7) had the lowest fit
to the empirical data (lowest R2). The model performance
improved with increasing catchment radius (y axis) and accumu-
lating time (top left to bottom right panels, Fig. 7). The peak
performance (highest R2) had a seasonal time lag (x axis) and
appeared to be independent of the larger catchment radius
(4 600 or 1 arc degree). The kernel density distributions of the
lag time for the top 10% (R2

¼78.770.14%, n¼375, Fig. 8a) and
top 100 RF models (R2

¼78.970.11%, n¼100, Fig. 8b) peaked
at�8 to 9 and�19 to 20 months prior to the sampling month,
respectively. The density of the second peak, however, was lower,
possibly reflecting a seasonal signal of the first lag time density
peak. The density of the accumulating window increased steadily
from window¼0 to window¼5. The catchment radius had the
highest density at �100 to 1050 (�1.7 arc-degrees).

Comparison of the out-of-bag (OOB) predicted and observed
biomass from the top 100 RF models (Fig. 8b) is shown in Fig. 9a.
The dashed line indicates a perfect fit between the OOB predictions
and empirical values. The actual linear fits (solid lines) suggest that
the OOB predictions were closer to the empirical data at an
intermediate biomass range, but slightly underestimated and
overestimated the high (eg. Mississippi Canyon) and low values
(e.g. abyssal plain), respectively. When the OOB predictor
values were ‘‘conditionally’’ permuted (see methods), water
depth caused the greatest increase in prediction mean square
error (Fig. 9b), followed by monthly SD of sea surface tem-
perature (sst.sd), monthly mean mixed layer depth (mld.mean),
and monthly mean Vertical General Production Model
(vgpm.mean), etc. In other words, these were the predictors
that influenced the model accuracy the most.
Fig. 7. Performance of Random Forest (RF) models on macrofauna organic carbon biom

ocean color data. Color gradient shows the variance explained (R2) by the RF models.
Partial dependence plots on the most influential predictors
provided insights on how these variables may affect model
predictions (Fig. 10). It appears that the effect of depth was
negative and rather continuous on the predicted biomass, except
for a relatively stronger response (sharper decline) at �2000 m
(Fig. 10a). The RF model also had the strongest positive response
to monthly SD of sea surface temperature between 0.4 and 1.5 1C
(Fig. 10b), negative response to mean mixed layer depths from
�13 to 37 m (Fig. 10c), and positive response to mean net primary
production from �200 to 600 mg C m�2 day-1 (Fig. 10d). The effect
of monthly mean mixed layer depth was positive at the shallowest
end and then switched to negative as the mixed layer became
deeper (Fig. 10c). It is worth noting that only the water depth seems
to have lasting influence on the model predictions throughout the
entire data range. The influence of other important predictors was
mostly concentrated on the lower ranges of the gradients.

Mean predicted biomass and its coefficient of variation (CV)
based on the top 100 RF models were computed for the June
months from 2000 to 2010 (Figs. A2 and A3). The zoomed-in
versions of the yearly mean prediction and CV in the vicinity of
Deepwater Horizon (DWH) platform are provided in Figs. A4 and
A5, respectively. The mean predictions against depth and empiri-
cal data are also available in Figs. A6 and A7. Here, we reported
the composite images of inter-annual mean and CV for the
predicted time series (Fig. 11, data available in File A1).

A total of 96.477.93 kt (n¼11 years) of macrofaunal carbon
were estimated for the months of June (from 2000 to 2010) in the
GoM basin (cut off from the Yucatan Channel and Straits of
Florida) based on summation of predicted cell values (carbon
biomass per unit area)� area of a 50 grid at the equator
(86 km2)� cosine of latitude for the grids (Fig. 11a). Generally,
similar biomass values (same colors) occurred in depth bands
parallel to isobaths and declined toward the center of the deepest
part of the GoM basin. The coefficient of variation (CV), however,
was highest in the western central GoM (�25%) and rela-
tively low on much of the continental shelf and upper slope
(o10%, Fig. 11b). The northern half of the GoM basin shows
higher biomass than the southern half of the basin (Fig. 11a).
ass based on different lag time, catchment radius, and accumulating window of



Fig. 8. Kernel density distribution of catchment radius, lag time, and accumulating window for the (a) top 10% and (b) top 100 Random Forest (RF) models (from Fig. 7)

on macrofauna organic carbon biomass.

Fig. 9. (a) Out-of-bag (OOB) predicted against observed carbon biomass and (b) mean conditional predictor importance for the top 100 Random Forest (RF) model. Dashed line

indicates perfect fit between OOB predictions and empirical values. Solid lines show actual fits between predicted and observed log10 carbon biomass. Bar chart shows the

average increase of percent mean square error (MSE) after conditional permutations for the top 100 RF models. Error bars show standard error of the average importance.
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The predicted cells north of the Rio Grande River (north of
Latitude 261N) contributed 61.6% of total carbon biomass in
merely 36% of GoM grid area. The highest log10 biomass (�2.5
or 316 mg C m�2) dominated much of the continental shelf of
Louisiana and Mississippi with relatively narrow distribution and
slightly lower biomass on the shelves of Texas, Florida, and the
Mexican states of Yucatan and Campeche (see Fig. 1 for state
labels). The lowest log10 biomass (o1 or 10 mg C m�2) occupied
much of the Sigsbee and Florida Abyssal Plain near the center of
the GoM basin, continental slope of the SW GoM, and the
Caribbean basin south of the Yucatan Channel.

High log10 biomass (42.5 or 316 mg C m�2, Fig. 11c) mostly
occurred shallower than 50-m depth (94.3% of cells) but
submerged near the head of the Mississippi Canyon (MT1) to
�350-m depth. The log10 biomass between 2.2 and 2.5 (or 158
and 316 mg C m�2) occurred mostly above the 100-m isobath
(77.6% of cells) but also submerged to �1000-m depth on the
upper Mississippi Canyon (MT3) and reached as deep as �1400-
m depth to the east of the Mississippi River delta (HiPro). The
log10 biomass at the location of the DWH platform (MC252,
�1500-m depth) was predicted to be 2.18 (or 151 mg C m�2)
with a coefficient of variation of 5.1% (Fig. 11d). The prediction is
somewhat close to the empirical biomass at Stations MT2, HiPro,
S35, S36, and S44 (150–178.8 mg C m�2, Table 2).

Detailed examination of reduced models (based on a subset of
predictors) is provided in Fig. A8 and A9. Most of the reduced RF



Fig. 10. Mean partial dependence of (a) depth, (b) monthly standard deviation of sea surface temperature, (c) monthly mean of mixed layer depth and (d) monthly mean of

Vertical General Production Model (VGPM) for the top 100 Random Forest (RF) models. Shaded area shows 95% confidence interval of the mean. Hash marks show the

distribution of predictor values.

Fig. 11. Random Forest (RF) predictions of macrofauna carbon biomass in the GoM. (a) Inter-annual mean biomass prediction for the June months from 2000 to 2010.

Color gradient shows log10 organic carbon biomass (mg C m�2). Color gradient within circle symbols shows the empirical biomass. (b) Coefficient of variation of the inter-

annual mean. Color gradient shows standard deviation (SD)/mean�100 (%). (c) Inter-annual mean biomass prediction in the vicinity of the Deepwater Horizon (DWH) oil

spill site. MC252 shows the location of DWH platform. (d) Coefficient of variation in the vicinity of the DWH platform.
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Fig. 12. Mean performance of reduced Random Forest (RF) models based on top 100 scaling scenarios. (a) Step-wise elimination of the least important predictors in the

reduced models. The solid circle symbol shows each iteration step. The predictor (on the x axis) corresponding to the symbol is removed in the next iteration. (b) Step-wise

inclusion of the most important predictors to the reduced model. The solid symbol corresponds to the predictor (on the x axis) being added to the current iteration. Error

bar shows standard deviation of the mean performance.
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models still maintained more than 98% of the explanatory power
relative to the full models (Fig. 12). On the one hand, the model
performance (R2) did not drop dramatically until removing the
last few predictors (step-wise elimination, Fig. 12a). On the other
hand, the R2 also did not increase much after the first few
predictors were included in the reduced models (step-wise
inclusion, Fig. 12b). The SD of R2 (error bars) on both approaches,
however, appears to be smaller when more predictors were
included in the reduced models. The error bars are almost negligible
when depth is the only predictor, because depth is independent of
scaling and always consistent among the selected models.
4. Discussion

4.1. Relationship between standing stocks, body size and energy

constraints

Except for bacteria, logarithmic declines of biomass with depth
have occurred across all major size groups for soft-bottom
communities (Rex et al., 2006; Rowe, 1971; Rowe, 1983; Wei
et al., 2010b) and is widely accepted to be caused by an
exponential decline of the particulate organic carbon (POC) flux
from the euphotic zone to the seafloor (Pace et al., 1987; Rowe,
1971; Suess, 1980). The decline of average macrofaunal body size
(biomass/abundance) with depth, however, requires careful inter-
pretation, because the size variation in fact indicates a change of
relative abundance among taxa, as the variability within taxa was
not measured in this study; hence, a more appropriate statement
should be that the taxonomic composition of macrobenthos shifts
to the smaller taxa with depth. This observation was supported by
a shift of dominance (in terms of abundance) from large sensu-
stricto macrofauna on the upper slope to nematodes, harpacti-
coids, and ostracodes on the lower slope and abyssal plain.

It has been postulated that small body size has the advantage
to conserve energy and maintain viable populations in the
food-limited deep sea (Rex et al., 2006; Thiel, 1975; Wei et al.,
2010b) as opposed to being large and benefiting from competi-
tion, resource exploitation, metabolic efficiency, and predation
avoidance (McClain et al., 2009). The upper slope of the N GoM
may favor the larger taxa such as polychaetes and amphipods
because of abundant resources, while the meager POC input on
the abyssal plain favor smaller taxa, such as nematodes, harpac-
ticoids, and ostracodes (Biggs et al., 2008; Morse and Beazley,
2008; Rowe et al., 2008a).

Evidence supporting this speculation comes from outliers in
the standing stock-depth regressions (Figs. 3 and 4). The head of
Mississippi Canyon (Station MT1) had extremely high abundance
and biomass with almost no nematodes, harpacticoids, and
ostracodes, presumably because of competitive exclusion
by the dominant amphipod A. mississippiana. The latter, we
presume, ‘bloomed’ due to the POC input to the seafloor
(77.7 mg C m�2 day�1), the highest estimated among the DGoMB
sampling sites (Biggs et al., 2008). Moreover, the macrofaunal
biomass only exceeded the meiofaunal (metazoanþforaminiferal)
biomass at this location (Baguley et al., 2008; Rowe et al., 2008b).
In fact, the total meiofauna biomass at MT1 was still among the
highest in the DGoMB sites (Baguley et al., 2008), suggesting that
only the largest nematodes, harpacticoids, and ostracodes
(retained by 300-mm sieve) were lacking. It may be possible
that these meiofaunal taxa were out-competed by the macro-
faunal taxa. The tube-dwelling, suspension feeding amphipod,
A. mississippiana, appear to be especially adapted to the abundant
settling organic matters at MT1 (Soliman and Wicksten, 2007).
Their dense tube mats carpeted the seafloor of MT1 (personal
observation) probably providing protection against the strong
near-bottom currents commonly occurring in the upper canyon
(Ross et al., 2009) and also likely limiting the living space of the
smaller macrofauna.

Another intriguing outlier, Station HiPro, located just 27-km
southwest of the Deepwater Horizon blowout site (Fig. 1), also
showed high biomass, large average size, and high abundance of
the sensu-stricto macrofauna at �1600 m below the sea surface,
presumably associated with upwelling nutrient-rich water onto
the upper slope or entrainment of the Mississippi River water. The
species composition of Station HiPro was more closely related to
the shallow shelf-break communities than other stations of
similar depths (Wei et al., 2010a). Elevated amounts of POC input
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via lateral advection from the surrounding shelf and slope may
add organic detritus to support this benthic community, since the
satellite-based estimates (Biggs et al., 2008) did not suggest
excessive input of surface-derived POC to the bottom. The surface
productivity at the Station HiPro was high and comparable to the
shelf-break sites but delivery estimates were reduced by the
depth-exponential-decay equation (Pace et al., 1987) applied to
convert surface primary production to export POC flux to the
seafloor (Biggs et al., 2008).

At �3300 m below the sea surface, the deep Mississippi
sediment fan (Station S5) was a favorable habitat for macrofaunal
nematodes, harpacticoids, and ostracodes. Their abundances were
2–6 times more than at other sites on the abyssal plain (Table A4).
The sediment fan also favored bivalve and aplacophoran mol-
lusks, with a 5 to 6-fold increase in abundance over the other
abyssal sites. High total standing stocks, with a species composi-
tion more related to deep continental slope communities (Wei
et al., 2010a) suggests that the macrobenthos at the Station S5
was influenced by the slumping or down-slope movements of
organic-rich sediments from the Mississippi River and surround-
ing shelves through the submarine canyon (Wei et al., 2010a), in
addition to vertical particle flux (Biggs et al., 2008).

4.2. Hypotheses testing

Based on ANCOVA results, we rejected Null Hypothesis 1. The
Mississippi Canyon was unique in terms of the overall level and
the rate of declining biomass with depth. Compared to the
continental slopes in the NW or NE GoM, the biomass was
significantly elevated on the upper and mid sections of the
Mississippi Canyon. Submarine canyons are potential conduits
of sediments and organic materials from the continental shelf to
the deep basin. River flushing, storm surges, earthquakes, or
down-slope currents can cause mass wasting of sediments along
the canyon axis (Gardner, 1989; Santschi and Rowe, 2008). During
the DGoMB trawl survey in year 2000, macrophyte debris,
including the water hyacinth (Eichhornia crassipes), Sargassum

sp., and wood fragments of all sizes, were found on the seafloor
of the shallow head of the Mississippi Canyon (Wei et al., 2012).
The water hyacinths (23 clumps, length ca. 15 cm) were only
found at the canyon head, presumably originating from the river.
High macrofaunal biomass associated with the enrichments of
macrophyte debris has also been reported elsewhere in submar-
ine canyons (De Leo et al., 2010; Vetter and Dayton, 1998). It is
possible that the high macrofaunal biomass was a function of
rapidly accumulating macrophytes and organic materials
exported from the Mississippi River and adjacent continental
shelf. The extremely high biomasses at the canyon head declined
rapidly along the axis toward the lower section of the canyon and
its sediment fan (Station MT6), where the biomass was equal to or
lower than the other continental slope transects. Interestingly, a
large quantity of cobble-sized, reddish-colored sedimentary rocks,
so called ‘‘iron stones’’, have also been found in the area from box
corers, trawls, and bottom photographs (Pequegnat, 1983; Rowe
and Kennicutt, 2009; Wei et al., 2012). It has been suggested that
this ‘‘iron stone’’ could be formed following massive submarine
slumping of unstable continental margin sediments (Bryant et al.,
1991; Rowe et al., 2008b; Santschi and Rowe, 2008). Strong
bottom currents below the Florida and Sigsbee Escarpment were
also evident in the bottom photographs (Rowe and Kennicutt,
2009) and could affect the pattern of macrofaunal zonation (Wei
et al., 2010a); however, it is unclear if this low biomass was linked
to the ‘‘iron stones’’, strong bottom currents, or both.

The Central Transect maintained high biomass at mid to lower
slope depths. During the NGoMCS sampling, the peak macrofau-
nal abundance occurred at 620-m and 1400-m depths on the
Central Transect. The cause was attributed to possible hydrocar-
bon seeps in the proximity of Station C7 (�1000-m depth,
Pequegnat et al., 1990; Rowe and Kennicutt, 2009). Cold seeps
are known to support dense macrofaunal communities through-
out the continental margins of the world’s oceans (Sibuet and Olu,
1998). Heterotrophic macrobenthos living in the immediate
vicinity of seeps could benefit from the abundant carbon source
in the food-limited deep-sea; however, the enhancement appears
to be localized (Carney, 1994). No apparent enhancement of
surface production or export POC flux was observed on the
Central Transect or on the abyssal plain at Station S5 (Biggs
et al., 2008). Additional sources of detritus may be a complex
interaction between the down-slope sediment transport (Balsam
and Beeson, 2003; Santschi and Rowe, 2008) and westward
bottom currents (Hamilton and Lugo-Fernandez, 2001; Oey and
Lee, 2002) shifting expected biomass-enrichment west away from
the axis of Mississippi Canyon.

Null Hypothesis 2 was rejected. The De Soto Canyon harbored
significantly greater macrofaunal biomass than the slope trans-
ects. In contrast to the Mississippi Canyon, the De Soto Canyon
does not receive riverine inputs directly and has been an area of
non-deposition with little evidence for recent sediment transport
(Bryant et al., 1991). However, similar to HiPro, the surface water
of De Soto Canyon is affected by warm slope eddies (WSEs), which
entrain low salinity-high chlorophyll Mississippi River water
(Jochens and DiMarco, 2008). The WSEs advect the turbid
‘‘green-water’’ plume seaward and enhance the surface primary
production and associated export flux of POC to the deepwater of
NE GoM (Biggs et al., 2008). The biomass-depth regression slope
for the De Soto Canyon, however, was not statistically different
from the regression slopes of other continental slope transects,
suggesting that similar processes may govern the remineraliza-
tion of sinking phytodetrital carbon despite surface water being
more productive over the De Soto Canyon.

Null Hypothesis 3 and 4 were not rejected. Neither the steep
Florida Escarpment nor the small continental slope basins on the
NW GoM slope had a significant effect on macrofaunal biomass.
Despite an abrupt 2200-m depth drop along the Florida slope, the
decline of biomass still followed a general depth trend similar to
the NW GoM slope. It was hypothesized that the base of the
Florida Escarpment (Station S41) might experience organic
enrichment due to the steep escarpment and its proximity to
productive continental shelf; nonetheless, our observations sug-
gest that water depth, not distance away from the shelf, con-
trolled the pattern of declining biomass. The numerous small
slope basins in the north central GoM were also hypothesized to
funnel or trap organic materials during frequent gravity slumping
and density flows on the continental margin of NW GoM (Bryant
et al., 1991), and in fact, after removing the depth effect by
ANCOVA, we did observe a slight, but not statistically significant
enrichment of carbon biomass within the basin relative to the
non-basin slope.

Null Hypothesis 5 was not rejected. No significant change in
macrofaunal biomass was observed between the historical and
current sampling in the N GoM. It should be noted that this
conclusion is based on the assumption that the average sizes of
major taxonomic groups were not different between the two
studies. The sampling for both studies used the same sieve and
corer design; however, the DGoMB biomass was estimated based
on a larger core area (0.2 m2 vs. 0.06 m2 for NGoMCS).

Null Hypothesis 6 was rejected. Macrofaunal biomass on the
continental margins of N GoM was significantly higher than the S
GoM, even though a slightly smaller sieve size was used in the S
GoM (250 mm vs. 300 mm in N GoM). The north-south variation is
probably a function of surface primary production and associated
export POC flux. In the NGoM the world’s third largest drainage
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basin, the Mississppi-Atchafalaya Rivers discharge 530 billion m3

of freshwater and 210 megatons of sediments annually onto
the continental shelf of the N GoM (Cai and Lohrenz, 2010).
The nutrient-laden Mississippi River plume interacts with shelf/
slope eddies (Biggs et al., 2008). Although upwelling occurs along
the edges of the Loop Current with concomitant high surface
productivity along the Florida Escarpment and Campeche Bank
(Jochens and DiMarco, 2008), the S GoM is dominated by low
productivity water from the central Caribbean that enters the
GoM via the Yucatan Strait (Jochens and DiMarco, 2008; Lohrenz
et al., 1999; Wiseman and Sturges, 1999). This water mass
conserves its hydrographic properties for a prolonged period of
time (Wiseman and Sturges, 1999) with resulting low benthic
biomass in the southern GoM.

4.3. Random forests and biomass predictions

Estimates of macrofaunal abundance are sensitive to artifacts
such as gear design, sieve size, fragmentation of specimens, and
human sorting error (Gage and Bett, 2005; Gage et al., 2002;
Pavithran et al., 2009). Our composite dataset was collected by
multiple devices with slightly different sieve sizes between the N
and S GoM; hence, the comparisons of animal density among
studies were subjected to gear efficacy and may not fully reflect
the variations of standing stocks. Given that most of the total
macrofaunal biomass is concentrated in large, less abundant
animals, biomass is better suited and more dependable for
assessing the standing stocks among studies (Rowe, 1983). This
may be why the Random Forest (RF) analysis explained more
variability for the biomass than for abundance. In fact, one might
argue that our predicted biomass may better represent the large-
scale patterns in standing stocks than the empirical measure-
ments, because the new ocean color and bathymetry data for
making the predictions were always measured consistently and
simultaneously across the entire region. It is also evident that
within the DGoMB study, the bathymetric pattern of biomass did
not completely follow the pattern of density due to variation of
animal size with depth. The sensu-stricto density, on the other
hand, was a better representation of the biomass.

Despite exhaustive searches for optimal scaling on ocean color
data, water depth was still the best predictor for macrofaunal
biomass, suggesting that it is a better surrogate for benthic food
supply or utilization of energy through the mid-water food web
(Rex et al., 2006; Rowe, 1983; Rowe and Menzel, 1971; Rowe
et al., 1974; Wei et al., 2010b). Our optimal lag time (first lag time
density peak in Fig. 8b) agreed with empirical time-series in the
abyssal NE Pacific, in which the variation of macrofauna abun-
dance lagged behind the surface climate events by 8–9 months
(Ruhl et al., 2008; Smith et al., 2009). However, owing to the
broad range of our sampling, complex circulation, and unknown
animal response time (recruitment, growth, etc.), it is impossible
to determine a precise scale that reflects the POC effects hundreds
or thousands of meters below the sea surface. The time lags for
the POC delivery and animal response could vary among locations
and our approach could only describe an average scaling for the
entire system. As a result, the improvement of model perfor-
mance (R2) from the simulations was only moderate (�8.3%) with
the density distribution of the top models skewing toward the
longer accumulation and larger catchment area of ocean color
data. Regardless, the purpose of these simulations was to opti-
mize the models rather than to determine the exact scaling
between the benthos and climatic events.

Besides error inherited from sample processing and predictor
scaling, the unexplained variability in the macrofaunal biomass
may also reflect energy sources not directly measureable, such as
the lateral or horizontal transport of carbon into or out of a
habitat (Rowe et al., 2008a), hydrocarbon inputs from the cold
seeps (Cordes et al., 2009), and accumulation of macrophytes on
the seafloor and in the submarine canyon (Wei et al., 2012). Other
factors that are physiologically important such as bottom water
temperature (Narayanaswamy and Bett, 2011), dissolved oxygen
(Levin, 2003), and export POC flux (Johnson et al., 2007) were not
included, because the available global data (Levitus, 2010) or
models (Dunne et al., 2007; Yool et al., 2009) were not of
sufficient temporal and spatial resolution. A broader global scale
analysis (Wei et al., 2010b), however, demonstrated that ocean
color data and bathymetry alone can explain much of the
observed stock variances. For RF, as with other modeling meth-
ods, collinearity between independent variables raises issues that
need to be addressed. Specifically, correlation among predictors
may result in inflated estimates of predictor importance
(Strobl et al., 2008). The predictive performance of RF, however,
is not sensitive to correlative predictors because of the rando-
mized predictor selections (Breiman, 2001). In the previous
global synthesis (Wei et al., 2010b), we did not consider the
predictor collinearity because the focus had been on generating
accurate seafloor biomass maps. For studies focusing on relative
roles or mechanisms of independent variables, however, we suggest
conditional predictor importance (Smith et al., 2011; Strobl et al.,
2008) as implemented in this study and by others (Pitcher et al.,
2012) to alleviate the inflationary effect of correlations.

Even though we did not include biomass observations
from the continental shelf of the N GoM and the deep Caribbean
Basin, our predictions of the areas (log10 mg C m�2, Fig. 11a) are
comparable or at least not far from the literature values (Table
A4) on the shelves of the Texas (2.170.27, n¼10, Gettleson,
1976) and Mississippi (1.6270.34, n¼7, Rowe et al., 1974), as
well as in the deep Caribbean basin (0.870.39, n¼3, Richardson
and Young, 1987), suggesting that the extrapolation of predictions
may be appropriate. Nevertheless, it is worth noting that Gettleson
(1976) and Rowe et al. (1974) used a van Veen grab and coarser
sieves (500 and 420 mm, respectively); therefore, their estimates
could be slightly lower than our predictions based on sampling with
a GOMEX box corer and 300-mm sieve (Gage and Bett, 2005).

Our modeling approach has potential to now-cast or even
forecast the benthic standing stocks from the surface conditions;
however, a training dataset from a time-series study that incor-
porates seasonal variability would be needed. For example, �83%
of the biomass data in the GoM were collected in early summer
and only �15% were in the winter. In fact, most of the winter
sampling focused on C Transect during the NGoMCS study with a
few samples on the Campeche bank during the OGMEX study
(Fig. 1). In this analysis, the utility of biomass models based on
subsets of predictors was also explored. As implied in the quote
‘‘all models are wrong, but some are useful’’ (Box and Draper, 1987),
the simplest model might be the most useful one. This is
especially true when we try to assess the potential effects of
climate change on the deep-sea benthos, because it is already
difficult to generate the future climate scenario for a single
predictor (e.g. sea surface temperature), let alone come up with
the scenarios for 21 interacting variables. The potential effect of
climate change can then be visualized by the predictor partial
dependences. For example, our current full model suggests that
warming of the surface ocean (if changing the temporal varia-
bility of sea surface temperature) may shift the distribution of
macrofauna biomass (Fig. 10b).

We estimated that the sediments underneath the DWH
platform (MC252) were a biomass hotspot (log10 biomass¼
2.1875.1% or 117 to 196 mg C m�2). At �1500-m depth, the
macrofaunal biomass could be comparable to that of the shallow
continental shelf (�100-m depth) in the N GoM. The hydrocar-
bons released by the DWH oil spill are also an energy source and
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eventually will be degraded and assimilated into the aquatic food
web. If everything ultimately falls to the seafloor, can we see a
surge of benthic biomass similar to what has been observed at the
head of the Mississippi Canyon? The amount of hydrocarbons
released during the spill (up to 500 kt, Joye et al., 2011), however,
was relatively small compared to the annual organic carbon
export from the Mississippi River (on the order of megatons per
years, Cai and Lohrenz, 2010). Another possibility could be the
loss of environmentally sensitive species during the initial spill
followed by succession of opportunistic, pollution-resilient spe-
cies during the recovery stage (Kingston, 2002). Our results
predict a baseline condition of the sediment-dwelling macro-
benthos that may be under immediate or long-term impacts
of the DWH oil spill. It is necessary to revisit these historical
sites using similar sampling methods (e.g. GOMEX Box Core,
300-mm sieve) to make sensible comparison for post-spill effect
assessment.
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Asper, V.L., Deuser, W.G., Knauer, G.A., Lohrenz, S.E., 1992. Rapid coupling of
sinking particle fluxes between surface and deep ocean waters. Nature 357
(6380), 670–672.

Baguley, J.G., Montagna, P.A., Hyde, L.J., Rowe, G.T., 2008. Metazoan meiofauna
biomass, grazing, and weight-dependent respiration in the Northern Gulf of
Mexico deep sea. Deep-Sea Res. II 55 (24–26), 2607–2616.
Balsam, W.L., Beeson, J.P., 2003. Sea-floor sediment distribution in the Gulf
of Mexico. Deep-Sea Res. Part I: Oceanographic Res. Papers 50 (12),
1421–1444.

Bianchi, T.S., Allison, M.A., Canuel, E.A., Corbett, D.R., McKee, B.A., Sampere, T.P.,
Wakeham, S.G., Waterson, E., 2006. Rapid export of organic matter to the
Mississippi Canyon. Eos, Trans. Am. Geophys. Union 87 (50), http://dx.doi.org/
10.1029/2006EO500002. (50).

Biggs, D.C., Hu, C., Müller-Karger, F.E., 2008. Remotely sensed sea-surface chlor-
ophyll and POC flux at Deep Gulf of Mexico Benthos sampling stations.
Deep-Sea Res. II 55 (24–26), 2555–2562.

Bivand, R.S., Pebesma, E.J., Gomez-Rubio, V., 2008. Applied Spatial Data Analysis
with R. Springer, New York.

Boland, G.S., Rowe, G.T., 1991. Deep-sea benthic sampling with the GOMEX box
corer. Limnol. Oceanogr. 36 (5), 1015–1020.

Box, G.E.P., Draper, N.R., 1987. Empirical model-building and response surfaces.
John Wiley & Sons, Oxford.

Breiman, L., 2001. Random forests. Mach. Learn. 45, 5–32.
Bryant, W.R., Lugo, J., Cordova, C., Salvador, A., 1991. Physiography and bathy-

metry. In: Salvador, A. (Ed.), The Gulf of Mexico Basin. Geological Society of
America, Boulder, pp. 13–30.

Cai, W.-J., Lohrenz, S.E., 2010. The Mississippi River plume and adjacent margin in
the Gulf of Mexico. In: Liu, K.-K., Atkinson, L., Quiñones, R.A., Talaue-McManus,
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