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ABSTRACT

Biogeographical analyses provide insights on how the Deepwater Horizon oil spill impacted large pelagic fishes. We
georeferenced historical ichthyoplankton surveys and published literature to map the spawning and larval areas of
bluefin tuna, swordfish, blue marlin and whale shark sightings in the Gulf of Mexico with daily satellite-derived images
detecting surface oil. The oil spill covered critical areas used by large pelagic fishes. Surface oil was detected in 100% of
the northernmost whale shark sightings, in 32.8 % of the bluefin tuna spawning area and 38 % of the blue marlin larval
area. No surface oil was detected in the swordfish spawning and larval area. Our study likely underestimates the extend
of the oil spill due to satellite sensors detecting only the upper euphotic zone and the use of dispersants altering crude oil
density, but provides a previously unknown spatio-temporal analysis.

Keywords: Deepwater Horizon, oil spill, image analysis, satellite remote sensing, spawning, nekton, endangered
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1. INTRODUCTION

Oil spill detection by satellite remote sensing is a reliable survey method when different sensors and satellites are
combined ' . Earlier use of satellite sensors for oil spill detection, including the 1979 Ixtoc I in Mexico 2, the 1989 Exxon
Valdez in Alaska * and the 1991 Arabian Gulf War spill * , required extensive user input during image processing to
make the oil spill visible * . Advances in the frequency of satellite passes, sensors, and dedicated software, have greatly
improved oil spill detection using satellite remote sensing (2002 Prestige in Spain > ).

The Deepwater Horizon (DWH) oil spill released crude oil from a depth of ~1500 m at an estimated rate of 68,000
barrels per day into the Gulf of Mexico during 87 days, from 20 April to 15 July 2010 ° . Satellite images have been used
for tracking and modeling the advance of the oil spill * and changes in ocean surface productivity ° . The aim of this
study was to determine if satellite imagery, coupled with biological data, could detect surface oil spill presence in critical
breeding and feeding areas of the Gulf’s pelagic ecosystem.

Here we report that the spawning areas of giant predatory nekton (bluefin tuna and blue marlin) and feeding areas of
giant plankton-feeding nekton (whale sharks) were covered with oil for a significant amount of time. These giant nekton
species are either overfished, vulnerable or critically endangered (Table 1). Possible consequences in the pelagic
ecosystems of the Gulf of Mexico may be profound ranging from impacts on endangered species recovery to fish stock
management.
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Table 1. Basic life history parameters and population status for the giant nekton species shown in this study.

Species Maximum Maximum Weight Spawning Season TUCN Red List
Length (m) (Kg) Status "’

Whale Shark 12-20" 12,000 ' Unknown " Vulnerable
Rhincodon typus (Ovoviviparous)
Bluefin Tuna >3 560 June to August Data deficient
Thunnus Thynnus Critically

endangered '®
Swordfish 45" 650 December to June '*  Data deficient
Xiphias gladius (needs updating)
Blue Marlin 51 636 " May to September '°  Unlisted
Makaira nigricans

2. METHODS

2.1 NOAA-NESDIS Satellite-derived surface oil analysis products

Satellite derived oil analyses were produced as an experimental product of the NOAA Satellite Analysis Branch. The
experimental imagery analysis provided, combined images from he following satellites: RADARSAT-1 (Canadian
Space Agency), RADARSAT-2 (Canadian Space Agency & MacDonald Dettwiler and Associates Ltd), COSMO-
SkyMed (Italian Space Agency), TerraSAR-X (German Aerospace Centre), ALOS (Japan Aerospace Exploration
Agency & Japan Resources Observation System Organization), ENVISAT (European Space Agency), MODIS (NASA),
AVHRR on NOAA-15,-17,-19 satellites (NOAA), Multispectral Imagery (The Disaster Monitoring Constellation),
SPOT (SPOT Image & French Government Space Agency - CNES). Full geographical extend of the oil might not be
detected if the oil sheen is too thin. Subsurface oil is generally not detected with the method. The experimental product
was downloaded as layers to create a Geographic information System (GIS) database from the NOAA-NESDIS web site
(http://www.ssd.noaa.gov/PS/MPS/deepwater.html). Daily satellite composites were not available or were corrupted for
the 24 April to 25 August 2010 survey period. Specifically April 27, May 6-7, 9, 11-26, June 14, July 22, August 3-4, 9,
11-14, 16-17, 19-20 and 22-24 are missing in this analysis. Therefore, the total number of daily satellite composite
samples is 87.

2.2 Percent occurrence of surface oil and spatial statistical analysis

Based on the maximum oil surface coverage shown in the daily composite satellite-derived surface oil analysis, the area
23° N to 30.5° N latitude and 82° W to 94.5° W longitude was divided into a 0.5° x 0.5° grid, and the presence or
absence of surface oil was recorded to calculate the percent of time each grid square had surface oil detection. We used
the non-parametric Cochran’s Q test in lieu of a parametric repeated measurements ANOV A, because we used a binary
variable 2 . Here the “individuals” were each of the 349 squares in the 0.5° x 0.5° grid and the randomized blocks
treatment were the days surveyed. Presence of surface oil was classified as a bad condition (assigned value “0”), absence
of surface oil was classified as a good condition (assigned value “1”’). We tested the null hypothesis (alpha = 0.01) that
the proportion of 0.5° x 0.5° squares in good condition (free of surface oil) remained the same as the season progressed.
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2.3 Mapping spawning and larval areas, and whale shark sightings

Spawning area mapping included ichthyoplankton surveys conducted by NOAA within the SEAMAP program, a
fishery-independent gulfwide survey, including the entire northern Gulf of Mexico within the U.S. Exclusive Economic
Zone, EEZ, since 1982. We used ichtyoplankton maps compiled from the 1982 through 1985 SEAMAP surveys *'*>**%*
and data summaries **° . We also used information on female ripeness and reproductive condition in blue fin tuna '° and
non-government surveys of swordfish '® and blue marlin ' . We mapped whale shark sightings from data in the
published literature 2"%273031

3. RESULTS

The spawning and larval areas for bluefin tuna (Tunnus thynnus), swordfish (Xiphias gladius) and blue marlin (Makaira
nigricans) were mapped based on approximately 5,000 historical ichthyoplankton samples collected over a 5 year period
and published reports of female reproductive condition. Whale shark (Rhyncodon typus) sightings were mapped from
reports dating back to 1957 (Fig.1). The extent and presence of the oil spill on the sea surface was mapped from NOAA-
NESDIS daily satellite-derived surface oil analysis images from 24 April to 25 August 2010 (Fig 2A). Surface oil
presence increased from the start of the sampling period (Cochran’s Q test, a= 87, b =349, d.f. =86, y2 =119.41, P <
0.01) and decreased after the well was capped on 15 July 2010 (Cochran’s Q test, a= 27, b =349, d.f. =26, y2 =45.6, P
< 0.01). Analysis of the surface oil percent occurrence (Fig 2B) showed that 50-100 % of the days surveyed, the oil was
present within latitude 28° N to 30° N and longitude 87.5° W to 90° W. Lower percent occurrences radiated from the
epicenter reaching as far south as 23° N. Surface oil was detected in 100 % of the northernmost whale shark sigthtings,
in 32.8 % (52,594.7 km2) of the bluefin tuna spawning area and 38 % (53,348.51 km2) of the blue marlin spawning and
larval area (Fig 3). No surface oil was detected in the swordfish spawning and larval areas using the satellite derived
data.
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Figure 1. Map showing the location of whale shark sightings and spawning/larval areas of bluefin tuna, swordfish and blue marlin in
the Gulf of Mexico. The black square indicates the area presented in Figure 2.
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Figure 2. The extent of the Deepwater Horizon oil spill. (A) Daily multi-sensor satellite detected surface oil (August is not shown).
(B) Percent time oil was present within a 0.5° x 0.5° geographical grid.
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Figure 3. Percent time of oil presence and total surface covered in spawning areas of bluefin tuna and blue marlin

4. DISCUSSION

Oil presence on the sea surface and the timing of its occurrence likely impacted the developing eggs and larvae of
bluefin tuna and blue marlin. Pelagic eggs and larvae concentrate at the sea surface microlayer, SML (upper 0-1 mm),
the boundary between the atmosphere and the ocean ** . The SML also concentrates petroleum, petroleum-derived
hydrocarbons, tar, pesticides, polychlorinated biphenyls (PCBs), heavy metals and plastics ** .Exposure to oil and oil
dispersants causes acute toxicity, narcosis and eventual death in marine fish larvae ** .

Sea surface oil might have affected whale sharks in a different way. Whale sharks do not have a plankton phase
homologue to that of giant predatory nekton. The species is ovoviviparous, with females giving birth to live pups " .
Pupping areas are unknown. Whale sharks have dense filtering screens in their modified gill rakers for feeding on dense
aggregations of plankton and small nekton '' . The oil spill and oil-dispersant complex could clog the filtering system of
whale sharks, resulting in chronic starvation or even asphyxia.

Our satellite derived biogeographical analysis likely underestimates the extend of the oil spill and its ecological impacts
on large pelagic fish. First, some satellite sensors only detect the ocean microlayer, the first millimeters of the sea
surface, without detecting subsurface oil. Other sensors only detect the relatively thin well mixed euphotic zone near the
water surface. Second, the use of dispersants on the sea surface may have disrupted the integrity of the oil sheen
microlayer that is detected by satellite sensors. Third, although it has been suggested that most of the oil spill
accumulated on the sea surface *> based on the low density of Louisiana crude oil, the injection of dispersants directly at
the submerged well head might have altered the density of the crude oil to a yet unknown amount, reducing its tendency
to accumulate at the sea surface and thus remaining submerged in small oil-dispersant droplets.

ACKNOWLEDGMENTS

We thank E. Widder for comments on earlier versions of the manuscript. This research was supported by the Schmidt
Ocean Institute

Proc. of SPIE Vol. 8175 81750F-5

Downloaded from SPIE Digital Library on 21 Oct 2011 to 163.118.1.166. Terms of Use: http://spiedl.org/terms



REFERENCES

[1] Brekke, C. & Solberg A.H.S. “Oil spill detection by satellite remote sensing”. Remote Sens. Environ. 95,1 —13
(2005).

[2] Fingas, M.F & Brown, C.E. “Review of Oil Spill Remote Sensing”. Spill Sci. Technol. B. 4, 199-208 (1997).

[3] Dean, K. G., Stringer, W. J., Groves, J. E., Ahlinas, K. & Royer, T. C. “The Exxon Valdez oil spill: satellite
analyses”. In: Spalding, M.L., Reed, M. (Eds), [Oil Spills: Management and Legislative Implications. American Society
of Civil Engineers], New York, pp. 492-502 (1990).

[4] Cross, A. “Monitoring marine oil pollution using AVHRR data: observations off the coast of Kuwait and Saudi
Arabia during January 1991”. Int. J. Remote Sens. 13, 781-788 (1992)

[5] Garcia-Soto, C. 2004. “Prestige oil spill and Navidad flow”. J. Mar. Biol. Assoc. U.K. 84,297-300 (2004).

[6] Crone, T.J. & Tolstoy, M. “Magnitude of the 2010 Gulf of Mexico oil leak”. Science 330, 634 (2010).

[7] Liu, Y., Weisberg, R. H., Hu, C. & Zheng L. “Tracking the Deepwater Horizon oil spill: A modeling perspective”,
Eos Trans. AGU, 92, 45-46 (2011).

[8] Klemas, V. “Tracking oil slicks and predicting their trajectories using remote sensors and models: case studies of the
Sea Princess and Deepwater Horizon oil spills”. J. Coastal Res. 26, 789—797 (2010).

[9] Hu, C. et al. 2011. “Did the northeastern Gulf of Mexico become greener after the Deepwater Horizon oil spill?”
Geophys. Res. Lett. 38,1.09601 (2011).

[10] IUCN, www.iucnredlist.org (2011)

[11] Stevens, J.D. “Whale shark (Rhincodon typus) biology and ecology: A review of the primary literature”. Fish.
Res. 84,4-9 (2007).

[12] Compagno, L.J.V. [Sharks of the World. FAO Species Catalogue. FAO Fisheries Synopsis 125 (4)]. Rome: FAO.
655 pp, http://www.fao.org/fishery/species/2801/en (1984)

[13] Joung, S.J., Chen, C.T., Clark, E., Uchida, S., & Huang, W.Y.P. “The whale shark, Rhincodon typus, is a
livebearer: 300 embryos found in one ‘megamamma’ supreme”. Environ. Biol. Fish. 46,219-223. (1996).

[14] Collette, B.B. & Nauen, C.E. Scombrids of the world. [An annotated and illustrated catalogue of tunas, mackerels,
bonitos and related species known to date. FAO Fisheries Synopsis 125 (2)]. Rome: FAO.137 pp.
http://www.fao.org/fishery/species/3296/en (1983)

[15] Block, B.A. et al. “Electronic tagging and population structure of Atlantic bluefin tuna”, Nature 434, 112-1127
(2005).

[16] Seafood Watch, www.seafoodwatch.org (2011)

[17] FishBase, www.fishbase.org (2011)

[18] Arocha, F. & Lee, D.W. “Maturity at size, reproductive seasonality, spawning frequency, fecundity and sex ratio in
swordfish from the northwest Atlantic”. Col. Vol. Sci. Pap. ICCAT, 45, 350-357 (1996).

[19] de Sylva, D.P. & Breder, P.R. “Reproduction, gonad histology, and spawning cycles of North Atlantic billfishes
(Istiophoridae)”. B. Mar. Sci. 60, 668-697 (1997)

[20] Sokal, R.R. & Rohlf, F.J. [Biometry], 3rd edition, W.H. Freeman & Co. (1995)

[21] Richards, W.J. et al. [SEAMAP 1982 - Ichthyoplankton. Larval distribution and abundance of Engraulididae,
Carangidae, Clupeidae, Lutjanidae, Serranidae, Sciaenidae, Coryphaenidae, Istiophoridae, Xiphiidae and Scombridae in
the Gulf of Mexico. NOAA Tech. Mem. NMFS-SEFC-144]. (1984)

[22] Kelley, S., Potthoff, T., Richards W.J., Ejsymont, L. & Gartner, J.V. [SEAMAP 1983 - Ichthyoplankton. Larval
distribution and abundance of Engraulididae, Carangidae, Clupeidae, Lutjanidae, Serranidae, Sciaenidae,
Coryphaenidae, Istiophoridae, Xiphiidae and Scombridae in the Gulf of Mexico. NOAA Tech. Mem. NMFS-SEFC -167
1(1985)

[23] Kelley, S., Gartner, Jr. J.V., Richards, W.J. & Ejsymont, L. [SEAMAP 1984 & 1985 - Ichthyoplankton. Larval
distribution and abundance of Carangidae, Clupeidae, Coryphaenidae, Engraulididae, Gobiidae, Istiophoridae,
Lutjanidae, Scombridae, Serranidae, and Xiphiidae in the Gulf of Mexico. NOAA Tech. Mem. NMFS-SESC-245] (1990)
[24] Kelley, S., Gartner, Jr. J.V., Richards, W.J. & Ejsymont, L. [SEAMAP 1986 - Ichthyoplankton. Larval distribution
and abundance of Engraulididae, Carangidae, Clupeidae, Gobiidae, Lutjanidae, Serranidae, Coryphaenidae,
Istiophoridae and Scombridae in the Gulf of Mexico. NOAA Tech. Mem. NMFS-SEFC-317] (1993)

[25] Lyczkowski-Shultz, J., Hanisko, D.S., Sulak, K.J. & Dennis, III, G.D. [Characterization of Ichthyoplankton within
the U.S. Geological Survey’s Northeastern Gulf of Mexico study area based on analysis of Southeast area monitoring
and assessment program (SEAMAP) sampling surveys, 1982-1999. NEGOM Ichthyoplankton Synopsis Final Report.
U.S. Department of the Interior, U.S. Geological Survey, USGS SIR-2004-5059] (2004).

Proc. of SPIE Vol. 8175 81750F-6

Downloaded from SPIE Digital Library on 21 Oct 2011 to 163.118.1.166. Terms of Use: http://spiedl.org/terms



[26] Frias-Torres, S. “Large Pelagic Fish Distribution in the Tropical Western Atlantic Relevant to Conservation”.
Proc. Gulf Carib. Fish. Ins. 56,253-257 (2005)

[27] Baughman, J. “The oviparity of the whale shark, Rhincodon typus, with records of this and other fishes in Texas
waters”. Copeia 1955, 54-55 (1955)

[28] Springer, S. “Some observations on the behavior of schools of fishes in the Gulf of Mexico and adjacent waters”.
Ecology 38,166-171 (1957)

[29] Hoffman, W., Fritts, T. & Reynolds, R. “Whale sharks associated with fish schools off south Texas”. Northeast
Gulf Sci. 5, 55-57 (1981).

[30] Clark, E. “Gentle monsters of the deep: whale sharks”. Natl. Geogr. 182, 120-139 (1992).

[31] Gittings, S., Boland, G., Deslarzes, K., Combs, C., Holland, B. & Bright, T. “Mass spawning and reproductive
viability of reef corals at the east Flower Garden Bank northwest Gulf of Mexico”. B. Mar. Sci. 51,420-428 (1992)
[32] Hardy, J.T. “The Sea Surface Microlayer: Biology, Chemistry and Anthropogenic Enrichment”. Prog. Oceanogr.
11, 307-328 (1982).

[33] Wurl, O. & Obbard, J.P. “A review of pollutants in the sea-surface microlayer (SML): a unique habitat for marine
organisms”. Mar. Pollut. Bull. 48, 1016-1030 (2004).

[34] Wilson, K.W. “Acute Toxicity of Oil Dispersants to Marine Fish Larvae”. Mar. Biol. 40, 65-74 (1977).

[35] de Gouw, J.A. et al. “Organic aerosol formation downwind from the Deepwater Horizon oil spill”. Science 331,
1295-1299 (2011).

Proc. of SPIE Vol. 8175 81750F-7

Downloaded from SPIE Digital Library on 21 Oct 2011 to 163.118.1.166. Terms of Use: http://spiedl.org/terms



