OCS Study
BOEM 2017-032

Arctic Nearshore Impact Monitoring In
Development Area Il (ANIMIDA):
Contaminants, Sources, and
Bioaccumulation

i

il

VS s,

U.S. Department of the Interior

Bureau of Ocean Energy Management BOE M
Alaska OCS Region Biaias s O Crony W et



OCS Study
BOEM 2017-032

Arctic Nearshore Impact Monitoring In
Development Area Il (ANIMIDA):
Contaminants, Sources, and
Bioaccumulation

Authors

Jeremy Kasper
Kenneth Dunton
Susan Schonberg
John Trefry

Bodil Bluhm

Greg Durell

Prepared under BOEM Contract
M13PC00019

by

Olgoonik Fairweather, LLC
3201 C Street, Suite 700
Anchorage, Alaska 99503

Published by

Anchorage, AK

U.S. Department of the Interior August 2017

Bureau of Ocean Energy Management
Alaska OCS Region



DISCLAIMER

This report was prepared wrdcontract between tiigureau of Ocean Energy Management
(BOEM) and Olgoonik Fairweather, LLC. This report has been technically reviewed by BOEM, and it
has been approved for publication. Approval does not necessarily signify that the contents reflect the
views and policies dBBOEM, nor does mention of trade names or commercial products constitute
endorsement or recommendation for use.

REPORT AVAILABILITY

To download a PDF file of this Alaska OCS Region report, go to the U.S. Department of the
Interior, Bureau of Ocean Energy Managemétvironmental Studies Program Information System
website and search on OCS Study BOEM 2032

This repot can be viewed at select Federal Depository Libraries. It can also be olftamebe
National Technical Information Servic#he contact information is below

U.S. Department of Commerce
National Technical Information Service
5301Shawnee B

Springield, Virginia 22312

Phone: (703) 6056000, 1(800553-6847
Fax (703) 6056900

Website: http://www.ntis.gov/

CITATION

Kasper J Dunton KH., Schonberg ¥ ., Trefry J, Bluhm B, Durell G., Wisdom S, and Blank J2017.
Arctic Nearshore Impact Monitoring in Development Area (ANIMIDA) 1lI: Contaminants,
Sources, and Bioaccumulatid.S. Dept. of the InterioBureau of Ocean Energy
ManagementAlaska OCS Region, Anchorage, ARCS StudyBOEM 2013032 280 pp.


http://www.boem.gov/Environmental-Stewardship/Environmental-Studies-Program-Information-System.aspx
http://www.ntis.gov/

Contents

(0] 01157 o | €7 PSR P PP PPPPPPP iL

IS Ao o U = TSP PUPPP iv

IS A = Vo PP ix

(0] 0114 o 18] (o] £ PP PPRPPR Xi

Acronyms and ADDIeVIatioNS. ...........uuiiiiiiiiiiireer e Xii

Chapter 1 OVEIVIEW ...ttt eeeet ettt e e et e s et eees et e e e e e e e e e bbb e s e et s emmmr et e e e e e e e e e nnnnnnee s 1

1.1 Field Sampling Summary .. RSSO U SRURRTSR |

1.1.1 2014 Offshore Fleld Season Summary. ............................................................... 1

1.1.3 2015 Spring Sampling Field Season SUMMALY............ccooiiiiiimnniniiiinieeeeeee e 2.

1.1.32015 Offshore Field Season SUMMALY.........cccuuuereiiiiieaneeeee e eere e 3

1.1 Physical {JLEdI'I.tJ“poh\- S ™

1.2 Trace Metals in Bottom &edlments Su,s]}ended Sedtmenta :md Hlﬂttl SR

1.3 Characteristics of Petroleum Hydrocarbons in the Sediments and cht}m, Ur,g_amsms ............. 6

1.4 Benthic Infauna, Carbon Resources, and Trophic Structure........ococeeecveeceeeeeecce e

1.5 Epibenthic Communities and Demersal Fish Lummunttms 7

Chapter 2 Phy5|cal Oceanography .......................................................................................... 9

2 2 1 Data CoIIectlo.r.t ................................................................................................. 10

2.3. 1 Sample Data ................................................................................................... 14

2 ‘? btlmmdr} and(um.lu.&lum SRS |

Acknowledgments.... '52

References... SRR

Chapter 3 Trace Metals in Bottom Sedlments Suspended Sedlments and Blota ................ 55

3 2.1 Study Area ......................................................................................................... 56

3.2.2 SaMPIE COHECHOMN.......coiieiie et 57

3.2.3 Laboratory MethOdS. .......c.ueiiiiiiiiie e 58

3.3 Results and Discussion ........... enesemensaateneeasereraeerereses s ssaeennaenennnanennssennennennrassreras O

3.3.1 Metal Dlstrlbutlonsn Sedlments ......................................................................... 59

3.3.2 Metals in Suspended SEdIMENIS.........cuuiiiieiiiiiicens i eseees e L L

TG TG I |V = =1 3] =T = 73

Rcﬁ.n:m.u. IS .|
Chapter 4 Characterlstrcs of Petroleum Hydrocarbons in the Sedlments and Benthlc Organisms of

the Beaufort Sea Continental Shelf.............oooiiiiiiiiii e 82

4, 2 1 Fleld Sampllng ................................................................................................... 84

4.2.2 Analytical MethOdS.........oeiiiiiiiii e 88

4.2.3 Quality Assurance/Quality CONEIOL..........ooiiiiiiiiii e 93



4 3.1 Sedrment Monltorrng .......................................................................................... 96
4.3.2 Biota MONITOMNG. c.cceeiiiiiiitie et e ettt e e e s ammme e e e e e e e e e s s rmmne e e 99
4.4 Discussion............ SRS L | )
4.4.1 Sedlment Monltorlng ........................................................................................ 102
4.4.2 Biota MONITOMNG. c.eeeeiiiiiiiiiiiiei e e e eeme et e e e s ammme e e e e e e e e e e s ammmeeeeas 120
References... - L 128
Chapter 5 Benthic Infauna Carbon Resources and Trophlc Structure on the Coast and Shelf of the
Beaufort SA, AlASKAL......iii i e 131
5.1 Intruthlr.ltun ieseeasameeseemesEeesereseeseessesessessessessesseaneananteneensanerareenrasesntssasennsansaasanenneanennennerns | D
5.2 Materials and Mr.thudb S S USSR SSPRPRSRPRRR I =

5.2.3 Community Structure: Species DIVEISILY..........covvvviiiiiiiieeeeeecceee e 135
5.2.4 Community Structure:Environmi@l Variables..............occciiiiiiiieeeiee 136
5 2 5 Isotopic SAMPIING ..ttt ree et e e e 136
5 3.1 Infauna Inventory .............................................................................................. 139
5.3.2 INAUNG DIVEISILY. ... ieeee et m e e e e e e e e enees 142
5.3.3 Environmental Factors and Infauna....................oooeeeiiiiicicccccccc e 146
5.3.4 Sediment Pigments, Carbon, and Nitrogen Inventories.................ooveeevvvnnne 146
5.3.5 Isotopic Composition of the Pelagic and Benthic Biota..............cccceveeeevenenenen. 158
3.4 Discussion.. PSPPSR I =
5.4.1 Drstrrbutron and Drversrty of Infauna ................................................................ 164
5.4.2 Environmental Influences on Infaunal Distribution............cccoceeviiicccneineiiennee. 165
5.4.3 Sediment Chlorophyll: A Critical Link to Benthic Metazoans?2...........ccccccvvvvee. 166
5.4.4 The Beaufort Shelf Food Weh.............i e, 167
ACKNOWIHZEMENLS. ... e s s s a e ensmene s ensensenes LS
References............. S I | |
Chapter 6 Eprbenthrc Communltles and Demersal FISh Communltles ....................................... 175
B.1.1 ODJECHIVES.....uviiiiiiiiiiiiiiit e e e e e e e e e e e e e e et e e e eeee e mmme e e e e e e e e e e eeees 177
6.2 Methods .. SRRSO b
6.2.1 Fleld Samplrng and Taxonomrc Identrfrcatrons ................................................. 177
6 22 Data AANBIYSIS. ..ttt et e e e e e e s 180
6 3.1 Invertebrates .................................................................................................... 182
8.3, 2 FiS Nt e ——————————— e 205
6.4 Discussion.. OSSOSO o I
6.4.1 Eplbenthrc Communrtres .................................................................................. 216
6.4.2 FiSh COMMUINITIES. ....vuuii ittt e e eeeer e e e e e e et e e e e e e e eeesbmnneeees 222
ACKNOWIBAZMENLS. ... s s srn e sn e e snemnmn s en e enes SO
References... - e 223
APPENDIX A: Characterrstrcs of Petroleum Hydrocarbons in the Sedlmentand Benthlc
Organisms of the Beaufort Sea Continental Shelf..............ccccciiiien e 230
APPENDIX B: Benthic Infauna, Carbon Resources, and Trophic Structure on the Coast and Shelf
Of the Beaufort SEa, AlASKaL.........cooueiie e e e e mmmaaas 253



List of Figures

Figure 1. Map indicating ANIMIDA 2014 station locations and type...........ccccovviiiimmmriiiineeeeneeeenn. 2
Figure 2. Spring Sampling Throudbe LOCALIONS. ..........cuuiiiiiiiiiece e 3
Figure 3. Map indicating ANIMIDA 2015 station locations and type................cee oo e eeeevvivvvennvnnnnnnns 4
Figure 4. Physical oceanographic mooring deployed in HarBSON...............coovviiiiimmmniiiiiineeeeenn. 14
Figure 5. 2014 surface teMPErature (2C)......uuuuuurririiiiiiiirrnre e e e eeeeeeaaeaeaeeeee e s ereere s 16
Figure 6. 2014 surface temperature (°C) from MODIS...........coooiiiiiiimem e 16
Figure 7. 2014 SUIMACEIBNITY. .........urrieieiieeee i mrrr et e e e e e e e e e e e e e e aeens e e e e aeens 17
Figure 8. 2015 surface teMPEratlre (2C)......uuuuuiiririiiiiiiirenreeeeeeeeeeeeeeeeeeeee e e s eeeeieaa e oo 17
Figure 9. 2015 SUIMACE SAlINILY........uueiiiiieeiiiieere e e e e e e s e enaae e e e eeees 18
Figure 10. Surface temperature (°C) \airsty from 2014 (left) and 2015 (right) with water masses
labeled. The freezing point is indicated by the dashed.line.................oorreeeiicnnnns 18
Figure 11. Salinity at the bottom from 2014.........oooiiiiiiii e 19
Figure 12. Temperature at the bottom (°C) from 2Q14.............oooiiiirrr e 19
Figure 13. Concentration of phosphate {A@M) at the bottom from 2014..............ccccviiiiiiiicennnnnn. 20
Figure 14. Concentration of silicate (S]Q@M) at the bottom from 2014.....................oeireeeiiiiicnn, 20
Figurel5. Concentration of ammonium (MHIM) at the bottom from 2014...........coovvvvvviiiviiieennnnn. 21
Figure 16. Concentration of nitrite (NQUM) at the bottom from 2014.............cccoviiiiiiiiieeeeeeeeee 21
Figure 17. Concentration of nitrate (A\QUM) at the bottom from 2014...........cccceeiiiiiiiiiiicccneeeeeeeee, 22
Figure 18. Salinity at the DOttom 2015, ........ooi e e e eeeeaees 22
Figure 19. Temperature (°C) at the bottom 2015, ..........uuiiiiiiiee e 23
Figure 20. Phosphate (BQuM) at the bottom from 20158.............oiiiiiireecce e 23
Figure 21. Concentration of silicate (Si@M) at the bottom from 2015...........cccooviiiiiiiiieeniiiiieeeeen. 24
Figure 22. Concentration of nitrite plus nitrate (NKONOs, M) at the bottom 2015............c...evveeeee. 24
Figure 23. Concentration of ammonium (NHM) at the bottom 2015............cccooiviiiiiiimmmiiiiiieeeene. 25
Figure 24. Barium and nutriesat the bottom from 2014..........ccooiiiiiiiiii s 27
Figure 25. Nutrients at the bottom from 2015..........uuiiiie e 28
Figure 26. Salinity at the chlorophyll max from 2014............couiiiiiiiii e 29
Figure 27. Temperature (°C) at the chlorophyll max from 2014..........c.cccceiiiiiiiiccneeeiieeeeeeeeeeee, 29
Figure 28. Phosphate (RQuM) at the chlorophyll max from 2014............ccoooviiiiiiiimemiiiiieeeeeeees 30
Figure 29. Silicate (Si§ M) at the chlorophyll max from 2014...........cooeviiiiiiiiiimmmiiiieeee e 30
Figure 30. Ammonium (NK puM) at the chlorophyll max from 2014.........cccoooiiiiiiiiiiiiceeeeeeeeee 31
Figure 31. Nitrite (N@ uM) at the chlorophyll max from 2014...........oooiiiiiiiiiiiieeeeeeeee e 31
Figure 32. Nitrate (N€) uM) at the chlorophyll max from 2014...........ooooriiiiiiiiiieeeeiicee e, 32
Figure 33. Salinity at the chlorophyll max from 2015...........oooiiiiiiii e 32
Figure 34. Temperature (°C) at the chlorophyll max from 2015.............coooiiiiiimminiiiiiieeeee e 33
Figure 35. Phosphate (BQM) at the chlorophyll max from 2015...........cccoiiiiiiiiiiic e 33
Figure 36. Silicate (Si& uM) at the chlorophyll max from 2015..........ciiiiiiiiiiiieniieeeee e 34
Figure 37. Nitrite + nitrate (NO+ NOs, uM) at thechlorophyll max from 2015.............ccoooeiiiiiiiiieee. 34
Figure 38. Ammonium (NK puM) at the chlorophyll max from 2015.........cccooiiiiiiiii e 35
Figure 39. Barium and nutrients at the chlorophyll max from 2014...................coreeei, 36
Figure 40. Nutrients at the chlorophyll max from 2015.............iii e 37



Figure 41. Salinity at the surface from 20L4...........ooiiiiiiii e 38

Figure 42. Temperature (°C) at the surface from 2014...............oooiiiireri e 38
Figure 43. Phosphate (RQIM) at the surface from 2014.............oovvieeiiiiiiimnni e 39
Figure 44. Silicate (Si§ pM) at the surface from 2014...........oumiiiiiiiiiiiiee e 39
Figure 45. Ammonium (Nk uM) at the surface from 2014.............ooooiiiiiiiiiceei e 40
Figure 46. Nitrite (N@, uM) at the surface from 2014...........oooeiiiiiiiiiiieee e 40
Figure 47. Nitrate (N€ UM) at the surface from 201 4...........uuuuuiiiiiiiiicceceeeeeeeeeeeeeeeeeees e 41
Figure 48. Salinity at the surface from 20L5...........ccciiiiiiiiiicceieeeeeeeeeeeeeeveeerss s A
Figure 49. Temperature (°C) at the surface from 2015............oooeiiiiiicc e 42
Figure 50. Phosphate (BQuM) at the surface from 2015..............oooiiiiiiiiieeeiicee e 42
Figure 51. Silicate (Si§ pM) at the surface from 2015..........cccccevveeiiiiiiicemneeeeee e eeee A3
Figure 52. Nitrite + nitrate (NO+ NOs, uM) at the surface from 2015...............ceei 43
Figure 53. Ammonium (NkK puM) at the surface from 2015...............oiiiiiirrei e 44
Figure 54. Barium and nutrients at the surface from 2014...........oooooiiiiiiiniiiie e 45
Figure 55. Nutrients at the surface from 20L58..........uuiiiiiii e 46
Figure 56. Temperature (°C) and salinity from 2014 (blue) and 2015.(red)........ccccceerriicceeriinnns a7
Figure 57. Time series of pressure (water level), salinity, and temperature from the mooring record versus
L1101 ORI 49
Figure 58. TemperaturéQ) versus salinity from the mooring record (blue) overlaid on 2014 and 2015
ANIMIDA CTD CASE AALAL.......ccceeeiiiiiiiie e eemee ettt e e e e e e s s srmeee s s s e e e e e e e e s s s snnnessnnnne 50
Figure 59. Sampling stations for field surveys during 2014 (in black font) and 2015 (in red font) for the
ANIMIDA [l Project in the Beaufort S@a...........couevviiiiiiiiiieer e 57
Figure 60. Concentrations of Al versus (A) Cr, (B) Ni, and (C) Pb for surface sediments collected during
2014 and 2015 (ANIMIDA IIl) and previous surveys in thastal Beaufort Sea.................. 63
Figure 61 Concentrations of Al versus (A) Ba and (B) Hg for surface sediments collected during 2014
and 2015 (ANIMIDA IlI) and previous surveys in the coastal Beaufort.Sea..................... 64
Figure 62. Concentrations of Al versus (A) As and (B) Mn for surface sediments collected during 2014
and 2015 from the coastal Beaufort SEa..........cccceeioeiiiiicccieiieeeeeeeeeeeeee e eeeee e 67

Figure 63. Vertical profiles for (A) Cd, (B) Pb, (C) Zn, (D) Ba, (E) Pb, (F) Zn, (G) Ba, (H) Pb, and (1)

total Hg in sediment from selected stations in the coastal Beaufort Sea with their ratios 68 Al.
Figure 64. Vertical profiles for (A) As, (B) Fe, (C) Mn, (D) As, (E) Fe, (F) Mn, (G) As, (H) Fe, and (1)

Mn in sediment from sected stations in the coastal Beaufort Sea with their ratios to. Al..69
Figure 65. Maximum concentrations of mercury (Hg, uppduezin red box) and arsenic (As, lower

number in yellow box) for offshore stations (numbers in green rectangles) in the coastal Beaufort

Figure 66. Vertical profiles for total Hg in sediment cores from (A) station 1.2 at a water depth (z) of 203
m and (B) station 7147A (z = 823 m) in the coastal Beaufort Sea with their ratios ta.Al..70
Figure 67. Concentrations of Ba versus Al for (A) suspended particles and (B) bottom sediments and Fe
versus Al for (C) suspended particles and (D) bosediments from the coastal Beaufort S&Ea.
Figure 68. Concentrations of trace metals in clams (Astarte sp.) from the coasfalB®8ea during the
BSMP (19861 989), ANIMIDA (1999 2002), cANIMIDA (20042007), and ANIMIDA 111
0N 0 RS N o] () = od L= P 75



Figure69. Concentrations of trace metals in amphipods (Anonyx sp.) from the coastal Beaufort Sea
during the BSMP (1986.989), ANIMIDA (1999 2002), cANIMIDA (2004 2007), and

ANIMIDA [l (20147 2015) PrOJECES . uuverieieeeeeiiiinrererinnsseererereeeesssasssssssessmnssseseeaaeesssssssssnnes 77
Figure 70. ANIMIDA 111 stations sampled in 2014 and 2015.............cueviieeiiiimcceee e 86
Figure 71. Double van Veen surface sediment SAMIPIES............uuiiiiiiccceiiieiieeeeeeeeeeeeeeeveeeees e 87
Figure 72. Amphipod traps and amphipQaS.............coooiiiimm e 88
Figure 73.Clam collection and clams collected from the seaflaar...........cccccevvviiiccciiiii, 38
Figure 74 Alexandrium fundyense cysts in sediment samples collected in 2015 from stati8BQAL#D

(L[S =TT 10 (] AR T= - VS SURTSPT 91

Figure 75. Maps showing sediment sampling locations in 2014 (top panel) and 2015 (bottom. pa@el).
Figure 76.Sediment Total PAH, Sum S/T, and Sum SHC concentrations in the sediment samples

collected during in 2014 and 2015 as part of ANIMIDA ll.......cccooooiiiiiiiiiiicceeeeeeeeeee, 104
Figure 77 Sediment Total PAH concentrations vs sediment geochemical parameters (%TOC, % fines,
AN YOAIUMINUIM) . ..eeiiiie ettt e emer et e e e e e e s e bbb e e et e e emmmr e e e e e e e e e nnnrnnnes 105

Figure 78 Sediment Total PAH concentrations-normalized (top), Total PAH concentrations
normalized to % TOC, and the % fines (silt + clay) of the sediment samples cotladteyl
ANIMIDA lll, separated by nearshore and offshore stations..............cccevvvieemeeeeeennnns 109

Figure 79. PAH compound composition of a representativehNBlope crude oil (Northstar), a
representative river peat sample (from the Kuparuk River), and a representative surface sediment
sample (from Station NOS)..........oooiiiiiiii e e e e e eareeer s 113

Figure 80. Saturated hydrocarbon (alkane and isoprenoid) compound composition of a representative
North Slope crude oil (Northstar), a representative river peat sample (from the Kuparuk River),
and a representative surfassdiment sample (from Station NO3)...............eoeoeeeiiieeciinnnns 114

Figure 81. Principal component analysis (PCA) using the PAH compound data for the ANIMIDA |
surface sediment samples, and different North Slope crude oil and river peat samples collected
during ANIMIDA L T @nd ... smme e eeenseeesanees 116

Figure 82. Ratio analysis using key diagnostic PAH ratios (upper) and petroleum biomarker ratios (lower)
data for the ANIMIDA Il surface sediment samples, and different North Slope crude oil and

river peat samples collected during ANIMIDA |, 1l andl ... 117
Figure 83 Sediment Total PAH, normalized to the TOC content ardarmalized, for the 11 segments
of the core collectedt&Station 1.2 1N 2014........uniiiiiniiiiie et ereer e s 119

Figure 84. Total PAH concentrations vs % lipid in the amphipod, clam, and fish tissue samplet21
Figure 85. Lipidnormalized Total PAH (upper) and Sum SHC (lower) concentrations in the amphipod,

clam, and fish tiSSUE SAMPIES.......u e 122

Figure 86. ANIMIDA 11l infauna station locations for years 2014 and 2015..................ccccceeees 134

Figure 87. Total infauna station abundance @fior 2014 and 2015 (top panel). Infaunal abundance
distribution by principle taxonomic group (bottom panel)............cccvvveeiiiieeeeeeeeeeeiiieee 141

Figure 88. Total infauna station biomass (grams wet weight (gviviém2014 and 2015 (top panel).
Infaunal abundance distribution by principle taxonomic group (bottom panel)............... 142

Figure 89. Total infauna taxonomic count by statior 2014 and 2015 (top panel), Shannon Diversity
Index values on the basis of infauna abundance
INdEX (DOTEOM PANEL).... e e 143

Figure 90. Relationships between benthic environmental factors determined using a Principal Component
ANAIYSIS (PCA) FOULINE.....uuuiiiiiiiiiiiiiiiisemr e e e e e e e e e e e et e et e et et e e s eeee s e s s e s s s s ammme e e e e e eeees 144

vi



Figure 91. CTD bottom water salinity (top panel), bottom water temperature (middle panel), and TOC

(bottom panel) at infauna StatioNS.............uuviiiiiiiiiri e 145
Figure 92. Patterns of infaunal biomass (gw®/m c ol | ect ed i n the 197006s and
ANA OCSEAP PrOQIaIMS.....ceeiiiiiiiiiiiiiitteieeet ettt e e e e s arenr e e e e e e s s s e e e e eeereeeeeee s 152

Figure 93. Interpolation of sedimentary pigments chlorophyll a (top left), pheophytin a (top right),
pheophorbide a (bottom left), and pyropheophorbidet¢m right). The color scheme represents
pi gment concent.r.at.i.on. . (. .e0.0.0) .. 153
Figure 94. Concentration of chlorophyll a and totad@pigments (sum of pheophytin, pheophorbide, and
pyropheophorbide) at @ach StAtION.............coiiiiiiiiee e 154
Figure 95. Mean (£SD) carbon isotope afar SPOM collected within the chlorophyll maximum zone
and within 2 m the seabed at each Station................oovviiieeeiiciiieec e 155
Figure 96. Relationship beeen the C:N molar ratio and its corresponding carbon isotopic valudé61
Figure 97. MeanSD) carbon and nitrogen isotope value of genera collected during the 2014 and 2015
ANIMIDA cruises (data for both years are combined) from each geographic region (Eastern,

Central, and WESTEIM).......cooo i mmmr e e e e e e e e e e e e e e ae e e s s e s e e e 162

Fi g ur %C v8. Bongitude (°W) for characteristic Arctic benthic fauna. Pearson correlations and p
values of linear regression analyses for each genus are noted within each panel......... 163

Figure 99. C and N isotopic biplot (mean + SD) of 12 characteristic Arctic benthic fauna and three carbon
endmembers (See Table 23)..........cciiiii e 163

Figure 100. Conceptual diagram showing hypothesized trophic relationships among consumers in a
Beaufort Sea Shelf ECOSYSIEIM. ........uiiiiiiiiii e eeeas 168

Figure 101. Stations sampled for epibenthos in 2014 and 2015 during the ANIMIDA lIl research project.
....................................................................................................................................... 178

Figure 102. Total epibenthic abundance per station measured in number of individuals pér..100B&
Figure 103. Total epibenthic biomass per station measured in grams of wet weight pér..100.m185
Figure 104. Total number of epibenthic taxa per station. Most taxa were identified to species.8@I.

Figure 105. Epibenthos: Shannon Diversity values per Station.............cccccoeivcemiieeeeniiiiiee e 186

Figure 106 Epi bent hos: Mar gal ef.6.s...Ri.c.h.ne.s.s..v.a.ll8®s per

Figure 107. Epibenthos: Pi.el.owubs..Evennessl8val ues

Figure 108. Relative proportion of the number of epibenthic taxa in each phylum by species number (top
panel), total abundance (bottonftjeand total biomass (bottom right).............cccvvvvvvvvieenn. 188

Figure 109. Proportion of epibenthic taxa by phyla at each station................ceveeeeiiiieeeieeennnnne 189

Figure 110. Proportion of epibenthic abundance by phyla at each station...................cccc......... 189

Figure 111. Proportion of epibenthic biomass by phyla at each station..............ccoovvceevviiiiinneee. 190

Figure 112. Proportion of the number of epibenthic taxa (a), total abundance (b), and total biomass (c) per
order of the phylum Arthropoda...........oooeiiiiiiiiieeee s 195

Figure 113. Proportion of the number of epibenthic taxa (a), total abundance (b), and total biomass (c) per
order of the PhylumM MOIUSCA..........uuuiiiiiiiiieee e 196

Figure 114. Proportion of the number of epibenthic taxa (a), total abundance (b), and total biomass (c) per
order of the phylum EChiNOOEIrMALa............couviiiiiiiieeeiieee e 197

Figure 115. Proportion of epibenthic abundance for community representative taxa................. 198

Figure 116. Proportion of epibenthic biomass for community representative taxa..................... 199

Figure 117. Cluster analysis based on Btaytis resemblance matrix performed on epibenthic biomass
(oT0] 101 0o 1S 10 g1 -1 - VPP 200

Vii



Figure 118. Multidimensional Scaling plot of epibenthic community structure based on biomass
(o] 14100 1S3 110 o PP 201
Figure 119. Spatial distribution of significant clusters based on epibenthic biomass................. 202
Figure 120. Depth as a predictor of the square root transformed epibenthic abundance measured in
ind/100 nt (a), square root transformed epibenthic biomass in grams of wet weigh?16) m
epibenthic total taxa (c), epibenthic Shannon Diversitygdd),i bent hi ¢ Mar gal ef 0s
epi benthic Piel.ouds..Evenness.. (L ). 203
Figure 121. Longitude as a predictor of square roasfoaimed epibenthic abundance (ind/10)(a),
square root transformed epibenthic biomass (grams of wet weight?)(@),repibenthic total

taxa (c), epibenthic Shannon Diversity (d), ep
Pi el ouds EN.LNNES.Sl ) 204
Figure 122. Total fish abundance per station measured in number of individuals pér.10Q.m....207
Figure 123. Total number of fish taxa (mostly species) per station...............cevvvcceeeeieeeeeeeneeeeennn. 207
Figure 124. Fish: Shannon Diversity values per Station...............evvviiiieeeeeeeeiiiiiiieee e 208
Figure 125, Fi sh: Mar gal.ef.d.s...Ri.c.hne.s.s.\v.al.R08s per
Figure 126. Fi sh: Pi el aub.s..Ev.ennes.s..v.al.ue29per st
Figure 127. Proportion of the number of fish taxa (a) and tbtad@dance (b) per family across all stations
LS 101 0] 1= o PR 210
Figure 128. Proportion of fish families by fish abundance at each station...................ccceevvveeeee. 211
Figure 129. Proportion of fish families by number of taxa in each family at each station........... 211

Figure 130. Proportion of representative fish taxa for the demersal fish community by abunda®t2.
Figure 131. Community structure of demersal fishes: Cluster analysis based dbuBiayesemblance

matrix performed on fish @abunNdanCe..............o.ooi e 213
Figure 132. Community structure of demersal fishes: Mliftiensional Scaling plot of fish community
composition data by abUNdanCe............uuuiiiiiiiie e 213

Figure 133. Spatial distribution of significant fish community clusters based on abundance dagil4
Figure 134. Depth (log transformed) as a predictor of the square root transformed fish abundance
measured in ind/100%6a), fish total taxa (b), fish Shannon Diversity (c), fish Maige f 0 s

Richness (d), and f.i.s.h..PRi.el.ocuds..Evenneds (e).
Figure 135. Longitude as a predictor of the square root transformeabfisidlance measured in ind/100

m(a), fish total taxa (b), fish Shannon Diver s

Pi el OUOGS EN. NI E.S.Sl B 218

viii



List of Tables

Table 1. Summary of stations occupied during the 2014 ANIMIDA CrUISE..........cccovvivirimeminnrennn. 12

Table 2 Summary of stations occupied during the 2015 ANIMIDA CruiSe..........ccvvvvvvevevieeeneeenennn. 13

Table 3. Summary of sediment, water and biota samples colfectegtals..............ccooeeiieiiiiiiceeen 58

Table 4.Grain size for surface sediments from ANIMIDA Il Project for 2014 and 2015.............. 61

Table 5.Concentrations of metals and total organic carbon (TOC) in surface sediments from ANIMIDA
11 (o) =Tod i (o] g2 0 OO TTRTSTOPPPPPRI 61

Table 6.Concentrations of metals and total organic carbon (TOC) in surface sediments from ANIMIDA
LT = o T L=t (o 2 0 62

Table 7. Stations with metal values for surface sediments collected durih@2@2105 (ANIMIDA 111)
that are greater than (A) the upper prediction interval (UPI) on metal versus aluminum plots and
(B) values for Effects Range Low (ERL) and Effects Range Median (ERM) based on sediment

quality guidelines from Long et al. (1995).......cccooiiiiiiiiiiiiieeeie e 66
Table 8.Concentrations of metals, particulate organic carbon (POC), total suspended solids (TSS) for
suspended particles frometicoastal Beaufort Sea during August 2014............cccccvveeeevieeen. 71

Table 9.Concentrations of metals and total suspended solids (TSS) for suspenitdesdeom the
coastal Beaufort Sea during the opesiter season in 20€€002, 2004006 and 2014 and for
baseline bottom sediments. Data for suspended particles-220&) from Trefry et al. (2009)
and bottom sediments from Trefry et al. (2003).........ccovvvviieeviiieemeiieeeeeeeeeeeeeee e 2
Table 10. Concentrations of trace metals in clams (Astarte sp.) collected in the coastal Beaufort Sea
during August 2014 and 2015..........euuuiiiiiiiiiiiir e ee e e ee e e e e e eere—————————————————————————— 74
Table 11. Concentrations of trace metals in amphipods (Angmy>collected in the coastal Beaufort Sea
during August 2014 and 2015.......cciiiiiiiiiiiie e 76
Table 12. Total number of stations sampled for hyaifoen analysis by sample type and year....... 85
Table 13. Summary of chemical analyses of sediment, marine invertebrate, and figssampl......89
Table 14. Approximate method detection limits (MDLs) and reporting limits (RLs) for petroleum
hydrocarbons in sediment anthrine invertebrate and fish tissues..........cccccvvvevvvieeeneennn. 90
Table 15. Summary of concentrations of hydrocarbons in sediment samples collecte ANUMIIDA
PRSPPI 96
Table 16. Summary of hydrocarbon concentrations in amphipod, clam, and fish tissue samples collected
AUING ANIMDA T .ttt eeea et e e e e e e e s bbb e eners e e e e e e e e e e aans 100
Table 17. Mean and range of concentrations of TPAH, TSHC, TStTr, TOC, and silt+clay in surface
sediments dected in 2014 and 2015 in ANIMIDA 11l and between 2000 and 2006 in ANIMIDA

0= T 103
Table 18. Mean Concentrations of keydhycarbons in surficial sediments from ANIMIDA | and Il study
area, Alaska marine sediments, and Cook Inlet and Shelikof Strait sediments.............. 107

Table 19. Concentrations of TPAH, TSHC, TStTr, and TOC in river or coastal peat collected in 2015 in
ANIMIDA 11l and between 1985 and 2006 in BSMP and ANIMIDA | and Il. 198%06........ 111

Table 20. Mean and range of equilibrium partitioning sediment benchmarks (ESB), derived as the sum of
the equilibrium partitioning rg)dbasedroesufacebenc hmar
sediment PAH concentrations, for samples collected in 2014 and 2015 in ANIMIDA 111118

Table 21. Mean and Ra@@f concentrations of TPAH and TSHC in amphipods and clams collected in
2014 and 2015 in ANIMIDA Il and between 2000 and 2006 in ANIMIDA | and Il. Hydrocarbon



concentrations are ng/g dry wt (parts per billion; data for 2000 and 2002 were converte@from w

wt. by multiplying by 5, based on ~89% MOIStUIE).............cooviiiiiiiieeeiccccec e 125
Table 22. Mean and range of critical body residue (CBR) concentrateses) bn PAH, in amphipods,

clams, and Arctic cod collected in 2014 and 2015 in ANIMIDA 11l (mM/kg wet weight)..127
Table 23. Statin environmental data used in the Biota and Environment-EBN®) analysis with

respect to mean values of abundance and biomass...............ooo e 147
Table 24. Location, depth, salinity, and temperature for all biological stations sampled in 2014 and 2015.
....................................................................................................................................... 148

Table 25 Concentrations of sedimentary pigments by area at 43 stations on the Beaufort Sea Eb@lf.
Table 26. Sediment chemistry includitotal chlorophyll a and ammonium concentrations, carbon and
nitrogen isotope values, and percent carbon and nitrogen. Data are from one replicate or the mean

(E2S] B I o Y o JN (=] 0] o= L (=L 156
Table 27. Stable isotopic measurements of SPOM samples collected approximately 2 m above the seabed
and within the chlorophyll Maximum ZOME............oooiiiiiiiiieeeee e 157

Table 28. Stable isotopic values determined for calanoid copepods, 20 um net tows (designated
phytoplankton), 305 um net zooplankton, and Calanus spp. from samples collected across th

Beaufort SNelf...........ooviiiiiieeeeeeen e 159
Table 29 Stable isotopic composition and molar C:N ratios of 20 common infaunal and epifaunal

organisms collected across the Beaufort shelf. TL is the estimated trophic.level.......... 160
Table 30. Stations sampled for epibenthos and fish during ANIMIDA LL.........ccoooeiiiiiiiccennnneen. 179
Table 31. Statin metrics for epibenthos and fish during ANIMIDA Hl............oooiiiiiiiiiieeeiieeeeeeen, 183
Table 32. Epibenthic taxa contributing to at least an accumulated /b6 within cluster similarity

(SIMPER analysis). Clusters are listed in decreasing order of valiater similarity........... 192

Table33. ANOSIM posthoc test showing significant differences among depth categories for epibenthic
community structure based on biomass data (shallow: <20 rdepith: 2399 m, and deep:

bt 00 N 0 ) PR 194

Table 34. Environmental variables selected as epibenthic community drivers (BvSTEP analysis). In bold
DESE COMDBINALION.......c oo e e e e rmn e e e e e s 194

Table 35. Fish taxa contributing to at least an accumulated 70% of the within cluster similarity (SIMPER
ANAIYSIS) . i et ———— e e 206

Table 36. ANOSIM poshoc test showing significant differences among depth categories for fish
AbUuNAANCE COMMUNILIES.......uviiiiiiiiiiiiiiierre e e e e e e e e e aeeeeaeeeea e e e s aaee e e s ammmreeeeeeeees 215

Table 37. Environmental variables selected as fish community drivers (BvSTEP analysis)......215



Contributors

Chapter 1 Jeremy L. Kasper Institute of Northern Engineering, University
of Alaska Fairbanks
John Trefry Department of Marine & Environmental
SystemsFlorida Institute of Technology
Gregory S. Durell NewFields LLC
Scott Libby Battelle
Ken Dunton University of Texas Marine Science Instituts
Susan Schonberg University of Texas at Austin
Bodil Bluhm The Arctic University of Norway and
Universty of Alaska Fairbanks
Sheyna Wisdom Olgoonik Fairweather LLC
Justin Blank Olgoonik Fairweather LLC
Chapter 2 Jeremy L. Kasper Institute of Northern Engineering, University
of Alaska Fairbanks
Sookmi Moon Institute of Marine Science, University
Alaska Fairbanks
Peter Shipton Institute of Marine Science, University of
Alaska Fairbanks
Chapter 3 John H. Trefry Department of Marine & Environmental
Robert P. Trocine SystemsFlorida Institute of Technology
Austin L. Fox
Stacey L. Bx
Chapter 4 Gregory S. Durell New Fields LLC
Scott Libby Battelle
Chapter 5 Ken Dunton University of Texas Marine Science Institutg
Susan Schonberg UniverSity of Texas at Austin
Chapter 6 Bodil Bluhm The Arctic University of Norwaynd
University of Alaska Fairbanks
Alex Ravelo University of Alaska Fairbanks
Katrin lken, Lauren Bell, Field support, University of Alaska Fairbank
Kyle Dilliplaine, Lorena
Edenfield, Tanja Schollmeier
Kelly Wal

Xi



Acronyms and Abbreviations

Mg microgam

pL microliter

pum micrometer

pM microMolar

AAS atomic absorption spectrometer

ADCP Acoustic Doppler Current Profiler

ADNR Alaska Department of Natural Resources
Ag silver

Al aluminum

AMBON Arctic Marine Biodiversity Observing Network
ANIMIDA Arctic Nearshore Monitoring iDevelopmenfArea
ANISOM Analysis of Similarities

AOOS Alaska Ocean Observing System

As arsenic

Ba barium

BaSQ barite

Battelle Battelle Memorial Institute

Be beryllium

BIO-ENV Biota-Environmental

BOEM Bureau of Oceaknergy Management
BREA Beaufort Regional Environmental Assessment
BSMP Beaufort Sea Monitoring Program

BVSTEP Biological Variables Stepwise Procedure

C carbon

C:N carbon to nitrogen molar ratio

cANIMIDA Arctic Nearshore Monitoring in Drilling Area
CBR critical body residue

cc cubic centimeters

Cd cadmium

chl:pyro ratio of chlorophyll to total pheopigments

Cl confidence interval

cm centimeter

cm/s centimeter per second

COo carbon dioxide

COMIDA Chukchi Sea Offshore Monitoring in Drilling Area
CPI carbon preference index

Cr chromium

CRM Certified Reference Material

CTD Conductivity Temperature Depth

Cu copper

DBO Distributed Biological Observatory

Xii




DCM dichloromethane

DIW deionized water

DOC dissolved organic carbon

d. wt. dry weight

ECM electronics control module

EIP extracted ion profiles

EPA U.S. Environmental Protection Agency
ER50 effects body residue for 50% mortality
ERL effects range low

ERM effects range median

ESB equilibrium partitioning sediment

F1 petroleum biomarkefraction

F2 aromatic hydrocarbon fraction

Fe iron

FIT Florida Institute of Technology

g gram

GC/FID gas chromatography/flame ionization detection
GC/MS gas chromatography/mass spectrometry
GFF glass fiber filters

gww gram wet weight

H20; hydrogenperoxide

HCI hydrochloric acid

Hg mercury

HMW high molecular weight

HNOs nitric acid

HPLC High Performance Liguid Chromatography
Hz Hertz

ICP-MS inductively coupled plasma mass spectrometer
ind individuals

IS internal standards

kHz kiloHertz

kg kilogram

KLI Kinnetic Laboratories Inc.

km kilometer

km? square kilometer

km? kilometers cubed

L liter

LALK lower molecular weight alkines

LCS laboratory control sample

LMW low molecular weight

LR50 lethal body residue 50% mortality

m meter

m? square meter

Xiii




m/s

meters per second

MB method blank

MDL method detection limits

MFB microphytobenthos

mg milligram

mi mile

min minute

mL milliliter

mm millimeter

mM milliMolar

MMHg monomethyl mercury

MMS Minerals Management Service

Mn magnesim

MQO measurement quality objectives
MS matrix spike

MSD matrix spike duplicate

nMDS non-metric multidimensional scaling
NH4 ammonium

Ni nickel

NIST National Institute of Standards and Technology
ng nanogram

nm nanometer

NO; nitrite

NOs nitrate

NODC National Oceanographic Data Center
NRC National Research Council

NSC North Slope crude

OCS Outer Continental Shelf

OCSEAP Outer Continental Shelf Environmental Assessment Program
OF Olgoonik Fairweather

OM organic matter

OMterr terrigeneous @anic matter

PAH polycyclic aromatic hydrocarbons
PAR photosynthetically available radiation
Pb lead

PSBT-A plumb-staff beam trawl

PCA principal component analysis

PEL probable effects level

PFTBA perfluorotributlyamine

PI Principle Investigator

PO, phosphate

POC particulate organic carbon

POM particulate organic matter

Xiv




ppb parts per billion

ppm parts per million

QA guality assurance

QAM Quiality Assurance Manual
QAAP Quality Assurance Project Plan
QAU Quality Assurance Unit

QC quality contol

QMP Quality Management Plan
RDW random tessellated

Re rhenium

RF response factors

RL reporting limits

rpm revolutions per minute

S seconds

S salinity

Sh antimony

SBE Seabird Electronics

SD standard deviation

Se selenium

SHC saturated hydarbons

SIM selected ion monitoring
SIMPER similarity percentage
SIMPROF Similarity Profile

SiOy silicate

SIS surrogate internal standard
Sn tin

SOM sediment organic matter
SOP Standard Operating Procedures
SPOM suspended particulate organic matte
SRM standard reference material
SIT sterane and triterpane petroleum biomarkers
T temperature

TALK total alkines

TBA tetrabuyl ammonium acetate
TDR time-depth recorder

TEL threshold effects level

TEO total extractable organics

Tl thallium

TL trophic levels

TN total nitrogen

TOC total organic carbon

TON total organic nitrogen

TPH total petroleum hydrocarbons

XV




TS

temperature salinity

TSG thermosalinograph

TSS total suspended solids

UAF University of Alaska Fairbanks

UPI upper predictiorevel

UTA University of Texas Austin

UTMSI University of Texas Marine Science Institute
\ vanadium

WEBSEC Western Beaufort Sea Ecological Cruises
WHOI Woods Hole Oceanographic Institution

Zn zinc

XVi




Chapter 1 Overview

The Arctic Nearshore Impact Miaring in Development Area 11l (ANIMIDA 111) Project was
designed to update previous evaluations of impacts that may have resulted from offshore oil and gas
exploration and production in the coastal Beaufort Sea. The Bureau of Ocean Energy Management
(BOEM), Alaska Outer Continental Shelf (OCS) Region previously sponsored the following three major
environmental monitoring programs in the Development Area: (1) the Beaufort Sea Monitoring Program
(BSMP, 19841989), (2) the ANIMIDA Project (1992002) and (3 the continuation of the Arctic
Nearshore Impact Monitoring in thgrilling Area (CANIMIDA) Project (20042007).As part of this
four-year ANIMIDA lII, Olgoonik Fairweather (OF), in conjunction with a teansoientistsconducted
two seasons of offshore open wateand one season of spring sampling field colledtiice programs.

A team of scientists from the University of Alaskairbanks (UAF)The University of Texas at Austin
(UTA), Florida Institute of Technology (FIT), Battelle Memorial Ins&({Battelle), Kinnetic
Laboratories Inc. (KLI), and OF comprise the project team.

Sampling was undertaken during the ometer periods in 2014 and 2015 (late July through
early August in both years) and during the 2015 sgirieghet.This report descrigs observations of (1)
physical oceanography, (2) the distributions of trace metals in bottom sediments, suspended sediments
and biota, (3) the characteristics of petroleum hydrocarbons in the sediments and benthic organisms, (4)
benthic infauna, carboresources, and trophic structuaed (5) epibenthic communities and demersal
fish communities in the central portion of theS. Beaufort Sea.

Most of the metals and hydrocarbons found in sediments and biota from the ANIMIDA Il study
are introduced natally by river runoff and coastal erosion (Boehm et al., 2001; Trefry et al., 2003;
Rember and Trefry, 2004; Neff et al., 2009; Brown et al., 2010, Ping et al., 2011; Neff and Durell, 2011,
Trefry et al., 2013). Very few instances of metal or hydrocarbateatination have been identified in the
coastal Beaufort Sea (e.g., ANIMIIDA Il Final Report plus all previous remdsreferences listed
abovg because most of the 2.7 x'alers (L, 17 billion barrels) of oil produced in the Alaskan Arctic
have ben recovered from land or nearshore gravel islands (Alyeska, 2017). When limited instances of
contamination have been identified, sources include the following: (1) discharged drilling mud and
cuttings within 25100 neters (m)of exploratory drilling site$~30 Federal or Federal/State lease sites in
the ANIMIDA 11l study area), (2) activities at coastal locations including West Dock, Endicott, Kaktovik,
Northstar,andLiberty, and (3) a few other unidentified sources.

1.1 Field Sampling Summary
1.1.1 2014 Offshore Field Season Summary

The team conducted aday sampling cruise in the Beaufort Sea during Auipist2014. The
cruise originally intended to use two vessels, an offshore vesseN&tBéman I for water depths
between ~ 150 m and a nearshovessel (R/M.aunch 1273 for water depths less than ~20 m, in the
immediate vicinity of the coastline. However, due to mechanical difficulties and foul weather, the
nearshore vessel was not able to conduct any sampling this year.

Forty-three stations wereriginally slated for sampling as per the ANIMIDA sampling plan.
Forty-three stations were sampled, in addition to 13 (totaling 56 stations) other secondary and /or
opportunistic stations where various samples were collected, depending on the paiticiplared
(Figurel). Some of the intended stations were replaced by secondary or opportunistic stations as a result



of challenges experienced with the nearshore vessel. Samples collected include sediment for physical,
chemical, ad biological analysis, water for physical and chemical analysis, biota for chemical and
taxonomic analysis, and water column sensor data for physical oceanographic analysis (e.g., conductivity,
temperature, current velocity; an Acouddioppler Current Rifiler [ADCP] was used only on the

offshore vessel).

014 ANIMIDA It1 Sampling Stationas Rt Dogte |mererel

f

Figure 1. Map indicating ANIMIDA 2014 station locations and type.
1.1.3 2015 Spring Sampling Field Season Summary

A team of scientists from KLI, UAF, and FIT sampled and dcented the under ice spreading of
the Colville River spring freshet from May 29, 215. The study was designeddelineate and quantify
the offshore dispersion of river runoff and suspene@elihsents during the spring melt as welltrase the
dispersiorof suspended sedimerntgo deeper, outer shelf wat@figure?2).

The following tasks were completed:

A Collected water samples for dived and particulate organic carbon (P@@J metals daily
from the ColvilleRiver, Kuparukand SagavanirktolRivers over a ~3veek period starting
with the onset of thepring meltwater event; a subset of the samples has been submitted for
hydrocarbon analysis. Daftar river stage, conductivity, pH, total suspended solids, and other
properties were obtained.

A Collected undeice water samples at multiple stations from1®offshore sites in Harrison
Bay.

A Installed temporary moorings for temperature (T) and salinity (S) at as manyiceder
locationsas possibleMade water velocity measurementiizing through ice moored
ADCPs (4) and point current meters (2).
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Figure 2. Spring Sampling Through-Ice Locations.
1.1.3 2015 Offshore Field Season Summary

The second and final ANIMIDA Il cruise began on July 31, 2015 witrattempted recovery of
a physical oceanography mooring and ended on August 8, 2015 with the completion of all sampling
activities.Sampling was only conducted from thiéshore vesselR/V Norseman [}, as the nearshore
vessel R/V Launch 1273not used ire015.

Stations were selected following numerous t&aimnciple InvestigatorKI) discussions and were
iteratively modified based on availability and content of historic data at specific locations (e.g., BSMP
and Camden Bay stations) as well as extensiperéise of the Pls, study area geospatial spread (east to
west across the coastal Beaufort Sea), locations relative to current BOEM lease blocks, and transit timing
aspect of the research vessel. The breakdown of the sampling included four main Igpasio(i})
historic BSMP, (2) historic Camden Bay, (3) Random Tessellated (RDW) stai@haew 8 stations
from areas identified as lacking in dékagure3).
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Figure 3. Map indicating ANIMIDA 2015 station locations and type.
1.1 Physical Oceanography

The central and eastern portions of th&. Beaufort Seaare essentially estuarine in character
and are characterized by the presence of low nutrient;inffeenced water masses at the surface.
Nutriernt concentrations and salinities increase with increasing distance from the coast and with depth.
Temperatures vary with winds and depth; strong stratification can result in surface water temperatures up
to 7 °C.The presence of ice that accompanies persgistownwelling favorable winds (winds from the
West) generally leads to temperatures <2 °C and the concentration of fresh water against the coast. The
trend toward increasing nutrient concentrations with depth and distance from the coast is a result of th
influence of shelfbreak water masses. These water masses are advected in an eastward flowing shelfbreak
jet, a narrow and swift, bottom intensified current that forms the northern boundary of this shelf. Many of
these shelfbreak water masses are defiwed Pacific waters which are modified as they flow northward
on the ChukchBeashelf and eventually form the core of the Beaufort Sea shelfbreak jet. Frequent
upwelling favorable winds (winds from the East) in the region reverse the eastward flovéing jet
upwell these water masses onto the Beaufort shelf along the bottom. As a result, nutrient concentrations
along the outer Beaufort Sea shelf are comparable to values from theaserthChukchiSeashelf. At
the surfacethe presence of numerous sewsly frozen rivers along the coast means that during the
summer, surface waters are typically very fresh with salinities seasonally ranging from Olede30.
salinity, derived from conductivity is unitless so no units are reported for measured salayibeted
herein.Because surface waters can be strongly stratified, temperatures can exceed 6 °C and winds readily
move these surface water masses across and along the shelf.



As a result of differences in winds during the two ANIMIDA field seassundace water
properties and sea ice conditions were very different between years. A moored record of water level
(pressure), temperatyr@nd salinity from ~13 m of watewithin Harrison Baycaptures the extremes in
hydrographic conditions that characterilze shelf, especially the nearshore, where temperatures at the
bottom ranged from the freezing point to 5 °C. Salinities at the mooring ranged from 25 to >35. The latter
occurred during an episode in midnter when brine rejection from freezing was liké&hking place near
the mooring. Density currents that result from such extreme events are one mechanism nearshore water
masses and their dissolved and suspended materials can be transported across the shelf and eventually
into the shelfbreak jet. The psese record from the mooring shows extremes in water levels due to
differences in winds: water level deviations of +0.71 m (storm surge due to downwelling favorable
winds) and-2.85 m (sea level set down due to upwelling favorable winds) were recorded thaiyear
long record. In addition to illustrating the strong effect of winds on the shelf, such large fluctuations in sea
level mean that lovlying coastal ecosystems, which support numerous bird species, are subject to
extremes in conditiongs well.Measurements from the Colville Delta during the spring freshet in 2015
showed that surface waters in the nearshore are essentiallySreg}hT(hus conditions in the nearshore
are extreme with salinities ranging from 0 to periods of hypersaline wate Swa5.

1.2 Trace Metals in Bottom Sediments, Suspended Sediments and Biota

Data for trace metals in bottom sediments, suspended pardictesarine biota were used to
identify any recent spatial or temporal changes in concentrations of potentiadlyrtetéls in the coastal
Beaufort Sea. Concentrations of 17 trace mesdigef [Ag], arsenic As], Barium [Ba], beryllium [Be],
cadmium [Cd], chromium [Cr], copper u], mercury Hg], magnesiumNn], nickel [Ni], lead [PY,
antimony B, selenium §4, tin [Sn], thallium [T1], vanadium Y], andzinc [Zn]) in 63 surface sediment
and 300 sediment core samples collected during 2014 anch2QqiEst oANIMIDA Il were essentially
all at natural, baseline values. Previoussfablished background ratios oftalealuminum Al] in
sediments were used to identify any sediment metal values that were anomalous. Four anomalies
(concentrations above baseline) were observed for Ba and single anomalies were identified for Be, Hg,
Sbh, V, and Zn during ANIMIDA IlI. All concentrations of the potentially toxic metals Ag, Cd, Hg, Pb
and Zn were below published sediment quality criteria. At offshore locations (water depths >200 m),
concentrations of As, Mrand Hg were very high in some surface sediments from offshoraext wa
depths of ~20@B00 m; these deviations were linked to subsurface, diagenetic remobilization of these
metals with subsequent reprecipitation and enrichment in surface sediments. Concentrations of total
suspended solids during August 2014 ranged fro+®.1milligrams per liter (ng/L) and averaged 1.1
mg/L. Particulate Ba/Al ratios in these particles were within 2% of values for bottom sediments and
provide a weldefined marker for tracing dispersion of discharged drilling fluids in the water colamn. |
contrast with Ba, particulaieon [F€/Al ratios were ~80% greater than in bottom sediments in support of
sorption of iron oxides and scavenged metals on suspended particles. Concentrations of the same 19
metals were determined for clanfsstartesp.) and amphipodsAnonyxsp.) collected during 2014 and
2015. Results showed a variety of patterns and are presented and discussed here to provide a baseline for
future assessments.



1.3 Characteristics of Petroleum Hydrocarbons in the Sediments and Benthic
Organisms

Hydrocarbonsgolycyclic aromatic hydrocarbofiBPAH], saturated hydrocarbofSHC, and
sterane and triterpefi§/T] petroleum biomarkersyere measured in sediment and marine animal
samples collecteftom the nearshore environment to the comtaéshelf 50 milegmi) offshore.Most of
the nearshore stations had been sampled in earlier phases of ANI&HD#e offshore stations were
new.The methods that were used were the same as those used in earlier phases of ANIMIDA.

Thoughseveral classes hydrocarbons were measured, PAH are the class that are of greatest
environmental interesthe surface sediment Total PAH concentragienerally ranged frorh0O0 to
1,000 nanograms per gram (ng/g), dry weightwt.), and averaged 532 (2014) and 7231(5) ng/g for
the two survey year3.hese concentrations were comparable to what had been measured in ANIMIDA |
and Il; the mean concentration for each yaahose programsanged from 380 to 570 ng/@he
hydrocarbon concentrations were also similavbat has been measured in the sediments in other studies
in the Beaufort and Chukchi Seas, and other marine regions of Aldskaurface sediment
concentrations were slightly higher at the offshore stations than nearsbgsiblyas a result of transpt
of fine-grained material that tends to have higher hydrocarbon concentrations than coarser faterial.
sediment core, collected wellfehore, had uniform hydrocarbon concentrations at all depths, also in
sediments representing deposition from manyuw@s ago; the amount and source of the hydrocarbons
has remained constant for a long time and does not seem to have been altered by humanTdetivities.
hydrocarbons in the Beaufort Sea sediments are primarily froroihpetrogenic and biogenic sous;e
with smallamounts of pyrogenic hydrocarboMost of the hydrocarbons are carried to the Beaufort Sea
through coastal erosion and river input of hydrocarbon rich materials, such as peat arichehale.
concentrations of PAH in the sediments are lowmadtiral background levels, below concentrations that
could cause harm to marine animals.

The concentrations of PAH, and other hydrocarbons, were more variable in the tissue of marine
animals than in the sediment; there are seasonal and annual fluctuationsh aspects of t he
and feedingThe mean Total PAH concentration ranged from 25 to 30 dgigt., in the amphipods
collected in 2014 and 2015, from 44 to 380 ng/g in the clams (a few values above 100 ng/g were
attributed to analytical chHahnges, and do not represent actual field concentrations), and from 24 to 94
ng/g in the Arctic codThe concentrations did not correlate well with the lipid content of the animals,
demonstrating that many factors influence the accumulatibgdybcarbon®y marine animalsThere
was no clear geographic pattern in the hydrocarbon concentrations of these marine @haneisue
hydrocarbon concentrations were comparable to what had been measured during ANIMIDA | and Il, and
in other studies in the Arctid@he concentrations of the PAH that have accumulated in the marine animals
are low, at natural background levels, and well below concentrations that could cause toxic effects or
other harm to those animals.

1.4 Benthic Infauna, Carbon Resources, and Trophic Structure

A quantitative assessment of the biomass, abundance, and community structure of benthic
populations of the Beaufort Sea Shelf along with a detailed characterization of food web dynamics were
carried out as part of ANIMIDA lll. Our analysis douented a benthic species inventory of 353 taxa
collected from 126 individual van Veen grab samplesiftefers squaredif’]) at 42 stations. Infaunal
abundance was dominated by polychaetes, bivalves, and amplipadizes, echinoderms, and



polychaetesanstituted the greatest fractions by biomass. Shannon Diversity Index values of the infaunal
community at different stations (by abundance) was between 1.5 and 4.1 (meanstaBcatd deviation

[SD] 0.02), out of a possible range eb0Thirty of the £ stations had high diversity valuégtween 3.1
and39and two stations had higher values, 4.0 and 4.
to 0.98 (mean = 0.96 + SD 0.52) out of a range-bf @emonstrating balanced contributions from all

collected species at many but not all stations.

We used a Biota and Environment matching routine to examine the relationships between
infaunal distributions of all collected taxa with the physical environmrdentmbination of water depth,
TOC,andsalint y correlated with i nf auWadlsomoteditmatstatoese di st
exhibiting the highest levels of both pyropheophorbide and pheophearfitiorophyll degradation
products that are markers for metazoan grazing) were charadteyizee highest infaunal abundance.
These stations contained polychaetes and crustaceans that constituted >75% of all organisms present and
were | ocated in three Ahotspotsd al osheflocations Beauf o
in the western Beaufort in Harrison Bay, the central Beaufort, including Stefansson Sound, and the
eastern Beaufort from Barter Island east to Icy Reef. Our results imply a strong correlation between
infaunal abundance arddeposited sediment pool that may inclitdealgae, bacteria, and other benthic
microalgae Preliminary data on the stable nitrogen isotopic composition of benthic organisms reveal
complex food webs dominated by decidedly omnivorous consumers that occupy up to four trophic levels.
Stable carboisotopic composition of these benthic organisms, along with isotopic analyses of suspended
particulate organic matt¢8POM)and zooplankton, reveal a primary mixture of terrestrial and
phytoplankton carbon, but an additional benthic microalgal subsicBeappo play a role at moderate
depths that correspond to the three hotspots of infaunal abuntfaiicéhe genera examined also
di splayed a di st i A°C values that likehereflects theiflleace of theyMackenziéi
and other sourced treshwater runoff in the EastethS. BeaufortSea which transport allochthonous
inputs of terrestrial organic carbon that become available as a food source to the benthos. These results
provide compelling evidence for the important role of terrestedbon in Beaufort Sea food webs. Aside
from the nearshore Sagavanirktok and Coh\Rlieers deltas, the).S.Beaufort Sea shelf overall
supports a rich benthic infauna community, particularly in the region around Kgkidnake repeated
upwelling eventhiave been reported.

1.5 Epibenthic Communities and Demersal Fish Communities

The dynamic physical and biological gradieotshe Beaufort Sea shéiave a distinctive
influence on epibenthic and demersal fish standing stocks. Epibenthos and demersairfisimity
structure vary both along and across shelf. Epifaunal communities shallowapgrarimately20 m,
sampled primarily in the western part of the study area near the ColvillRagiadanirktolRivers, were
relatively depauperate in species rieks and abundaneadbiomass, likely related to a combination of
bottom fast ice, scour by de€paft ice, and extreme salinity changes during spring bugalbominant
epibenthos in this zone included mobile crustaceans. Shelf areas outsidersadtperturbations were
more species rich with largely overlapping character species in several community clusters. Shelf break
and upper slope fauna formed distinct clustei) typical deepwater species were only found at the
deepest stations. Dominant feuon the shelf and upper slope included echinoderms and mo\liisis.
demersal fish were less abundant and diverse than epibenthic invertebrates, fish communities were also
distinct between nearshore and offshore areas, though less bound to the 2&timaisd grouped in
fewer clusters. Sculpin€6ttidag generally dominated by abundanedile snail fishesl(iparidae),



cods (Gadidag, andeel pouts Zoarcidag also contributed almost equally to the species inventory. Along
theshelf, the decreasingflnence of Pacifieorigin water along the continental slope resulted in lower
epibenthic stocks east approximatelyl 50°W compared to previous studies conducted further west. A
shift in taxonomic composition also aligned with this longitude.

In summarythe ANIMIDA Il results document that epibenthic communities reflected the
physically very dynamic nature of the Beaufort Sea shelf, characterized by stromgdamiinteractions
in its nearshore zone, and its interaction across a steep slope thasneae Atlantieorigin waters. The
areas off the Colville anfagavanirktolRivers contained less rich epibenthic communities than the
Chukchtinfluenced western Beaufort Sea and also somewhat less rich communities than the shelf region
off Barter Island
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Chapter 2 Physical Oceanography

Abstract

The central and eastern portions of th&. Beaufort Sea are characterized by the presence of low
nutrient, riverinfluenced water masses at the surface. Nutrient concentrations and salinities increase with
increasing distancieom the coast and with depth. Temperatures vary with winds and depth; strong
stratification can result in surface water temperatures up to ThCpresence of ice that accompanies
persistent downwelling favorable winds (winds from the West) geneeallislto temperatures <2 °C and
the concentration of fresh water against the coast. The trend toward increasing nutrient concentrations
with depth and distance from the coast is a result of the influence of shelfbreak water masses. These water
masses are adcted in an eastward flowing shelfbreak jet, a narrow and swift, bottom intensified current
that forms the northern boundary of this shelf. Many of these shelfbreak water masses are derived from
Pacific waters which are modified as they flow northwardhenChukchiSeashelf and eventually form
the core of the Beaufort Sea shelfbreak jet. Frequent upwelling favorable winds (winds from the East) in
the region reverse the eastward flowing jet and upwell these water masses onto the Beaufort shelf along
the mttom. As a result, nutrient concentrations along the outer Beaufort Sea shelf are comparable to
values from the nortfasern ChukchiSeashelf. At the surfageghe presence of numerous seasonally
frozen rivers along the coast means that during the susurfaice waters are typically very fresh with
salinities seasonally ranging from O to Blaite, salinity, derived from conductivity is unitless so no units
are reported for measured salinities reported heBeicause surface waters can be strongly stlitifi
temperatures can exceed 6 °C and winds readily move these surface water masses across and along the
shelf.

As a result of differences in winds during the two ANIMIDA field seasendace water
properties and sea ice conditions were very differemiden years. A moored record of water level
(pressure), temperature and salinity from #18f water captures the extremes in hydrographic
conditions that characterize the shelf, especially the nearshore, where temperatures at the bottom ranged
from the fleezing point to 5 °C. Salinities at the mooring ranged from 25 to >35. The latter occurred
during an episode in miglinter when brine rejection from freezing was likely taking place near the
mooring. Density currents that result from such extreme evemntsn@ mechanism nearshore water
masses and their dissolved and suspended materials can be transported across the shelf and eventually
into the shelfbreak jet. The pressure record from the mooring shows extremes in water levels due to
differences in windswater level deviations of +0.71 m (storm surge due to downwelling favorable
winds) and-2.85 m (sea level set down due to upwelling favorable winds) were recorded during the year
long record. In addition to illustrating the strong effect of winds on tbE, tuch large fluctuations in sea
level mean that low lying coastal ecosystems, which support numerous bird species, are subject to
extremes in conditions as well. Measurements from the Colville Delta during the spring freshet in 2015
(discussed in a sapate section) showed that surface waters in the nearshore are essential§~esh (
Thus,conditions in the nearshore are extreme with salinities ranging from 0 to periods of hypersaline
water with S>35.



2.1 Introduction

In the westertJ.S.Beaufort 8a high nutrient Pacific origin water masses are upwelled onto the
outer shelf and influence the planktonic, benthitd pelagic food web communities here (¢rgnd and
Logerwell, 2011; Pickart et al., 2013; Ravelo et al., 2015). Upwelling peaks dufing A par t i al i ce
coverageo season (Schulze and Pickart, 2012) and
replenished during the stormy, partial ice season (Pickart et al., 2013). In the central andledstern
Beaufort Seahelf where biomass drspecies diversity are comparatively low (Ravelo et al., 2015), the
connections between seasonal water masses, upwelling and productivity are currently an area of active
research (e.gLogerwell et al.2011; Kasper et al2012; Bell et al.2013). Oveall, because there are so
few physical oceanographic measurements from the central and eaSeBeaufort Se@/NVeingartner
et al., 209; Kasper et al., 2012), it is difficult to assess the fidelity of numerical model results in these
regions and thus is difficult to understand the possible impacts of drilling in the red@cause
offshore activities can precipitate increases in suspended sediments and decreases in light penetration,
such activities have the potential to impact biological produgtarid disperse contaminants across the
shelf.

The objectives of this component of the ANIMIDA 11l Project were to provide information to the
other disciplines about hydrographic conditions (evgter mass presenaedabsence, characteristics of
water mases, temporal variability in hydrography) with the goal of improving our understanding of how
the hydrography impacts distributions of species diversity, biomass, trace metals, etc. The hydrographic
data can also be used to improve regional modelingtefiised in regional spill modeling and prediction.

2.2 Methods
2. 2.1 Data Collection

TheNorseman lwas equipped with a Teledyne Workhorse Mariner @tiiHertz (kHz) ADCP
for measuring water column velocityelocities were averaged ov&m bins. Withthese settings, the
uncertainty in the ADCP velocities 6.7 centimeters per secondn(/s).

TheNorseman lwas also equipped with Seabird Electronics SBEpumped flow through,
thermosalinograph (TSG) for measuring conductivity and temperature tithd m of the water
column.TheNorseman IITSG systenwas equipped with an additional, remote SBE 38 temperature
sensor to eliminate thermal contamination due to
measurement. Comparison with paad postcruise calibration values indicate that the temperature data
were accurate to better than 0.1 °C and that the salinity data were accurate to 0.01.

In addition tosupplyingthe vessel mounted sensors, U&lBosupplied each vessel with a SBE
25 ConductivityTemperaturéDepth CTD) system. Each CTD package was equipped with external
photosynthetically available radiatiRAR; Biospherical Instruments QSP 2300), Transmissivity (WET
Labs ECO FLNTURT)Fluorometry (WET Labs ECO FLNTURTand Altimetry sensors fanaking
water column measurements of conductivity (Salinity), temperature, pressure as well as PAR,
transmissivity and chlorophylb (fluorometer) and elevation above the bottom (altimeter). The CTD
used ortheNorseman Iwas equipped with-Bottle capbusel equipped with-& bottles (an SBE 55a
deck unit (SBE 33)and an electronics control module (ECM, SBE 55) to allow for real time read out of
the measurements. Bottles were used for taking discrete water column samples for nutrients and trace
metak as well as other parameters of interest.
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Samples for nutrient analysis were collected imilliter (mL) polyethylene bottles. Bottles
were triple rinsed with seawater before the sampbrecollected. Samples were immediately frozen for
later procssingat UAF. Concentrations of phosphate @@Gilicate (SiQ), ammonium (NH), Nitrite
(NOy), and Nitrate (NG) were determined using colorimetric techniques on Technicon AutoAnalyzer Il
and Alpkem model 300 continuous nutrient analyzers (Whitledde 4981)

The SBE25 sampled at 1B8ertz (Hz) and was lowered through the water column at acftS
m/sso that 5 samples/mere collected. Measured variables include pressure, temperature, conductivity,
beam transmission, fluorescenaad PAR. Derivedariables include depth, salinity, potential
temperature, density, and speed of sound. The data were processed according to the manufacturer's
recommended procedures (provided in the SBE Data Processing Manual) and were screened further for
anomalous sp#s, dropouts, and density inversions. Festson calibrations of the temperature and
conductivity cells were conducted at theanmhanuf act
postcalibration values indicate that the temperature data atgae to better than 0.05 °C and that the
salinity data are accurate to 0.005.

2014: Approximately 57 CTD stationg-{gure 1) were occupied between July 30 and Asty,
2014 on the eastern and central sections of/tBe Beaufat Seashelf. The stations included a mix of
full, partial, and physical oceanography only stations. The latter generally consisted of a CTD cast with
no water sampleg-{gurel, Tablel). The physical ceanograpmpnly stations were carried out in rapid
succession along a $yacphticoaes ¢ ollbane a@Eslt)auliigonasi.
CTD stations included bottle samples collected at discrete depths (surface, bottarhlorophly max)
andsampled for nutrients, chlorophw) as well as chemical analysis.

A total of 101 samples were collected for analysis of major and trace nutrients (Whitledge et al.,
1981). An additional 45 samples were collecfitred, and analyzed for ater column Ba (e.gRember
and Trefry, 2004). Samples were vacuum filtered through polycarbonate filters (Poretidiim&ter
[mm] diameter, 0.4nicrometer im] pore size) in a laminar flow hood aboard ship immediately after
collection. Filters hadden prewashed imitricacid GNHNO;)and ri nsed t hr esn ti mes
deionized water (DIW) and then weighed three times to the neai@sigrams |(g) under cleanroom
conditions afFIT. Fifty mL polyethylene bottles were triple rinsed with filtered seawater before the
sample was cappe8amples were refrigerated for analysis at UAF.

Bais an effective tracer for the presence of Mackenzie River water@eigy and Falkner,
1998).The ollection ofBasamples was concentrated on the eastern portion bf $:eBeaufort Seand
near theshelfbreak where we expect MackenRiger water to be present. In addition to the CTD
stations, data from the vessel mound&ICP werelogged for the duration of the cruise as welthas
Afl ow tTEBGthmtsgnipled at approximatelyribelow the suace at 1 Hz during the cruise.
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Table 1. Summary of stations occupied during the 2014 ANIMIDA cruise.

Station ID Station Type | Latitude @) Longitude (1) ’S\l:rtr:lpelgts Waéea[rf‘zl]umn
6D B/C 70.749 150.475 3
4C C 70672 150.155
B/C 70.850 150.061 3
B/C 70.757 149.440
10 B/C 70.713 148.765
5E C 70.638 149.272
5(5) B/C 70.437 147.344 3
HEX1 C 70.422 146.182
L2565 B/C 70.365 146.118 3
HEX17 C 70.316 146.081
HEX12 C 70.360 145.906
HH15 C 70.363 146.018
SXA C 70.382 145.985
T3 B/C 70.451 145.837 3
T-XA C 70.456 145.810
M4 C 70.537 145.710
18 C 70.332 145.336
20 B/C 70.358 144.495 3 3
21 B/C 70.275 143.910 3 3
22 B/C 70.192 142.905 3 3
23 B/C 70.004 141.963 3 3
24 B/C 70.260 141.763 3 3
25 B/C 69.851 141.718 3 3
1B C 70.065 144.778
1C B/C 70.158 144.805 3 3
2C C 70.159 145.322
16 B/C 70.734 145.992
15 B/C 70.646 146.661
12 B/C 70.672 147.591 3 3

1BC = Biology and Chemistry, C = ChemistrTOI Bensor only (no bottles)
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Table 2. Summary of stations occupied during the 2015 ANIMIDA cruise.

Station ID Station Type | Latitude (°N) | Longitude (&) | Depth
152W0 ACWPVTB4  71.0042 152.38 15.9
152W1 ACWPVTB4  71.1939 152.25 33
71:150 CWPVT 70.9404 151.03 18.2
AQOS C 70.6331 150.23 13
5A ACWPVTB]  70.4947 148.76 11.8
NO6 cVv 40.4924 148.72 11.9
NO3 DV 70.4991 148.69 13.0
3A1 C 70.2829 147.09 6.4
3A2a ACWPVTB4  70.2824 147.09 6.4
143W1L ACWPVTB4  70.2573 143.61 388
143W2A ACWPVTB4  70.4425 143.6 480
143W3 CTD only 70.7714 14361 198
143W6 CWPGT 70.7445 143.59 502
14305 CWPVGT 70.6260 143.59 303
143W4 CWPVT 70.5691 143.60 154
143WBA CWPVT 70.5482 143.54 103
70142 ACWPVTB/  70.4658 142.40 65.5
70143 ACWPVTBA  70.3614 142.85 57
70145 ACWPVTB/  70.4912 144.97 45.8
71145 ACWPVTB/  70.6753 144.92 103
71146 CWPVGT 70.9569 145.80 395
71-147A G 71.0181 147.09 -
71147 CWPVTB 70.9716 147.38 104
71149 ACWPVTB4  71.1525 148.41 68.4
149350 CVG 71.2236 140.33 325
149250 C 71.2199 149.33 265
149200 CWPVT 71.2123 149.34 207
149100 CW 71.2058 149.35 108
14946 CW 71.1340 149.47 48.1

1A=amphipod, C = CTD, W = Niskin water samples, P = plankton net, V = van V¢
trawl, B = Bivalve rake
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2015: A total of 29 CTD casts were takefigure3, Table2) between July 31 and Augt8,
2015 on the eastern and central sections of/tBe Beaufort Seahelf. Stations include a mix of full,
partial ard physical oceanography only stations. The latter generally consisted of a CTD cast with no
water samples. Full CTD stations included bottle samples collectistette depths (surface, bottom
and chlorophyll maxandsampled for nutrients, chlorophwylas well as chemical analysis.
Approximately 110 samples were collected for analysis of nutrients.

CTD casts provide a snapshot of the hydrographic conditions. The analysis of salinity and
potential temperature from these transects provides informatioi@n masses on the shelf including
whet her nutrient rich APacific Water MassesoOo are
generally long because of long sampling times and the sampling was spatially random by design,
hydrographic sectionsan only be constructed for a limited number of transects: the Kakbastiktbuted
Biological Observatory@BO) line in 2015 and a physical oceanograjoimyy transect occupied along
~152°% in 2014 are the only quasi synoptic crshelf transects occumlaluring the program.

In addition, a bottom mounted mooring was deployed on the first day of the 2014 cruise on July
30. The mooring consisted of a bott omAlaska@aeaned A Se
Observing Systemd009)-fundedADCP & well as a Seabird 16+ CTD and transmissome&igu(e4).
The Sea Spider, CT[&nd transmissometer were contributed to the project from the UAF equipment pool.
The ADCP failed two days after deployment so no ADCP dagavaileble for the deployment. The
CTD recorded temperature, conductiyiyd pressure for the entire year long deployment. Salinity,
depth and density are derived from the mooring data. The mooring was recoverddihy2€cientists
aboardathe Norseman lifor the Arctic Marine Biodiversity Observing NetworRMBON) project.
Finally, hourly surface winds from the Prudhoe Bay airport were used in this study.

Figure 4. Physical oceanographic mooring deployed in Harrison Bay.
2.3 Results
2.3.1 Sample Data

Maps of surface salinity and temperature from the flow through thermosalinograph are shown in
Figure5 throughFigure10. Potential Temperature (°C) versus S for 2014 and 2015 areshéigure
11 There are several features of note in the S and T maps: in 2014 offshore of the Colville River Delta
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(~150°W) there is distinct band of warm water nearshore that extends west of thendeliaible in

Figure7. This plume of warm river water is present in 2015 as Wwhlbugh nh contrast to 2014, in 2015

this band of fresh, river influenced water is not continuous along the coast and is likely characterized by
strong frontal systems (rems where density varies over short distances). The presence of a strong front
is suggested by distinct bands of temperature and salinity visible néaVX&Rjure5 andFigure8) as

well as in the eastern portion of the survey region whéeés@ is present. This nearshore water is part of
riverine coast al domain described by Carmack et
of river influenced water varies consideratligh winds and freshwater input (e.@kkonen et al., 2016).

Also, note that in both years, there is very warm water, Mackenzie River influenced water, present in the
eastern reaches of the survey regioAQY. This water mass is advected into the stamha from the
Mackenzieshelf of theBeaufortSeaby easterlywinds. There are also differences visible in the property
property plots: in 2014 surface waters largely consisted of a narrow rategeparaturesalinity (TS)

between1 and 5°C with mixingtaking place along two lines originating-at°C and S of ~27.5 and 30.

The source water masses in both cases are river influenced shelf water. In contrast, in 2015, there are
three mixing lines originating at® and 26, C and 29and 1°C and 30. Whe the water mass for

these first two mixing lines is river influenced shelf water, the water mass for the third line is a shelfbreak
water mass: Bering Sea Water (evon Appen and Pickart, 2012).

Though not showrwinds during the two cruise years igamarkedly different: in 2014 winds
were upwelling favorable (easterly). Upwelling winds distribute river influenced shelf water masses
westward and offshore. As a result, the ice was concentrated seaward of the shelfbreak during the 2014
cruise. In contst, in 2015Prudhoe Bay winds during the cruise were downwelling favorable (westerly)
with the result that pack ice covered the shelf in 2015 and shelfbreak water masses were moved onto the
shelf via Ekman transport. Note that the cruise took placegithinfirst week of August in both years.

Plots of salinity, temperaturand nutrient concentrations at the bottom in 2014 are shown in
Figurel2throughFigure18. Plots of these same variables in 2@i®& shown ifFigure19 throughFigure
24. In both years, nutrient concentrations generally increase with increasing depth as a result of the
upwelling of nutrient rich shelfbreak water masses in thebohioundary layer. As a consequence, at the
bottom, nutrient concentrations increase with salinity and temperature towards the shelfbreak. Grebmeier
and Cooper (2014) report RP@etween 1.111.6 microMolar (uM) andNH4 between 1.62.8 uM on the
northern Chlchi shelf andNOs+NO; of 5.5uM andSiO, values of 15.uM. Concentrations of these
same nutrients on the outer Beaufort Sea shelf are comparable in magnitude to &asgror@hukchi
Sea shelfln contrast, nearshore water masses are depleted iamsitbmpared to these offshore water
masses.

15



"
n
4
70
70
70

69

154 00W  152°000W 150 00W 148 00'W 146 00'W 144 00'W 1427 00' W

140° 00" W

—— [

40N> ~
: " Surface Temperature (° C)

40'N

20'N

40'N

Figure 5. 2014 surface temperature (°C).

154 00'W 152 00W 150 00'W 148 00'W 146 00'W 144 00'W 142 00'W

T40'N
"2UN
00N
40N
70 20'N
00N

69 40'N
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Figure 13. Concentration of phosphate (PO, uM) at the bottom from 2014.
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Figure 14. Concentration of silicate (SiO4, uM) at the bottom from 2014.
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Figure 15. Concentration of ammonium (NH., uM) at the bottom from 2014.
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Figure 16. Concentration of nitrite (NO2, uM) at the bottom from 2014.
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Figure 17. Concentration of nitrate (NOs, uM) at the bottom from 2014.
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Figure 18. Salinity at the bottom 2015.
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Figure 19. Temperature (°C) at the bottom 2015.
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Figure 20. Phosphate (PO4, uM) at the bottom from 2015.
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Figure 21. Concentration of silicate (SiO4, uM) at the bottom from 2015.
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Figure 22. Concentration of nitrite plus nitrate (NO2 + NOs, uM) at the bottom 2015.
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Figure 23. Concentration of ammonium (NH4, uM) at the bottom 2015.
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TS plots at the bottom for 28%and 2015 are shown kigure24 throughFigure25. The color
scale indicates the concentration of the nutrients. Black dots are the full temperature and salinity values
from all the CTD casts. Major regional water masses are labeled. The bottom water masses are clustered
around the Bering summer water and remnant winter water masses that originate in the Bering Sea, are
modified over the Chukchi and that are then adveayettie Beaufort Sea shelfbreak jet (evon Appen
and Pickart, 2012; Gong and Pickart, 2015).

Figure26 throughFigure 38 show the salinity, temperatyrnd nutrient cocentrations at the
chlorophyll max for 2014 and 2015. Salinities range from 13 in the very nearshore to 34 in 2014. In 2015,
the salinity range is slightly smaller and lies between ~19 and 34. Temperatures in both years are less than
2 °C except at the slowest stations. Nutrients concentrations are slightly less than at the bottom at all
stations.

TS plots from the chlorophyll max are shownRigure39 for 2014 andrigure40for 2015.
Compared to the bottom TS plots, the water at the chlorophyll max is fresher and slightly warmer with
more variability in temperature and salinity than at the bottom. The water masses at the chlorophyll max
are mixture of river influencedater and shelfbreak water masses (Bering summer water and remnant
winter water).

Salinity, temperatureand nutrient concentrations at the surface (~2 m) for 2014 are shown in
Figure4lthroughFigure47 and for 2015 irFigure48throughFigure53. Salinities in 2014 strongly
reflect the presence of river water with salinities in the nesesi®low as 10. Surface temperatures in
2014 ranged from 7 td °C with higher temperatures generally associated with strongly stratified river
influenced water. In 2015, salinities are markedly different and they ranged between 19 and 22. Surface
tempeatures in 2015 are also less variable than in 2014 and they geneea8/°C and show less
variability than in 2014.

TS plots from the surface for 2014 and 2015 are showigimre54 andFigure55. The TS plots
show that nutrients are depleted compared to lower depths at these same sites. Also, in 2015 the salinity
range is much smaller than in 2014 and temperature and salinity in 2015 is clustered around over a
smallerrange than in 2014.

The differences in surface salinity and temperature are likely a result of differences in winds
between the two years. In 2015, the downwelling favorable winds during the cruise meant that the shelf
remained ice covered for the entirelise and pushed shelfbreak, surface water masses onto the shelf. In
contrastupwelling favorable winds in 2014 meant there was no ice on the shelf during the cruise and
strongly stratified, river influenced coastal waters were spread-adodgpftshae.

A TS plot that includes all the data from the CTD casts for both 2014 and 2015 is shown in
Figure56. 2014 data are shown in blue and 2015 data are shown in refigditegllustrates the
differences betweethe years: in 2014 river influenced water is much more prevalent than in 2015 and
salinities in 2014 are markedly fresher than 2015.
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Figure 24. Barium and nutrients at the bottom from 2014.
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Figure 25. Nutrients at the bottom from 2015.
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Figure 26. Salinity at the chlorophyll max from 2014.
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Figure 27. Temperature (°C) at the chlorophyll max from 2014.
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Figure 28. Phosphate (PO4, uM) at the chlorophyll max from 2014.
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Figure 29. Silicate (SiO4, uM) at the chlorophyll max from 2014.
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Figure 30. Ammonium (NHa4, pM) at the chlorophyll max from 2014.
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Figure 31. Nitrite (NO2, uM) at the chlorophyll max from 2014.
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Figure 32. Nitrate (NOs, uM) at the chlorophyll max from 2014.
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Figure 33. Salinity at the chlorophyll max from 2015.
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Figure 34. Temperature (°C) at the chlorophyll max from 2015.
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Figure 35. Phosphate (PO4, uM) at the chlorophyll max from 2015.
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Figure 36. Silicate (SiO4, uM) at the chlorophyll max from 2015.
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Figure 37. Nitrite + nitrate (NO2 + NOs, uM) at the chlorophyll max from 2015.
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Figure 38. Ammonium (NH4, uM) at the chlorophyll max from 2015.
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Figure 39. Barium and nutrients at the chlorophyll max from 2014.
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Figure 40. Nutrients at the chlorophyll max from 2015.
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Figure 41. Salinity at the surface from 2014.
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Figure 42. Temperature (°C) at the surface from 2014.
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Figure 43. Phosphate (PO4, uM) at the surface from 2014.
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Figure 44. Silicate (SiO4, uM) at the surface from 2014.
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Figure 45. Ammonium (NHa4, uM) at the surface from 2014.
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Figure 46. Nitrite (NO2, uM) at the surface from 2014.
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Figure 47. Nitrate (NOgs, uM) at the surface from 2014.
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Figure 48. Salinity at the surface from 2015.
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Figure 49. Temperature (°C) at the surface from 2015.
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Figure 50. Phosphate (PO4, uM) at the surface from 2015.
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Figure 51. Silicate (SiO4, uM) at the surface from 2015.
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Figure 52. Nitrite + nitrate (NO2 + NOs, uM) at the surface from 2015.
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Figure 53. Ammonium (NHa4, uM) at the surface from 2015.
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Figure 54. Barium and nutrients at the surface from 2014.
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2.4 Mooring Data

Pressure, temperatyi@nd salinity from the moored CTD are showirigure57. Figure58is a
TS plot from the moored record overlaid on the 2014 and 2015 CTD cast data. The pressurelsea leve
varies with wind stress such that upwelling favorable, easterly winds lead to lowered sea level over the
mooring. The average height of the water column over the mooring is 12.85 m with deviations of +0.71 m
(surge due to downwelling favorable windsfla®.85 m (sea level set down due to upwelling favorable
winds). The largest deviations in sea level occur irfdhgwhen strong storms pass through the region
(e.g, Pickart, 2004) and sea level fluctuations are on the same order of water levetilustaasociated
with the passage of hurricanes (Yankovsky, 2009). Note that in August of 2014 (start of the tree@rd)
is an extended period of low sea levels over the mooring (approabting of sea level change). This is
a result of the persistenpwelling favorable winds that marked the 2014 cruise. In contrast in July 2015,
the sea level record over the mooring is marked by several episodes of high sea level associated with
downwelling favorable winds which helped push sea ice onto the skie#levated water levels along the
coast.

TS show a strong seasonal cycle with maximum valugésroperature in Sept. 2014 and August,
2015). Temperatures drop to the freezing point in ~November and remain at the freezing point until June,
2015. Salinitiegradually increase throughout the record until they reach maximum, >35, values in March
and April 2015. Salinities gradually decrease after this. Measurements are consistent with previous
observations from the region (e.@/eingartner et al., 2009).

TheTS plot of the mooring data shows a mix of water masses at the site with river influenced
shelf water dominating the record. Consistent with the episodes of high salinity water noted in the time
series, newly ventilated water is also clearly forming lgcatater with S>32 and at the freezing point,
generated by brine rejection during sea ice formation, is clearly present at the mooring site. This water is
most likely transported towards deeper water and the shelfbreak through density induced cuwytents (e.
Gawarkiewicz et al., 1998). This cresiself exchange mechanism is a means by which nearshore waters
including their dissolved and suspended materials can be transported offshore.
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2.5 Summary and Conclusions

The central and eastern portions of th&. Beaufort Seare essentially estuarine in character
and are characterized by the presence of low nutrient, river influenced water méssesidace.
Nutrient concentrations and salinities increase with increasing distance from the coast and with depth.
Temperatures vary with winds and depth; strong stratification can result in surface water temperatures up
to 7 °C.The presence of ice thaccompanies persistent downwelling favorable winds (winds from the
West) generally leads to temperatures <2 °C and the concentration of fresh water against the coast. In
both field years, Mackenzie River wateas noted in the eastern portion of the darmgpegion
characterized by strong stratification and warm temperatures as well as elevated Ba levels.

The trend toward increasing nutrient concentrations with depth and distance from the coast is a
result of the influence of shelfbreak water massees@&hvater masses are advected in an eastward
flowing shelfbreak jet, a narrow and swift, bottom intensified current that forms the northern boundary of
this shelf. Many of these shelfbreak water masses are derived from Pacific waters which are modified as
they flow northward on the Chukchi shelf and eventually form the core of the Beaufort Sea shelfbreak jet.
Frequent upwelling favorable winds (winds from the East) in the region reverse the eastward flowing jet
(see Pickart et al., 200anhd upwell these viar masses onto the Beaufort shelf along the bottom. As a
result, nutrient concentrations along the outer Beaufort Sea shelf are comparable to values from the
northern Chukchi shelf.

At the surfacethe presence of numerous seasonally frozen rivers ghengpast means that
during the summer, surface waters are typically very fresh with salinities seasonally ranging from 0 to 30.
Because surface waters can be strongly stratified, temperatures can exceed 6 °C and winds readily move
these surface water massacross and along the shelf. As a result of differences in winds during the two
ANIMIDA field seasonssurface water properties and sea ice conditions were very different between
sampling years.

A moored record of water level (pressure), temperatunesalinity from ~13 m of water
captures the extremes in hydrographic conditions that characterize the shelf, especially the nearshore,
where temperatures at the bottom ranged from the freezing point to 5 °C. Salinities at the mooring ranged
from 25 to >35Measurements from the Colville Delta during the spring freshet in 2015 showed that
surface waters in the nasaore are essentially fresh (§=0Ohus conditions in the nearshore are extreme
with salinities ranging from O to periods of hypersaline watén ®>35.

The most saline conditions recorded by the mooring occurneid-winter likely during an
episode when brine rejection from freezing was taking place near the mooring. Density currents that result
from such extreme events are one mechanism ragarslater masses and their dissolved and suspended
materials can be transported across the shelf and eventually into the shelfbiidak §ztmukhizone
(ridges of ice that become grounded during winter and remain attached to the ocean bottom through
sunmer)is porous so does not prevent crebglf exchange of shelf watgisasper et al., 2012; Kasper
unpub.)The pressure record from the mooring shows extremes in water levels due to differences in
winds: water level deviations of +0.71 m (storm surgetdudwnwelling favorable winds) anéd.85 m
(sea level set down due to upwelling favorable winds) were recorded during the year long record. In
addition to illustrating the strong effect of winds on the shelf, such large fluctuations in sea level mean
tha low lying coastal ecosystems, which support numerous bird species, are subject to extremes in
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conditions as well. Overall, the extreme variability in hydrography on the Beaufort Sea shelf defines the
character of the shelf ecosystem.

These summer hydrogphic measurements are a snapshot of shelf conditions and help illustrate
the variability while the mooring record provides annual context. While chemical and biological studies
in the summer provide important integrative measures of the fate and effetgstrial material and/or
contaminants and their distribution across this shelf ecosystem, overall, the physical mechanisms and
their variability remain poorly quantified. Measurements from this ANIMIDA campaignvell as past
efforts in the regiopshow that there is significant year to year to variability but seasonal variations
remain unquantified because of limited, focused physical oceanographic sampling in the region. While
the importance of freshwater to the shelf is well established, thafgystems between fresiver
influenced water masses and offshore water masses are not understood at present. Frontal systems and the
strong currents due to cross frontal density differences are ubiquitous mechanisms for rapidly moving
suspendedanddiso | ved materials across shelf ecosystems (
such processes have not been studied in the Beaufort Sea.

Crossshelf transport fterrigenous material likely peaks during the fall storm period,(e.g.
Pickart et al.2013) and there are very few physical measurements from this important period in the
central and eastern regions of the shelf ($Mgingartner etla, 2009; Nikolopolous et al., 2009). There is
also very strong evidence thattysicalconditions are chaying rapidlywith the decrease in sea ice. For
example surface gravity wavest lower latitudes aran important component of nearshore momentum
balancegLentz and Fewings, 20),2and mixing of river plumes (Thomson et al., 2DaAd theyplay a
critical role in the transport of materiah lower latitude shelveslowever, here are only limited wave
measurements from the shallow Beaufort Sea shelf and regional modeling efforts do not currently include
wave forcing. Surface gravity waves also play an irtg role in eroding the Beaufort Sea coast
(Barnhart et al., 2014) which poses threats to coastal infrastructure but also affects the delivery of carbon
to the nearshor@.here is also increasing evidence that surface gravity waves are becoming igbreasin
important in the Beaufort Sea (Thomson et al., 208®8)ce waves strongly affect mixing of freshwater,
crossshore transport of material and erosion, without an understanding of waves it is difficult to make
accurate predictions about the fate andgpart of material in the region.
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Chapter 3 Trace Metals in Bottom Sediments, Suspended Sediments
and Biota

Abstract

As part of the ANIMIDA 11l Project data for trace metals in bottom sediments, suspended
particles and marine biota were used to identify any recent spatial or temporal changes in concentrations
of potentiallytoxic metals in the coastal Beaufort Sea. Concentrations of 17 trace metals (Ag, As, Ba, Be,
Cd, Cr, Cu, Hg, Mn, Ni, Pb, Sb, Se, Sn, T],a#d Zn) in 63 surface sediment and 300 sediment core
samples collected during 2014 and 2015 were essentiallyratuaial, baseline values. Previously
established background ratios of metals/Al in sediments were used to identify any sediment metal values
that were anomalous. Four anomalies (concentrations above baseline) were observed for Ba and single
anomalies wer@lentified for Be, Hg, Sb, Vand Zn during ANIMIDA III. All concentrations of the
potentially toxic metals Ag, Cd, Hg, Pénd Zn were below published sediment quality criteria. At
offshore locations (water depths >200 m), concentrations of AsaihHy were very high in some
surface sediments from offshore at water depths of-8200m; these deviations were linked to
subsurface, diagenetic remobilization of these metals with subsequent reprecipitation and enrichment in
surface sediments. Concentrasasf total suspended solids during August 2014 ranged fronr60113
mg/L and averaged 1.1 mg/L. Particulate Ba/Al ratios in these particles were within 2% of values for
bottom sediments and provide a wedifined marker for tracing dispersion of dischardalling fluids in
the water column. In contrast with Ba, particulate Fe/Al ratios were ~80% greater than in bottom
sediments in support of sorption of iron oxides and scavenged metals on suspended particles.
Concentrations of the same 19 metals wererahited for clamsAstartesp.) and amphipodg\6onyx
sp.) collected during 2014 and 2015. Results showed a variety of patterns and are presented and discussed
here to provide a baseline for future assessments.

3.1 Introduction

Trace metals are effectivedicators of impacts from industrial activity because they are
generally enriched in the raw and finished materials used by modern industry. Barite)(BaSO
example, is a primary component of fluids used during petroleum drilling operations; conmesht
Ba in these fluids are often 1iGBDO times greater than baseline Ba values in Beaufort Sea sediments
(Trefry et al., 2003, 2013Dther metals from industrial and other human activities also can be
concentrated in bottom sediments where they dem gensitive indicators of cumulative inputs from a
variety of anthropogenic sources.

Thirty exploratory wells were drilled in State/Federal and Federal lease tracts mandged by
Minerals Management ServicBI{S) in the Beaufort Sea Program Area betw&881 and 2002; most
of them were in the Development Area at water depths of 5.5 to 51 m (BOEM, 2016). Several hundred
exploratory and development wells also were drilled in State lease tracts on the shore, on barrier islands,
and in shallow waters alorige central Beaufort Sea coaBtgska Department of Natural Resources
[ADNR], 2009). Construction of Northstar began in 1999, oil production commenced in 2001; no drilling
fluid or other discharges from Northstar were permitted.
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Earlier studies of metalin sediments from the coastal Beaufort Sea showed that concentrations
were quite variable, but generally at natural levels with minimal localized inputs from development
(Sweeney and Naidd989; Snydefonn et al., 1990; Crecelius et al., 1991; Naidal.e2001, 202,

Valette Silver et al., 1999; Trefry et al., 2003). Sny@nn et al. (1990), for example, identified

elevated concentrations of Ba, Cr, Bbd Zn in areas adjacent to one or more disposal sites for drilling
effluent. Crecelius et al. @91) found elevated Ba values at a few sites in western Harrison Bay and Cr
enrichment near the mouth of the Canning River, but no other indications of metal contamination. Within
250 m of two historic (19886) drill sites in Camden Bay, Trefry et al. (&) found humerous stations

with elevated concentrations of Ba in sediment, plus a few instances of anomalous Cr, &, Ply

values.

The objectives of this component of the ANIMIDA 11l Project were as follows: (1) to determine
concentrations of traameetals in sediments and identify any recent inputs of anthropogenic origin, (2)
expand the geographical database for metals in surface and subsurface sediments farther offshore where
future drilling may occur, (3) determine concentrations of Ba and otfested elements in suspended
particles with a focus on using data for suspended particles to trace of discharges of drilling fluids and
other componentsind (4) test for any significant changes in metals in marine biota while continuing to
build a databse for future use.

3.2 Methods
3.2.1 Study Area

The study area for this project was the coastal BeaufortFsgar¢59) from western Harrison
Bay (~152¢e W) t o east o&€WKaKhobsgi ke dhithe ardagpie\dously atypdied aw i
part of the BSMR1984 1989), ANIMIDA (1999 2003) andcontinuation of ANIMIDA CANIMIDA ,
20042007) Projects. The provenance of sediments in the study area includes the Colville, Karghruk
Sagavanirktok Rivers as wels coastal erosion. The Brooks Range, 100 tki&Meter km) south of
the Beaufort Sea, and the broad coastal plain are a major source ftoriversediments that include
Cretaceous and Tertiary sandstones, conglomerates and siltstones, shaléfsimtdrPennsylvanian
Ages, and Quaternary riverine and marine sediments that underlie the coastal plain (Payne et al., 1951).
The Colville River is the largest river in northern Alaska with a drainage basin of ~5@j086e
kilometers km?) and an annal sediment load ofi3.0 million metric tons (Arnborg et al., 1967; Naidu
and Mowatf 1974).

The inner shelf of the Beaufort Sea descends gradually from the shoreline to a water depth of 30
m and is interrupted nearshore by sandbars and narrow grav&mohtarrier islands. The sediments in
the study area are a patchwork of sand,-sittiyd and siltyclay (Naidu et al., 2001; Trefry et al., 2003;
Brown et al., 2010). Clay size (<2 pm) sediments make up an average of 13 £ 9% of the sediments on the
innershelf (Crecelius et al., 1990he sandand siltrich sediment on the shelf is generally <5 m thick
(Reimnitz and Barnes, 19748ediment deposition is patchy (Weiss and Naidu 1986; Naidu et al., 2001,
Trefry et al., 2003); Reimnitz and Wolf (1998) seggthat the entire area is a net erosional environment
during the Holocene.
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Figure 59. Sampling stations for field surveys during 2014 (in black font) and 2015 (in red font) for
the ANIMIDA Ill Project in the Beaufort Sea.

Inset map shows location of study area along the northern coast of Alaska. The following six
stations from the 2014 survey were located between stations T3 and HEX 17: HH1-5,
HEX 1, HEX 12, S-XA, T-XA and L250-5). N3 was sampled both years.

3.2.2 Sample Collection

Sampling for sediment and biota were carried out during August 2014 and 2015 using hhers&vian

Il. Stations were selected by (1) returning to stations previously sampled during the ANIMIDA (1999
2003) and cANIMIDA (200#2006) Projects and (2) obsing new locations using a probabiitsised,
hexagonal grid approach of White et al. (1992) to ensure random selection with an even distribution of
sites. Sediment sampling was conducted at 43 stations in 2014 and 20 stations g20&59, Table

3). Sediment cores were collects at 5 different locations in 2014 and 2015 (for 10 totaFicamed9,
Table3). Surface sediments wecollected using a prdeaned, double van Veen grab that obtained two
sideby-side samples, each with a surface area of 6 dnah a depth of ~1&m. Samples (top 1 cm) were
carefully collected from one of the two grabs and placed in separate contairmaetals, organicarbon

(C), and grain size. The companion grab was used for sampling benthic biota. A Benthos gravity core
with a m long barrel and 7-bm diameter plastic liner was deployed for sediment coring. Cores were
splitinto 1 to 2-cm thidk layers aboard ship under clean conditions. All sediments samples, except those
for grain size analysis, were frozen shipboard.
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Table 3. Summary of sediment, water and biota samples collected for metals.

2014 Surface Sediments Sediment Cores with ~ Water Samples Biota
(# sections) (# stations) (# stations)

# of samples 43 (61 cm) 5 (150) 77 (23) 26 (20)
Stations 1B, 1C, 1.05, 1.2, 2C, 4,| 1C,1.2,6.1,9A, 11} 5,6, 6D, 6F, 7, 7C,| 1.05, 5, 5B, 5(5),
sampled 5,5B, 5E, 5(5), 6, 6.1, 6l 9,10, 11, 5(5), L&(q 6D, 7, 7C, 8, 10, 1

6F, 7, 7C, 8,9, 9A, 10, ] T3, 20, 21, 22, 23,2 15,16, 20, 21, 22
11A, 12, 15, 16, 28, 21, 25,1C, 1.05, 16, 1§ 23, 24,25-3
22, 23, 24, 25, HEXL250 12
5, HEXL7, HEX 2, HH®5,
M4, NO3, XA, 13, FXA
2015 Surface Sediments Sediment Cores with ~ Water Samples Biota
(# sections) (# stations)

# of samples 20 (6L cm) 5 (150) None 12 (9)
Stations NO3, NO6, 3A, 5A;1A?, | 71146, 7T1147A, 143 None 3A, 7143, 745,
sampled 70143, 7445, 74145, 71 | W5, 143V6, 14850 71147, 74148, 74

146, 71147, 71149,71- 149, 143V1, 152
149350, 74150, 143V1, WO, 152Vv1
143W2, 143V4, 143N5,

149200, 152V0, 152V1

Water column samples for suspended particles were callat®s3 stations (77 samples) in 20E#y(re

59, Table3). These samples were collected usinglaTeflon-lined Niskin bottle with external closure.
Samples were vacuum filtered throygblycarbonate filters (Poretics, 4Tm diameter, 0-44m pore size)

in a laminar flow hood aboard ship immediately after collection. Filters had begraphed in 5N HN@
and rinsed t hr eanDiW andtethen weighiedthree lirBes td the neqgsinder

cleanroom conditions at FIT. Precision for replicate filtrations averaged <4% (i.e., <0.04 mg/L).Particle
bearing filters were sealed in asished petri dishes, labeled and then debblgged in plastic and

stored until dried and rereighed aFIT. Samples for POC were filtered through-paanbusted Gelman

Type A/E glass fiber filters mounted on agished filtration glassware within a Clak®0 laminasflow

hood.

Clams and amphipods were collected by rake and baited traps, respectively.claihnd and
amphipods were rinsed with deionized water immediately after collection and stored frozen until
laboratory analysis.

3.2.3 Laboratory Methods

Total concentrations of Ag, Al, As, Ba, Be, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Re, Sb, Se, Sn, ilaM] Z
organic carbon were determined for 63 surface sediments and 300 samples from 10 sediment cores
(Figureb9, Table3). Sediment samples for metal analysis were homogenized and arti@i p@s set

aside for Hg analysis. The remaining sediment was frdged to provide percent water content and dry
sediment for acid digestion for other metals. A separate, wet sediment sample from each location was
used for grain size analysis.

Sedimen samples for metal analysis, except Hg, were homogenized, completely digested in
Fisher Trace Metal Grade HF, HM@ndhydrochloric acid ICI) and analyzed for Al, Cr, Cu, Fe, Mn,
V, and Zn using a PerkiBlmer Model 4000 atomic absorption spectromef&S) and for Ag, As, Ba,
Be, Cd, Ni, Pb, Sh, Se, Sand Tl using a Varian Model 824@S inductively coupled plasma mass
spectrometer (ICIRS) according to established laboratory methods (Trefry et al., 2003, Zaa)lard
reference material (SRM) #2708ofl with certified Ba value) from the National Institute of Standards
and Technology (NIST) was processed with each batch of samples; all concentrations were within the
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95% confidence intervals for certified values. Analytical precision ranged from 1% @AFe, and Pb)
to 4% (Hg). Method detection limits were 25 (Cu) to >5,000 (Ba, Pb) times lower than the lowest value
obtained for field samples.

Sediment digestion for Hg was carried out using {gghty HNO; and BSQu (Trefry et al.,
2007). The sedinm Certified Reference Material (CRM) MESSrom the National Research Council
of Canada (NRC) was digested and analyzed with each group of sediment s@hgtediment
digestions included MESS and the SRM #2709 from the NIST. Analysis was by-walobr AAS
(Trefry et al., 2007).

Sedimentotal organic carbonl{OC) concentrations were determined by treating frestried
sediment with 10% HCI to remove inorganic carbon, followed by-téghtperature combustion and infra
redcarbon dioxide ©O,) quantification using a Leco TruMac AnalyZand following methods
provided by the manufacturer. All values obtained for the CRM (Leco CRMB92) were within the
95% confidence interval for certified values. Laboratory precision for TOC was 6%. Grain sizesnalys
of surface sediment samples were carried out using the classic method of Folk (1974) that includes a
combination of wet sieving and pipette techniques.

Suspended sediments were analyzed for metals following the sample preparation and analysis
techniqwes of Trefry and Trocine (1991). The POC content was determined usiAgestetl samples of
filtered particles that were ombusted in ceramic boats at 900%sing the Leco TruM& as described
above. Precision was 1.6% and results for the CRM MES®&aine sediment issued by the NRC were
within the 95% confidence limits for the certified value.

Freezedried tissue samples were homogenized and completely digested in Fisher Trace Metal
Grade HNQ@ andhydrogen peroxideH;O) and analyzed for Cu, Fe, Mand Zn using a Perkiilmer
Model 4000 AAS, for THg using a Laboratory Data Control cold vapor AAS and for other metals-by ICP
MS according to established laboratory methods (Trefry et al., 2007, 2013; Fox et al., 2014). SRM
#1566b (oyster tissue) from thd T was processed with each batch of samples; all values were within
the 95% confidence intervals for the certified values. Analytical precision was better than 6% for all
analytes.

Tissue samples fanonomethyl mercuryMMHg, no dimethyl mercury was deted) analysis
were digested using an acid bromide/methylene chloride extraction. The aqueous phase was analyzed
using ethylation, isothermal gas chromatography separation and detection by cold vapor atomic
fluorescence spectrometry based on methods fraomBland Crecelius (1983) and Bloom (1989). The
certified reference material DORBIfrom theNRC was processed with each batch of samples and all
values were within the 95% confidence interval for the certified value. Analytical precision was better
than 7%for lab replicates. Concentration data for metals in biota are reported on a d. wt. basis to account
for variability in water content among species.

3.3 Results and Discussion
3.3.1 Metal Distributions in Sediments

Data from 63 stations along the coagahufort Sea show that sediments were a patchwork of
sands, siltysandsand siltyclays {Table4). Concentrations of TOC also were variable with a range from
0.25% nearshore (e.g., station 5E) to ~2.4% in nesrgfentbearing sediments (e.g., station JAaple
5, Table6). In deeper (>200 m) offshore sediments, TOC was typically-+B%. Concentrations of
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sediment Al, a proxydr clay minerals, were as low as 1.4% nearshore (e.g., station 5B) to 7.8% offshore
(e.g., station 71146 at a water depth of 400 firgble5, Table6).

Data for metals fnm the present studyable5, Table6) agree well with and complement
previous results (Trefry et al., 2003, 2013; Brown et al., 2QE0pe ranges in concentrations fach
metal were found throughout the study area with maximum/minimum values that varied from ~3 for Be to
17 for Mn (Table5, Table6). Concentrations of Al and other tracetals correlated well with
concentrations of silt + clay because concentrations of both Al and most metals are very low in coarse
grained quartz sand or carbonate shell material and much higher-grdined aluminosilicates.
Concentrations of sedimeAt have been previously shown to correlate strongly (r ¥@9) or very
strongly (r > 0.9) with clay content and concentrations of selected trace metals in the coastal Beaufort Sea
(Trefry et al., 2003, 2013; Brown et al., 2010). Aluminum is rarely thtced by anthropogenic activities
and is present at percent levels in most sediment relative to part per million (ppm or pg/g) for trace
metals. Thus, concentrations of trace metals were normalized to Al (i.e., use of metal/Al ratios) as a proxy
for the meal controlling variables of grain size, organic carbon content and mineralogy.

All concentrations of Cr, Niand Pb for sediment samples collected during 2014 and 2015 plotted
within the 99% prediction intervals developed during the ANIMIDA Project watia drom 1992001
(Figure60). Previous outlying data points for @i, and Pb were linked with the presence of trace
amounts of metalich sulfides and other heavy minerals in nearshore sand and gravel opagémic
contamination (Brown et al., 2010). No anomalous data points on metal versus Al graphs from the 2014
and 2015 surveys were found for Ag, Cd, @ud Tl (Table7).

Barium concentrations plotted well abowe tupper prediction interval on the Ba versus Al plot
for stations 7€L45 and 143N2 (Figure61A). These two stations are located in the eastern area of
Camden BayKigure59). One previous study in Camden Bay found Ba concentrations as high as 140,000
Hg/g near the location of a 1985 oil drilling site (Trefry et al., 2013). The two stations sampled in 2015
with elevated Ba values (stations-Z85 and 143V2) were ~20 and 5km east of the drill site from the
1980s. Sediment transport of Hah sediment from western Camden Bay is one possible explanation for
the higher Ba values. No sediments cores were collected at either location; therefore, the verticdl exten
the Ba @richment in unknown. Barium values also were above baseline values for statibfi &id
71-149 Figure61A); these anomalies may be due to diagenetic remobilization of Ba as reported by
numerous authors (e.grjedinger et al., 2006).
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Table 4. Grain size for surface sediments from ANIMIDA 1l Project for 2014 and 2015.

Ssé‘jjrifr?fe‘it Statistic Gravel (%) | Sand (%) Silt (%) Clay (%) | Silt+ Clay (%
2014
Mean 5.4 43.1 27.9 23.1 51.0
Standard 12.5 25.6 15.1 11.9 25.1
Cumulative Deviation
01 cm) n__ 43 43 43 43 43
Maximum 61.9 96.3 60.7 47.1 97.0
Minimum 0.0 0.7 1.1 2.4 3.7
Median 0.5 36.9 29.2 25.1 57.3
2015
Mean 9.3 33.1 31.1 26.5 57.5
Standard 20.8 28.9 20.0 15.0 32.9
Cumulative Deviaon
01 cm) n__ 23 23 23 23 23
Maximum 75 94 66 50 100
Minimum 0 0 2 3 6
Median 0 28 32 26 63

Table 5. Concentrations of metals and total organic carbon (TOC) in surface sediments from
ANIMIDA Il Project for 2014.

Surface Statistic Ag Al As Ba Be Cd Cr Cu Fe Hg

Sediment (Mo/9) | (ug/9)| (Ma/9)| (Mo/g) | (Ma/9)| (MO/g) | (HO/9)| (Ma/9)| (MO/g)| (MO/Q)
Mean | 0.16 |5.04 | 154 |537 |1.26 | 022 |73.7 | 189 | 2.94 | 0.040
Standard | 5, 14 45 |69 | 130 |027 |005 |191 |62 |075 | 0016

Cumulative Deviation

01 cm) n 43 43 |43 |43 |43 |43 |43 |43 43 | 43
Maximum | 0.28 | 7.07 | 50.6 | 810 | 1.56 | 0.32 | 103 | 30.0 | 4.88 | 0.090
Minimum | 0.05 | 1.44 | 7.3 | 162 | 051 |0.06 |20.1 |48 |1.16 | 0.006
Median | 0.16 | 551 | 147 | 574 |1.35 | 023 | 77.1 | 20.0 | 30.2 | 0.043

Surface Mean Mn Ni Pb Sb Se Sn TI Va Zn TOC

Sediment (hg/9) | (na/9)| (ug/9)| (Mo/g)| (Mg/9)| (Ha/g)| (Ha/g)| (HO/g)| (M9/9)| (%)
Standard | .2 1 557 1121 | 051 | 093 |1.85 | 043 | 119 |79.9 |1.07
Deviation

Cumulative n 43 43 43 43 43 43 43 43 43 43

(01cm) | Maximum| 797 |458 |16.2 |0.76 | 1.60 | 3.67 | 057 | 174 | 115 | 2.28
Minimum | 172 | 10.5 | 482 | 021 | 038 |0.46 |0.13 | 30.8 | 26.4 | 0.25
Median | 383 | 32.0 | 129 | 052 | 0.92 | 1.91 | 0.47 | 125 | 86.3 | 1.07
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Table 6. Concentrations of metals and total organic carbon (TOC) in surface sediments from
ANIMIDA 11l Project for 2015.

Surface Statistic Ag Al As Ba Be Cd Cr Cu Fe Hg
Sediment (H9/9) | (u9/9)| (H9/9)| (Ho/9)| (M9/g)| (H9/9)| (H9/g)| (K9/9)| (HO/9) | (KO/Q)
Mean |[0.10 |[551 [251 |[734 |160 |0.18 |79.5 |[21.9 |3.38 |0.050
| Stefl?gt?l;d 0.03 | 160 |240 |417 |040 |0005|179 |72 |12 |o0.018
C(%T“C'%t;"e n 20 |20 |20 |20 |20 |20 |20 |20 |20 |20
Maximum | 0.15 |7.78 | 116 | 2210 | 2.64 |0.30 |106 |36.9 |6.94 | 0.077
Minimum | 0.05 | 2.03 [9.21 [405 |0.74 |0.11 |435 |6.4 1.69 | 0.011
Median | 0.11 |5.12 |17.0 [644 |158 |[0.18 |739 [22.0 |[297 |0.049
Surface Statistic Mn Ni Pb Sb Se Sn TI Va Zn TOC
Sediment (ha/9) | (Ma/g)| (ug/g)| (Mo/g)| (Mg/9)| (Ha/g)| (Ha/g)| (HO/g)| (MO/g)| (%)
Mean |[802 |[335 [152 [0.62 |093 [154 [050 | 140 |96.4 |1.20
Standard
e 891 |88 |38 0.17 | 0.42 | 042 | 014 |42 215 | 0.51
Cumulative Deviation
©1 cm) n 20 20 20 20 20 20 20 20 20 20
Maximum | 3990 | 48.2 | 20.6 |1.17 |1.88 |212 [074 |[211 |130 |2.36
Minimum | 231 | 17.0 [ 8.06 | 0.40 |0.39 |0.64 |0.17 |64 53.6 | 0.30
Median | 532 |32.3 [146 [058 | 078 [150 |0.49 |[133 [89.9 |1.11
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Figure 60. Concentrations of Al versus (A) Cr, (B) Ni, and (C) Pb for surface sediments collected
during 2014 and 2015 (ANIMIDA Ill) and previous surveys in the coastal Beaufort Sea.

Solid lines and equations show linear regression fit to data from 1999-2001 (ANIMIDA Project,
Trefry et al., 2003), dashed lines show 99% prediction intervals, r is the correlation

coefficient, and p is the statistical p value.
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Figure 61. Concentrations of Al versus (A) Ba and (B) Hg for surface sediments collected during
2014 and 2015 (ANIMIDA 11l) and previous surveys in the coastal Beaufort Sea.

Solid lines and equations show linear regression fit to data from 1999-2001 (ANIMIDA Project,
Trefry et al., 2003), dashed lines show 99% prediction intervals, r is the correlation
coefficient, and p is the statistical p value.
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Single point anomalies from the 201% (ANIMIDA IIl) sampling were observed for Be, Hg,
Sb, V, and Zn Table7; Hg in Figure61) sources of these anomalies are unknown andbealue to
diagenesis or anthropogenic inpi&re rumerous exceptions to the anomalies described above were
observed for As and Mr-{gure62) due to diagenetic remobilization of these metals followed by
enrichnent in the surface sediment layers due to oxidative precipitation (Trefry et al., 2014); these
anomalies are described in more detail below with introduction of vertical profiles for sediment metals.
All concentrations of the potentially toxic metals (A2, Cu, Hg, Pband Zn) were below published
sediment quality criterialable?).

Vertical profiles for metals in sediment in the Beaufort Sea study area showed two trends. The
most common trend was essentiallaight vertical profiles for the metal/Al ratio with very little
variation Figure63). Uniform metal/Al ratios throughout the cores were found for most metals, including
Ba (Figure63D, G), Pb Figure63B, E, H), and most Hg profile§igure63l). This same observation was
previously described for the coastal Beaufort Sea (Trefry et aB; BdOwn et al., 2010). These sediment
cores likely record decades to centuries of uniform metal/Al ratios with naaeleanthropogenic or
diagenetic modification. Although mixing can mute anthropogenic or diagenetic anomalies, such
alteration, if anymust be small to support the uniform metal/Al ratios observed.

The second trend was greatly elevated As and Mn values in the surface leiyers)(0f
sediment from selected stations on the outer shelf and slope Eo@®64). Higher As concentrations
(and As/Al ratios) in the surface layers of sedimé&igyre64D, G) are caused by diagenetic
remobilization of As in subsurface, reducing sediments. Subsequent upffiastbdimoves dissolved
As toward the oxic, sedimemiater interface where it can precipitate with Fe oxidlegure64E, H) or
diffuse into the overlying seawater (Farmer and Lovell, 1986; Linge and Oldham, Y@é2)arge
diagenetic enrichments of As (values >30 pg/g) were observed to occur at 7 of 66 stations during 2014
and 2015Figure 65). Water depths at these stations ranged&®m.

Manganese remobilization asdrface enrichment also was observed in many of the cores where
As values were elevated willin concentrations as high as 16,000 pg/g (€igure64C, F, ). The
process is similar to that described above foaAd previously observed in many studies (e.g., Lynn and
Bonatti, 1965; Trefry and Presley, 1982). Remobilization of Fe also was observed in cores with diagenetic
impacts for As and MnHigure64B, E, H). The magmude of enrichment for Fe appears somewhat
diminished in the profiles that show Fe values in %. However, the highest Fe value for stdtith 71
(57,500 pg/g at -3 cm inFigure64E) is 12,500 pg/g greater than dowore where Fe concentrations
average ~45,000 ug/g. Therefore, the diagenetically induced Fe enrichment is on par or greater than
observations for Mn.
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Table 7. Stations with metal values for surface sediments collected during 2014 and 2105
(ANIMIDA 1Il) that are greater than (A) the upper prediction interval (UPI) on metal versus
aluminum plots and (B) values for Effects Range Low (ERL) and Effects Range Median
(ERM) based on sediment quality guidelines from Long et al. (1995).

201415 samples with | MaXimum | e, gy | Sites with
Meal Values>UPI (n = 63) (this study) (3g/| (3g/ Values>UP]
(3g/ ¢ and >ERL
Ag None 0.28 1.0 3.7 None
Many due
Many due tmatural
As diaggnesis 116 (8.21 70 d.natural .
iagenesis
Ba 221?351 4174”%\/5 4290 2210 None None (N/A3
Be 71145 2.6 None None (N/AY
Cd None 0.32 1.2 9.6 None
Cr None 106 (811 370 None
Cu None 37 (70)3 270 None
Hg 1 0.090 0.150 0.710 None
N None 45.8 (20.9) 51.6 None
Pb None 21 46.7 218 None
Sh 149200 1.2 None None (N/A¥
Tl None 0.74 None None (N/A2
V 149200 211 None None (N/A¥
Zn 71-149 130 150 410 None
1ERL is lower than natural concentrations of this metal in the coastal Beaufort Sea.
2No ERL or ERM available.
SERL from O6Connor (2004) .
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Figure 62. Concentrations of Al versus (A) As and (B) Mn for surface sediments collected during
2014 and 2015 from the coastal Beaufort Sea.

Solid lines and equations show linear regression fit to data from 1999-2001 (ANIMIDA Project,
Trefry et al., 2003), dashed lines show 99% prediction intervals, r is the correlation
coefficient, and p is the statistical p value.
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Mercury values greater than 0.064 pg/g (64 ng/g, whichSB above the mean $D 0f0.038 +
0.013 ug/g (38 £ 18 ng/g) were observed in the surface layers of eight offshore cores (water depths of
203-823 m;Figure66 for stations 1.2 and 7147A). The Hg/Al ratio was 250% higher in the surface
layers of these cores. Similar Hg profiles were observed by Gobeil et al. (1999) in some of the major
basins of the Arctic Ocean at water depths,2624,230 m. The magnitude of Hg enrichment observed
by Gobeil et al. (1999) was equal to and as muchtimse® greater than observed in this ANIMIDA 1l
study. A key paper is being developed from this ANIMIDA Il study that focuses on the diagenetic
processes that lead to remobilization and enrichment of AsaiMhHg in surface sediments from the
outer shdland slope of the coastal Beaufort Sea.

3.3.2 Metals in Suspended Sediments

Concentrations of trace metals, especially Ba, have been used to trace of discharges of drilling
fluids and cuttings from exploration platforms in the marine environment flegaaid Trefry, 1983;
Trefry et al., 1985). Samples of suspended particles were collected from the coastal Beaufort Sea during
the openwater period in August 2014 éble8, ANIMIDA 111) to expand the data set forapticulate
metals obtained during 2002002 (ANIMIDA) and 20042006 (cANIMIDA, Table9). These cumulative
data from 320 samples provide a useful baseline for assessing future discharges of drilling fluid and
cuttings (Table9). Concentrations of particulate Ba ranged fronb63 pg/g during August 2014 with
higher values in samples with abundantriéh clay particles (aluminosilicates) and lower values in
organierich, claypoor particlesgigure67A). A strong correlation between Ba and Al for the 2014
samplesFEigure67A) shows a welldefined baseline for concentrations of particulate Bafasction of
particulate Al values. The slope of the line for particulate Ba versus Al is within 2% of the slope for
natural bottom sedimentBifure67B), showing the strong link between the Ba/Al ratio in sndpe
particles and bottom sedimenisaple9andFigure67A, B). Therefore, using Ba to identify barite from
drilling fluid in the water column will provide a sensitive teaof drilling dischargesf permitted,
relative to sediment resuspision or other sediment event.

Table 8. Concentrations of metals, particulate organic carbon (POC), total suspended solids (TSS)
for suspended particles from the coastal Beaufort Sea during August 2014.

Statistic Al Ba Cu Fe Mn Si POC TSS
(%) (Mo/9) | (Mg/g) | (Mg/g) | (pgo/g) | (Mg/g) (%) mg/L
Mean 3.45 327 53.1 3.07 1311 18.5 12.2 1.18
Standard 1.07 89 18.1 1.04 740 4.3 6.5 0.92
Deviation
n 70 70 70 70 70 70 67 70
Maximum 5.13 504 118 4.67 3170 24.8 37.8 6.11
Minimum 0.51 63 16.6 0.18 25 2.4 2.8 0.13
Median 3.68 335 49.4 3.23 1250 19.4 10.6 1.01

71



Table 9. Concentrations of metals and total suspended solids (TSS) for suspended particles from
the coastal Beaufort Sea during the open-water season in 2000-2002, 2004-2006 and 2014
and for baseline bottom sediments. Data for suspended particles (2000-2006) from Trefry et

al. (2009) and bottom sediments from Trefry et al. (2003).

Al Ba Ba/AL Fe TSS
vear " %) | (g | x18 | @) | T mgn
2000 51 7.4 738 100 4.3 0.58 8.2
2001 34 8.0 775 97 4.8 0.60 5,1
2002 32 5.9 564 96 4.1 0.69 2.1
2004 42 6.9 680 99 4.0 0.58 13
2005 65 4.9 507 103 3.6 0.73 1.7
2006 26 5.7 574 101 3.9 0.68 1.3
2014 70 3.4 327 96 3.1 0.91 1.2

Bottom 192 3.9 394 101 2.3 0.58 -
Sediments
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~1000 T T
o YT o mwsoos |~ P T
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Figure 67. Concentrations of Ba versus Al for (A) suspended particles and (B) bottom sediments
and Fe versus Al for (C) suspended particles and (D) bottom sediments from the
coastal Beaufort Sea.

Solid lines and equations show linear regression fit to data, dashed lines show 99% prediction
intervals, r is the correlation coefficient and p is the statistical p value.

Similar to results for Ba, strong correlations were found for Fe versus Al in both suspended
particles and bottom sedimenEdure67C, D).In contrast, the slope of the linear regression line for
suspended particles was ~80% greater than found for bottom sediFignte§7C, C). This observation
is consistent with adsorpticof Fe on clayich particles. The total suspended solids (TSS) versus Fe
relationship was not significant (p = 0055); theref&® enrichment of particles is not a likely function of
the mass of TSS, but rather the clay content. As discussed previbagbnetic remobilization enriches
surface sediments with Fe.
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3.3.3 Metals in Biota

Concentrations of Ag, As, Ba, Cd, Cr, Cu, Fe, Total Hg, MMHg, Mn, Ni, Sh, Se,,amd\Zn
were determined for clamégtartesp.) and amphipod#\(onyxsp.) from the castal Beaufort Sea during
2014 and 2015. These most recent data are compared with previous results for the BSMP89986
ANIMIDA (19991 2002) and cANIMIDA (2004 2007) Projects. One lortigrm goal of this effort was to
develop a data base for trace atgin these two organisms that enables scientists and managers to
monitor changes in metal concentrations over time and space. Complications in this process result from
(1) large standard deviations in concentrations of some metals both temporallytaily,sf23 possible
combined species for the groups collected as clams or amphipods, (3) inclusion of sediment in samples,
the largest impact is for metals with low values in biota and higher values in sediment (e.g., Cr, Ni), and
(4) limited repeat stain locations over the 3gear period of data collection due to the absence of
amphipods and clams at a specific station during any given year. Nevertheless, useful dataSeelative
<30%) have been acquired for a variety metals.

Concentrations of Zn andudn clams from the coastal Beaufort Sea have been relatively uniform
over time Table10andFigure 68) because both metals are regulated biochemically by the clams. Iron
and Mn values for clams are sometimes impacted by the presence of sediment in the samples; this leads to
more variability in the datar@ble10andFigure 68). The impact bsediment inclusion in the samples
also impacts concentrations of metals that are very low in biota relative to sediments. For example, higher
average concentrations of Cr and Ni in the 1999 samples most likely were caused by sediment
incorporation in thesamples. Among the other metals, no significantvarans (U = 0. 05) wer
over time for Pb, As, Ag, Sb, Kignd TI, partially because of the large standard deviations. Clams from
this study contained 3@0 % of the total Hg as MMHg; this is a typical range for bivalves in the Arctic
(Fox et al., 204). Significantly higher Cd values were found for clams from 20045; we believe that
this observation is partly explained by inclusion of a few individuals of a different species in the pooled
samples.

More variability and shifts in metal concentratidmave been found for amphipods relative to
clams Table1l, Figure69). Concentrations of Zn show likely biochemical regulation; however, a shift in
Cu values was found f@014 and 2105 relative to previous yeddigre69). In amphipods, such shifts
can be related to changes in diet as well as differences in samples from farther offshore we had not
sampled previously. The trentdserved for Cu is also seen for Mn, Ag, Bad Sb Figure69). In
contrast, the opposite trend of higher concentrations in the 2014 and 2015 samples was observed for As,
Cd, and Hg. About 50% of the total Hg in phipods was present as MMHg, again a typical value for the
Arctic (Fox et al., 2014). Overall, the ANIMIDA 1l data help meet the goal of establishing a baseline for
contaminants in clams and amphipods.
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Table 10. Concentrations of trace metals in clams (Astarte sp.) collected in the coastal Beaufort

Sea during August 2014 and 2015.

Statistic Cvgr?tf;t Ag Al As Ba | Be | cd | cr | cu | Fe
) | (99| (nglg)| (nola) | (na/g) | (holg) | (Molg)| (Mg/g) | (a/g) | (Mg/g)
2014
Mean 78.7 0.077| 99.3| 105]| 476 | 0.028 248] 126 | 122 | 1877
gtar.‘de.“d 1.3 0.095| 610 | 1.0 29.7 | 0.005 88 | 066 | 23 456
eviation
n 6 6 6 6 6 6 6 6 6 6
Maximum | 80.8 0.264| 2200 12.1 | 102 0.036] 36.5| 2.15| 16.3 | 2710
Minimum | 76.8 0.022| 610 | 9.22| 145 | 0.022] 14.4] 073 | 9.9 1510
Median 787 0.030| 717 | 106 | 437 | 1028 257| 0.90| 11.3| 1750
2014
Statistic Hg MMHg| Mn Ni Pb Sb Se Sn T \% Zn
(M9/9) | (pg/9) | (M9/9) | (Mo/g) | (Mg/g) | (Ho/9) | (Hg/g)| (M9/g) | (H9/9) | (M9/9) | (H9/9)
Mean 0.078 0.026] 178 | 5.42 | 0.573] 0.018] 5.39] 0.027] 0.016] 3.71| 66.8
Standard |, 0.004| 84 1.16 | 0.210| 0.004| 0.60| 0.017| 0.007| 13.5| 6.8
Devation
n 6 5 6 6 6 6 6 6 6 6 6
Maximum | 0.101 0.092| 314 | 7.44 | 0.881] 1.022] 6.42| 0.059] 0.029] 5.57| 75.9
Minimum | 0.059 0.299| 68.7| 4.32| 0.317] 0.012] 4.74] 0.012] 0.010] 2.38| 57.5
Median 0.077 0.026] 158 | 4.2 0.528 0.020] 5.31] 0.023] 0.12 | 3.20| 66.9
Statistic CV(\)/r?ttngt Ag Al As Ba Be Cd Cr Cu Fe
) | (90 | (nalg)| (holg) | (na/g) | (holg) | (holg)| (ng/g) | (o/g) | (hg/g)
2015
Mean 84.8 0.054| 1174| 142 | 222 | 0.024] 212] 128 | 13.0| 2393
Standard | 5, 0.062| 774 | 4.0 10.8 | 0.006| 13.9| 015 | 4.7 1637
Deviation
n 5 5 5 5 5 5 5 5 5 5
Maximum | 88.0 0.164| 2240 20.6 | 40.1| 0.030] 429| 145| 18.1 | 4220
Minimum | 79.5 0.014| 793 | 98 124 | 0.017] 8.8 1.07 | 9.3 601
Median 85.6 0.032] 926 | 13.1| 204 | 028 | 224| 1.28| 10.0]| 2450
Statistic Hg MMHg| Mn Ni Pb Sb Se Sn TI \% Zn
(Mo/9) | (po/g) | (po/g) | (Mg/g) (L;%llgg (Mo/9) | (Mg/g)| (Ho/9) | (Ho/g) | (HO/g) | (MO/9)
Mean 0.052 0.023| 212 | 856 | 0.81| 0.033 5.21] 0.178 0.018] 6.7 73.2
standard | 010 | 0003|140 | 341 | 038 | 0023 1.14| 0116 0009 38 | 120
Deviation
n 5 4 5 5 5 5 5 5 5 5 5
Maximum | 0.075 0.025| 409 | 13.20] 1.25| 0.070] 6.47| 0.378] 0.033] 12.7| 92.9
Minimum | 0.028 0.018| 45 506 | 0.44 | 0.016] 3.97] 0.080] 0.009] 3.8 64.0
Median 0.049 0.024| 161 | 9.19| 0.75| 0.024] 5.14] 0.138 0.017| 4.7 66.5
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Figure 68. Concentrations of trace metals in clams (Astarte sp.) from the coastal Beaufort Sea
during the BSMP (1986-1 989), ANIMIDA (19991 2002), cANIMIDA (20042007), and
ANIMIDA l1I (20141 2015) projects.
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Table 11. Concentrations of trace metals in amphipods (Anonyx sp.) collected in the coastal
Beaufort Sea during August 2014 and 2015.

Water

- Ag Al As Ba Be Cd Cr Cu Fe
Statistic C‘Z(E};)e”t (Mo/9) | (no/) | (glg)| (ho/g) | (nglo) | (Mo/g)| (uglg) | (Molg) | (nglg)
2014
Mean 75.0 150 | 273 | 17.2] 9.91 | 0.005] 3.39] 137 | 646 | 240
Standard |, g 048 | 251 | 85| 3.95| 0004 183 122| 288 | 163
Deviation
n 20 20 20 20 20 20 20 20 20 20 20
Maximum | 78.7 2.44 1280 40.9] 22.6 | 0.020] 6.78] 4.76 | 154 865
Minimum 71.5 0.38 | 47 6.75| 3.05 | 0.001] 041 011 ] 304 | 551
Median 74.4 144 | 211 | 15.6] 9.19 | 0.004] 287] 1.14| 56.8| 217
2014
Statistic Hg MMHg| Mn Ni Pb Sh Se Sn TI \% Zn
(M9/9) | (Mg/g) | (Ho/9) | (M9/9)| (Mg/9) | (H9/g) | (M9/9)| (Mo/9) | (Mg/g) | (HO/9)| (HO/Q)
Mean 0.148| 0.068] 15.2| 3.13] 0.109] .009 | 2.50] 0.010] 0.006] 2.82] 140
Standard -\ g9 |\ 5044 72 | 112| 0083 0008 065 0004 0002 216 35
Deviation
n 20 20 20 20 20 20 20 20 20 20 20
Maximum | 0.411] 0.145| 36.1| 5.37| 0.356] 0.040] 3.77] 0.017] 0.15 | 9.64] 191
Minimum 0.021| 0.047| 5.6 1.07| 0.012] 0.002] 1.06] 0.003] 0.002] 0.77] 50.1
Median 0.131| 0.086] 13.2] 2.99] 0.097] 0.007] 2.44] 0.011] 0.006] 1.96] 149
Statistic Cvgg':grrlt Ag Al As Ba Be Cd Cr Cu Fe
() | (9/9) | (ng/9)| (na/g)| (no/g) | (/) | (n9/g)| (Mg/g) | (Hofg) | (Hola)
2015
Mean 76.0 141 | 221 | 20.9] 898 0.003 519] 176 634 142
Standard
ud 2.7 0.030| 50 11.3| 1.00 | 0.001] 2.15| 138 | 19.1| 94
Deviation
n 6 6 6 6 6 6 6 6 6 6
Maximum | 79.3 1.90 | 303 | 41.8] 105 | 0.005] 7.83] 4.05| 995 | 303
Minimum 72.2 1.05 164 | 9.47| 7.87 | 0.002] 2.47] 035]| 46.1| 544
Median 75.5 135 | 207 | 18.7] 887 | 0003 50| 146] 601 | 122
Statistic Hg MMHg | Mn Ni Pb Sb Se Sn T \% Zn
(Mg/9) | (pg/g) | (pg/g) | (Hg/9) (u%gl)5 (Mo/g) | (Mg/9)| (Mo/g) | (Ho/g) | (po/g) | (Mg/9)
Mean 0.210| 0.146] 13.5] 3.22] 0.118] 0.007] 2.84] 0.016] 0.009] 5.69] 156
[S)tar?d?rd 0.103| 0.021| 26 1.00| 0.02| 0.007 0.61| 0.008 0.002| 2.40| 10
eviation
n 6 3 6 6 6 6 6 6 6 6 6
Maximum | 0.384| 0.167| 18.3| 4.54| 0.165] 021 | 3.61] 0.025] 0.011] 8.66] 173
Minimum 0.101| 0.125] 11.0| 2.14] 0.078] 0.001] 1.97] 0.003] 0.007] 2.68] 146
Median 0.188| 0.146] 13.2| 2.99] 0.120] 0.004] 2.82] 0.016] 0.008] 549| 155

76




d
d

200
o . 30— ——————————— 80— - - -
- Anonyiamphipods) - Anonyfamphipods) -
(=2 (=2} (=2}
o 150 T T - ~ T Z 60 T
- > 200 o -
I T T ') Y 4 I T 0 T 2 [ T
100 ] [ I Z stee 12hee =0T
c l 1 1 T - & - i -+ 1 Y l
> 100 ¢ o + 1 = 1
N 50 ol e ool = 20 P
1 = z ®
Anony)(amphlpods)
198689 99200002 04 05 06 14 15 198689 99200002 04 05 06 14 15 0 199%000 02 04 05 06 14 15
=}
T T T T T . 5 T T c; 30 T T T T T T
- goof Anonyxamphipods) o -
z S 4 T > 24 T
> 600 <) Al °©
0 ] - 3 - A 18 1
= A AA l 11 T
° 400 [ ] I T T T o 2 i T ' n 12 T T 1
200 1 ° 1 ml < L+ = 6
1 Anonyxamphipods) Anony(ampmpods)
0o— S SR o VPO ; 0 ; ;
19992000 02 04 05 06 14 15 1999200002 04 05 06 14 15 199%000 02 04 05 06 14 15
5 -
60— 00— ———————— © i ‘ ‘ ‘ . 80—
. Anonytamphipods) ‘ 5 ] o Anonyfamphipods)
o - Anonyxamphipods -
- o 4 7 © 60
S 40 | 5, T |27 [
= 0 T a0/ ® T, TTT
-, T oo | T
S 20 ; © Il 1%eee
0 = 20 . 1 :
T o = o i
- T - 1 v T oo
- i L . . . . . . ) ) )

O 0 (Upppy
90 58689 99200002 04 05 06 14 15 19992000 04 05 06 15 198689 99200002 04 05 06 14 15
=] —_
-1 02— | 5 6
= Anonyxamphipods) - Anonyfamphipods) Anonyfamphipods)
- o A| .
o 0.8 7 oxg °
@) o — 4 T T T
~ 0.6 T O 0.15 A o | . T
- o T
L
o 04 - o 0.10 TTT -,
. 23] % : RS L]
0.2 - L — — | oo A 1L z
0 L L L L J‘; 4:; + L 00 L é L L L L L L 0 L L L L L L L
199200002 04 05 06 14 15 77199200002 04 05 06 14 15 19992000 04 05 06 14 15
o
- 0.04— . . . . . . . 0.025— R i i — i
o T - o Anony)(ampmpod%)
- o -
© 003 M I ~ 00 © 0.02 =
© 1 L 0 ) 0
~ i 0 0.015 T 1~ o014 1
€1 A 0.01
0.02 | m ~ A T A A | - T
o i l T _0.010 = L l Al © 0010 ] m
T
w 0.01 .T'_ iA*,m 1 1
u 0.005 = 0003 M [ |
Anonyxamphipods) l ‘ Anonyxamphipods) L n
1999200002 04 05 06 14 1 199200002 04 05 06 14 15 O'OOU]_gggzooo 02 04 05 06 14 15

Figure 69. Concentrations of trace metals in amphipods (Anonyx sp.) from the coastal Beaufort
Sea during the BSMP (1986i 1989), ANIMIDA (1999i 2002), cANIMIDA (2004i 2007), and
ANIMIDA llI (20141 2015) projects.
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3.4 Conclusions

Interpretation of the results for the trace metals portion of the ANIMIDA 1l Project yields the
following conclusions

A

A

A

Sediments from the coastal Beaufort Sea are essentially uncontaminated with respect to trace
metals.

No evidence ws found that showed metal concentrations that exceeded sediment quality
criteria.

Longterm records from sediment cores show uniform concentrations of most metals
including Pb, Ag, Cdand Zn.

Surface sediments from the outer shelf and upper slope heaitygrlevated concentrations
of As, Mn, and Hg that result from pedepositional remobilization of these metals under
reducing conditions. No anthropogenic inputs are indicated.

Suspended patrticles are a valuable tracer of discharges of drilling fhaidgteer substances
to the water column as shown by Ba/Al ratios.

Metal concentrations in clams and amphipods provide a baseline for future reference;
however, for some metals, considerable variability in concentrations has been observed.
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Chapter 4 Characteristics of Petroleum Hydrocarbons in the
Sediments and Benthic Organisms of the Beaufort Sea Continental
Shelf.

Abstract

The ANIMIDA Il project, described in this report, extended the original ANIMIDA field
program with additional surveys in 2014 and 2015dfmirveys were conducted between 1999 and 2006
for earlier phase of ANIMIDAThe ANIMIDA Il project was performed to further characterize the lease
areas and surrounding environs of the Beaufort Sea, to help understand how oil and gas activities may
impad the environmenfThis chapterdescribes thydrocarborcomponent of ANIMIDA 111, which
included measuring aliphatic hydrocarbpR#&H, and petroleum biomarkesad determining the
concentrations and distribution of those chemicals in the Beaufort @ezesés and in selected benthic
organisms and fisi.he information was used to gain an overall understanding of the hydrocarbon
characteristics of the sediments and animals, the possible sources and mobility of the hydrocarbons, and
the environmental imptance of the measured hydrocarbons.

HydrocarbongPAHs, SHC, and S/T petroleum biomarkewgere measured in surface sediment
(and one sediment core) and marine animal (amphipods, clams, and fish) samples collected at stations in
less than 25 m deep waterthe nearshore environment to #ugeof the continental shelf 5@i off
shore in water depths of 500 Most of the nearshore stations were stations that had been sampled in
earlier phases of ANIMIDA, while the offshore stations were new to the progifae sample collection
and analysis methods that were used were the same as those used in earlier phases of ANIMIDA, to
ensure data comparability.

Thoughseveral classes of hydrocarbons were measured and the data analyzed, PAH are the class
that are of geatest environmental intere$he surface sediment Total PAH concentration ranged from a
little under 100 to a little over 1,000 ngfy,wt., and averaged 532 (2014) and 707 (2015) ng/g for the
two survey yearsThese concentrations were comparabliétse thahad been measured in ANIMIDA |
and Il; the mean concentration for each year ranged from 380 to 570 hg/gydrocarbon
concentrations (PAH, SHC, and S/T) were also similar to what has been measured in the sediments in
other studies in the Beawrt and Chukchi Seas, and other marine regions of Alaska that have not been
impacted by anthropogenic activitidsdarvey et al., 2014; Trefry et al., 2013; Brown et al., 2010; Neff
and Durell, 201Q)The surface sediment concentrations were slightly highttre offshore stations than
nearshore, potentially as a resulsewardransport of finegrained material that tends to have higher
hydrocarbon concentrations than coarser matdied.sediment core, collected welfstiore, had
uniform hydrocarbomoncentrations at all depthiscludingin sedimenstratarepresenting deposition
from many centuries ago; the amount and source of the hydrocarbons has remained constant for a long
time and does not seem to have been altered by human actiielsydocarbons in the Beaufort Sea
sediments are primarily from namil petrogenic and biogenic sources, with minimal amounts of
pyrogenic hydrocarbon®lost of the hydrocarbons are carried to the Beaufort Sea through coastal erosion
and river input of hydrocadm rich materials, such as peat and shée. concentrations of PAH in the
sediments are low, at natural background levels, and well below concentrations that could cause harm to
marine animals.
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The concentrations of PAH, and other hydrocarbons, were vadigble in the tissue of marine
ani mals than in the sedi ment ; t here are seasonal
life and feedingThe mean Total PAH concentration ranged from 25 to 30 dgyg, in the amphipods
collected in2014 and 2015, from 44 to 380 ng/g in the clams (a few values above 100 ng/g were
attributed to analytical challenges, and do not represent actual field concentrations), and from 24 to 94
ng/g in the Arctic codThe concentrations did not correlate weillhathe lipid content of the animals,
demonstrating that many factors influence the accumulation of hydrophobic compounds by marine
animals.There was no clear geographic pattern in the hydrocarbon concentrations of these marine
animals.The tissue hydrochon concentrations were comparable to what had been measured during
ANIMIDA | and Il, and in other studies in the Arctjelarvey et al., 2014; Neff and Durell, 2012; Neff
and Durell, 2010; Neff et al., 2009)he concentrations of the PAH that have acdated in the marine
animals are low, at natural background levels, and well below concentrations that could cause toxic
effects or other harm to those animals.

The ANIMIDA Il project has built on and expanded the knowledge base from earlier phases of
ANIM IDA. The project has extended the monitoring from mainly nearshore environments to the
continental slope to gain a better understanding of the Beaufort Sea environment and system as a whole,
and also to study some areas well off shore that may be ofsinteréuture developmen&NIMIDA Il
has provideadditional hydrocarbomonitoring information that can be used as valuable reference data
should new oil and gas development occur, and for environmental management.

4.1 Introduction

During ANIMIDA | and Il the monitoring was performed in nestnore potential development
areas from Harrison Bay in the west to just beyond Camden Bay in the east (Neff and Durell, 2010;
Brown et al., 204; Neff et al., 2009)The stations were within 28i of the shore andiiless than 25 m
water depthThese were the neahore areas of the Beaufort Sea where there, at the time, was the
greatest interest in potentially developing for oil and gas produdti@y. also included monitoring pre
and postevelopment at the Nowtar production facility ANIMIDA | and Il also included studying the
major rivers of the Beaufort Sea, including their significance sources of the water, sediment, organic
matter and othesubstances

For ANIMIDA Il , the geographical area was expandgdiicantly. Survey stations were
located as far as 5@i off-shore, at thedgeof the continental shelf and the beginning of the slope, in
water depths of up to 500 fhe study area was expanded to include new offshore areas where
development may potéally occur and to also obtain a better understanding of the physical, chemical,
and biology characteristics of the Beaufort &dIMIDA 11l also included resampling at a series of
stations sampled during ANIMIDA | and Il to gain an understanding ofuheent conditions and trends
at these stations.

Specifically, thischapteraddresses the hydrocarbon chemistry component of ANIMIDA |iI,
including the concentrations and distribution of hydrocarbons in the Beaufort Sea sediments monitored
during ANIMIDA [1l, the accumulation of hydrocarbons by selected benthic organisms and fish, the
potential sources and fate of the hydrocarbons, the geochemical history of hydrocarbons in the Beaufort
Sea, and the environmental relevance of the measured hydrocarbehgdrocarbon information
produced during ANIMIDA lll, together with the ANIMIDA | and Il data, provides a comprehensive
characterization of the hydrocarbons in the sediment and benthic environment of the Beaufort Sea,

83



emphasizing the oil and gas lease ar€hss information is useful for also understanding the dynamics of
the hydrocarbons in these same areas, and can be valuable for understanding and managing future
potential impact of oil and gas activities in the Beaufort Sea.

4.2 Methods

This section sumarizes the methods used to collect and analyze the ANIMIDA Il sanpies.
field work is only briefly summarized. The field work was more thoroughly documented the Field
Sampling Plan and the Field Reports from the two cruésZ014a, 2014b, and 20 %ncluding the
navigation and specific sampling locations, sample collection procedures, sample types collected,
navigation, equipment decontamination and field quality control, and sample handling and storage and
shipping.Similarly, the laboratory sanganalysis procedures that were used, including the quality
assurance and quality control, were described in detail in laboratory Quality Assurance Project Plans
(QAPPs).

4.2.1 Field Sampling

The stations that were sampled are showFignire70. ANIMIDA 1l stations sampled in 2014
and 2015.the yellow squares indiathe stations sampled in 2014 and the orange circles those sampled
in 2015.The sampling design is described in detail in the Field Sampling ®Rr2014a), andpecific
information on each sampling location and the conduct of the field activities is summarized in the Field
Reports OF, 2014b and 2015).

The number of samples, in total and by sample tigmymmarized imable12for bath 2014 and
2015.The ANIMIDA Ill sampling included (1) 18 nearshore stations at locations previously sampled in
ANIMIDA | and/or Il, (2) 35 new generally farther efhore stations, 25 of which were randomly located
within 25 hexagons placed over the stagea and 10 of which were strategically located to ensure
sufficient coverage of the study area and to obtain sampling on the slope, (3) 9 new ANIMIDA Program
stations within the parts of Camden Bay where there has been recent interest in oil andlgpmday
and (4) 7 stations, in total, from two DBO lines located in the study are&{188d 143W lines,

Figure70).
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Table 12. Total number of stations sampled for hydrocarbon analysis by sample type and year.

Sediment Biota Stations
Station8 Amphipods Clams Arctic cod
2014 | 2015 2014 | 2015 2014 | 2015 | 2014 | 2015

BSMP/cANIMIDA/Nearsho| 10 8 5 2 1 3
Random/Offshore 24 11 15 4 5 3 7 3
Camden Bay 9 1 1
DBO Line (2 lines) 7 3 3 3
Totd 43 26 21 7 7 7 11 6

a The numbers represent the number of discrete stations that were sampled, not the number of samples theat W

station replicates were also collected and analyzed.
b The sediment stations represent surface sesitiemesit cores were also collected at a subset of the stations, an
hydrocarbons were analyzed in 11 segments from a core collected at Station 1.2 in 2014.
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The majoriy of the samples were surface sedimefstew sediment cores were also collected,
and one of those (from Station 1.2 in 2014) was selected for hydrocarbon analysis of selected segments,
after the sediment integrity and depositional stability had bediedethrough radiochemical analysis.
Biological samples were collected for different purposes and different ANIMIDA 11l technical
disciplines, including for hydrocarbon analysis of amphipda®(yxsp.), clamsAstartesp.), and Arctic
cod Boreogadus dda) to understand the presence and accumulation of hydrocarbons in those animals.
Additionally, while not part the ANIMIDA Ill scope of work, stdamples were taken from the surface
sediments collected at 14 stations in 2014 and 20 stations in 2015pmsssafopportunity, and provided
for Alexandriumcyst analysis.

Surface sediment samples were collected using a modified darbdeen grab sampléefifure
71). Care was taken throughout the subsampling process to avoid suithacydrocarbon and metals
sources; samples for analysis were taken from the center of the grab and away from the sides of the grab
using norcontaminating materials (e.g., stainless steel, glass, Teflon®, Kyrige@)nent samples were
collected from tk top 2 cm of the grab to represent recent accumul&aximent cores were collected at
12 locations (7 in 2014 and 5 in 2015) using a gravity coring system; one core was, subsequently, used for
hydrocarbon analysis.

Amphipods were collected in Nytex sfelined plastic minnow traps baited with sardinEg(re
72), and deployed over several houttams were collected using a clam rakey(ire73). The
amphipodsand the clamsvere gently rinsed with sitseawaterAdult Astartesp. were subsequently used
for chemical analysis both because they were found in greatest amounts and to ensure comparability to
relevant historical dat&ish were collected with a benthic trawl, and Arctic dddréogadus saida
collected at several locations were removed for hydrocarbon andlgsi®enthic (clams), epibenthic
(amphipods), and pelagic (Arctic cod) animals were included in the monitoring to gain an understanding
of current hydrocarbon boeyurden conditions angotential bioaccumulation assessment.

Figure 71. Double van Veen surface sediment sampler.
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Figure 73. Clam collection and clams collected from the seafloor.

4.2.2 Analytical Methods

The chemical classes of greatest environmental interest associated with offshore oil and gas
exploration, development, and production are metals and hydrocarbons (Neff, 1987, 2010). Petroleum
also nmay enter the environment in accidental discharges or spills from vessels during exploration. The
chemical constituents of primary environmental concern in petroleum areTeHediment and
biological tissue samples were analyzed for several classedrmaichybonsTable13), including PAH.

The approximate method detection limits and reporting limits are summariZedblgl4. A detailed
listing of the individual hydrocarbon compounds that were measim@dding the analytical limits of
detection, are presented in appendix TabldstArough A3.

The analysis of hydrocarbons in sediment and marine invertebrate tissue samples was performed
at Battelle. Samples were analyzed for PAH, S/T, TPH, and ($Hi&el13). The PAH analyses captured
45 parent PAH compounds and aHdMAH isomer groups (including the 16 priority pollutant PAH), the
SHC analysis included 37 alkanes and isoprenoids, and the petroleum biomarker analysts4a@litle
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compounds (including the 15 base S/T compounds monitored during ANIMIDA | asected sums

of these compounds were also calculated and reported. The list of analytes included hydrocarbons that are
expected to be present in permitted or aaaidl discharges during oil and gas development and

production. Additionally, these analyses are useful in identifying potential sources of hydrocarbons in
marine environmentg.issue samples were also analyzed for total lipid concentration, and graamdize

TOC was measured on the sediment samples (by FIT).

The analytical methods that were employed were developed, refined, and validated specifically
for reliable tracdevel analysis of the target parameters in marine sediment and biological Tissue.
analytical protocols have been used extensively for baseline hydrocarbon characterization and monitoring
of potential impact from offshore oil and gas activities in Alaska, including ipréagousphases of the
ANIMIDA Program, ensuring data comparalyilit

Table 13. Summary of chemical analyses of sediment, marine invertebrate, and fish samples.

Parameter Sediment Inve_rtebrate '.:'Sh
Tissue Tissue

Hydrocarbons

Parent and alkylated polycy

aromatic hydrocarbons (PA

Petroleum Biomarkers (S/T)] X X X

Saturated Hydrocarbons (S X X X
Ancillary Measurements

Total organic carbon (TOC) X

Total Lipids X X
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Table 14. Approximate method detection limits (MDLs) and reporting limits (RLs) for petroleum
hydrocarbons in sediment and marine invertebrate and fish tissues.

Water MDLs are in ng/L and sediment and tissue MDLs in ng/g, d. wt.

Compound Class ‘ MDL ‘ RL

PAH and Alkylated PAH

Sediment 0.0870.50 1.225

Biological tissue 0.431.3 2447
Petroleum Biomarkers (S/T compounds)

Sediment 0.170.20 0.621.9

Biological tissue 0.461.5 2471
Individual SHC Compounds

Sediment 5.410 50

Biological tissue 17120 240

4.2.2.1 Analysis of Hydrocarbons

The sediment and biological tissue samsplvere analyzed for a large suite of parent and
alkylated PAH, S/T petroleum biomarker compounds, SHC compounds, and TPHIsTPH
analysis, like all analyses, was performed in accordance with the QAPP but wa$hbamalysis.This

is because TPHnalysis is usually performed to assess the contamination associated with petroleum
releases, or other samples with high concentrations of petroldumextract for TPH analysis of samples

from this type of monitoring generally includes significant amoohtaterference and false positive
contributions from biogenic materials, and does not produce usefubdatawith the TPH analysis for
this study being performed on a partially purified SHC extract fractiotiréietion from a silicagel
fractionatio) , and thus referred
concentrations measured in these samples, and the TPH/tSHC data are not considered representative of
the actual concentrations and are of limited vallRH analysis is @&n not a useful measurement when

monitoring neabackground environmental conditions and the individarletSHC compound

t o

as

fTot al

measurements provide a better assessment of the overall hydrocarbon situation.

SHCOo,

The sediment and tissue samples were frozen stadtdliycollection, and stored frozen at
approximately20°C, until laboratory processing could begin. The samples were processed in laboratory
analytical batches of no more than 20 field samples, with each batch sanéaset of laboratory quality
contol (QC) samples that included a method blank (MB), laboratory control sample (LCS), matrix spike
(MS), and a matrix spike duplicate (MSD). A SRM was also analyzed with the sediment and tissue
samples, for those parameters that have certified vatuadlition, an Alaska North Slope crude (NSC)
reference oil was analyzed to monitor instrument performance and compare to a historical database for
this material of more than 25 years. The QC program was designed to monitor the potential for laboratory

contamnation, and accuracy and precision in the presence and absence of a sample matrix. The QC

not a

results indicate that the data are of high quality and that the results are representative of the samples and

can be used with confidence.
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4.2.2.2 Sediment Sample Preparation for Analysis

Sediment samples were extracted as described in B&talidard Operating Procedu80P 5-
192, Soil/Sediment Extraction Using an Orbital Shaker Table Method for Trace LeveV/Slketile
Organic Contaminant Analysis. The samplteparation procedures are modificationghef
Environmental Protection AgenciPA) SW846 methodsApproximately 30 grams of well mixed
sediment was spiked with the appropriate amount of SHC, PAH, and S/T surrogate internal standard (SIS)
compounds anderially extracted with dichloromethane (DCM) using orbital shaker table techniques. The
combined extracts were dried over anhydrous sodium sulfate and concentrated by-Raaéshaor
TurboVap and N2 evaporation techniqu&stivated copper was addedttee sample extracts to remove
residual sulfur. The extracts were then purified using a combination of alumina clean up column and
silica gel column fractionation, isolating the saturated hydrocarbon and petroleum biomarker fraction (F1)
from the aromatic ydrocarbon fraction (F2). The F1 and F2 fractions were collected, concentrated, and
spiked with internal standards (IS) compounds and analyzed as described below.

Some of the surface sediment samples collected in 2014 and 2015 were subsampled and
submittel to the Woods Hole Oceanographic Institution (WHODAtmxandriumcyst analysisKigure
74). For cyst enumeration, a homogenized 5 mL sediment sample was removed from each sample,
resuspended with filtered seawater, sonicaiad,sieved to yield a clean,-200 um size fraction
(Anderson et al2003). Cysts were then concentrated, stained with primulin, and enumerated in each
sample as described in Anderson et al. (2003).

Figure 74. Alexandrium fundyense cysts in sediment samples collected in 2015 from station 149-
350 in the Beaufort Sea.

Micrographs of primulin-stained cells viewed using epifluorescence microscopy.

4.2.2.3 Tissue Sample Preparation for Analysis

The amphipod, clam, and fish tissuere partially thawed and the clams shucked with a pre
cleaned titanium knife to remove soft tissues from sfiék overlying water was poured off and the
samples were homogenized in a glass jar by maceration with a Tissueneigeipped with Teflo
gaskés and titanium probes, prior to analydifarine tissue samples were extracted as described in
Battelle SOP 890, Tissue Extraction for Trace Level Seviulatile Organic Contaminant Analysis.
Approximately 20 g of homogenized tissue was spiked with EBBe@mpounds and serially extracted
three times with DCM using a TissuemizerE technig
centrifuged to facilitate solvent removal. The combined extract was dried over anhydrous sodium sulfate
and concentrated by KuderDanish or TurboVap and N2 evaporation techniques. A portion of the
extract was removed to determine the total extractable organics (TEO), as a measure of total lipid weight,
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by a gravimetric analysis. The extracts were processed through alumina callifnacéionated on silica
gel column to isolate the hydrocarbon fractions. The F1 and F2 fractions were collected, concentrated,
and spiked with IS compounds and analyzed as described below.

4.2.2.4 Instrumental Analysis of Hydrocarbons in Sediment and Tissues

The instrumental analysis was conducted following methods that have been modified from EPA
Methods 8015 (SHC compounds and TPH) and 8270 (PAH and S/T compounds), to obtain improved
sensitivity and specificity, to include a number of additional keyetaparameters, and to ensure that the
analysis is appropriate for low level detections in marine sediment and tissue samples.

Sediment and marine tissue samples were analyzed for PAH as described in BatteH&530P 5
Identification and Quantificatioaf SemiVolatile Organic Compounds by Gas Chromatography/Mass
Spectrometry. This protocol was also used for petroleum biomarker analysis of sediment and tissue
samplesThe method described in the SOP is a modification of EPA Method 8270, modified tteinclu
additional target compounds (e.g., alkyl PAHs and S/Ts), and to obtain lower detection limits and better
specificity by operating the mass spectrometer detector in the selected ion monitoring (SIM) mode. The
target parent and alkylated PAH are summarineTable Al and target petroleum biomarkers are
summarized in Table & (the 15 base S/T compounds from prior phases of ANIMIDA are listed first).

The F1 fraction was analyzed for petroleum biomarkers, and the F2 fraction for PAH, by gas
chromatographyhass spectrometry (GC/MS). Prior to the analysis of analytical standards and samples,
the mass spectrometer was tuned with perfluorotributlyamine (PFTBA) to maximize the sensitivity of the
instrument. The GC/MS was calibrated with at leaspaift calibation consisting of target compounds
to demonstrate the linear range of the analysis. Typically, the calibration for this method ranges from
0.010 to 1(ng per microliter (IL). Calibration verification was performed at the beginning and end of
each 24 houperiod.

Concentrations of the individual PAH and S/T compounds were calculated by the internal
standard method.arget PAH and S/T concentrations were quantified using average response factors
(RF) generated from the mulével calibration Alkyl homologue PAH concentrations were determined
using the average RF for the corresponding parent compound, hopanes were assigned the RF of hopane,
and all other biomarkers were assigned the RF of cholestane. Well established alkyl homologue pattern
recognition andntegration techniques were used to determine alkyl homologues. S/Ts were identified
based on characteristic elution patterns. Final concentrations were determined versus the appropriate SIS
(i.e., corrected for SIS recovery).

Sediment and marine animadgue samples were also analyzed for SHC and TPH, as ddseribe
Battelle SOP 202, Determination of Low Level Total Petroleum Hydrocarbon and Individual
Hydrocarbon Concentrations in Environmental Samplegasychromatography/flame ionization
detection(GC/FID). The SOP is a modification of EPA Method 8015, modified to obtain improved
sensitivity and specificity, to include a number of additional key target parameters, and to ensure that the
analysis is appropriate for marine samples. The target SH¢tesmiare summarized in Table3A

The F1 fraction was analyzed for SHC compounds and TPH (as Total SHC) by GC/FID. Prior to
sample analysis, the GC was calibrated using, at a minimusppabcalibration consisting of the target
compounds to demonstratee linear range of the analysis. The concentration of the calibration solutions

typically ranged from 1 to 100 eg/mL. The | ow cal
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but above thenethod detection limit\]DL ). Calibration verification \as performed at the beginning and
end of eact24-hourperiod in which samples were analyzed.

Concentrations of SHC and TPH were calculated by the internal standard method. Normal
alkanes were quantified using the RF generated from the initial calibriast@nenoid hydrocarbon
concentrations were quantified using the RF of tadkane immediately preceding each target
isoprenoid. TPH concentrations were quantified using the average RF of C8 through C40. TPH was
measured by integrating the resolved an@soived peaks in a sample extract in ti@8nthrough rC40
range and subtracting out the response generated from baseline drift attributed by the GC column bleed.
The baseline drift was determined by analyzing a solvent blank spiked with IS and quattidyin
response generated in the same manner as the sample extracts. Final concentrations were determined
versus the appropriate surrogate compound.

4.2.2.5 Notes on Hydrocarbon Summations for Reporting

The concentrations have been determined and redortedch of the individual compounds
listed in Tables AL through A3. Sediment and tissue concentrations were reported askilglgrédm
[kg]; partsperbillion [ppb]) on ad. wt. basis.In addition, selected summations of target compounds were
produced ér data review and analysis, and for comparison to historical aae include:

A Total PAH: the sum of all PAH compounds that were determined, including alkyl
homologues, except retene,-@dbenzothiphene, and Gluroanthene/pyrene, to ensure
comparabity to ANIMIDA | and II.

A LMW PAH: Low-molecular weight PAH2- and 3ring PAH, including alkyl homologues
(Naphthalene through Gdibenzothiophene), excluding retene.

A HMW PAH: High-molecular weight PAH4-, 5, and 6ring PAH, including alky!
homologuesf{uoranthene through benzo(g,h,i)perylene).

A Sum PAH16 (sometimes referred to as Total PAHt®):sum of the 16 priority pollutant
PAHs (EPA Method 610)s shown in bold in Table-A

A TPH (total SHC): the concentration based on the total resolved congpanddinresolved
complex mixture in the SHC (F1) fraction (C%40).

A Sum SHC: the sum of the individual resolved SHC target compounds(20)

A Total S/T: sum of all 47 S/T compounds measured.

A Sum S/T15: sum of the base 15 S/T compounds.

All summatiors reported use a zero value for fdetects.
4.2.3 Quality Assurance/Quality Control

The laboratory work, including the analytical measurements and quality assurance (QA) and QC
program, was implemented in accordance with the Program objectives. Lappratmdures, including
QA/ QC procedures, were al so documeiihe&kbwiign t he | ab
sections present key elements of the laboratory QA/QC Program.

The laboratory analysis for organic compounds was performed by Battelltheawork adhered
to a Quality System described in Battelleds Qual.
Assurance Manual (QAM) details the application of
Analytical and Environmental Chemistry LabomgtdSpecific project activities were defined in a

| aboratory QAPP that was prepared by the Projectéo
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ManagerThe Quality Assurance Unit (QAU) at Battelle monitored the analytical components of the
projectaccording to existing Battelle SOPs to ensure accuracy, integrity, and completeness of the data.
All sample receipt, storage, preparation, analysis, and reporting procedures followed written SOPs.
Project staff members were responsible for following tipeseedures and ensuring that measurement
guality objectives (MQOs) were achievéalthe event that an MQO was not met, the analytical staff
documented all corrective actions taken related to that exceeddwec€ask Leader reviewed and

approved correcte actions. The Task Leader was responsible for ensuring that project objectives were
met and that the data were traceable and defensible.

4.2.3.1 Field Quality Control

All field personnel (including boat crew members) were briefed on the potential for
contamination and crossontamination of samples and were given guidance on techniques to avoid such
problems (e.g., no cigarette smoking in the vicinity of scientific gear or during sampling activities). This
included the use of preleaned sample containetke use of clean sampling equipment, the use of the
decontamination protocol described above, and good field practices in general. It also included the
following specified sampling procedures and protocols in accordance with the Field SampligRlan (
2014a).

4.2.3.2 Laboratory Quality Control

A set of QC samples accompanied all field samples processed and analyzed at the laboratory. The
following QC samples were analyzed with each batch of field samples:

A MB: A procedural blank is a combination of seis, surrogates, and all reagents used during
sample processing, extracted and analyzed concurrently with the field samples. It is intended
to monitor purity of reagents and potential laboratory background contamination.

A LCS: An LCS sample is a contamimiafree matrixspecific sample [e.g., Ottawa sand or
sodium sulfate (sediment) and clean Tilapia (tissue)] that is prepared with each analytical
batch.It is spiked with the analytes of interest and processed identically to the field samples
to assess thanalyte recovery and method accuracy in the absence of a field sample matrix.

A MS: A matrix spike is a field sample spiked with the analytes of interest at approximately 10
x the MDL, processed concurrently with the field samptds.intended to monitathe
analyte recovery and method accuracy in the presence of a field sample matrix.

A MSD: A duplicate is a matrix spike sampleis intended to provide an additional measure of
recovery and method accuracy in the presence of a field sample matrixs@ma @dsess
precision by comparing the results to the MS results.

A (SRM: A standard reference material is a field sample with certified and naturally incurred
analyte concentrationdn SRM is prepared and analyzed to assess the accuracy of the
analyticalprocedures.

A (NSC Reference QilA NSC oil sample is used to evaluate the instrumental accuracy and also
provides petroleum pattern information, aiding in the qualitative identification of target
analytes.

A SIS (1 to 3 per sample for organic analyses§ 8dmpounds are spiked into each field and
guality control sample prior to organic compound extraction and analysis. The surrogate
recoveries provide a measure of the overall sample extraction and processing efficiency.
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A set of MQOs were established tasere that the analytical data would be of the quality
necessary to achieve the project objectives. The MQO for each QC parameter listed above is presented in
Table A4 and the data qualifiers that were used are summarized in Td&ble A

4.2.3.3 Method Detection Limits

The MDL is defined as the minimum concentration that can be measured and reported with 99%
confidence that the analyte concentration is greater than zero. Reporting limits (RL) are defined by the
sample concentration of a compound that is\ejant to the final extract concentration based on the low
calibration standard concentration. Target compounds confidently detected below the RL (typically down
to a concentration using a sigrtainoise ratio criteria of approximately331) were reporigand
gualified appropriately, regardless of how it compares to the calculated Mipkoximate MDLs and
RLs for each matrix for hydrocarbons are summarizélchisie 14, and actual MDLs for each compound
are included in Tables-Athrough A3.

4.3 Results

Sediment and marine animal (clams, amphipods, and Arctic cod) samples were collected in
August 2014 and 2015. The number of samples that were collected and analyzed are summaiized in
12. The locatdns of the 2014 and 2015 stations are illustratddgare70.

Samples were analyzed for four types of hydrocarbons: total petroleum hydrocarbons
(represented by the Total SHC), individual SHC, individual S/T, andsPthid individual target
hydrocarbon compounds that were measured are presented in Tdbthsofigh A3. This section
summarizes the results of the analyses of hydrocarbons in environmental samples collected in 2014 and
2015 during the ANIMIDA IIl Program summer rseys.

The presentations and discussions in this report are focused on the summations of hydrocarbon
data (e.g.Total PAH, Total SHC), to represent the hydrocarbon chemibtgy.information is in
particular focused on the PAH chemistry; PAH being tharéigarbon chemical constituents of primary
environmental concern in petroleum and activities associated with oil and gas development (Neff and
Durell, 2012; Neff, 2010; Neff, 1987hummaries across the two survey years are presented in this
section.The results for each sample are presented in Tabléshkough A8 (sediment), and Tables Al
and A12 (biological tissue)The detailed data for each sample and each of the 129 individual
hydrocarbon parameters (45 PAH, 37 SHC, and 47 S/T) has been ddlivB@BM, and was used as
the basis for this reporANIMIDA 11l data are archived at thBlational Centers for Environmental
Information (NCEl)at https://doi.org/10.7289/V5VQ30R3.

The sediment and biological tissue data in this report are presentetvantzasis. The use af.
wt. to report chemical concentrations reduces data variability caused by variations in the amounts of water
retained by the sample matrix, and provides for a more reliable data compalii$guarocarbon
concentration data areqsented as surrogate corrected data. Target compounds are corrected for the
recovery of a representative surrogate compound added to the sample during laboratory analysis. The
main purpose of this data correction is to account for sample loss that maychaxed during sample
processing, and to more accurately represent the actual hydrocarbon concentration in the original field
sample.
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4.3.1 Sediment Monitoring

Concentrations of individual PAH, S/T, and SHC compounds, as well as TREH@}, were
measued in sediments collected in 2014 and 2015 during the ANIMIDA III survdys sediment
hydrocarbon concentrations, and summary statistics, using key parameter summations, and TPH, are
summarized iMablel15. Table1l5includes both the surface sediment data from 2014 and 2015, and the
data for the single sediment core that was collect@@14and analyzed for hydrocarbon concentrations.

As discussed, TPH analysis of sediments such as these is susdeptiterference from
biogenic and other nepetroleum organic compounds and is not useful for #ea environmental
monitoring or to assess small potential changes over low environmental background concentrations.
Therefore, the TPH data (as Tot&l©) should not be used in this data assessment; the sumtafgbe
SHC compound concentrations provides a better measure of the general hydrocarbdrultireisnore,
it is important to consider the variability in the data when, for instance, comgpaean 2014 and 2015
concentration or when comparing these data to data from any future potential development and
production years, to determine if there are significant differences.

Table 15. Summary of concentrations of hydrocarbons in sediment samples collected during
ANIMIDA lIl.

All concentrations are ng/g dry wt (ug/kg; parts per billion).

Hydrocarbon 2014 2015

Type Mean | SD | Min | Max Mean | SD | Min Max

Surface Sedime=43 in 201@nd n=26 in 2015)
Total PAH 532 331 22.6 1,30 707 450 96.0 1,470
Sum SHCs 3,010 1,800 200 7,950 3,340 1,820 410 7,340
Total SHC 5,510 3,650 490 13,700 | 8,300 5,580 130 17,700
Sum S/T 85.1 39.9 8.41 154 108 62.3 16.2 212
% TOC 1.07 0.40 0.25 2.28 1.17 0.45 0.30 2.36
SedimenCore (n=11 segmeritem one core in 20114

Total PAH 1,320 102 1,150 1,49
Sum SHCs 7,630 870 6,190 8,470
Total SHC 14,800 3,960 10,200 | 23,0
Sum S/T 165 11.7 141 179
% TOC 1.57 0.07 1.5 1.67

4.3.1.1 Polycyclic Aromatic Hydrocarbons (PAH)

Concentations of Total PAH in the 2014 surface sediment samples range from 22.6 to 1,300 ng/g
with 36 of the 43 samples having Total PAH concentrations less than 1,000 ablgls, Table A6),
and the remaining having concentratieméy slightly above 1,000 ng/@he 2015 surface sediment Total
PAH concentrations were similar, ranging from 96 to 1,470 figig.mean Total PAH concentrations
were 532 + 331 ng/g (orD) and 707 + 450 ng/g in the surface sediments collected in 2012Dasd
respectivelyThe 11 segments from the sediment core collected at Station 1.2, almufhore, had
higher and rather consistent PAH concentrations, with a mean Total PAH concentration of 1,320 + 102
ng/g (and a range of 1,150 to 1,490 ng/gtier 11 segmentsThoughnot consistently so, the lower PAH
(and other hydrocarbon) concentrations were generally in the sediments with lower total organic carbon
(%TOC) and higher sand content that other samples, and often from closer to the sharedfifstmofe.
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4.3.1.2 Saturated Hydrocarbons (TPH and SHC)

The surface sediment TPH (as Total SHC; tSHC) concentrations showed a somevénat high
degree of variability than other hydrocarbon measurements, which can, as discussed earlier, be attributed
to challenges in reliably measuring an overall hydrocarbon value (as opposed to discrete compounds) in
environmental samples at tralexel concentrationg he measured TPH/tSHC concentrations are likely,
in part, contributed by biogenic (both plant and anibzsed) and other organic compounds, and not only
hydrocarbons of petroleum nature, even following sample extract purification; the measurement is
therefore of less value for samples such as tid¥d.analysis is primarily intended for characterization
of sites with significant petroleum contamination and not forllevel environmental monitoring of un
impacted locationsThe analysis of the individuédrgetSHC compounds, as represented by the sum of
the concentrations of the SHC compounds, is a maeblelmethod for assessing the general petroleum
hydrocarbon concentrations in these samples than TPH or TSHC analysis, and for comparing the overall
hydrocarbon levels.

Sediment Sum SHC concentrations (the sum of the individual alkane and isoprenaidicdmp
concentrations) ranged from 200 ng/g to 7,950 ng/g in the 2014 samples and from 410 to 7,340 ng/g in
2015.The mean Sum SHC concentrations were 3,010 + 1,800 ng/&@rend 3,340 + 1,820 ng/g in
the surface sediments collected in 2014 and 201pecésgely. The mean Sum SHC concentration for the
sediment core samples from Station 1.2 (2014) was 7,630 + 870 ng/g so, like for PAH, somewhat higher
and much more uniform concentrations than the surface sedimbatmost abundant resolved alkanes
in all sediment samples were the higher molecular weigtikanes (above-820), and particularly the
odd-numbered alkanes, with the most abundaalkane in all sediment samples generally beh@Ri,
indicating significant contributions froterrestrial plat materialsources.

4.3.1.3 Petroleum Biomarkers - Steranes and Triterpanes (S/T)

(S/T are generally present at substantially lower concentrations than SHCs and PAH in both
petroleum materials and environmental samples, and are not considered to beremtab
contaminantsThey are, however, a component of petroleum and because of their stability and unique
composition in different petroleum and hydrocarbon materials are often very useful for identifying and
differentiating sources of petroleum, inclndispilled materials and if petrogenic or bioge&if. data
can therefore be important to include when establishing baseline hydrocarbon conditions, and when
conducting potential impact monitoring.

The Sum S/T15 concentration has been used and reposted ddathe 15 S/T parameters used in
earlier ANIMIDA phasesThose have also been reported for ANIMIDA IlI, and a total of 32 additional
S/T compounds were included in the analysis of these samples (T-2plen&ny of which can be useful
for identifying subtle differences in hydrocarbon sources.

97



Concentrations of Sum S/T (based on all 47 S/T compounds) in the 2014 and 2015 surface
sediment samples ranged from 8.41 to 154 ng/g and 16.2 to 212 ng/g, respekdibliedys). The S/T
concentrations were generally quite uniform, with the majority of the samples having Sum S/T
concentrations that were within a factor of three of each other (generally between 50 and 15b@g/Q).
mean Sum S/T concentrations were 85.1 + 39.9 ng/g antl 828 ngg in the 2014 and 2015 surface
sediments, respectivelyhe mearS/T concentration for the Station 1.2 sediment core was 165 + 11.7
ng/g(ranging from 141 to 179 ng/g, with the concentration tending to decrease with dep#gain,
slightly higher and more uniform concentrations than the surface sediments.

4.3.1.4 Alexandrium Cyst Measurements

There have been several recent reports of this bfooming toxic alga in the Arctic and adjacent
seas, including the discovery of extremely largaiandations of dormanilexandrium fundyenseysts
in the eastern Chukchi Sea (Gu et2013 Natsuike et a).2013).The origin or history ofA. fundyense
cysts in the Arctic and their current role in the population dynamiéseaxfandriumin the regiorand
prevalence in Arctic food webs are unknown. However, the high cyst accumulations observed in the
Chukchi Sea could represent a significant and sustained seedbed for future outbreaks and species
dispersal as Arctic waters continue to warm.

Sediment saples of opportunity were collected during the 2014 and 2015 ANIMIDA Il survey
in support of a WHOI study investigating the prevalence of thefoysting, toxinproducing
dinoflagellateA. fundyensé the Beaufort Sefrigure75). The effort focused on delineating the
geographic extent of cyst seedbeds and determining the magnituderagbiothis region. This analgsi
complements ongoing research at WHOI to examine the origin and transpoftnflyense Arctic
waters, cheacterize the physical and physiological processes that determine the extent of cyst
germination and vegetative cell growth in the Arctic, and identify favorable habitat areas for bloom
initiation.

A total of 34 sediment samples were processed and adalAeindyense&esting cysts were
observed in five of the 14 samples collected in 2014, and six of the 20 samples collected FigR0&5 (
75). Concentrations at stations where cysts were observed ranged from 3 to 18 cysteamk @D: 5.4
+ 4.8 cysts/mL).

Analysis of sediments collected from the Beaufort Sea in 2014 and 2015 show&d that
fundyenseysts were present at low densities in approximatelytioing of the samples examined. Cyst
abundances in Beaufort Sea sedimer@ee significantly lower than those observed in the Chukchi Sea.

The Beaufort Sea may represent the | eading edge

seedbed located to the west in the Chukchi Sea.
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Figure 75. Maps showing sediment sampling locations in 2014 (top panel) and 2015 (bottom
panel).

Stars indicate stations where Alexandrium cysts were detected. Circles indicate no cysts
observed. Unpublished results provided by Don Anderson and Mindy Richlen, WHOI.

4.3.2 Biota Monitoring

Concentrations of individual PAH, S/T, and SHC compounds, and TPH (as Total SHC), were
also measured in tissue of marine invertebrates (clams and amphipods) and fish (Arctic cod) collected
during ANIMIDA 1ll. The tissue drocarbon concentrations, and summary statistics, are summarized in
Tablel6, and the results for each individual sample are presented in TatktesaAd A12. The Total
PAH and Sum SHC data are described in this report; thar® TPH/tSHC data have also been reported,
but are of limited value for biological tissue evaluatidhe lipid content (as a percentage (%), @h at.
basis) was also determined on all tissue sampledsatgb reported.

When evaluating biologicaldsue hydrocarbon concentratipit$s important to remember the
animal mobility and the contaminant accumulation mechanisms; stggemnific results are less
meaningful than for sediment (particularly for the mobile amphipods andAidtijtionally, fairly small

99



numbers of biological tissue sampiesrecollected, making it difficult to perform reliable statistics on

the dataAlso, it is important to consider the variability in the data when, for instance, comparing mean
2014 and 2015 (and future) contetions, or when performing areal comparisons, to determine if there
are differences.

Table 16. Summary of hydrocarbon concentrations in amphipod, clam, and fish tissue samples
collected during ANIMDA 111.

All concentrations are ng/g dry wt (ug/kg; parts per billion); lipid is % dry wt.

q b 2014 2015
Hydrocarbon TYPE ™y can | sD | Min | Max Mean |  SD | Min | Max
Amphipodgn=21 in 2014 and nn72015)

Total PAH 30.4 25.2 12.4 109 25.1 3.80 20.4 30.7

Sum SHC 61,000 | 60,200 | 4,020 296000 | 47,600 | 53,600 15,500 | 164,000

% Lipid 5.46 1.35 2.60 7.71 5.11 1.02 3.91 7.03
Clams (n=7 in 2014 and n=7 in 2015)

Total PAH 380 694 55.6 1,930 44.0 22.6 17.2 69.9

Sum SHC 3,690 4,130 1,130 12,900 | 2,700 1,510 1,320 6,100

% Lipid 2.82 0.72 1.83 4.00 1.08 0.46 0.66 2.09
Fish (n=11 in 2014 and n=6 in 2015)

Total PAH 94.3 21.5 63.9 131 23.9 9.58 11.3 37.0

Sum SHC 80,100 | 105,000 | 1,930 314,000 | 978,000 | 1,190,000 | 15,600 | 3,080,000

% Lipid 3.40 1.15 1.51 4.80 5.50 1.14 4.06 6.85

4.3.2.1 Polycyclic Aromatic Hydrocarbons (PAH)

The Total PAH concentrations in the clam, amphipod, and Arctic cod tissue samples are
summarized iMable16. The Total PAHd. wt. concentrations were rather uniform for amphipods, more
variable for clams, while thedi Total PAH concentrations were quite uniform for a given yiédae.
amphipod Total PAH concentrations ranged from 12.4 to 109 ng/g in 2014 and from 20.4 to 30.7 ng/g in
2015 (most were between 20 and 30 ng/g), and the lipid content ranged from 2.804@¢&r@ss the two
years.The mean Total PAH concentrations in the amphipods were 30.4 £ 25.2 ng/g in 2014 and 25.1 +
3.80 ng/g in 2015; a few apparently elevated concentrations in 2014 clearly impacted the summary
statistics.

Concentrations of Total PAH itlam tissue ranged from 55.6 to 1,930 ng/g in 2014 and from
17.2 t0 69.9 ng/g in 201@ able16); mostclamsampla had Total PAH concentrations under 100 ng/g,
and the one sample with a reported concentration of 1,930 ng/gkelgste result of an analytical
artifact. The lipid content of the clams ranged from 0.66 to 4.36%ut. for the 2014 and 2015 samples.
The amphipods had about two to three times higher lipid content than the clam s@ihplegan Total
PAH concentrabns in the clams were 380 + 694 ng/g in 2014 and 44.0 + 22.6 ng/g in 2015; one
dramatically elevated, and likely erroneous, concentrations reported in 2014 clearly impacted the
summary statistics.

Concentrations of Total PAH in Arctic cod tissue rangedf63.9 to 131 ng/g in 2014 and from
11.3 to 37.0 ng/g in 201F able16). The mean Total PAH concentrations in the fish were 94.3 + 21.5
ng/g in 2014 and 23.9 £+ 9.58 ng/g in 2015. The fish Total PAH concentrations were quitenwmithin
a given year, but the 2014 concentrations were, on average, four times higher than Ti@Q0iptd
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content of the Arctic cod ranged from 1.51 to 6.88%wt. for the 2014 and 2015 samples and,
surprisingly, the lipid content was higher iretB015fish, thathad lower Total PAH concentrations.

4.3.2.2 Saturated Hydrocarbons (SHC)

As discussed for the sedemt TPH results, the tissue TREIHC analysis is susceptible to
interference contributions from ngretroleum hydrocarbons in complex saenmatrices, and that is even
more the case for tissue samples than sediment samgtiisonally, the tissue TPH/ASHC
concentrations were generally near the limit of detection, when detectable, which further confounds those
results.Again, the resolved8C compound analysis (including Sum SHC) is a more reliable method for
assessing the overall petroleum hydrocarbon concentrations in these samples, and for comparing the
hydrocarbon data, and that is what is presented below.

Tissue Sum SHC concentratiaragige from 4,020 to 296,000 ng/g in the amphipod samples in
2014 and from 15,500 to 164,000 ng/g in 2ah®& concentrations were quite variaplable16). The
saturated hydrocarbon concentrations in the amphipod are dominatezidmprenoidpristanethat is
naturally produced bgome marine plants amehimals as part of their metabolic processasl
bioaccumulated by amphipods and Arctic cod from their fotbe mean Sum SHC concentrations in the
amphipods were 61,000 + 60@2ng/g in 2014 and 47,600 £ 53,600 ng/g in 2015; the concentrations
clearly had a large amount of variability.

The Sum SHC concentrations in clam tissue range from 1,130 to 12,900 ng/g in 2014 and from
1,320 to 6,100 ng/g in 2015; most clam sampled had SHC concentrations under 5,000 nd/ge
mean Sum SHC concentrations in the clams were 3,690 + 4,130 ng/g in 2014 and 2,700 £+ 1,510 ng/g in
2015.

The Sum SHC concentrations in Arctic cod tissue range from 1,930 to 314,000 ng/g in 2014 and
from 15,600 td3,080,000 ng/g in 2018 able16). The mean Sum SHC concentrations in the fish were
80,100 £ 105,000 ng/g in 2014 and 978,000 + 1,190,000 ng/g in 281%.amphipods, most of the Sum
SHC was pristineThe fish Sum SHC concentians were highly variable, and a few fish samples with
more than 100,000 ng/g (in 2014) and mitian 1,000,000 ng/g (in 2015) clearly impact the summary
statistics.

4.4 Discussion

The results that were presented in Sedli@rare further described addscussed in this section.
Information related to the surface sediment hydrocarbon concentrations that were measured, including
how those vary geographically and how they compare to results obtained in other relevant studies, are
presented and discussédthe composition of the measured hydrocarbon compounds is also described, and
the potential sources of the hydrocarbons in the Beaufort Sea is disduss@dtential ecological
implications of the measured surface sediment hydrocarbon concentratiors atis@lssed.

Hydrocarbon concentrations in sediment core samples are described, to gain an understanding of the
history of hydrocarbon loadings.

Hydrocarbon concentrations in the tissue of amphipods, clams, and Arctic cod are also discussed,
to understanthe levels of those chemicals in selected key marine aniAddstionally, the potential
ecological implications of the accumulated hydrocartseslescribed.

The focus will be on discussing the PAH data in this document; PAH being the class of
hydrocabons related to oil and gas activities that are of greatest interest from an environmental impact
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perspectiveThe SHG and S/T chemical biomarker data will ineludedwhen those add useful
information.The sum of the compound concentrations by compaolass (e.g., Total PAH) will be
discussed as an overall representation of the hydrocarbons, and individual compound data will be
described when usefulPH analysis is, as discussed, not a useful measurementbaokground
environmental monitoring suds this, and it is recommended that it not be included in future monitoring.

4.4.1 Sediment Monitoring
4.4.1.1 Surface Sediments

4.4.1.1.1 Hydrocarbon Characteristics: Concentrations and Distribution

The sediment hydrocarbon concentrations, and sumrtaisties, using key parameter
summations, and TPH, are summarizedable15. The data for each individual station are presented in
Tables A6 through A8, and the individual compound data have been reported to BOEM and were use
to generate the information in this document.

The Total PAH concentrations range from a little under 100 miy/gt() to a little over 1,000
ng/g for the surface sediment samples collected during ANIMIDATHRb{e17 andFigure 76); most
samples had concentrations between 200 and 800Tgggediments at the historic BSMP and
ANIMIDA stations that were rsampled during ANIMIDA Il had mean Total PAH concentration of 336
ng/g (2014) and 390 ng/g (2B)1 while the new stations had mean Total PAH concentrations of 590 and
810 ng/gin 2014 and 2015, respectiveljhe SHC and S/T concentrations were, on average, also higher
in the sediments from the new stations than the historic stalibasTOC concemations, on the other
hand, were quite similar and slightly higher, on average, for the historic stations even though the
sediments from the new stations were finer graifiedble17).
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Table 17. Mean and range of concentrations of TPAH, TSHC, TStTr, TOC, and silt+clay in surface
sediments collected in 2014 and 2015 in ANIMIDA 11l and between 2000 and 2006 in
ANIMIDA | and II.

Hydrocarbon concentrations are ng/g dry wt (parts per billion) and TOC and silt+clay (mud) are %
dry wt. ANIMIDA | and Il data from Neff and Durell (2010).

Total SHC Total St/Fr TOC Silt+Clay
Year Total PAH (ng/g (nglg) (ng/g) (%) (%)
ANIMIDA HINew Stationen=33 in 2014 and n=18 in 2015)
2014 590 6,200 95 1.0 S5
(51i 1,300) (4901 14000) (9.71 150) (0.29 1.8) (4.81 97)
2015 810 9,100 130 1.0 62
(96i 1,400) (4801 17,000) (161 210) (0.30° 1.5) (5.91 100)
ANIMIDA HHistorical BSMP and ANIMIDA Stafion10 in 2014 and n=8 in 2015)
2014 336 3,000 51 1.2 34
(23i 1,100) (5001 8,900) (8.4i 120) (0.25 2.3) (3.71 68)
2015 390 5,400 58 1.5 54
(1201 630) (1301 9,400) (171 100) (0.84 2.4) (171 81)
ANIMIDA | and-IHistorical BSMP and ANIMIDA Stations
2000 560 11,000 56 0.99 53
(n=51) (26i 1,800) (1,000 27,000) (2.91 180) (<0.71 4.4) (1.21 94)
2002 380 7,500 39 0.75 49
(n=43) (12-940) (4401 22,000) (1.5 110) (0.14 1.8) (0.91 92)
2004 440 13,000 45 0.61 48
(n=47) (13i 1,100) (1,000 85,000) (1.81 110) (0.05 2.4) (0.17 100)
2005 520 12,000 60 0.91 39
(n=39) (45i 1,400) (230i 100,000) (2.1i 660) (0.05 6.4) (3.11 92)
2006 570 10,000 46 0.91 47
(n=30) (25i 1,800) (1,200 27,000) (3.3i 170) (0.08 2.8) (1.21 95)
a TotalSt/Tr is based on all 46 compounds measured in 26fdraANIRODA 111, and the 15 compounds measur@d@62
for ANIMIDA | and II; the sum of the 46 compounds averaged 1.99 (Std. dev = 0.11) times the sum of the 1&d¢omp
2015.

Hydrophobic organic compounds, like PAH, SHC, and S/Td teradhere to organic matter and
fine-grained material in sediment, and there is often a relationship of increasing hydrocarbon
concentration with increasing TOC concentration, when other factors are coAstemilar relationship
is often also observadith the %fines and %Al in the sedimenthecause most of the TOC is absorbed to
the clay (aluminosilicate) fractiothe smaller the particle size is of the sediments the more hydrocarbons
are often measured, for a given general environmdmminum, he most abundant mineral in sediment,
increases in concentration as the grain size decregssag.esult, the TOC concentration also tends to
positively correlate with the % fines and % Al in the sedimEigire77 illustrates he Total PAH
concentration vs %TOC, %fines, and %Al in all the ANIMIDA Il surface sediment sanifies.
hydrocarbon concentrations do not correlate well overall with the TOC content in these sediigargs (
77), although the gph suggests there may be subsets of samples with a more consistent relationship,
possibly from different parts of the study area with differing organic compound charactdfisiaesd
peat particles (part of TOC) have a wide range of particle Sibeshydrocarbon concentrations correlate
better with the % fines and % Al, and this may be useful to help understand if the concentration in a
sample is greater than what would be expected naturally, and could be the result of anthropogenic
activities.
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Sediment TPAH (ng/g) vs %TOC
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Figure 77. Sediment Total PAH concentrations vs sediment geochemical parameters (%TOC, %
fines, and %aluminum).
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Hydrocarbon concentrations measured during ANIMIDA | and Il are also summarizadla
17 andTablel8, and such data from other studies of Alaskerine sediment are also showT able
18 The Total PAH, Total SHC, and S/T concentrations were, in general, comparable for the ANIMIDA
Il surface sediment samples and samples collected during BSMP, ANIMIDA | and Il, sesliment
collected in Cook Inlet, Shelikof Strait, and other parts of the Alaska marine envirofitnerstirface
sediment Total PAH concentrations that were measured in ANIMIDA 11l were generally between 200 and
800 ng/g.The sediment Total PAH concentrations swad during BSMP and ANIMIDA | and Il were
generally in the 300 to 600 ng/g range, and conce
more widely.The ANIMIDA Ill sediment hydrocarbon concentrations compare particularly well for the
samples colicted at historical BSMP and ANIMIDA stations, and the ANIMIDA | and Il stations from
those same general areas, as would be expéttechydrocarbon data are also quite comparable on a
stationtspecific basis, for stations that have been monitored ovey yeamns For instance, Liberty Station
L0O8 had a measured surface sediment Total PAH concentration of 310 ng/g in ANIMIDA 111 (2015), and
in the three ANIMIDA Il survey years (20€2006) it was 740, 310, and 360 nglfpe sediments at
Northstar Station NOGad 629 ng/g in ANIMIDA 111 (2015), and between 410 and 830 ng/g during
ANIMIDA Il. Nearby Station NO3 (within 1 km of the Northstar production island) had a Total PAH
concentration of 540 (2014) and 407 ng/g (2015) during ANIMIDA lIl, and somewhat Higlty
(2004), 950 (2005), and 1,110/1,000 (duplicates from 2006) ng/g Total PAH during ANIMIDA II; it may
be that slightly elevated hydrocarbon concentrations from the development if the production island have
now dissipated to background levels.
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Table 18. Mean Concentrations of key hydrocarbons in surficial sediments from ANIMIDA | and I
study area, Alaska marine sediments, and Cook Inlet and Shelikof Strait sediments.

Total PAHNG/Q) Total PH@(ng/g) Total S/Tng/g)
Concatrations in Alaska Marine 162400 470i 38000 NA
Sediments
Concentrations in Cook Inlet and St 111,100 90069000 987
Strait Sedimehts
Average (Range) Concentrations fa 540 9,000 59
ANIMIDA Study Area SedimentcCol (2801 2000 (3200'31,000 (21220)
Average (Range) Concentrations fo 3D 6,600 25
Phase | ANIMID8tudy Area Surficia (712,700 (210150000 (1782)
Sediments
Average (Range) Concentrations fo 49 9500 49
Phase Il ANIMID8tudy Area Surficie (122,000 (4401 27,000 (2r180)
Sediments
Aveage (Range) Concentrations for 460 13,000 50
ANIMIDA Study Area Surficial (131,600 (3901 104000 (Zr6@0)
Sediments
Aveage (Range) Concentrations for 82 15,000 66
ANIMIDA Study Area Sediment Cor (3@ 1600 (380042000 (1319

a Prince William Sound subtidal and Beaufort Sea (Bence et al., 1996; Boehm et al., 1991).

b ENRYUAA, 1995, Hyland, et al.,1995; KLI, 1996; KLI, 1997; Boehm et al., 2001a.

¢ Brown et al., 2003.

d Boehm et al. 2001b.

e Brown et aR005.

f Results from this study.

g Total PHC concentrations for the ANIMIDA | and Il studies included saturated hydrocarbons only, whileohsté&biPH
the other studies included saturated and aromatic hydrocarbons.

NAI not applicable.

Fron Brown et al., 2010.

The S/T concentrations compare similarly as the PAH concentrationgver, comparisons of
S/T data to historical data is less meaningful than for PAH data, because S/T compounds are present at
only trace levels and not considerecomtaminant with common anthropogenic sour8é§.data are
generated primarily to be able to characterize the different types of hydrocarbon materials that may be
present, and for source identification (e.g., from terrestrial sources, seeps, acqiilentats); the
relative S/T compounds concentratianewhat is of greatest interest, not absolute concentrafides.
Total SHC and PHC concentrations show more fluctuation across different studies and years, as this
analysis is highly susceptible tataral nortarget compound matrix contributions and interferences
influenced by subtle differences in the analytical methodologies, and reliable comparisons across projects
can often not be made.

There appears to be a slight difference in the hydrocarnoceatrations in the sediments from
the new stations and the historical stations sampled during ANIMIDA 111, with the new stations, on
average, having nearly twice as high hydrocarbon concentraliabk (7 andFigure 76). The historical
BSMP and ANIMIDA station samples had quite variable concentrations, while it was somewhat more
uniform for the new stations; particular those collected within the more uniform environment of Camden
Bay (Figure 76). An important factor influencing the surface sediment hydrocarbon concentration seems
to be the distance the sample is collected from the shibeenew ANIMIDA Il stations are mostly
farther offshore, and in deeper waters, than thelB&nd historical ANIMIDA stationsHigure 70,
Figure 76, Figure78).
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Although the stations within @i of the shore have variable PAH concentrations, the
concentrations areeadrly lower for that set of stations than at the stations more tham dffshore
(Figure78). The TOGnormalized PAH concentrations are also higher for the offshore than nearshore
stations, so the difference cannot be attribttedifferences in the organic carbon content of the
sedimentsThe sediments are slightly more fine than coarse grained offshore, which could help explain
some of the differences in the hydrocarbon concentrafidreslower hydrocarbon concentrations elos
to the shore may, in part, be attributed to the somewhat coarser grain sediment in this higher energy
environment near the shoihe fine grain material, with higher hydrocarbon concentratismsore
readily carried offshore, settling in a lower agelocation.
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normalized to % TOC, and the % fines (silt + clay) of the sediment samples collected

Figure 78. Sediment Total PAH concentrations un-normalized (top), Total PAH concentrations



4.4.1.1.2 Hydrocarbon Characteristics: Composition and Potential Sources

Studying the relative concentrations (i.e., composition) of the hydrocarbons, and different
summations and diagnostic ratios of hydrocarbon compound mpatiens, is useful for understanding
similarities and differences in the sources of the hydrocari@orecentrations of the isoprenoid
hydrocarbons, (e.g., pristane and phytane, measured as part of the SHC analysis), for instance, can be
used as a genétiadicator of the types of sources of the hydrocarbon mixture (Wang et al., 2009), as can
many of the PAH and S/T petroleum biomark@ise following are commonly used compound
summations and calculations for better understanding the types and sotineesyafrocarbons; the
hydrocarbon data that have been generated provide many options for different data analyses.

A Lower Molecular Weight Alkaned ALK ): sum of the lower molecular weightatkanes (a

C9 to rC20) generally associated with fresh petroleum

Total Alkanes TALK): sum total alkanes {89 to rC40)

LALK/TALK: diagnostic ratio to assess relative abundance of petroleum originating alkanes.

Pristane/Phytandetroleum is the primary source of phytane while pristine is derived from

both biogenic angetrogenic sourcesligh ratios of pristane to phytane, may reflect source

material of terrestrial or other biogenic origin.

Carbon Preference IndegRl): carbon preference index; the relative amount of add

evenchain alkanes within a specific carbmnge CPI = (nC27+nrC29+nrC31)/(nC26+n

C28+nC30).A CPI of >2 indicates primarily terrestrial plant based sources of the alkanes,

and a CPI of 1 indicates mainly oil sources.

A Petro [ow molecular weightll[MW]) PAH, Pyro high molecular weight§MW]) PAH, and
Pyro/Petro PAH ratioPetrogenic PAH are primarily the &nd 3ring lower molecular
weight PAH and the pyrogenic PAH are primarily the34, and 6ring higher molecular
weight PAH.A high Pyro/Petro PAH ration suggests primarily pyrogenicsesir

A Retene+Perylene/TPAHRetene and perylene are PAH that primarily originate with plant
based biogenic sources, and are rarely (or only at very low concentrations) found in
petroleumA high proportion of retene and perylene indicates biogenic sources.

> > >

>\

The saturated hydrocarbons pristane and phytane often are abundant in crude oil, coal, and peat.
Phytane is rare in living organisms, but pristane is biosynthesized in large amounts by some marine
animals, particularly calanoid copepods (Avigan and Blud@88), which are important components of
the Beaufort Sea pelagic food web. Pristane and phytane also biodegrade more slowikhaesof
similar molecular weight, making them useful indicators of the weathering state of petroleum
hydrocarbon mixturein sedimentslhus, the pristane/phytane ratio can also be used to help differentiate
among sources of hydrocarbons in sediments, the degree of weathering, and the sources of saturated
hydrocarbons in tissues of marine anim@lse chemical biomarker dati.e.,S/T) are particularly useful
for associating the hydrocarbons to petroleum sources, as they are highly resistant to degradation and
changes in their compositional signature due to environmental weathering protables:9 presents a
set of hydocarbon diagnostic measures for the sediment samples, as well as peat and oil samples that
were analyzed during ANIMIDA lll1Additionally, concentrations of Total PAH, Total SHC, and Total
S/T15 in coastal peat samples collected during ANIMIDA 1, 11, Bihare presented iffablel9, as
reference information.
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Table 19. Concentrations of TPAH, TSHC, TStTr, and TOC in river or coastal peat collected in 2015
in ANIMIDA 1l and between 1985 and 2006 in BSMP and ANIMIDA | and II. 1985-2006

Data from Neff and Durell (2010).

River Year T(Z:]ag /;A‘ H Total SHC (ng/g) TO;[?IQ/S;)T % TOC (%)
2015 490 7,700 59
Sagavanirktok Rive 2006 290 25,000 41
2002 160 41,000 38
2015 160 15,000 42
. 2006 110 57,000 35
Kuparuk River -
2002 140 450 71,00072,000 92390
2000 100 18,000 51 2.4
T 2002 360 50,000 110
Colville River
2006 740 47,000 83
Canning River 1985 410 84,000 1.7
Arey Lagoon 1985 620 260,000 0.95
Flaxmaisland 1985 170 39,000 0.42
Tigvariak Island 1985 180 230,000 2.3
Heald Point 1985 50 83,000 0.93
Milne Point 1985 200 240,000 2.6
Cape Halkett 1985 710 41,000 0.23
Kogru Island 1985 50 600,000 3.0
Eskimo Island 2006 120 230,00 87
Pingok Island 2006 13 8700 3.0

The composition of the hydrocarbon compounds was quite consistent for the surface sediment
samples, indicating that the source(s) of the hydrocarbons in these Beaufort Sea sediments is, for the most
part, thesame, or very similaiThere were more of the low molecular weight (petrogenic) PAH than high
molecular weight (pyrogenic) PAH in these sedimeht® Pyro/Petro PAH ratio was mostly in the-0.1
0.2 range, indicating that there were 80% or more petrogéiic &nd the proportions did not fluctuate
much between samples (TableOi The Petro PAH frequently are associated with refined and unrefined
petroleum materials and a variety of natural petrogenic source materials, and the Pyro PAH are primarily
derivedfrom the combustion of fossil fuels or as principal components of pyrogenic tars (e.g., ereosote
and coal tatype formulations)Retene and perylene together represented between 8 and 17%, and on
average a little more than 10%, of the PAH in the sudadéments, indicating a significant contribution
from biogenic sources. Although most crude oils contain some perylene (and retene), much of what is
found in sediments is derived from the anaerobic diagenesis of recent plant materials (Venkatesan
Kaplan, 198).

The composition of the PAH assemblage in the ANIMIDA IIl sediments show, as expected, little
amongstation variability Figure79 shows the PAH compound composition of a typical sediment sample
(from Station NO3), as wiehs the composition of regional oil (Northstar) and peat sample (from the
Kuparuk River).The compounds commonly attributed to primarily petrogenic, pyrogenic, and biogenic
sources are also indicatéithe PAH assemblage in all sediment samples is commdseflill suite of
both parent and alkyl PAH, indicative of a mixture of pyrogenic (from pyrolysis and incomplete
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combustion of organic matter), petrogenic (from fossil fuels or their precursors), and biogenic (e.g., from
recent anaerobic diagenesis oftai natural organic chemicals) hydrocarbon sources. The alkylated
naphthalenes and phenanthrenes/anthracenes, generally associated with petroleum, were the most
abundant PAH in the sedimeRerylene and retene, PAH from primarily biogenic sources, alsoe

usually present at high relative concentrati@elected pyrogenic PAH (e.g., the benzofluoranthenes and
benzopyrenes) were present at lower relative concentralibissPAH assemblage is typical for the

region, and indicates a mixture of fossil lf¢@etroleum, peat, and coal) PAH, with notable contributions

of biogenic PAH, and less pyrogenic PAH.

The composition of saturated hydrocarbons (e-glkanes) also shows evidence of a
combination of petroleum and biogenic sources of the hydrocanb@eslimentFigure80), with easily
measurable concentrations of alkanes fre@l0 through FC35, and higher concentrations in th€20
to C30 rangeThe higher relative concentrations of the @dkine compounds in the C23@81 range
(n-C27 was generally the alkane with the highest concentration) are indicative of a significant
contribution of hydrocarbons from biogenic sources, most likely from-plased terrestrial sourcéthe
LALK/TALK ratio of the alkanes in the surfa sediment samples was mostly in the 0.2 to 0.4 range,
which is more similar to the ratio found in peat samples than in crude oil (Te3)leAalditionally, the
CPIl was mostly in the 3 to 5 range and quite similar to that for peat from the Kuparuk amdriv&gpk
rivers, and substantially higher than the 0.8 to 0.9 measured for the regional crude oils, indicating
primarily terrestrial plant based sources of the alkanes.
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Figure 79. PAH compound composition of a representative North Slope crude oil (Northstar), a
representative river peat sample (from the Kuparuk River), and a representative surface
sediment sample (from Station NO3).
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Figure 80. Saturated hydrocarbon (alkane and isoprenoid) compound compaosition of a
representative North Slope crude oil (Northstar), a representative river peat sample
(from the Kuparuk River), and a representative surface sediment sample (from Station
NO3).

See Figure 79 for color descriptions.
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The majority of the sterane and triterpane data and extracted ion profiles (EIPs) for the sediment
samples from throughout the study area show little variation and are similar to the biomarker distributions
observed previously in Beaufort Sea sedimentswiret al, 2010).Triterpane distributions suggest that
the hydrocarbons present in these samples are primarily a mixture of petrogenic and biogenic
hydrocarbons, including possibly from peat, kerogens from orgaricshales, and coal (Venkatesan and
Kaplan, 1982; Anders and Magoon, 1985).

Principal component analysis (PCA) and double ratio plots were produced using the PAH and S/T
data to further analyze the characteristics of the hydrocarbon composition, and possible souf¢elinks.
PCA analysis indiates that the PAH composition of the surface sediment samples are uniform and
similar to each other, and quite comparable to what is found in peat samples collected from the major
rivers that empty in to the Beaufort Seeiglire81). The PAH composition is dissimilar to that of crude
oil samples from the North Slop@ouble ratio analysis was performed using several diagnostic PAH and
S/T ratios, to confirm and complement the findings of the PAH PCA andhjgige82 contains two
doubleratio plos based on the data for two sets of PAH and two sets of S/T compounds often used for
this analysisThis is a good illustration of how PAH double ratio analysis is not always sufficient to
differentiate sourceshe Northstar crude oil sample plots along with the surface sediment, even though,
as it turns out, there is no link between the hydrocarbons in the sediments and the Northstar oil, or the oil
as a source materidlhe double ratio plot based on the thay sterane (S25 and S28) and triterpane (T21
and T22) compounds, on the other hand, clearly shows how the sediment and peat sample cluster together
as having similar composition, and different from all the crude oil saropigsming the findings of the
PCA.

The hydrocarbon compositional data and the analyses of those data indicate that the hydrocarbons
in the sediments of the Beaufort Sea are primarily from terrestrial sources with significant biogenic and
nonoil petrogenic character, including peatiahale materials, and much less from seeps or otker oil
based petroleum sources on the sfidi& majority of hydrocarbons are carried from coastal and inland
land-sources to the Beaufort Sea during the spring ice melt and breakup, when most of the annual
suspended solids enter the coastal Beaufort Sea during a few weeks in May and June (Trefry et al., 2009;
Rember and Trefry, 2004).
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Figure 81. Principal component analysis (PCA) using the PAH compound data for the ANIMIDA llI
surface sediment samples, and different North Slope crude oil and river peat samples
collected during ANIMIDA |, II, and Il
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Figure 82. Ratio analysis using key diagnostic PAH ratios (upper) and petroleum biomarker ratios
(lower) data for the ANIMIDA 11l surface sediment samples, and different North Slope
crude oil and river peat samples collected during ANIMIDA 1, I, and III.

4.4.1.1.3 Hydrocarbon Characteristics: Potential Ecological Implications

One technique of evaluatinige significance of the measured sediment hydrocarbons to overall
ecological risk of the region involves comparisons to sediment quality guidelines. Sediment quality
guidelines have been developed to assess possible adverse biological effects frorpotyetfalsinated
biphenyls, pesticides, and PAH on benthic organidine.most commonly utilized guidelines are the
Effects Rangd.ow (ERL) and Effects Rangkledian (ERM) values from Long et al. (199%hreshold
effects level (TEL) and probable effectsde(PEL) are similar guidelines sometimes used to assess the
potential for impact from chemicals in marine sediment (MacDonald et al., Td86juidelinesan be
interpreted to indicate hat adverse biological effmwadivleenar e
individual metal or Total PAH concentrations
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observed when present at concentrations between t
concentrations exceed the ERM. However, O'Connor4d2@@monstrates that the ERL is a poor

predictor of the maximum netoxic concentration of a chemical in marine sediments. Concentrations of

PAH usually are higher in fingrained than coarse sediments, and toxicity of these chemicals also is

higher (lowerconcentrations are associated with toxicity) in fine than coarse sediments. Additionally, in
relatively pristine environments, such as the Beaufort Sea, the toxicity of PAH in sediments is dependent

on the chemical form of the chemical in the sedimertign@icals that are tightly bound to sediment

particles and POC have a low bioavailability and toxicity compared to the same chemicals in solution or
associated with an oil phase in sediment pore water (Neff, 2002).

A comparison of Total PAH concentratiomsthe sediments to the ERL/TEL and ERM/PEL
guidelines shows that none of the samples exceeded the 4,022 ng/g (ERL) 1,684 ng/g (TEL), 44,792 ng/g
(ERM), or 416,770 ng/g (PEL) sediment quality guideline val8asilarly, the individual PAH
concentrations dinot exceed the ERL for the individual 13 PAH with such sediment quality reference
values.The concentrations of individual and total PAH are well below concentrations that might be toxic
to benthic marine invertebrates inhabiting the sediments.

Potentialtoxicity of the PAHs present in Beaufort Sea sediments was further evaluated using

EPAGs Procedures for the Derivation of Equilibriu
Protection of Benthic Organisms: PAH Mixtures (USEPA, 20Baked on thd approach, if the sum of
Equilibrium Partitioning Sedi ment Benchmark Toxic

or equal to 1.0, the concentration of the mixture of PAHSs in the sediment is acceptable for the protection

of benthic organism§ EBTUFCV values were calculated for each sediment sample with values ranging

from 0.004 to 0.161Table20 and Table A10), with the majority of values being less than OTle

mean EESBTUFCV val ue was tfamfles éollettediin 2014, and 8.aB8fbrace s e
the samples collected in 20IFhe ESB approach provides further evidence the concentrations of PAH

present in the Beaufort Sea sediments throughout the study area are not toxic to benthic organisms.

Table 20. Mean and range of equilibrium partitioning sediment benchmarks (ESB), derived as the
sum of the equilibrium partitioning seWlhasedaon benchnmn
surface sediment PAH concentrations, for samples collected in 2014 and 2015 in ANIMIDA
1.

Sum Equilibrium Partitioning 8ed
Year
Std Dev .
Mean (%RSD) Min Max
Surface Sediment
2014 0.035
(n=45) 0.065 (53.4%) 0.004 0.154
2015 0.048
(n=26) 0.083 (57.5%) 0.019 0.161
xESBTUFCV = x( @QBIECW,AvHere)COC,RABIGUYMBOC) = [CPAH (ng/g dry wt) x
(%) x 1/10] and COC,PAHi,FCVi values are published effects concentrations (U.S. EPA, 2003).
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4.4.1.2 Sediment Core

4.4.1.2.1 Hydrocarbon Characteristics: Concentrations and Historical Variations

Sediment cores are collected, among otbasonsto gain an understanding of the concentrations
of chemicals deposited on the seafloor at different times in higdory sediment core was collected
during ANIMIDA 11l and also analyzed for hydrodaon concentrationg.he core was collected at Station
1.2, approximately 40 nauticali offshore and in approximately 200 m of wafEne core was segmented
into 23 cm segments, representing from the surface sedimieght(0 depth) to approximately 80 cm
below the sediment surface {8 cm segment); segments of the core were analyzed representing
deposition that occurred from recent yearsdeerahundreds of years agbased on a sedimentation rate
of approximately 0.14 cméa determined from isotopdating analysis of the core (Table7\

The hydrocarbon concentrations and composition was highly uniform throughout theheore.
Total PAH concentrations averaged 1,320 ng/g, and ranged from 1,150 to 1,490ahigd % and Table
A-7). The Total PAH concentration was higher than in most ANIMIDA Il sediment samples, but
consistent with the finding that the concentrations were higher at locations well offsh@BOC
content was also uniform, and was approximately 1.5 %TOcthe sediment PAH and other
hydrocarbon concentrations were, thus, highly uniform whether the data were normalized to % TOC or
not (Figure83). Similar Total PAH concentrations were also measured in subsurface sediments in cores
collected in Harrison Bay during ANIMIDA 1l (Brown et al., 201The uniformity in the sediment
hydrocarbon concentrations, and composition, indicates that the sources of the hydrocarbons to the
Beaufort Sea sediment have been consistemeftiuries are primarily natural, as discussed in Section
4.1.1.2, with no noticeable changes in the type or amount of hydrocarbons deposited; there is no evidence
of influence from anthropogenic sources over the past centuries, including in recent years.
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Figure 83. Sediment Total PAH, normalized to the TOC content and un-normalized, for the 11
segments of the core collected at Station 1.2 in 2014.

The segments represent sediment depths from the sediment surface to 81 cm below the surface.
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4.4.2 Biota Monitoring

4.4.2.1 Hydrocarbon Tissue Concentrations

The biological tissue hydrocarbon concentrations and summary statistics, represented by the Total
PAH and Sum SHC, are summarized able16 for the amphipodAnonyxsp), clam @Astartesp.), and
fish (Arctic cod;Boreogadus saidasamplesThe data for each individual station by animal species are
presented in Tables-Al and Al12, and the individual compound data have been reported to BOEM and
were used to generatee information in this document.

As with the sediments, the PAH concentrations are the class of hydrocarbons that are of greatest
interest for studying the accumulation of hydrocarbons in marine animals, because of their potential to
cause toxicity and ber effectsTotal SHC/PHC data are of limited value in biological tissue, both
because of analytical challenges resulting in often unreliable data and because they are not useful for
assessing potential effecite S/T chemical biomarkers are so insaduilat they are often not available
for accumulation by animals, and they also are not of environmental comberfacus is therefore on
PAH for assessing the accumulation of hydrocarbons by marine animals, and the Sum SHC is also
presented as a geneaalsessment of the hydrocarbons.

Hydrophobic organic compounds accumulate in biological tissue bases on many factors,
including feeding and metabolic processes, but their accumulation is also often influenced by the lipid
content of the animal tissue, mudte how organic matter and firgrained material influences the
accumulation of organic compounds in sedimelowever, the tissue PAH concentrations correlated
rather poorly with the lipid content in the amphipod, clam, and Arctic cod data set as awithotaly
subsets of the data showing a relationskigure84). There was a modest relationship between the PAH
and lipid concentration iAstarteclams, if two outlier data points are excluded; damebenthic animad
thathave shown a relatively good correlation between the accumulation of PAH and the lipid content of
the animal in recent studies in the Chukchi $&&a.difficult to explain the lack of correlation with lipid
content in this data set, but the PAH meastwethe amphipods may, in part, be from adhered sediment
particles and not PAH accumulated in the animal tissue, and the more mobile Arctic cod may be
exhibiting someegionaldifferences in their exposuoe PAH metabolism/excretion

The Total PAH concerditions were, for the most part, not greatly different for the different
animals, with most measured concentrations ranging between 20 and 1G0 ng/§he concentrations
were lowest for the amphipods and the fish that were collected in 2015, laidjktér for the clams
(excluding a couple of outliers described below), and a little higher yet for the fish collected iIOaG.4.
lipid-normalized basis the difference for the Total PAH concentrations in the amphipods and the 2015
fish (the samples witthe lowest concentrations) and the other animals was greater, with the clam and
2015 fish samples having clearly higher PAH concentrations but comparable to eackigtieB6).

The saturated hydrocarbon concentrations werexpected, highaghan PAH concentratiorizecause of

their natural abundance in this environment, but the concentrations were quite variable and represent a
variety of natural sources and materials (as well as likely analytical challenges and interfaences
described earlier).
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Tissue Total PAH vs %Lipid
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Figure 84. Total PAH concentrations vs % lipid in the amphipod, clam, and fish tissue samples.
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Tissue Total PAH (lipid normalized)
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Figure 85. Lipid-normalized Total PAH (upper) and Sum SHC (lower) concentrations in the

amphipod, clam, and fish tissue samples.

The clams had the highest lipidrmalized PAH concentrations of the three animals, but the
lowest lipidnormalized Total SHC€oncentrationsThe higher Total SHC in amphipods and most fish can
in large parbe attributed toheir diets(Neff and Durell, 2012; Neff et al., 200Bmphipods contain high
relative concentrations of pristane, compared to concentrations of other saturated hydrocarbons; pristane
is the most abundant alkane in the SHC fraction gfrapods, and alone comprised more than half the
SHC in the amphipod samples, and more than 90% of the Total SHC in many samples (elél&ted n
alkane concentrations was also measured, possibly in large part due to difficulties in resolving that
compound fom the closely eluting pristane, in the analysdsihphipods bioaccumulate pristine primarily
from their diet of calanoid copepods and phytoplankton/zooplankton defighs.in turn, feed on
amphipods, thus accumulating high relative concentratiopasiine (which comprised more than 95%
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of the Total SHC in most fish samplegithout pristane, the SHC concentrations were similar for
amphipod and clams and fish high relative pristane content indicates that the saturated hydrocarbons in
the tissuesire primarily from the food. The large differences in pristane concentrations in tissues of the
different species of marine invertebrates reflect differences in the contribution of zooplankton or
zooplankton detritus in their diets. Virtually all the faise in the Beaufort Sea is biosynthesized from
phytoplankton phytol by calanoid copepods (Avigan and Blumer, 1968).

Total PAH concentrations in amphipods were comparable for the two survey years, as were the
concentrations in the clam samples if the feitliers observed in 2014 are excludéalfle16, A-11 and
A-12). The mean Total PAH concentration in amphipods was 30.4 dgigt ) in 2014 and 25.1 ng/g in
2015; most amphipod samples had a concentration in the 15 to 30mgggaad two samples had
slightly above 100 ng/g (amphipods collected at Stations 5B and NO3 in Z0bdighthe mean Total
PAH concentration in clams collected in 2014 was much higher than for those collected in 2015 (380 vs
44.0 ng/g), the summary statics were skewed by a few unusually elevated concentration samples in
2015, and particularly by one sample collected at Station NO3 with a reported concentration of 1,930
ng/g.Most clam samples had Total PAH concentrations in the 20 to 70 ng/g Taegmncentration
reported for Station NO3 is likely unreliable, and the most likely explanation for this outlier value is the
small amount of sample material that was available and used for the analysis; only 0.07 g was available
which complicates the analgsand compromises the accuracy of the concentration calculation; for most
samples B4 g d. wt) of material was used for the analydibe sample for Station 3D also had only a
small sample mass available, which probably contributed to that sample havingsually high
reported concentration; 0.39 g was used, which is about a factor of 10 less than most Sampleic
cod, on the other hand, hatd3times higher concentrations in 2014 than in 2015, possibly due some
unidentified differences betweéehe two years (e.g., where the animals spent time, differences in feeding
and availability of food)The fish collected in 2014 were, on average, from slightly closer to the shore
and coastal development and in slightly shallower waters than thoseaeamile®015, which could, in
part, explain some of the observed differences

There are additional factors that contribute to seasonal and annual differences in hydrocarbon
concentrations in marine animals, some of which influence the lipid content @fsihe The abundance,
size (age), and lipid content of amphipods and other marine animals fluctuates during the year (Nygard et
al., 2012; Noyon et al., 201,factors which contribute to the accumulation of hydrophobic compounds.
The lipid content of aduamphipods in the Arctic can fluctuate by as much as a factor of three
throughout the year, and can also be different from-igegear (Nygard et al., 2012; Noyon et al., 2011).

Unlike sediment concentrations, the amphipod and clam hydrocarbon coticestappear to be
lower in the animals collected at the new, farther offshore, stations than closer to th& ahler21j.
This suggestthat the surface sediments are not the primary source of the hydrocarbons accumulated by
these animals, but possibly hydrocarbons associated with the dissoasic carbofDOC) or POC
suspended in the water coluniie DOC and POC mass and concentrations increase significantly during
the late spring and early summer, about two months b#fer&NIMIDA Il surveys, with runoff from
the rivers (Rember and Trefry, 200&)owever, the proximity to the shore does not seem to influence the
tissue hydrocarbon concentrations as clearly as the surface sediment concerfraiensas large
variabiity in the concentrations measured for the historical B3iid ANIMIDA (nearshore) stations,
and a few outlier values greatly influence the summary statistics (e.g., the mean Total PAH in amphipods
collected at the new stations was 22.6 ng/g +BDjpandfor the nearshore stations it was 60.3
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+71%RSD), confounding the comparisdime amphipod and clam tissue samples had rather similar
hydrocarbon concentrations at most offshore and nearshore stations, and were generally between 15 and
30 ng/g for amphipodand between 20 and 70 ng/g for claifise tissue PAH concentrations have,

historically had some notable yearyear variability, with the mean Total PAH concentration in

amphipods ranging from 25.4 to 95.6 ng/g and from 38.4 to 141 ng/g in clams fradiBAIl and II

surveys conducted in 2000, 2002, 2004, 2005, and AG08g21). Total PAH concentrations that were
measured during ANIMIDA 11l were within the range and similar to these historical Beaufort Sea data
(Neff et. al.,2009; Neff and Durell, 2012), and also comparable to what has recently been measured in the
Chukchi Sea.
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Table 21. Mean and Range of concentrations of TPAH and TSHC in amphipods and clams
collected in 2014 and 2015 in ANIMIDA lIl and between 2000 and 2006 in ANIMIDA | and II.
Hydrocarbon concentrations are ng/g dry wt (parts per billion; data for 2000 and 2002 were

converted from wet wt. by multiplying by 5, based on ~89% moisture).

ANIMIDA | and Il data from Neff and Durell (2010).

Amphipods Clams
Hydrocarbon Year
Mean (£SD) ‘ Range Mean (£SD) ‘ Range
ANIMIDA HINew Stations
(n=24 amphipod and n=11 clam samples)
2014/2015 22.6 12.430.7 58.8 17.2117
TotaPAH +4.39 £26.5
TotaBHC 2014/2015 92,900 17,200208,00 86,600 70G 295,000
+ 61,900 + 117,000
ANIMIDA HHistorical BSMP and ANIMIDA Stations
(n=5 amphipod and n=4 clam samples)
2014/2015 60.3 17.2109 591 19.51,930
TotaPAH £42.7 + 909
TotaSHC 2014/2015 150,000 30,300489,000 | 3,900,000 £| 8,32013,200,00
+ 193,000 6,3M,000
ANIMIDA | and-Historical BSMP and ANIMIDA Stations
2000 85.8 60.0115 90.4 37.0195
+18.4 +54.4
2002 95.6 55.0175 80.6 48.0175
+41.6 +47.8
2004 68.2 39.6143 95.8 42.7168
TotaPAH +33.8 £52.6
2005 25.4 8.2550.0 38.4 21.851.2
+13.5 +15.1
2006 59.6 19.7123 141 100182
+29.8 +40.9
2000 55,800 0i 130,000 6000 0i 22,000
+ 45,300 + 8580
2002 113,000 23,500260,000 14,100 12,50016,000
+ 71,800 + 1390
2004 444000 2980054100 26800 678 39,700
ToraBHC + 8540 + 14,400
2005 31,600 + 18,40 517167,100 1510 10302230
+ 517
2006 63,000 + 57,10/  13,700249,000 12,600 10,20015,000
+ 2410

4.4.2.2 Potential Ecological Implications of Accumulated Hydrocarbons

One technique of evaluating theofogical and toxicological significance of hydrocarbons

accumulated in the tissue of marine animals is to calculate the concentrations of selected PAH on a molar

wet weigh basis and compare to the critical body residue (CBR) value. Many nonpolar (lhepniza

organic compounds, such as petroleum hydrocarbons, express their toxic effects by accumulating in and
swelling lipid-rich biological membranes, causing repecific narcosis (Abernethy et al., 1988; McCarty

et al., 1992). Toxicity occurs when the centration of total nonpolar organic chemicals in the tissues

reaches a critical concentration, the CBR. The CBR for nonpolar organic chemicals in whole tissues of
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marine animals is generally between 2 amdiliMol ar[mM]/kg wet wt., and is widely accept¢o be
approximately 4.4 mM/kg wet wt (95%onfidence interval(.1] = 3.7 to 5.2 nv/kg).

Landrum et al. (2003) confirmed and provided additional evidence of the critical body residue
principle, including the additivity of toxicity of certain organiat@aminants, specifically for PAHHe
determined two effects reference valuesetiacts body residue for 50% mortalitgR50 value of 2.6
mM and a highelethal body residue for 50% mortalityR50) value of 7.5 mM, which validates the
earlier reportedalue of 4.4 mMThe effect in the ER was immobilitfailure to swim on prodding in
50% of populationAs indicated in these documents, the concentration cpotar organics required to
produce severe effects, including acute mortality, in invertebaa$ish is expected to be relatively
constant, ranging from between 2 and 8 mM/kg.

The risk to marine animals from bioaccumulation of organic chemicals (PAH, in the case of
ANIMIDA Ill) was estimated by converting all weteight tissue concentrationsthie individual PAH
compounds in the amphipod, clam, and fish samples to millimolar concentrations. The mM
concentrations of all analytes in each sample were summed to produce a total concentration of nonpolar
organic contaminants in the tissue. This comegion was compared to the CBR value of 4.4 mM. The
risk to marine animals from bioaccumulation increases as the resulting concentration approaches 4.4 mM.
The CBR value of 4.4 mM is for lethal effects. Sublethal effects may be elicited at lower cataastr
of total nonpolar organic chemicals in tissues.

The mean and summary statistics for the mM/kg concentrations, used to compare to the CBR
concentrations, were calculated for the ANIMIDA Il amphipod, clam, and Arctic cod samples are
presented iTable22. The concentrations for the individual marine animal samples are listed in Table A
13. The tissue body burden concentrations, based on accumulated PAH, was consistently well below the
CBR concentrations that may elicit chioor acute toxicological effects in the animals (approximately 2
to 8 mM/kg).The mean concentration was from 0.037 to 0.040 mM/kg for amphipods, from 0.031 to 0.50
mM/kg for clams, and from 0.031 to 0.12 mM/kg for Arctic cod and the two survey ydasamples
had a concentration of less than 0.2 mM/kg, except the clam samples collected at Stations 6D (0.44
nM/kg) and NO3 (2.63 mM/kg) which, as discussed earlier, had concentrations of PAH that are deemed
unreliable.The marine animals in ANIMIDA Il dichot have PAH concentrations that would have toxic
effects on or cause other harm to the aninkaisthermore, the amphipods, clams, or Arctic cod had not
accumulated PAH above the natural background.
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Table 22. Mean and range of critical body residue (CBR) concentrations, based on PAH, in
amphipods, clams, and Arctic cod collected in 2014 and 2015 in ANIMIDA 11l (mM/kg wet

weight).
Critical Body Residue (based on PAH; mM/kg wet weight)
Year
Std Dev .
Mean (%RSD) Min Max
Amphipods
2014 0.0403 0.0320
(n=22) (74.5%) 0.0175 0.145
2015 0.0048
(n=7) 0.0366 (13.2%) 0.0293 0.0448
Clams
2014 0.950
(n=7) 0.497 (191%) 0.0639 2.63
2015 0.0123
(n=8) 0.0314 (39.0%) 0.0156 0.0493
Arctic Cod
2014 0.0287
(n=11) 0.121 (23.8%) 0.0789 0.12
2015 0.0119
(n=6) 0.0314 (37.9%) 0.0165 0.0484
CBR (mM/ kg wet weight) =x [CPAH (g/ kg wet W
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Chapter 5 Benthic Infauna, Carbon Resources, and Trophic Structure
on the Coast and Shelf of the Beaufort Sea, Alaska

Abstract

In early August 2014 and 2015, @esrt of the ANIMIDA 11l program, we performed a
guantitative assessment of the biomass, abundance, and community structure of benthic populations of the
Beaufort Sea Shelf along with a detailed characterization of food web dyn@uicgnalysis
documented benthic species inventory of 353 taxa collected from 126 individual van Veen grab samples
(0.1 n?) at 42 stations. Infaunal abundance was dominated by polychaetes, bivalves, and amphipods while
bivalves, echinoderms, and polychaetes constituted theegtdactions by biomass. Shannon Diversity
Index values of the infaunal community at different stations (by abundance) was between 1.5 and 4.1
(mean = 3.3 + SD 0.02), out of a possible range®@fThirty of the 42 stations had high diversity values
betveen 3.1 and 3.9 and two stations had higher values, 4.0 aili4.é.1 oudés Evenness | nde
ranged from 0.86 to 0.98 (mean = 0.96 + SD 0.52) out of a rangé,afdimonstrating balanced
contributions from all collected species at many but not dlbsiaWe used a Biota and Environment
matching routine to examine the relationships between infaunal distributions of all collected taxa with the
physical environmenA combination of water deptffOC, and salinity correlated with infaunal
abundance disti b ut i o n W¢ glso notedthabstatjons exhibiting the highest levels of both
pyropheophorbide and pheophorbaléhlorophyll degradation products that are markers for metazoan
grazing) were characterized by the highest infaunal abundance. Stases contained polychaetes and
benthic crustaceans that constituted >75% of al/l
along the Beaufort shelf. The three hotspots includesidf locations in the western Beaufort in
Harrison Bay, theentral Beaufort, including Stefansson Sound, and the eastern Beaufort from Barter
Island east to Icy Reef.

Our results imply a strong correlation between infaunal abundanatepodited sediment pool
that may include ice algae, bacteria, and othehiemticroalgae Preliminary data on th&tablenitrogen
isotopic composition of benthic organisms reveal complex food webs dominated by decidedly
omnivorous consumers that occupy up to four trophic le@éblecarbon isotopic composition of these
bentht organisms, along with isotopic analyses of suspended particulate organic matter and zooplankton,
reveal a primary mixture of terrestrial and phytoplankton carbon, but an additional benthic microalgal
subsidy appears to play a role at moderate depthedhaspond to the three hotspots of infaunal
abundancedal f t he genera examined al so Yivaupdtrmty ed a di
likely reflects the influence of the Mackenzie and other sources of freshwater runofeastieU.S.
Beaufort Sea which transport allochthonous inputs of terrestrial organic carbon that become available as
a food source to the benthos. These results provide compelling evidence for the important role of
terrestrial carbon in Beaufort Sea food webs. Aside fitte nearshore Sagavanirktok and Colville
Rivers @eltas, the).S.Beaufort Sea shelf overall supports a rich benthic infauna community, particularly
in the region around Kaktovik where repeated upwelling events have been reported.
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5.1 Introduction

Our knowledge of the benthic ecosystem of the coast and shelf bf n8eaufort Seas not as
comprehensive when compared to other shelves, largely due to logistical challenges imposed by multi
year ice and an inhogpbleclimate.Extreme changes in Alaalnearshore environmental conditions have
been visible in recent years, particularly since 2007. Recent data indicate that Arctic summer ice extent is
declining 13% per decade, relative to the 1979 to 2000 average, with a record low ice cover recorded in
2007 and 2012 (40% lower than the letegm average minimum). Three of the lowest ice extents have
been recorded in the past five years (2012, 2015, and 2016) based on data from the National Snow and Ice
Date Center. These large losses in summer-a@gerice cover are concentrated in the western Arctic,
particularly in the Beaufort Sea, which has resulted in considerable areas of open water. The increased
fetch has produced record rates of coastal erosion which in turn contributes enormous quantities of
saliment into the coastal zone with significant implications for the exchange of carbon, water, and
nutrients on the shelf (Mathis et al, 2QP2ckart et al., 2013). Such changes are likely to cause shifts in
trophic linkages and faunal diversity. Infornmation food webs and benthic species compaosition are
therefore critical in delineating ecosystem responses to dramatic physical shifts in ice, circulation and
hydrography.

The coast and shelf of the Beaufort Sea extends from Point Berrdaska to Bankssland in
Canada, and incorporates three distinct shelf environments (inner, mid, and outer) and two large river
systems, the Colville and the Mackenziemarked contrast to the ChukdBeéring ecosystem on the
west and the Queen Charlotte Islands oretist, the Beaufort Sea, and the eadteB1BeaufortSeain
particular, is decidedly estuarine in charactére combined flows of the Colville and the Mackenzie
Rivers annually add nearly 380bickilometers km]® of freshwater plus 130 x 106 tons sedithto a
relatively broad shelf that ranges in width from 40 km in Alaska to 150 km in Canada (Macdonald et al.,
2004).In addition, thdJ.S.Beaufort Sea coast, from Barrow to Demarcation Bay, is skirted by an
irregular and discontinuous chain of barigands that enclose numerous shallow (<8 m) lagoons that are
fed by many small rivers and streams.

Large scale quantitative studies of Beaufort Sea coastal benthic biota did not begin until relatively
recently, following the discovery of oil in PrudhoeyB&urveys under the Outer Continental Shelf
Environmental Assessment Program (OCSEAP) began in the 1970s and continued into the early 1990s.
The two major studies under this program were by led by A.C. Broad who surveyed the nearshore
between 1975 and 10&nd A.G. Carey Jr. who sampled from the-gtielf to the edge of the Arctic
Basin (in 1971 and 1975978; see Dunton et al., 2005).

The estimates provided by Dunton et al. (2005) for benthic biomass thSHeaufortSea
shelf are based on historicdta from stations that are not evenly distributed across or along the shelf,
and consequently, our confidence in predicted values is quite variable. This study provides an excellent
opportunity to add an enormous amount of information describing thaatbaof the Beaufort Sea shelf
ecosystem, greatly improving our quantitative knowledge of the relgredicted biomass values, based
on the small number of samples collected from this region, range from <2gta’5@early an order of
magnitude lesdan the northeastern Chukchi shelf. In addition, we have little information on the
composition of these benthic communities since earlier work only identified organisms to the level of
family, not species. A detailed knowledge of benthic assemblagesiiseckfpr determination of spatial
and temporal patterns in diversity as well as community structure.
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Another enigma for this area is the source of carbon that supports the shelf biotic assemblages.
We can distinguish terrestrial sources of organic matieoia marine sources based on trstable
i sotopic signatures. Terr esltCrauadof26to-gaai eNchatiter i
values of 0 to 1.5a. I n contr as tCvaloeaof22moe2 6par i mar y
andi™®™N values of 5 to 7ndembeWealuesiaassessiagehe relatvesimporéancd of
these two sources of carbon to the marine consumers of the Beaufort Sea shelf. Such knowledge provides
us with an enhanced understanding of the systemahabe used to assess food web structure
populations and the dependency of benthic consumers on ultimate carbon sources.

It is widely believed that phytoplankton production provides the ultimate source of food for both
the pelagic and benthic componentshafse communities. However, isotopic data from sediments
collected on the Beaufort Sea coast show a strong gradient of increasing terrestrial inputs of POC
eastward along the nearshore portion of the eastern Beaufort (Naidu et al.(200® .Mackenzishelf,
isotopic evidence led Parsons et al. (1989) to conclude that terrigenous carbon was a significant
component of the nearshore food wEkh e  d e 1¥Q valdeg id theliorganic carbon of Arctic coastal
sediments, particularly in regions near the Matde and Colville RiveDeltas, led Naidu et al. (2000) to
conclude that at least D% of the organic matter in nearshore and shelf sediments was of terrigenous
origin. The sources of this allochthonous carbon include both river runoff and coastahdBased on
calculations made by Reimnitz et al. (1988) forlth8. Beaufort Seand Are (1999) for the Laptev Sea,
it appears that sediment influx derived from coastal erosion is greater than the riverindiofexer,
the hydrological controls on djeochemical feedbacks and linkages between Arctic watersheds and their
receiving basins on the northern Alaskan coast are not well understood.

The fate of this terrigenous carbon in Arctic coastal food webs was at first unkaokeil
(1983) found evidere for the incorporation of ancienti (8,000 ya BP; Schell and Ziemann, 1983)
terrestrial peat carbon into freshwater aquatic food webs near the Colville River Delta based on depressed
14C abundances in resident fish and duél®wvever,*C activities n three marine invertebrate
crustaceans were not depressed, leading Schell (1983) to conclude that utilization of terrestrial carbon in
the Arctic estuarine environment was very limiteldwever, DOC is by far the most abundant form of
terrigenous carborxported in Arctic rivers (Gordeev et al., 1996; Lobbes et al., 2000) and, ba&€xl on
abundance data, this carbon pool is predominantly young (Benner et al., 2084}udy therefore
provides an opportunity to examine the possible incorporation ektaal carbon into the food webs of
the Beaufort Shelf from the inner shelf (just outside the barrier islands at 20 m water depth) to the shelf
edge (ca. 200 m isobath).

Benthic microalgae, another organic matter source hypothesized by the scientifiaragnto
exist on the Chukchi Sea benthos, may also supf$-anriched signal to the benthic food web (Tu et
al., 2015; McTigue and Duntgi2014; Glud et a].2009; Wulff et al, 2009). Other possible organic
matter (OM) sources include microbially daded detrital material (McConnaughey and McRoy, 1979;
Lovvorn et al, 2005; North et aJ 2014; McTigue et al2015). Benthic microalgae (microphytobenthos,
MFB) have eludedtableisotope analysis in the Arctic, but they have been identified in otbtrrayg as
13C-enriched primary producers relative to phytoplankton (Fral®@5; Dubois et al2009). Benthic
microalgae exhibit values that fit within the expected range of an OM source that would explain some
13C-enriched benthic consumers in the Bermgl Chukchi Seas (Lovvorn et,&005; North et a).2014;
McTigue et al,.2015; Tu et a].2015).Stable carbon isotopic composition of these benthic organisms,
along with isotopic analyses 8POMand zooplankton, reveal a primary mixture of terrelstnal
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phytoplankton carbon, but an additional subsidy in a deposited sediment pool may include ice algae,
bacteria, and other benthic microalgae at moderate depths that correspond to the three hotspots of infaunal
abundanceWe have no knowledge on the eotial importance of microalgal carbon as an additional

food resource in the Beaufort Sea.

In early August 2014 and 2015, we collected benthic samples from 43 stations on the Beaufort
Sea coast from 153/ to ~141°W in water depths ranging from 6 to 395 Rigure86). Our main
objectives were to (1) identify the food web patterns of the benthic community in relation to organic
carbon supply and (2) assess the natural variability of infauna distribution on therB&aaf shelf. The
results of our sampling better defined the trophic structure of the shelf and revealed patterns of benthic
species abundance and distribution that appear related to both unique oceanographic features and the
presence of alternative carbsources produced in situ.
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Figure 86. ANIMIDA lll infauna station locations for years 2014 and 2015.

5.2 Materials and Methods
5.2.1 Study Region

TheU.S. Beaufort Seportion of the continental shelf averages ~80 km betwezndhast and the
shelf break that follows th200-m isobath and stretches ~600 km from Point Barrow to the Canadian
border located east of Demarcation Bay (Dunton.e2@06).TheU.S. Beaufort Seaoast is bordered by
a discontinuous chain of barrierasids that enclose numerous rifed shallow (<8 m) lagoons that are
fed by many small rivers and strearhandfast ice forms over the shelf waters to2fan isobath in the
fall where it abuts to drifting polar pack ice resulting in grounded ice riduksubble fields that
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extended up to 13 m high (the StarhiuRone; Reimnitz et al., 1977; Barnes et al., 1984) and persists

until early summer when it retreats north due to warmer air temperatures and pulses of freshwater from
numerous rivers that draingthlaskan North Slop&he hydrographic structure on the shelf is driven by

a complex interaction between bathymetry, river inflow, coastal erosion, ice cover, wind,fantng
largescale circulation forces of the Arctic Ocean (Pickart, 200/ter flowalong the continental slope
consists of a mixture of water masses derived from Pacific, Atlantic, and Arctic origins (Weingartner,
2003).The shelf flow is topographically steered to produce eastward flow which is in opposition to the
prevailing northeaswvinds (Chapman, 2003)Vind events can generate westward jets over the shelf and
also can produce upwelling of deep basin water up the slope and onto the shelf (Hufford, 1975; Mountain,
1975; Chapman, 2003puring summer months, westdthS. BeaufortSeashelf and slope waters are
influenced by an inflow of productive Chukchi Summer Water and Alaskan Coastal Water that flow east
from the Barrow Canyon (Pickart, 2004; von Appen and Pickart, 2012) and are thought to enhance
pelagic and benthic productivity the extent of these waters (Carey and Ruff, 1977).

5.2.2 Field Collections

We collected benthic infauna and epifauna at 43 stations at depths ranging from 6 to 395 m for
isotopic analysis along the coast in August 2014 and 2015 aboard tiNdoR&Mmanll. In 2014, stations
were selected using two basic criteria: (1) to reoccupy historic BSMP and historic Camden Bay stations,
and (2) create new random locations that spanned the Beaufort shelf, including current BOEM oil lease
block locations, using a prability-based computation in ArcGIS 10 within 1260%mexagonal
tessellated grid cells (White et,d992).In 2015, we added the Beaufort Sea DBO lines at ¥62hd
143°W. Seven stations were planned for the 182DBO line but only two were succeshjusampled
due to persistent ice cover in the central Beaufort Sea $helfl43°W DBO line was icdree allowing
the research team to occupy six stations.

Infaunal benthos.Benthic infaunal invertebrates were collected from double van Veen grabs (3
grabs per station) at 25 stations in 2014 and 17 stations in Eaji&€86). Use of a double van Veen
grab (0.1 m) insured that the physical and chemical properties associated with the sediments could be
matched tdhe biological samples obtained from the companion @amples were sieved through a 1
mm mesh using a loflow sievetableto ensure gentle handling of stiisue invertebrates (i,e.
polychaetes) to aid in taxonomy. Organisms were preliminarilyifeteahto lowest possible taxonomic
level shipboard then preserved in 80% ethanol.

Upontheirarrival to he University of Texas Marine Science Institute (UTMSI), infaunal samples
were reexamined:axonomic specialists were used to verify identificationdooninant groups including
crustaceans (Ken CoylgAF), mollusks(Nora FosterlJAF) and polychaetes (Leslie Harris, Natural
History Museum of Los Angeles Countyfter identifications were complete, species within each grab
sample were blotted and mees=ai for wet weight biomass (includimgolluskshells).

5.2.3 Community Structure: Species Diversity

An ecological analysis of infaunal species abundance was performed using routines available in
the PRIMER v6 software package (Clarke and Go28@6; Priner-e, 2016.Total number of species (S),
Shannon Diversity Index (H'logg nd Pi el ou6s Evenness Index (J') we
abundance data @nusing the DIVERSE routine in PRIMER (Clarke and Warw®01).The Shannon
Diversity routine assugs that individuals are randomly sampled from a large population:
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R

H' =-) pp,

where pi is the proportion of individuals that belong to species i and R is richness (the number of
species in the datasebjathematically, the Shannddiversity value has the potential range from 05
but in practice it usually lies between 1.5 and 3.5 and only rarely is >4 (Magurran, Bo®jgher
values indicate greater species diverstty. el ouds I ndex (J') iTeelessonstr ai ne
variation between count of spes the higher the value of J'.

5.2.4 Community Structure:Environmental Variables

Environmental variables were plotted using the PRIMER v6 PCA routine to determine how a set
of environmental factors collected at 42 stations related to each Btivenonrental variables included:
(1) hydrographic characteristics (bottom water temperature and salinity), (2) infauna nutrient sources
(sediment TOC, total organic nitrogeRON], carbon to nitrogen molar rai@:N], sediment chlorophyll
a, and (3) physical haat (sediment grain size; gravel, sand, mid$tribution by total water depth,
longitude, and latitude were also examingddiment grain size data were provided by John T(El),
and bottom water temperature and salinity data were collected fiompgshs CTD and made ava
Jeremy KaspeiUAF). All other analyses were performed in the UTMSI laboratory.

PCA is a mathematical procedure that uses an orthogonal transformation to convert a set of
possibly correlated variable values into a set dlieslbof linearly uncorrelated variables called principal
componentsThe first principal component (PC1, x axis) accounts for as much of the variability in the
data as possible, with each succeeding component having the highest variance possible under the
constraint that it be uncorrelated with the preceding components. The data were normalized prior to
running the PCA function to fulfill the requirement that the data be normally distributed.

The BiotaEnvironmental (BIGENV) routine in PRIMER v6 was used ¢aplore relationships
betweernChukchi Sea Offshore Monitoring DevelopmenArea (COMIDA) Hanna Shoal species
abundance and biomass and selected environmental variables (same variables as listed above for the PCA
analysis). The BIGENV routine calculateSpearman rank correlations between the similarity matrix
derived from infaunal species abundance or biomass data and matrices derived from environmental
variables that could explain the biotic structure (Clarke and Warwick, 2004 sstatistical signifiance
of the results was tested by the global EHYV match permutation test whereby each set of samples was
randomly permuted relative to the othEhe null hypothesis was that there is no relationship between the
species abundance matrix and any of i&sjple resemblance matrices subsets of the environmental
variablesThe real rank correlation coefficient was compared with the permuted null hypothesis values,
and if the actual coefficient was larger than any of the permuted coefficients, then thygothiesis was
rejected with a p < 19%Biota abundance values were square root transformed prior to analysis to meet
assumptions of normality, and environmental parameters wetealogformed and normalized prior to
analysis in order to derive meaningEtclidean distances between environmental data variables with
different scales.

5.2.5 Isotopic Sampling

Particulate Organic Matter (POM). Water samples were collected fr¢@iT D) bottles for
isotopic analysis 06POM. CTD bottles were tripped at two deptasthe chlorophyll maximum zone
and 23 m above the seabed. Approximately 500 ahseawater from each depth were subsequently
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filtered through norcombusted 25 mrlass fiber filters GFF in duplicate, then frozen for fututdigh
Performance Liquid ClimatographyHPLC) chlorophyll analyses. In addition [ 20ff seawater were
filtered onto combusted GFF filters in duplicate, dried, and stored for futuredegbiidisotope analyses.

Plankton. Phytoplankton and zooplankton hand nets (20 anqi88&esh; $aGear,
Melbourne, FL) were deployed to collect pelagic organismstiiieisotope analyses. A 2im
phytoplankton net was lowered vertically to 5 m above the sea floor and then slowly retrieved. The
collected contents &refiltered through a series tfiree sieves to collect material < g®. The resulting
filtrate was filteredontopre o mbust ed 25 mm GFF (0.7 em pore size)
and dried.

A 335um zooplankton net was lowered vertically to 5 m above the sea floor and thep slowl
retrieved. The sample was filtered through a 1mm mesh sieve. If present, large calanoid copepods,
Calanus hyperboreusndCalanus glacialiswere occasionally collected in the 1 mm mesh sieve and
removed for separatgableisotope analysis. The resulgifiltrate was filtered onto preombusted 25
mm GFF (0.7 em pore size) under | ow vacuum in dup

Surface SedimentsSediment organic matter (SOM) was collected from the upper of an
undisturbed 0.1 Avan Veen grab with the barrel of a @lbic centimeter (cqyringe (1.&m diameter)
for three analyses: pigmensdableisotope analysis, and ammonium concentration. Pigment samples
were collected in duplicate using a 20 cc syringe, stored in a darkened centrifuge tube and frozen.
Sediments for isotopic analysis were alstiected with a 2@c syringe in duplicate and dried.
Ammonium samples were collected with a 60 cc syringe, extruded intelayeted Whirlpac bags and
frozen for shipment. Porewater was extracted by centrifuging thawed sediffentsipernatant
undervent colorimetric analysis as described by Parsons et al. (1984).

Benthic Fauna.Infauna were collected from one of three double van Veen grabs deployed from
the ship for biological and chemical analysis. From the first double van Veen grab, one sidapiad sa
for SOM and the other side was used for quantitative infauna collection. The third van Veen grab was
used for collection of infauna organisms $tableisotope analyses. Each grab sample was sieved using a
low-flow slide tableto ensure gentle harnidgy of softbodied invertebrates. Infauna were collected from a
1 mm mesh sieve at the basdha table Animals from quantitative grabs were sorted under a
microscope and preserveddd% ethanol. Specimens fstableisotope analyses were sorted, idiedi
to the lowest taxonomic group possible, and dried. Large samples for isotope analysis were first dissected
to remove muscle tissue, and smaller organisms were dried whole.

Benthic epifauna were collected using a 3.05 m pkstalf beam traw{PSBT-A) with a 7 mm
mesh and a 4 mm ceaehd liner.Epifauna samples were sieved over 1 mm mesh and washed with
ambient surface water to remove extraneous organic matter and sedtinenébrates were keyed to
lowest taxonomic level possible, usually speciethénfield.When possible, muscle tissue was extracted
from the organism fostableisotope analyses. Biota and tissue samples were dried shipboard in
aluminum dishes at 61C.

Pigment analysesPigments targeted in the sediments were chlorophtfie phepigments
pheophytina, pheophorbide, pyropheophorbide, and the accessory pigments chlorophyll b,
chlorophyll ¢ (defined as the sum of c1 and c2), fucoxanthin, peridinin, prasinoxanthin-aed 19
fucoxanthin. Sediment pigments were extracted usingl10f 100% acetone since residual porewater in
the sample dilutes the acetone concentration (Sun et al., J@8dne of porewater was determined and
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accounted for in extract volumBamples were sonicated in chilled water for 15 min in darkAdiss.
centrifuging samples for 5 min at 406€volutions per minutergm), supernatant was decanted and

filtered t hr ougToelsur®thescomplatg dxtoactionfofi pigrheats from sediments, each
sample was extracted twice and the extracts wereioeghblf the combined extract was cloudy, the
entre20mLwas i | tered through a 0.2 em nylon filter.

The HPLC pigment analysis followed protocol of DHI (DHI Water and Environment, Denmark).
Briefly, a binary gradient of 2@illiMol ar (mM) tetrabuyl armonium acetate (TBA) in methanol
(309%0:30%, v:v) (eluent A) and methanol (eluent B) was uskent B was ramped from 5% to 95% in
22 min, and held for 7 min before falling back to 5% within 2 rAit8 HPLC column (Agilent Eclipse
XDB, 3.5 & m0mm) wd usednang thelebited pigment was detected byd Absorbance
(wavelength = 45@anometerrim]). Concentrations were determined by comparing pigment peaks of
equal retention time to those of certified commercial standards (DHI, VWR, and-8iginieh, USA).

TOC, TN, and stableC and N isotopic analysesTo remove carbonates that would interfere
with stablecarbon isotope analysis, a subsample of faunal tissues (particularly calcifying organisms and
small, whole organisms) and sediments were sbakieydrochloric acid CI) until bubbling stopped,
then rinsed in deionized water and dried atGQo a constant weightissue and sediment subsamples
prepared fostablenitrogen isotope analysis were not subjected to acidificatloiscle tissue exsed
from shell or exoskeleton was not acidified. Samples were not lipid extracted @iabkeisotope
analyses so that data could be comparable to other studies from the region (e.g., McTigue and Dunton
2014 Iken et al, 201Q Tu et al, 2014). Preious work determined a low likelihood that lipids in Arctic
consumer s YCmauésyGraeve et@lod7; Iken et a).2010, Dunton et gl2012; Smith et al.,
2016).

Dried tissue samples were manually homogenized with a mortar and pestlesamdstsliment,
and filter samples were weighed in tin capsules to the neafegt38mples were analyzed on an
aut omat ed sy s¥Ce m idmedsucements Usangla Finnegan MAT Delta Plus mass
spectrometer attached to an elemental analyzetr{&@Eiments, NC 25005amples were combusted at
1,020°C and injected into the mass spectrometer with continuous IBovapic ratios are denoted in

standard 04 notation relative to carbon and nitrog
where

OX=[ (Rsampl-g4«®80t andar d)

X is either'®C or™N of the sample and R corresponds to'#@#'°C or >N/*N ratio.
Instrumental analytical error was NO.15& and anal
standards from thEIST and tle International Atomic Energy Agendile reported total nitrogen (TN)
instead of TON since inorganic nitrogen, especially ammonium, can bind to clay minerals common to
marine sediments and inflate the amount of measured N (Stein and Macdonald, 2004).

Trophic Level (TL) Determinations. Trophic levels were determined from isotopic values using
the trophic enrichment equation of lken et al. (2010):

TL ( Ph yYSNehhmei SNPHyto)/3.4 + 1

where 3.4 is the a¥Webeeaweansuccessieefosing20umeett i n 0
phytoplankton as the uPfN=i7maTcide28). Werpdynizeinusmmg3#on sour
that there is some variation in the appropriate enrichment per trophic level in different ecosystems,
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including the ecosystem studied here. For example, in the Antarctic Peninsula, Dunton (2001) used a
value of 3. 2awpéechtirepbobmpheawable to values of 3.3
the Southern Ocean and Rau et al. (1992) in the northeast Atlantic.UrSthgctic, Iken et al. (2010)

used a 3.4a enrichment based on tahdenaed&kRasnossenve r evV
(2001) and Post (2002), which identified 3.4a as

In recognition that trophic increases are variable between consumers and their source material, we
introduced mixing lines thatetimited the isotopic value ranges expected for the transtéC afr 1°N
through the food web. In recognition of the variability3@ or°N enrichments noted by Dunton et al.
(2012), we used two conservative mixing lines to best assess the relgbréaince and role of terrestrial
organicC, SPOM and MFB sour c e stBCa waibikpktb. In¢his approachp n s u mer s
also used by Darnaude et al. (2004), two mixing lines are constructed that potentially correspond to
minimum and maximumtmhi ¢ i ncr eases o ff andl maigumeanddninimdm 0 & i n 0
trophic increases ¥ pertroghic vl ThesetworpdtenBahicombmatians of the
range of trophic level enrichment for both carbon and nitrogen isotope valuesiremditive slopes of
1.25 and 4 from the source material. These mixing lines provide a boundary and a mechanistic tool to
assess the dependence of consumers on the suspected ultimate carbon sources. Our selection of terrestrial
organicC, phytoplankton, ahMFB as carbon and nitrogen enmegembers for shelf biota was largely
based on the opportunistic and omnivorous feeding strategies employed by most Arctic fauna (Dunton
and Schell, 1987; Iken et al., 2010).

5.3 Results
5.3.1 Infauna Inventory

A total of 3533 taxa were identified from 126 van Veen grab samples (§).totlected from 42
stations in 2014 and 201Species occurrence by abundance incli@iegichaeta56%) followed by
Crustaced20%),Mollusca(13%), Echinodermatd8%), Nemertea(2%), Sipunculda (1%), and other
phyla (2%).Species distribution by biomass was dominatebijusca(37%) followed by
Echinodermatq20%), Polychaetg19%), Sipunculida(5%), Crustacea4%), Nemerteg3%), and other
phyla (12%). All annelid species belongedPmychaeta(135 species) except for two oligochaete
specimensThe dominant mollusc groups weBévalvia (39 speciesaindGastropoda29 species). Within
the Arthropoda Malacostracarepresented the most diverse class, including 62 spechenptiipoda 13
Cumaeaspecies, and BecapodaT he r emai ni ng t axa Padiifera Brgorgoh| aneous 6
Hydrozoa Priapulida, Alcyonarig AnthozoaActinaria, Scleractinia HemichordataBrachiopodaand
Ascidiacealnfaunal abundance and biomass were low in thesheae area west of the Sagavanirktok
River and in the Colville Rivebelta at 10 to 30 m water depti&dure87, Figure88). The primary
species inhabiting this region veesmall crustaceans (amphipods and cumaceans) and polycAdetes.
stations included these three groups except for stations 1.05 aidQl 3@cated in the western side of
the Colville Delta, which did not have molluscs. In general, abundance valuesreeter tp the east of
the 148 line and notably higher on the shelf north of Kaktovik between W4ahd 144W (Figure
87). The biomass distribution showed a different pattern with similar valuesngall statbns except for
low numbers in the river deltas and two stations located on the shelf break betwedhdt6143W
(Figure88). Biomass station means are dominated by molluscs, eching@eringolychaeted=igure
88). Large bodied clams, brittle stars, nemerteans, or sipunculids contributed greatly to the overall station
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biomass value in the mid shelf statioBshinoderms and nemerteans did not occur in water <30 m in

depth.
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Figure 87. Total infauna station abundance (N/m?) for 2014 and 2015 (top panel). Infaunal
abundance distribution by principle taxonomic group (bottom panel).
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Figure 88. Total infauna station biomass (grams wet weight (gww)/m?) for 2014 and 2015 (top
panel). Infaunal abundance distribution by principle taxonomic group (bottom panel).

5.3.2 Infauna Diversity

Total taxa, and Shannon InBexeswarescaldulgtedaorexplorBi el ou 6 s
trends in infaunal community structure in the study abéation taxa totals varied between 5 and 77 per
station.Stations with fewest species were located nearshore in the Sagavanirktok and Rigkiille
Deltas Figure89). The largest taxon count values were concentrated in waters located in the greater
Kaktovik region where the shelf break becomes less steep and moves closer to the Alaskan coast resulting
in deeper nearshore wat&idure89). The abundance Shannon Diversity values followed similar
distribution patterns as the taxa totdg(re89). Station 3A, located just west of Prudhoe Bay, is
notablebecause it is a nearshore station (gf)@hat has high abundance, biomass, taxon count, and
diversity. It is the only station in this study situated within the coastal lagoon system created by the
discontinuous chain of barrier islands that follow the Alaskan coadflzaufort Sea Lagoons @imave
been shown to be highly productive areas for both benthic and pelagic organisms (Dunton et al., 2006).

ShannorDiversity abundancealues ranged from 1.56 (Station 1.05) to 4.14 (Statieh4A)
with a mean = 3.3 = SD 0.0Figure89). Thirty of the 42 stations had diversity values between 3.1 and
3.9 and two stations ranged between 4.0 and 4.1 (out of a maximum of 5) indicating that areas of the
seafloor in this study area support a diverse ecosygtéme | lndexdvaluesanged from 0.86 (Station
5(5) to 0.98 (Station 15) with a mean = 0.96 + SD 0.52 indicating that many but not all stations have an
even distribution of speciehe relationships between infaunal abundance, Shabivensity and
Pi e | Bvamrtess indicatethat low abundance did not necessarily correspond with low species diversity
or evennessHigure87, Figure89, Figure90). Most stations locatkin the Sagavanirktok and Colville
River Delta had low or medium abundance and diversity values but a few of them had high evenness
values indicating a balance in the few species that were pr8satiins located in the region north of
Kaktovik had conistently high abundance, biomass, diverstyd evenness numbetey are all
around robust infaunal stations.

Species diversity is most likely greater than reported because some of the most abundant
polychaetes collected in this study require furtagonomic evaluation (Leslie Harris, Natural History
Museum of Los Angeles County, pegromm.).The polychaete groups in question are represented by the
generaBarantolla, Chaetozone, Brada, Bradabyssa, Chone, Eteone, Euchone, Flabelliderma,
Heteromastudylediomastus, Ophelina, Pholoe, Scoletoma, Sphaerodoropsis, Sternaspisai®yllis
TerebellidesA limited number of polychaete samples were examined due to budget constraints, so many
are identified only to family or genera.
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Figure 90. Relationships between benthic environmental factors determined using a Principal
Component Analysis (PCA) routine.
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Figure 91. CTD bottom water salinity (top panel), bottom water temperature (middle panel), and
TOC (bottom panel) at infauna stations.
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5.3.3 Environmental Factors and Infauna

Sediment Grain Size Shelf sediments, taken from one side of a double van Veen grab that was a
companion to the infaunal grab, were analyzed by John Taeff{T (sediment grain size andemistry)
and Ken Duntorat UTMSI( '8C a fNlisofbpeschlorophylla, TOC, TON, and C:N)The sediments
on the Beaufort Sea shelf were a mixture of mud (silt/clay) and sand with a gravel fraction at some
stations located betweeni3®0 m depth (seeJrTef r y 0 s ¢ h a (heasearshore btatisns(ke por t )
30 m) were a combination of mud and sand, with sand dominating in the Colville Riveribedta.of
the sand dominated delta stations (5, 5B, 6F) had such low levels of organic material thas the mas
spectrometer was unable to detect reliable TON valueee stations along the shelf break-(4b, 143
W4, and 143N5) and two stations on the western edge of the Colville River DeltavfIband 152V/1)
were 94100% mud. The majority of the stationeng a combination of sand and mud with a gravel
fraction in some of the mid shelf stations.

PCAAEnvironmental variables were plotted using I
environmental factors collected at 42 stations related to each Bigerg90). The length of the vector
lines corresporgiwith the variable influence or strength of each variabie results on the PCI axis
show that stations with higher measurements of mud substrates (right side) baisexbhigher levels
of TOC, TON, chlorophylh and are in deeper water than sand and gravel areas (left side).

Biota and environment analysisA set of environmental variables including total water depth,
bottom water temperature and salinity, sedinedtwrophylla, grain size (gravel, sand, mud), TOC,
TON, and C:N were incorporated into the BENV matching routine in PRIMER v6 to determine which
environmental factors had the strongest correlations with species abufiane®3). According to the
hi ghest Spear man cor r e,lamlT@Chad the indpst robashassoamtion witha t er d
species abundance distributions for al/ coll ected
salinityt o depth and TOC was al most as robust (0 = 0.5
chlorophylla, and C:N produced Spearman values greater than 0.50 indicating that they are all factors
that influence the distribution of infaur@pearman correlan values range from 0 to 1 with 1 indicating
a perfect correlation/alues 0.40 to 0.59 are considered a moderate correlBtdiom water salinity,
temperatureand TOC distribution are mappeedure91).

5.3.4 Sediment Pigments, Carbon, and Nitrogen Inventories

We sampled the seabed at 43 stations on the Beaufort Sea coast over both years of this study, 26
stations in 2014 and 19 stations in 20T&kle24). To better dcument spatial differences in isotopic
variability along the coast, we classified the stations into three major regions on the basis of longitude:
Western (153148°W), Central (148L44°W), and Eastern <144R/) Beaufort. Bottom water
temperatures rangdmbm -1.6 at depths > 30 m to 4°C at station 3A (6.4 m depth), with most salinities
varying from 30 to 32, but with one station at 22.7 (station 3A).
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Table 23. Station environmental data used in the Biota and Environment (BIO-ENV) analysis with respect to mean values of abundance
and biomass.

Year Date Station = Latitude Longitude Depth m Salinity Temp CChlamg m-2 TON TOC C:N Gravel  Sand Mud  Abundance m-ZBiomass g m-
2014 8/6/2014 | 1 71.3198% -152.0900 63.5 31.633 -0.227 1.012 0.11 1.10 12.024 4270 19.60 37.70 206.67 471.41
2014 8/6/2014 © 1.05 71.0718% -152.5822 16.4 30.419 -0.720 0.170 0.11 144 15539 0.00 2150 78.60 83.33 0.67
2014 8/6/2014 " 5 70.95292 -151.354Z  19.3 31.097 -1.419 0.109 0.10 0.15 8.826 0.00 93.40 6.60 430.00 20.53
2014 8/6/2014 7 6 71.28257 -151.5597 55 31.028 0.525 2.805 0.10 095 11.665 9.10 42.20 48.70 370.00 63.06
2014 7/31/2014 " 7 70.84987 -150.0608 26.3 31.614 -1.536 0.544 0.15 112 8.613 0.00 9.70 90.30 170.00 59.84
2014 8/5/2014 7 9 70.9633% -148.9953 37 31.162 -0.364 4.846 0.06 092 17.216 1.20 23.10 75.60 333.33 88.40
2014 8/1/2014 7 10 70.7126% -148.7655  24.6 31.627 -1.560 3476 0.14 1.04 8.491 9.30 16.60  74.00 183.33 13.08
2014 8/5/2014 " 11 70.8844¢& -148.1355  43.7 31.455 -0.904 2.374 0.13 130 11.744 0.40 49.40 50.10 333.33 65.09
2014 8/4/2014 | 12 70.67172 -147.5905 384 31.599 -1.470 21.348 0.11 0.98 10.621 0.20 36.80 63.00 576.67 84.25
2014 8/4/2014 7 15 70.6460Z -146.6607 36 31.740 -1.466 1.849 0.08 0.68 9.677 61.90 21.60 16.50 170.00 132.63
2014 8/4/2014 " 16 70.73417 -145.9916 61 31.764 -1.528 0.616 0.10 1.09 12418 17.20 48.00 34.80 270.00 149.20
2014 8/2/2014 7 20 70.357¢ -144.495Z2 39.8 32.001 -1.608 0.716 0.07 0.51 8.059 0.50 75.20 24.30 363.33 130.43
2014 8/2/2014 " 21 70.2752% -143.9104 36 31.637 -1.354 0.400 0.07 0.56 9.101 8.00 47.20 44.80 566.67 62.63
2014 8/2/2014 | 22 70.19152 -142.9047 36 30.993 -0.361 3.561 0.13 141 12793 1130 12.80 75.90 400.00 164.63
2014 8/3/2014 7 23 70.00377 -141.9630 35.8 30.920 0.015 4.440 0.09 0.73 9.825 0.50 5240 47.00 510.00 190.84
2014 8/3/2014 " 24 70.26003 -141.7631 53,5 31.849 -1.372 2.368 0.15 1.20 9.148 0.50 3180 67.70 216.67 175.22
2014 8/4/2014 7 25 69.8509¢ -141.7181. 225 29.693 2.932 5.629 0.08 0.73  10.573 0.00 38,50 61.40 516.67 63.89
2014 8/4/2014 1Cc 70.15795 -144.8053  24.7 30.499 -0.725 0.449 0.1 1.10 11.871 0.00 26.10 73.90 760.00 100.79
2014 8/1/2014 5(5) 70.43655 -147.3442  19.6 31.141 -1.574 0.782 0.05 0.64 13566 1.70 53.50 44.80 650.00 26.95
2014 8/7/2014 5B 70.58027 -148.9327 17.4 30.347 -1.471 0.286 0.05 0.06 7.096 0.00 96.30 3.70 180.00 17.82
2014 7/31/2014 6D 70.74947 -150.4754 189 31.509 -1.492 14513 0.16 140 10306 0.10 79.70  20.10 490.00 52.05
2014 8/5/2014 6F 70.6722% -151.1876 13,5 30.661 -1.301 0.152 0.12 0.23 14938 0.10 91.40 8.50 150.00 6.63
2014 8/6/2014 7C 70.91292 -151.9948 144 30.511 -1.332 0.152 0.12 144  13.633 0.90 3130 67.90 240.00 3.15
2014 8/1/2014 @ L250-5 70.3647¢ -146.1182 315 31.548 -1.620 1386 0.11 0.89 9.436 0.00 33.75 66.25 330.00 35.00
2014 8/1/2014 T-3 70.4512% -145.8372 38,5 31.859 -1.470 2.060 0.11 0.88 9.534 4.10 4330 52.60 590.00 132.81
2015 8/3/2015 @ 143-W1 70.25728 -143.6066  38.8 32.244 -1.425 6.355 0.08 1.08 16100 4.10 3290 63.10 790.00 65.34
2015 8/3/2015 @ 143-W2 70.44248 -143.5957 48 32.432 -1.618 3.452 0.09 0.98 12.086 1570 51.70 32.60 716.67 84.65
2015 8/3/2015 143-W4 70.56907 -143.6001 154 32.527 -1.507 1.735 0.16 174 12,633 0.00 5.80 94.20 186.67 36.20
2015 8/3/2015 143-W5 70.62602 -143.5908& 303 34.741 0.450 0.425 0.18 189 12256  0.00 2.10 97.90 806.67 16.69
2015 8/6/2015 149-200 71.21227 -149.3430 207 34.614 0.146 0.357 0.16 212 15940 2540 1550 59.10 670.00 179.55
2015 8/1/2015 @ 152-WO0 71.00417 -152.3793 159 31.585 -0.639 10.523 0.15 230 18.175 0.00 23.00 97.70 386.67 4.41
2015 8/1/2015 @ 152-W1 71.19385 -152.2531 38 31575 0.665 6.745 0.12 147 14270 0.00 2.50 97.50 336.67 92.33
2015 8/2/2015 3A 70.28238 -147.0900 6.4 22.626 4.686 68.580 0.11 197 20.603 0.00 19.40 80.50 1933.32 159.83
2015 8/2/2015 5A 70.49468 -148.7640 11.8 30.836 -0.293 9.149 0.12 217  20.300 0.00 35.75 64.30 193.33 1.67
2015 8/4/2015 @ 70-142 70.46577 -142.4026 65.5 32.355 -1.591 1.878 0.10 131 15.059 9.30 48.40 42.20 550.00 32.94
2015 8/4/2015 @ 70-143 70.36135 -142.851& 57 32.323 -1.549 5.076 0.08 139 21225 4.60 4110 54.40 1180.0C 80.84
2015 8/5/2015 @ 70-145 70.49115 -144.968Z 458 32.124 -1.605 5.839 0.11 1.08 11945 7480 1450 10.60 663.33 281.46
2015 8/5/2015 @ 71-145 70.67525 -144.9170 103 31.959 -1.509 0.625 0.15 157 12528 0.00 2780 72.10 346.67 108.44
2015 8/5/2015 @ 71-146 70.95688 -145.8006 395 34.799 0.614 0.856 0.17 2.06 13.787 0.00 0.40 99.60 366.67 10.92
2015 8/6/2015 @ 71-147  70.971€ -147.382Z 100 31.803 -1.184 0.456 0.08 105 15.072 69.80 17.60 12.50 346.67 60.35
2015 8/6/2015 @ 71-149 71.15253 -148.414<4  68.4 31411 -1471 0.768 0.07 0.77 12556 5.40 73.60 21.00 343.33 49.28
2015 8/1/2015 @ 71-150 70.94037 -151.0301  18.2 31.794 -1.463 5.496 0.02 0.22 11.696 0.00 94.10 5.90 333.33 12.53
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Table 24. Location, depth, salinity, and temperature for all biological stations sampled in 2014 and

2015.
Station| Date | LatDD| Long DD| Region| Depth (m) Salinity| Temperature (°C
1 6-Augld | 71.320| -152.090| Westerr]  63.5 31.633 -0.227
1.05 | 6-Augld | 71.072| -152.582 Westerry 16.4 30.419 -0.720
1C | 4Augld | 70.158| -144.805 Central 24.7 30.499 -0.725
5 6-Augld | 70.953| -151.354| Westerr]  19.3 31.097 -1.419
5(5) | 1-Augl4d | 70.437| -147.344] Central 19.6 31.141 -1.574
5B 7-Augld | 70.580| -148.933 Westernr 17.4 30.347 -1.471
6 6-Augld | 71.283| -151.560 Westerr 55 31.028 0.525
6D | 31:Jutl4| 70.749| -150.475 Westerry  18.9 31.509 -1.492
6F 5Augl4d | 70.672| -151.188 Westernn 135 30.66 -1.301
7C 6-Augld | 70.913| -151.995 Westerrr 14.4 30.511 -1.332
7 31-Jutl4| 70.850| -150.061 Western  26.3 31.614 -1.536
8 31-Jutl4 | 70.757| -149.440 Westerr 19
9 5Augld | 70.963| -148.995 Westerr| 37 31.162 -0.364
10 1-Augld | 70.713| -148.765 Westerry 246 31.627 -1.560
11 5Augld | 70.884| -148.135 Westerr]  43.7 31.455 -0.904
12 4-Augld | 70.672| -147.591 Central 38.4 31.599 -1.470
15 4-Augld | 70.646| -146.661] Central 36 31.740 -1.466
16 4-Augld | 70.734| -145.992| Central 61 31.764 -1.528
20 2-Augl4 | 70.358| -144.495 Central 39.8 32.001 -1.608
21 2-Augl4d | 70.275| -143.910| Eastern 36 31.637 -1.354
22 2-Augl4 | 70.192| -142.905 Eastern 36 30.993 -0.361
23 3-Augld | 70.004| -141.963 Eastern| 35.8 30.920 0.015
24 3-Augld | 70.260| -141.763 Eastern 535 31.849 -1.372
25 4-Augl4d | 69.851| -141.718 Eastern| 22.5 29.693 2.932
L2565 | 1-Augld | 70.365| -146.118 Central 315 31.548 -1.620
T-3 1-Augl4 | 70.451| -145.837 Central 38.5 31.859 -1.470
143 W1{ 3-Augl5 | 70.257| -143.607| Eastern| 38.8 32.244 -1.425
13 W2 | 3-Augl5 | 70.442| -143.596| Eastern 48 32.432 -1.618
143 W3] 3-Augl5 | 70.548| -143.538 Eastern 103
143 W4{ 3-Augl5 | 70.569| -143.600 Eastern 154 32.527 -1.507
143 W5| 3-Augl5 | 70.626| -143.591 Eastern| 303 34.741 0.450
143 W6| 3-Augl5 | 70.745| -143.592 Eastern 502
149200| 6-Au-15| 71.212| -149.343 Western 207 34.614 0.146
152W0 | 1-Augl5 | 71.004| -152.379 Westerrl]  15.9 31.585 -0.639
152W1| 1-Augl5| 71.194| -152.253 Westerr 38 31.575 0.665
3A 2-Augl5 | 70.282| -147.090| Central 6.4 22.626 4.686
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Station| Date | LatDD| Long DD| Region| Depth | Salinity| Temperature (°C
m
5A 2-Augl5 | 70.495| -148.764 Western i1)8 30.836 -0.293
70142 | 4-Augl5| 70.466| -142.403 Eastern| 65.5 32.355 -1.591
70143 | 4-Augl5| 70.361| -142.852 Eastern 57 32.323 -1.549
70145 | 5-Augl5| 70.491| -144.968 Central| 45.8 32.124 -1.605
71145 | 5-Augl5| 70.675| -144.917, Central 103 31.959 -1.509
71146 | 5-Augl5| 70.957| -145.801 Central 395 34.799 0.614
71147 | 6-Augl5| 70.972| -147.382 Central 100 31.803 -1.184
71149 | 6-Augl5| 71.153| -148.414 Westerry 68.4 31.411 -1.471
71150 | 1-Augl5| 70.940| -151.030 Westerry 18.2 31.794 -1.463

Sediment pigments Sediment chlorophyt concentrations ranged from 0.11 to 68.6/mg
0. 01 t/op(Table25 Figuge93a). Three defined hotspots containing the highest concentrations of
pigments were noted: (1) at stations 152W0 and 6D {12468 mdm?, 1.87 2 . 3/g;)dnghe western
Beaufort, (2) stations 5A, 12 and 3A (9.88.6mgm?, 1.67 5 . 7/g;)dnghe central Beaufort, and, (3)
at six stations in the eastern Beaufort (stations 143W#37 22, 23, 24, and 25) where chloroplayll
values raged from 3.6 6.4mg/m? (0.57 0 . 9/g;)eTdpe highest chlorophydl concentration was
recorded at station 3A (68tBgm?, 5 /g)/ located inshore of the Barrier Islands in Stefansson Sound
at 6.4 m. The area of moderately high sediment chlorophygldeast of 143W, from the inner to mid
shelf (22 to 60 m depths) encompasses a large region in contrast to the patchiness in chlorophyll
concentrations observed in the western and central Beaufort.

Pheophytira generally coincided with chlorophydl concentrationsKigure93b, Figure 94)
although there were a femotableexceptionsWe found pheophytiain relatively high concentrations at
stations where chlorophydlwas also highest (stations 152W0, 6D, 12, 3A, and 143HEophorbide,
a marker for metazoan grazing, showed distinctly higher concentrations in the western and eastern
Beaufort Sea chlorophyd hotspots Figure93c). Pyropheophorbide, the secondary degradation product
of pheophorbida, was clearly formed at all three hotspots where chlorophyhs observed in higher
concentrationsKigure93d). In some cases (e,@tations 7, 23, L258, 143W4) the chlorophyll
a:pyropheophorbidea (chl:pyro) ratios were markedly <Fiure94). Total pheopigment concentrations
(sum of pheophytim, pheophorbide, and pyropheophorbid® spained to values that matched the
range in chlorophyla concentrations. Despite high pheopigment concentrations at some stations, the ratio
of chlorophyll to total pheopigments (chl:pheo) was substantially >1 at 33 of 43 st&iigue04).
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Table 25. Concentrations of sedimentary pigments by area at 43 stations on the Beaufort Sea shelf.

Station | chl c2 pﬁct]r%? de peridinin+isomel Pp);]rgfbr;gg fuig(t:):rtltin fuxocanthin| prasinoxnthin fu:o%:gi);hin zeaxanthin chlb | chla E&iﬁ]
mg/n? mg/n? mg/n? mg/n? mg/n? mg/n? mg/n# mg/n# mg/n? mg/n? | mg/nd | mg/m

1 0.06 1.61 0.36 9.29 0.11 0.82 0.23 0.00 0.01 0.17 1.01 0.60
1.05 0.00 0.00 0.10 0.64 0.02 0.39 0.00 0.00 0.01 0.00 0.17 0.00
1C 0.08 0.00 0.39 5.51 0.05 1.75 0.00 0.00 0.00 0.07 0.45 0.00
5 0.05 0.00 0.11 0.91 0.02 1.02 0.00 0.00 0.00 0.00 0.11 0.00
5(5) 0.03 0.00 0.19 1.95 0.07 3.57 0.00 0.00 0.00 0.02 0.78 0.00
5B 0.04 0.00 0.00 0.36 0.00 0.83 0.00 0.00 0.00 0.02 0.29 0.32
6 0.14 0.37 0.32 4.30 0.07 1.46 0.02 0.01 0.00 0.18 281 0.19
6D 1.49 34.06 3.34 81.76 0.34 7.41 0.03 0.02 0.03 1.14 | 1451 | 0.69
7 0.04 0.00 0.07 1.94 0.04 2.21 0.00 0.00 0.00 0.00 0.54 0.00
7C 0.00 0.00 0.07 0.62 0.00 0.12 0.01 0.00 0.00 0.02 0.15 0.00
8 0.34 25.29 1.69 33.34 1.30 4.91 0.05 0.00 0.03 0.40 3.62 1.55
9 0.10 6.27 0.62 16.21 0.21 2.60 0.07 0.01 0.02 0.50 4.85 1.45
10 0.05 0.00 0.16 3.71 0.09 2.95 0.00 0.00 0.00 0.08 3.48 0.00
11 0.11 0.56 0.39 3.46 0.08 1.72 0.23 0.00 0.00 0.0 2.37 0.00
12 0.19 1.10 0.50 13.06 0.19 6.84 0.09 0.06 0.05 187 | 21.35| 2.69
15 0.17 0.00 0.44 7.29 0.07 2.04 0.03 0.00 0.00 0.05 1.85 0.10
16 0.16 0.33 0.04 0.94 0.00 1.96 0.01 0.00 0.00 0.05 0.62 0.00
20 0.01 0.00 0.65 2.17 0.10 1.19 0.10 0.00 0.00 0.05 0.72 0.00
21 0.04 0.00 0.13 1.06 0.02 1.94 0.01 0.00 0.00 0.05 0.40 0.00
22 0.63 12.20 0.85 22.10 0.19 2.74 0.31 0.03 0.01 0.06 3.56 0.00
23 0.16 2.36 0.45 11.77 0.07 3.80 0.13 0.00 0.05 0.23 4.44 0.19
24 0.11 1.30 0.23 1.38 0.01 2.39 0.00 0.00 0.a 0.13 2.37 0.00
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. Pheo e Pyrophee 19but . . . 19hex . Pheo
Station | chl c2 phorbide peridinin+isomel phorbide | fuxocantin fuxocanthin| prasinoxanthin fuxocanthin zeaxanthin chlb | chla phytin
mg/n? mg/n# mg/n? mg/n? mg/n? mg/n? mg/n# mg/n# mg/n# mg/n? | mg/n# | mg/n?

25 0.23 14.77 1.27 33.18 0.72 3.53 0.10 0.02 0.05 0.89 5.63 0.00
L2565 0.03 0.00 0.17 0.38 0.02 1.12 0.02 0.00 0.01 0.01 1.39 0.00
T-3 0.18 3.69 0.69 12.81 0.10 2.04 0.03 0.00 0.00 0.05 2.06 0.19
3A 1.37 3.86 0.68 26.17 0.71 34.79 0.10 0.05 0.51 448 | 68.58 | 18.91
5A 0.39 1.17 0.14 5.57 0.11 5.44 0.05 0.03 0.03 0.60 9.15 0.34
70142 | 0.14 3.45 0.11 4.93 0.12 1.24 0.06 0.01 0.00 0.06 1.88 0.22
70143 | 0.35 1.01 0.46 9.23 0.28 3.36 0.09 0.01 0.01 0.19 5.08 0.60
70145 | 0.48 1.95 0.43 8.04 0.28 4.44 0.07 0.01 0.01 0.14 5.84 0.28
71145 | 0.02 0.00 0.10 1.34 0.03 0.42 0.04 0.00 0.00 0.00 0.63 0.00
71146 | 0.07 1.74 0.36 7.02 0.11 0.37 0.10 0.01 0.01 0.17 0.86 0.00
71147 | 0.02 0.00 0.15 2.54 0.06 0.46 0.03 0.00 0.00 0.07 0.46 0.00
71149 | 0.06 0.00 0.12 2.31 0.06 0.60 0.03 0.00 0.01 0.00 0.77 0.00
71150 | 0.75 1.33 0.09 411 0.04 4.87 0.01 0.00 0.01 0.27 5.50 0.34
143 W1] 0.26 5.66 0.37 14.16 0.38 3.25 0.07 0.03 0.06 0.67 6.35 0.81
143 W2 0.21 0.82 0.38 7.29 0.30 2.60 0.04 0.00 0.00 0.50 3.45 0.43
143 W4 015 6.71 0.36 21.33 0.18 0.61 0.06 0.02 0.16 0.53 1.73 1.15
143 W5 0.02 0.00 0.04 1.74 0.03 0.18 0.03 0.00 0.01 0.05 0.43 0.00
e | 003 | o051 0.10 4.37 0.07 0.21 0.06 0.00 0.04 | 005| 036 | 0.00
é@% 0.17 0.24 0.24 8.14 0.22 0.66 0.15 0.02 0.20 0.61 204 0.00
152 W0| 0.20 0.56 0.53 20.59 0.55 3.77 0.16 0.04 0.13 228 | 1052 | 251
152 Wi} 0.23 1.03 0.17 7.36 0.14 3.06 0.09 0.01 0.03 0.79 6.75 1.90
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The pigments chlorophyll b, chlorophyll ¢, prasinoxanthin, antiéd@ucoxanthin were found in
very lowconcentrations and displayed no significant trends within the studyFareaxanthin, a
biomarker for diatoms, predominated other accessory pigments in sedifrenie2b). Its concentration
correlates with sediantary chlorophylh (Table25), and suggests that diatoms contribute a large
proportion of the chlorophyh standing stock in sediments, in addition to sedimentary pheopigments
(Table25). Contrarily, the dinoflagellate marker peridinin was not significantly correlated to chlorophyll
a or any other benthic parameter measured by this sfudi4 of 47 stations, peridinin concentrations
were < Imgm?( <0 .gR e g/

Suspendedand sedimentary organic matter analysesAnalysis of sediment organic content
(Table26) showed sediment ammonium values were expectedly variable, from 25 ad1206th one
value at 437uM (station 3A). Sedimergtablecarbon isotope values ranged fre®6.8t0-2 3. 7a, and
N values from 4 to 6.4a. Percent organic carbon
and 0.02 to 0.18%, respectively

SPOMstablecarbon isotope values in the chlorophyll maximum lageged from27.4 to-
17.1a, co2pgo26d 380 ne ar Tabld2d. Atsakkbattsig statiohs, the mean near
bott om ¥ Paubwas more enriched than the raaface valueRigure95). Stablenitrogen

i sotope values of SPOM in the chlorophyl |l maxi mum
14. 4a nearTablekd. seabed (
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Figure 92. Patterns of infaunal biomass (gww/m?) col l ected in the 197006s and

WEBSEC and OCSEAP programs.
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Table 26. Sediment chemistry including total chlorophyll a and ammonium concentrations, carbon
and nitrogen isotope values, and percent carbon and nitrogen. Data are from one replicate
or the mean (xSD) of two replicates.

Station | Chla mf NH UM U] AC UNA % C % N
1 1.01 41.3+7.28
1.05 0.17 103.83 +7.28 -23.66 £3.01| 4.24+0.08| 144+0.12| 0.11+0.00
1C 0.45 51.98 + 1.89
5 0.11 35.78 £+ 2.16
5(5) 0.78 141.57 + 14.29 -25.6 £ 0.03 493+0.79| 0.64x+0.02| 0.05%0.01
5B 0.29 24.34 + 1.08
6 2.81 37.87 £12.67 2494 £0.03| 6.03+0.07| 0.95%0.02 0.1 £0.00
6D 14.51 192.08 + 16.18 -25.09+£0.05| 6.35+0.74 1.4+£0.04 0.16 £0.01
6F 0 68.18 £ 2.16
7 0.54 107.64 + 20.75
7C 0.15 5845 + 4.04
8 3.62 167.68 + 29.12
9 4.85 80.38 £ 8.08
10 3.48 50.26 £ 11.86
11 2.37 88.39 £ 15.1 -24.93+£0.14 59+0.14 1.3+0.02 0.13+0.01
12 21.35 35.97 £2.43
15 1.85 63.79+£11.6
16 0.62 67.23 £ 23.45 2471 +£0 5.91+ 0.01 1.09 £ 0.15 0.1 £0.00
20 0.72 75.99 + 12.13
21 0.4 71.23+1.08 -25.69+0.11| 5.31+1.03| 056+0.15| 0.07+0.01
22 3.56 65.32 + 8.36 -25.42 +0.74| 4.25+0.08 1.4+£0.34 0.13+£0.02
23 4.44 36.34 + 9.97
24 2.37 41.3+0.27 -25.14 + @1 4.47 +£0.16 1.2+0.1 0.15+0.01
25 5.63 52.74 £ 8.9 -26.04 +£0.12| 5.18+0.42| 0.73+0.02| 0.08+0.01
L2565 1.39 37.68+15.1 -25.6 + 0.05 343+0.35| 0.89+0.08| 0.11+0.00
T-3 2.06 94.29 + 53.1
143 W1 6.35 87.93 £ 3.85 -26.4 5.55 1.08 0.8
143 W2 3.45 94.81 +5.43 -26.05 6.24 0.98 0.09
143 W4 1.73 85.85 + 10.86 -25.67 5.88 1.74 0.16
143 W5 0.43 63.45 + 16.29 -25.75 6.34 1.89 0.18
149200 0.36 7417 +5.2 -25.97 6.15 2.12 0.16
149350 2.04 70.97 + 16.07 -25.99 5.74 1.94 0.17
152 W0 1052 116.73 + 33.72 -26.65 4.72 2.3 0.15
152 W1l 6.75 130.81+5.2 -25.89 5.83 1.47 0.12
3A 68.58 436.58 + 77.84 -26.49 4.05 1.97 0.11
5A 9.15 131.29 +5.43 -26.6 4.72 2.17 0.12
70142 1.88 64.25 + 7.47 -25.89 6.13 1.31 0.1
70143 5.08 75.29 £ 5.88 -2637 5.15 1.38 0.08
70145 5.84 84.57 £+ 0.45 -25.96 6.44 1.08 0.11
71145 0.63 136.57 + 131.46 -25.33 6.23 1.57 0.15
71-146 0.86 55.45 + 9.05 -25.64 6.19 2.06 0.17
71147 0.46 177.05+7.24 -25.64 6.88 1.05 0.08
71149 0.77 77.21 +0.91 -25.91 6.11 0.77 0.07
71150 5.5 152.73 +8.15 -26.8 4.05 0.22 0.02
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Table 27. Stable isotopic measurements of SPOM samples collected approximately 2 m above the
seabed and within the chlorophyll maximum zone.

Data are from one sample or a mean (xSD) from two replicates. n.d. indicates no data

Near Seafloor Chl Max
Station O) & C O Na U] & C O Na
1.05 -21.98 £ 0.97 7.71 £0.33 -22.5 £0.87 7.42 £0.47
5(5) -20.3+£0.12 7.14 £0.16 -23.06 £ 0.05 6.47 £0.18
6 -22.81 7.82 -23.15 £ 056 n.d.
6D -24.16 = 0.27 11.85 + 0.05 -25.1£0.31 n.d.
11 -21.91 £ 0.35 7.98 £ 0.49 -22.22 £0.1 8.11+0.8
16 -22.17 £ 0.64 7.15+0.13 -22.49 £0.14 6.63 +0.36
21 -22.03 £ 0.06 75+0.2 -22.26 £0.19 7.35+£041
22 -21.72 £ 0.48 7.78 £0.18 -22.25 7.61
24 -22.9 7.14 -23.46 5.09
25 -20.34 £ 0.5 14.43 £ 0.15 -17.14 £ 0.58 n.d.
L2565 -22.61 7.25 -21.4 £ 0.04 7.1+0.27
143 W1 -24.41 10.17 -24.52 7.77
143 W2 -24.14 10.78 -26.36 2.97
143 W3 -24.26 15.22 -25.89 9.67
143 W4 -27.35 3.45 -25.22 5.79
143 W5 -27.16 2.48 -26.55 2.31
143 W6 -26.45 1.97 -26.94 3.06
149200 -25.71 3.74 -24.22 6.06
152 WO -25.34 8.33 -27.15 3.92
152 W1 -24.54 4.53 -24.66 6.81
3A -27.51 3.93 -27.38 3.95
5A -25.89 7.03 -26.42 5.17
70142 -24.39 5.69 -26.57 1.94
70143 -24.01 14.14 -25.53 5.42
70145 -23.94 5.68 -26.58 2.91
71145 -24.75 3.70 -25.22 3.26
71-146 -26 1.97 -26.5 2.18
71147 -26.04 2.49 -25.91 3.25
71149 -26.28 4.58 -25.84 2.37
71:150 -25.98 6.00 -26.44 6.08
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5.3.5 Isotopic Composition of the Pelagic and Benthic Biota

Stablecarbon isotopic values of both calanoid copepods and gelatinous zooplankton yielded
r an g €% values fram25.9to-2 5 . 2rable28). Similarly, stablenitrogen isotopic values dfoth
calanoid copepods and gel at!'INvauessthatzangegflom 8.%to on vy i el
11.0a. Fumethdér2a@ti on (denot e piyvaldigsivere2 bt 6 @) , t h
and 7.7a, Table2f.ecti vely (

We found no signif i ca#tavaluesdnd@:N af besthicibiptéignret ween b
96). Based on this lack of correlation, no pastlysis adjustments of the data were appld account for
Al ipid bias. 0 Because | ipids are i mport a2o@6), ener gy
and the process of lipid extraction may also compromise other tissue constituents, no lipid extractions
were performed on our samaglto avoid the potential loss of critical information and introduction of error
into the food web analysis.

We measured the C and N isotopic values of ~300 infaunal organisms from benthic grabs and
trawls, with a focus on 20 genera that were common atited83eaufort Sea shelféble29). We
observed a distinct '€e pfMualies with deoreabing tomgitudecaorsssithee r
Beaufort Sea coast and ! iNednterdwihtrophic level.pre letieeiltistraten c r e a s
the spatial differences in isotopic composition and examine food web structure without the confounding
effects of longitude, we plotted tlseableisotope content of phytoplankton, zooplankton, and 13 key
genera fronstations representing a variety of longitudes and depths in the Beauforigiga47). Data
for each genus were averaged and compared to known values of primary producers in the Beaufort Sea to
determine the egnt to which these carbon sources are assimilated by consumers. For example, primary
consumers (e.gzooplankton, the bryozoakicyonidiun) were more depleted #C and®N then
secondary consumers (the seaktgtasteriasand the fisl.umpenuk

Acrossall 15 groups, isotopic values for C and N are generally lower in the eastern Beaufort and
higher in the western Beaufort. T¥Ci safiMorganid refl ec
carbon derived from terrestrial organic matter that is adddoben the Mackenzie River on the east,
versus marine organic carbon (relativéBC  a Nl enniched) originating from the northern Chukchi
Seaon the west. Superimposed on this trend is the stepwise isotopic enrichment of fauna with increasing
trophiclevel. However, the longitudinal depletioniC is distinct, and for two genera (the seastar
Leptasteriasand the Arctic codBoreogadus saidacorrelation coefficients were significant and greater
than 0.4 Figure98). The west to east depletionrangedfrohd i n a vari ety of fauna
gastropods, seastars, shrimp, fish, brittle stars, and polychaetes.

The relationship between consumers and their ultimate carbon sources revealed the importance of
both terestrial and phytoplankton sources, although MFB may also be an important carbon source for
some genera~{gure99). Our selection of enchember carbon and nitrogen sources for the Beaufort
ecosystem is based on @ net tows fo the phytoplankton endmembdraple28) , *G aifeM forl
the terrestrial endmembe2(9. 0 and 3. 3a8 respect i MRBvajueoflH&+r i s, 20
1.5a, which represents a mean of benthic diatom i
2015).
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Table 28. Stable isotopic values determined for calanoid copepods, 20 um net tows (designated
phytoplankton), 305 um net zooplankton, and Calanus spp. from samples collected across
the Beaufort shelf.

Species n U] iac (¢ ON@) Molar C:N
Calanus 22 -25.49 £ 0.84 10.72+ 0.6 6.26 + 1.36
Calanus glacialis 9 -25.88 + 1.05 10.53 +0.44 5.83+1.25
Calanus hyperboreus 9 -25.24 + 0.64 11.01 £0.74 6.92+1.52
Calanus sp. 4 -25.18 £ 0.43 10.52 £ 0.32 5.75+0.62
Phytoplankton 22 -24.63 + 0.91 768+ 8B
Zooplankton 21 -25.42 + 0.93 9.52 +1.38
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Table 29. Stable isotopic composition and molar C:N ratios of 20 common infaunal and epifaunal

organisms collected across the Beaufort shelf. TL is the estimated trophic level.

Species n U A (| UN@) Molar C:N TL
Alcyonidium
Alcyonidium disciforme 3 -24.57 + 0.37 8.97+253| 1252+105| 14+0.74
Alcyonidium gelatinosum 6 -24.38 + 0.32 994+065| 7.37+x141| 1.69+0.19
Anonyx
Anonyx nugax 2 -22.71+£1.16 1822 +0.1 7.7+0.18 | 4.12+0.03
Anonyx sp. 36 -22.79+123 | 1591+1.36| 6.87+218| 3.44+04
Astarte
Astarte borealis 3 -18.84+0.89 | 14.48+2.75| 4.42+0.06| 3.02+0.81
Astarte montagui 14 -21.45 £0.56 9.09+0.47| 495+0.33| 1.44+0.14
Adarte sp. 13 -20.76 £ 1.44 1251 +£245] 485+056| 2.44+£0.72
Boreogadus
Boreogadus saida 26 -22.24+1.09 | 13.26+1.12| 4.29+x0.47| 2.66+0.33
Eualus
Eualus gaimardii 34 -19.66 + 0.33 144+15 3.77+0.11 3+0.44
Leptasterias
Lepasterias arctica 3 -21.45+0.16 124+071| 7.21+1.84| 241+0.21
Leptasterias groenlandicus 22 -23.49 £ 0.85 12.23+£1.03] 8.76 £3.61 2.36+0.3
Leptasterias sp. 1 -23.21 11.72 2.21
Lumpenus
Lumpenus fabricii 4 -2259+1.27 | 1391+1.14| 48+0.38 2.85+0.33
Margarites
Margarites costalis 28 -20.71+0.96 | 10.69+0.98| 4.43+0.44| 1.91+0.29
Margarites sp. 2 -21.38+0.28 | 10.08+0.18) 4.48+0.1 1.73+0.05
Nephtys
Nephtys ciliata 5 -18.41+056 | 1447+1.76| 4.14+0.24| 3.2+0.52
Nephtys sp. 22 -21.24+1.72 | 13.05+3.38/ 5.18+0.96| 2.25+1.47
Ophiacantha
Ophiacantha bidentata 18 -24.4 £ 0.86 149+1.18| 7.91+1.18| 3.15+0.35
Ophiocten
Ophiocten sericeum 17 -23.62 +£1.35 10.81+£0.9 959+1.08| 194+02
Phyllodoce
Phyllodoce groenlandica 22 -21.95+1 12.77£0.96] 597+1.03| 2.52+0.28

The benthic food web of the Beaufort includes first level herbivores such as calanoid copepods,
bryozoans Alcyonidiun), brittle stars Qphiocten), gastropod¢Margariteg, and bivalvesAstartg that

have diff er en¥®Cvalesrangenfrom@otar2 t@)s Huwit yet HWievaeesvery si
(10.5a) Some higher trophic | evel biota are cl ea
tothe i r d e valuesdthe britle staDphiacanthathe amphipod\nonyy, while others are not
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(the seastdreptasteriasthe Arctic codBoreogadusthe polychaet@®hyllodocg. Still others appear to
assimilate a more enriched carbon sourcetitgchaeteNephtysand the shrimualug.

Overall, our isotopic data reflect a benthic community dominated by a variety of omnivorous
benthic feeders that have intermediate values between the two majoeertzbrs figure99). These
omnivorous organisms include amphipods, polychaetes, gastropods, and bivalves and occupy up to four
trophic | e¥%¥\elvsalbuaesse dt hoant UrTable§®Fighre98).m 9 t o 18a (

-15
r2=0.09
-17 p=0.14

Ur3C (&)

C:N (Molar)

Figure 96. Relationship between the C:N molar ratio and its corresponding carbon isotopic value.

Data points are means for each species analyzed. Linear regression analysis shows the
relationship is not significant.
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5.4 Discussion
5.4.1 Distribution and Diversity of Infauna

Very few infauna data sets exist for tHeS. Beaufort Sea. With the exception of two large
programs led by Oregon State and Western Washington fromtd2®81(Dunton et al., 2005), studies
have been brief and focused on small defined aféesonly substantial infaunal collections with which
to compare the ANMIDA 1l data were made from 1971 to 1981 under Western Beaufort Sea Ecological
Cruises (WEBSEC) andhién continued under the OCSEA®hysical parameters, such as near bottom
temperature, salinity, and sediment grain size were also measured to characterize the in situ
environmental conditions at the time of collection.

Several studies that include BeawiBea infauna have transpired in the interim years between the
historic programs and the present, but are all narrow in sbofie past 10 yearShell Exploration
sponsored two programs that were focused on specific areas (Harrison Bay and Camded B&EM
continues to support a field program in the Stefansson Sound Boulder R&ch ¢&pths) which is
located in close proximity to offshore oil and gas exploration and development acttitiesequently,
the benthic samples collected at nearly d&lions under the WEBSEC and OCSEAP programs represent
the only largescale study of Beaufort Shelf infaunal populations. Because these samples were collected
prior to the onset of major regional climatic changes on the Beaufort Sea, especially weith tieegpe
extent, they are a scientific treasure.

Patterns of infaunal biomass based on historical sampling efforts and obtained from station means
are available in WEBSEC and OCSEAP summary repbrgai(e92). Stations in much of the middle
shelf are lacking, including the region sampled off Kaktovik where ANIMIDA IIl data indicated the
existence of a rich infaunal community with high diversity and abundance vahese available
historical biomass data shovwganeral pattern of low biomass means along the nearshore coast and in
stations located beyond the 200shelf break with higher values in the middle shelf and at some shelf
slope stationsHigure92).

Data from tlese historic programs were deposited with the National Oceanographic Data Center
(NODC) in 1982 and stored in a complex hierarchical file format without programming support to extract
usable data recordSherefore, we do not have individual species rezémaim grabs collected under the
WEBSEC or OCSEAP programs to analyze for diversity or species ricl8taien environmental data
were collected but are stored in separate files that must be linked to the infauna data files to enable
rigorous analysis afelationships between environmental factors and infaunal distribution patterns.

Efforts are underway to secure funding to allow a comprehensive analysis that includes mapping and
statistical analysis of these historical datasets of infaunal informatiae tbese analyses are conducted,

the data can be applied to ask questions related to temporal changes in infaunal distribution, composition,
diversity, and abundance in response to drivers of regional climatic change.

The ANIMIDA Il infauna abundance datcollection shows that three major infaunal groups
(amphipods, polychaetes and bivalves) are dominant inhabitants OrStigeaufort Sea shelPrevious
Beaufort Sea studies reported the same dominant groups (Carey et al., 1975; Feder and Schamel, 1976;
Carey and Ruff, 1977; Broad et al., 1978; Bilyard and Carey, 1979; Griffiths and Dillinger, 1981; Feder
and Jewett, 1982; Careya., 1984) Schonberg et a(2014 reported the same three dominant sets for
the adjacent northeastern Chukchi Sea. THeee invertebrate groups are important because of being
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widespread, numerous, and an important prey source for marine mammals and birds (Grebmeier et al.,
2006).

Under the ANIMIDA 11l program, two stations (T3 and L25Dwere selected for benthic
samplirg that were also sampled in summers 2008 and 2009 during the Shell Exploration sponsored
Camden Bay progranfrom a total of 81 stations sampled during the Camden Bay project, 179 taxa were
identified, which is considerable, given the relatively small dag@area. The measurement of biomass
at station T3 in 2009 was 57.8wf and in 2014 it was 13@m?2. T3 abundance in 2009 was 477
individuals 9nd)/m? and 590nd/m? in 2014.The measurement of biomass at station L250 in 2009 was
45.3g/m? and in 2014 itvas 35g/m?. T3 abundance in 2009 was 308/m? and 330nd/m?in 2014.
Patchy distribution of infauna and lack of navigational precision makes it difficult to make a direct station
comparison, but it is apparent is that these two stations continuertodezately productive.

In summers 2012 and 2013, infaunal data was collected in the COMIDA Hanna Shoal program
from stations located in the northeastern Chukchi Sea, a highly productive region which abuts the western
edge of thdJ.S.Beaufort SeaA total of 380 taxa were collected in 85 van Veen grabs at 39 stafibas.
project Shannon Diversity Index mean = 3.7 N SD 0
When compared, these values show that the Beaufort Sea shelf has a less vigoroupopalatiain
than the northeastern Chukchi Sea.

5.4.2 Environmental Influences on Infaunal Distribution

Previousstudies described the Beaufort Sea shelf as being blanketed predominantly by patchy
silty sands and mud (Barnes and Reimnitz, 1974). The setfiroellected during ANIMIDA 11l were
principally composed of sand and silt but small amounts of graasedalso collected in many of the
mi ddl e shelf stations ( Reselsfiomandlysesfofregvibosmentdd apt er , t
influences on ifauna distribution patterns indicated that sediment grain size was not an indicator for
infaunal configurations.

BIO-ENYV routine results from COMIDA Hanna Shoal data showed that infauna distribution in
the northeastern Chukchi Sea was best explained bmbication of water depth, sediment chlorophyll
a, and the C:N molar rati@Chlorophylla and the C:N molar ratio are both proxies for sediment nutrients
available to infaunal inhabitantANIMIDA III BIO -ENV results indicated that water depth and TOC
weret he strongest two drivers of distribution patte
TOC, chlorophylla, and C:N molar ratio produced a Spearman value of 0.52 indicating that together they
explain more than 50% of the variance in thériigtion of infaunaSalinity was not a determining
environmental feature in the northesastChukchi Sea due to the lack of riverine input but is an important
influence on the Beaufort shallow nearshore where depressed salinity levels were m&asuedh
slope of Alaska has numerous rivers and streams emptying onto the Beaufort Sea shelf including the
powerful Mackenzie and ColvillRivers. ANIMIDA sediments in the Colville River Delta tended to be
sandy and nutrient poor. Infaunal populations haddiversity and low biomass and were dominated by
small crustaceans and polychaetgistorical data from the WEBSEC and OCSEAP programs also
showed small infaunal populations in the Colville River Delta and numerous coastal shallow stations
(Figure92).

Distributional relationshipsHigure91) show that hydrographic (bottom water salinity and
temperature) and one nutritional indicator are drivers of infaunal distributitwe IBIOGENV routine.
Salinity values > 32 were present at most stations in the region offshore of Kaktovik betwedh drdi°
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146°W and at three stations along the shelf break-@gog 71146, and 143N5). These three shelf

break stations also had wabuattom water temperatures and elevated TOC indicating they are waters of
Bering-Chukchi originationThe middle shelf waters offshore of Barter Island are saline, but cold. This

may indicate that deep Arctic Ocean waters are flowing onto the shelf trupugtiing events which

have been reported to occur regularly in this area in response to easterly winds (Hufford, 1975; Mountain,
1975).

Bottom waters collected in the western portion of the study area along th&/16#f, had
salinities between 31 arg®2, were warm and contained higher levels of TOii2y had low infauna
abundance valuegigure87) and low biomass in the three inshore stations but higher biomass in the
three middle shelf stationkigure88).Speci es count and Shannonds diver
the biomassKigure89). This area is most likely influenced by a combination of freshwater from the
Colville River and also by BerinGhukchi waters that have been reported to inundate the Beaufort shelf,
particularly in late summer (Hufford, 1975; Mountain, 1975s ee J. Kaspe}.06s chapter

5.4.3 Sediment Chlorophyll: A Critical Link to Benthic Metazoans?

Sedimentary pigments provide an estimate of the amount of benthic production that is available to
the benthic fauna, and can indicate how this organic matter degrades on the seabed (McTigue et al.,
2015).0ur HPLC results show that the major acoegpigment in the sediment is fucoxanthin, which is
a strong biomarker for diatoms. Other accessory pigments included peridinin (agditaté marker)
and prasinoxanthin (a unicelnlgreen algal marker), but neither of these pigments were found
consstently in high concentrationd. variety of different chlorophyl& derivatives can exist in marine
sediments, and these can provide insights into metazoan grazing versus microbial degradation of organic
matter in sediments, the latter of which has nenbavestigated in the Beaufort Sea using pigment
biomarkers. Virtually no measurements of benthic chlorophyll for the Beaufort Sea have been reported in
the literature. The values reported here are extremely unique, and provide some extraordinaiytinsight
the nature of in situ production on the Beaufort shelf.

The benthic chlorophyll values we recorded for the Bea®eaare modest at best compared to
the adjacent Chukchi Sea. Overall, concentrations of chloroply# an order of magnitude lowdan
reported by McTigue et al. (2015) in the nedlkéern Chukchi Sea. The lower values can be attributed to
several factors, including the lack of a significant epontic ice algal contributions during spring ice melt,
lower light penetration to the seabeaid more frequent disruption and scouring of the seabed by deep
draft ice. In contrast, Beaufort Sea lagoon sediments are characterized by sediment chlorophyll
concentrations equivalent to the Chukchi Sea benthos (Dunton,.gtap Although the wintdce in
lagoons is also largely devoid of ice algae, the shallow depthsn(8and protected nature of lagoon
sediments promote the continued proliferation of the MFB.

Despite the low sediment chlorophyll concentrations in Beaufort Sea sedimentstribatdin
of Ahotspotso indicates that areas of seabed not
herbivores are actively assimilating this carbon source based on the high levels of pheopharbide
marker for metazoan grazing, apgropheophorbide, the secondary degradation product of
pheophorbidea (Figure93). It is interesting to note that the stations exhibiting the highest levels of
both pyropheophorbide and pheophorbidea, were characterized by the highest infaunal
abundance.Polychaetes and benthic crustaceans constituted >75% of all organisms present at these
stations (152W0, 6D, 12, 3A, 143W4, 22, and 28onsequently, it appears that there exists the
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possibility of a strong cortation between infaunal abundance and an in situ benthic microalgal carbon
subsidy. Since benthic infauna are stationary and relativelylieed, such production is likely perennial
in nature. Finally, the presence of a viatiie MFB would explain thé*C enriched infauna, including
crustaceans, polychaetes, brittle stargl bivalvesKigure99).

5.4.4 The Beaufort Shelf Food Web

Measurements of thetablecarbon and nitrogen isotopic composition of the regifEuna
provide valuale markers in assessing the role of ultimate carbon sources and in defining trophic
structur e. Hal f the genera exami n&daluedFgwedq).i spl ay
This likely reflects te influence of the MackenzRiver and other sources of freshwater runoff in the
easternU.S.BeaufortSea which carry allochthonous inputs of terrestrial organic carbon that become
available as a food source to the benthos. Our results, along withenerg observations (Divine et al.,
2015; Bell et al., 2016), continue to provide compelling evidence for the important role of terrestrial
carbon in Beaufort Sea food webs.

Our preliminary data on thetablenitrogen isotopic compaosition of benthic orgams reveal
complex food webs dominated by decidedly omnivorous consufFigieé 99). Stablecarbon isotopic
composition of these benthic organisms, along with isotopic analyses of SPOM and zooplankton collected
in situ, reveal a primary mixture of terrestrial and phytoplankton carbon, but an additional benthic
microalgal subsidy appeais play a role at moderate depths that correspond to hotspots of infaunal
abundance. T H€ vaiues bfenostrgenkia adicate thiey assimilate organic matter derived
from a mix of these carbon sources.

Finally, it is important to note that mosbnsumers in this study exhibited an opportunistic
feeding strategy as reflected in their omnivorous behavior as detritovores, similar to other Arctic systems
(e.g, McTigue and Dunton, 2014Jhe distinct*C enrichment with increasing trophic level like
reflects the increasing importance of MFB, microbial degradation, and colonization of buried organic
matter that is ingested by deposit ®dvaleesdiethes, whi ch
combined microbiatletrital pool. This suggestisat there is a strong link between the microbial and
metazoan food webs rather than a direct pathway for terrestrial organic matter incorporation into first
level consumers since very few organisms can assimilate terrestrial matter directly.

In contrasto the more productive ChukcBeashelf ecosystem, the estuarine character of the
Beaufort Sea results in a decidedly more complex ecosystem, especially on a spatial scale. Sources of
terrestrial carbon are prominent, but not easily assimilated. Comtributy benthic microalgae, although
small, are measurable, especially on the inner (shallow) shelf envirorithemiresence of microalgae at
shallower depths is likely attributed to the higher levels of light that reach the sBabadserradiance
is strongly attenuated with depth, benthic microalgae are more likely to survive and photosynthesize in
shallower environment&lnlike the Chukchi shelf, which exhibits a narrow range of deptis(Bm,
exclusive of Barrow Canyon), the bathymetry of the BeShelf varies from 10 to 200 m. These
differences are reflected both in the character of the benthos and the relative importance of carbon sources
to omnivorous consumers. The resilience of the system is illustrated in the diversity and longegity of th
benthic fauna and their opportunistic feeding strategy, in which carbon is efficiently transferred to the
highest trophic levels, with clear benefits to native populations on the BeaufortFigast {00).
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Epibenthic [

Figure 100. Conceptual diagram showing hypothesized trophic relationships among consumers in
a Beaufort Sea shelf ecosystem. !

I Carbon derived from phytoplankton is the major autochthonous carbon source but consumers also assimilate
benthic microalgae (MFB) produced in situ and allochthonous (terrestrial) inputs to variable extent. Arrows (light
and dark) show the direction ancgnitude of energy transfer. The trophic redundancy of the food web is
reflected in the strong omnivorous behavior of most consumers. The diversity of the system is a key attribute of its
resiliency to physical perturbations. Food web connections are bassdtopic data derived from this study and
data fromHarris and Dunton (unpublisheddnd Dunton et al. (2012).
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Chapter 6 Epibenthic Communities and Demersal Fish Communities

Abstract

The shelf of the Badort Sea is defined by dynamic physical and biological gradients that have a
distinctive influence on epibenthic and demersal fish standing stocks. During the ANIMIDA project phase
Il (20141 2016) we conducted an ecosystem study characterizing partsBé#ufort Sea nearshore,
shelf and upper slope in terms of its physical oceanography, benthic community and food web structure,
and contaminant foot print (hydrocarbons, metals) to identify relationships between human use, physical
environmentand ecosstem response. Thihaptemreports on the findings related to epibenthos and
demersal fish community structure which varied both along and across shelf.

Epifaunal communities shallower than 20 m, sampled primarily in the western part of the study
area nar the Colville andagavanirktolRivers, were relatively depauperate in species richness and
abundance/biomass, likely related to a combination of bottom fast ice, scour kyrattégpe, and
extreme salinity changes during spring bregk Dominant epiénthos in this zone included mobile
crustaceans. Shelf areas outside such perturbations were more species rich with largely overlapping
character species in several community clusters. Shelf break and upper slope fauna formed distinct
clusters, but typicaleepwater species were only found at the deepest stations. Dominant fauna on the
shelf and upper slope included echinoderms and mollusks. Demersal fish were less abundant and diverse
than epibenthic invertebrates, but fish communities were also digétveeen nearshore and offshore
areas, though less bound to the 20 m isobath and grouped in fewer clusters. Scatpade) generally
dominated by abundance, whilgaridae, Gadidae andZoarcidaealso contributed almost equally to the
species inventgr Along shelf, the decreasing influence of Paeifiigin water along the continental
slope resulted in lower epibenthic stocks east of ¥8@bmpared to previous studies conducted further
west. A shift in taxonomic composition also aligned with thigitrde.

In summary, the ANIMIDA 11l result document that epibenthic communities reflected the
physically very dynamic nature of the Beaufort Sea shelf, characterized by strowgdamiinteractions
in its nearshore zone, and its interaction acrossep slope that reaches into Atlantiggin waters. The
areas off the Colville anSagavanirktolRivers contained less rich epibenthic communities than the
Chukchtinfluenced western Beaufort Sea and also somewhat less rich communities than the shelf regio
off Barter Island.

6.1 Introduction

Arctic shelf ecosystems are often dominated by rich benthic communities as a result of the tight
coupling to locally high primary production in the overlying water column (Grebn2fée). Where
benthic communities artightly coupled to waterolumn processes they can serve as useful indicators of
biological response not only of water column processes, but also to climatic variability (Grebmeier et al.
2006). This is because many benthic organisms ardiledjandslow-growing and therefore integrate
processes over longer time spans than pelagic systems (PiepenbyrtP863l.Thus, seasonal and
interannual variability are dampened in seabed communities, allowing for observation otéwnger
(yearsto-decade lng) trends in ecosystem function (Dunton et2005 Smith et al.2006). These
Arctic benthic shelf communities play vital roles in remineralization processes and as prey for higher
trophic levels such as bottefaeding fishes, seals, and diving bir@oyle et al. 1997 Ambrose et aJ.
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2001 Lovvorn et al, 2003). Within benthic communities, it is ecologically relevant to differentiate
between macrinfauna living within the sediments and epifauna living on top of the sediments. These
benthic componestdiffer in their mobility, size range of organisms, dominant taxonomic composition,
dominant feeding modes, and the mode of collection. This section of the report focuses on epibenthic
communities including demersal fishes.

The Beaufort Sea is an interishelf with a complex hydrography strongly influenced by river
inputs and langbcean interactions (c.f. Carmack and Wassma0@6). This is in contrast to the
neighboring Chukchi Sea which is an inflow shelf characterized strongly by advective infol of
Arctic waters containing heat, high nutrieand particle loads. In its western part, the Beaufort Sea
experiences the influence of that advective influx of nutiiitt Pacific waters carried through the
Chukchi Sea. This influence decreases towtre®ast as reflected in the highest epibenthic biomass
present on the western Beaufort Sea slope where the Reatéc inflow is strongest with a decrease
towards the east (Rand and Logerw20l11 Bluhm et al, 2014 Ravelo et al.2015). Although th
Beaufort Sea is downstream of the Chukchi shelf it differs considerably in water mass characteristics and
productivity (Dunton et al2005), but also in bathymetry and faunal assemblages. Our recent assessment
of large parts of the shelf benthos in thé. Beaufort Sea found considerable alatglf differences in
abundance, biomassnd community composition of epibenthos, in addition to depth being a key factor
that structures these communities (Ravelo eR@l5). These key roles of both Pacificteranfluence
and depth were confirmed during the Transboundary project (Norcros2ét1&l) which extensively
sampled the steep depth gradients of the Beaufort slope covering all major vertical water masses and
confirmed that the west to east gradientommunity patterns on the shelf also is present at the slope.
The ANIMIDA Il study region not only covers previously sampled monitoring stations around historic
drilling sites (Trefry et a).2013), but also further improved the shalfle coverage iepifaunal and
demersal fish sampling and covered spatial gaps, such as in the nearshore region.

Within theU.S. Arctic, epibenthic research efforts have increased greatly in the last decade
related to oil and gas exploration (Day ef 2013), climate waning (Craneand Ostrovskiy2015) and
the need to provide information for the Arctic Fisheries Management PlarMERB09). Especially the
Chukchi Sea shelf has undergone intense study of epibenthic communities in the past decade (Feder et al.
2005 Bluhm et al.2009 Blanchard et a]2013 Ravelo et al.2014). The Beaufort Sea epifauna was
poorly studied until the 1970s when a broad but sparsely spaced trawl surveyiid71@a8 conducted
(Frost and Lowry1983), for which Bluhm et al. (2014) re@red specietevel information of
invertebrates. During the WEBSEC survey, macrofauna studies were funde@desy.and Ruff1977),
but trawl based work remained unfunded, though unpublished-traséd epibenthos data were
recovered by the PI recen{Bluhm, 2014). Continuous lorterm monitoring (198Mpresent) of fishes
has been conducted in the very nearshore shallow waters in the Prudhoe Bay oil development region
(Thorsteinson et gl1992 Fechhelm et al2010). In more recent years increasedriest in the Beaufort
Sea has resulted in several BOBNpported studies with differing extent and station density including
the western Beaufort Sea2008 Rand and LogerwelR011 Bluhm et al, 2014), the broad and dense
sampling of ~200 km of the Befort Sea shelf in 201Révelo et al., 20)%and the 20124
Trandoundary study primarily in the eastern Alaskan and Mackenzie River areas (Norcrqs20a6al.
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The Beaufort Sea shelf extends from Point Barrow, Alaska, to Banks Isl@ashada, and
incorporatsthree distinct shelf environments (inner, mid, and outer; c.f. Ravelg 204b), with
numerous small rivers and streams, and two large river systems, the Colville and Mackenzie Rivers. The
U.S.Beaufort Sea, especially the eastern seid@stuarine in character with combined flows from the
Colville and Mackenzie Rivers annually adding nearly 356 égdfreshwater plus 130 x 106 tons
sediment to a shelf that ranges in width from only 40 km in Alaska to 150 km in Canada (Macdonald et
al., 2004). This freshwater inflow influences the nearshore benthic populations especially duriagpbreak
in the spring when a pulse of riverine water causes large changes in temperature, salinity and nutrients
(seeChapter3, Trefry). In addition to these twiarge inputs of freshwater, the span of coastline from
Barrow to Demarcation Bay is skirted by an irregular and discontinuous chain of barrier islands that
enclose numerous shallow (<8 m) and productive lagoons that are fed by many small rivers aad stream
(Dunton et al.2012). While the nearshore area is influenced by-tar@hn interactions as well as
landfast ice that persists for over half a year and affects the seabed to about the 20 m isobath (Mahoney et
al., 2014), the shelf break interacts witletBanada Basin over a steep slope that has recently experiences
increasing frequency of upwelling events (Pickart etatl]).

While the ANIMIDA program has historically mostly focused on the nearshore areas, the 2014
2015 sampling included shelf and Bheeak stations for two reasorigst, the larger context helped
improve interpretation of the nearshore stations and second, we sampled stations related to the recently
expanded network of tiBBO.. In fact, ANIMIDA PIs played a major role in establist) the Beaufort
Sea DBO lines 6 and 7 anthrough ANIMIDA field work - were the first to sample them.

6.1.1 Objectives

The specific objectives for the epibenthos and fish components of the ANIMIDA 11l project were
to: (1) describe epibenthic and demdrfish community stucture based on trawl sampling and (2)
identify environmental factors (relating to hydrography, food availability and sediment properties) that
influence epibenthic and fish community structure, abundamzkEbiomass.

6.2 Methods
6.2.1 Field Sampling and Taxonomic Identifications

A total of 44 successful trawls were sampled for epibenthos in 2014 (26 stations) and 2015 (18
stations) at depths ranging fror882 m Figure101, Table30). In both years, a second trawl was
collected at eight stations because the first trawl sample collected was deergecmitative (based on
thetime-depth recorderTMDR)-profile and trawl content) or too small (not renetative of the present
fauna) . Epi benthos and fishes were sampled from t
and 4 mm cod end liner and bottom roller gear to avoid penetration of the foot rope into the typically soft,
muddy sediment on the sheStart and end time stamps of the bottom trawling were taken to later be
matched with specific latitude and longitudes from the ship records. The net was also affixed with a TDR
(Star Oddi) that provides a detailed profile of bottom time of the trawl.
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Figure 101. Stations sampled for epibenthos in 2014 and 2015 during the ANIMIDA Il research
project. 2

2DBO lines correspond to Distributed Biological Observatory lines established during the course of ANIMIDA IlI

sampling. Note that the original 20 m isobath mapped does not exactly match the actual depths measured during
ANIMIDA lll, specifically more stations hdactual depths <20 m (s&able30) and a revised 20 m isobath is
therefore suggested (thick blue line). This is relevant for the interpretation of community structure.
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Table 30. Stations sampled for epibenthos and fish during ANIMIDA III.

Latitude in decimal degrees North, longitude in decimal degrees West. Depth in meters. Stations
within the 20 m isobath are printed in bold. Cluster groups relate to cluster analysis results.

Cluster groups

Station Date Latitude | Longitude | Depth Epibenthos | Fish
1 6-Augls 71.2 -151.10 64 o o
1.05 6-Augl4d 71.08 -151.56 16 m a
1C 4-Augls 70.15 -143.80 24 d b
5 6-Augl4d 70.95 -150.37 19 0 b
5(5) 1-Augl4 70.44 -146.34 19 n b
5B 7-Augl4 70.58 -147.92 17 o] b
6 6-Augls 71.28 -150.56 54 c c
6D 31-Jutl4 70.75 -149.48 19 o] b
6F 5Augls 70.68 -150.21 13 0 b
7 31-Jukl4 70.85 -149.06 25 d b
8 31Jutl4 70.74 -148.45 19 n b
9 5Augl4 70.96 -148.00 36 d c
10 1-Augl4 70.71 -147.79 24 I c
11 5Augl4 70.88 -147.14 44 d b
12 5Augl4d 70.67 -146.60 39 d c
15 4-Augld 70.6 -145.69 40 f c
16 4-Augls 70.74 -144.92 61 e c
20 2-Augl4 70.35 -143.45 39 e b
21 2-Augls 70.27 -142.88 39 e c
22 2-Auglsa 70.19 -141.89 35 e o
23 3-Augls 70.01 -140.97 35 e c
24 3-Augl4d 70.26 -140.75 52 e o
25 3-Augls 69.85 -140.70 23 e c
143wW1 3-Augl5 70.26 -142.60 37 f c
143W2 | 3-Augls 70.44 -142.61 45 g c
143W3 4-Augl5 70.55 -142.54 100 h c
143W4 | 4-Auglbs 70.57 -142.60 151 h a
143W5 4-Augl5 70.63 -142.58 302 a a
149200 | 6-Auglb 71.21 -148.35 200 b a
152W0 1-Augl5 71 -15138 13 o a
152W1 | 1-Augls 71.19 -151.25 36 i a
3A 2-Augl5 70.28 -146.07 3 j b
5A 2-Augls 70.5 -147.77 9 k a
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Cluster groups
Station Date Latitude | Longitude | Depth . .
Epibenthos | Fish

70142 4-Augls 70.46 -141.38 62 g C
70143 4-Augl5 70.36 -14182 54 f c
70145 5Augl5 70.49 -143.95 43 g o
71145 5-Augl5 70.67 -143.91 96 g C
71146 5Augl5 70.96 -144.74 399 a a
71147 6-Augls 70.97 -146.40 107 g c
71149 6-Augls 71.15 -147.41 62 g o
71150 1-Augl5 70.94 -150.00 15 0] b
7C 6-Augls 7092 -151.01 10 0 b
L2565 1-Augl4d 70.36 -145.11 30 d b
T3 2-Augls 70.44 -144.82 38 f c

Epibenthic invertebrates were sorted from the full catch to lowest taxonomic level practical on

board when feasi bl e, or el se from awaysmlledtedmi xed su
from the entire haul. Counts and wet weight per taxon wetermdined on board using digital hanging
scal es. I nvertebrate vouchers were preserved in a

hexamethylenetetramine for later confirmation of species identifications with taxonomic specialists.
Fishes were frozerkield identifications were basedonthesata t eamds experience of
Pacific Arctic for over a decade, and a variety of taxonomic identification literature. The taxon names
used were standardized to the World Register of Marine Speciespshevidely accepted standard for
current names of marine species. The matching was done using the match function available on the
WOoRMS web site. Individuals with uncertain taxonomic identity were sent to taxonomic experts for
improved or corrected idenitgation. The following taxonomists were consulted: Linda Cole for

ascidians, Ken Coyle for amphipod$AF), Nora Foster for mollusks (NRF Taxonomic Services,
Fairbanks), Max Hoberg for polychaetésAF), Monika Kedra for sipunculans (Institute of Oceanglog
Polish Academy of Sciences), and Chris Mah for sea stars (Smithsonian Institution). A few specimens of
sea spiderdycnogonidawere also sent out, but identifications have not been received yet. Several taxa
remained at the higher taxa level suciNamertea

When describing the results, we refer to nearshore stations as those up to 20 m deep, shelf
stations as those >20 to 99 m, and shelf break stations as those >100 m deep. We refer to the western
study area as covering the area up to the Sagavanikver delta. Environmental context data used in
our analysis included bottom water temperature and salinity from CTD deploymerdsdser 2of the
report for details). Sediment ea) grain size, and sediment isotope and organic content data were
obtained from grab samples as available (see se2fiondetails).

6.2.2 Data Analysis

Approximate faunal densities can be calculated from trawl size, trawling time on the bottom, and
trawling speed (Holme and Mclintyr&984). The coordinates and TDR dadgether with ship speed
during towing allowed us to calculate towed area and calculate abundance and biomass for epibenthic
invertebrates and fishes. Patterns in epibenthic biomass is emphasized in this report more than abundance
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patterns because biomatsta include colonial taxa such as sponges, hydrozoans, bryozoans, ascidians,
etc., which cannot be enumerated as individuals and are thus excluded from abundance assessments.
Hence, biomass patterns present a more complete picture of the communitiési@nthe primary

focus although most analyses will be presented for both metrics. For all following analyses, we excluded
taxa from the haul data that were pelagic (such as jelly fish and euphausiids) or clearly infaunal (i.e.

living inside rather thaon top of the sediment such as most clams and various polychaetes) because they
were neither the target fauna nor caught quantitatively with the trawl. Pelagic taxa occasionally get caught
in the trawl while the net gets deployed through the water courdrinfauna occasionally gets caught

when the net digs into the upper sediment layer (which is ideally avoided). In some cases, we combined
several species from a genus or closely related genera where field notes or voucher identifications
suggested douhif or inconsistent identifications at the species level. Abundance and biomass data were
standardized to 100%for visualization of community patterns and statistical analysis. Mapping of the
spatial distribution of total abundance, biomass, number afaaxd diversity indices per station, relative
proportion of representative taxa within each phylum for epibenthos and families for fish, and significant
clusters were performed using ArcGIS (ArcMap 13). Total abundance and biomass data were projected
ontomaps by scaled circles, with breaks determined

For multivariate statistical analysis, a squaret transformation was applied to reduce the
influence of taxa with very large abundance or biomass. Community structure analgpibémthos and
fish were completed primarily using multivariate statistics programs within the software packageePrimer
V7 (Clarke and Gorley, 2015piversity indices, Shannewi ener 6 s di ver sity (Ho= T €
Mar gaRi efhlheess (d,&and SPiEdé/mdnmoegssN)( J 6= HO6/ 1 og S), wer
biomass gww/100 m?) for all stations using the DIVERSE routine in Prisa&f7. Pi is tle proportion of
individuals belonging to the ith species, S is taxon richness (in most cases at species level), and N is the
total number of individuals in the sample.

To determine the taxa that best explain the pattern of the epifaunal community datesoas,
the Biological Variables Stepwise Procedure (BVSTEP) was used separately on the abundance and
biomass data, using a Br&@urtis resemblance matrix and Spearman rank correlation. The BVSTEP
procedure employs a step wise approach, searchinggfordnk correlations between a faunal data
matrix and a BrayCurtis similarity matrix. Community cluster analysis, calculated with biomass data for
epibenthos and abundance data for fish, provided station grouping by similarity, using group averaging
basel on BrayCurtis resemblance matrix. The Similarity Profile (SIMPROF) test detected the statistical
significance of the internal structure at each node of the dendrogram. Patterns in community structure
were visualized in nemetric multidimensional scalin(nMDS) plots. A 2D stress level of up to 0.2 was
deemedacceptableThe Similarity Percentages (SIMPER) analysis was used to identify indicator taxa for
communities within each significant cluster. Community differences were assesseddetgomined
depth groups using-way Analysis of Similarities ANOSIM) with three levels (<20 m is nearshore
highest disturbance area,-22 is midshelf and >100 m is shelf break). ANOSIM yields global R values
that are a measure of scaled separation between grodipised can be directly compared to assess the
relative importance of various factors on community composition. R values range from 0 to 1 with
smaller values indicating a factor has little influence and&Res above ~0.45 being considered
biologically relevant (Clarkend Gorley, 2016 Standardized biomass, abundamrcel diversity
measures per station were analyzed for depth and longitudinal trends using linear regressions in R
(www.r-project.org, V2.15.0).
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Epibenthic and fish community structure weexh matched with environmental variables (based
on squaregoot transformed biomass and abundance data) to assess which variable combination was most
influential in determining community composition. Analysis was done using the BEST routine, which
employsSpearman rank correlations. The following environmental variables were used and kindly
provided by ANIMIDA Il collaborators: latitude and longitude (as indirect variables indicating
geographic location); bottom salinity, bottom temperature, fluorescandeurbidity (as hydrographic
indicators); sedimentcld ( € g/ g g.eml, iogtemsformed), AN ratio, TON, and TOC in the
sediment (as indirect indicators of food availability and quality); and % gravel (squureansformed),

% sand, % mud (%ilt and % clay combined) of the sediment (as descriptors of sediment type).
Additional variables included bottom water nutrient concentrations, (80, NO,, andNH,4). Methods
for measuring all these variables are described in the respective sectioas\biiMIDA Il report. In all
analyses, environmental variables were normalized to bring them to the same measurement scale.
Combinations of up to five variables were considered, and the combination producing the highest
correlation coefficient was comigred the best match to the biological matrix.

6.3 Results
6.3.1 Invertebrates

A total of 44 stations was sampled for invertebrate community strudtabée30). The total
abundance petation ranged from 10 intiDOm? (station 152W0) to 5,063 ind/100n? (station 76142)
with a mean of 676 ind/100%6GSD: 987) Figure102 Table31). Abundance was lowest in the western
part of thestudy area and at most nearshore stations, except near Kaktovik. Abundance was highest on the
middle shelf in the central part of the study area up to Kaktovik and at several shelf break stations. The
total biomass pettation ranged from 5.0 gww/108? (station 152V0) to 3,964.3 gww/106n? (station
15) with a mean of 375.8 gww/106? (SD: 654.8) Figure103). As with abundance, biomass was
generally lower in the western part of the study area and at nearshiorgsssBiomass was higher at
some midshelf stations and on the outer shelf northeast of Kaktovik.

The number of taxa per station ranged from five (station 5A) to 53 (station 22) with a mean of 30
(SD: 12) Figurel104). The number of taxa was generally lowest at nearshore stations, in particular in the
western study area. Taxa numbers were highest at some shelf break stations, and at most stations in the
eastern part of the study area. Sharibiversity Index rangd from < 0.1 (station 5A) to 3.1 (station 25)
with a mean of 1.99D: 0.7,Figure105 Table31) . Ma rRiclanksdridéx sanged from 0.7 (station
5A) to 6.6 (station 22)ith a mean of 4.99D: 1.4,Figure106 Table31) . P iEeehness hdex
ranged from 0.1 (station 5A) to 0.8 (station 10) with a mean of3D6(.2,Figure107, Table31). In
general, diversity indices had stations with high and low values throughout the study region. Stations with
the lowest values for all indices were mostly in thetigé and western areasigure 105throughFigure
107).
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Table 31. Station metrics for epibenthos and fish during ANIMIDA IlI.

Station Epibenthos Fish
Abu. Bio. Taxa| Shan. | Mar. | Piel. | Abu. | Taxa| Shan.| Mar. | Piel.
1 60.40 204.03 | 45 2.55 5.77 | 0.67 | 3.26 7 1.63 | 1.72 | 0.84
1.05 31.82 9.44 17 1.80 352 | 0.63 | 2.68 3 0.49 | 0.61 | 0.44
10 1248.33| 211.47 | 17 2.31 209 | 081 | 4.21 5 1.15 | 1.07 | 0.71
11 308.11 | 234.18 | 41 2.25 5.16 | 0.61 | 1.99 5 147 | 1.34 | 0.91
12 1488.19| 445.68 | 41 2.49 476 | 0.67 | 2.71 8 1.93 | 2.12 | 0.93
15 1297.09| 3964.26| 37 0.45 340 | 0.13 | 5.64 8 1.83 | 1.74 | 0.88
16 1181.82| 274.89 | 25 2.35 3.03| 0.73 | 4.17 9 1.94 | 2.15 | 0.88
1C 712.33 | 37149 | 31 2.11 3.65 | 0.62 | 234 6 1.74 | 1.59 | 0.97
20 1416.32| 318.96 | 26 1.98 3.10 | 0.61 | 2.84 5 1.33 | 1.20 | 0.82
21 733.38 | 263.26 | 40 2.61 495 | 0.71 | 4.23 10 2.03 | 2.40 | 0.88
22 702.00 | 258.07 | 53 2.93 6.62 | 0.74 | 3.45 6 1.28 | 141 | 0.71
23 644.98 | 459.41 | 35 2.54 403 | 0.71 | 3.10 6 155 | 1.46 | 0.86
24 468.34 | 245.71 | 38 2.87 474 | 0.79 | 1.48 4 1.28 | 1.11 | 0.92
25 381.60 | 134.62 | 45 3.05 6.11 | 0.80 | 6.89 8 156 | 1.65 | 0.75
5 66.95 53.44 30 2.12 462 | 0.62 | 6.17 6 1.16 | 1.21 | 0.65
5(5) 215.90 50.20 37 2.39 579 | 0.66 | 6.36 10 1.90 | 2.17 | 0.82
5B 65.53 34.54 31 2.63 5.13 0.76 | 3.51 4 0.89 | 0.84 | 0.64
6 160.17 | 646.98 | 43 1.58 479 | 042 | 6.13 8 1.85 | 1.70 | 0.89
6D 92.96 63.79 28 1.79 418 | 0.54 | 3.23 6 1.44 | 1.44 | 0.80
6F 99.15 290.49 | 14 0.49 1.63 | 0.18 | 2.60 3 0.89 | 0.61 | 0.81
7 90.36 57.94 41 2.48 6.29 | 0.67 | 2.01 6 1.58 | 1.67 | 0.88
7C 52.57 41.75 14 1.16 2.15 0.44 | 12.31 5 0.77 0.83 | 0.48
8 80.99 19.74 28 2.49 511 | 0.75 | 2.71 3 0.94 | 0.61 | 0.86
9 137.60 | 14237 | 25 0.91 331 | 028 | 3.86 7 1.81 | 1.64 | 0.93
L2565 380.02 | 146.99 | 46 2.18 6.17 | 057 | 1.36 4 1.20 | 1.15 | 0.86
T-3 1892.19| 845.75 | 29 1.52 3.10 | 0.45 | 4.57 9 1.64 | 2.09 | 0.75
143W1 876.29 775.71 49 2.15 5.36 0.55 1.92 5 1.17 1.36 | 0.73
143W2 665.49 | 652.80 | 29 1.71 319 | 051 | 7.35 9 1.44 | 1.86 | 0.65
143W3 | 2136.81| 1886.99| 37 1.85 3.66 | 0.51 | 6.17 7 1.40 | 1.46 | 0.72
143W4 | 513.67 | 251.90 | 37 2.38 460 | 0.66 | 2.16 6 1.66 | 1.63 | 0.93
143W5 17496 | 228.72 | 18 2.13 220 | 0.74 | 152 2 0.60 | 0.37 | 0.86
149200 | 1896.95| 848.81 | 26 1.58 276 | 049 | 2.38 7 1.36 | 1.89 | 0.70
152W0 10.02 5.03 14 1.83 3.32 | 0.69 | 0.85 3 1.04 | 0.93 | 0.95
152wW1 10.97 6.47 20 2.06 456 | 0.69 | 0.70 6 1.75 | 257 | 0.98
3A 56.52 12.97 24 2.04 473 | 0.64 | 1.22 2 0.67 | 0.40 | 0.97
5A 20.81 31.72 5 0.09 0.69 | 0.06 | 0.14 1 0.00 | 0.00 | NA
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Station Epibenthos Fish
Abu. Bio. Taxa| Shan. | Mar. | Piel. | Abu. | Taxa| Shan.| Mar. | Piel.
70142 | 5062.92| 41754 | 34 2.09 3.96 | 059 | 4.00 6 1.65 | 1.36 | 0.92
70143 3671.57| 1546.62| 45 2.42 4.56 0.64 5.93 8 1.82 1.71 | 0.88
70145 277.84 | 206.22 | 35 1.36 4.46 | 0.38 | 1.32 9 1.96 | 3.10 | 0.89
71145 348.33 | 171.66 | 36 2.43 470 | 0.68 | 4.29 7 1.62 | 1.60 | 0.83
71146 38.64 61.84 23 1.58 3.42 | 050 | 0.36 3 1.08 | 1.56 | 0.98
71147 515.64 339.61 32 1.76 3.81 0.51 3.37 7 1.77 1.71 | 0.91
71149 | 1366.63| 313.74 | 45 1.90 547 | 050 | 2.68 5 1.15 | 1.22 | 0.72
71150 19.75 19.88 20 1.98 359 | 0.66 | 1.15 6 129 | 205 | 0.72
Abu.: abundance in individualsA@8dam biomass in graat weight /106.faxa: total number of taxa per stg
Shan. : Shannon Diversity index. Mar . : Mar

Across all stations, a total of 247 taxa were identified in 10 phyla. 69.6% were identified to
species level, 17.8% to genus levaahd the remaining 12.6% to higher taxonomic lev&tthropodahad
the highest number of taxa accounting for 85 taxa (34% of the total taxon number), folloMedusga
with 71 taxa (29% of the total taxon numhendEchinodermatavith 33 taxa (13% of the total taxon
number). All other phyla accounted each for less than 10% of the totaFiguae(108). Composition
within phyla by abundance and biomass showed a different picture than éngnstaxa. In terms of

abundance, excluding all colonial organisms, taxa in the phigclmimodermataccounted for 70% of the

total abundanceéirthropodaaccounted for 15% of the total abundaridelluscaaccounted for 14% of
the total abundance, arftkttaxa of all other ptya
abundanceKigure108). In terms of biomas&chinodermataepresented 62%/jolluscato 13% and

Arthropodato 12% of the total biomass across all groups, and all other groupsmeaghtad to less than

amounted

each

t o

| ess

10% of the total biomas§&igure108). Spatially, stations in the east had the three major Phyla

(Arthropoda, MolluscaandEchinodermatamore evenly represented in terms of number of taxa, while

stations irthe in the west had a higher proportion of taxa in the Phthropoda(Figure109). In
terms of abundance and biomass, western stations were dominated by arthropods while eastern stations
were dominated by ectoderms Figurel10andFigure111).
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Figure 102. Total epibenthic abundance per station measured in number of individuals per 100 m2.
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Figure 103. Total epibenthic biomass per station measured in grams of wet weight per 100 m?2.
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Figure 104. Total number of epibenthic taxa per station. Most taxa were identified to species level.
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Figure 105. Epibenthos: Shannon Diversity values per station.
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Figure106. Epi bent hos RichNess vglads pefr €tation.

ANIMIDA It
Epibenthos Pielou Evenness
°© 01.-03 20 0m
© 04-08 50 M .00 ;
BN 9 07 — 100 \'
Qos
Par Ot i GENZD WAL ROOO 4 wistvw i sss
Figure107. Epi bent h oBvenndss walues pdr station.
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Taxa by phyla
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Figure 108. Relative proportion of the number of epibenthic taxa in each phylum by species
number (top panel), total abundance (bottom left), and total biomass (bottom right).
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