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SYNTHESIS REPORT UPDATING

This volume represents an INTERIM edition of the
Northeast Gulf Alaska (NEGOA) Synthesis Report and is
intended to present a multidisciplinary overview of
information relevant to possible Alaskan Outer Conti-
nental Shelf o0il and gas development. OCSEAP-supported
research 1is still continwning in the NEGOA region,
making additional - relevant information continually
available.

In order to assist with this updating procedure,
it is requested that the users of this report inform
the following of major omissions or errors or of any

new relevant information:
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P. 0. Box 1808
Juneau, Alaska 99802
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Expeditious development of the Outer Continental
Shelf (0CS) is essential to energy requirements of the
United States. The OCS oil and gas deposits may pro-
vide a national source of petroleum during a time when
it is greatly needed. In each OCS area for which
development is proposed, extensive environmental
studies must be conducted before such development can
safely proceed. As mﬁnager of the Alaskan Outer Con-

tinental Shelf leasing program, the Bureau -of Land

Management (BIM) has asked the National Oceanic and

Atmospheric Administration (NOAA) to conduct the Quter
Continental Shelf Enviroomental Assessment Program
(OCSEAP).

This program focuses on several lease areas on the
Alaskan Outer Continental Shelf, ranging from the sub-
arctic Northeast Gulf of Alaska to the arctic Beaufort
Sea. This wvast geographic area encompasses extreme
environmental conditions. The harsh environment and
resultant severe working conditions are largely respon-
sible for the fact that much less is known about the
marine environment of the Alaskan OCS than about any
other shelf and coastal area of the United States. The
existence of o0il under the shelf,‘the demand for new
domestic sources of energy, and the recognition of the
lack of basic environmental information have accented
the need for a well—developed‘;esearch program.

An essential part of a research program is the
reporting of its results. OCSEAP is reproducing and
widely distributing the annual reports received from

each project as well as some specialized technical

summaries. A listing of these reports, as well as the’

reports themselves, may be secured from OCSEAP's
Editor, NOAA, MP3, Boulder, CO 80303. More impor-
tantly, OCSEAP is producing synthesis reports like this

one for each lease area. This current synthesis or-
ganizes all available marine environmental information
pertinent to OCS development for the given lease area,
tailoring the presentation to needs of the users.

A synthesis chapter is provided to tie the scien-
tific and technical information chapters together. It
presents a picture of the operation and vulnerability
of the environmental system in such a way that the
user, or decision maker, will have a sound basis for
tract selection and location of pipelines or other
facilities, will be aware of stipulations and regula-
tions, and will know where problems exist.

The task of gathering, selecting, analyzing, and
presenting needed pertinent information for the lease
areas will take years to accomplish; yet the user needs
information immediately. In order to resolve this
dilemma and to secure a wide reviéw of the information
before the work is finished, OCSEAP provides interim
syntheses, intending to update them regularly to incor-
porate data from current studies. These reports will
be discussed at future meetings with OCSEAP staff and
contract scientists to expedite the wupdating. The
fipnal synthesis, to be published when the OCSEAP scien-
tific community has completed itg studies in this lease
area, will thus be a product tailored to current and

future needs of decision makers.
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CHAPTER 1 INTRODUCTION
J. G. Strauch, Jr., SAI

Origins of the Program

The Alaskan Outer Continental Shelf Epnvironmental
Assessment Program (OCSEAP) originated in May 1974,
when the Bureau of Land Management (BLM)}, manager of
the Outer Continental Shelf (OCS) oil leasing program,
requested that the Naticnal Oceanic and Atmospheric
Administration (NOAA) begin an environmental assess-
ment program in’ the Northeastern Gulf of Alaska
(NEGOA), -in anticipation of possible oil and gas lease
sales in 1976, In October 1974, BIM requested that the
program be expanded during 1975 and 1976 to include
five additional areas of the Aiaskan continental shelf.
In response to a further request by BIM in December
1975, OCSEAP was expanded to include the northern
Bering Sea, Chukchi Sea, and lower Cook Iniet. The
Program Development Plan (PDP) (NOAA, 1976) outlined
studies in progress and presented study plans for nine
proposed lease areas of the Alaskan 0CS. Since then
the North Aleutian Shelf and Navarin RBasin have been
added to the lease schedule (Fig. 1.1).

Objectives of OCSEAP
The National Environmental Pblicy Act of 1969

called for the protection of the marine and coastal
environment. The primary objective of OCSEAP is to
obtain information on the O0CS environment so that
preventive or corrective measures can be taken before
serious or irreversible -damage to the environment

occurs.

Specific objectives of the BLM envirommental

studies program for all 0CS areas are:

) To provide information about the OCS environ-
ment that will enable the Department of the
Interior and BLM to make sound management
decisions regarding the development of min-
eral resources on the federal OCS.

o To gather information that will enable BLM to
identify elements of the environment likely
to be affected by oil and gas exploration and
development.

) To establish a basis for predicting the ef-
fects on the enviromment of OCS o0il and gas
activities.

o To measure the effects of o0il and gas explo-
ration and development on the OCS environ-
ment. These data may result in modification
of leasing and operation regulations to
permit efficient recovery of resources with
maximum environmental protection.

OCSEAP divided the evaluation of potential effects
of O0CS oil and gas developments into six areas or

tasks:

A. Existing contaminants: Determination of
background levels of potential contaminants
commonly associated with o0il and gas develop-
ment.

B. Sources: Identification of probable sources
of contaminants and environmental distur-
bances likely to accompany oil and gas explo-
ration and development.

C. Hazards: Identification and assessment of
environmental hazards which may affect petro-
leum exploration and development.

D. Transport: Determination of how contaminants
move through the enviromment and how they are
altered by physical, chemical, and biological
processes.,

E. Receptors: Identification of the biological
populations and ecological systems likely to
be affected by petroleum exploration and
development.

F. Effects: Determination of the effects of
hydrocarbon and trace metal contaminants on
ecological systems and their component organ-
isms.

Previous synthesis reports were organized accord-
ing to the list of tasks. At the Kodiak Synthesis
Meeting, Kodiak, Alaska, May 1979, it became evident
that this organization hindered use of the reports,
Therefore, the present report is organized along more
traditional lines. First the physical characteristics
of the enviromment are discussed, then the biology,

beginning with microbes and ending with mammals. The
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disciplinary chapters address the OCSEAP tasks as

147° 146° 145° 144° 143° 142° 141° 140° 139° 138°

follows:

Chapter 2 Geologic Hazards: Task C, Hazards, ) e M
Chapter 3 Circulation: Task D, Transport, 8 S0 mlles
Chapter 4 Hydrocarbons and Metals: Task A,

Contaminants,

Chapters 5-10 Biology: Task E, Receptors.

Chapter 11 deals with potential petroleum development
(Task B), and Chapter 12 is a summary of current know-
ledge of the lease area. Material on Task F (Effects)
has been integrated into the other chapters.

The tracts sold in OCS Sale No. 39 are shown in
Fig. 1.2. The results of exploratory drilling in the
sale area have been disappointing, and there is little
probability that further drilling will be done (see
Chapter 11 for details).

A second sale, Sale No. 55, is now planned in
NEGOA. The tracts which will be offered (Fig. 1.2)
cover an area of about 480,000 hectares.

Each lease block contains 2,304 hectares. For _ | Tracts previously sold in sale 39
purposes of identification and sale the blocks have '

- been--numberedy - -starting with -the--first tier—north of

the equator as "N 1." The first range of blocks west '
147° 146° 145° 144° 143° 1420 141° 140° 139°

of the central meridian of each UIM zone is designated
"E 100." Thus, a block numbered "N-200-E 96" would be  Tigure 1.2 NEGOA shelf proposed lease areas (USDI, 1976, 1980b). .
the 200th block north of the equator and the 5th block
west of the central meridian of the respective UIM

zZone.

e

Figure 1.1  Proposed lease areas of the Alaskan outer
continental shelf (USDI, 1980a).
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Maps

Science Applications, Inc. (SAI) has produced a
series of base maps for use by participants in OCSEAP.
-The coastline and coordinate grids were drawn by a
computer plotter using World Data Base II. The com-
puter plots were produced by the National Geophysical
and Solar-Terrestrial Data Center in Boulder, Colorado.
Computer smoothing of coastline contours was corrected
by hand, using USGS and NOAA charts for reference.

The lease area base maps use the Universal Trans-
verse Mercator (UTM) system. The UTM is not, strictly
speaking, a projection, but rather a grid system based
on the Transverse Mercator Projection. As a cylindri-
cal, conformal projection, the Transverse Mercator
provides true angles of direction at all points within
the grid and true North-South measﬁring lines (that is,
it correlates straight-line coordinates of a surveying
grid with the curved-line. coordinates of the Earth).
In the UTM system central meridians define every 6° of
longitude between 80°N and 80°S. A uniform rectangular
grid is overlaid ontoizones which extend 3° to each
side of the central meridian. On the UTM grid each
square in each zone represents an area of the same size
on the earth's surface. The blocks of this grid are
4,800 m on a side; from them were selected the lease
blocks identified by BLM for possible sale and develop-

ment.

Locality Map and Gazetteer

Figure 1.3 is a locality map of NEGOA that in-
cludes all localities mentioned in the text. Place-

names have ©been listed both alphabetically and

numerically.
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NEGOA: Alphabetical list of placenames

50
54
83
70
21
23
20

8
84
92

6
82
98
17
22
27
89
66
61
79
72
19
14
13
99
47
93
39
56
53
28
55

9
12
95
96
73
29
51

7
32
31
97
48
68
76
77
26
75

15

Akwe River

Alsek River
Anchor Cove
Barren Islands
Berg Lake

Bering Glacier
Bering River
Boswell Bay

Cape Fairfield
Cape Fairweather
Cape Hinchinbrook
Cape Resurrection
Cape Spencer

Cape St. Elias
Cape Suckling
Cape Yakataga
Chenega

Chiniak Bay
Chirikof Island
Chiswell Island
Chugach Islands
Controller Bay
Copper River
Copper River Delta
Cross Sound
Dangerous River
Desolation Valley
Disenchantment Bay
Doame River

Dry Bay

Duktoth River
East Alsek River
Egg Islands

Eyak River
Fairweather Range
Glacier Bay

Gore Point

Guyot Glacier
Harlequin Lake
Hinchinbrook Island
Icy Bay

Icy Cape

Icy Point

Italio River
Izhut Bay
Kachemak Bay
Kalgin Island
Kaliakh River
Kasitsna Bay
Katalla Bay

18
78
65
42
85
41
94
45
87
35
37
69

1
67

2
86
43
30
52
44
i0
74
33

5
81
80
40

4
60
39
11
36
64
46
91
71
49
63
24
25
62
58
57
g0
16
88
34
38

3

Kayak Island
Kenai Peninsula
Kiliuda Bay
Knight Island
Latouche
Latouche Point
Lituya Bay

Lost River
MacLeod Harbor
Malaspina Glacier
Manby Shores
Marmot Island
Middlefon Island
Molina Bay
Montague Island
Montague Strait
Monti Bay

Mount St. Elias
Novatak Glacier
Ocean Cape

Orca Inlet

Outer Island
Point Riou

Port Etches
Resurrection Bay
Resurrection River
Russell Fiord
Seal Rocks
Semidi Island
Shumagin Islands
Simpson Bay
Sitkagi Bluffs
Sitkalidak Strait
Situk River
Squirrel Point
Sugarloaf Island

Tongass National Forest

Trinity Islands
Tsiu River
Tsivat River
Tugidak Island
Unimak Island
Unimak Pass
Whittier
Wingham Island
Wooded Islands
Yahtse River
Yakutat Bay
Zaikof Bay

NEGOA: Numerical list of placenames

\S oo~ VA 0N

Middleton Island
Montague Island
Zaikof Bay

Seal Rocks

Port Etches

Cape Hinchinbrook
Hinchinbrook Islant
Boswell Bay

Egg Islands

Orca Inlet
Simpson BRay

Eyak River

Copper River Delta:

Copper River
Katalla Bay
Wingham Island
Cape St. Elias
Kayak Island
Controller Bay
Bering River
Berg Lake

Cape Suckling
Bering Glacier
Tsiu River
Tsivat River
Kaliakh River
Cape Yakataga
Duktoth River
Guyot Glacier
Mount St. Elias
Icy Cape

Icy Bay

Point Riou
Yahtse River
Malaspina Glacier
Sitkagi Bluffs
Manby Shores
Yakutat Bay
Disenchantment Bay:
Russell Fiord
Latouche Point
Knight Island
Monti Bay
Ocean Cape

Lost River
Situk River
Dangerous River
Ttalio River

51
52
53
54
55
56
57
58
59
60
61
62
63
64

T 65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
39
90
91
92

93

94
95
96
97
98

Tongass National Forest 99

Akwe River

Harlequin Lake
Novatak Glacier
Dry Bay

Alsek River

East Alsek River
Doame River
Unimak Pass
Unimak Island
Shumagin Islands
Semidi Island
Chirikof Island
Tugidak Island
Trinity Islands
Sitkalidak Strait
Kiliuda Bay
Chiniak Bay
Molina Bay

Izhut Bay

Marmot Island
Barren Islands
Sugarloaf Island
Chugach Islands
Gore Point

Outer Island
Kasitsna Bay
Kachemak Bay
Kalgin Island
Kenai Peninsula
Chiswell Island
Resurrection River
Resurrection Bay
Cape Resurrection
Anchor Cove

Cape Fairfield
Latouche
Montague Strait
MacLeod Harbor
Wooded Islands
Chenega

Whittier
Squirrel Point
Cape Fairweather
Desolation Valley
Lituya Bay
Fairweather Range
Glacier Bay

Icy Point

Cape Spencer
Cross Sound
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Chapter 2 GEOLOGICAL HAZARDS
R. E. Peterson, SAI

2.1 INTRODUCTION

2.1.1 Relevance of geological hazards study

The continental shelf around the Gulf of Alaska,
the Alaska Peninsula, and the Aleutian Islands is
situated in a dynamic tectonic environment. Several
prominent crustal features are associated with this
setting: the deep Aleutian Trench and Aleutian
volcanoes which result from the underthrusting of the
oceanic plate; rugged mountain ranges produced by
compressive forces generated during the collision of
the two plates; and major fault systems, which reveal
the structural failure of crustal rock as the motion
can no longer be accommodated by plastic deformation.

The most immediate and probably the most
spectacular hazard posed by this tectonic activity is
the occurrence of earthquakes. Earthquakes have been
particularly destructive in heavily populated areas,
due to the variety of effects produced. Open fissures
and cracks with offsets along fences and roads are
dramatic, but the conflagrations resulting from
ruptured natural gas lines, collapsed gasoline storage
tanks, and broken electrical power lines are far more
destructive. Structural failure and weakening of oil
pipelines, platforms, and buildings may be caused by
soil liquefaction induced by earthquake shaking.

The risk of destruction by earthquakes is directly
proportional to the extent of human development in a
region (Jackson and Burton, 1978; Okrent, 1980). The
probability that an earthquake will occur at a
particular location may be reasonably forecast by

seismologists; the risk posed to life and property is

much more difficult to evaluate. The financial commit-
ment in equipment, the increase in population, and the
dire environmental consequences of a blowout or major
pipeline break are important reasons for evaluating the
earthquake risk to petroleum industry development on
the Gulf of Alaska continental shelf.

Hazards due to tectonic activity are not the only
ones resulting from geological processes. Rapid
erosion and deposition of seafloor sediment may damage
pipelines, for instance, as may slumping and sliding of
unstable slopes. Dispersion of sediment in the water
column, along the seafloor, and along coast lines may
influence the fate of spilled oil. Knowledge of the
presence and location of gas-charged sediments is
important, since encountering such deposits during
offshore platform construction and drilling operations
is a serious hazard (Thompson, 1979).

A thorough understanding of geological processes
in this region of anticipated petroleum industry
development is essential for a complete evaluation of
the risk posed to the development by the natural

environment.

2.1.2 Geologic setting of NEGOA

Interaction between the Pacific and North American
lithospheric plates has caused many of the
physiographic features and tectonic processes found in
NEGOA. The lease areas are situated in a transition
zone where plate interaction shifts from primarily
strike/slip faulting on the southeast to thrust
faulting on the west (Fig. 2.1). These plates are
converging at about 6 cm/yr, and the convergence
manifests itself as structural deformation and

accompanying seismic and volcanic activity.

Ry YOPOeu e

L
UTIAN TRENCH

5-6 cm/yr

PACIFIC
PLATE

J10V4 HIHLVIMY) vy

Figure 2.1 Plate tectonic relationships in the NE
Pacific Ocean (from Lahr and Stephens, 1979). Star
indicates epicenter of 28 February 1979 Mt. St. Elias
earthquake.

The complexity of the interaction in this portion
of the plate boundary has resulted in several tectonic
models for the transition zone (e.g., Lahr and Plafker,
1980; Perez and Jacob, 1980). The details of these
models are beyond the scope of this synthesis, but both
describe how the strike/slip motion on the east
transforms into thrust faulting and subduction on the
north and west. Two rigid blocks of crustal material,
the Yakutat and Wrangell blocks, are postulated in the
transition zone (Lahr and Plafker, 1980). Most of the
tectonic deformation in the region occurs along the
boundaries of these blocks as the convergence of the
Pacific and North American plates is accommodated.
Figure 2.2 shows the principal tectonic features of the

region.
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The topography and sediments of the NEGOA shelf 1470
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coastal region, the sheif, and parts of the continental

slope were all covered by ice during the Wisconsin PRINGE
glaciation, which o¢ccurred between 35,000 to 11,000 WILLIAM
years before present (Sharma, 1979). During glaciation

of the shelf many of the faulted and folded structures

in sedimentary units were truncated, and considerable
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line. As sea level rose, these materials became
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relict deposits, since the less energetic deepwater

hydrodynamic regime was no longer able to transport the
materials.

Several prominent topographic features influence
erosion, deposition, and transport of materials on the
NEGOA shelf. They include the Yakutat, Alsek, and
Cross Sound Sea Valleys, which may act as conduits to 5
transport modern glacial detritus offshore to the
continental slope. The Pamplona Ridge and Fairweather
Ground are structural highs which have little

accumulation of modern sediment. Figure 2.3 is an
FAIRWEATHER

index .. map ~ for . names. and locations -of- -  important GROUND
physiographic features. i
147° 146° 145° . 144° 143° 142° 141° 140° 189°

2.2 SEISMICITY Figure 2.3 Index map for major physiographic features of NEGOA.
2.2.1 Earthquake catalogues and detection capability

Of the more recent catalogues of earthquakes which
include data for Alaska (Duda, 1965; Tobin and Sykes, variety of sources which are described by Meyers and the wvariation in accuracy of identifying epicenter
1966 and 1968; Rothé, 1969; Sykes, 1971; Kelleher et von Hake (1976). Several unavoidable limitations of locations.
al., 1973), the file maintained by NOAA's Environmental the file are the short time period for which The recent translation of old Russian documents
Bata Services in Boulder, Colorado, is in general the instrumental records exist, the heterogeneity of mag- has extended the earthquake record in Alaska back to
most complete. Data for this file are obtained from a nitude determinations for some parts of the file, and - 1784 (Sykes et al., 1980). In their attempt to better

Geological Hazards 13




define the recurrence interval of large earthquakes
along the Alaska-Aleutian arc, these workers found
evidence for large earthquakes in the Kodiak-Shumagin
Islands region in 1788, 1792, 1844, 1848, 1854, and
1880, and near Sitka in 1848.

The amount of data on Alaskan earthquakes has
increased considerably since the establishment of local
seismic networks to monitor the extremely active plate
boundary of the southern and southeastern parts of the
state. In addition to acquiring more data on smaller
earthquakes in the Alaskan OCS, efforts are being
directed at producing more homogeneous data Dby
standardizing calculations of magnitude and location
(discussions at NOAA/OCSEAP-sponsored Alaskan OCS
Seismology and Earthquake Engineering Workshop, Mar.
26-29, 1979, Boulder, Colo.). Homogeneity in these
data is required for studies of the distribution of
seismicity in space and time (e.g., Kelleher, 1970;
McCann et al., 1979; Lahr and Plafker, 1980), studies
which show promise for improving earthquake forecasts.

In the wvicinity of NEGOA the instrumental
earthquake record is probably complete for events

larger than magnitude 7.75 since 1899, larger than 6

‘since the early 1930's, and larger than 5 since 1964

(Lahr and Stephens, 1979).

short-period seismograph stations (Fig. 2.4), set up

A local network of

and operated by the U.S. Geological Survey as part of
OCSEAP, is capable of detecting events as small as
magnitude 1 in some parts of the region (Lahr et al.,
1980b), but this capability does not extend throughout
all of NEGOA. The utility of the network lies in the
identification of active faunlts and in promoting
further understanding of regional tectonics.

The equipment available to detect earthquakes in
NEGOA includes the USGS short-period seismograph

network (Fig. 2.4) and a USGS network of strong motion
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Figure 2.4 Seismic stations operated by the USGS in eastern southern Alaska during September-December 1978. These
stations are supported in part by OCSEAP (from Lahr and Stephens, 1979).

instruments (Fig. 2.5). A strong motion instrument is
triggered By large earthquakes and records certain
parameters of ground motionm that are required for

purposes of engineering desigm. At the present, this

type of seismic data is extremely limited for Alaska.

-

Figure 2.5 Distribution of strong-motion instruments
in Alaska in 1978. Solid symbols indicate locations of
the twelve instruments that were purchased with OCSEAP
funding (from Lahr and Stephens, 1979).
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2.2.2 Distribution of earthquakes

To present an unbiased description of the
seismicity of an area via epicenter plots, it is neces-
sary fhat an equal detection capability exist for the
entire —area of interest. During the early 1960's,
coordination of worldwide seismic networks was
initiated to improve this equal detection capability.
About this time, the United States organized the
Worldwide Network of Standard Seismographs (WWNSS;
Glover, 1977), which has contributed greatly to a more
homogeneous earthquake data set.

Epicenter plots of the instrumental earthguake
record (Figs. 2.6 and 2.7) for NEGOA provide a general
description of the region's seismicity. The catalogue
used to comstruct these plots is NOAA's ‘Environmental
Data Services earthquake file, which includes the
earthquage data of the local Alaskan network set up as
part of OCSEAP.

The data £file was broken down into several
categories. Figure 2.6 includes all epicenters of
magnitude 4 or greater, between 1964 and 1977 that are
found in the NOAA file and excludes the local Alaskan

‘network data. The year 1964 was chosen as a starting

point for two reasons: first, epicenter locations
prior to that time are less reliable, and second, the
record for smaller events has been uniform only since
about 1964. By limiting the data, the plots are more
representative of the actual distribution of events of
various magnitudes. The separation by depth into
groups above and below 70 km distinguishes the deeper
Benioff =zone earthquakes from others. The Alaskan
Benioff zone, which is a region of increased seismicity
due to an oceanic lithospheric plate descending beneath
a. continental plate, is most active on the northern

side of the Aleutian-Alaska Peninsula arc, outside of

16 Geological Hazards
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Figure 2.6 Epicenter plot of earthquakes occurring between 1964 and 1977.

and do not contain local Alaskan network data.
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Data are from NOAA/EDS
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the epiéenter plot boundaries for NEGOA. Hence, nearly
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Figure 2.7 Epicenter plot of earthquakes recorded by Alaskan network, which started operating in 1976. Plot
produced by NOAA/EDS. :
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Figure 2.8 shows all seismic events of magnitude 6
or greater. Nearly equal detection capabilit& exists
for these large events throughout the entire time span
of the NOAA data file.

the events plotted on Fig.

Table 2.1 lists descriptions of
2.8. Several sources of
information in addition to the NOAA/EDS earthquake
catalogue have been used to compose this epicenter plot
and tabulation, and those sources are cited in the

table.

Figure 2.8 Epicenter plot of major earthquakes {(mag

~>6) ‘recorded--in- NEGOA -between - 1899--and -1979. - Data . - -

sources are identified in Table 2.1. The dashed lines
are aftershock zone boundaries of major earthquakes and
correspond to those shown in Fig. 2.11.
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Table 2.1 List of earthquakes of magnitude 6 or greater that have occurred in NEGOA between 1899 and 1979.
epicenters are plotted im Fig.
(refer to Table 2.2 for scale).

2.8.

small letters are individual references.

The

The maximum Mercalli intensity observed for the earthquake is also listed
Data sources in capital letters are from the NOAA/EDS earthquake file; those in

-Data Year Mo Day Hr Min  Sec Lat Long Focal Magnitudes
source¥ ' depth ====cwmmmmrc e e max
(No. on (Universal time) (km) Body Surface Unspeci- Local
Fig. 2.8) wave  wave fied (Richter)
EQH (1) 1899 09 04 00 22 00.0 60.000N 142.000W 25 8.30 XI
CFR (2) 1899 09 10 17 04 00.0 60.000N 142.000W 25 7.80 VII
CFR (3) 1899 09 10 21 40 00.0 60.000N 140.000W 8.60 XI
EQH (4) 1900 10 09 12 28 00.0 60.000N 142.000W 25 8.30 VII
G-R (5) 1908 05 15 08 31 36.0 59.000N 141.000W 25 7.00 VI
G~R (6) 1912 01 31 20 11 48.0 61.000N 147.500W 80 7.25 A
G-R (7) 1920 07 07 18 41 29.0 . 61.000N 140.000W 25 6.00
G-R (8) 1927 10 24 15 59 55.0 57.500N 137.000W 25 7.10 VI
G-R (9) 1928 06 21 16 27 13.0 60.000N 146.500W 25 7.00 Vi
G-R (10) 1944 02 03 12 14 59.0 60.500N 137.500W 6.50
G-R (11) 1846 01 12 20 25 37.0 59.250N 147.250W 50 7.20 v
USE (12) 1952 03 09 20 00 17.0 59.500N 136.000W 6.00 Y
USE (13) 1958 07 10 06 15 51.0 58.600N 137.100W 7.90 X1
CGS (14) 1958 09 24 03 44 14.0 59.500N 143.500W 6.25
rot (15) 1963 06 17 18 32 09.9 60.500N 140.800W 6.00
rot (16) 1964 03 28 05 33 52.6 60.200N 146.200W 20 6.00
CGS (17) 1964 03 28 09 52 55.7 59.700N 146.600W 30 5.50 6.20
CGS (18) 1964 03 28 14 47 37.1 60.400N 146.500W 10 5.70 6.30
CGS (19) 1964 03 28 14 49 13.7 60.400N 147.100W 10 5.80 6.50
rot (20) 1964 03 29 16 40 58.0 59.700N 147.000W 15 6.00
CGS (21) 1964 03 30 07 09 34.0 59.900N 145.700W 15 5.60 6.20
rot (22) 1964 04 04 04 54 01.7 60.100N 146.700W 40 6.10
rot (23) 1964 04 05 19 28 18.1 60.200N 146.700W 15 - 6.00
Crot(24) 1964 0 05 17007 TR0 17.97 7 59,4008 142.700W 35 6.00
CGS (25) 1965 09 18 20 46 36.5 59.400N 145.200W 5 5.30 6.00
rot (26) 1965 09 20 23 47 40.7 59.700N 143.400W 19 6.00
USE {(27) 1970 04 11 04 05 41.1 59.700N 142.700W . 7 5.20 6.2 6.20 5.80 11X
USE (28) 1970 04 16 05 33 17.5 59.800N 142.600W 7 5.50 6.8 6.80 6.20 v
USE (29) 1970 04 19 01 15 46.8 59.600N 142.800W 20 5.80 6.0 5.50 5.80
CGS (30} 1970 08 18 17 52 06.3 60.700N 145.384W 16 5.60 5.9 6.00 5.90 v
ERL (31) 1973 07 01 13 33 34.6 57.840N 137.330W 33 6.10 6.7 6.70 v
ERL (32) 1973 07 03 16 59 35.1 57.980N 138.021Ww 33 6.00 6.0 6.40 v
lah (33) 1979 02 28 21 27 06.1 60.640N 141.5%0W 15 7.7
*Data sources: : - ,
EQH Coffman and von Hake (1973) CGS Coast and Geodetic Survey. This agency operated the
CFR Richter (1958) Preliminary Determination of Epicenter (PDE) program
G-R Gutenberg and Richter (1954) prior to 1870.
ERL Envirommental Research Laboratory. This agency USE United States Earthquakes. Published annually by the
operated the PDE program between 1971 and 1973. Coast and Geodetic Survey and successor organizations
rot Rothé (1969) from 1928 to 1972, and jointly by NOAA/USGS thereafter.
lah TLahr et al. (1980a)

snowslides

2.2.3 Major earthquakes affecting NEGOA.

Several very large earthquakes have occurred in
the vicinity of the proposed lease areas since about
the turn of the century. Accounts of four of these
quakes are found in "Earthquake History of the United
States" 1973; 1979).
The following brief descriptions from those

references unless otherwise noted.

(Coffman and von Hake, Coffman,

are -

In September 1899, two of the largest earthquakes
on record in Alaska occurred in the vicinity of Cape
Yakataga and Yakutat Bay. The magnitudes (MS) were 8.5
and 8.4, 1977).

Large topographic changes accompanied the earthquakes;

respectively (Thatcher and Plafker,

in one area an uplift of about 14% m was observed. A

10-meter tsunami across Yakutat Bay, and

the

swept

large enough to alter movement of

glaciers were generated. Fortunately, damage to life
and ﬁfoperty was minimal, since the area was only
An

earthquakes

sparsely populated and essentially uﬁdeveloped.
evaluation of data
(Thatcher and Plafker,

concerning these

1977) indicates that during a

13-month period from late 1899 extending into 1900,

there were four large earthquakes with magnitudes

between 7.8 and 8.5 im the Yakutat Bay-Kayak Island
region. In spite of these large events, those authors
suggest that not all of the accumulated stress in the

region was released by these events, unless a

significant amount of slow creep has occurred as well.
In July 1958 a major earthquake of magnitude M)
7.9 which was apparently associated with movement on
the Fairweather Fault (Tocher, 1960;

location) occurred near Lituya Bay.

see Fig., 2.2 for
Effects described
as "moderate" (Davis and Sanders, 1960) occurred at
100 of the

damage

miles northwest epicenter,

to

Yakutat,

including water and gasoline tanks,
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pipelines, ©roads and runiways, and miscellaneous
equipment. An intensity map for this earthquake is
shown in Fig. 2.9, For reference, the Modified
Mercalli intensity scale is reproduced in Table 2.2. A
massive rockslide at the head of Lituya Bay generated a
huge wave which surged up the beach to a height of
about 525 m and cleared the shoreline of trees (Miller,
1960). Fishermen aboard their boat were swept out of
the bay by a wave they estimated to be 30 m in height.

There were two fatalities in the bay.

i

Figure 2.9 Distribution of intensities caused by the
July 1958 Lituya Bay earthquake (modified from Davis
and Sanders, 1960).

The 1964 Prince William Sound earthquake, with
magnitude (MS) 8.3, was one of the most violent
earthquakes ever recorded. The break in crustal rocks
occurred along a gently dipping thrust fault, perhaps
800-900 km in length, which - is associated with
subduction of the Pacific lithospheric plate under the

~North  American plate.

Anchorage = was  damaged

20 Geological Hazards

Most masonry and frame structures destroyed with their foundations. Some well-built

Table 2.2 Modified Mercalli Intensity Scale, 1956
Version (Richter, 1958).

I

Not felt. HMarginal and long-period effects of large earthquakes.
II 4

Felt by persons at rest, on upper floors, or favorably placed.
m

Felt indeors. Hanging objects swing. Vibration like passing of light trucks. Duration
estimated. May not be recognized as an earthquake.

v

Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jolt
like a heavy ball striking the walls. Standing motor cars rock, Windows, dishes, doors
rattle. Glasseés clink. Crockery clashes.. In the wpper range of IV wooden walls and
frames creak.

Vv

Felt outdoors; direction estimated. Sleepers wakened. Liquids disturbed, some spilled.
Small unstable objects displaced or upset. Doors swing, close, open. BShutters, pictures
meve, Pendulum clocks stop, start, change rate.

V1

Felt by all. Many frightened and run outdoors. Persons walk unsteadily. Windows,
dishes, glassware broken. Xnickknacks, books, etc,, off shelves. Pictures off walls,
Furniture moved or overturned. Weak plaster and masenry D cracked. Small bells ring
(church, school). Trees, bushes shaken visibly, or heard to rustle.

vl

Diffieult to stand. Noticed by drivers of motor cars. Hanging objects quiver, TFur-
niture broken. Damage to masonry D}, including cracks. Weak chimneys broken at roof
line. Fall of plaster, loose bricks, stones, tiles, cornices; alsc unbraced parapets and
architectural orpaments. Some cracks in masonry C. Waves on ponds; water turbid with
mud, Small slides and caving in along Sand or gravel banks. Large bells ring, Concrete
irrigation ditches damaged.

VIII

Steering of motor cars affected, Damage to masonry C; partial collapse. Some damage to
masonry B; none to masonry A. Fall of stucce and some masonry walls. Twisting, fall of
chimneys, factory stacks, monuments, towers elevated tanks. Frame houses moved on foun-
dations if not bolted down; loose panel walls thrown out. Decayed piling broken off
Branches broken from trees. Changes in flow or temperature of springs and wells. Cracks
in wet ground and on steep slopes.

9.4
General panic. Masonry D destroyed; masonry C heavily damaged, scmetimes with complete
collapse; masonry B sericusly damaged. General damage to foundations. Frame structures,
if not bolted, shifted off foundations. Frames racked. Serious damage to reservoirs.
Underground pipes broken. Conspicuous cracks in ground. In alluviazted areas sand and
mud ejected, earthquake fountains, sand craters.

wooden structures and bridges destroyed. Serious damage to dams, dikes, embankments.

,Large landslides. Water thrown on banks of canals, rivers, lakes, etc. Sand and mud

shifted horizontally on beaches and flat land. Rails bent slightly.

XI

Rails bent greatly. Underground pipelines completely out of service.

X

PBamage nearly total. Large rock masses displaced. Lines of sight and level distorted.
Objects thrown into the air.

Masonry A - Good workmanship, mortar, and design; reinforced, especially
laterally, and bound together by using steel, concrete, etc.; designed to
resist lateral forces.

Masonry B - Good werkmanship and mortar; reinforced, but not designed in detail
to resist lateral forces. .

Masonry C - Ordinary workmanship and mortar; no extreme weaknesses like failing
to tie in at corners, but neither reinforced nor designed against horizontal
forces.

Hasonry D - Weak materials, such as adobe; poor mortar; low standards of work-
manship; weak horizontally.

extensively, even though it is situated about 130 km
northwest of the epicenter. The effects were so great
that a special committee was established by the
National Academy of Sciences to study the earthquake,
Their efforts resulted in the most comprehensive and
detailed account of an earthquake ever compiled
(National Academy of Sciences, 1972). An intensity map
for this earthquake (Fig. 2.10)} shows that intensities
of V to VII were experienced throughout NEGOA.

The most recent large earthquake in NEGOA occurred

Figure 2.10 Distribution of intensities caused by the
March 1964 Prince William Sound earthquake (Meyers et
al., 1976).

on 28 February 1979 near Mt. St. Elias, about 50 km
north of Icy Bay. It was of magnitude (MS) 7.3 and
produced ground effects indicating intensities of up to
VII (Lahr and Stephens, 1979). Fortunately, damage
from this earthquake was minimal due to a léck of
population in the area.

This earthquake is of particular interest in



evaluating geological hazards in NEGOA, for it . occurred
in the area between two previous large NEGOA
earthquakes: the 1964 Prince William Sound and 1958
Lituya Bay events. It represents stress release in a
"seismic gap,“ with implications regarding the
recurrence of large earthquakes (Kelleher, 1970; Sykes,
1971; McCann et al., 1979; Lahr et al., 1980a; Lahr and

Plafker, 1980).

2.2.4 Seismic sea waves (Tsunamis)

Offshore earthquakes may produce displacements at
the seafloor which result in seismic sea waves, or
tsunamis. Seawater attenuates seismic wave energy much
less than geologic formations, aliowing these waves to
travel great distances from their earthquake source at
speeds of several hundred km/hr in deep water (Murty,
1977). A tsunami slows as it enters shallower water
during approach to a shoreline, and the wave height may
build considerably. An extensive tsunami warning system
developed at the Palmer, Alaska, Seismological Center
can issue warnings in response to the occurrence of a
major earthquake. Prediction of the arrival time of a
tsunami is based on the distance between the epicenter
and the location along the Alaskan coastline (Cox and
Pararas-Carayannis, 1976). "

Tsunamis can also result from major landslides
which enter ocean areas or bays, as has occurred in
Lituya Bay in NEGOA several times (Coffman and wvon
Hake, 1973).

Table 2.3 summarizes tsunamis observed in NEGOA
and illustrates the wvariety of possible sources. The
tsunami risk for offshore structures is low, due to the
small wave heights attained during travel through deep
water., However, the risk of damage to pipelines in

shallow water and to shoreline facilities in bays is

Table 2.3 Tsunamis observed in NEGOA (modified from

Cox and Pararas-Carayannis,

1976).

"Wave height" in

remarks column refers to maximum runup elevation on
beach or to measured amplitude at shoreline.

Location of
observation

Area of origin,
earthquake, or
volcanic eruption

Observations and remarks

Yakutat Bay
Lituya Bay

Lituya Bay

Yakutat Bay

Lituya Bay

Yakutat Bay

Lituya Bay

Yakutat

Yakutat
Yakutat

Lituya Bay

Yakutat

Yakutat

Cape Yakataga
Yakutat

1845
Ice fall in Yakutat Bay

1853 or 1854
Lituya Bay landslide

1874
Lituya Bay landslide

10 Sep 1899
Mag. 8.6
Cape Yakataga earthquake

10 Sep 189%
Mag. 8.6
Cape Yakataga earthquake

4 July 1905
Ice fall in Yakutat Bay

27 Oct 1936
Lituya Bay landslide

1 Apr 1946
Mag. 7.4
Eastern Aleutians

5 Nov 1952
Mag. 8.25
East Kamchatka

9 Har 1957
Unimak Is., Aleutians

9 July 1958
Mag. 7.9 .
Lituya Bay

9 July 1958
Hag. 7.9
Lituya Bay

22 May 1960
Mag 8.5
Southezn Chile

27 Mar 1964
Mag. 8.3
Prince William Sound

140 deaths; similar waves
reported by legend

120 m wave height; cleared
trees and brush from shore-
line.

24 m wave height.

Tsunami originated in Disen-
chantment Bay; 10 m wave
height; wave attenuated
rapidly in outer bay.

Trees and brush cleared "by
waves between 1890-1899; 60
m wave possibly due to
landslide triggered by
Yakataga earthquake.

Ice fell from Fallen Glacier

into Disenchantment  Bay; -

seiche in Russell Fierd of
4%-6 m amplitude continued
for one-half hour.

Three waves generated in

Crillon Inlet, largest 150
m; cleared trees and shrubs.

0.2 m wave at Yakutat; this
was the destructive "Great
(Eastern ) Aleutian Tsunanii"
which killed S at Scotch
Cap.

0.3 m wave at Yakutat; great
damage ‘from  tsunami at
Kamchatka.

0.4 m wave; this tsunami was
observed throughout the
Korth and South Pacific.

Wave generated by giant
landslide cleared forest on
opposite side of fiord to
525 m elevation; wave 100 m
at mouth of fiord; 2 deaths,
2 boats destroyed.

0.2 m wave generated by
crustal displacement during
earthquake (not due to land-
slide in Lituya Bay).

0.9 m wave at Yakutat; this
was the Great Chile tsunami,
which resulted in tremendous
damage and casualties in
Chile, Hawaii, and Japan.

Wave heights of 3.7 and 2,2
m at Cape Yakataga and
Yakutat, respectively; major
tsunami which caused ex-
tensive damage and casual-
ties in the northern Gulf of
Alaska.

high. The NEGOA shoreline is exposed to tsunamis
generated anywhere in the Pacific, and especially to
those generated in the highly earthquake-prone

Aleutian/Alaska seismic belt.

2.2.5 Earthquake occurrence rates

In planning for future development, it is
important to make every effort to estimate the rate of
occiirrence and the likelihood of future occurrence . of
earthquakes of wvarious magnitudes, While precise
prediction of the location, magniﬁude, and time of
large earthquakes is not vyet possible, progress in
"forecasting" the locationm, general size (e.g., great,
large), and time of occurrence to within a few tens of
years has been made through the analysis of seismicity
gaps (McCann et al., 1979). |

The seismic gap hypothesis suggests a higher
earthquake potential for those segments of lithospheric
plate boundaries which have experienced fewer large
earthquakes in the last three decades than adjacent
segments. It can be seen in Fig. 2.11 that—_the
aftershock zones of large earthquakes tend not to
overlap; the areas separating adjacent aftershock zones
have been designated "seismic gaps." Studies have
revealed several gaps along the Aléutian Island chain
and fhe southern Alaskan borders (Kelleher, 1970;
Sykes, 1971; McCann et al., 1979; Lahr and Plafkér,
1980). ' ’ '

A seismic gap has been identified in NEGOA at
roughly the transition between the underthrust zone and
the strike-slip zone between Icy Bay and Kayak Island.
Since the gap was recognized prior to the 1979
Mt. St. Elias earthquake (Sykes, 1971), and since -
calculations of stress accumulation due to lithosphefic

plate cdnvergence suggested an impending release, it
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a large earthquake sometime during OCS development.
Additional evidence for an impending large earthquake
is found in the analysis of several terrace levels
‘exposed above the present beach on Middleton Island.
These terraces (former beaches) were cut by wave action
during long periods of tectomic stability, and were
- elevated during short periods of uplift during
earthquakes (Plafker and Meyer, 1978). Based on the
rate and amount of uplift required to explain the
elevations of the terraces, and the relatively small
amount of wplift which occurred during the 1964
earthquake, those investigators postulate that at least
half of the accumulated strain in the region (prior to
1964) has yet to be released.

In summary, analysis of space/time seismicity,
development of tectonic models based on geological dafa
and earthquake occurrence, and analysis of -elevated
beach terraces all suggest that NEGOA is under stress,
and that events which may release this stress are

overdue in some areas, namely Icy Bay to Kayak Island.

Table 2.4 Seismic source regions and calculated recur-
rence intervals for NEGOA (Lahr et al., 1980b). The
magnitudes shown are "weighted moment" and are typi-
cally about % to 1 unit larger than the more commonly
reported "Richter" magnitudes.

Region Recurrence interval
lagnitude (M ) {yrs)
1. Underthrusting of the Pacific plate below the Wrangell ~ 9.2 420
block between Kayak Island and southern Kodiak Island > 8.6 100
5> 8.0 22
> 7.3 4.7
2.  Underthrusting of the Yakotat block and the Pacific ~ 8.9 380
plate below the Wrangell block. > 8.0 46
> 7.3 10
3. Faulting along the northeast boundary of the Yakutat block. ~ 7.9 240
> 7.3 55
> 6.6 12
4.  Underthrusting of the Pacific plate below the Yakutat block. ~ 8.6 3,800
> 8.0 830
51.3 180
> 6.6 39

2.2.6 Risk analysis research

Considerable research has been conducted as part
of the Offshore Alaska Seismic Exposure Study (OASES)
to produce a seismic exposure map for the Alaskan OCS
which will be useful for engineering design
(Woodward-Clyde, 1978). As part of this research in
modeling earthquake risk, it was necessary to define
the attennation of earthquake energy between a source
and possible development site much more objectively
than by simply relating felt intensity, distance, and
magnitude. The measurements required for this
objective approach  are made by strong-motion
instruments, which are triggered by an earthquake.
Unfortunately, since strong-motion data for Alaska are
essentially nonexistent, the O0ASES researchers had to
rely on data from areas in southern California and
Japan to develop their models. As more strong-motion
instruments are installed in Alaska, attenuation data
will become available which will further improve the
output from the models, and providé engineers with the
data they need to design platforms, pipelines, and

other structures that are as earthquake-resistant as

“possible. -

In other risk analysis research by the U.S.
Geological Survey (Thenhaus et al., 1979a, 1979b) 24
seismogenic =zones have been delineated according to
geological data and historical seismicity. Maps of
probable ground accelerations to be expected in each
zone were constructed amd include variables such as
return periods for earthquakes of various magnitudes.

Risk analysis programs are currently in progress
at the Geophysical Institute, University of Alaska, at
iamont-Doherty Geological Observatory, and at the U.S.

Geological Survey.

2.2.7 Summary of earthquake hazards

The record of great earthquakes (magnitude > 7.75)
in NEGOA is complete since 1899, and of earthquakes
greater than magnitude 5 since about 1964. The local
network of seismograph stations is presently recording
events as small as magnitude 1 in some parts of the
network and is producing data useful for identifying
active faults and possibly for defining areas of vary-
ing stress levels in the earth's crust.

NEGOA has ©been the site of several large
earthquakes (magnitude > 7) during the 20th century.
Most notable of these are the Yakutat Bay events of
1899-1900, tﬂe July 1958 Lituya Bay quake which caused
a huge rockslide at the head of Lituya Bay, the 1964
Prince William Sound event which resulted in extensive
damage to Anchorage, and the recent Mt. St. Elias
earthquake which fortunately did not affect a populated
area. ]

The region is well-covered geographically by
seismograph  stations, although  improvements are
required to the network in the form of (1) more

reliable and efficient data telemetry systems,

" (2) installation of offshore ocean bottom ifnsttuments,

and (3) experiments to better define the crustal
velocity structure. These improvements will result in
increased accuracy of epicenter locations and the
generation of more uniform data; the latter is
especially important for research on recurrence
intervals, stress levels, and seismotectonic province
boundaries.

At  present, the ©best earthquake petential
estimates for NEGOA appear to result from the "seismic
gap hypothesis,” and suggest a high potential. for a

large earthquake to occur in the proximity of OCS
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development sometime during the time period of O0OCS
activities. Our present understanding of earthquake
processes does not allow prediction of exact location,
time, and magnitude; it does allow identification of
regions of crustal stress accumulation (due to
lithopheric plate motions) and estimates of the rate of
release of that stress.

Additional evidence for stress in crustal rocks in
NEGOA is found in data from terrace levels on Middleton
Island. These data indicate that only about half of
the stress accumulating in the northern Gulf of Alaska
prior to 1964 was released during the great earthquake
of that year.

The shoreline and bays of NEGOA are exposed to
tsunami hazards. Tsunamis can originate anywhere in
the Pacific Ocean, but are particularly likely in the
Aleutian/Southwest Alaska seismic belt. "These giant
waves may result from displacements of the seaflcor and
affect the entire shoreline. Large waves may also
occur in bays due to earthquake-induced landslides or
rockfalls, and they can cause extensive damage to boats

and shore facilities.

24  Geological Hazards

2.3 COFFSHORE GEOLOGIC HAZARDS

2.3.1 Sedimentology

The history of sedimentation on the NEGOA shelf is
complex and has produced a variety of sediment types.
There are four major sedimentary units on the shelf
(Molnia and Carlson, 1980):

1. Holocene glacial-marine sediment;

2 Holocene end morainal deposits;

3. Quaternary glacial sediment; and

4 Pleistocene and older lithified sedimentary

rock.

These units include at least eleven different facies
(i.e. deposits of a particular composition) and reflect
the importance of glacial activity in controlling shelf
sedimentary processes (Molnia and Carlson, - 1980).
Molnia and Carlson suggest that glacial activity has
controlled shelf sedimentation in NEGOA for perhaps the
last 15 million years, since about the middle Miocene.
A generalized map of sediment facies is shown in
Fig. 2.12.

Sediment is presently being supplied to the shelf
via runoff from the numerous glaciers along NEGOA's
coast. It consists primarily of fine sand-, silt-, and
clay-sized material termed ''glacial rock flour." Much
of the coarser material observed farther offshore near
the7200-m shelf break is relict material from lower
stands of sea level during the last ice age. |

The thickness of unconsolidated sediment on the
NEGOA shelf varies from zero té greater than 300 m.
Areas of little or no unconsolidated sediment occur
between Hinchinbrook and Middleton Islands, and seaward
of the 200-m contour. The thickest area is southeast
of the mouth of the Copper River. Here the Coﬁper
River prodelta is .about 350 m thick, revealing the
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importance of the Copper River as a source of terri-
Carlson and Molnia (1975)
(1) a

genous sediment to NEGOA.

indicate four other areas of thick sediment:

. 260-m thickness seaward of Icy Bay, (2) a 200-m thick-

ness east of Cape Suckling, off the Bering Glacier, (3)
a 250-m section between Montague and Hinchinbrook
Islands, and (4)
southwest of Kayak Island.

a 155-m section in Kayak Trough

Figure 2.12 Distribution of seafloor sediment by size
classification (from Carlson et al., 1977).
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An isopach map of. unconsolidated sediment 147° 146° 145° 144° 143° 142° 147° 140° 139° 138°
(Fig.\2.13) has been constructed by Carlson and Molnia
(1975). Data for the . map were obtained from

100 km
1

high-resolution seismic reflection surveys made during

50 miles
]

1974 and 1975. Estimates for some geometrical
parameters of unconsolidated sediment (listed in

Table 2.5) were derived from this isopach map.

Table 2.5 Geometry and sedimentation rates of Holocene
sediment on the NEGOA shelf. Sedimentation rates are
for the last 12,000 years (modified from Molnia et al.,
1978b).

Entire Shelf east of Shelf west of

Parameter NEGOA shelf Kayak Island Kayak Island
Area of shelf 55,885 lar 25,580 lm? 30,305 kn®
Area of sediment cover 38,490 km2 19,600 kn® . 18,890 kn®
Area devoid of sediment 1?,395'lun2 5,980 kmz 11,415 If.mz
Volume of sediment (calculated) 3,007 km3 1,7"67 kn® 1,237 f®

Thickness (average):

Entire shelf 54 m 69 m 41 m
Covered areas only - 90 m ) 65 m
Sedimentation rate (average): N
Entire shelf 4.5 mm/yr 5.8 mm/yr 3.4 mo/yr '
Covered areas, only - 7.5 mm/yr 5.5 mm/yr ISOPACH MAP OF HOLOCENE SEDIMENTS ‘ \v"ga ] / /
. . ~—

Range in sedimentation rates 0 to 29.2 mn/yr i Devold of Holocene sediments R / e
~~ — 200 metre isobath : ™ —
¥ Boundary uncertain, limit of seismic profiles — ¢
~—*~ Thickness contours (25 metre interval) \

-~z Ticks show direction toward thicker sediment

Figure 2.13 Preliminary isopach map of Holocene N,

sediment in NEGOA (modified from Carlson and Molnia, 4 d N

1975). : 147¢ 146° 145° 144° 143° 1420 141° 140° 1399
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Areas of sediment accumulation and erosion (or
lack of depoéition) on the continental shelf of NEGOA
are shown in Fig. 2.14. Most of the shelf is
accumulating sediment at relatively high rates of up to
30 mm/yr (Molnia, 1978).
Yakutat Bay have sediment accumulation rates of up to 1

Some areas in Icy Bay and

or 2 m/yr, an extremely high rate.

Figure 2.14 Areas of sediment accumulation and ero-
sion (or lack of deposition) on the NEGOA shelf (Molnia
and Carlson, 1978).
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An exception to the general pattern of sediment
accumulation occurs on- Tarr Bank south of Prince
William Sound, where lack of accumulation or possibly
erosion occurs on a topographic high outlined by the
100-m contour. The absence of sediment in this area
may be due to nondeposition and bypassing of the area
by sediment-laden water, which travels farther offshore
before depositing its load. Lack of deposition and
possibly scouring and resuspension of seafloor sediment
are facilitated by strong currents and large storm
waves in this area (Molnia et al., 1978b).

Estimates of geometrical parameters and rates of
accumulation of unconsolidated sediment on the NEGOA
shelf are listed in Table 2.5. Slightly less than half
of the area between Montague Island and Yakutat Bay,
out to the 200-m contour, is bare of sediment,
indicating either erosion or lack of deposition.

The dispersion of suspended sediment supplied to
NEGOA by numerous glacial streams has been described in
a general sense by interpreting ERTS-I imagery
(Burbank, 1974; Carlson et al., 1975). East of Kayak
Island the pfimary sediment source is drainage from the
Bering, Guyot, and Malaspina glaciers, while west of
Kayak Island the major source is the Copper River
(Feely and Cline, 1977). The suspended sediment plumes
drift to the west along the coast, with a portion being
trapped in a clockwise gyre southwest of Kayak Island,
a second portion entering Prince William Sound, and the
remainder continuing southwestward around the perimeter
of the gulf (see Fig. 3.23).

OCSEAP-sponsored research on sﬁspended particulate
matter in NEGOA has = yielded data on seasonal
distributions, suspended mass concentrations, and
chemical characteristics (Feely and Cline, 1977; Feely
et al., 1979). Those authors identify three

‘significant'modes of distribution of suspended matter:

(1) material from river drainage is carried westward
along the shoreline and deposited in calm nearshore
areas such as seafloor troughs and depressions;
(2) resuspended bottom sediment may be carried offshore
during the winter in conjunction with wind-driven
downwelling; and (3) resuspended bottom sediment may be
carried onshore by tidal currents and storm-generated
bottom currents.

The concentration of suspended matter in surface
waters is typically 1-2 mg/l (Fig. 3.28). Values in
turbid plumes near river mouths may be several orders

of magnitude higher. The tuvrbid plumes are composed

mainly of fine sand- to clay-sized glacial rock flour. .

As these plumes disperse and mix with shelf water, the
total concentration decreases, and the proportion of

biological detritus increases. The finest material in

suspension may be transported comsiderable distances

before being deposited on the seafloor; based on

mineralogy, one source of very fine-grained sediment on

the Kodiak shelf has been identified as the Copper

River (Hein et al., 1977), some 400 km distant.

A knowledge of certain geotéchnical properties of
sediment is extremely important in assessing hazards
caused by seafloor instability. Mass movement, as in a
slump or slide, occurs when the "load" applied to a
sediment mass exceeds the '"resistance'", or strength of
the mass. Typical loading forces are gravity (as a
function of seafloor slope and sediment density) and
excess pore pressure in the sediment, which is
interstitial fluid pressure in excess of the ambient
hydrostatic pressure. Excess pore pressure may be
causéd by the passage. of. large storm waves, by
earthquake ground-shaking, or by the generation or
release of natural gas in the sediment.

A large portion of the NEGOA shelf is

characterized by geotechnical properties that cause

difficulties for engineering design. Table 2.6 lists

representative values for parameters used by engineers

in the design of offshore platforms and pipelines. The

values presented here are from areas known to have
experienced seafloor instability. The distribution of
sediment by size <classification (Fig. 2.12) also

reveals areas of potential instability; clayey or silty

Table 2.6 Representative values of geotechnical prop-
erties that are wuseful in engineering design. The
three areas shown all contain submarine slides (modi-
fied from Hampton et al., 1978).

Copper Ice Bay-

Geotechnical River Kayak Malaspina

property. Prodelta Trough Glacier
Liquid limit (%) 48 30 31
Plastic limit (%) 25 19 - 20
Natural water
content (%) 53 55 31
% Sand 1 17 7
% Silt 34 43 57
% Clay 65 40 36
Specific gravity
of solids 2.84 2.74 2.71
Friction
angle (g4') 24° 28¢ 28°
(no cohesion
intercept)
Compression
index , 0.38 0.32
Swell index 0.03 0.04

Coefficient of
consolidation 4.5 4.7
(x10 ¢ cm2/s)

Bulk density 1.64 1.77
(g/cm®)
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sediments on.relatively steep slopes indicate potential
instability, while coarse gravels are suggestive of
strong bottom currents (Carlson et al., 1977). Other
geotechnical parameters of enginéering concern measured
by OCSEAP invéstigators (Carlson et al., 1977) include
the shear strength of selected samples and the
plasticity and 1liquid limits for clayey silts and
gravelly muds. _

The presence of jumbled or highly irregular
reflectors in seismic profiling records may indicate
gas-charged sediment. Fig. 2.15 shows areas in NEGOA
that exhibit unusual acoustic records in Holocene sedi-
ment, and these areas may contain natural gas in sedi-
ment pore spaces (Molnia et al., 1978a). Note that the
area seaward of the Copper River Delta corresponds to
an area of slumps and slides (compare Figs. 2.14 and
2.17). This may be an example of gas-charged sediment,
which has excess pore pressures, contributing to
seafloor instability.

The source of natural gas in NEGOA sediment is
probably the decomposition of biologigal detritus,
based on chemical analysis of the gases (Kvenvolden and
Redden, 1978). Those investigators found no evidence
that the gases are seepage from petroleum. or natural

£as reservoirs.
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Figure 2.15 . Map showing the location of four
and Carlson, 1978).

areas in NEGOA which appear to contain gas-charged sediment (Molnia
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2.3.2 - Surface faulting

Faults of Quaternmary age (younger than about two
million years) have been identified and mapped on the
continental shelf of NEGOA (Fig. 2.16). The following
description of this faunlting is from Carlson and Molnia
(1977) unless otherwise noted.

Several groups of faults between Montague Island
and Yakutat Bay have been identified on seismic
reflection profiles. The general trend of the faulting
varies from northeast-southwest to east-west, and

parallels the larger structures of the ‘continéntal

margin. Where sense of motion can be ascertained, the

faults all show wvertical motion, with the upthrown
block on the north or noxthwestern side. The offset on
these faults is 5 to 20 m. Due toc the short length of
these faults relative to the amount of displacement
observed, it has been postulated that they indicate

episodic movement rather than single events.

The NEGOA' continental shelf east of Yakutat Bay

was not surveyed with trackline spacings as dense as
the central and western sections described above. The

‘'spacing between adjacent tracklines (20-30 km) was too

great to permit correlation of fault features between | |

tracklines. Faults have been identified on individual

tracklines (Fig. 2.16), however; they display vertical .

offsets of 3-10 m. One large offset is on trend with
the onshore location of the Fairweather Fault. This
offset is about 25 m, and has the upthrown block on the
southwest (or offshore) side, a displacement opposite
to that observed for the faults farther west along the

shelf.
The faults din NEGOA identified on seismic

reflection profiles cut strata that are probably

Tertiary in age, indicating that they are at least

younger than about 70 million years. In many areas the
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Figure 2.16 Location of known or inferred faults on the continental shelf in NEGOA (Carlson and Molnia, 1977).




Tertiary rocks are. covered by thin layers of Holocene
sediment (deposited since the last glacial advance;
younger than about 10,000 years). Faults have been
observed cutting Tertiary rocks and overlying Holocene
sediment, but none have displayed offsets or scarps at
the seafloor surface. The absence of seafloor scarps
may be due to poor consolidation of the sediment or to
high accumulation rates, both of which could obliterate
surface expressions (Carlson and Molmia, 1977).

Recent activity of near-surface faults in NEGOA is
indicated by the occurrence of small earthquakes near
the mapped faults. Epicenters Ilocated by the local
seismic network (Stephens et al., 1978; also Fig. 2.7)
are in the wvicinity of numerous faults south of

Hinchinbrook Island, near Tarr Bank.

2.3.3 Seafloor instability

The U.S. Geological Survey has studied the
continental shelf of NEGOA extensively by means of
high-resolution seismic reflection techniques. Sig-
nificant portions of the shelf are characterized by
slumps or slides, or appear to be in an unstable
posture. Fig. 2.17 shows areas where slumps and slides
have been identified and also areas of potential
seafloor instability. Four areas which pose geological
hazards to 0CS development are: (1) seaward of the
Copper River Delta, (2) Kayak Trough, (3) Bering
Trough, and (4) seaward of Icy Bay (Carlson and Molnia,
1977).

Several factors contribute to seafloor sediment
instability. One of the most significant in NEGOA is
the high rate of sediment accumulation, which leads to
poorly compacted deposits that are susceptible to
sliding, given some triggering mechanism such as

ground-shaking due to seismic activity. The relative

147° 146° 145° 144° 143° 142° 141° 1407

139° 138°

80 100 km
]

40
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2 Areas of slumping
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Figure 2.17 Locations of known slump and slide features in NEGOA. Areas of potential instability are also identi-

fied (from Molnia and Carlson, 1978).
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importance of several factors affecting sediment insta-
bility in three slump areas is shown in Table 2.7. Of
note is the minor significance given to oversteepening
of slopes on the shelf. On the continental slope this
factor probably has greater significance.

Examples of slumping on gentle slopes are found
seaward of the Copper River Delta (Carlson and Molnia,
1978), in the Kayak Trough (Molnia et al., 1977), and
on the slopes seaward of Icy Bay (Carlson, 1978). In
all three areas the seafloor slope is one degree or

less.

Table 2.7 Relative significance of factors affecting
slope stability in NEGOA (from Hampton et al., 1978).

Factor Copper River Delta Kayak Trough Icy Bay/
Malaspina Glacier

Rapid sedimentation major najor major

Free gas intermediate intermediate none

Wave loading intermediate intermediate intermediate

Earthquake loading intermediate major intermediate

Oversteepening none miner nong

The most striking example of a submarine slide in
NEGOA is on the northern end of Kayak Trough
(Fig. 2.18). It covers an area of about 18 by 15 km;
the volume of material involved is about 5.9 km3
(Molnia et al., 1977). The recency of this slide is
suggested by distinct morphological features (scarps,
hummocky surface topography, and sharp boundaries) in
spite of high sedimentation rates which tend to
obliterate detailed morphologicgl features rapidly. It
is possible that either the 1964 Prince William Sound
earthquake or the 1899 Yakﬁtat earthquakes triggered

this slide (Carlson and Molnia, 1977).
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Figure 2.18 Orthographic drawing of the major submarine slide in Kayak Trough (P. R. Carlson, 1976). The vertical
exaggeration is 3:1. (Drawing is by Tau Rho Alpha of the U.S. Geological Survey.)

Another area of extensive slumping and sliding
that is well-documented by seismic reflection profiles
occurs seaward of Icy Bay and the Malaspina Glacier
(Fig. 2.17). The area is about 90 km long and 10-20 km
wide, and occurs on gentle seafloor slopes of less than
one-half degree. Again, distinct morphological
features suggest recency of movement. The cause of
instability is primarily the rapid rate of accumulation
of clayey to silty sediment whose source is the
meltwater streams that drain the Malaspina Glacier

(Carlson, 1978). The events triggering movement, which

may still be continuing, are most likely earthquakes,
but storm waves may also be triggering processes’
(Carlson, 1978j.

The areas on Fig. 2.17 that are described as
potential slump or slide areas were identified by their
thick accumulations of sediment (greater than 25 m) and
steep slopes (greatef than one degree). These
characteristics suggest the potential for slope failure
during severe earthquake shaking or under the influence
of large tsunamis or storm waves (Carlson and Molnia,
1977).



2.3.4 Summary of surface geology hazards

NEGOA is bounded on the northwest by the major
thrust fault system associated with crustal subduction
and on the northeast by the major strike/slip faults of
the Fairweather system. Zones of faulting that have
been identified offshore are either parallel to or are
extensions of the larger onshore structural trends.
These offshore faults are relatively short and have
vertical offsets of 5-20 m; their geometry sugéests
episodic motion as opposed to large, single event
motion.

Some offshore faults show evidence of motion
during the past 10,000 years. No offsets or scarps at
the seafloor have been observed; however, since the
sediment is soft and unconsolidated, such features
would not persist for long periods. The detection of
offshore earthquakes indicates that offshore faulting
is presently occurring.

Several large seafloor slumps have occurred in the
Copper River Delta region, Kavak Trough, and seaward of
Tcy Bay. lLarge areas of NEGOA's seafloor have a high

potential for instability or slope failure during an

-earthquake-or—-similar-triggering-event. --High-rateg-of-—----|-

sediment accumulation, as in the Copper River Delta,
and gas-charged sediment are contributors to seafloor
instability.

2.4 COASTAL GEOLOGIC HAZARDS

2.4.1 Shoreline description

The morphology and sediment dynamics of NEGOA's
shoreline have been studied in detail since 1969 (e.g.,
Nummedal and Stephen, 1976; Hayes and Ruby, 1977). The
results of NOAA/OCSEAP-supported research are presented

by Ruby (1977); this is the source of the following
information unless otherwise cited.

Fig. 2.19 shows the shoreline <classified as
erosional, mneutral, or depositional. An erosional
shoreline is one which is continuously retreating and
is expected to continue to retreat. Rates of retreat

can be very high, on the order of tens of meters per

year. Neutral shorelines exhibit no net advance or

retreat, although  they may  frequently change
extensively. This classification should not be
interpreted as indicating stability. Finally,
depositional shorelines grow, either offshore or ver-
tically, and are expected to continue to grow, provided

the sources of sediment are not interrupted. Table 2.8
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Figure 2.19 Morphological classification of shoreline between Cape Hinchinbrook and Dry Bay (Ruby, 1977).
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Table 2.8

Morphological classification of shoreline between Cape Hinchinbrook and Dry Bay (Ruby, 1977).

Percent
Total of total
Description - extent  shoreline Examples
(km)
CLASS A EROSIONAL SHORELINES (23% of shoreline)

Al Low erosional scarps in glacial deposits; 110 12 Point Riou; Icy Cape and beaches
bedrock or older beach deposits; also sedi- immediately downdrift; old Yahtse
ment starved beaches eroding by overwash River spit; Sitkagi Bluffs

A2 High to moderately high erosional scarps in 100 11 Hinchinbrook Island, ZXayak Island
bedrock; often with pocket beaches and wave '
cut platforms

CLASS B NEUTRAL SHORELINES (58% of shoreline)

B1 Neutral shorelines of sand and gravel, 225 19 Most of the Malaspina, Yakutat, and
downdrift of glacial outwash streams, Bering Foreland beaches.
eording glacial deposits and rarely
bedrock

B2 Neutral embayment beaches of sand and gravel 172 25 Eastern shore of Icy Bay; eastern
or pure gravel shore of . Yakutat Bay

B3 Neutral embayments with high to moderately 65 7 Inner bay heads in Yakutat and
high bedrock scarps ' Icy Bays

B4 Neutral beaches composed mostly of sand 54 6 Beaches fronting Controller Bay;
with an equilibrium sediment supply isolated areas of Hinchinbrook Island

B5 Neutral pure gravel beaches downdrift of 11 1 Beaches just east of Sitkagi Bluffs

———activity- eroding--glacial margins ... .. ol e e : §
CLASS C DEPOSITIONAL SHORELINES (19% of shoreline)

C1 Depositional barrier islands of fine sand 110 12 Copper River Delta barriers
fronting the Copper River Delta

c2 Minor depositional fan deltas in neutral 18 3 Deltas in Icy and Yakutat Bays
embayments ‘

C3 Larger depositional deltas in neutral 17 2 Kwik Stream delta in Yakutat Bay
embayments

Ch Prograding spits of sand and gravel in 14 2 Riou 8Spit; Clay Bluff Point
Icy Bay

TOTALS 896.0 100
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describes in detail the morphology of the NEGOA

shoreline. The classification is used to assign an 0il

Spill Vulperability Index to the various parts of the

coast.

Some conclusions from the shoreline research
program (Ruby, 1977) which are germane to development
of the petroleum industry on the ounter continental
shelf are as follows:

(1) The NEGOA shoreline is 'exposed to severe storm
‘waves and storm surge fléoding, with Icy and
Yakutat Bays and several fiords within those bays
the only areas protected from these phenomena.

(2) Much of the shoreline is classified as neutral;
significant morphological changes in depositional
features, such as sand bars and sand spits, can
occur during s;orms along neutral coastline.

(3) Erosion rates between Icy Bay and Cape Yakataga
are extremely high; erosion at the mouth of Icy
Bay, especially at Icy Cape, contributes to Riou
Spit growth rates of up to 92 m/yr (Molnia, 1977).

(4) The eastern shorelines inside both Yakutat and Icy
Bays are more protected from storm waves than the

western shores.

**(5) The sand -and—gravel--deposits -on --the -shorelines -- -

adjacent to Malaspina and Bering Glaciers are

strongly influenced by variability in the glacial

drainage systems and may exhibit dramatic
short-term changes.

(6) Data from the Summary of Synoptic Meteorological
Observations (8SMO; U.S. Naval Weather Sevice
Command, 1970) may be used to calculate the
direction of sediment transport. Geomorphic

evidence for direction is highly correlated with

direction calculated by modeling.



2.4.2 0il spill vulnerability

The Coastal Research Division of the University of
South Carolina has assessed the probable effects of oil
spilled on the shorelines of Lower Cook Inlet (Hayes et
al., 1976), the Copper River Delta (Ruby and Hayes,
1978), and the Gulf of Alaska (Ruby, 1977). They have
classified shorelines according to the expected
residence time of the pollutant oil, with consideration

also given to biological sensitivity and natural

Table 2.9 0il Spill Vulnerability Index (QSVI) applied
to the shoreline between Cape Hinchinbrook and Dry Bay
(Ruby, 1977).

Kilometers Percent of
of total

0SVI shoreline shoreline " Discussion

1-2 130 7 0il easily removed by wave erosion; some
problems in areas of gravel accumulation
and pocket beaches. This includes most’ of
Subclass Al and A2 shorelines.

3-4 298 17 Generally 1low risk areas, Fine sands
prevent pepetration of oil. Pessibility of
oil burial. Many of Subclasses Bl, B2, B4,
and C1 beaches fall inte this risk class,
56 421 24 Hud tidal flats do not permit deep penetra-
tion of the oil, but the relatively low
energies require as much as a year to

are highly prone to oil burial and thus
fall into this risk class. Many -beaches of
Subclasses BI, B2, C1, C2, C3, and C4 fall
into this risk class.

These areas include pure gravel beaches and
sheltered rock headlands and cliffs, O0il
will remain for pericds of years in these
areas. Includes Subclasses B2, B3, and BS.
9-1¢ 410 23 These highly sensitive marsh and tidal flat
areas can retain oil for more than 10
years. In addition, these areas are of ex-
treme biological importance. Landward areas
of Subclasses B4 and C1 fall inte this
category. ’

Totals 1,773 100

Figure 2.20 0il spill wvulnerability of shoreline
between Cape Hinchinbrook and Dry Bay (modified from
Ruby, 1977).

cleaning ability of the environment. The parameters
which affect o0il residence time most directly are the
intensity of marine processes, the size and textural
characteristics of the sediment, and the direction of
sediment transport (Ruby, 1977).

Table 2.9 presents the wvarious categories of
shoreline and their associated oil spill risk
classification. The subclasses referred to are those
described in Table 2.8. The discrepancy between the
total length of shoreline in Tables 2.8 and that in 2.9

is due to the incluéion of.shoreline associated with
barrier islandé, spits, etc. in Table 2.9, whereas in
Table 2.8, only the simple distance along the coast was
measured. Most of the additional shoreline considered
in the o0il spill vulnerability analysis is associated
with the Copper River Delta (C. Ruby, pers. comm.).
The oil épill risk classification for NEGOA has been
mapped in Fig. 2.20.

The area most 1likely to retain oil for long

periods is in the i'ricinity of the Copper River Delta,.

_remove  the_ oil, Sand and_gravel beaches .

146° 148° 144° . 143
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When the routes of supertankers departing from Valdez
are considered, the threat of pollutant o¢il in the
Delta region is even greater. Ruby and Hayes (1978)
describe in detail the application of the o0il spill
vulnerability index to the Delta region. Only the
major feafures of their analysis are shown on
Fig. 2.20.

Other areas in which pollutant o0il could remain
for more than a year are the eastern shores of Yakutat
Bay and Icy Bay, and the western shore of Icy Bay.
Shorelines with less than six months residence time are
those that are most eXposed to waves, or are primarily
focky headlands or well-compacted fine sands. The
shorelines between Dry Bay and Yakutat, Icy Cape to
Cape Yakataga, Kayak and Hinchinbrook Islands, and the
barrier islands off the Copper River Delta are in this
category.

The vulnerability of NEGOA shoreline to pollutant
0il must be assessed in terms other than residence time
alone. The probability of oil spill occurrence, likely
trajectories of pollutant oil, and the temporal and
spatial locations of wvulnerable environmental resources
are very important elements of risk analysis. These
elements have been included in a recent study by the
U.S. Geological §urvey (Lanfear et al., 1979), the
.results of which have contributed to the lease tract
selection process. Finally, the isolation and
inaccessibility of much of the NEGOA shoreline can make
cleanup operations nearly impossible (Ruby, 1977), no
matter how desirable ecologically those operations may
be.

2.4.3 Hazards in bays

Exploratory drilling and offshore production will

require onshore support facilities- for shiphandling,
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supply staging; fuel storage, power geneération, and
living accommodations. Icy Bay and Yakutat Bay are the
nearest harbors to the lease tracts of OCS sales No. 55
and No. 39, respectively, and development has begun in
each area. Dry Bay and Lituya Bay'farther to the east
are the only other potential harbors along the coast,
but neither has any facilities at the present time.

All of these bays are eXposed to varying risks
posed by rapid breakout and draining of nearby glacial

lakes, rapid glacier advance or retreat, and high rates

of sediment accumulation and erosion. In addition, .

earthquake shaking c¢an significantly enhance some of
the above processes, and may also cause huge landslides
into the bays, such as the one which occurred in Lituya
Bay in 1958 (Section 2.2.3). Large tidal fanges and
highA tidal current velocities contribute to
difficulties in construction and operation of port
facilities in these bays.

Developmént associated with OCS lease sale No. 55
could occur in Yakutat Bay in the mid-1980's,
especially with the expansion of existing harbor
facilities at the <c¢ity of Yakutat (USDI, 1980b).
Ultimately this expansion might include an oil terminal
and liquid natural gas facility. Serious consideration
of earthquake ground shaking, the geotechnical
properties of foundation materials, and the rapid
movement of shoreline sediments will be required during
the design of these facilities. .

Icy Bay is.a most likely site for shore facilities
associated with 0CS o0il and gas development resulting
from sale No. 39. A study of the glacial sedimentary
processes occurring in Icy Béy and adjacent shorelines
(Boothroyd et al., 1976) makes specific recommendations
as to the suitability of the area. The geological
hazards that disqualify some sites are glacier-burst

floods, glacier movements, buried ice, unstable ground

both ashore and in the subtidal zone, coastal erosion
and excessive sediment accumulation (especially Icy
Cape and Point Riou), and drift ice in the bay. These
hazards apply to parts of Yakutat Bay as well.

Because of glacial activity in Icy Bay and active
sedimentation processes, the U.S. Geological Survey has
made detailed investigations to assess its suitability
for industrial development (Molnia, 1979). The
morphological history of the bay has been extended as
far back as the late 1700's. It has undergone several
cycles of extensive infilling by sediment and ercsion
into bays of various sizes and shapes. Glaciers have
advanced and retreated several times from the head of
the bay (Fig. 2.21).

2.4.4 Summary of coastal geologic hazards

The shoreline of NEGOA is dynamic with respect to
movement of beach material, and rapid changes in
morphology occur under the influence of severe storm
waves. Careful selection of sites for shoreline facil-

ities will have to be made to minimize the hazards
posed by rapid erosion and deposition of Dbeach

materials, .and also by .the highly wvariable drainage
systems of the Malaspina and Bering glaciers.

The Copper River Delta region is highly
susceptible to long-term residence of spilled oil; also
some parts of the major bays in NEGOA are susceptible.
Inaccessibility to much of the shoreline will make
future 0il spill cleanup operations extremely difficult

or impossible.
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- CHAPTER 3 CIRCULATION
E. J. C. Sobey, SAI

3.1 INTRODUCTION

3.1.1 Transport of oil in the marine environment

0il spilled in a marine environment is subject to

a2 multitude of forces that make predicting its location

difficult. These forces can be categorized as trans-
portation and transformation processes. Transformation
processes are those that affect the physical and chemi-
cal properties of the oil. Examples are evaporation,
emulsification, photochemical oxidation, and solution.
Although varying with environmental conditions, these
processes are not specific to individual lease areas
and thus will not be discussed here. For a summary of
these, see Payne and Jordan (1979).

On calm waters gravity and surface tension promote
spreading, whereas inertia and frictional forces re-
strict it. Waves, winds, and currents increase
spreading (Malins, 1977). Waves also mix o0il with
water and break up patches of oil. Kraus (1977) sug-

gests that seas (shorter-period waves) are more impor-

tant than swell (longer-pefiod WaY?§)_iP_Wi¥iEEL__mmwmmm,,

0il drift is the movement of the center of mass of
the slick. Winds, waves, and currents all contribute
to drift and interact in ways that are not fully under-
stood. Wind induced drift is caused by shear stress in
the wind. Wind drift is accepted to be about 3 percent
of the wind speed at a small angle (e.g., 20°) to the
right of the wind. (See Tsahalis, 1979, for a summary
of experiments on wind-induced surface drift.)

It is generally assumed that oil drifts in the
same direction and at the same speed as surface cur-
rents (meglecting wind~- and wave-induced drift).

Schwartzberg (1970), however, found that wood chips

(used as a reference) were not advected at the same
rate as oil. He attributed the difference to the depth
of penetration (draft). But when waves were addéd to
his 1laboratory experiments the oil and chips were
advected at nearly the same rate. Because the ocean
surface is never wave-free, we will assume that float-
ing pollutants, in addition to o0il, will be advected
with the surface currents.

Wave-induced drift occurs by Stokes mass trans-
port. Stokes drift theoretically can be as high as 2.9
percent of the wind speed. HOWevér, experiments have

shown. that wave-induced drift can be higher than that
calculated for the Stokes mechanism (Alofs and Reisbig,

1972).

The drifts induced individually by waves, winds,

and currents are not simply additive (Reisbig et al.,

1973; and Tsahalis, 1979). Tsahalis (197%) has shown
that wind generated waves decrease the net surface
drift when the wind is in the same direction as the
waves.

Further complicating the transport of oil are the
effects of the o0il itself on the environment. 0il

calms surface water by reducing capillary waves.

_However, the effects of surface oil on the.transfer-of. . - -

energy between wind and currents have received only
limited attention (Liu and Lin, 1979).

Predicting oil motion when the circulation and
winds are known is inexact, at best. However, experi-
ments have shown that standard oceanographic techniques
can provide reliable estimates of o0il movement (e.g.,
Audunson, 1978). The problem of "where will the oil
go'" has been reduced to '"where will the water go."
Thus we are assuming that oil movements follow ocean
circulation. In numerical predictions of o0il movement,
wind-induced drift is added to the motion of the ocean

surface currents.

3.1.2 Oceanographic setting

The Gulf of Alaska is bounded on the north by the
arcuate coastline of Alaska and on the south by the
North Pacific Ocean. The adjacent coastal topography
is rugged, which has important implications for circu-~
latién in the gulf. Weather patterns and winds are
influenced by the topography, Precipitation and
coastal freshwater runoff are- large, due to orographic
effects of coastal mountains.

For the OCSEAP study, the Gulf of Alaska has been
divided into two major components: the Northeast and
the Northwest Gulf of Alaska. The Alaska Current, the
dominant oceanographic feature of the gulf, is continu-
ous throughout the gulf. In the Northwest Gulf of
Alaska, however, this current intensifies and forms a
concentrated stream along the shelf break called the
Alaska Stream.

The Northeast Gulf can be subdivided into two
areas: Yakutat Bay to Kayak Island, and Kayak Island
to Prince William Sound. Kayak Island protrudes almost
perpendiculérly from the coast. It forces the westward

flowing coastal current offshore into the Alaska Cur-~

and ridges perpendicular to the coastline cut the
continental shelf, which is typically 50 km wide. Also
many coastal glacial streams contribute fresh water to
the gulf. West of Kayak Island the shelf .isrwide,
typically 100 km, and is less rugged bathymetrically.
The Copper River is the principal source of fresh
water. |

Circulation in the Gulf of Alaska is dominated by
the Alaska Current. It flows counterclockwise adjacent
to, and offshore of, the continental shelf break. Much

of the water in the current comes from the North Pa-

“cific Drift.

Circulation 41




The horizontal gradient of salinity (and hence,
density) across the continental shelf is a major factox
in driving circulation. Low salinities are maintained
near the coast by the influx of fresh water, whereas
high salinities are presént seaward of the shelf break.

East -of Kayak Island there are three distant flow
regimes: the Alaska Current, at the shelf break; the
coastal flow; and a flow of high variability in speed
and direction between these currents. The coastal flow
is pushed offshore at Kayak Island and is indistin-
guishable from the Alaskan Current beyond the point.
Coastal influx of fresh water west of Xayak Island
causes another coastal current to form. On the broad
shelf west of Kayak Island flow is highly wvariable and

has a weak mean.

3.2 FORCES CONTROLLING CIRCULATION

3.2.1 Tides
Tides in the NEGOA lease area are mixed semi-
diurnal. There are two high tides of unequal amplitude

and two low tides of unequal amplitude in a tidal cycle
(approximately 25 hours). The mean tidal range at
“Cordova ~is 371 m;~
higher high and the mean lower low is 3.8 m.) The
maximum tide predicted (for 1974) was 4.7 m and the
minimum tide was -1.0 m (referenced to mean sea level)
(Brower et al., 1977).

Cartwright et al. (1979) list amplitudes and phase
lag of eight tidal species for several pressure gauges
in the NEGOA area.

semidiurnal principal lunar (Mz) tide is the dominant

From the data it is seen that the

species. The next most important component is the

diurnal soli-lunar (K ;). Other components in order of
importance are the principal solar (S2), the principal

lunar diurnal (0, the larger lunar elliptic (Np), and
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~—(The difference—between—the-mean— -

the principal solar diurnal (P;). Diurnal and semi-
diurnal tides propagate countercloékwise in the Gulf of
Alaska (Muench and Schumacher, 1980).

The tidal

principal diurnal and semidiurnal tidal species.

excursion can be estimated for the
Tidal

current (for the 50-m current meter at

amplitudes
station 61) were supplied by Lagerloef (1980, pers.
comm.). The approximate values are 10 cm/s for the M,
Tidal
excursions calculated from these values are 1.4 km and
1.7 km.

travel over half a tidal cycle by means of tidal advec-

component and 6 cmf/sec for the K; component.

These are the distances a pollutant would

tion alone.
Advection of pollutants by tides is important over

periods of a few hours. Except in the Alaska Current

‘or in the Coastal Current, where high current speeds

(30-100 cm/s) exist, tides may be the major advective
force. However, since tides are cyclic, the net advec-

tion over several tidal cycles is small.

3.2.2 VWinds
In the Gulf of Alaska the coastal wind regime is

dominated by the seasonal movements of the Aleutian low

--—-and-the-North-Pacific-high pressure.cells. The _average ...

position for the Aleutian low rotates clockwise: in
early autumn it moves across the Alaska Peninsula to a
mean position of SSON, 155°0. In winter it moves to
SOON, 175°W and later moves northward to the western
1976).

coastal winds in NEGOA associated with the Aleutian Low

Bering Sea {Ingraham et al., During winter,

are generally from the east or southeast. These winds
are reinforced by a high pressure system that dominates
the land areas of Alaska, Siberia, and western Canada.

In summer the North Pacific high pressure system
moves northward to a mean position of 43°N about 1500
1974) ..

km west of the coast (Bryson and Hare, From

‘as strong as in summer.

this position it dominates conditions in the Gulf of
Alaska and blocks migrating storms from this area. Low
pressure systems do not intensify in summer.

In winter, the mean winds are approximately twice
Storms and the associated
variability in wind direction and speed dominate the
wind fields in both seasons. In summer, the wind often
has an eastward component, whereas in winter the along-
shore component is almost always directed westward.
conditions are in the OCSEAP

Climatic Atlas (Brower et al., 1977).

Average wind given

3.2.3 Influence of winds on ocean circulation

Winds

Ekman forcing, Sverdrup transport, direct forcing, and

influence circulation in four main ways:

vertical mixing. Through Ekman forcing, near-surface
layers of the ocean are transported perpendicular to,
and to the right of, the mean wind. A quantitative
measure of Ekman wind forcing is the upwelling index.
The index is numerically equal to the offshore compo-
nent of Ekman transport per 100 meters of coastline

(Bakun, 1975). DPositive values for the index indicate

_coastal upwelling. A comparison_of upwelling indices =~

to the temperature and salinity fields is found in
Section 3.3.

The predominantly westward winds in winter force
near-surface waters toward the coast. The seasonal
variation in coastal sea level may reflect this onshore
flow (see Fig. 3.22).

(near-surface) water

The accumulation of low-density
at the coast causes a downward
bend in isopycnals (lines of constant density). This
condition is called downwelling.
can occur in

The opposite condition, upwelling,

summer .(Fig. 3.1). Here winds from the west push

near-surface waters offshore, sea level falls, and



subsurface water upwells to replace the offshore flow.
Also, isopycnals bend upward over the continental shelf
and shelf break.

important in bringing nutrient rich waters up into the

Upwelling, if persistent, can be
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Figure 3.1 Upwelling indices for the Gulf of Alaska,

averaged over 1975-77 (Royer, 1978a).

euphotic zone, where they are available to primary

producers. In NEGOA, however, the upwelling season is
short and is probably teoo short to be biologically
significant.

The second mechanism by which winds drive circula-
curl of the wind

tion is Sverdrup tramsport. The

stress (due to the geographical variations in winds
that are perpendicular to the wind direction) drives
the transport of water. The Sverdrup transport has a
distinct seasonal signal (Fig. 3.2): values are maxi-

mum in midwinter and minimum in summer. The annual

maxima are about 30 x 106

m3/s and show a surprising
lack of interannual variability for the three years of
data (1975-1978). The
negative values (corresponding to clockwise circulation
in the Gulf of Alaska)} do occur.

in Sverdrup transport

summer minima are small, and

The annual variation

spans an order of magnitude.
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Figure 3.2 Integrated total transport computed from

the curl of the wind stress (Reed et al., 1979).

A study conducted off Kodiak Island (Reed et al.,
1979) showed that in spite of the large seasonal signal
in the Sverdrup transport, there is no seasonal signal
in the baroclinic cémponent of the Alaska Stream. At
first, the result seems surprising. However, at this
latitude (about 58°N) the temporal and spatial scales
of baroclinic response are much shorter and smalier
than the scales of the variation in Sverdrup transport.
dre much closer in size to

The barotropic scales

meteorological scales, and it is possible that any
seasonal variation in transport is manifested in the
barotropic component (which has not yet been measured).
Although the data were gathered off Kodiak Island, the
results should be wvalid throughout the Gulf of Alaska.

| The third mechanism is direct driving of surface
waters

by winds. Suxface waters move in the same

direction as the winds blow. Direct driving occurs
when the depth is small compared to the Ekman depth,
estimated to be between 35 and 50 m,
1979),
compared to the inertial period, which is about 14

hours in the Gulf of Alaska.

(Royer et al.,

or when winds fluctuate over periocds short

When these conditions are

not met, Ekman forcing will dominate.

T Winds can influence circulation by causing mixing,
which is the fourth mechanism. Mixing is greater dur-
ing the winter due to the higher wind speeds and re-
duced stratification over the shelf. (Reduced
stratification is caused by vertical convection induced
by atmospheric cooling in winter and by reduced coastal
influx of fresh water.) The greater stratification and

weaker winds in summer limit wind mixing to shallower

depths. The most important effect of mixing is govern-
ing the vwvertical distribution of properties and
pollutants.
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3.2.4 Synoptic climatology

A synoptic climatology for the Northern Gulf of
Alaska (Yakutat to Kodiak Island) has been described by
Overland and Hiester (1978).

for uge in modelling trajec-

This work was designed to
generate surface winds
tories of currents. The techniques used to generate
the winds are discussed in section 3.5.

In this section the climate types are presented
and briefly discussed. A climate type is a pattern of
sea level atmospheric pressure that depicts a general-
ized, quasi-steady state of atmospheric circulation,
Each type represents a distribution that is frequently
observed. Although twelve subtypes (which are slight

variations in location or intensity) have been identi-

fied by Overland and Hiester (1978), they will not be
included in this discussion. The six climate types for
the Northern Gulf of Alaska provide a synoptic clima-
tology for the region. Any pattern of sea level pres-

sure can be described in terms of one of the climate

types.

The climate types were selected by subjective
means, A synoptic meteorologist classified daily
weather maps into different categories. The types

selected are modifications of those reported by Sorkina
{1963) and Putnins (1966).

The six climate types are shown in Fig. 3.3. Type
one representé the condition of a low in the Gulf of
Alaska.

except summer (Fig. 3.4).

This distribution is common in all seasons

Lows tend to stagnate in the

507 i68° 174" 180° 174° 168° 162" 156°

Northern Gulf due to high coastal mountain ranges that
border the gulf and due to the cooler air -(higher
surface pressures) over Alaska.

Type two is the Aleutian Low. This pattern is
dominant throughout the year but is at a maximum in
In summer the low is usually about 400 km to
This

alternate pattern is a subtype of the Aleutian Low.

spring.

the northeast of the position shown for type 2.0.

Type three occurs more than other types in winter.
It is described as a high pressure cell over the inte-
rior of Alaska and is caused by the cooling of air over
the continental land mass. When lows are not present
along the coast in winter, this type dominates.

In summer, cyclones or lows are typically found

farther to the north than in winter. This situation is
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types, called subtypes, have been described by Overland and Hiester (1978).

Contours show surface atmospheric
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represented by type four. This pattern rarely occurs
in winter (7 percent of the time), but occurs fre-
quently (26 percent of the time) in summer,

The North Pacific high pressure cell is repre-
sented as type five. This type occurs often in summer
(27 percent of the time) but not in winter (4 percent
of the time). A subtype of type five has the axis of
the high-pressure ridge farther to the west, south of
Kodiak Island.

Type six is a stagnating low off the Queen Char-
lotte Islands. This situation occurs most frequently
in winter (21 percent of the time). Associated with it
is a high-pressure cell over northeast Alaska and
another over the Bering Sea.

To obtain the frequency of occurrence (Fig. 3.4)
daily weather charts and each of the climate types were
digitized at 24 points. Correlations were run and the
climate type that best correlated with each daily chart
was used td describe that weather pattern. Overland
and Hiester (1978) were able to correlate 75 percent of
the data (from 1969 to 1974) with a correlation coeffi-
cient equal to or greater than 0.7.

The predominant directions of wind flow for each

season can be obtained “from Figs. 373 and 3747 The
dominant climate types for a season are selected (from
Fig. 3.4). The direction of winds at any location for
a particular climate type can be estimated as follows:
géostrophic winds circulate clockwise around high
pressure centers, parallel to the isobars, and counter-

clockwise around low-pressure centers.

Figure 3.4 Seasonal {frequency-of-occurrence curves
for the six c¢limate types shown in Fig. 3.3. For
example, Type 2 (Aleutian low) occurs on the average
37 percent of the time during spring (Overland and
Hiester, 1978).
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3.2.5 Description of meteorological conditions

Monthly averages of winds at Middleton Island have
been given by Royer (1978a).

The longshore wind compo-
nent (Fig.

component, thus reflecting some polarization by topog-

raphy. Winds are westward and onshore throughout the

yvear except in January when there is an offshore compo-

nent. Wind direction and vector speed are given in

_Fig. 3.6. The highest mean velocities occur in May and

November. Although scalar wind speeds are maximal in

Janunary, the

vecter mean speeds (maxima in May or
November) are more important in accelerating currents.

Because few direct observations of winds are

available for NEGOA, synoptic scale winds, derived from

distribution of atmospheric pressure, are often used to

represent winds over the shelf. Royer (1978b) compared

derived winds to
Middleton Island.

synoptic-scale

observations from

A simple comparison showed that the
synoptic winds overestimated ongshore Ekman transport in

winter and slightly underestimated it in summer. They

also overestimated extreme events and missed short-term

fluctuations. There are several possible reasons for

differences between synoptically derived winds and

observed winds. Mountainous

terrain can steer and
funnel windé or block them.

Effects of coastal moun-
tains have been observed up to 200 km offshore of the

Icy BRay-Yakutat Bay region. The coastal mountains can

also block the movement of storms, causing them to

. stagnate over the Gulf of Alaska for several days

(Reynolds, 1978). The difference between air tempera-

tures over land and sea can also influence coastal

winds. Both seasonal (continentality) and daily (sea

breeze) effects occur.

3.5) is usually larger than the onshore
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Figure 3.5 Middleton Island wind components, monthly Figure 3.6 Speeds and directions for monthly mean
means (from Royer, 1978a).

wind data from Middleton Island (from Royer,

1978a).
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Katabatic flows, especially in the Icy Bay-Yakutat
Bay region, can dominate local wind fields and other
processes along the coast of the Malaspina Glacier.
These flows occur in winter and at night in summer as
the stable boundary layer drains down mountains and
glaciers. Katabatic jets form at the coast when these
winds are focused by the topography {Reynolds, 1978).
As katabatic winds flow over water, a large flux of
sensible and latent heat (and water vapor) occurs. The
progression of air temperatures can be seen in data
(Fig. 3.7) taken from ship observations. (These data
are probably biased by diurnal heating.) Air tempera-
ture nearest the coast was —2.200, and temperatures
increased steadily offshore. The same data set shows a
dramat;c change in wind direction between stations 9
and 10. Winds at, and inshore of, station 9 are ap-
proximately northeasterly. Offshore of station 9 the
winds shift to northwesterly.

Potential temperature profiles (Fig. 3.8) along
the cruise track (showﬁ by stations in Fig. 3.7) show
that the katabatic wind is modified over water. The
tongue of cold air is seen at low altitudes near the
coast. The distinct temperature signal disappears away
from the coast due to heat transfer from the ocean
surface and possible entrainment of warmer surrounding
air. The presence of a cold core of air at 1100 m
between 25 and 30 km offshore has not been explained.

Profiles of temperature and wind (speed and direc-
tion) 9.6 km offshore (Fig. 3.9) give insight into the
structure of the atmosphere. There is a shallow mixed
layer (0-30.m) in the temperature data recorded during
the descent of the instrument-équipped balloon. The
change in wind direction at about 250 m indicates the
demarcation befween the katabatic tongue moving off-
shore and westerly winds of the synoptic field above

it,
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Figure 3.7 Meteorological surface observations for

9 March 1976. Wind banks represent 10 knots; tempera-
ture is in °C (from Reynolds, 1978).
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Wind direction changed from 060° to 240° over a dis-
tance of about 10 km.
1°C and

turbulence.

Temperature increased by almost
aircraft observers noticed an increase in
Subsequent analysis of satellite photo-
graphs revealed a thin cloud streak in this area. This

area was probably a region of convergence between

coastal winds (from the northeast) and offshore winds

(from the southwest) (Reynolds, 1978).

Thus, as katabatic winds flow seaward from the
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Figure 3.9

Profiles of temperature and wind from.radiosonde (x), tethered balloon ascent (solid lines) and descent

(dotted lines) taken at station 6 (see Fig. 3.7) (from Reynolds, 1978).

coast they are warmed by convective heating from the
sea surface below and are probably also warmed from
above. The convectively mixed layer at the sea surface
grows with distance offshore until the katabatic tongue
has been warmed to the temperature of the air above it.
Then rapid mixing occurs, and the wind direction shifts
In.the

data presented here, this occurs about 24 km offshore.

to align with the overlying synoptic winds.

Thus, the direct influence on surface winds of kata-

batic flows appears to be limited to areas close to
shore because convective mixing of heat occurs rapidly
(Reynolds, 1978).

Observations of wind' speed and direction (and
other atmospheric parameters) were collected by Rey-
nolds using an aircraft. An ﬁnexplained feature was
observed. Over a distance of a few hundred meters
along a track directed offshore of Yakutat, a sharp

drop in windspeed (from 5 m/sec to 1 m/sec) occurred.
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3.2.6 Precipitation and coastal runoff

Precipitation along the northern coast of the Gulf
of Alaska is heavy (Table 3.1). Moist, marine air is
advected across the gulf by the predominant climate

ﬁatterns (see Fig. 3.3).

Lows tend to stagnate in the 15
gulf pumping marine air onshore. Coastal mountains L
increase rainfall at the coast due to orographic 5
effects. Precipitation and snowfall are greater east :§
- of Prince William Sound, with maximum annual values Ei
7]
(335 cm of precipitation and 579 cm of snowfall) occur- g.
ring at Yakutat,
Table 3.1 Precipitation means and extremes for the
Northern Gulf of Alaska (in cm) (Brower et al., 1977).
Average Average Annual
annual annual maximom
precipitation snowfall snow depth
Yakutat 335 579 243
Yakataga 261 274 132 E
Cordova 226 330 251 £
Cape Hinchinbrook 239 241 145 ~
Middleton Island 147 86 30 S
Kodiak Island 144 241 76 g
0
— ——— — ,,,,m -
2
Snow depth is important since large quantities of y=
fresh water are contained in the snow pack and the %
£

seasonal peaks in melt water do not coincide with the
Royer (1979a) showed

that the annwal temperature cycle for southeast Alaska

seasonal peaks in precipitation.
reaches a maximum in midsummer. Peak runoff from snow
melt would be expected to occur slightly after this
temperature peak. Precipitation for southeast Alaska
has an annual maximum in September=-October (Fig. 3.10).
The significance of the difference in time between .

peaks in precipitation and snowmelt is that fresh water

is supplied to the coast over an extended period. The
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Figure 3,10
tation cycles for the south coast of Alaska (from
Royer, 1978b).
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dischérge from coastal rivers is probabiy not as sharp
a peék as it is for the Copper River (Fig. 3.11). The
Copper River, one of Alaska's largest rivers, drains a
large interior area and therefore is different -from the

smaller, coastal rivers. Resurrection River discharge

peaks in September rather than in July, when the Copper

River discharge is at a maximum (Royer, 1979aj.
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Figure 3.11 Mean monthly discharge of the Copper
River near Chitina (from Roden, 1967).



The importance of freshwater discharge on coastal
circulation has only recently been .understood. Royer
(1979a) found that the near-surface (0-200 db) dynamic
topography is controlled to a large degree by the lev-
els of precipitation and runoff at the coast. There
are high correlations between sea level, dynanic
heights near Seward; and precipitation from the south
coast of Alaska. Correlation coefficients between
precipitation and dynamic height (anomalies) are 0.84
(for 0-200 db) and 0.28 (for 200-1000 db). At Yakutat
the correlation between the 0-200 db dynamic height and
(southeast) precipitation is even larger (0.97). Thus
the effects of freshwater influx on dynamic height are
limited to near surface waters. The influx of fresh
water along the coast creates a cross-shelf pressure
gradient, manifested in dynamic heights, that is in
balance with baroclinic geostrophic currents. Thus it
appears that coastal freshwater influx drives the
coastal current.

Further investigation of this cause and effect has
shown that local precipitationﬂélone cannot account for
the 1large increase in near-surface dynamic height

anomalies and sea level from September through Novem-

_ber._ About 5 m of precipitation would.be_needed.along ...

the coast to cause the seasonal increase in dynamic
height. VWhen meltwater runoff is included in the
ca}culations, however, enough fresh water is available
to account for the dynamic height increase in autumn.
‘Thus, it appears that' the seasonal melting of the snow
packlcombined with the seasonal increase in precipita-
tion account for the increased dynamic heights near
shore (Royer, 1979a). .

There is a strong correlation (0.84) between the
upwelling index (used here as a measure of the wind
field) and the deep (100-1000 db) dynamic height anoma-

lies. No correlation (0.05) exists with the near

T -

surface (0-100 db) dynamic height anomalies and upwell-
ing indices.

The near-surface dynamic heights are predominantly
controlled by precipitation, while the dynamic heights
at lower levels are predominantly controlled by the
wind. Wind driving of deeper waters occurs through the
near-surface waters, but apparently the coastal influx
of fresh water is such a strong driving force that it
masks seasonal wind effects.

Royer (1979a) lists causes for the strong depen-
dence of dynamic height on the salinity of coastal
waters (and thus on the levels of freshwater drainage).
The first has been discussed already: the high levels
of precipitation and runoff along the south coast of
Alaska. It appears that this fresh water accumulates
along the shelf, thus having a greater effect than if
it were quickly advected away. At the low temperatures
usually encountered inlthe Gulf of Alaska, variations
in salinity are the dominant factor in determining
variations in demnsity. For example, in the upper 100 m
of water the annual variation in salinity can account
for 74 percent of the annual variation in density
(Royer, 1979a).

—---As—seen--in-Fig:—3710;the seasonal "cycle of 's€a

level at Seward is similar to that of precipitation and
nearshore dynamic heights. The correlation between sea
level and the 0-200 db dynamic height is 0.93. Also
the annual range in the 0-200 db dynamic height can
account for 172 mm of the 174 mm annual range in sea
level. Royer (1979a) found that offshore, deeper
(0-1000 db) wvariations in dynamic height had little
influence on coastal dynamics.' Thus, seasonal varia-

tions in sea level can be accounted for by considering

changes in local steric properties (temperature and
salinity). This implies that seasonal barotropic
variations on the shelf are small and that steric
changes in deeper water are not important on the shelf.

At Yakutat wvariations din precipitation largely
account for variations in near-surface dynamic heights
and coastal sea level. However, the correlation be-
tween sea level and 0-200 db dynamic height is not as
strong here (0.59) as at Seward (0.93). The correla-
tion between deeper dynamic heights (200-1000 db) is
stronger at Yakutat (0.48) than at Sewaxrd (0.13).
Steric changes in offshore water may play a larger part
in theé coastal dyanmics at Yakutat than at Seward.,

Winds also play a larger role in determining
annual variations in sea level at Yakutat than at
Seward. The correlation coefficients between sea level
at the two locations and the upwelling index (at 60°N,
146°W) are -0.71 and -0.39.

Royer (1979a) suggests that the differences be-
tween these two locations are due to the difference in
width of the shelf and the difference in available
quantities of runoff. The shelf is narrower at Yaku-
tat, and fresh water may escape seaward rather than
béing confined to the shelf. Also, between Seward and
Yakutat theré are several large sources of fresh water
that ean influence coastal dynamics at Seward but not
at Yakutat. Therefore, the effects of precipitation
and runoff are less important at Yakutat, and other
processes (e.g., wind driving) may be more important in
controlling coastal dynamics.

The coastal influx of fresh water and its influ-
ence on nearshore dynamics are important because they
set up a coastal current. Pollutants that enter the
coastal zone will be advected quickly to the west,
along the coast. The coastal current generated by the

influx of fresh water probably varies seasonally, with
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maxima in October (Fig. 3.10). Speed in the coastal

current is estimated to be about 40 cm/sec (see Section _

3.4).

3.2.7 BSea ice

Sea ice can form in the partially enclosed coastal
Basins along NEGOA. It is typically found in Prince
William Sound from December through April. Its area is
at a maximum in March, when the ice sometimes extends
past the islands bordering the mouth of Prince William
Sound (Brower et al., 1977).

The heavy winter precipitation along the coast
probably contributes greatly to the thickness of sea
ice. Snow overlying ice can melt and later refreeze or
can be infiltrated by sea or fresh water and then
freeze.

Sea ice undoubtedly plays a major role in the
seasonal dynamics of any bay that it covers. It acts
as an insulator, blocking exchanges of sensible and
latent heat between the water and atmosphere. However,
sea ice exerts little control on circulation, except in
embayments where it is widespread.

Sea ice is important when spilled o0il or other
pollutants are present because o0il can be incorporated
into ice until ice breakup. It is difficult to locate
and clean up oil incorporated into or covered by ice.

In addition to sea ice, glacial ice is formed in
NEGOA. Several coastal glaciers calve into the gulf
(see Brower et al., 1977 for locations). The bergy
bits from these glaciers probably have minimal impact
on the environment. Though their melting can create
convection plumes and mixing, these effects are proba-
bly of little consequence. Ice is usually not a himn-

drance to navigation.
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3.3 CIRCULATION DETERMINED BY INDIRECT MEANS

3.3.1 Distributions of temperature, salinity, and sus-

pended matter

Profiles of temperature, salinity, and density are
shown in Figs 3.12-3.14 for three stations off Yakutat
in July 1974. The first station (Fig. 3.12) was about
120 km south of Montague Isiand in 1400 m of water.
The temperature profile has a near-surface thermocline
which is seasonal; in winter this upper layer is nearly
isothermal. A temperature minimum exists at about 75
m. This feature represents the minimum temperatures
for the upper water column during the previous winter
and spring, Mixing in winter extends the sufface low
temperatures to this depth (Royer, 1976), and seasonal
surface heating and cooling do not penetrate this
deeply (Royer, 1978b). Below the zone of minimum
temperatures there is a region of maximum temperatures.
Typically this region extends from 130 to 170 m; it is
associated with the Alaska Current. The temperature at
150 m (the temperature maximum) is 0.85°C higher than
at 75 m (the minimum).

Salinity wvaries in the near-surface layer, but
there is only a slight gradient. Below the depth
associated with the temperature minimum (75 m), a
halocline (a sharp decrease in salinity with increasing
depth) exists and extends down to the depth of the
temperature maximum. In some data sets (but not in
Figure 3.12; see Galt and Royer, 1975) a maximum in
salinity is associated with the maximum in temperature.
Royer (1976) believes that water at these depths forms
near the subarctic convergence between 38° and 42° N
latitude. Hayes and‘Schumache; (1976a) state that the

permanént halocline associated with the Alaska gyre

occurs at about 150 m. Below the temperature maximum
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Figure 3.12 Offshore -temperature, saiinity, and
sigma~t versus depth at 58°31'N, 148°15'W in July 1974
(from Royer, 1978a).
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Fignre 3.14 Coastal temperature, salinity, and

sigma-t versus depth at 59°33'N, 149°31'W in July 1974
(from Royer, 1978a). .

and the halocline, or the salinity maximum if it is
present, temperature decreases and salinity increases
with depth. The o, (density) profile is very similar
to the salinity profile; in this region salinity varia-
tions largely control density wvariations, due to the
low water temperature.

Favorite and Ingraham (1977) describe a band of
minimum salinities (<32.5 ®/oo) on the surface, paral-
lel to the shelf break off Kodiak Island. This band of
minimum salinity extends throughout the Gulf of Alaska
(Ingraham, 1979). It separates offshore of Cape Fair-
weather (at 58°30'N, 138°30'W) into coastal and off-
shore branches (Ingraham, 1979).

Over the mid-shelf region (bottom depth 220 m) the
surface temperatures are about 1.4°C warmer and the
surface salinities are about 0.5 0/oo lower than far-
ther offshore (Fig. 3.13).. The lower salinity reflects
coastal dilution. A thermocline (a rapid decrease in
temperature with increasing depth) extends from the
surface down to about 60 m; below this depth, down to
10 m from the bottom there are no large variations.
There is no temperature maximum between 130 and 170 m,

which could be caused by the Alaska Current. The

--salinity profile has a §imilai¥ Tack of features; sali- =

nity gradually increases with depth.

In winter the temperature profile over the conti-
nental shelf is quite different. The upper 80 to 100 m
is nearly isothermal; isotherms are almost vertical in
this layer, with coldest waters (2.0°C) near shore.
Below the isothermal layer temperature increases with
increasing depth (Royer, 1975),

Whereas the wvertical gradient of temperature
changes sign on a seasonal cycle (coldest at the sur-
face in wintef, warmest at the surface in summer), the
vertiqal salinity gradient is almost positive (salinity

increases with depth). Since changes in salinity are
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the predominant cause of changes in density, a positive
salinity gradient ensures static stability. The upper
100 m or so are almost isohaline in winter. This is
due to the decreased coastal influx of frésh water and
strong downwelling winds. The lack of stratification
allows winter mixing (due to tides and winds} to
greater depths over the shelf than farther offshore.
This could. permit mixture of neutrally buoyant pol-
lutants into the upper 100 m of the water column.

Compared to winter salinity profiles, summer
profiles have lower surface salinity and higher (0.5
°/oo) bottom salinity (Royer, 1975). Royer (1975)
suggests that the surface decrease in salinity is due
to the seasonal influx of fresh water at the coast.
Salinities as low as 25 0/oo can be found in the top
few meters near the coast. The increased bottom sali-
nity, on the other hand, may be caused by upwelling
favorable winds (or greatly reduced downwelling favor-
able winds). An onshore flow of saline water is re-
quired to balance an offshore flow of surface water due
to upwelling winds.

The third station (Fig. 3.14) lies south of Cape

Resurrection, close to shore, in 263 m of water. The

““Burface”salinity"iSﬂquite“lOW“(2875"?foo)?mWhiCh”re"“”“““

flects the influence of freshwater runoff. The effects
of coastal freshening extend down to about 100 m. A
thermocline extends from the surface down to about 60
m. Immediately below this is a relative temperature
maximum which is about 1°C warmer than the water above
it. )

Although the wvertical saliniﬁy gradient on the
shelf is positive (salinity increases with depth) in
both summer and winter, it is larger in summer (Fig.
3.15). Since salinity is more important than tempera-

ture in determining density variations in the Gulf of
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Alaska, the Oy profiles are similar to those of

. salinity.

The vertical gradient of temperature on the shelf
is positive in winter with an isothermal layer near the
bottom (Fig. 3.15). During summer the vertical tem-
perature gradient on the shelf is negative as the
surface waters warm. Bottom temperatures are slightly
cooler in summer than in winter (Royer, 1975). This
could be caused by downwelling, which occurs throughout
the winter, and neutral or slight upweliing conditions,

which occur in the summer.
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Figure 3.15 Vertical profiles of temperature, sa-
linity, and sigma-t during February (dashed lines) and
May (solid lines) at a stationm on the 100-m isobath off
Icy Bay (from Hayes and Schumacher, 1976b).
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Surface temperatures on the shelf vary seasonally
from 12°C in midsummer to 2° in late winter (Fig.
3.16). Seasonal changes extend down as far as 120 m,

Using remote Sensing, Royer and Muench (1977) mapped

seasonal and spatial changes in sea surface tempera-

tures. In both summer and winter, surface temperatures
were lower seaward of the shelf break than those on the
shelf. Both regions became cooler in winter, Tempera-

ture ranges (from Royer and Muench, 1977) are:

Shelf Slope
Winter 3-4° C 1-3° C
Summer 11-15¢ ¢ 7-11° ¢

When surface temperature maxima occur in August
and September, salinity minima .occur at the surface
(Fig. 3.16). The salinity minimum can be correlated
with the influx of fresh water at the coast. The mean
monthly discharge from the Copper River (Fig. 3.11)
peaks sharply in summer, with a maximum in July. This
peak is caused by snow melt (Muench et al., 1978).
Resurrection River has its maximum dischafge between

May and October and it peaks in September {R. Carlson,

.1977).  (See_ Roden, 1967, for hydrological data on

rivers that empty into the Gulf of Alaska).

The horizontal gradient of salinity southward from
the coast is always positive, that is, fresher waters
are always found near the coast. In winter the surface
salinity increase seaward from 32 0/oo at the coast to
32.7 ®/oo above the 2000-m isobath. Coastal salinities
are as low as 25 0/oo in summer due to the addition of
fresh water (Royer, 1975).

The increase in bottom salinity in summer (Fig.
3.16) may be related to meteorological conditions. In

summer the upwelling index (Fig. 3.1) is nearly =zero,
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of Resurrection Bay (from Royer, 1975). during the winter. The strength and timing of this

annual minimum varies from year to year, but high
bottom salinity values coincide with positive values of

the upwélling index (Fig. 3.17).
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The relaxation of downwelling in summer allows
surface processes (heating and the influx of fresh
water) .to stratify the water column; hence vertical
shears develop. Positive values.of the upwelling index
can drive surface waters offshore, requiring subsurface
replacement (by mass balance). The result is a de-
crease in bottom temperatures.

Feely et al. (1979) present vertical cross sec-
tions of temperature, salinity, density (ot), and
suspended particulate matter (nephelometer data).
These data were collected along a hydrographic line
that extends southward from the Copper River Delta.

In April, isolines of temperature, salinity, and
density (Fig. 3.18) are nearly vertical over the shelf.
Cold (3.8°C), low-salinity (31.8 ©/00) water is found
inshore; temperature and salinity increase seaward.
The distfibution of suspended matter shows the absence
of stratification: there is almost no vertical gradi-
ent of suspended matter.

The shelf is wvertically stratified in July. Warm
(13°C), low-salinity (29.5 O/oo) water is found at the
surface. The influx of fresh water at the coast ap-
pears to be the cause of the layer of low salinity over
the shelf. The distribution of suspended'matter re-

flects the strong stratification.

Figure 3.18 Cross-sectional distribution of tempera-
ture, salinity, density, and suspended particulate
matter observed along cross-shelf survey line off the
Copper River Delta (Feely et al., 1979).
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In October-November 1975 the vertical-stratifica-
tion was reduced. The apparent causes of this reduc-
tion were surface cocling and decreased influx of fresh
water. High concentrations of suspended matter occur-
red in the upper 25 m and within 20-30 m of the bottom.
A current meter (number 61) located southwest of Kayak
Island and inshore of the 200 m iscobath had consistent
offshore flow (see Fig. 13, Feely et al., 1979). The
authors speculate that winter cooling over the. bread,
shallow area west of Kayak Island produces a bottom
offshore convective flow. The near-bottom nepheloid
layer extended beyond the shelf break; thus sediments
from the shelf were probably distributed to the deeper
waters of the Gulf of Alaska.

These data ' suggest that the seasonally changing
density field controls the vertical distribution of
suspended matter. Convection and mixing in the verti-
cal are suppressed by a strong density stratification
(Feely et al., 1979). High concentrations of suspended
matter at the surface probably are associated with the
influx of fresh water at the coast. High values along
the bottom could be due either to resuspension of
bottom sediments by currents or to seaward flows along
the bottom of waters laden with suspended sediment.

Distribution of suspendéd matter is important as
an indicator of physical processes on the shelf.
Suspended matter can be important as a flocculating
agent in the presence of petroleum pollution. Forma-
tion of oil-particle flocculants is an important proc-
ess in the removal of 0il from the water column (Payne

and Jordan, 1979).
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3.3.2 Geostrophic circulation 145° 144° 143° ' 1410
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Currents in the ocean are subject to the apparent
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forces caused by the earth's rotation. These forces
can be balanced by pressure gradient forces. When this
balance occurs, flow is perpendicular and to the right

of the pressure gradient (in the Northern Hemisphere).

S
Such flows are called geostrophic flows. ,;;
-
s - i ; s
There are two types of geostrophic flows. Baro 60° ﬁ%%§g§§$ 60°

clinic flows are caused by the distribution of mass
within the ocean. Because baroclinic geostrophic flows
depend on spatial differences in density, these flows
can be estimated from a knowledge of the density field.
Density data integrated over part of a water column are
often represented as dynamic heights. From this repre-
sentation we can infer the baroclinic flow at one pres-

sure level relative to the flow at another level.

590 ] 599

The second type of geostroﬁhic flow, barotropic
flow, is related to a tilting of the sea surface (or
any other surface of constant pressure). Barotropic
flows, unlike bareclinic flows, are not a function of
depth and cannot be influenced by the spatial distribu-

—tion.of -density. o |

The geostrophic flow at any location is the sum of 22 g
147° ' 146° 145° 144° 143°

the baroclinic and barotropic components. There alseo
may be non-geostrophic current components. Thus, while Figure 3.19 Dynamic topography for November 1975 (from Royer, 1977).
the density field can give us a good idea of baroclinic
geostrophic currents, it may not be a good representa-
tion of the total current, which is a sum of many

components.
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Dynamic topographies

The baroclinic geostrophic circulation is parallel
to the contours of dynamic height. Speed is inversely
proportional to contour spacing. In the data presented
here (Figs. 3.19 and 3.20) the speed of surface flow
relative to 1,000 db can be found by measuring the
contour spacing and reading the speed from the graph
inset on each figure. The direction of surface flow is
to the right of the local gradient that points from
higher dynamic height values to lower ones.

The dynamic topography for November 1975 ({Fig.

3.19) is generally aligned with the bathymetry. High

values near the coast are the result of heavy precipi-
tation and runcff in autumn. Increased baroclinic flow
(to the west) accompanies the higher dynamic height
anomalies near the coast. In Prince William Sound, as
one progresses northward into the sound, the dynamic
height anomalies increase. There is evidence of a
clockwise eddy west of Kayak Island. Royer (1978b)
states that eddies in this region are driven by salin-
ity. It appears that the coastal flow is guided
offshore by Kayak Island. Some .of the low-salinity,
Vlow-density water from this flow is incorporated into
the eddy west of Kayak Island. During periods when the
influx of fresh water at the coast is low, the dynamic
topography.west of Kayak Island has little wvariation.
(See topography for February 1976 in Royer, 1977.)
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Figure 3.20 Dynamic topography for April 1976 (from Royer, 1977).
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The dynamic heights measured in Hinchinbrook
Entrance probably do not reflect baroclinic geostrophic
flow, as the geostrophic assumptions are not met here.
The wvalues indicate that less dénse waters are present
in the entrance. (In the entrance the water is not
sufficiently deep to allow a 1,000-db surface to be
reached. The dynamic height from a level near the
bottom to the surface is added to an estimate of what
might be expected for the dynamic height between the
1,000-db level and the near-bottom level in Hinchin-
brook Entrance.)

In April 1976 (Fig. 3.20) the topography is
slightly smoother than in November. The April cruise
occurred before the maximum seasonal runoff of melt-
water (see Fig. 3.11). West of Kayak Island there
appears to be an eddy. East of Kayak Island is a large
perturbation in the dynamic topography. Large-scale
perturbations in dynamic topography are commonly seen
in  dynamic topographies of the continental shelf.

The general circulation inferred from these dy-
namic _topographies is toward the west. The contours
generally parallel isobaths; however, large perturba-

tions can occur (e.g., Fig. 3.20). Seasonal variations

’ ”éﬁiﬁcidé'with“themspasonal'variationfin”infiuXWof“fresh““”'

water at the coast. The findings of Royer (1979a),
that runoff and precipitation cause seasonal changes in
steric height over the continental shelf, support this
observation. Another reflection of the seasonal
changes ,in the influx of fresh water may be the
strength of the baroclinic eddy west of Kayak Island.
In the data presented here it is strongest in November;
thié Vclosely follows the expected peaks in coastal
river discharge. This eddy is a ubiquitous feature of
the NEGOA éirculation and will be discussed further in

Section 3.4.1 (Lagrangian descriptions).
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Seasonal variations in transport along the Seward line

Royer (1978a) gives the seasonal transport (0-100
db) computed between adjacent stations along the Seward
hydrographic line (Fig. 3.21). As one moves offshore
both the amplitude and the phase of the annual signals
change. Royer (1978a) describes the various signals in
terms of the forces which drive them.

The transport computed farthest inshore reflects
the presence of a baroclinic coastal jet. High values
of transport and large annual variation in transport
are associated with the jet, which is estimated to be
about 30 km wide. The maximum transport occurs in
January, the same period for which upwelling indices
are at their annual minimum (Fig. 3.1). The strong
downwelling tendency leads to a positive set-up’ at the
coast and compensation of the density field results in
a baroclinic jet.

However, more recently, Royer (1979a) has shown
that seasonal changes in near-surface (0-200 m) heights
are well correlated (0.84) with the seasonal fluctua-
tion in the influx of fresh water (see Fig. 3.10) and
only weakly correlated (-0.19) with the upwelling

index. Thus, the seasonal high values of transport

the influx of fresh water along the coast. The 1lag
between precipitation maxima and the maximum in traﬂs-
port observed off Seward is consistent with the time
required to advect the fresh water from the eastern
gulf. The seasonal change in transpdrt probably re-~
flects the cumulative influence of fresh water
throughout the Gulf of Alaska east of Seward.

The next region offshore has weaker transport and

smaller annual variation, with maximum transport in
October and November. This maximum coincides with, and

may be caused by, the precipitation maximum.

‘The region between stations 6 and 8 may be influ-
enced by the coastal jet. Kayak Island apparently
deflects the coastal jet offshore. On the inshore side
of the deflected jet the near-surface baroclinic cur-
rents tend to be eastward, while those on the offshore
side tend to be westward. The phase of annnal trans-
port between station 7 and 8 is similar to that between
stations 1 and 2; in both regions the effects of the
coastal jet occur.

Farther offshore the transport hés a very weak
annual signal, but the transport values have large
standard deviations. Rover ({1578a) calls this the
"eddy infested" region. The eddies are cyclonic.and
about 70-100 km in diameter,

The Alaska Current dominates the region farthest
offshore. It has a large seasonal signal and a large

mean. The cause of the seasonal signdl could be
shifting of the axis of the Alaska Current onshore, ox

it could be related to the seasonal signal of wind
speeds over the Gulf of Alaska. Note that these trans-
ports were calculated for a shallow level (0/100 db) .
which does not reflect the total transport of the

Alaska Current.
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Figure 3.21 Seasonal transport across the Seward Line
(from Royer, 1978a).

Transport of the Alaska Current
Royer (1979c) reports estimates of the tramsport

for the Alaska Current. These estimates are based on

several data sets taken from 1974-1977.

6 m3 s, " This compares well

(1976) which is

The annual
mean transport is 9.5 x 10

with the estimate of Favorite et al.
6 3

9.3 x 10" m"/s.

Reed et al. (1979) examined the seasonal variabil-
ity of the baroclinic tranSport_of the Alaska Stream
off Kodiak Island. This study has nqt been repeated
for the NEGOA area but the results should be similar.

They used a reference level of 1,500 db. The mean
transport was estimated to be él.g X 106 m3/s, with a

standard deviation of 2.2 x 10 m”/s.

values (8 x 106 to 17 x 106
was no seasonal signal to the transport variability
(Fig. 3.2).
seasonal signal in the curl of the wind stress over the

Gulf of Alaska.

A wide range of

m3/s) was found, but there
This is surprising, since there is a large

The transports between adjacent sta-
tions along the Seward Line (Fig. 3.21) are referred to
a 100-db level, which may explain why there is a larger
seasonal signal there but not in the 0-1,500-db trans-

port calculations.

Longshore coastal geostrophic flows

Fluctvations in the longshore component of the
barotropic geostrophic current are related to changes
in coastal sea level elevation. High elevations of sea
level are related to strong westward flow over the Guif
of Alaska continental shelf.

Monthly means of sea level (corrected for atmos-
pheric pressure) for Yékutat and Seward show similar
seasonal cycles (Fig. 3.22). High values occur between
September and February, and lower values (values below
the long-term mean) are found throughout the rest of

the year. That elevations fall below the long-term
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mean in summer does not necessarily mean that the
longshore flow is toward the east. It could merely
reflect a weakening of the westward flow.

The longshore geostrophic flow is driven by two
forces: a baroclinic or density-driven force and a
barotropic force. 1In the Gulf of Alaska the relative
importance of these two forces probably varies season-
ally. Variations in sea level reflect changes in both
of these forces as well as in other forces (such as
wind set-up: <direct driving by the wind). Off Icy Bay
the seasonal influx of fresh water appears to change a
largely barotropic state to a largely baroclinic one
(Hayes and Schumacher, 1976a). In winter, when the
coastal influx of fresh water is small and wind stress
is at an annual maximum, winds become more important in
determining continental shelf dynamics. (Salinity is
the most significant parameter causing changes in
steric heights and is controlled to a large degree by
coastal precipitation and runoff.) Hayes and Schu-
macher (1976a) showed that shelf dynamics are largely
barotropic in winter but become baroclinic in spring
(for variations with periods between about two days and

a month). A simple barotropic model that adequately

““described the dynamics in--winter—-did--not -describe -

conditions encountered in spring.
Farther to the west, off Seward, Royer (1979a) has
shown that seasonal wvariations in sea level can be

accounted for largely by steric changes in water over
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Figure 3.22 Monthly mean values for sea level at
Yakutat and Seward for 1950-74. The atmospheric effect

and the mean data values have been removed (Ingraham et
al., 1976).

the continental shelf. It appears that seasonal vari-
ations in the barotropic component of alongshore flow
at Seward are very weak compared to those of the baro-
clinic component.

Assuming that the results from Icy Bay and from
Seward are applicable throughout NEGOA, we can sum-
marize our knowledge of longshore coastal geostrophic
flow. BSeasonal changes in sea level and in longshore
geostrophic flow are affected by changes in the influx
of fresh water at the coast. Schumacher and Reed
{(1980) show that seasonal variations in the coastal
flow along the Kenai Peninsula are related to seasonal
variations in the hydrological cycle. On time scales
longer than a day and less than a month, variations are
largely barotropic in winter. When the influx of fresh
water increases and wind forcing diminishes seasonally,
longshore flow becomes more complex, having both baro-

tropic and baroclinic components.

Wave-induced longshore currents
Nummedal and Stephen (1978) have applied synoptic
meteorological data, storm track information, and ship

wave observations to estimate wave climatology, refrac-

--tion .diagrams,.and longshore sediment transport in the

Gulf of Alaska. Wave power vectors were computed from
synoptic wind data in the Summary of Synoptic Meteoro-
logical Observations (SSMO), U.S. Naval Weather Service
Command, 1970.




Longshore sediment transports were calculated from

the wave power distributions (Fig. 3.23). Wave refrac-

tion diagrams were used to obtain breaker angles;

12-second waves were used for these calculations.

Waves from the southeast dominated the sediment trans-
port in NEGOA.

However, just west of Yakutat Bay the transport was to

The net transport was to the west.
the east, probably due to the curvature of the coast-
line. The net sediment transport here was estimated to
be 220,000 m3

trénsport occurred in region 3 (south of Icy Bay) and

per vear (to the east). The largest
was 1.4 million m° per year (to the west).

for 8-, 12-
waves were drawn using the bathymetric chart of Melnia
and Carlson (1975).

Refraction diagrams and 16-second

Eight-second waves are typical of

small summer storms; they undergo very little refrac-

tion while propagating onshore. Twelve-second waves

are commonly associated with major storms. Waves of

this peried that approach the coast from the south and
southwest concentrate energy at the entrance to Icy Bay
and cause a divergence of energy at the mouth of Yaku-

tat Bay. Refraction patterns for 16-second waves are

similar to those for 12-second waves.

The estimates of

consistent with the qualitative estimates based on

geomorphic features. - These features, such as spits and

headlands, are analyzed to estimate the long-term net
littofal sediment transport. The qualitative estimates
of 1littoral transport are shown as small arrows in
Figure 3.23.

transport have not been made.

Direct observations of wave~induced
Assumptions used in
these analyses are that waves propagate in the direc-
tion of the forcing wind {calculated from atmospheric
surface pressure charts) and that all waves generated
by a specific atmospheric event have the same period.

- Other sources of possible inaccuracies are the lack of
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bathymetric data inshore of the 25-m iscbath and the
quality of the SSMO wave data.
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Figure 3.23  Summary diagram of computed longshore sediment transportation rates (from Nummedal and Stephen, 1978).

Nummedal and Stephen
(1978) believe that the SSMO data may underestimate

very high waves and that the wave power values that
they calculated may be a lower-limit estimate of the

actual annnal wave power.
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3.4 CIRCULATION DETERMINED BY DIRECT METHODS

There are two ways to observe ocean currents. One
way is to track a parcel of water. A device is placed
in the water that will be advected (it is hoped) at the
same speed and in the same direction as the surrounding
water. This is the Lagrangian method. Examples of
Lagrangian devices are drift cards and bottles, sea-bed
drifters, and ocean drifters or drogues.

The second observational technique is to moor an
instrument at one location and have it record the speed
and direction of currents at set intervals of time.
This is called the Eulerian method.

The two methods supply different types of data.
Lagrangian techniques give either trajectories of flow
at the time of the experiment or give only start and
stop locations for non-tracked drifters. Eulerian
methods give time histories of current fluctuations at
a particular point. Using both methods spatial and

temporal histories of the flow can be estimated.

3.4.1 Lagrangian descriptions

Gulf of Alaska studies

Several drogue trajectories have been obtained in
NEGOA. The drogue buoys were released by ships and
were tracked by the NIMBUS-G satellite. Positions (and
other data) were relayed by the satellite to ground
stations 3-5 times a day. The buoys were 5-m-long
fiberglass spars. Drogues were attached to the buoys
at a depth of about 30 m (Hansen, 1977a). The drogues
measured 2 m X 5 m.

.Two drogue buoys were released in September 1975
(Fig. 3.24). Buoy 1745 moved onshore (at about
10 cm/s) up Alsek Canyon and, near the head of that

canyon, turned toward the porthwest. Only ten days of

64 Circulation

147°

A
b
ES

N

60°

59°

61“'.%3%%% ' ": i
% o gl .

LAGRANGIAN DRIFTERS

SR Qs@)@» s Qgé’%ﬁ' Ser
.

i e
%gg%%g%g%%%*—$“, o
@%%§%§@§§@ :

i

139° 138°
61°

e
-

o
o
4 R R
-
S §" ?‘é%“:

.

i

60°

59°

» 0661
A 1745
1
147° 146° 145° 144° 143° 142° 141° 140° 139°
Figure 3.24 Trajectories of drogue buoys deployed in September 1975 (from Hansen, 1977a).




data were recorded. Buoy 0661 went west, parallel to

the coast, until it grounded near Cape Suckling. It

attained speeds of up to 40 cm/s in the coastal current

(Royer et al., 1979).

Three more buoys were released off Yakutat in
May-June 1976 (Fig. 3.25). Buoy 1105 operated for
about three days, moving southward.

Buoy 1133 moved across'risobaths, which suggests
‘that topographic control of currents was weak. Its
trajectory was toward the west and meandered widely.
When due south of Kayak Island buoy 1133 entered the
Alaska Current and moved faster than 65 cm/s. During
day 158 the buoy moved shoreward of the shelf break,
leaving the Alaska Current. Here current speeds were
less than 25 cm/s (Royer et al., 1979). The buoy
drifted west of Middleton Island and then -reversed
direction, eventually groﬁnding on that island. This
indicates a quasi-peérmanent eastward flow in the area
west of Middleton Island (Royer, pers. comm.).

Buoy 1174 dinitially moved southward across iso-
baths and then northward, again across isobaths. When
'quite close to the coast it began to move westward,
parallel to the coast, at speeds as high as 45 cm/s.
It passed Kayak Island and was subsequently. entrapped
in an anticyclonic eddy west of Kayak Island. While it
was in the Kayak Island eddy, speeds of about 20 cm/s
were recorded. After three cycles in the eddy (taking
more than 27 days) the buoy was slowly advected west~
ward (about 10 cm/s), and it grounded on Montague
Island. Near Hinchinbrook Entrance speeds as high as
20 cm/s were measured.

Trajectories for buoys 1133 and 1174 can be com-
pared to the dynamic topography observed two months
previously (Fig. 3.20). An anticyclonic meander cen-
tered at 59°N, 142°30'W, dominated the initial move-
ments of these buoys. | Buoy 1133 subsequently moved
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into the cyclonic eddy at 59°40'N, 143°W. Royer et al.

(1979) show this dynamic topography at a .01 dypamic
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phies in April and buoy trajrectories in June. Buoy
1174 did not encounter this eddy. 1Instead, the buoy
moved shoreward and entered the coastal current. After
it passed Kayak Island, it entered the anticyclonic
eddy, shown in Fig. 3.20 (and in Fig. 4, Royer et al.,
1879).

In a third experiment, two buoys (1142 and 1235)
were released near each other in July 1976 off Yakutat
(Fig. 3.26). Their trajectories were identical for theé
first week or so. Speeds of 40 cm/s were recorded.
Then 1142 meandered clockwise, and the buoys separated.
About 10 days later buoy 1142 executed another, but
smaller, clockwise meander. Speeds of about 15 cm/s

were measured in these eddies. Royer et al. (1979)
LAGRANGIAN DRIFTERS

suggest that the two anticyclonic rotations of Buoy a 1142
1142 were due to an eddy's being advected westward with . :ggg
[ ]

the mean flow. The buby' could haveé entered thé same | | oo o T T T T T e T T e e e
eddy twice. Buoy 1235 slowed to less than 10 cm/s , :

147° 146° 145° 144° 143° e 1410 140° 139°
while moving northward. Then, after it entered the
coastal current, it moved westward at about 45 cm/s. Figure 3.26 Trajectories of drogue buoys deployed.in July 1976 (from Hansen, 1977a).

All three buoys were advected to the west. When on the
continental shelf south of Kayak Island, Buoy 1142
moved as rapidly as 50 cm/s. Although they were sepa-
rated on occasion by more than 300 km, all three
drifters were entrapped in the eddy west of Kayak
Island and eventually entered Prince William Sound
through Hinchinbrook Entrance.  Speeds in Prince
William Sound were greater than 20 cm/s for Buoys 1235
and 1142, but less than 10 cm/sec for Buoy 1203.
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Royer et al. (1979) compared baroclinic geo-
strophic velocities to observed buoy velocities. The
geostrophic velocities were calculated for the 35-db
level (approximately the center of resistance for the
drogue) relative to a reference level of 1,000 db.
(Where depths were less than 1,000 db, estimates were
made for the depths from the deepest common level to
1,000 db.)

greater than the geostrophic velocities.

Drifter velocities were consistently
Several
possible causes for this are the presence of barotropic
currents, incorrect choice of a reference level, or

inadequate hydrographic station spacing, leading to

underestimation of dynamic height gradients. These

possible causes have not yet been evaluated.

Several tentative conclusions can be drawn from
these drifter data. In general, there is agreement
between the flow inferred from dynamic topographies and
that from buoy trajectories. . However, there is a
fairly consistent cross-dynamic-topography flow to the
north. The mean of the cross-shelf flow cﬁmponent for
all buoys was 3.9 cm/s toward shore. Speeds during
July were about twice those in May. (The mean long-

shore speed was 9.5 cm/s in May and 10.1 cm/s in June.)

Royer et al. (1979) offer this explanation of the
observed onshore and subseﬁuent westward movement of
the buoys: with the influx of fresh water at the
coast, the upper layer of water would be expected to
move seaward. This layer would consist of fresh water,
as well as salt water entrained by the offshore fresh-
water flow. An onshore flow of sea water beneath this
near-surface flow would be expected for mass balance.
The drogues could be carried shoreward with the onshore
flow until they reach the interface between the two
layers. The opposing seaward and shoreward forces
would tend to stabilize the onshore-offshore position
of the buoy while allowing it to be advected parallel
to the coast.

The upwelling index during these drifter experi-
ments generally was conducive to offshore surface flow.
This is in contrast to the general onshore movement of
the buoys. Royer et al. (1979) conclude that drifter
drogues (at 35 m depth) are below the surface Ekman
layer and thus they could be advected shoreward.
Current meter data from the same time of year (but from
1974) support this hypothesis. Currents at all depths

show an onshore flow. Since the uppermost current

" méteér was at a depth of 20 m, an offshore-flowing

surface Ekman layer must have been less than 20 m deep.
Coastal precipitation and runoff have already been

shown to be important in driving coastal flow (see

section 3.2). As the coastal addition of fresh water.

increases seasonally, the offshore surface flow should
increase. This increased flow would entrain more deep
water up into the offshore-flowing layer, and thus
onshore flow speeds would also increase. From June to
August the onshore component of mean drifter velocity
nearly doubled; . precipitation also doubled over this

period. Thus the onshore movement of drogues is con-

sistent with entrainment hypothesis suggested by Royer
et al. (1979).

Other tentative conclusions are listed here. The
presence of the baroclinic eddy west of Kayak Island is
confirmed by these drifter trajectories, Speeds in the
eddy are estimated to be almost 20 cm/s. A strong
(40-50 cm/s) coastal current exists between Yakutat Bay
and Kayak Island. Speeds in the Alaska Current were
estimated to be greater than 65 cm/s. The shoreward
side of the Alaska Current seems to be a region of
transient eddies. Using dynamic topography, Royer et
al. (1979) estimate them to be about 100 km in diame-
ter. . They appear to be advected westward with the mean
flow.

The last observation is that a surprisingly large
percentage of the drifters grounded near the entrance
to, or inside, Prince William Sound. Half of the buoys
released grounded there. All of the buoys released in
August-September 1976 entered Prince William Sound.
Royer et al. (1979) suggest that an ageostrophic baro-
clinic flow could have advected the buoys into Prince
William Sound. The September 1976 dynamic topography
(Fig. 8, Royer et al., 1979) shows that the 0-100 db
dynamic height is greater outside, on the seaward side
of Hinchinbrook Entrance, than on the inside. Thus
there could be a cross-dynamic-topography flow into
Prince William Sound. In a preliminary analysis of
current meter data, Royer (1978¢) found a general
inflow through Hinchinbrook Entrance and an outflow

through Montague Strait.

Nearshore currents
Mapping the suspended matter contributed to the
Gulf of Alaska by coastal rivers provides a means of

tracking coastal currents. Three rivers that emanate
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from the Bering, Guyot, and Malaspina Glaciers, to-
gether with the Copper River (which drains a large
interior area), are important sources of terrigeneous
sediments (Feely et al., 1979). The horizontal dis-
tribution of suspended matter from these sources sug-
gests the predominant direction of circulation.

A heavy concentration (> 2.0 mg/1) of suspended
matter occurs off the Copper River Delta (Fig. 3.27).
The plume moves westward along the coast, In
October-November and April the plume appears to move
into Prince William Sound through the passage east of
Hinchinbrook Island. In July part of the plume enters
the Sound west of Hinchinbrook Island. Concentrations
of 1.0-2.0 mg/1 occurred in all three data sets in the
southeastern part of Prince William Sound.

Between Yakutat and Kayak Islands the distribution
of suspended matter suggests longshore flow to the
west. The distribution of sediments near the bottom is
similar to that of the suspended sediments (Fig. 6,
Feely et al., 1979). In general, little cross shelf
flow is apparent in these distributions,

As suspended matter is advected westward, it is
pushed offshore by Kayak Island. Satellite images of
the region (Fig. &, Feely et al., 1979) show the sus-
pended matter moving around Kayak Island and northward
along the west coast. However, much of the suspended
matter then appears to enter the clockwise~rotating
eddy west of Kayak Island. This eddy can be inferred
from dynamic topography (Fig. 3.20) and from trajector-
ies of drogues (Fig. 3.26) and can be seen in the
satellite image cited above, In the July data either
the Kayak Island eddy was very weak, or it was located
farther to the west, so that the surface suspended
matter was not incorporated into it. West of fKayak

Island is another westward, coastal flow.
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Figure 3.27 continued
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Molnia and Carlson (1978) inferred nearshore
circulation from satellite imagery taken from September
1972 to November 1973. They used patterns of turbid
water coming from coastal streams to make qualitative
estimates of the nearshore flow. The general flow is
westward. However, a substantial component of the flow
is outward from the shore.

The inferred flow reflects processes with short
time scales (e.g., tides and winds) that are averaged
out of most other circulation patterns in this synthe-
sis report. It also reflects the influence of coastal
morphology. TFor example, the seasonal deflection of
nearshore currents by Kayak Island (Fig. 3.28) is shown
in the inferred circulation. However, there was no
evidence for the eddy west of Kayak Island.

Another feature shown is the flow into Prince
William Sound through entrances on both sides of Hinch-
inbrook Island. The trajsctory of Lagrangian drogues
(Fig. 3.26) supports the idea that the surface flow
through Hinchinbrook Entrance is inward, into Prince
William Sound. Molnia and Carlson (1978) point out
that the Copper River is a more important source of
sediments for Prince William Sound than are streams
thaﬁ empty directly into the sound. Data presented in
Section 3.4 imply that there is an offshore component
to the surface flow throughout NEGOA. There are strong
offshore components of surface flow between Icy Bay and
Yakutat Bay, east of Yakutat Bay, and off the Copper

River Delta.
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Figure 3.28 Near-surface currents as inferred from ERTS imagery (Carlson et al., 1978).
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Long-scale circunlation features

Two other sets of information (reported in Hansen,
1977b) show that NEGOA is a region of accumulation for
surface drifters. Dotson et al. (1977) made a model to
determine where buoys would tend to accumulate in the
North Pacific Ocean, given a uniform initial distribu-
- tion. Data for this simulation were obtained from the
Naval Oceanocgraphic Offices file of ship drifts.
(Since ship drifts are the result of both current and
wind action on the ship, these data may not represent
the trajectories taken by a surface pollutant.) After
simulations of 700 days the distribution of buoys
(Figure 3.29) shows an accumulation along the coast of
the Gulf of Alaska (density greater than 200). It can
be inferred that.pollutants released on the sea surféce
anywhere in the Pacific Ocean have a high probability
of being entrapped and reaching the coast of the Gulf
of Alaska.

In another experiment drogue buoys were released
in the North Pacific (one at 45°N 162°W; another at
45°N 166°W) in September 1976. The first buoy went
aground on or mnear Montague Island and the second
grounded near Icy Cape. (D. Kirwan, cited in Hansen,
1977b) These data are further evidence of the general
tendency of surface drifters to accumulate in the Gulf
of Alaska.
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3.4.2 Eulerian descriptions

Data from several installations' of current meters
provide a fairly complete description of the circula-
tion in NEGOA.

toward the west or northwest.

The net current drift is longshore
- Current speeds vary
seasonally:
twice those in summer. In general, mean vertical
shears (differences in'speed and direction at different
depths) are small. Monthly mean currents are signifi-
cantly correlated with mean winds; the winter increase
in current speeds can be Ilargely attributed to in-
creased wind intensities (Muench et al., 1978).

The structure of the current regime of the shelf
near NEGOA can be ascertained from the datg of Hayes
(1977).
Fig. 3.30 for each of the

deployed in the period of March to May 1976.

and Schumacher Mean currents are shown in

current meters that was

The currents tended to parallel local bathymetry
Here the mean currents were
The
currents at Station 694 had a cross-shelf tendency,
while those along the shelf break (Station élB) were

except at Mooring 60.

weak, typically a few centimeters per second.

- longshore; parallelto the bathymetry. "Mean currents’

at the three moorings off Icy Bay (SLS 8 and 4, and G2)
were also largely parallel to the bathymetry.

mean curxrent speeds in winter are about
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CURRENT VELOCITIES, March-May 1976
Depth of current meter

20m ———Pp

50m T . | N 1 1 (3 1 ] 1
10om ——P> ' 5 ) 5 10 15
180m —> Speed Scale cm/sec

240m ~——> .

30 " 50 eailles

147°

146° 145° 144° 143° 142°

141° 140°

139°

50°

Figure 3.30

Average current velocities for March to May 1976 (from Hayes

and Schumacher, 1977).
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The. 50-m; mean, speeds; fox; three- moorings: offs Icy; Bay, are:
showm, in, Fig. 331, and| the: 20-m, mean, speeds; for: three;
moorings; off" Cordova, are. shown, im Fig, 3232, - Data, were.
not collected: at. a, common; depth. The. current. structure.
" offr Icy, Bay, shows, a; maximum, mean; speed: at. Station; 62
The: net: flow. (or; vector: average,, as; opposed] to, the: mean,
speed, which, i_SS- a, scalar- average)) was; alsoy a; maximum; at:

Station, 62., However;, the: variance: increased; off=shore:.

At: the. moorings; farnther, to. the: west: (Fig, 3232)) the.
mean: speed), variance: andi net- flow. alli increased: as: the.
distance. from, the: shore increased.. Thus. it appears;
that. the: crosssshelf: structure: was: different: at the- two,
locations.., However, both,Stations, 6l and;62, where: the
maxima. occurred; on. the. different crossr-shelf sections;,
were: near. the: shelf break; (see-Fig. 3.30).. The: maximum,
mean; speeds. and net flow wexe associated with. the shelf:
break..
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Figure: 3.31; Mean: current speeds. at. 50.m.depth off’ Icy
Bay  (from; Hayes and: Schumacher; 1977)..
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The. next: deployment: (May-October); off current:
meters; (Fig;3»33)) showedi the: currents; to; be. again,
alignediwith; the- bathymetry;, but: they; were. smaller: than,
during; the. earlier- perdod:. Currents; at: Station. 60
rotated! 45-90f° counterclockwise: from, the. previous.

deployment..

The: summer: southeasterly. flow: at: Sta-
tiom 600G was; probably, caused: by; local: winds:. Both: the.
mean, speed; (Fig; 3.32)) andi variance. were- maximum; at_
Statdiom 69; (forr the- three: moorings. off’ Coxdova)..
However; the: net: flow. was; at. a; maximum, at’ Station; 61

Comparing; the. May-August: mean: speeds; to, those: off

oL ARl B st ) R0

March-May, (Fig:. 3:32)) showedi a; decrease: at: Stations; 60,

and; 61; but: not. at- 69., The: variances: of- the: 20rm, cur~

rents: decreased: from. the. fixst: to. the: second: deploy-
ments, for  all stations; except Station, 69, where. the:
variance: increased slightly. The: decreases; are: probar-

bly attributable to reduced winds in; summer..
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Figure. 3.32: Mean: current speeds; at 20)m. depth, ofiff
Cordova, (frem. Hayes; and: Schumacher, 1977).

At: S_t;a._t'-'-;ipn-; 62, off" Icy Bay; the: mean: speed;, net:
flow,, and: variance. decreased: at all observed; depths:
from. the: first: to. the: second: periods.. The: mean, speed
dropped; by, a. factor- ofs & (Muench: et: ali., 1978). How-
ever; all; three. parameters: increased: during; the. subse--
d}l.e.nt: mooring, from, August-October.. The: variance: of!
currents; at. Station, 62; during, winter- (October. 1976 to:
March, 1977); was; six: times; the. variance. during, summer-
(May~September: 1976).. Also, whereas: in. summer- tidal
components; contributed: about. 60 percent: of/ the. totali
variance, in, winter: they; contributedi only; 25; percent: of!
the- totali variance. This: was; caused by the: much. higher-
energy, levels, present: at. low. frequencies: (periods:
longer- than, 30 hours): in: winter, due. to. atmospheric:
forcing..

The: cixculation: off Icy, Bay, has. a mean. westward:
flow, with, 2-- to, 3~ day, eddylike, lowrireguency fluctur-
ations; (Hayes: and Schumacher, 1977).. The: low-pass-—
filtered; (tides; removed)) current speeds: can;be: as: high:
as; 30 cm/s;, but: the. mean, velocity, is: typically, less:
because: the. currents; vary, in. direction..

The. energy. density, at: the: lowest: resolved: fre--
quency, at. the. 100rm; isobath; was. an, order- of magnitude.
less: than, that. at the. shelf; break.. There: were. other-
differences: between, the. current: energy. spectra- at_ these:
two. locations.. On: the. shelf; the. spectrum. of: the. longr-
shore. current component had: more: energy, than that of’
the: onshore. component:: lowrfrequency, fluctuations. are
apparently, steered: by bathymetry: At: the. shelf’ break:
the. spectra. off the. two, components. were similar in.
magnitude;. fluctuations; were. rotary, and: clockwise at
Tow: frequencies: (Muench, et: ali., 1978)..

Coherences. were: computed: between, current: meter:
records; across, the shelf and; vertically, between. 50-m,

and: 200;-m, depths): at the: shelf- break: mooring. Rotary.
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that: the: clockwiserrotating fluctuations: did: not: propa~
gate. onto. the. shelf.
in; the vertical,

et: al; (1978)) and: Hayes; (1979); concluded; that: the. rotary,

oscillations:

Average: current: velocities. for May; to, October- 1976: (from. Hayes. and; Schumacher, 1977):.

These. fluctuations. were. coherent:-
», with, essentially, no.phase. lag.. Muench,

are: quasi-barotropic: motions; occurring:

tories; and, dynamic: topography:,

presence: ofi these eddies. comes from, drifter- trajec--

(A’l_tho.uggl the. eddies;

appear- barotropic- over-a. vertical: scale off 200 m; in; the.

current: meter records, a baroclinic: component: also.

appears. in: the. dynamic. topography: )

Farther- west, mnear. Kayak: Island;, the £low. is;

complex: and; weak; at: tidal; and; Tow, frequencies.. The: Low;

levelss off energyy prebably, indicate. that

: walter- parcels:

remain, in, this; region, a long; time. Fluctuations, in,
velocity: similar- to; those: off the: mean: flow. occur- during,
winter- storms:.

NEGOA; cénl be: divided; into; two, circulation, regimes::
those. east: and) west: off Kayak: Island; (Muench, et al:.,
1978
tal] shelfr is; narrew; about: 50) km, wide. West: of Kayak:

Frrom, Yakutat: Bay, to, Kayak: Island; the: continen=--

Islandy it widens; to. about: 100; km..

In. the: eastern,

section, coastal; currents; and: shelfs break: currents; are-

independent. West: off Kayak: I'sland: two, current regimes:-

have: merged:, Along, the. coast: another- coastall current:

kakaka Also. west:
ofs Kayak. Island! the- shelfi is; wide. and; shallow, and:
______ wind: effects: may, be: more: important  there. in
driving, currents..

Current patterns. west: ofs Kayak: Islandjare: complir.
cated; by, the. effects: of; the. island; on, the: westerly.

circnlation..

One. suvch, effect dis: the: formation. of-

ofr Kayak: Island: (Muench. et: al., 1978)).

vortices: such; as; the. permanent: anticyclonic. eddy, west:

Seasonal; variability,

Winds: and. currents: change: seasonally;, on, the: conti--

nental: shelf: - The. winds: in, late: winter: andi spring; are.

wind: speed: is: épbkskta.nt\ig,llls@r lesss andi the: direction, is;
eastward: The. mean:. current: speed; on; the. shelfr de--
creases:; by- a; factor- of’ two, between; spring: and: summer-
(Hayes; and: Schumacher, 1976a). The. discharge: of fresh;
water. also, has; a: strong, seasonali signal (e.g., Fig:.

3: 119}, which: has; a; major- influence: on. dynamics; of- shelf:

circulation..
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Hayes and Schumacher (1976b) employed a simple
barotropic model {(relating temporal wvariations in the
longshore velocity component to the cross-shelf pres-
sure gradient; see Collins, 1968) to data obtained off
Icy Bay in February and March-April. During the ear-
lier period the longshore velocity and bottom pressure
were linearly correlated and the barotropic model pro-
vided a feasonable description of the shelf dynamics.
(The wvariance in the cross-shelf pressure gradient
accounted for 50-70 percent of the variance in the
longshore current component.) In the second period
there was no linear correlation, and the model failed.
Baroclinic effects must have become dominant during
this latter period. 7

In the same report Hayes and Schumacher compared
the coherence between bottom pressures and longshore
winds for January-February and March-April. During the
winter there was a strong and significant coherence
over the low-frequency band. Only at one frequency was
there a significant coherence in the spring. Hayes and
Schumacher noted that for isolated events in spring,
wind, bottom pressure, and longshore currents were

visually correlated. However, the coherence, which was

averaged over the sampling period, was ndiméiéﬁifigantl o

Similar results were obtained for data from a location
west of Kayak Island.

Hayes and Schumacher (1977) have suggested a
division of seasons on the continental shelf based on
current meter observations: summer (April-September)
and winter (October-March). During winter baro-
clinicity is reduced due to the decrease or cessation
in the addition of fresh water at the coast, and to the
increased mixing in the upper layer. This mixing is
caused by the strong winter winds and by surface cool-
ing. Thus,. in winter the barotropic model proposed by

Hayes and Schumacher (1976b) is fairly accurate. 1In
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summer, with the increased coastal influx of fresh
water, higher temperatures, and greater stratification
in thé water column, the model is not an accurate
description of the physics of the continental shelf.

Seasonal meteorological conditions are directly
correlated with this seasonality. During winter, winds
tend to augment local longshore flow (westward), while
in summer they often oppose the westward longshore flow
and may add an offshore component to the surface filow.
The Ekman offshore wvelocity component in currents is
related to the weakly positive upwelling index encoun-
tered during summer. Strong ddwnwelling tendencies
predominate in winter and lead to Ekman set-up along
the coast. Coastal downwelling reduces stratification
and the coastal set-up can drive barotropic variations

in the longshore flow.

Wind-driven currents

The longshore velocity and bottom pressure both
respond rapidly to storm-generated wind changes. In
February-March 1975 there were four periods of high
wind; the currents observed off Icy Bay responded

within several hours to these events. The longshore

and 50-m current meters. Changes in current speeds of
as much as 30 cm/s occurred down to 100 m depth.
Bottom pressures increased by as much as 15 millibars
(Hayes and Schumachef, 1976b).

Hayes (1979) investigated the relationship between
the cross-shelf pressure gradients and the onshore and
longshore wind components. The pressure gradient was
calculated from differences Dbetween bottom-mounted
gauges at the 50- and 100-m isobaths (the inshore
gradient)} and at 100-m and 250-m isobaths (the offshore
gradient). Wind values were placed in 2 m/s-classes.

Plots of the pressure gradient-wind comparisons are

shown in Fig. 3.34. There is a positive correlation
between the onshore wind component and the inshore
pressure gradient and between the longshore wind compo-
nent and the offshore pressure gradient.

Hayes (1979) offers an explanation for these
correlations. The bottom pressure gradient is related
to the longshore wind stress divided by the Ekman depth

for Ekman driving and to the onshore wind stress

'divided by the water depth for direct wind driving.

Since the Ekman depth is itself a function of wind
speed, the pressure gradient is related to the wind
speed for Ekman driving while it is related to wind
speed squared for direct driving. At a location where
the Ekman depth is equal to the depth of the water
column, direct driving will dominate (being related to
wind speed squared rather than to wind speed). How-
ever, where the depth is much greater than the Ekman
depth, Ekman driving will dominate. Thus, inshore, the
pressure gradients are related to the onshore wind
speeds, and farther offshore, pressure gradients are

related to longshore winds.

~ velocity increased by about 40 cm/s at both the 20-m ™~ "7
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Figure 3.34
(Hayes and Schumacher, 1977).

3.5 - SIMULATIONS “OF CIRCULATION -~~~ ==~~~ o

Galt et al. (1978) made a series of trajectory
simulations in NEGOA. Their model is a finite element,
diagnostic model presented by Galt (1975). It calcu-
lates a velocity field from density and wind field
data. It is a linear combination of barotropic and
baroclinic geostrophic components and upper and lower
Ekman boundary layers.

The barotropic current component is continuously
set up by the wind field. Sea surface elevation across
the shelf is represented as a linear profile which is

stationary (hinged) along the shelf break. Instead of
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" one  straight ™ Iime of zero-sea-ievel fluctuations

‘throughout NEGOA, there are six such hinges. The

cross-shelf slope of the sea surface is modeled to be
proportional to the square of the wind speed times the
cosine of the angle between the wind and the coastline.

The baroclinic current component is calculated
from available hydrographic data and is held constant
throughout a simulation. Dynamic heights on the shelf
are calculated relative to the bottom and those off the
shelf to a reference level of 1200 m. The assumed
level of no motion thus follows the bathymetry, and the
effects of changes in depth from one location to

another are takenh into account within the baroclinic

component. The baroclinic response is calculated for
each set of hydrographic data and this response is
stored in an environmental library. The appropriate
response is accessed based on the time of year of the
simulation to be made.

Ekman stresses are applied to both the top and
bottom surfaces. The wind-driven Ekman layer is added
to the geostrophic components, and the bottom Ekman
layer accommodates a =zero slip condition along the
bottom. The equations of motion are integrated over
the depth of the water column and are cross-
differentiated to give an equation for vorticity. The
model gives a two-dimensional representation of surface
currents that are the resultants of the several compo-
nents iﬁtegrated vertically. For analysis of oil spill
trajectories an additional forcing of 3 percent of the
wind speed is added.

The boundary conditions along the coast allow no
transport into or out of the coast. Along the open
shelf boundaries of the model no boundary conditions
are set.

Large-scale synoptic maps of sea level atmospheric

pressure data are analyzed to 1dent1fy domlnant w1nd

patterns”m--These wind Apatterns are con51dered to be
quasi-steady states of the atmosphere that are fre-
quently observed. Twelve, characteristic patterns, or
subtypes, have been identified as representative of the
climatologies that exist in NEGOA (see Fig. 3.3).
These are modifications of the weather types reported
by Sorkina (1963) and Putnins (1966).

Each of the subtypes is correlated with daily
pressure maps to determine the best correspondence.
The type with the highest correlation across the spa-
tial grid is chosen to represent the pressure data for
that day. (Figure 3.4 is a summary of the correlation

for each climate type in each season.)
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(Geostrophic 'winds a¥e Caleuldted “for ceach ggid
Tpoint ffrom the ssé¥ecdted wedthier type. ThHese Walues “are
put iiito ca rplanetasy Woundaty lbayer micdel ((similkar o
tghdat Jf Cardore, 1969) tihdt Ceompiites ‘the su¥fdce “Wwind
sgtress. [However, dther modifficdticns o (the fgeo-
sstophic Winds eare midde ffor tthHose fgrid fyoints Ehdt care
wiithin 50-'T00 Mem off Whe codstline, based con tthe MmMear-
sdhiore rméteorclogy fEirdings oof Reyndlds et zal.. ((£978).
From tthese ‘aleuldtivns 2a two=
fproduced. TThHe Wind Wedtor tthat Uifes Closest tto tthe
jposition of tihe canemometer con Middléton [Eeland iis
‘eompared tto the Obsetved @dta. TThe rrdtifo cof cedleuldted
tto Observed 'wind sspeed iFs Wwised tbo sgedle dlll cof tthe
cother ccaledlated Wwind sspeeds con tthe ggrid. (The ggriid
sspacing is 775" off lkdtiltude sand 15" of Tomgitulde.)

Forcing by the ccurl of the ‘wind sStress ifss mdt
lincluded iin tthe model lewause it s ssmdll coonipared o
tthie ‘cross<shelf ssétup. Since ssidewall ffdidtiion ifs ot
Hrclided, ssiildtion rresults wWithin ca fféw lgens cof
KiTométers oof tthe cdoagtlivie 2ave Mot eacéurdte. ShHelf
Waves fdre ot sgererdted by tthe ymodel. (Only lrow-
fErequency motions care limdluded fand 'barcdliviic sShedrs

d¥e cAssiimed tto the ceonstant ithroiugholt sany sgiven ssimula-

The riagritiude cof tihe cwdledPated vwind fiield 24t ceach
sg¥id rpoiiit iffs “swdled tby tthe "Fatio (of tthe T2+ Hourly miedn
Wind sspeed ((Fecorded 'by 7an camenométer) o tthe viirnd
sspeed ealeulated ffor his Ipoint. [Perturbatiocs in tthe
wind rare lintroduced by ssibtradting tthe 'Hourly (tiime
sseries ‘velodities fFrom the ssedled Wiind Field edt the
famemométer. TfHe Wedtor ceoiiporents of tthe [perturbation
welodity are ssedfed for ceach ggrid thy tthe rgatifo oof ihe
ccd¥eulated wind sspeeds 2at 2a fgvild ipoiit ito tthdt adt the
sawemonéter. Ilhen these ssedled Ipeftutbdtion (Compoents
sdre radded ito the Wwelcoéity cedleubdted a2t ceach ggrid

fpoint.
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The cedledldted ‘Curreénts sd¥e sséaled zat ceach ggrid
Ipoint by 'the rrdtio Of (the ‘edlculdted ‘Gurreénts fiedr ‘a
eurrent méter Toedtion tro ithe (ObseFved Currents tthare.
Ipesturbations ave cealedldted by csubtrdcting 'the sgeo-

§trophic Cesimponerits from the Mourly walues of CGurrents
rgecorded thy tthe Gurrert imeter. IThe rpeftudbdtiion cwompo-
nents d¥e ssedled by the tratiio cof tthe cealeuldted baro-
te¥epic ceomponents o tthose Observed 2dt he ceuFrernt
rmeter locdtion. ™He (domporients Of ‘the perfturbition
welodity thdt care zaligned with tthe locdl Wardtropic

ttHe TFedtutbation welodity cemsures thdt when Hhere sdre

sgtforig Winds theve wWillll e sstrong lbardtropic Currerts,

earid Whus tEheve Willll Ibe sstrong perturbation welodities.

IHive ‘gssumptions “dre Wbasic o tihe miodel:
() "Mhdt ke ssurface 'wind ffidld can ibe
rFeldted o Targe~sedle ssynoptic ssea
revel rpressire imaps. This cassunp-
téion iis Iprobably ‘wdlid tthroughout
Yhe ¢grid cexcept mear (coastlines.
(@) Thdt ssurfdce 1pressure lmaps ¢an be
frepresented by fa ffew Sgereric pdt-
T trernst  ITHege Tpdtterns vare sapprogd- - oo - -
nmdtions 0f lthe ¢acdtudl Ipressire
Siaps; cabout 75 Ipercent of (the
sget cof vwedther ttypes with 7a corre-
ldtiion ot (0.7 cor better. /A ccorre-
ldtiion of 077 implies hdt aboiit
'Falf cof ‘the “Va¥idnce iin ke Ipres-
‘§lire Umdp @dn ‘be “accounted for by
lihie sgeledted 'Climdte type Mmap.
IThus the linmdte typing iis @bt
Worst, B0 [pereedt effective 775

fpercent cof he time.

Thdt tthe ‘eurrent IFie€ld ccan ibe
‘deconposed <completely lrto Tbaro-
igropic sand lbaroclinic Seostrophic
‘gomponents. [Alll cddditiondl <cur-
rerts car¥e thandked ‘through 'the
sggalitlg Iprocess fand by lincdluding
the Iperturbation tterm caud iby ‘€aleu-
1rativg 'Ekman Ccuvrents. However,
tthis [Process rmegledts itHe sspatial
wariability ithdt iis cassocidted \with
ithese Ceurreénts. IThils Iloss cof
i¥ealdsm iis probably oot fsigniifi-
‘gant, ssince the 'met <drifft cassodi-
zated ‘wWith ‘the cddditiondl ccurrert
‘doniponents ((efg., ttiddl <or iner-
tial)) iits ssmall.,

Thdt the tbaroclinic ‘current field
ii's ‘donstant (during ceach “similation.
iTHirs zassumption 'is ‘necessary ‘be-
‘cauise (of tthe llack of 'hydrographic
(data. IHowevern, !the 'hydragraphic
Hiields cean Wary cover a ltite period

sshotter ‘than ttHe Uwo 'modth ssimula-
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((5) hat !barotropic Sgét=up (OCEUrS

Hrnstantaneously 'with ‘chdnges dn the
wind ifie€ld. 'The ‘time ‘Yag tbeétween
wwind (¢hanges -and sset=up 7is ©n the
corder (of 'hours “dnd rprobably ‘does
Ingt igredtly affedt the ‘results.
(Coniparisons of ‘sea level, longshore
tcurrents, -and ‘winds iin ‘NEGOA :imply
tthdt tthis ‘dssumption lprébably s
walid iin ‘winter 'bit 'not 4n ‘summner
{(Hayes ‘and “Schumachen, '1976a) 'nor

ifor low-frequency .((time :seale Of <a



smotith ‘or {longer) wariations ((Royer,
11979a) ithroughout ithe year.

In tthe céxperimernts ‘wepo¥rted 'by ‘Galt cet “al. ((L978),
sseven 'release sites '‘were lused cduring -Tuly-August 1974
-and February-Maxch 1975. At teach docation ifor cedch
:season ireleases of ‘0il ‘Were ‘simultated cevery ‘five ‘days.
Trajectories ifor ‘edch reledse ‘were ‘Continued luntill tthey
-exited ithe 'model iboiundaries <or iuntil ‘the Wime ldimit cof
‘two :months ‘was :exceeded.

‘Baroclinic icurrents 'were ‘démindted by 'mesoscale

‘eddies cdlong ‘the ‘continmental sslope. !Except ifor ltlie

‘baroclinic rgyre ‘west ‘of Kayak Tsland, :the ibarcclinic

‘cukrernts (on lthe Shelf ‘were relatively ‘weak. 'The ‘strong
‘winds ‘that éxist iin‘winter (caused fgreater 'idifsﬁ-lfHGéIﬂe“ﬂtS
in tthe ssimulations ‘than do ithe ‘wedker ssummer “winds.

'The :release ‘sites -are *shown 'in (Fig. 3.35%}. ’Those
releases ‘made “at ‘Site \One ‘ténded itowards lthe 'northwest;
pollutants 1in these fpaths ceould -affect <a Targe area ‘of
‘the tcoastiline. 1The ‘winter rreleases traveled ifarther
‘and “spread !farther Whdn odid lthose Ifrem Tthe <summer
reledses.

The fSite Mo trajectorics sseemed to 'be sgreatly
iinfluenced by sstrong Lbaroclinic Currents 4t “dd sseaward
cof ‘the sshelf bredk. E'Sé?'éri‘zfl «of ithe ‘suilmey t¥rajectories
ired to the cedst “and ‘appeared ‘to follow ithe *Submarine
walkey tthdt leads tto ‘Yakitat 'Bay. OtHer ireledses
‘geened 'to cgscillate ~aloung ‘the cedge of ithe “shelf. TTwo
c¢thers 'moved ‘southward off ‘the rshelf cand ‘across ithe
sslope. “The ‘witrter :releases 'moved ceastward Hnitially
undér ‘the ‘influence <Of ibaroclinic .currents ‘along ithe
-slope. "Then ‘some moved ‘northwaxd “and :redched ‘the (coast
-and ‘one ‘moved "offshore “and -was quickly -advected ‘west-
‘ward by ‘the ‘Alaska :Stream.

iMost tof ‘the releases <at :Site ‘Three rmoved ‘onshore
‘over -a ‘wide ‘(about .70 ‘km) :front. -In ‘summer ‘two ‘moved

‘to ‘the ‘east, ‘probably :driven by 'winds. In'winter, cone
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‘release ‘moved 'offshore sand ceastward iunder (the iinfluence
wof ‘a 'baroclinic ‘eddy <along 'the ‘continental sshelf. TTwo
‘others ‘went itoward ‘the ‘west ‘and sgrourided ‘on iKayak
ilsland.

“Almost a1l ‘of tthe releases ‘made ‘at :Site 'Four 'moved
‘to ithe ‘north <and 'west; ‘however, ‘there was ‘a ‘wide tspa-

‘tial ‘seatter Jin ‘the trajectories (that is cattributed tto

fReledse ssites Hfor simulated 'trajectory sstidies ((Galt et “dl.,, 11978).

‘the ‘wompléx ibathymétry iin (tHe “area. TTHese ¥eledses

‘appear ‘to tredch ‘the ‘Goast. [In'winter <a 'single rreledse
‘traveled ‘to 'the ‘southedst «across the sshelf <and sslope.

IFrom 'the :site “southwest f Kayak [Eskand, -Site
‘Five, imost releases 'nioved inorth (or Wwest zdnd ¥eached the
‘coastiline of {Kodidk Iskand. IIn tthe Suiiicy Ssimulations

‘a 'few reledses Wravelled ceastward cas far ~as [Ioy Bay.
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In the winter simulations one release passed around
Kayak Island and went southeastward, again under the
influence of baroclinic eddies.

From Site Six many of the releases got caught in
Of those
that escaped the eddy, many went northward to the

the anticyclonic gyre west of Kayak Island.
Copper River region. One summer release went to the
east and landed half way between Kayak Island and Icy
Bay. A few of the winter simulations moved westward,
north of Middleton Island, and then northwest to Hinch-
inbrook and Montague Islands.

The releases made at Site Seven generally moved
towards Hinchinbrook Island and Prince William Sound.
Some of the summer releases traveled east to the mouth
of the Copper River and some went west, as far as the
southern region of Montague Island. The spatial varia-
bility was less for the winter simulation, but one
release left this region by going first south and then
west.

When the trajectories of the oil spill simulations
and those of current drifters (Figs. 3.24-3.26) can be
Almost all of

compared, the differences are Striking.

the drogues moved inshore and then were advected

" quickly along the coast to the west. Few of them moved

off the shelf.

releases went off the shelf.

In contrast, several of the simulated
Interestingly, some of
the simulated releases were advected to the southeast
instead of toward the southwest. In general, the
simulated releases were more dispersed and had smaller
net displacements. It is possible that much of the
noise in the drogue trajectories was removed by the
Although

the simulations do not appear to be good representa-

data-smoothing techniques of Hansen (1977a).

tions of the drogue trajectories, there are a number of
differences (time of year, data time increment etc.) in

the conditions of the two studies. Also the drifter
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drogues were deployed at 35 m depth while the simula-
tions were made for the surface.
3.6 SUMMARY

Circulation in NEGOA consists of three major
regimes. Seaward of the shelf edge is the Alaska Cur-

rent, with an eddy-infested region lying inshore of it.

Near there is a strong westerly coastal jet, while over
the continental shelf there is a weak mean longshore

flow (Fig. 3.36).

3.6.1 Alaska Current

The Alaska Current, part of the counterclockwise

gyre in the Gulf of Alaska, flows westward just seaward

SUMMARY OF SURFACE CURRENTS
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Figure 3.36

Conceptual summary of the surface circulation in NEGOA.




of the shelf break. It has a surface layer of low
salinity and a subsurface temperature maximum. Associ-
ated with the Alaska Current is a permanent halocline
at about 150 m (Galt and Royer, 1975) and warm surface
water (Royer and Muench, 1977).

The Alaska Current is a narrow (less than 75 km in

width), high speed flow. Mean speeds are probably

about 60 cm/s, but extreme speeds greater than twice
this value have been reported. Mean transport for the
Alaska Current has heen estimated by Reed et al. (1979)
to be 9.5 x 106.m3/s (0-1,000 db}. There is disagree-
ment on whether a seasonal variation occurs in the
transport (Royer, 1979c; Reed et al., 1979).

Royer (1979c) describes the Alaska Current as a
boundary between the warm, high salinity water of the
North Pacific and the cooler, lower salinitf water of
the continental shelf. It is not stationary, however.
Though the Alaska Current generally parallels the shelf
break, it does meander inshore and offshore.

Large {100 km in diameter) eddies are found in-
shore of the Alaska Current. Although they do mnot
propagate onto the shelf, these eddies have a_lifetime

of about two months. At high frequencies (time scale

—-of ~two to ~severdl ~days) the "eddigs are vertically T

coherent and largely barotropic. However, they also
have a baroclinic component. Baroclinic geostrophic
speeds of 46 cm/s (0-1,000 db) have been estimated.

3.6.2 Coastal jet

Trajectories of drogues (Royer et al., 1979) have
shown the presence of a narrow coastal jet. It has
also heen observed in nearshore hydrographic data
(Royer, 1979b). Distributions of suspeﬁded matter
(Molnia and Carlson, 1978; Feely et al., 1979) clearly

show the advective effects of this current as sediments

are carried towards the west with”some apparent off-
shore advection.

The coastal current or jet dis 20-30 km wide.
Typical baroclinic speeds are 15-40 cm/s. It appears
to be stronger in fall and winter, probably in response
to increased levels of fresh water discharged along the
coast. The barotropic component of the coastal jet is
largest during winter when strong winds cause sea level
setup.

Royer (1979a) has shown that seasonal variations
in coastal sea level are caused by changes in local
steric values, which are caused by seasonal changes in
the influx of fresh water along the coast. Thus,
seasonal changes in speed of the coastal jet are baro-
clinic. However, on shorter time scales (on the order
of a day to a week) the coastal jet varies barotropic~
ally with changes in the wind field..

A coastal current appears to be present throughout
the Gulf of Alaska. Although it is diverted offshore
by Kayak Island, a new current forms west of Kayak
Island largely because of the influx of fresh water

from the Copper River.

~3,673 Circulatien on the continéntal shelf 7T

Mean currents over the continental shelf are weak
in comparison to the strong Alaska Current and to the
strong coastal jet. Flow is longshore towards the
west, but there is also considerable cross-shelf flow.
Buoys drogued at 35 m depth undergo rapid onshore
advection over the shelf (Royer, et al., 1979). Cur-
rent meter records at one mooring show onshore flow at
all depths below 20 m. Thus, although there are few
observational data, (see Fig 3.28) there may be a
strong offshore flow in the upper 20 m {to conserve

mass). If this strong offshore flow does exist, it

probably would advect surface pollutants (e.g., crude
0il) seaward, away from coastal resouxces. However,
Royer (1979b) states that near-bottom flow measured by
current meters;@s generally offshore. Conservation of
mass could be met)by this flow.

Low-frequéncf (time scales longer than a month)
dynamics are controlled to a large degree by levels of
coastal precipitation and runoff., Variations in steric
heights over the shelf near Seward can be accounted for
almost entirely by variations iﬁ the coastal influx of
fresh water. At Yakutat, where there is less precipi-
tation and a narrower shelf on which fresh water can be
contained, the influence of the influx of fresh water
on sea level is smaller. At higher frequencies (time
scales of one to a few days) winds control sea-level
fluctuations. Hayes (1979) has shown that the sea
level (bottom pressure) rgsponds to onshore winds in
shallow waters, while in deeper water (depths greater
than 50 m) set-up from longshore wind is dominant.

Kayak Island, which separates the relatively wide
continental shelf to the west from the narrower shelf
to the east, is an important topographic feature that

controls circulation. It also forces the coastal jet

and the Alaska Current into close proximity. Directly

west of Kayak Island is a permanent, clockwise eddy.
It has a strong baroclinic component, with speeds
estimated to be 15-30 cm/s (for 0-100 db). Apparently,
low-density water is supplied to the eddy by the
coastal current, and this water provides at least some
of foréing for the eddy. Galt (1976) postulates that
this eddy is a potential site for the accumulation of
surface pollutants.

On the shelf west of Kayak Island mean currents
are weak. Local wind forcing dominates this large,
shallow region. "Near the coast flow is controlled

largely by freshwater discharge from the Copper River.
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Béroclinic geostrophic currents toward the west are
established by this outflow. Suspended matter from the
Copper River appears to be advected westward and into
Prince William Sound, largely through Hinchinbrook
Entrance (Feely et al., 1979).

On the seaward edge of the continental shelf the
Alaskan Current influences circulation. Eddies formed
on the landward side of the Alaskan Current transfer
momentum to the shelf. However, it appears that the
eddies do not propagate onto the shelf (Hayes, 1979).
Royer (1979b) suggests that eddies observed on the
shelf formed in the western Gulf of Alaska and propa-

gated eastward.

3.6.4 Exchange with Prince William Sound

Prince William Sound is a deep (450 m) basin
connected to the Gulf of Alaska through two relatively
shallow (100 m and 200 m) channels (Schmidt, 1977).
Exchange of water between the sound and the gulf is
important to the dynamics of each and is important in
assessing the potential effects of pollutants.

Recent drogue studies (Royer et al., 1979) have

surface-borne pollutants would enter Prince: William
Sound. However, the observation of suspended matter in
surface (5 m deep) waters (Fig. 3.28) suggests that
there is inflow through the eastern entrances to the

sound.

3.6.5 Forces controlling circulation

Winds dri%e barotropic motions on the time scale
of a few days. On shorter scales, winds undoubtedly
cause surface advection and mixing. However, there is
no evidence that seasonal changes in the wind field
cause seasonal changes in the circulation.

The coastal influx of fresh water is a major
driving force. Seasonal changes in the discharge drive
seasonal changes in the nearshore region. Precipi-
tation and runoff are the source of low-density water
that sustains the horizontal pressure gradient which
drives the Alaska Current.

Winds and the influx of fresh water act in concert
in determining coastal dynamics. Low-salinity surface
water is held against the coast by the strong down-

welling tendency in winter winds. In summer, when the

surface layers. This could be an ageostrophic flow due
to differences in density of the water in the sound and
just outside it (Royer et al., 1979). Schmidt (1977)
states that water at depths greater than the sill
depths are exchanged through advective inflow at depth
and turbulent diffusion. Below the surface mixed layer
but above the sills, exchange is affected by advective
intrusions of ocean water. Diffusion processes prob-
ably occur throughout the year, whereas advective ones
may occur only in the summer (Schmidt, 1977).

Since direct observations of currents very near

the surface have not been made, it is uncertain whether
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magnitude of the upwelling index is small, Ssirface

waters are not pushed onto the coast and, partially as
a result of this, the baroclinic forcing of longshore
currents is redunced.

Bathymetry plays an important role in determining
circulation through the gulf. Mean flows are largely
parallel to bathymetry. Troughs in the shelf appear to
divert flow shoreward. Kayak Island diverts the
coastal current seaward which provides low-density
water that drives the clockwise-rotating, baroclinic
eddy west of Kayak Island. Also, Middleton Island
shoals block the westward current and force it inshore

or offshore.

The Alaska Current is important as a source of
momentum. However, the mechanisms by which momentum is

transferred onto the shelf are not understood.




CHAPTER 4 CHEMISTRY
K. W. Fucik, SAI

4.1 TINTRODUCTION

Terrigenous, bhiogenic, and petrogenic hydrocarbons
all occur in the marine environment. Terrigenous and
biogenic hydrocarbons occur naturally. One of the
goals of OCSEAP is to assess changes in the Alaskan
marine environment resulting from offshore petroleum

development. First, however, it is necessary to

identify present 1levels of hydrocarbons and their.

probable origins.

Hydrocarbons in the water are likely to increase
during the exploration, production, and transportation
phases of development. Because some of  the
hydrocarbons common to¢ petroleum are also produced by
marine organisms, mnatural Tbackground levels of
hydrocarbons must be established before contributions
from petroleum deﬁelopment can be measured. Techniques
developed for tracing the sources of hydrocarbons will

also be wvaluable in future monitoring and assessment

programs.

w—=~The—few studies —of “the chronic  effects ~of T TTT

petroleum operations on marine environments have
reported little damage. In a comprehensive study of
the effects of almost 30 years of petroleum operations
on the estuarine and offshore waters of. Louisiana, the
Gulf Universities Research Consortium (GURC) Offshore
Ecology Investigation (OEI) found that concentrations
of all compounds asséciated with drilling or production
were too low to be a persistent biological hazard; the
region, which is wvery productive, appears to be
ecologically healthy; and study sites in Timbalier Bay

showed no significant ecological change as a result of

petroleum operations, which began in 1952 (Oppenheimer,
1977).

Another study has been monitoring the effects of
an oil and gas field in about 20 m of water off
Galveston, Texas.  Although production and development
began in 1960, petroleum operations appear to have had
little effect on the local enviromment. Hydrocarbon
levels in the water have been low (<35 ppb), and
petroleum hydrocarbons have been detectable in the
sediments only in the immediate wvicinity of the
platforms (Jackson et al., 1978).

In the same area, Armstrong et al. (1979) examined
the effects of an oil separator platform in the shallow
waters (22 m) of Trinity Bay, Texas. Reduced benthic
populations near the platform were correlated with
naphthalene concentrations in the sediments. The most
drastic changes were noted within 150 m of the
platform. Total concentrations of naphthalenes ranged
from 6 ppm to 22 ppm. No changes were evident 500 m
from the platform.

The effects of major oil spills have been
variable. The Argo Merchant spill appears to have had
little lasting effect on the environment (Kuhnhold,

in open waters and did not come ashore. The ultimate

‘effect of the Metula spill is unknown but may be

significant at heavily oiled sites (Straughan, 1978).
The Amoco Cadiz spill contaminated littoral communities
immediately (Hess, 1978); the long-term effects of this
spill are under study. Studies of the effects of the
IXTOC I blowout in the Gulf of Mexico have just begun.

In gas and oil field operations heavy metals can
enter the marine environment in formation waters,
drilling muds, crude oil, or sediments. Studies in the

Buccaneer o0il and gas field off the Texas coast showed

elevated levels of barium, lead, strontium, and zinc in
the sediments; these may have come from petroleum
operations (Armstrong et al., 1979). If these toxic
metals are incorporated into the marine food web, they
could ultimately contaminate human food and are thus a
potential health hazard to man. They may also cause
permanent changes in  local animal communities.
Knowledge of the present concentrations of heavy metals
in the water, sediments, and biota of Alaskan marine
waters is required before oil development begins so
that future changes in metals concentrations can be

accurately measured.
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4.2 DISTRIBUTICN AND CONCENTRATION OF PETROLEUM
HYDROCARBONS
4.2.1 Water column concentrations

VHydrocarbon levels in the surface waters of NEGOA

(Shaw, 1975; 1976; 1977).
levels of hydrocarbons that are characteristic of un-

polluted areas {Table 4.1).

The analyses indicated low

The results are similar to
those from other areas of the Alaskan Outer Continental
Shelf. Higher levels in April and May than in winter

probably reflect the higher biological activity during

were measured at a series of standard hydrographic sta- the spring. This suggests that hydrocarbons are bio-
tions (Fig. 4.1) at various times from 1974 to 1976 genic. No spatial trends in hydrocarbon distributions

are evident, although a larger sample might reveal one.

Gas

chromatograms

from

samples

collected near

STATION LOCATIONS

142° 141° 140° 139° 138°

61°

i 59°

*12
*13
.14
. »16 17 018
147° 146° 145° 144° 1430 142° 141° 140° 139°
Figure 4.1 Chemical sampling stations in NEGOA.
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known oil seeps between Katalla and Icy Bays showed
They

are quite unlike the hydrocarbons found in the surface

that these o0ils are highly weathered petroleum.

waters and sediments of this area.
Tar was found in only 8 of 37 seston tows. Less

than 10 mg of tar were collected from every station but

Table 4.1 The levels (mg/kg) of hydrocarbons in the
waters of NEGOA at various times din 1975 and 1976,
(Shaw, 1975; 1976; 1977).

DATE
Station
No. 2/75% 5/75 9/751,2 11/751 2/761 9/761
1 KD ND c c 0.1% ND
2 0.07 ND ND 0.08
3 0.17 0.02
4 0.32 0.02
5 0.03 ND
6 12.8 c C [ 0.02 ND 1.53 0.16
7 0.04 ND
8 0.12 0.1¢
9 ¢ ¢ N¥D 0.09
10 0.11 0.24
11 0.15 0.22
15 0.32 0.87 0.09 0.15 1.00 0.95
22 10.0
23 ND ND
24 c ¢ 0,17 XD 0.54 ©.33
26 10.5
29 ND 0.86 cc 0.56 0.16
30 cc 0.86 0,59
32 <1 (3.1) ccC
33 <1 (4.2)
39 ¢ c
37 (3 1) 1957 ND——1516————-- oo -0, 0h—0 08 . 0.86__0.19. .
39 <1 (2.5} c ¢ 0.06 0.07 0.37 ©.14
40 <1 (4.2)
41 (3.4) 13.8 ¢ ¢ 0.18 0.03 1.81 7.72
42 (2.6)
44 (3.0)
47 (7.0} ND  4.25 0.04 0.45 1.51 ©.04 1.02 0.36
48 (3.3)
50 ND <7.0 0.05 ND 2.06 0.08
51 54.2 0.57 2.45
(offscale)
52 cc 0.05 WD 0.58 0.55
53 (3.9) ND ND 0.46 0.33 0.11 0.08
55 (3.3)
57 (2.5) 0.19 0.07
58 0.18 0.05
59 (1.4) a
70 0.49° 0.36
75 9.7 0.06 0.33
BWS 12 <1 (5.8)
PWS 107 22.1

the first number was

L3

The pumber in parentheses was derived from a Tenax extract;

derived from a CCl, extract.

1 The two numbers represent hydroecarbons in  fraction 1 and fraction 2, respectively.
Fraction.l is a hexane extract and includes saturated and some clefinic hydrocarbons.
Fraction 2 contains larger and more extensively unsaturated hydrocarbons, aromatic
hydrocarbons, and some non-hydrocarbon organic compounds.

2 ND = Not detected; € = Contaminated sample.



one (48), Seventy-seven

seston tows in Alaskan waters covering 740 m? of sea

where 127 mg were found.
surface vyielded a mean tar concentration of 2.17 =x
103 mg/m?.

those found

Overall, these tar levels were lower than

in other parts of the world's oceans.

4.2.2 Sediment concentrations

In aquatic' ecosystems the sediments are the

ultimate sink for many contaminants. Processes that
increase the specific gravity of petroleum, causing it
(1) evaporation

to sink, are and dissolution, (2)

degradation and oxidation, (3) formation of dispersed
particles and subsequent agglomeration, (4) ébsorption
and adsorption by particulate matter, and (5) uptake of
(Clark and MacLeod,

Several examples in which the incorporation of

seawater during emulsification
1977).
petroleum hydrocarbons into the sediments has resulted
in chronic pollution have been reported (e.g., Blumer
1972; 1976;

Armstrong et al., 1979).

and Sass, Vandermeulen and Gordon,

Table 4.2 Weights of total hydrocarbons in the sedi-
ments of NEGOA.

Station Shaw (1975)% Kaplan (1975)b

Solvent

% organic extract- Liquid chromategraphy

carbon able Saturated Aromatic Polar

1 4.5 :
3 16.2
[ 13.7
9 2.4
13 10.9
16 5.3
19 1.4
22 1.2
26 3.7, 1.1
30 3.1
32 13.0
37 5.0
39 7.2 -
41 17.2 0.84 143.1 7.07 31.80 70.67
42 12.5
43 0.66 141.1 18.71 18.71 76,92
44 11.1
43 16,0, 14.8
50 22.1, 15.1 0.78 170.4 29.77 47.97 82.70
51 0.73 195.8 26.11 11.19 143.60
52 14.4 0.81 146.4 15.52 28.83 88.73
53 15.9
55 7.8 0.92 162.3 20,55 26.71 100.68
57 26.3
59 18.5
75 16.7

EWS 107

PWS 12 3.0 0.92 159.6 12.27 39.27 98,18

8 pg hydrocarbons/g wet sediment.

b pg hydrocarbons/g dry sediment.

was greater than 1 but did not approach the higher

values (~2) often observed in young sediments. This
ratio is near unity for petroleum, whereas
biosynthesized n-alkanes usually have odd carbon

numbers. Further evidence for a petroleum origin was
én absence of Cq7 or Css olefinic hydrocarbons, often
associated with young sediments in which the organic
matter is largely derived from plankton (Kaplan, 1976).

From analysis of sediments from south-central
Alaska waters, Shaw (1978) determined that adsorption
of hydrocarbons onto the sediments is unlikely to be a
major factor in the dispersal of spilled o0il. In the
immediate vicinity of oil spills, however, oil droplets
may coat sediments and sink,

thereby increasing

concentrations of oil in the sediments.

4.2.3 Hydrocarbon levels in the biota

Marine organisms accumulate petroleum hydrocarbons

either directly from the water or by ingestion.

Laboratory and field studies have shown that some

Sediment hydrocarbons have béen analyzed from only
Shaw (1975) found total
hydrocarbon levels ranging from 1.1 to 26.3 Hg/g wet
(Table 4.2). The C14-Cap

represented a small fraction of the total hydrocarbons

a few locations in NEGOA.

sediment hydrocarbons

present, with weights ranging from 0.2 to 17.5 pg/g wet
(1976) found that the amount of

than 1

sediment. Kaplan

organic matter in the sediments was less
percent. The total weight of the hydrocarbons ranged
from 141 to 196 pg/g dry sediment. When broken down to
its component parts, the saturated fraction contained
the lowest amount of extractable material and the polar

component contained the most.

suggest

dgfermine the

Attempts to origin of the

hydrocarbons were inconclusive. Shaw and Kaplan found

no traces of phytane in the sediments. Shaw noted the

absence of a large unresolved envelope in the

chromatogram traces. This is in contrast to sediment

samples collected near known oil seeps in NEGOA that

were

characterized by highly weathered

petroleum
(hence, a large, unresolved envelope).

that the

Both findings
hydrocarbons are biogenic. 4
petroleum origin for these hydrocarbons is supported by
the absence of odd chain lengths in the hydrocarbons of
the benthic (Shaw, 1975) and by Kaplan's

(1976) finding that the odd/even ratio for his samples

sediments

organisms accumulate hydrocarbons until they die or are
removed from the hydrocarbon source. Once removed from
the source, most organisms can rid themselves of the
hydrocarbons accumulated in their tissues. Crustaceans
and fish can also metabolize hydrocarbons. Little is
known of the fate or effects of the metabolic products
of hydfocarbons on organisms.

Petroleum hydrocarbons may be acutely lethal or
sublethal to marine Their

chronically organisms.

effects vary with species, life stage, nature of the

0il (i.e., c¢rude or refined), and the degree and

duration of exposure (Rice et al., 1977). Most of our

present knowledge comes from laboratory studies.
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Only ten samples of biota collected from NEGOA

have been analyzed for hydrocarbons. These include

samples of Fucus distichus, Mytilus edulié,
Chionoecetes opilio, and the flesh of Theragra
chalcogramma (Table 4.3).

Analyses of F. collected throughout

distichus
Alaska showed that the variability of biogenic hydro-
carbon composition is less than for animals with vari-

able diets. hydrocarbon changes occur

Nevertheless,
with changes of season, growth, and reproductive cycle.
The M.

William Sound were very low in hydrocarbons.

edulis samples from Simpson Bay in Prince
None of
these were petroleum hydrocarbons, suggesting that the
area 1is free of petroleum contamination. The samples
of C. opilio had a negligible level of hydrocarbons,

while those of T. chalcogramma had none.

Table 4.3 Hydrocarbon concentration (mg/g) in plant
and animal species collected in NEGOA (Shaw, 1977).

Species Location Total hydrocarbons
concentration
R T T S ——— s
distichus Katalla Bay 22.0
F. distichus  Resurrection Bay 26.3
Mytilus
edulis Simpson Bay 3.4, 0.68
Chionoecetes o o
opilio 59037.0'N-141035.0‘W 62.8
(entire) 59735.0'N-141729.0'W
Theragra chal- o o
cogramma 59037.0‘N-141035.0'W 3.36
(flesh) 59735.0'N-141729.0'W
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4.3 DISTRIBUTION OF METHANE, ETHANE, PROPANE, BUTANE,
AND OLEFINIC HOMOLOGS IN THE WATER COLUMN

4.3.1

Concentrations of low-molecular-weight hydrocar-

and Norton Sound) (Table 4.4).

used to identify the source of hﬁdrocarbons and to
The
the

trace mesoscale circulation (Cline et al., 1978).

bons in NEGOA

Low-molecular-weight

ubiquitous in waters of the Alaskan shelf (Cline et

al., 1978).

trations and the

Table 4.4

areas. - Unusually high concentrations occurring singly have not been included in the ranges.

Methane is
02“04

concentrations (except in localized areas of Cook Inlet

hydrocarbons

found in moderate concen-

hydrocarbons in low

theory of cyclonic circulation in the outer part of

Norton Sound and the clockwise gyre south and west of

(IMWH) are Kayak Island in the Gulf of Alaska.

Three cruises were

(Cline et al., 1978).

periods in each survey area is given in parentheses (data from Cline et al., 1978).

distribution of methane, for example,

conducted

Levels of methane,

supports

These compounds can be

in NEGOA during
October and November 1975 and April and July 1976

ethene, propane and propene, and butanes were measured,

Typical seasonal range of hydrocarbon concentrations observed in the near-bottom waters of selected 0CS
Number of observation

ethane and

Region NEGOA LCI2 Bristol Bay  Norton Sound! Chukchi Sea Kodiak Shelf
(3) (2) _ (2) (1) (1) (1)
Component nl/1 (STP)
Methane 100-1,500 100-900 60-600 200-2,0002 200-3,0003 150-2,000
“Ethame T T 0T2=150— 003008 005=220-— ——0:3-123—— - ——0:3-3+0 . 0.2=0.8
Ethene 0.5-3.0 0.5-5.0 0.5-5.0 0.3-4.0 1-4.0 0.5-3.5
Propane 0.2-0.6 0.1-0.6 0.2-0.7 0.2-0.5 0.2-1.3 0.1-0.5
Propene 0.2-0.6 0.2-0.8 0.2-2.0 0.2-0.9 0.3-0.8 0.8-2.0
Isobutane < 0.05 < 0.05 <.0.05 < 0.05 < 0.05 < 0.05
n-Butane < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05
Cy.07C2:1 | < 0.5 < 0.5 <1 < 0.5 <1 < 0.5

1 . .
The range does not include observations

2The range does not include observations

3The upper value is the result of strong

from region of gas seep.

from the region north of Kalgin Island.

thermal stratification that existed at the time of the measurements.



Methane

Methane levels in the surface shelf waters usually
ranged from 100 to 300 nl/l. Surface concentrations
sometimes exceeded 300 nl/l southwest of Kayak Island,
possibly because of the anticyclonic gyre observed in
the area. Concentrations of 600 nl/l were measured
near Icy Bay in July 1976; these were probably related
to the high biological productivity observed at this
time (Fig. 4.2). The highest methane concentration
measured was 1680 nl/1 at the entrance to Yakutat Bay.
It is not known, however, whether this concentration
was caused by high primary productivity or by the
surface entrainment of petrogenic hydrocarbons from tHe
bay.

Offshore concentrations (from those samples taken
beyond the shelf) were less than 100 nl/l and were
presumably approaching saturation with the overlying
atmosphere.

Methane levels were higher and more wvariable in
the near-bottom waters, reflecting the proximity of
these waters to a bottom source. The wvariability
suggests iﬁtérmittent sources  and/or variable
circulat_ion patterns. Methane concentrations in the
bottom waters ranged from 100 nl/1 to about 1,500 nl/1.
Very high levels in the bottom waters were observed
near Tarr Bank, where fine-grained sediments rich in
organic matter are prevalent. The major source of
methane in the 1975 .samples was the Hinchinbrook Sea
Valley near Montague Island, where near-bottom waters
drift toward the east. This area had variable methane
concentrations, usually above 400 nl/l. There was
little indication of advective drift in April and July
1976. The major source of the methane during July

Gl £
G
R 3
o
o

e

2

S i R x;;,@ji““@"@*@»"@"\‘; S Sk {6 SRS o R
. . ' ‘%&%&éﬁ@&%ﬁ%@i e
et et G T e
< .
s .
Bea Liieii il ca
.. . . .
e .@%@ e e Q‘%‘@Q@@@@@O@%g@ 10 [ 10 20 30 40 50 miles
. k- . B
% e SR S ./ \\@?,,}’&' e A
= 0 - e g G R e
1 g d . . s
132 e o o
e . .
R | s ; :
A

A
2

s

60° *138 123 B80°
176 »
127
173 .
. J148 128 .
381
o130
121
&
o78 072
590 S 590
SURFACE METHANE CONCENTRATIONS {n!/l)
July 1976
147° 146° 145° 144° 143° 142° 141° 140° 139°

Figure 4.2 Areal distribution of methane (nl/l) in surface waters during July 1976 (Cline et al., 1978).

appeared “to be an area north of Tarr Bank. The April October-November or July concentrations and reflected

methane levels were lower than  either  the the distribution of fine-grained sediments.
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Ethane and ethene 143° 1420 147° 140° 139° 138°
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Figure 4.3  Areal distribution of ethane (nl/1) in J
surface waters during July 1976 (Cline et al., 1978). 147° 146° 145° 144° 143° 1420 1410 140° 139°
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biological origin except that ethene concentrations
were not abnormally high (Fig. 4.4). Previous
measurements in Alaskan waters showed that ethene
concentrations exceed those of ethane by a factor of
two or more during periods of high productivity. This
suggests that the source of low-molecular-weight
hydrocarbons may have been a gas or oil seep. The
‘highest concentrations of ethane and propane were found
at the surface, indicating that the source was within
Yakutat Bay and had been advected seaward.

Bottom ethaﬁe concentrations ranged from 0.2 to
1.3 nl/l, averaging 0.4 nl/l. The single high value

was recorded near Tarr Bank.

Figure 4.4 Areal distribution of ethene (nl/l) in
surface waters during July 1976 (Cline et al., 1978).
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Propane and propene 1420 139° 138°
Propane, too, showed 1little seasonal wvariation

between October and November 1975 and April 1976.

61°

Concentrations averaged 0.4 nl/l, decreasing to 0.2

50 miles

nl/1 toward the east (Fig. 4.5). High concentrations
were noted at the entrance to Yakutat Bay during July
1976 but were not accompanied b& gimilar increases in a
propene (Fig. 4.6). Levels of propane at the

near-bottom were similar to those observed at the

surface. Levels were pear 0.2 nl/l with a high of 0.6

60° 60"

nl/1 near Hinchinbrook Island and Tarr Bank in July.
These values, however, are similar to those observed -4
over the slope and do not suggest the presence of

either oil or gas seeps.

Butanes
Concentrations of iso- and n-butanes were very low

or undetectable at all locations in both surface and 15g°
. 59°
near-bottom waters.

SURFACE PROPANE CONCENTRATIONS (ni/l)
July 1976 '

Figure 4.5 Areal distribution of propane (nl/1) in i
surface waters during July 1976 (Cline et al., 1978). 147° 146° ’ 145° 144° 1430 1420 141° 140° 139°
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4.4 DISTRIBUTION AND CONCENTRATION OF TRACE METALS

4.4.1 Concentrations of trace metals in the water

column

The water column in NEGOA was sampled for trace
metals during several periods (Burrell, 1976; 1977;
1978; Robertson and Abel, 1979).

conducted at standard hydrographic stations between

Sampling was

Yakutat Bay on the east and Resurrection Bay in the
west (Fig. 4.1). Levels of cadmium, lead, copper,
zinc, antimony, uranium, cesium, rubidium, iron,
cobalt, inorganic and total mercury, and vanadium were
measured.

The results from NEGOA waters were similar to
those from other Alaskan 0CS areas and were uniformly
low for all metals. On the whole, average levels of
trace metals throughout the Gulf of Alaska are lower

than the generally accepted oceanic means (Table 4.5).

Table 4.5 A comparison of soluble trace element con-
centrations (mg/l) in Gulf of Alaska bottom waters and
the oceanic means. The soluble fraction includes. par-
ticles less than 0.4m (Burrell, 1978).

Flement Gulf of Alaska Ocean%c
mean mean

A b

g 0.009 0.04
Cd 0.03 0.1
Cu 0.2 0.5
Hg 0.007 0.03
Ni 0.65 1.7
Pb 0.04 0.03
v 1.5 2.5
in 0.3 5.0

2 Brewer (1975)

surface estuarine-fiord water
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In addition to the survey work on the shelf,
Burrell (1978) studied the vertical distribution of
manganese and vanadium at two stations in Yakutat Bay.
Vanadium was evenly distributed throughout the water
column, but manganese showed increased concentrations
with depth (Fig. 4.7). These data suggest that metals,
important fluxes of at least some heavy metals occur at
the sediment-water interface.

Robertson and Abel (1979) measured‘ trace metal
concentrations in particulate matter suspended in the
water column. Metals concentrations were generally
higher -in nearshore versus deep waters and in

near-bottom versus surface waters. However, higher

O
® Mn at Station 7
i A Mn at Station 9
20k B V at Station 7
¢ Vv at Station 9
40|
:
601
:_E, 80
: -
|
]
2 100}
120
140
_ T
160}
B [ 1 [ 1 1 1 - |
0 1 2 3 4 5 6 7
Concentration (ug/kg)

surface than near-bottom concentrations were measured
at Stations 44, 49, 50 and 594, suggesting a surface
plume of high suspended sediment 1load or intense
plankton blooms.

The trace metals concentrations in the suspended
particulate matter were consistent ‘with those found in
mid-latitude, uncontaminated coastal regions. -
Concentrations on the Alaskan shelf varied greatly from
station to station, however, precluding comparison of
lease areas. This variability reflects fluvial influx
and transport of terrigenous materials, storm
resuspension of sediments, and biological processes.

Robertson and Abel (1979) found that the
concentrations of dissolved wvanadium, antimony,
uranium, cesium, and rubidium tended to be uniform in
Alaskan waters and independent of the amount of
suspended particulate matter in the water. In
contrast, concentrations of manganese, zinc, cobalt,
and iron were quite variable and influenced by the
amount of suspended matter. The uniform distxibution
of dissolved vanadium levels on the Alaskan shelf would

make this metal a sensitive dindicator of oil

contamination.

Figure 4.7 Soluble (0.4 m) manganese and vanadium at
Stations YAK-7 and -9, Yakutat Bay, June 1977 (Burrell,
1978).



4.4.2 Concentrations of trace metals in sediments

The levels of heavy metals in the sediments at
sevefal stations in NEGOA were determined by Burrell
(1978) and Robertson and Abel (1979). Metals
concentrations in the sediments inérease nearly twofold
from the Bering Sea to the Western Gulf to the eastern
Gulf of Alaska. Nevertheless, metals concentrations iﬁ
all of the Alaskan shelf areas are typical of those of
uncontaminated, mid-latitude coastal regions.

Leaching experiments were performed to determine
the fraction of metals readily available from the
sediments. This "available" fraction is thought to
represent that part of the total sediment repository
which are subject to ©biological assimilation or
alteration and/or release of metals due to petroleum
related activities (Robertson and Abel, 1979). Burrell
(1978) reported that the percent of extractable metals
correlated with sediment grain sizes and increased from
the Bering Sea to NEGOA. Available Mn, Co, V, Fe, and
Sc ranged from 21-82 percent, 11-59 percent, 8-29
percent, 5-27 percent, and 1-10 percent, respectively,

of their total concentration in the sediments

and Abel, 1979). Concentrations of metals in these
organisms are consistent with values obtained from the
water and sediments and indicate the generally clean
nature of the Alaskan marine environment system.
Mercury concentrations, which are the most
intercomparable with other areas of the world because
of the amount of baseline data, were typical of those
found in uncontaminated shelf areas of the world
(Robertson and Abel, 1979).

In comparison to the other organisms, king crab
(Zn, Ag, As) and‘NeEtunea (As, Se, Zn, Hg, Fe, Sb, Co,
V) tended to accumulate high levels of certain metals
(Table 4.6). This tendency to concentrate these metals
is not unusual in these organisms. The variability of
metals concentrations in Mytilus was sufficiently small
to make this species a good indicator organism for

metals contamination.

Table 4.6 Mean concentrations of selected metals in
Alaska OCS biota, (Burrell, 1977; 1978; Robertson and
Abel, 1979).

4.5 SUMMARY

As in other areas of the Alaskan OCS, the measured
hydrocarbon levels indicate an essentially unpolluted
environment. Soluble hydrocarbons were probably
biogenic, and the levels of floating tar were as low as
or lower than those reported in open ocean waters
elsewhere. Hydrocarbon levels were also low in the
sediments and in certain organisms.

Low-molecular-weight hydrocarbons (ILMWH) were
sampled over three seasons. Their distribution and
composition indicate that they are biogenic rather than
petrogenic. The levels of IMWH were within the range
of concentrations measured in other areas of the
Alaskan 0CS and other unpolluted regions of the world's
oceans.

Sampling of the water, sediments, and biota of

NEGOA indicated no contamination by trace metals.

"{Robertson and Abel, 1979).

4.4.3 Concentrations of metals in the biota

Concentrations of sixteen heavy metals in the
biota of NEGOA have been determined for the alga Fucus,
the bivalve Mytilus, the snail Neptunea, rock sole,
pollock, and king crab (Burrell, 1977; 1978; Robertson

Number (Metal ppm dry weight)
of samples Ag As Cr Hg Se . EZn
Crab 12 1.170,48  41#10 <0.50 0.33%0.14 5.6%4.2 117118
Rock sole 9 <0.038 1849 1.3%1.9  0.270.10 2.0£0.7 3245
Pollock 14 <0.035 4.742.4  0.2620.10 0,1240.08 1.4%1.2 2344
Neptunea 5 35432 71148 1.1+0.6 2.0+1.5 33+48 3260126
Hytilus 18 0.08710.036 7.5+2.8 3.913.9  0.23+0.09 2.610.5 88+29
Fucus - 15 0.130%0.04 177 1.9%1.8 0.056+0.026 0.049+0,022 1443

Seaweed 10 0.062%0,037 11%5 1.7%1,3 0.04610.034 0.064%0.063 8.613.9
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CHAPTER 5 NUTRIENTS, BACTERIA, AND PLANKTON
K. Fucik, SAI

5.1 LOWER TROPHIC LEVELS

Trophic dependencies .in ecosystems are often
depicted for simplicity as a food chain, i.e., a
straight linkage between successively higher trophic
links. A more realistic idea, however, is the. food
web, in which organisms in the ecosystem show trophic
dependencies on other organisms at the same or higher
trophic levles.

Phytoplankton make direct use of free nutrients
and form the basis of the food web in most marine
ecosystems. They are the major source of food for
zooplankton and some larval forms. In turbid waters,
such as some estuaries, where phytoplankton populations
- are low, detritus and attached bacteria are often
directly consumed by zooplankton.

In subarctic marine waters phytoplankton grow most
rapidly during the spring or early summer. Light is a
major factor limiting. primary production during the

winter in the subarctic regions, and the increased

’;1i§Hfm1eVelS_1n spring, coupled with. the availability =

of nutrients (primarily mnitrates, phosphates, and
silicate) and stabilization of the water column,
trigger the accelerated growth, or bloom.

Stability of the water column occurs when density
stratification is positive (i.e., density increases
with depth). In NEGOA, stability can be induced.by
either freshwater runoff from land or heating of the
surface waters by the sun in the spring and summer.
The water column in NEGOA is unstable during the
winter, as high winds . thoroughly mix the surface layer.
Because of the Ilow light levels in the winter, the

mixed layer often exceeds the depth of the euphotic

zone (the region where active photosynthesis occurs),
and primary productivity is lost when phytoplankton are
carried out of the euphotic zome. Stabilization of the
water éolumn in the spring and summer results in a
euphotic zone that extends deéier than the mixzed layer.

The stabilization of the water column further
affects phytoplankton and their utilization of
nutrients. Most of the nutrients utilized by the
phytoplankton during the spring bloom have been brought
to fhe surface from the nutrient-rich deeper waters by
turbulence. With stabilization of the water column the
influx of nutrients from deeper waters ceases, and
phytoplankton productivity is eéventually limited as
nutrients are utilized in photosynthesis.

Bacteria are the primary recyclers of nutrients in
the water column. A generalized picture of bacterial
distributions in the open ocean shows high numbers
immediately below the level of maximum photoplankton
activitf and at the ocean bottom (Fig. 5.1). The rate
of nutrient recycling corresponds closely to the
vertical distribution of the bacteria, so that much of
the remineralization occurs just below the compensation

depth (the depth at which photosynthesis equals

sea surface

phytoplankton
production

euphotic zone

dark zone

>

s e A,
sea bottom

Figure 5.1 Vertical distribution of bacteria compared
to that of phytoplankton and to location of the

- phytoplankton respiration) (Russell-Hunter, 1970). 1In
nitrate renewal'the organic nitrogen in feces,'excreta,
and dead tissues is broken down and converted to
ammonium, then to nitrite, and finally to nitrate (see
Russell-Hunter, 1970, p. 161). '

Another source of nitrogen in the euphotic zone is
ammonia excreted by zooplankton. This source is
particularly important after the water column
stabilizes because it represents’a continuous source of
recycled nitrogen while other forms of nitrogen in the

euphotic zone are being depleted, sometimes to

undetectable levels. Dugdéle and Goering (1967) have

termed primary production associated with ammonia

euphotic zone (from Russell-Hunter, 1970).

assimilation ''regenerated" production, while that
associated with nitrate assimilation they call "new"
production. The distinction is that only new sources,
such as nitrate from deep water oxr nitrogen fixation,
allow increases in population or production to be
passed on to higher trophic levels. The regenerated
ammonia, then, maintains existing populations during a
period when nitrafes are limiting.

In addition to the limits placed on phytoplankton
growth by nutrient availability are the effects of
predation by zooplankton. As phytoplankton populations
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begin to increase during the spring bloom, so also do
the populations of the zooplankton which feed on them.
As zooplankton growth lags behind that of the
phytoplankton, however, maximum zooplankton populations
are reached sometime after the phytoplankton peak. As
this algal food source becomes limiting and predation
from higher trophic levels increases, zooplankton
populations also decline. In some areas, secondary
phytoplankton and zooplankton maxima may occur in the
fall. This happens as the water column becomes less
stable once again, allowing mixing of the deeper and
surface waters, thus providing a renewed scurce of
nitrates in the euphotic zone. Because lighf levels
are diminishing, however, the fall increase is not

nearly as dramatic as that observed in the spring.
5.1.1 Bacteria

In the previous section, the role of bacteria in
the regeneration of nutrients for phytoplankton
production was discussed. However, data on the
importance of bacteria for the productivity of marine

ecosystems are still scarce. The rate of microbial

Table 5.1 Generalized ranges of total bacterial number
(N}, estimated by direct count, and of bacterial bio-
mass (B) in surface sea and fresh water and in sediment
exhibiting different levels of productivity during the
warm season. (from Sorokin, 1978).

Surface water Sediment
Ratio direct
x count: "
Habitat type H(*10%/ml) B(mg C/m) plate count N(*109/g) B(pg C/g)
Polluted estuaries 2-10 100~-1,000 20-100 5-10 500-1,000
and lagoons
Eutrophic waters 1-3 50-150 100-1,000 2-10 100-1,000
Mesotrophic waters 0.2-1 5-50 1,000-2,000 0.1-1 5-1,000
Oligetrophic waters 0.04-D.2 i-5

2,000-20,000 0.01-0.1 0.2-5

activity obtained by measuring the uptake of glutamic
acid averaged 1.4 ng/l/hr in the water (range:
0.3-3.4 ng/l/hr) and 45 pg/g dry wt sediment/hr) in the
sediments (range: ©0.1-27.5 ug/g dry wt sediment/hr).
Respiration values in the water samples averaged 72
percent of glutamic acid uptake (range:
53-93 percent); respiration in the sediment populations
averaged 44 percent (range: 27-72 percent). High
respiration percentages indicate that more of the
organic substrate taken up by microorganisms is being

utilized for energy requirements, with less channeled

organic matter produced by phytoplankton into a usable
food source for zooplankton. This food source may be
important during the period when phytoplankton
populations are low. In Kasitsna Bay, Lower Cook
Inlet, bacterial activity closely paralleled that of
the phytoplankton (Griffiths and Morita, 1980). The
relative microbial activity in 1979 increased by three
orders of magnitude, from 0.7 {(winter) to 135 (summer)
ng C/1/hr, leading these workers to suggest that the

bacteria could be an important food source in this

area. The March samples indicated low microbial
activity in NEGOA. This is a period Dbefore
phytoplankton growth has reached a maximum. More

extensive sampling may suggest a more important role
for the bacteria in NEGOA.

A large number of organic compounds can be found
in the world's oceans. It has been postulated that
there is no complex organic molecule ever synthesized
by plant or animal that cannot be broken down by one or
more forms of marine bacteria (Russell-Hunter, 1970).
The wide diversity of the NEGOA microbial community is
indicated by the ability of bacteria from NEGOA water

and sediment samples to grow on a wide range of organic

production in most biotopes is unknown (Sorokin, 1978).
Microbes in NEGOA during March 1976 were estimated at
an average 1.9 x 105 cells/ml in the water (range:
1.2 - 2.7 x 10° cells/ml) and an average 1.5 x 10°
cells/g dry wt of sediment (range: 0.01 - 3.1 x 10°
cells/g dry wt sediment) in the sediments (Atlas, 1977;
Morita and Griffiths, 1977). These values are probably
representative of ‘mesotrophic waters (Table 5.1).

Relative microbial activity refers to the
breakdown of dissolved organic substances and the
resulting formation of microbial biomass. This

parameter was measured in NEGOA during March 1976

(Morita and Griffiths, 1977). The relative microbial
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into biosynthesis that results in increased cell mass.
The high respiration percentages can result from
baéteria being in a stressed environment, such as one
with an inadequate supply of required growth factors.
In the water samples the high percentages probabiy
reflect the absence of an adequately balanced
nutritional source (Morita and Griffiths, 1977).

Recent studies (Smith and Wiebe, 1976; Larrson
and Hagstrom, 1979) have demonstrated that much of
the carbon produced by the phyfoplankton is excreted
in soluble form and then converted into bacterial bio-
mass. Sorokin (1978) suggests that the major role of

bacteria in temperate waters is to transform the excess

acids, amino acids, amines, and hydrocarbons (Atlas,
1977). The microbes also exhibited adaptive features
such as the ability to grow at low temperatures (Atlas,
1979). The ability to function at low temperatures
(Atlas, 1979) as well as the diversity of the microbial
communities in NEGOA (Atlas, 1977) are important in
maintaining the flow of energy through the system,
particularly wunder variable conditions. Another
important function of the bacteria, particularly with
regard to offshore oil leasing, is the ability of some
bacteria to degrade hydrocarbons and other toxic

materials. Some hydrocarbon-degrading bacteria occur

sources;%including*carbohydratesymalcohoLsyvearboxylic——wmw



in NEGOA, but their numbers are small (< 1/ml in water;
< 10/g in the sediments; Atlas, 1977). No data are
presently available on hydrocarbon degradation rates in
NEGOA.

5.1.2 Phytoplankton

Koblentz-Mishke et al. (1970) summarized produc-
tivity estimates for the world's oceans. Their data
for the Pacific Ocean (Fig. 5.2) indicate that the Gulf
of Alaska is among the most productive areas in the

Pacific Ocean, with primary productivity ranging from

120 1?0 120 160

180 120

PRIMARY PRODUCTION (mgCm®day")

0-2
2-5
5-10

. 10-100

Figure 5.2 Distribution of primary productivity in
the surface waters of the North Pacific (Koblentz-
Mishke et al., 1970).

10 to 100 mg C/m3/day in the surface waters and an
integrated productivity of 0.25 to 0.50 g C/m2/day.
These highly productive areas are generally restricted
to coastal areas in the northwest Pacific, the Mexican
and Peruvian coasts, and the Alaskan Gulf.

Anderson et al. (1977) summarized the literature
from 1958 to 1974 on the factors influencing
phytoplankton distributions and production in the Gulf

of Alaska according to geographical and oceanographic
areas. Data on phytoplankton in areas 17, 18, and 35
of NEGOA (Fig. 5.3) are
OCSEAP-sponsored field studies of phytoplankton in
NEGOA have been Ilimited. Larrance et al. (1977)

discussed below.

sampled such phytoplankton parameters as standing crop,
productivity, and nutrients at a series of stations in

NEGOA and Prince William Sound during October and

147° 146° 145° 144° 143°

142° 1471° 140° 139° 138°

61° 61°
60° 60°
59° 59°
OCEANOGRAPHIC ZONES
(atfter Dodimead et al, 1963)
2000 1}

/ ' I 35 I |\ I I

147° 146° 145° 144¢ 143° 142° 141° 140° 139°
Figure 5.3 The oceanographic zones of the eastern subarctic Pacific (Anderson et al., 1977).
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November 1975 and at three stations in NEGOA shelf
waters and one in Prince William Sound between April
and August 1976.

Anderson et al.'s (1977) aﬁerage productivity
values for areas 17, 18, and 35 of NEGOA were somewhat
lower than those values quoted by Koblentz-Mishke et
al. (1970). However, Larrance et al.'s (1977) data for
integrated productivity measured in NEGOA during April
through August and October and November were similar to
or higher than that reported by Koblentz-Mishke et al.
Averaged over the year the productivity values would
probably be similar to those of Koblentz~Mishke et al.

Anderson et al.'s (1977) and Larrance et al.'s
(1977) productivity data are consistent with what would
be expected concerning phytoplankton patterns in NEGOA.
Phytoplankton  standing crops (as  measured by
chlorophyll a) and productivity show surface maxima,
with highest values din the spring (Fig. 5.4),
intermediate wvalues in summer and fall, and lowest
values in winter. Most of this productivity takes
place in the upper 25 m of the water column. Larrance

et al. (1977) found increasing productivity with

 distance from shore. Chlorophyll a on the shelf

0 50 0
.0 4]
50+ 50~
E E
£ =~
43 1004 =3 100+
o o
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150~ 150+
200- 200~

averaged 18 mg/m? compared to 33 mg/m2 off the shelf.
These values are much less than the 81 mg/m? measured
in Prince William Sound. Daily productivity averaged
141 mg C/m? in nearshore waters and 522 mg C/m? off the
shelf. This trend is unusual but probably can be
attributed to the inhibitory effects of the turbidity
inshore originating from the Copper River and Icy Bay.
The lower levels near shore may also be indicative of
low nutrient concentrations in the runoff waters. This
is supported by Larrance et al.'s (1977) finding that
the highest nitrate levels occurred in offshore waters.

If nutrient levels in runoff waters are indeed

low, then the importance of nutrient regeneration and
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Figure 5.4 Seasonal averages with depth of nitrate, phosphate, and silicate comcentrations, chlorophyll a, and
primary productivity for Area 17 in NEGOA, 1958-74 (Anderson et al., 1977).



replenishment from deep waters takes on added
significance, Nutrient profiles derived from Anderson
et al. (1977) show expected patterns for this area
(Fig. 5.4). Concentrations of silicate, nitrate, and
phosphate increase with depth. The highest surface
concentrations occur in winter, when phytoplankton
activity and utilization of the nutrients is restricted
because of low light levels and a mixed layer that
extends below the euphotic zome. Nutrient Ilevels
decrease through the spring to summer minima and then
begin to increase in the fall when the summer
thermocline disappears and the water column becomes
less stable. At this time nutrient-rich deep water
mixes with the nutrient-depleted surface water.
Nutrient levels at depth are similar for most seasons
except for higher phosphate levels in the summer. It
is not presently known what is causing the increased
phosphate levels at depth. Larrance et al. (1977)
found no evidence that nutrients limited phytoplankton
production during the summer. This suggests that
zooplankton grazing is a major limiting factor.

The vertical distributions of nutrients provide

some information on water column dynamics. The nearly

—uniform—distributions—with—depth—in—the—winter,—

particularly of phosphate, indicates that the water
column is well-mixed. Stratification of the water
column is more apparent in the summer distributions.

Nannoplankton (phytoplankton smaller than 354 or
10p, depending on the author) are the dominant
photosynthetic organisms in the NEGOA wéters (Anderson
et al., 1977; Larrance et al., 1977). Larrance et al.
(1977) also found that the large, chain-forming

Chaetoceros concavicornis and Thalassiosira aestivalis

reached moderately high concentrations during the
spring and summer. The large diatoms grow most

vigorously at high nutrient levels and so generally

reach their maximum concentrations during the spring,
when nutrient levels are optimum. As nutrient levels
are dépleted in the summer, the large diatom species
are less able to compete, and populations of
microflagellates and dinoflagellates (which can grow at
low nutrient concentrations) increase.

The importance of phytoplankton size in community
structure and trophic efficiencies has been discussed
by Landry (1977). Large copepods and large crustaceans
require the larger food particules for optimal growth.
Microzooplanton, ciliates, and smaller nauplii are
restricted to exploiting the smallest food particles
(e.g., microflagellates, bacteria). Beers and Stewart
(1969) have suggested that these smaller zooplankters
may function as trophic level intermediates, converting
the energy in small particles into larger particles
which are more effectively wused by small- and
medium-sized omnivores. This would be very important
in an area such as the subarctic Pacific, where the
nannoplankton are the dominant photosynthetic organisms
(Anderson, 1965; Larrance et al., 1977; Anderson et
al., 1977). This is discussed in more detail in the

zooplankton section.

longiremis, Oithona similis, and Pseudocalanus spp.

These species breed following intensive feeding, with
the size of their brood depending on the amount of food
consumed. This means that the period of maximum
breeding activity for these species does not occur
until phytoplankton activity is at a méximum. Hatching
of eggs occurs some weeks later, hence the lag between
phytoplankton and zooplankton peaks.

Common copepods found in the deeper waters (though
possibly migrating toward the surface early in the

year) were Calanus cristatus, C. marshallae, and C.

plumchrus. Five species of euphausiids ( Euphausia

pacifica, Thysanoessa inermis, T. longipes, T. raschii,

and T. spinifera) were also found but in much lesser
numbers than the copepods. These zooplankters are much

larger than the Acartia, Oithona, and Pseudocalanus

spp. referred to above.

Parsons and LeBrasseur (1970) have suggested that
there are two basic types of food chains in the oceans.
The first, which is characteristic of the subarctic
Pacific dincluding NEGOA, is:

microzooplankton + macrozooplankton ~» fish. The

nannophytoplankton -+

second, which appears to characterize coastal waters,

5.1.3 Zooplankton

Information on zooplankton population dynamics in

the Gulf of Alaska is scarce. Damkaer (1977) provides

_the most recent data from OCSEAP-sponsored studies in

Lower Cook Inlet, Prince William Sound, and NEGOA.
Although seasonal sampling was limited, =zooplankton
populations on the NEGOA shelf appear to reach maximum
numbers from late May through mid-July. Copepods
dominated zooplankton collections from the shelf and
from Prince William Sound (Damkaer, 1977). The most

abundant copepods were the small surface-living Acartia

upwelling areas, and  Antarctic waters, is:
phytoplankton + macrozooplankton »  fish. Trophic
dynamic theory states that the efficiency of energy
transfer is lower in an ocean environment in which the
predominant primary producers are nannoplankton (as in
NEGOA) than in one dominated by microphytoplankton
(Parsons and LeBrasseur, 1970). This is because the
larger the phytoplankton, the larger their prey, and
thus, the fewer the traffic lines between the producer
and fish. Theoretically, the nannoplankton-based food
The biological
productivity of NEGOA is not fully explained, however,

chain should produce fewer fish.

by a single food chain dominated by microflagellates
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LARVAL FISH [————@

particles into larger particles which can be more

JUVENILE FISH

MICROZOOPLANKTON

Oithona sp., Pseudocalanus sp.,
Acartia sp., and other micro-

™~

- ADULT FISH
effectively used by small and medium-sized omnivores.

T 5.2 EFFECTS OF OIL

zooplankton

NANNOPLANKTON

Microflagellates, bacteria, small
diatoms, etc.

MACROZOOPLANKTON

Calanus spp., Euphausia sp., and
Thysanoessa sp. marine systems come from laboratory studies. Often

these laboratory studies present a different picture

T from that observed in nature. For instance, the

effects of most actual oil spills seem to be negligible

MICROPLANKTON or short-lived. In open ocean waters chronically
Chaetoceros sp., Thalassiosira sp., exposed to oil, the effects appear to be less serious
and other large diatoms than anticipated (for a more detailed discussion of

Figure 5.5 A possible food web for NEGOA.

and microzooplankton at the lower trophic levels. The

system is obviously much more complex.

Figure 5.5 shows the trophic structure as it might
exist for fish in NEGOA. Parsons and LaBrasseur (1970)

have found that smaller zooplankters graze most

efficiently on the nannoplankton. They found that the

prey of the larvae of two species of fish (Hexagrammos

some of these studies, see Chapter 4). This suggests
that marine systems are very resilient and have a high

assimilation capacity for pollutants, or that our

and Ammodytes) are im the 0.5-1.5 mm size range (i.e.,

the same size range as the Psendocalanus and QOithona).

Thus, the microplankton are important in sustaining a

large larval fish population.

As the larval fish grow, their food habits change,

and they become dependent on larger zooplankters.

Parsons and LeBrasseur (1970) found that juvenile pink

salmon {90mm) were best able to

satisfy metabolic

requirements when feeding on the large copepod Calanus

plumchrus. Feeding solely on the smaller Pseudocalanus

minutus, even when available
concentrations than C. plumchrus,

eventual starvation.
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much  higher

would have led to

Most of our predictions on the effects of oil om’

The larger =zooplankters C. plumchrus and C. present methods for measuring the effects of oil are
cristatus breed in the winter at depths of 200-400 m. not sophisticated enough to measure subtle changes in
The ascent of the young zooplankton to the surface in the marine environment.
the spring allows them to take maximum advantage of the Atlas (1978a) and Griffiths and Morita (1979)
spring bloom of phytoplankton. The large diatoms, observed that exposure to petroleum reduces the
which reach their peak development under the diversity of bacterial populations while increasing
high-nutrient, spring conditions are more available that of hydrocarbon utilizers. Griffiths and Morita
then. THE”‘lﬁfgéf“ﬁh?tﬁplénkton“*alsUM”satisfy“mthe*gf"““"61978}~alsoVobservedma—reduction—infthegheterotrophicﬁWWWWWAL
nutritional needs of these zooplankters better than do potential when the microbes were exposed to oil. The .
the nannoplankton. effect of this exposure was short-lived, and a

The food chain to the adult fish probably follows stimulating effect was observed as the oil was
two pathways: (1) nannoplankton » microzooplankton - degraded. In view of their -rapid growth rate and
macrozooplankton > fish; (2) microplankton - ubiquitous distribution, bacteria would probably
macrozooplankton »  fish. The link between the recover quickly from an oil spill. When oil
microzooplankton and the macrozooplankton may be more contamination is chronic, however, the effects are more
important following the spring bloom after the numbers difficult to predict. A long-term decrease in
of larger phytoplankton have decreased. Beers and microbial heterotrophic potential could affect those
Stewart (1969) have suggested that an important marine processes which are dependent on microbial
function of the small zooplankters may be as trophic functions. Similarly, a long-term decrease in
level intermediates that convert the energy in small microbial diversity could result in a structural or



functional change in the biological communities im the
area of the pollution source. Presently, there are not
sufficient data to quantify these predictions.

Gordon and Prouse (1973) found that hydrocarbon
levels in the Bedford Basin, Nova Scotia, were
sufficient to decrease photosynthesis rates by a few
percent. However, Dunstan et al. (1975) showed that
same species of phytoplankton are stimulated by
exposure to oil. In a natural, mixed population some
species would probably be stimulated while others would
be inhibited by the oil. This stimulation may actually
be a response to reduced competition from species that

are unable to function in the presence of the oil.
0'Connors et al. (1978) have suggested that such

changes in phytoplankton production and community
structure due to pollutants could alter trophic
relationships and decrease production of higher trophic
levels.

Zooplankton populations show large seasonal
fluctuations; they have generation times of weeks or
months. This suggests that effects of o0il spills on
open-water populations would be negligible or
short-lived. After the Arrow spill in Chedabucto Bay,
Nova Scotia, as much as 10 percent of the oil in the
water column was found in zooplankton feces (Conover,
1971). However, no permanent effects on the
zooplankton were observed after either this spill or

the Torrey Canyon spill (Smith, 1968).
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CHAPTER 6 LITTORAL ZONE BIOTA
William H. Lippincott, SAI

This section deals with hard-bottom (rocky) and
soft-bottom (sand, mud) intertidal and bordering shal-
low subtidal zones in NEGOA. With 0 ft. (mean lower
low water: MLLW) as a reference, the NEGOA intertidal
zone extends maximally between -4 and .+16 ft. Few
sites exhibit this large tidal range; wave-exposed
sites with regular, moderate-to-steep slopes usually
have the greatest vertical range. In these places
surge and splash elevate and spread out the intertidal
biotic zones. The depth limit of the shallow subtidal
is defined as 30 m, which corresponds to the seaward
limit of large, brown macroalgae or kelps.

The intertidal may be especially wvulnerable to
damage from oil spills because of the tendency for
floating slicks to strand in that zone when they reach
the coast. The vulnerability at a given substrate will
depend on the substrate, wave exposure, the degree and

type of natural disturbance, and other factors.

6.1 REGIONAL OVERVIEW

Type Kilometers Percentage
Bedrock 297.7 19.9
Boulder 218.8 14.6
Gravel 321.8 21.5
Sand 540.6 36.1
Mud 117.5 1.8
Total 1496.4 99.9

The substrate at Yakutat Bay is predominantly gravel,
with some boulder, sand, and bedrock. Beach gradients
are low in the outer parts of the bay but are medium to
vertical in the inner parts. The exposed coast between
Yakutat Bay and Icy Bay consists mostly of sand, with
boulder and gravel near Malaspina Glacier. The sandy
parts have a low slope, while the boulder and gravel
beaches have a medium slope. Icy Bay beachés are a
mixture of sand, gravel, boulder, and bedrock.  Slopes
are predominantly low, with moderate to vertical slopes
mainly in the western sides of the upper bay. The
beaches are low and sandy on the exposed coast between
Icy Bay and Kayak Island. Mud is the predominant
substrate east and west of the Copper River. Most of

the offshore islands have sand beaches, but Wingham and

The coastline of NEGOA has been mapped in détail
by aerial survey from Yakutat Bay to East Chugach
Island, off the southern Kenai Peninsula (Sears and
Zimmerman, 1977). The maps show major substrate types
as well as beach gradient and biological cover. Sub-
strate types throughout the area are mixed, with sand
predominating east of Hinchinbrook Island and rocky
‘substrates most prevalent west to the tip of the Kenai
Peninsula (Zimmerman et al., 1977, Fig. 6.1).

The principal substrate categories and their
extent are shown below for NEGOA, excluding Prince

William Sound.

'Chugach Island,

Tides in the NEGOA area are classified as irreg-
ular diurnal. They are mainly diurnal with 2 tendency
toward mixed frequencies during neap tides (0'Clair and

Chew, 1971).

6.2 ROCKY INTERTIDAL

Rocky shores in NEGOA exhibit a comspicuous inter-
tidal =zone of macroscopic seaweeds, seagrasses, and
invertebrate animals (Rosenthal et al., 1977). Many of
these organisms have broad latitudinal distributions,
occurring from the southern Bering Sea to California
and Baja vCalifornia. 1In other instances the same
genera and ecologically functional roles are repre-
sented in subarctic and temperate environments, but the
species vary with latutude.

Vertical stratification or =zonation is the most
conspicuous feature of rocky intertidal communities.
It has been the subject of much discussion by, for ex-
ample, Lewis (1964), Ricketts and Calvin (1968), and
Stephenson and Stephenson (1972). So variable is this
feature that the universal scheme of Stephenson and
Stephenson (1949) includes only three zones: the supra-

littoral fringe (or splash =zone), characterized by

Kayak Islands have predominantly bedrock coastline and
some boulder and gravel beaches. Slopes are low to
steep on Wingham Island but are low throughout the rest
of the area. From Hinchinbrook Island westward to East
of Dbedrock,

Bedrock predominates, although

beaches are composed
boulders, and gravel.
beach types wvary considerably throughout this area.
Slopes are low except west of Montague Island, where
they are usually steep to vertical.

Eighteen study sites were surveyed in NEGOA from
1974 through 1976 (Fig. 6.1).

of most of the principal substrate types found in the

They are representative

region.

“littorine snails and 1ichens; the eulittoral, charac-

terized by barnacles, mussels, limpets, and a host of

frondose, crustose, and turf-forming algae; and the
sublittoral fringe, populated by large brown algae, or
kelps, as well as large, mobile invertebrates.
Fine-scale zonal patterns vary from site to site
according to substrate stability, wave exposure, slope,
and slope regularity. These physical factors are the
sfage on which biotic interactions are played. Many
species have their upward or inshore limits established
to desiccation and their downward or

(Connell,

by tolerance
offshore
1972).

limits by competitive exclusion
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found principally in the splash zone in areas fre-

Figure 6.1
(Sears and Zimmerman, 1977).

Intertidal zones are usually defined by the pres-
ence and high abundance of conspicuous species. For

example, the rockweed Fucus distichus is found nearly

everywhere in the upper-to-mid-intertidal, while one or
more species of the Laminarialean brown kelp Alaria
flourish in the low intertidal. The following discus-

sion presents a composite of the potential occurrence
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Distribution of intertidal habitat types in NEGOA.

Bedrock, boulder, and gravel have been combined

of =zonal patterns. Few areas exhibit all of these
features.

The rocks of the splash zone (+10 to +15 ft.) are
frequently bare except for a thin veneer of bluegreen
algae and small populations of snails (e.g., Littorina
sitkana) or green alga

amphipods. The Prasiola

meridionalis is the highest-occurring seaweed, being
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algae Odonthalia/Rhodomela, and the polysiphonous red

Odonthalia fleoccosa and Rhodomela

aiga Pterosiphonia.

larix, which are sometimes difficult to separate in the
field--hence their combination into one taxon, occur
only in flat, surf-swept beaches, where they may form
dense,

fertile

narrow bands at the lower margin of the Fucus

zone. Although Mytilus californianus, the

common sea mussel of Pacific northwest exposed coasts,
is not found in the Gulf of Alaska (Zimmerman et al.,
1977), M.

dominant in protected waters or on the protected sides

edulis does occur as a local mid-littoral




of large hummocks. Mytilus is an important competitor
for space that provides secondary interstitial space
and substrate for many small invertebrates. The bar-

nacle Balanus cariosus may occur throughout the lit-

toral zome, but is most prominent in the mid-littoral.
It is a significant competitor for space and provides
habitat for worms and other small invertebrates. Two

predatory snails of this subzone, Nucella lima and N.

lamellosa, feed on mussels and barnacles by drilling
through their shells.

Below the mid-littoral is a dense band of red
algae called the Rhodymenia subzone, named for its
principal component Rhodymenia (= Palmaria) palmata.

While this subzone is a prominent feature of the Gulf
of Alaska above 55°N, it is apparently absent at lower
latitudes in the north Pacific. These red seaweeds can
vary in density from scattered to thick; at their
heaviest densities they may exclude all barnacles,
snails, whelks, and limpets. Several other species
have their upper distributional limits in the
Rhodymenia  subzone. The ephemeral green algae
Monostroma and Ulva may be common, especially if

Rhodymenia is not prominent. They are rapidly coloniz-

ing, leafy seaweeds often indicative of mechanical

disturbance. They are also found as epiphytes on 0ld
Rhodymenia plants. Among the numerous chitons whose
distributions begin in the Rhodymenia subzone are the

leather chiton Katharina tunicata, the mossy chiton

Mopalia muscosa, and the lined chiton Tonicella

lineata. The last two tend to occur lower in the
intertidal than Katharina. Chitons. are grazing herbi-

vores and are preyed upon by birds and sea stars. The

limpet Notoacmaea scutum, the six-rayed sea star

Leptasterias hexactis, and the small sea cucumber:

Cucumaria pseudocurata are also often found in the

Rhodymenia subzone, though their intertidal distri-
bution extends above and below.

The true subtidal zone, or sublittoral fringe, has
its upper boundary at the lowest spring tides. The
large brown kelp Laminaria begins its dominance-at the
shoreward extreme of this zone. Red, calcified
coralline algae also attain prominence in this zone.
These include erect articulated species such as
Bossiella or Corallina and encrusting forms such as

Lithothamnion. The corallines and other species also

occur in tide pools throughout the 1littoral and on
exposed rocks around MLLW, but not in their subtidal

abundances. The liﬁpet Acmaea mitra is found only in

lower subtidal elevations and large tide pools. Large,
predatory sea stars and other invertebrates are also
important.

At any particular location this composite zonal
scheme may lack various components, exhibit a2 mosaic
character, or be modified by unusual numbers of one or

more organisms. The published work in NEGOA (Zimmerman

EXPOSED SHELTERED

= highest high tide -==

Figure 6.2 The displacement of =zones with exposure.
Such displacement is often found on rocky headlands
(Ricketts and Calvin, 1968).

An example of this phenomenon is shown in the
diagram of vertical stratification at Latouche Point, a
rich rocky intertidal area (Fig. 6.3; 0'Clair et al.,

1978). To the casual observer the subzones are often

~ et al., 1977; O0'Clair et al., 1978) is inadequate to

make comparisons between sites in this respect. How-
ever, one can see a general pattern in departures from
the composite scheme. The most zonally developed sites
are those on exposed, wave-swept coasts with moderately
sloping bedrock substrates and large boulders or hum-
mocks. Wave surge and reduced slope have the effect of
spreading out the zones and obscuring their interfaces
(Fig. 6.2; Ricketts and Calvin, 1968).

more conspicucus than the data in the diagram suggest.
This is because recruitment of juvenile organisms to
the intertidal often occurs over a much broader ver-
tical range than the one the adults ultimately inhabit
after surviving competitive and physiclogic stress. An
indication of relative abundance as a function of
vertical interval would give a better picture of =zo-
nation; these data were not presented in the principal

investigators' reports.
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Figure 6.3

Distribution of selected plants and inver-

tebrates in 1/16-m® quadrats at Station 11 at Latouche
Point, September 1975 (0'Clair et al., 1978).

Intertidal Station 4, September 1975 (0'Clair et al.,

1978).
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algal taxon Odonthalia/Rhodomela has a broad horizontal

distribution at Cape St. Elias. It occurs widely in
low bench areas with poor drainage. The upper-to-mid-

intertidal seaweed Fucus distichus is absent here.

Unstable substrates and sand or ice scour modify
community development and zonal patterns in a different
way. As an example, Cape Yakataga is a low-lying
bedrock reef flanked on either side by kilometers of
uninterrputed sandy beach. Sand scour is chronic, with
accumulations of 10 cm following storms (0'Clair et
al., 1978); ice scour may also occur. Most species are
ephemeral and patchy in distribution. This pattern of
immature communityw development and relatively high
abundance of weed-like opportunistic species is common
in areas of natural disturbance. The space created by
the removal of sessile organisms by scour allows these
rapid growers to colonize the area. If the disturbance
is chronic, the more advanced and permanent succes-
sional assemblages never have an opportunity to become
established. Lebednik and Palmisano (1977) listed the
sequence of colonizers after disturbance at a study
site of Amchitka Island as (1) diatoms and filamentous

brown and green algae, (2) ulvoids (leafy green algae),

(3) macrophytic red and brown algae.  Table 6.1 shows

Table 6.1 Number of species of (1) filamentous green
and brown algae, and diatoms, (2) ulvoids, (3) macro-
phytic red and brown algae collected along three tran-
sects during three sampling periods at Cape Yakataga
(0'Clair et al., 1978).

_Number of species

Algal October June September

group 1974 1975 1975
Group 1 21 25 26
Group 2 3 6 4

Group 3 2 17 12

Table 6.2 Characteristics of rocky intertidal study
site.

Sampled x
Study site Substrate vertical range (ft)
Ocean Cape Boulder, sand +11.9 to =-3.8
Cape Yakataga  Bedrock, sand +15.6 to =-2.3

Cape St. Elias Bedrock, boulder + 9.2 to -2.8

Katalla Bay Boulder, bedrock + 8.7 to -0.9

Boswell Bay Mud, boulder -
Middleton I. Mud, boulder + 5.5 to -1.6
Port Etches Bedrock +10.2 to -2.4
MacLeod Harbor Bedrock +10.2 to +0.3
Latouche Point Bedrock +10.9 to ~-1.22

Squirrel Bay Bedrock, boulder +15.1 to +2.2

Anchor Cove Bedrock +10.9 to ~0.3
Gore Point Bedrock, boulder +13.2 to +1.1

Cape Boulder, bedrock +11.38 to =-0.35
Hinchinbrook

the number of species represented among these groups
along three transects during three sampling periods at
Cape Yakataga.(0'Clair et al., 1978). The predominance
of early colonizers and the perennial nature of the
pattern is evident. Other locations such as Katalla
Bay show reduced diversity and relatively high abun-
dance of opportunistic species because small boulders
and rocks rolling about in storm surf dislodge coloniz-
ing organisms.

Further clarification of the zonal structure of
specific study sites in NEGOA is not possible because

of inconsistencies in field methods and thé lack of
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data presented in the final report on this region.
Substrate characteristics and dintertidal ranges are
given for the study sites in Table 6.2. The ranges
define the sampled area; in some cases the tidal ex-
tremities were not sampled because of sand or gravel in
the upper zone or heavy surf in the lower.

To sample vertical rock surfaces as well as nearxly

horizontal surfaces, two different sampling methods

L

Hydrographic Office tide tables.

were employed. The data from these methods are not
readily comparable but are representative of different
microhabitats. In Tables 6.3 and 6.4 the abundance
dominants for each site are accordingly separated.
Thus, the same microhabitat may be compared where it
occurs among the study sites, and also the sites may be
compared as to the occurrence of these two microhabitat

features.

* Heights are g1VEn*fn*feet*t0*correspond*with*Ufst~*4~*f~~44¥'



Table 6.3 Mean abundance (g wet weight/mz) of dominant macroalgae on horizqntal and vertical rocky substrates at NEGOA study sites surveyed September 1975.

OCEAN CAPE:

VERTICAL ROCK SURFACE
Odonthalia floccosa 783
Alaria taeniata 394
Fucus distichus 368
Palmaria palmata 253
Alaria 222
Odonthalia 85
Phaeophyta 42
Fucus spiralis 35
Endocladia muricata 26
Ulva 25

CAPE YAKATAGA:
AREA A HORIZONTAL ROCK SURFACE

Sphacelaria 4102
Palmaria palmata 383
Fucus distichus ' 219
Pylaiella littoralis 159
Porphyra 98
Elachista fucicola 49
Enteromorpha linza 45
Odonthalia floccosa 34
Ulva lactuca 29

AREA B HORIZONTAL ROCK SURFACE

Fucus distichus 1141
Pylaiella littoralis 346
Odonthalia floccosa 330
Fucus spiralis _ 227
Elachista fucicola 128
Palmaria palmata 30
- Rhodomelaceae 25
Porphyra 18
Porphyra perforata 10
Soranthera ulvoidea 5

AREA A VERTICAL ROCK SURFACE

Enteromorpha linza 226
Palmaria palmata 185
Pylaiella littoralis 148
Scytosyphon lomentaria 67
Rhodophyta 35
Chaetomorpha 29
Chlorophyta : 23
Phaeophyta 19
Laminaria groenlandica 13
Alaria praelonga 11

KATALLA BAY:

HORIZONTAL ROCK SURFACE
Fucus distichus
Porphyra
Palmaria palmata
Pterosiphonia bipinnata

VERTICAL ROCK SURFACE
Fucus distichus
Qdonthalia floccosa
Laminaria groenlandica

-Palmaria palmata

Bossiella
Pterosiphonia bipinnata

CAPE ST. ELIAS:
HORIZONTAL ROCK SURFACE

Odonthalia floccosa

Palmaria palmata

Alaria marginata

Corallinaceae

Rhodomela larix

Laminaria groenlandica

Petrocelis middendorfii

Corallina vancouveriensis

Constantinea simplex
Neoptilota asplenioides
Corallina

BOSWELL BAY:
VERTICAL ROCK SURFACE

. Chlorophyta
Phaeophyta

Rhodophyta
Corallinaceae

HORIZONTAL ROCK SURFACE
Fucus distichus
Rhodomela larix
Halosaccion saccatum
Alaria marginata
Halosaccion glandiforme
Alaria taeniata
Delesseriaceae
Odonthalia floccosa
Pterosiphonia bipinnata
Iridaea cornucopiae

191
84
29
23

535
394
270
43
19

990
718
282
154
145
88
69
66
43
40
30

_2.653

".852
121
.105

1881
356
137

91
78
75
63
55
34
24

"MACLEOD HARBOR:

HORIZONTAL ROCK SURFACE

Alaria marginata 644
Fucus distichus 554
Alaria taeniata 119
Pterosiphonia bipinnata 114
Odonthalia floccosa 112
Rhodomela larix 37
Alaria praelonga 36
Soranthera ulvoidea 10
Porphyra 4

VERTICAL ROCK SURFACE

Fucus distichus 390
Porphyra 180
Odonthalia floccosa 27
Pterosiphonia bhipinnata 25
Halosaccion glandiforme 10
Navicula 8
Rhodophyta 2
Phaeophyta 1

LATOUCHE POINT:
AREA A HORIZONTAL ROCK SURFACE

Fucus distichus 891
Zostera marina 775
Odonthalia floccosa 634
Palmaria palmata 373
Ptilota filicina 288
Halosaccion glandiforme 179
--Iridaea-heterocarpa —— - 86 -

Alaria taeniata 74
Pterosiphonia bipinnata 60
Cryptosiphonia woodii 53
Rhodomelaceae 52

AREA B HORIZONTAL ROCK SURFACE
Iridaea 9218
Ptilota filicina 2088
Odonthalia floccosa 1113
Zostera marina 458
Neoptilota asplenioides 405
Laminaria groenlandica 360
Iridaea heterocarpa 227
Laminaria yezoensis 190
Iridaea cornucopiae 41
Microcladia borealis 30
Bossiella plumosa 23

ANCHOR COVE:

AREA A HORIZONTAL ROCK SURFACE
Palmaria palmata
Alaria
Fucus distichus
Odonthalia floccosa
Ptilota filicina
Fucus spiralis
Halosaccion glandiforme
Corallinaceae
Pylaiella littoralis
Alaria marginata
Polysiphonia pacifica

481
412
303
272
261
201
190
125
100

69

69

AREA B HORIZONTAL ROCK SURFACE

Odonthalia floccosa
Fucus distichus
Pterosiphonia bipinnata
Halosaccion glandiforme
Porphyra

Pylaiella littoralis
Alaria taeniata
Soranthera ulvoidea
Fucus spiralis

Palmaria palmata
Odonthalia

Spongomorpha spinescens

ANCHOR COVE:
AREA A VERTICAL ROCK SURFACE
Fucus spiralis

~Palmaria palmata — -~ — ——~

Fucus distichus
Pylaiella littoralis.
Halosaccion glandiforme
Alaria

Elachista fucicola
Phaeophyta

Porphyra

Fucus

Iridaea cornucopiae
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883
640
376
273
218
203
194
178
143
121

74

40

2195
661~
381
234
118

40
34
28
12
11
7

115



Table 6.4 Mean abundance (counts/mz) of dominant macroinvertebrates on horizontal and vertical rocky substrates at NEGOA study

sites surveyed September 1975.

OCEAN CAPE: KATALLA BAY: MACLEQD HAREOR: ANCHOR COVE:

VERTICAI ROCK SURFACE HORIZONTAL ROCK SURFACE HORIZONTAL ROCK SURFACE AREA A HORIZONTAL ROCK SURFACE
Mytilus edulis 72057 Balanus glandula 8192 Mytilus edulis 16353 Mytilus edulis 57661
Enchytraeidae 10630 Littorina sitkana 3131 Enchytraeidae 1602 Enchytraeidae 5493
Turbellaria 5220 Mytilus edulis 2534 " Margarites helicinus 1515 Fabricia sabella 2863
Balanus glandula 2549 Carophium 842 Balanus glandula 928 Nematoda 2335
Gnorimosphaeroma oregonensis 2419 Gnorimosphaeroma oregonensis 553 Munna ‘ 838 Dexiospira spirillum 1745
Littorina sitkana 1751 Amphithoe simulans 482 Balanus cariosus 1668
Typosyllis alternata 663 VERTICAL ROCK SURFACE
Anurida maritima 580 VERTICAL ROCK SURFACE Mytilus edulis ’ 39376 AREA B HORIZONTAL ROCK SURFACE
Dynamenella glabxa 313 Balanus glandula 48505 Enchytraeidae 12139 Balanus cariosus 5194
Balanus cariosus 290 Mytilus edulis 45043 Balanus glandula 3247 Enchytraeidae 3390
Collisella pelta 194 Porifera 4537 Coleoptera 1940 Typosyllis alternata 819
Nereis 141 - Littorina sitkana 3161 Collisella pelta 1688 Mytilus edulis 801

Coleoptera 1548 Onchidella borealis 665
CAPE YAKATAGA: Cerithiopsis stejnegeri 1287 LATOUCHE POINT: Chthamalus dalli 614

AREA A HORIZONTAL ROCK SURFACE AREA A HORIZONTAL ROCK SURFACE Dynamenella glabra 498
Mytilus edulis 8737 CAPE ST. ELIAS: Caprellidae 2063
Spionidae 5178 VERTICAL ROCK SURFACE Hyale rubra frequens 1570 AREA A VERTICAL ROCK SURFACE
Balanus glandula 4464 Hayale rubra frequens 2402 Parallorchestes ochotensis 1345 Mytilus edulis 21298
Enchytraeidae 1022 Amphipoda 1450 Asabellides sibirica 782 Anurida maritima 1838
Littorina sitkana 679 Parallorchestes ochotensis 1325 Onuphis geophiliformis 731 Enchytraeidae 1193
Turbellaria 484 Dexiospira spirillum 942 Balanus glandula 1032
Amphithoe simulans 483 Amphithoe simulans 543 AREA B HORIZONTAL ROCK SURFACE Balanus cariosus 879
Chironomidae 320 Fabricia sabella 476 Dexiospira spirillum 7252 '

Lacuna marmorata 248 Hyale rubra frequens 5914
BOSWELL BAY: VERTICAL ROCK SURFACE Caprellidae 4404

AREA B HORIZONTAL ROCK SURFACE VERTICAL ROCK SURFACE Stenopleustes uncigera 1409
Mytilus edulis 3857 Balanus glandula ' 22935 Ischyrocerus 1016
Chironomidae 1357 Mytilus edulis 1552
Gastropoda 1357 Littorina sitkapna 205

- Amphithoe simulans 693 ——Emplectonema gracile 161
Typosyllis 544 a
Littorina sitkana 426
AREA A VERTICAL ROCK SURFACE ZATKOF BAY:
Mytilus edulis 27776 HORIZONTAL ROCK SURFACE
Balanus glandula 15559 Mytilus edulis 18844
Enchytraeidae 5705 Lacuna marmorata 2901
Chironomidae 1087 Balanus glandula 2485
Chthamalus dalli 974 Enchytraeidae 856
Littorina sitkana ‘ 903 Chironomidae 757 ,
Lacuna marmorata 815 Balanus cariosus 710
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6.3 SHALLOW SUBTIDAL

Subtidal studies were conducted by Rosenthal et
al. (1977) at three of the intertidal sites: Latouche
Point, MacLeod Harbor, and Zaikof Bay. These sites are
on two of the large islands bordering the seaward edge
of Prinée William Sound. They are representative of
the sublittoral zone, extending seaward to a depth of
about 30 m. Whereas the intertidal zone is marked by

conspicuous and often regular zonal stratification, the

sublittoral is

marine plants.

characterized by

its lush growth of

This is the zone of domination by the

kelps, or large brown seaweeds (phaeophytes), some of

which (e.g., bull kelp, Nereocystis luetkeana) grow

long enough to form a canopy or bed at the water sur-
face. Most of the biomass on rocky shores is found in
the sublittoral.

Marine plant communities are extremely productive
(see the review by Mann, 1973). The primary production
of the seaweed zone in St. Margaret's Bay, Nova Scotia,
was estimated to be 1750 g C/mz/yr, which is about
three times the phytoplankton production of the bay

(Mann, 1972). This narrow band of high~density marine

~plants is obviously important to the marine ecosystem
of Prince William Sound (Rosenthal et al., 1977).
Moreover, the forest-like larger kelps provide a home
for many invertebrate and fish species, some of commer-
cial or sport fishing importance.

Figure 6.6 is a schematic representation of some
of the trophic interrelationships of intertidal and

subtidal organisms. The food web reflects a generally

Figure 6.6 Food web for the rocky sublittoral zone at
Latouche Point (Rosenthal et al., 1977). Except for
the contribution of plant material to the organic
detritus, the arrows point to the organisms consumed.
In a diagram of energy flow the direction of the arrows
would be reversed.

STELLER SEA LION HARBOR SEAL SEA OTTER LAND OTTER
MALLARD DUCK OYSTER CATCHER
]
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GREENLING ROCKFISH GADIDS
| | _
DERMASTERIAS PYCNOPODIA CROSSASTER ORTHASTERIAS PTERASTER
L | I | ]
CANCER PUGETTIA HERMIT CRAB PLACIPHORELLA SHRIMP
o L
TRIOPHA |— & FUSITRITON AMPHISSA = TRICHOTROPIS - POLYCHAETE
| —A
L
b AuPHIPODS CHITONS STRONGYLOCENTROTUS | | BLACKTAIL DEER CALLIOSTOMA <
0 Tt. A—4
. 2l
Y |
BALANUS PODODESMUS MUSCULUS WILUS ~— CLAMS =
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Y Y
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-
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seaward flow of energy, with a large contribution to a
detrital nutrient base. However, the landward flow is
significant, if smaller than the seaward trend. Black-

tail deer (Odocoileus columbianus) regularly browse on

intertidal seaweeds, both attached and drift, during
the winter, and secondary consumers such as the river

otter (Lutra canadensis) take clams, mussels, chitons,

and sea urchins from the littoral and sublittoral
fringe (Rosenthal et al., 1977).

Many fish species derive shelter and/or subsis-
tence from the subtidal kelp beds. Commercially impor-
tant species such as Pacific salmon migrate past the
waters of Latouche Point, MacLeod Harbor, and Zaikof
Bay to the spawning streams of Prince William Sound.
Schools of juvenile salmon were seen in the kelp beds
at Latouche Point in August 1974 and early September

1976 (Rosenthal et al., 1977). Much remains to be
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e O'-‘.'-"‘cpq . A
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learned about the use of kelp beds by salmon. ;E % 157
The study sites are shown diagrammatically in = = ‘
Figs. 6.7, 6.8, and 6.9 (Rosenthal et al., 1977). The §
most conépicuous difference is that the Zaikof Bay 25
subtidal lacks the surface canopy formed by ;%E?% :
Nereocystis. The absence of this species may be due to 0 ietance (in meters) 200 300 5 A 30 .
the paucity of stable rock substrate at suitable depths (B) Distance (in meters)
(see Fig. 6.9). Other, less obvious differences in- (B)
clude the relatively high tidal current velocity and Dram:;';?:]h(;“;;i'::e (A) DrawhinnAgC:fEt?l: ;::YBS:G (A)
water clarity at Latouche Point. At that site the and the subtidal vegetative canopies (B) and the subtidal vegetative canopies (B)
bottom was generally free of silt, while at Macleod
Harbor and Zaikof Bay the hard substrate and bottom ' Figure 6.7 Diagram of Latouche Point and its subtidal Figure 6.8 Diagram of MacLeod Harbor and its subtidal
plant communities were usually dusted with silt (Rosen~ vegetative canopies (Rosenthal et al., 1977)_. vegetative canopies (Rosenthal et al., 1977).

thal et al., 1977). The seaweed communities at the
latter two sites form a relatively narrow belt. A
comparison of dominant species composition and relative
abundance for the three study sites is given in Table

6.5 (data from Rosenthal et al., 1977).
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Drawing of the study site (A)
and the subtidal vegetative canopies {B)

Figure 6.9 Diagram of Zaikof Bay and its subtidal
vegetative canopies (Rosenthal et al., 1977).

Table 6.5 Taxonomic composition and relative abundance
at three subtidal study sites.

Seasonal changes were apparent at all three sites.
An example of the gross features of these changes is
presented schematically in Fig. 6.10 (Rosenthal et al.,
1977). Like canopy-forming kelps in temperate regions,
the Nereocystis canopy was seasonally reduced. But
unlike Macrocystis, which dies back in summer in Cali-
fornia, Nereocystis in NEGOA was at a minimum in win-

ter. Annual brown algae such as Nereocystis luetkeana,

Cymathere triplicata, and Costaria costata began to

germinate in early spring, forming dense canopies or
stories by mid- to late summer. Severe dieback had
taken place by late fall of the same year. The peren-

nial kelps Agarum c¢ribrosum, Laminaria spp., and

Pleurophycus gardneri, however, attained maximum stand-

ing stocks during late winter and early spring. The
abundance of epiphytic invertebrates also varied
seasonally during the wyear of study, corresﬁonding to
changes in seaweed abundance. As an example, the

population of mussel Musculus vernicosus at Latouche

Point was augmented by heavy sets of spat (juveniles)
in the spring and summers of 1974 through 1976. By
late November during these years, the population had

declined. Similarly, the hydroids Campanularia,

Species QOccurrence Description Trophic Category
1 2 3
Agarum cribrosum (P) A A A Brown alga Producer
Laminaria groenlandica (P) A A C Brown alga Producer
Laminaria yezoensis {P) A C C Brown alga Producer
Pleurophycus gardoeri (P) A CC Brown alga Producer
Desmarestia viridis {A) - - C Brown alga Producer
Nereocystis luetkeana (A) A C - Brown alga Producer
Costaria costata (A) - £ = Brown alga Producer
Cymathere triplicata (A} c - - Brown alga Producer
Ralfsia spp. (P) - ¢ C Brown alga Producer
Encrusting coralline (P) A A A Red alga Producer
Microcladia borealis (?) « = C Red alga Producer
Constantinea spp. (P) [ME Red alga Producer
Callophyllis spp. (7) - ¢ C Red alga Producer
Opuntiella californica (?) c c - Red alga Producer
Rhodymenia spp. (2} - ¢ - Red alga Producer
Hildenbrandia ? occidentalis - € - Red alga Producer
Delesseria decipiens (A} - £ - Red alga Producer
Ptilota filicina (7) c - - Red alga Producer
Hicroporina borealis (A) c ¢ ec Bryozoan Suspension feeder
Flustrella gigantea (P) - = C Bryozoan Suspension feeder
Heterogora sp. (P) - - C Bryozoan Suspension feeder
Balanus spp. (P) - - A Barnacle Suspension feeder
Grammaria sp. - - C Hydroid Suspension feeder
Pycnopodia helianthoides {P) c € ¢C Sea star Predator
Orthasterias koehleri (P) - ¢ C Sea star Predater
Dermasterias imbricata (P) c C c Sea star Predator
Crossaster papposus (P) c - ¢ Sea star Predator
Henricia spp- {(P) c C¢C Sea star Suspension feeder/predator
Evasterias troschelii (P) - = C Sea star Predator
Fusitriton oregonensis (P) - Cc C Snail Predator/scavenger
Hargarites pupillus - - C Snail Herbivere
Tonicella spp. (F) c c - Snail Herbivore
Acmaea mitra (P) c c - Spnail Herbivere
Thais canaliculata (P) - Cc - Snail Predator
Searlesia dira (P) c - - Snail Predator
Calliostoma ligatum (P) c - - Snail Herbivore
Husculus discers (&) - = C Mussel Suspension feeder
Musculus spp. (A) - C - Mussel Suspensioen feeder
Musculus vernicosus (A) A - - Hussel ' Suspension feeder
Tonicella spp. (P) - - C Chiton Herbivore
Pagurus spp. {(P) A - A Hermit crab Herbivore/scavenger
Enhydra lutris (P) [H VI Sea otter Predator
Haloecynthia aurantium (P) - Cc - Ascidian Suspension feeder
? Distaplia occidentalis (P) C - - Ascidian Suspension feeder
Ophiophelis aculeata (P) c - - Britele star Predator
Strongylocentrotus spp. {(P) U u - Sea urchin Herbivore
ey:*(l’)’:’perennlal 1 Latouche Point
(A) = annual 2 MacLeod Harbor
A = abundant 3 Zaikef Bay
€ = common
U = uncommon

Grammaria, and Abietinaria were least abundant in late
fall and winter at Zaikof Bay. These seasonal patterns
are assumed by Rosenthal et al. (1977) to be charac-
teristic of the NEGOA rocky subtidal zone.
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Figure 6.10 Seasonal variation in the subtidal vege-
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tative profiles, Latouche Point (Rosenthal et al.,

6.4 SOFT-BOTTOM BEACHES

Personnel from the ‘Auke Bay Fisheries Laboratory
surveyed six study sites with sandy or muddy substrates
(0'Clair et al., 1978). Two sites (Boswell Bay and
Middleton Island) also have scattered low boulders or
low reefs which were surveyed by methods used in the
rocky intertidal. Characteristics of the study sites

are given in Table 6.6.

Table 6.6 Characteristics of soft-bottom intertidal
study sites.

Sampled inter- ..

Study site Substrate tidal range (ft)
Kanak Island Sand, mud + 6.3 to -2.3
Softuk Spit Sand + 3.4 to -1.4
Big Egg I. Sand +11.5 to -3.0
Boswell Bay Mud + 7.9 to -2.2
Hook Point Sand, mud + 5.8 to -1.4
Middleton I. Mud --

1977).

* He igh_t,s are 7givie’n’mi’n7’fe’e t to corre Spond’ with-U<&————

Hydrographic Office tide tables.

The biomass of sandy and muddy beaches were ob-
served to be about two orders of magnitude lower than
those of rocky intertidal shores; the number of sampled
taxa was lower at muddy beaches and lowest at sandy
beaches. These findings must be viewed with caution,
however. First, the beaches were hardly sampled; few
sites were surveyed and few samples were collected, and
the sieve mesh size of 1 mm would not retain many of
the infaunal species (up to 90 percent of the nematodes

would be lost). Second, it is clear that no major clam



beds, such as th;a Siliqua . beds of the Kodiak Island
area, were included in the sampling. Such inclusion,
if possible in NEGOA, would greatly increase estimates
of biomass.

Some evidence of vertical zonation was observed,
as shown in the diagram from Boswell Bay (Fig. 6.11;

0'Clair et al., 1978). The normalized abundances of

93 93 79 7.9 64 6.4 5.1

dominant soft-bottom infauna from the six study sites
are given in Table 6.7.

Salt marshes and tidal flats in the NEGOA area
Wolf et

al. (pers. comm.) found a rich and diverse biological

were not included in the OCSEAP sampling plan.

assemblage in an estvarine salt marsh in Kachemak Bay.

Mytilus sp. was dominant on the tidal fla{:s, and other

Elevation (in feet)

51 4.0 40 25 25 2.0 20 1.6 1.6 1.2 1.2 05 0.5 -0.7 -0.7 -2.1 -2.14

Table 6.7 Mean abundance (counts/m?) of dominant
macroinvertebrates in soft substrates at NEGOA study
sites surveyed September 1975.

OCEAN CAPE: SOFT SUBSTRATE
Amphipoda 150
Archaeomysis grebnitzkii 125

CAPE YAKATAGA: SOFT SUBSTRATE

Mytilus edulis 450
Amphipoda 125
BOSWELL BAY: SOFT SUBSTRATE

Macoma balthica 1173
Littorina sitkana 343
Eteone longa 156
Balanus 146
Pholoce minuta 100
Haploscoloplos elongatus 80
Mya elegans 73
MIDDLETON ISLAND: SOFT SUBSTRATE

Pygospio elegans 6700
Capitellidae 3200
Rhynchospio 1600
Enchytraeidae 1200
Abarenicola pacifica 775

1. 0ligochaeta S |  EEEE——,——, s BN 00000 00 I
2. Paramoera columbiana | N | _mm .
3. Littorina sitkana SE—— s BN 0 i
4. Balanus glandula — | | | | | )
5. Enteromorpha sp. . S I I
6. Eteone longa | T ——————————————
7. Capitella capitata | ] . ]
8. Macoma balthica ————————————_———
9. Spio sp. S - T 0
10. Nephtys spp. _m. N I -
11. Rhynchospio sp. —— S
12. Heteromastus filiformis I . L HEN
13, Abarenicola pacifica - E - N - |
14, Tharyx sp. — [ | L
15. Glycinde picta R __Wm L BN
16. Haploscoloplos elongatus . e
17. Fabricia minuta .

103 ' ‘
Boswell Bay 5_- 2

-1
Intertidal Station 6
o0
September, 1974

_5_“1 L L L L 1 L t ) 1 L I L 1 t 1 t 1 L 1 1 L 1 ' 3

Transect 1 ft m 3A 3B 7A 7B 11A 11B 15A 15B 19A 19B 23A 23B 27A 27B 31A 31B 35A 35B 30A 390B 43A 43B 47A 47B

Figure 6.11
Station 6, September 1974 (0'Clair et al., 1978).

Length of transect (in meters)

Horizontal and vertical distribution of selected algae and invertebrates, Boswell Bay, Intertidal

species of bivalves were common. These areas served as

hauling-out grounds for harbor seals and as feeding

grounds for numerous birds, including juvenile bald

eagles. Juvenile salmonids of several species were
common in the streams that flowed through the salt
marsh, and sticklebacks and sculpins were abundant in
tidal pools on the marsh. Transport of detritus from
the marsh into the surrounding bay also appeared to be
It is 1ikely that the salt marshes and
of NEGOA are

important to the total productivity of the area.

substantial.

tidal flats similarly productive and
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6.5 VULNERABILITY TO OIL SPILLS

Hayes and Ruby (1979) studied oil-spill vulnera-
bility in the Kodiak Island region. Their principal
criterion for estimating vulnerability was the inter-
action of waves with substrate type. They believe that
wave exposure promotes rapid clearing of rocky sur-
faces, while coarse-grained (i.e., gravelly) substrates
in protected areas may accumulate and retain stranded
0il for long periods. According to Ruby (1977), the
NEGOA areas least vulnerable to spilled oil include
most of Kayak Island, Hinchinbrook Island, and Wingham
Island. Their wave-exposed coastlines could be natur-
ally stripped of oil within a few days or weeks. Many
of the rock-covering seaweeds do not retain crude oil
on their surfaces, and some invertebrates (e.g., mus-
sels, limpets, chitons, and snails) could protect
themselves temporarily by closing their wvalves or
tightening their hold on the rocks. The vulnerability
of any given site cannot be predicted at this time,
however. It would depend on the composition of spilled
0il, its degree of weathering, the condition of the sea

at the time of the spill, the particular community

generally more mobile than rocky intertidal inverte-
brates, but this would confer no adﬁantage if access to
the surface were denied by a thick layer of stranded,
weathering crude oil. Exposed tidal flats with poor
drainage would also be at risk because of the well-
developed infaunal communities found there. In the
protected heads of bays or fiords stranded oil could
well become a long-term, serious problem. The exten-
sive salt marshes of the Copper River Delta and Con-
troller Bay could be polluted in this manner.

Mixed sand-and-gravel and gravel beaches, such as
those in -Icy Bay and near the Malaspina Glacier, may
retain oil for long periods because of their relatively
high percolation rates and the lack of cleansing wave
action. Gravel beaches just east of Sitkagi Bluffs are
more exposed and might be more rapidly cleaned under

natural conditions.

composition, the physiologic state of resident organ-
isms, and the occurrence of natural disturbance fac-
tors.

Slightly more vulnerable, according to the Hayes
and Ruby scheme, are the eroding, wave-cut platforms
present to some degree (see maps in Sears and Zimmer-
man, 1977) on Kayak, Hinchinbrook, and Wingham Islands.

The flat, fine-grained sand beaches of the Yakutat
foreland and all of the Copper River Delta barriers are
next on the vulnerability scale. The hypothesis is
that, while burial of stranded oil would be minimal in
the fine-grained environment, cleaning could take

several months. Infauna of sandy and muddy beaches are
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CHAPTER 7 INVERTEBRATES
D. R. Hancock, SAI

7.1 INTRODUCTION

Large populations of commercially valuable crabs,
shrimp, and molluscs inhabit the coastal and oceanic
waters of NEGOA. A host of other invertebrate species
also occur in the region. Many of these brganisms are
the basic food of dense populations of fishes. The
latter are important prey of marine birds and mammals
of NEGOA. A number of these fishes--salmon, halibut,
flounder, pollock, and cod--are the principal target of
the Alaskan commercial fisheries. Thus a change in the
composition and size of invertebrate populations by
either natural events or human disturbance could affect
populations of fishes and, ultimately, those of marine
birds and mammals.

Species discussed in this review may be important
commercially, or they may dominate in biomass or number
of individvals. Some species have a major role as
"keystone" predators (Paine, 1969) or as the principal

prey of dominant species (as Euphausia spp. and

Districts lie within the bounds of NEGOA (ADF&G, 197%a,
1979b). Similarly, Ronholt, et al. (1978) subdivided
NEGOA into Fairweather, Yakutat, and Prince William
Sound districts when reporting the catch rates of
crabs, shrimp, and fish. Differences in boundaries
have made it difficult to estimate the size and
distribution of populations and the extent of the
commercial harvest in NEGOA. _

The 1978 ex-vessel value of the NEGOA commercial
shellfish catch was §10 million, not including the
minor fisheries for marine snails and octopi (ADF&G,
1979a, 1979b, 1979c, 1979d) The principal commercial
invertebrate species in NEGOA fishery is the Dungeness
crab; this species accounted for about 45 percent of
the entire Alaskan catch in 1978. .

The remainder of this chapter is a summary "of
information on the distribution, abundance, population
fluctuations, life histories, and feeding relationships
of key invertebrates. Commercially wvaluable and
noncommercial but ecologically wvaluable types are
discussed separately except in the section on feeding

relationships.

7.2 COMMERCIALLY IMPORTANT SPECIES

Distributions of commercially important
invertebrate species have Tbeen reported by the
International Pacific Halibut Commission (IPHC),
International North Pacific Fisheries Commission
INPFC), Bureau of Commercial Fisheries (BCF), National

Marine Fisheries Service (NMFS), and other workers.

The Alaska Department of Fish and Game (ADF&G) reports

catch data of the commercial fisheries by region and
season. The recently formed North Pacific Fisheries
Management Council (NPFMC) also maintains commercial
stafistics and regulates foreign and domestic catches.
Feder and Jewett (1979) collected epifauna from
stations occupied by the NMFS Resource Assessment trawl
survey of 1975. The distribution of trawling stations
is shown in Fig. 7.1. Ronholt et al. (1978) reviewed
the historical demersal fish and shellfish resources of
the Gulf of Alaska. Within NEGOA, epibenthic
invertebrates were trawled in highest densities south
and * southeast of Prince William Sound, where the
average (geometric mean) catch per unit effort (CPUE)
was 119 kg/hr trawled during a NMFS survey (1975-76;

- Thysanoessa spp. are the principal prey of capelin).
Other species are highly wvulnerable to industrial
contamination.

In this review the greatest attention will be
devoted to invertebrate populations that occur in NEGOA
from Cape Fairweather to Prince William Sound. The
region includes the tracts leased in Sale No. 39 and
those proposed for sale in Lease Area No. 55 (see
Chapters 11 and 12). The region here considered as
NEGOA has been called by other names by different
research groups, depending on their own needs. For
example, the Southeaste;n,'Yakutat, and outer portions

of the Prince William Sound Shellfish Management

Ronholt et al., 1978). Concomitant catch rates of
epibenthic invertebrates in the Yakutat and Fairweather
regions were 44 and 37 kg/hr trawled, respectively.
Major concentrations of invertebrates in NEGOA as
determined by trawls are -shown in Fig. 7.2.
Invertebrates occurred in highest concentrations
(119 kg/hr trawled) on the inner continental shelf
(1-100 m water depths) but were less dense on the outer
shelf (58 kg/hr trawled: 101-200 m) and upper
continental slope (81 kg/hr: 201-400 m; Ronholt et
al., 1978).

Nearly 60 percent of the epifaunal invertebrates
taken during NMFS cruises (1975-76) in NEGOA were of
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commercial value (see Table 7.1 for species list). An
estimated standing stock of 45,000 mt of commercially
valuable invertebrates was available to trawl gear in
May-August 1975. The bulk of these were Tanner crab
(85 percent), pink shrimp (9 percent) and weathervane
scallop (3 percent) (Romholt et al., 1978).

Pereyra and Ronholt (1976) and Ronholt et al.
(1978) compared the catch data of the NMFS 1975-6
survey with an earlier (1960's) trawl survey by the
IPHC. They found that while invertebrate populations
in the Fairweather and Yakutat regions have remained
steady (mean CPUE: 37-73 kg/hr trawled): in the Prince
William region the mean CPUE of invertebrates was 23
times greater in 1975-76 than in 1961.

Table 7.1 Commercially important invertebrates in NEGOA.

Common name Scientific name

Arthropoda, Decapoda

7.2.1 Tanner crab (snow crab)

Three species of Tanner crabs, Chionoecetes

. bairdi, C. tanneri, and C. angulatus, occur in NEGOA

(NPFMS, 1978a). C. bairdi is the most ubiquitous
epibenthic invertebrate in NEGOA, oceurring at 89
percent of the stations sampled in 1975 (Ronholt et
al., 1978). While molluscs, crustaceans, and
echinoderms were the dominant invertebrate groups on
the NEGOA shelf, the commercially important crab C.
bairdi was by far the most abundant species (Eldridge,
1972a; Feder and Jewett, 1979).

Tanner crabs occur from the shallow littoral zone
to depths of 475 m, with greatest numbers found below
100 m (Eldridge, 1972a; ADF&G, 1975a). The population
density varies regionally and temporally. Highest
densities of crabs in NEGOA were found on the upper
continental slopes, in particular the area south of the
Copper River Delta, where catch rates averaged
215 kg/hr trawled in 1975-76 (Ronholt et al., 1978).
The distribution and abundance of Tanner crabs in NEGOA
are shown in Fig. 7.3. Feder and Jewett (1979)
suggested that these high crab densities are related to

and growth is inversely proportional to age. A growth
model for the species is shown in the Tanner Crab
Fisheries Management Plan (NPFMC, 1978a). Males and
females have similar growth rates until maturity.
Females do not molt after their puberty molt, whereas
males continue to molt annually. Tanner crabs mature
at 70-100 mm carapace width (CW) (Brown and Powell,
1972). At the puberty molt females mate and ovulate
for the first time. At 68 mm CW fifty percent of the
females exhibit orange ova, while at 83 mm one-half of
the females have undergone the puberty molt. Males
mature at 90-100 mm CW (Brown and Powell, 1972).
Smaller Tanner crab males molt more than twice a year;
males larger than 88 mm CW molt less frequently, about
once every 16 months. At 150 mm CW, males melt once
every 18-24 months. Males may attain a maximum CW of
185 mm, females 125 mm. Tanner crabs are thought to
live 12-17 years (Pereyra et al., 1976).

The average size of commercially caught Tanner
crab is 150 mm CW. Donaldson et al. (1979) have
studied aging and growth in this species; by assuming
an annual molt, they calculated that it takes over 6

years for the average male to achieve maturity. Males

Chionoecetes bairdi
Cancer magister
Paralithodes camtschatica
Pandalus borealis

Tanner (snow) crab
Dungeness crab
Red king crab

Pink shrimp

Ocean pink shrimp P. jordani
Coonstripe shrimp P. hypsinotus
Dock shrimp P. danae

Spot shrimp
Sidestripe shrimp

P. platyceros
Pandalopsis dispar

Mollusca, Pelecypoda

Weathervane scallop
Razor claim Siliqua patula

Butter clam Saxidomus gigantea
Cockle Clinocardium nuttallii
Surf clam Spisula polynyma

Patinopecten caurinus
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high productivity in that area. The high productivity
may be the result of strong vertical mixing of oceanic
waters. Average catch rates of Tanner crabs in the
three NEGOA regions (0-400 m) during the 1975-76 survey
were 127 kg/hr  (Prince William Sound), 8 kg/hr

' (Yakutat), and & kg/hr trawled (Fairweather), whereas

in 1961 they were 16 kg/hr, 12 kg/hr, and 77 kg/hr
trawled, respectively (Romholt et al., 1978).

The reproductive biology, growth, and sexual
maturity of Tanner crabs in NEGOA have been described
by Brown and Powell (1972), Powell et al., (1972),
Hilsinger (1976), and Donaldson et al., (1979).

In juvenile Tanner crabs the frequency of molting

would reath‘légally‘hhrvestable*siZeA(iAOfmmfGW)—afterugfwv~gi

an average 7.5 years of growth. If molting every other
year is assumed, then the average commercial crab
(150 mm CW) is 10-12 years old, and the present fishery
is thought to be removing animals -between 7.5 and 12
years of age. '

In early spring, adult Tanner crabs move into
shallower depths to spawn (Bright, 1967; AEIDC, 1974;
ADF&G, 1975a; Pereyra and Ronholt, 1976; NPFMC, 1978a).
Depth preferences in NEGOA have not been reported, but
on the Aleutian shelf Tanner crabs are found at depths
of 50-130 m during their reproductive period (AEIDC,
1974). In the fall crabs move back into deeper water.
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Figure 7.3 Distribution and abundance of the Tanner crab, Chionoecetes bairxdi, May-August 1975 and April 1976

(Ronholt et al., 1978).

Tagging studies have shown that except for spawning
migrations male Tanner crabs do not wander over great
distances (Watson, 1970). Though the distribution of
juvenile crabs in NEGOA has been described as
"widespread," details of

spatial and temporal

distributions have not yet been reported.

The timing of Tanner crab spawning has not been
documented for NEGOA but is inferred from adjacent
areas. Tanner crabs move onto the inner Aleutian shelf
to breed from January through May. AEIDC (1974) and
Bright (1967) found that the species migrates into the

Cook Inlet area to spawn from March through Septem-

ber with peak spawning occurring from May to August.
Tanner crabs spawn in the Copper River Delta in
April-May (Hilsinger, 1976). Mating commences shortly
after the puberty molt of the females while they are
still soft-shelled. Males breed when hard-shelled.
Successful matings between two hard-shelled adults can
occur (Hilsinger, 1976; NPFMC, 1978a), but they are
less common. Mature male Tanner crabs are probably
-attracted to females by chemical odors released by the
females, as is true of other decapods (Kittredge and
Takahashi, 1972).

After eggs have been extruded and fertilized,
females carry egg masses for about 11 months. Females
brood an average of 30,000-80,000 eggs (Eldridge,
1972a; ADF&G, 1975a), although egg masses of 318,000
ova have been recorded (Hilsinger, 1976). In the
Copper River area about 80 percent of the eggs are
produced by females of 90-109 mm CW (Hilsinger, 1976).
Larval release appears to coincide with plankton blooms
(ADF&G, 1975a). The - development of Tanner crab larvae
takes from 12 to 90 days, depending on the temperature
(Pereyra et al., 1976). Other factors such as food
availability most assuredly affect the rate of
development also. Larvae molt through up to a dozen
instars, finally metamorphosing into  juveniles.~
Juvenile Tanner crabs generally resemble adults (ADF&G,
1975a). ‘

Information on natural mortality in Alaskan Tanner
crab stocks has been summarized by Pereyra et al.
(1976). Disease, parasites and predation are the main
causes of death. Recently, mortality due to fishing
pressure was examined by the NPFMC (1978a).

Tanner crabs have been harvested commercially in
the Gulf of Alaska since 1951, but the domestic fishery
started on a large scale only in 1968 (Ronholt et al.,

1978). Since then catches have increased vyearly.
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Between 1969 and 1976 26,400 mt of Tanner crabs valued
at $9.7 million were caught by the domestic fishing
fleet (130°-149° W longitude) (NPFMC, 1978a). The
report does not specify whether these animals were
caught within Prince William Sound or in the Gulf of
Alaska, however.

During the 1977-78 season 1,400 mt of Tanner crab
from the Southeastern-Yakutat area were landed by 38
Qessels.
(ADF&G, 1979c).

The Prince William Sound Management Area of the

Ex-vessel prices exceeded $1.2 million

ADF&G lies between Cape Suckling on the east and Cape
Fairfield on the west. Before the 1976—77 5eason,
catch information had been reported from two areas
inside and ‘outside of Prince William Sound. Since
1976-1977 four new districts have been established in
the Priﬁce William area. The current Hinchinbrook,
Eastern, and Western Districts lie within the NEGOA of
this report.

The Tanner c¢rab season begins in the Prince
William Management Area on November 15 and, as weather
conditions improve, the fishing effort shifts away from

the northern district (not in NEGOA) and into the

TANNER CRAB CATCH Hoopes, 1973; ADF&G, 1975a). At all depths Dungeness

crabs are found in intertidal and subtidal waters,
Yakutat District often associated with algal or eelgrass shelter
(Butler, 1960) or buried in the sand (McKay, 1943).

The planktonic larvae in late spring are found near

Prince William Sound
District (outside)
shore, as are the spawning females (Mayer, 1972). The
abundance of Dungeness crab in NEGOA is unknown. In
his review of experimental trawl data from 1950 to
1968, Murturgo (1975) concluded that the area of

greatest concentration of Dungeness crab in NEGOA was

Catch (x10°mt)

between Hinchinbreok Entrance and Kayak Island near the

mouth of the Copper River Delta. A second major

concentration was located at Yakutat Bay and along the

73-74 74-75 75-76 76-77 77-78

adjacent coastline south to Cape Fairweather. Ronholt

Year et al. (1978) estimated their biomass, but these

Figure 7.4 Tanner crab catch for NEGOA (ADF&G, estimates are only for offshore populations in June and

1979¢). August 1962 and may not reflect the present standing
] stock, which is mainly inshore.

Assessing absolute changes in population size over The 1life «cycle of Dungeness crab has been

summarized by Mayer (1972), Hoopes (1973), and ADF&G

(1975a). The Dungeness crab is sexually mature after 3

time based on catch rate data alone is difficult, at
best. Complementary mark/recapture programs and egg
and larval surveys would be of great value in assessing

stock size. Currently, the NPFMC (1978a) asserts that

years (110 mm CW) and may live 8-10 years. Adult crabs

move into the deepest part of their range in winter,

Hinchinbrook, Eastern, and Western Districts. Most
Tanner crabs are caught between February and May
(ADF&G, 1974). .For the past'four seasons the Eastern
district has been relatively unfished except for its
westernmost portions; it thus shows the greatest
potential for an increase in catch in the future.

The total catch of Tanner crabs in the three
Prince William Sound districts lying within NEGOA was
1,700 mt in 1977-78 (ADF&G, 1979c, 1979d). Figure 7.4
illustrates the combined Tanner crab catch from the
Prince William Sound and the Southwestern-Yakutat
Management Areas. The total ex-vessel price for

1977-78 exceeded $56.9 million.
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J*healthy‘reproductivefstockfofATannerfcrabsﬁexistsuin4-—ﬂw—apparentlyftofavoidwtheglowftemperatures,and,salinitiesg,
NEGOA, one capable of supporting a «catch of
2,700-4,500 mt per year. Alverson (1977) however,

of the nearshore =zone. They move inshore again in
spring with the onset of the reproductive period, and
believes that the fishing has been overexploited, that mating occurs in June, July and August near shore after
stocks are already declining, and that by 1982 only 20 females have shed their carapace {Mayer, 1972; Hoopes,
percent of the preseﬁt population will remain. L 1973). Females spawn in early spring and summer in
shallow water. They may produce as many as 1.5 million

7.2.2 Dungeness crab eggs and carry.them for 7-10 months before releasing

the planktonic larvae. During the next three to four

Dungeness crabs are distributed from central months, larvae metamorphose through six instars the
California northward to the Aleutian chain, inhabiting last form being a megalops stage. Megalops larvae molt
bays, estuaries, and the open ocean along the coast into benthic-dwelling juveniles, which resemble adults

from the intertidal zone to 90 m watexr (McKay, 1943; in form.




Dungeness crabs mature in about three years.
Mature males and females are approximately 140 mm and
100 mm CW, respectively. Growth is more rapid in
Dungeness crabs than in Tanner or king crabs. Male
Dungeness crabs may reach 200 mm CW in eight years;
females attain 150 mm CW, Data on natural mortality is
lacking; these crabs presumably confront the same
natural hazards as Tanner and king crabs.

The Dungeness crab fishery is one of the oldest in
Alaska. These crabs are.primarily sought by the U.S.
fishing fleet. They are caught by pots set in waters
7-50 m deep (Mayer, 1972). Peak catches occur from
June through September (ADF&G, 1971, 1974). The
fishing effort in nearshore waters decreases in autumn,
when crabs begin to move offshore (Mayer, 1972). 1In
the offshore waters north and west of Cape Spencer, the
fishery consists of a fleet of large vessels (>50 gt).
In these ships, crabs can be held alive for weeks in
storage tanks. These large crab vessels are usually
based in Washington ports.

About 23 percent of the entire Dungeness crab
catch in the Gulf of Alaska is taken in ADF&G's Yakutat

District, while another 11 percent is caught inside Icy

crabs are harvested in large amounts (Mayer, 1972;
Ronholt et al., 1978; ADF&G, 1979e). The area referred
to as NEGOA in this report comprises the ADF&G's
Yakutat and Copper River Districts. During the 1978-79
fishing season, 851 mt of crab were sold at dockside in
the Yakutat District, with another 591 mt landed in the
Copper River District. The total ex-vessel value of
the catch was about $2.2 million (ADF&G, 1979%e).

7.2.3 King crab

King crabs inhabit the North Pacific Ocean, Bering
Sea, and Okhotsk Sea (Marukawa, in Bright, 1967). 1In
NEGOA they are distributed from the sublittoral =zone
(Powell and Nickerson, 1965; Feder and Jewett, 1979) to
water depths of about 275-350 m (Bright, 1967; ADF&G,
1976a). The fishery typically takes adult crabs in
36-200 m of water (AEIDC, 1974). Juvenile crabs are
usually found at shallower depths than adults.

Adult crabs annually migrate into shallower areas
and oﬁto offshore banks (Powell, 1964; McMullen, 1967).
During migrations males and females school separately.
Females precede males to the spawning grounds by a
month or so. While migrating shoreward, king crabs
probably follow submarine valleys on the shelf, which
often lead them to embayments (Powell, 1964; Powell and
Reynolds, 1965). King crabs may travel as far as
100-115 km to. reach their breeding grounds (ADF&G,
1976a),

In Kodiak waters king crabs breed from February
through May (Gray and Powell, 1966). They remain in

shallow waters after mating and spawning, returning to

1975). At two to three years of age juveniles begin to
move about actively and aggregate, forming dense pods
of up to several thousand individuals (Powell and
Nickerson, 1965; Bright, 1967). With age, juveniles
again disperse, and, like adults, they move offshore to
feed in summer and fall, then return to shallower
waters in spring. King crabs reach maturity in their
fifth or sixth year (Rietze, 1975). Most studies have
shown that king crabs are segregated by sex and age
class on their offshore feeding grounds (literature
cited in Pereyra et al., 1976).

King crab growth, as measured by frequency of molt
and increase in size, is affected primarily by the
abundance of food (Bright, 1967) and by temperature
(Kurata, 1960). Crabs molt up to 11 times during their
first year. In the next two years they grow to about
60 mm in carapace length (CL). After three years of
age both sexes usually molt once a year. Males
increase about 16 mm CL per annum; females grow more
slowly. As they reach maximum size (100 mm CL for
males and 160 mm CL for females), king crabs molt only
once every two or three years (Weber, 1967). King

crabs probably live for about 20 yearsr(Pereyra et al.,

——Bay~—The —Copper River Delta—is—a third area where — deeper waters by early autumn (Powell and Reynolds,

1965). _

After spawning, females carry ova for 11 months
before larvae hatch. Fecundity increases with the size
of the female, the largest producing 400,000 eggs.
Larvae molt through four pelagic instars, then develop
into benthic-dwelling glaucofhoe larvae, and finally
mature into a juvenile form that resembles the adult
(Weber and Miyahara, 1962; Eldridge, 1972b; Buck et
al., 1975).

Juveniles live solitarily on rock substrates until
they are two to three years old. They are distributed

from the intertidal zone to 200 m of water (Rietze,

1976}

King crab populations appear to be low in NEGOA
(Eldridge, 1972b; Ronholt et al., 1978). During the
NMFS 1975-76 survey, less than 1 kg/hr of king crabs
were trawled in the Fairweather region, and no crabs
were taken in either the Yakutat or Prince William
region (Renholt et al., 1978). Murturgo (1975) states
that king crabs occur in Prince William Sound on the
west side of Montague Island and that scattered
populations exist in many of the fiords of the sound
(Fig. 7.5). The actual abundance of king crab on the
NEGOA continental shelf and slope is unknown.

The king crab commercial fishery in NEGOA is
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in 1978-79 (ADF&G,

In the Prince William

only 140 mt of crabs were harvested from

ificant;
1965 through 1969 (Mayer, 1972).

insigni
135 mt per year during 1970-74 (ADF&G, 1974), and in

Sound-Copper River Delta area catches ranged from 29 to
Yakntat Bay 2.3 mt were taken

1979a).

1975; ADF&G, 1975b).

Probable distribution of king crab popula-
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7.2.4 Shrimp

Six species of pandalid shrimp belonging to two

genera  (Pandalus and Pandalopsis) are found in NEGOA

(Table 7.1; see Fox, 1972 for a complete listing of

shrimp). Three species: Pandalus borealis (pink

shrimp), Pandalopsis dispar (sidestripe shrimp), and

Pandalus jordani (ocean pink shrimp), constitute the
bulk of the fishery.
Adult pandalid shrimp inhabit waters from the

intertidal region to beyond the continental shelf.
Pink shrimp prefer depths of 75-180 m (Fox, 1972;
AEIDC, 1574) and are found mainly within 40 miles of
the coast ' in' submarine ravines on muddy bottoms
(Ivanov, 1969). The preferred green mud habitat of
both pink and ocean pink shrimp may be correlated with
the high organic content of these clayey substrates
(Fox, 1972) and with the food of these species: small
benthic polychaetes, small clams, and small crustaceans
that are characteristic of mﬁddy sub\strates. Pink
shrimp avoid water warmer than 8°C and ar\g concentrated

between the 3.5 and 4.2°C isotherms (Ivanov, 1964).

Sidestripe shrimp probably prefer greatef\\depths than

Pandalid shrimp occur throughout the Gulf of
Alaska and its larger bays and inlets (Fox, 1972).
Pink shrimp were caught at 60 percent of the stations
sampled in the gulf during 1975, sidestripe shrimp were
found at 39 percent, while ocean pink shrimp occurred

at 13 percent. Other shrimp were taken in trawls only

S
e
o

occasionally (Ronholt et al., 1978). The distribution
and abundance of pink shrimp in NEGOA are shown in Fig.
7.6.

Shrimp migrate seasonally, In August and
September, they move into shallow bays and adjacent to

islands to spawn (Ivanov, 1969). The migratory routes
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———pink shrimp—(Ronholt et —al.;1978). Depth preferences

for other pandalid shrimp in NEGOA are unknown. One
difficulty in determining depth distributions is that
researchers in the past have lumped all shrimp 59° PINK SHRIMP ;590
collected at sampling locations as ' 'pandalids". \_,\200 (LOO
Furthermore, although the shrimp species prefer n O© o
different habitats, these bhabitats have not been ® 0.1-0.8 glm2
sampled with the same effort. For example, smooth ® 0.9-1.6 g/m?
muddy bottoms are sampled much more easily than A 1.7-2.4 g/m?
irregulaf, rocky substrates. Thus, information on the P | P ’ o
150 145 140

distribution and relative abundance of the pandalids

inhabiti ith i bstrat i . ; . .
iphabiling areas wi irregular, rocky substrates is Figure 7.6 Distribution and abundance of the pink shrimp, Pandalus borealis, from NEGOA trawl survey, summer 1975

Scarce. (Feder and Jewett, 1979).
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and spawning locales have not been documented for NEGOA
(ADF&G, 1975a), but such knowledge is most important
for predicting the effects of oil and gas development
and transportation on shrimp populations. Juvenile
shrimp are found in waters less than 40 m deep in
winter but live at greater depths in summer. Larvae
are found near shore throughout their 2-1/2-month life
stage (AEIDC, 1974).

The principal shrimp species have similar life
cycles. Females spawn in August and September in
shallow bays and around island groups. Each female
produces 900-3,000 eggs and carries her egg mass for
about six months. Except for humpy and coonstripe
shrimp, the dominant shrimp in NEGOA deﬁelop as males,
mature in two years, breed as males through their third
or fourth year, then change into females and continue
to breed as females until six years of age (Fox, 1972;
ADF&G, 1975a; Pereyra et al., 1976). Data on growth,
recruitment, and mortality are lacking for pandalids in
NEGOA.

Shrimp are found near the bottom during the day,
but at night all species migrate off the bottom to feed
(Fox, 1972; ADF&G, 1975a). Pandalid shrimp species

1969 to 1975, 1.3 mt of pandalid shrimp were harvested
in the region (Ronholt et al., 1978}.

7.2.5 Scallops

Major beds of weathervane scallops (Patinopecten

caurinus) occur from Cape Fairweather to Cape St.
FElias, with small concentrations found east of Montague
Island. Beds are generally found in 55-130 m water
depths, 30-70 km offshore (Hennick, 1970, 1973; ADF&G,
1975a, 1975b). The preferred substrate is a mixture of
gravel, sand, and mud (ADF&G, 1975a). Scallops were
found at 35 percent of the stations sampled by the NMFS
in 1975 (Romholt et al., 1976).

The weathervane scallop spawns in June and July,
releasing gametes into the water column. Fertilization
depends on local water movements. After brief egg and
planktonic larval stages, juvenile scallops settle,
preferably on mud, clay, sand, or gravel, and become
filter-feeders (Eldridge, 1972c). Scallops mature in
three years, when they are 80-125 mm from umbo to outer
shell margin. As scallops grow, they add additional

bands of shell at a probable rate of one per annum

usually are segregated vertically during their
nocturnal movements (AEIDC, 1974).

Catch rates for all pandalid shrimp in NEGOA
averaged 9 kg/hr trawled in 1975. Pink shrimp were the
most abundant species, with a catch rate of 7 kg/hr
trawled. Highest catch rates of pink shrimp were
recorded at stations south of Prince William Sound and
the Copper River in 0-100 m of water. The estimated
standing stocks of pink,_ sidestripe, and ocean pink
shrimp were 3,800 mt, 800 mt, and 100 mt, respectively,
in the 1975 survey. Only small quantities of other
pandalid shrimp were reported (Ronholt et al., 1978).

The shrimp fishery in NEGOA is negligible. From
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years. Some specimens measure 225 mm or more from umbo
to outer shell margin (Hennick, 1970).

The standing stock of scallops in 1975 was
estimated at 1,300 mt (140-184°W longitude, 0-400 m
water depths), with 77 percent found between Cape St.
Elias and Yakutat Bay. Maximum average catch rates of
15 kg/hr were trawled in 0-100 m of water between Icy
and Yakutat Bays. For the entire NEGOA survey area, an
average 3 kg/hr of scallops were trawled (Romholt et
al., 1978).

Scallops have been commercially exploited in NEGOA
since the fishery began in 1967 (Eldridge, 1972c}. An

(Hennick, 1970).  Scallops may live for more than 15—

average of 126 mt (round weight) of scalleps was
harvested per year (1969-75) in the Fairweather and
Yakutat regions, representing 23 percent of the Gulf of
Alaska catch. The two areas of highest commercial
production of scallops in NEGOA are shown in Fig. 7.7,
and distribution and abundance are shown in Fig. 7.8
(Ronholt et al., 1978).

In 1968, the first full year of fishing, eight
vessels landed 395.9 mt of scallops. In late 1968, the
fishery expanded to beds off Yakutat. Initial catches
exceeding 22.7 mt of shucked meats per delivery drew
wide interest in the scallop fishery. During 1969 (the
peak harvest year), 14 vessels landed 727 mt of shucked
meats and 682 mt of unshucked scallops. Since 1969
only 2 to 5 vessels have fished annually, and catches
have declined. From 1971 through 1975 the harvest
declined to an average of 384 mt, and in 1974 only
three vessels remained in the fleet (McCrary, pers.
comm. ).

The ex-vessel .value of shucked scallops for the
Alaskan fishery ranged from $1-1.5 million in 1968-73
but declined to about $600,000 in 1974-75. The shucked

weight ex-vessel price per pound rose steadily from

some fishing took place in November and December but
the harvest was expected to be less than 80,000 pounds
statewide (McCrary, pers. comm.).

Many factors contributed to the decline of the
Alaskan scallop fishery after its intensive and rapid
development: 1) limited stocks in the Gulf of Alaska;
2) regulation by area and season to minmimize mortality
of incidental dredge-caught king and Tanner crab;
3) relatively static ex-vessel price per shucked pound,
and 4) entry of scallop vessels -into more lucrative
fisheries such as king and Tanner crab (McCrary, pers.

comm. }.

$0.80—in 1968 to—§$1.45 in 1975 During1978-and-1979 -~
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Figure 7.7 Areas of high commercial harvest of

. scallops by U.S. fishermen 1969-75 (Ronholt et al.,
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A 1.2-1.7 g/m? Figure 7.8 Distribution and abundance of the scallop
'| ) Patinopecten caurinus, from the NEGOA trawl survey,
> ‘ I summer 1975 (Feder and Jewett, 1979).
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7.2.6 (Clams

Razor clams, butter clams, surf clams, and cockles
all occur in NEGOA, but the total clam resource is
unknown. Clams harvested in Alaska have traditionally
comprised three intertidal species: the razor clam,

Siliqua patula, which accounts for about 95 percent of

the catch; the butter clam, Saxidomus gigantea, and the

cockle, Clinocardium nuttallii. Other species of clams

are abundant but unexploited: the littleneck clam,

Protothaca staminea; the softshell, Mya arenaria; and

the fpink neck or redneck .clam, Spisula polynyma.
Information on stocks, recruitment, and paralytic
shellfish poisoning is available only for the razor
clam (Paul and Feder, 1976).
' Razor clams are found from mean low water to 54 m
depths (Kaiser and Konigsberg, 1977) in sandy, exposed
beéches which contain some glacial silt. Such habitat
is found in Orca Inlet and the Copper River Delta
(Nosho, 1972). This species spawns in summer and
requires specific water temperatures for incubation and
fertilization (Nickerson, 1975). The razor clam is
prolific (6-10 million eggs) but alsc has high rates of
- larval and- juvenile mortality. Juveniles settle into
‘the top few centimeters of windswept beaches and are
subjected to frequent heavy surf (Kaiser and
Konigsberg, 1977). Razor clams burrow actively as
juveniles and may also migrate inshore, offshore, and
along the coast. By their third year however, they are
more sedentary and remain so for the rest of their
lives. Maturity is at 4.5-5.5 years and a length of
115 mm. They may live more than 15 years (Nosho,
1972).

Razor clams have been traditionally harvested in
Orca Inlet in Prince William Sound and the Copper River

Flats/Controller Bay areas. The 1978 razor «clam

harvest was 14 mt, most of which was sold as Dungeness
crab bait (ADF&G, 1979b). Catch data (Fig. 7.9) show a
marked decrease in the razor clam harvest in the Prince
William Sound area. The decreased harvest has been
attributed to decreased survival of juvenile razor
clams caused by changes in the substrate. Deposition
by the Copper River and uplifting caused by the' 1964
earthquake are thought to be the major causes of the
substrate changes (ADF&G, 1979b).

200

150

RAZOR CLAM HARVEST

100

Catch in metric tons

' 1960 6162 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78
Year '

Figure 7.9 Razor clam harvest, Prince William Sound
Area 1960-78 (ADF&G, 1979b).

Butter «clams occur in 0-10 m of water in
well-protected bays on a mixed gravel, sand, and mud
substrate (Paul and Feder, 1976). Cockles are often
found in eelgrass beds (Nosho, 1972; Paul and Feder,
1976). Both species occur in harvestable quantitites
near Cordova in Prince William Sound (ADF&G, -1975a).

At present there is no commercial fishery of hardshell

clams in NEGOA. However, the State of Alaska plans to
initiate a fishery (ADF&G, 1979b). '

7.3 NONCOMMERCIAL INVERTEBRATES

A large variety of invertebrates of no direct

commercial value inhabit the gulf, Prince William

Sound, and the coastal bays (Table 7.2). These
invertebrates are important as food for fish and
crustaceans of commercial importance (Alton, 1974) and
in decomposition and nutrient recycling. The presence
of benthic infauna may also increase the stability of
the substrate. The biomass of invertebrates tan be
very high. Many benthic invertebrates are seésile an&x
Iong-lived and are sensitive to ~pollution of their
énvironment by heavy metals, hydrocarbons, or other
organic compounds. Adequate knowledge of these
invertebrates is important to predict the effects of
0CS development.

Curreﬁt knowledge. of the noncommercial
invertebrates in the Gulf of Alaska comes from studies
of the northwestern part of the gulf. The benthic
fauna of NEGOA has not been as well studied as those of
the Bering Sea, Aleutian chain, and northwestern gulf.
The benthic fauna of the Gulf of Alaska was -first
investigated by Steller in- 1741 (Shevtsov, 1964a).
However, the Albatross expedition (1903-1905), Harriman
expeditions in 1910 and 1911,'and the American-Alaskan
crab expeditions (1940 and 1941) gathered the first
detailed systematic infdrmatibn on the benthic fauna of
the region. Although much of the data from earlier
Soviet workers .is not available, several summaries of
their findings provide background information on NEGOA
(Vinogradov, 1964;'Shevtsov,\1964a, 1964b).

Recent'OCSEAP'studiég‘bn NEGOA havg contributed to-

our knowledge .of the  abundance, distribution,
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Table 7.2 Important noncommercial invertebrate species

and species groups in NEGOA.

Segmented worms

Bivalve molluscs

Snails

Céphalopods

Squids (unidentified)
Octopods

Barnacles

Cumaceans

Amphipods

Euphausiids

Annelida, Polychaeta
Onuphis iridescens

Mollusca, Pelecypoda
Macoma spp.

Nuculana spp.
Siliqua sloati
Spisula polynyma
Yoldia spp.

Mollusca, Gastropoda
Fusitriton oregonensis
Neptunea lyrata
Nucella lamellosa

Mollusca, Cephalopoeda

Octopus spp. ;

Arthropoda, Cirripedia
Balanus spp.

Arthropoda, Cumacea
Eudorella spp.

Arthropoda, Amphipoda

Anonyx spp.
Parathemisto spp.

Arthropoda, Euphausiacea
Thysanoessa spinifera

diversity, and faunal associations of the NEGOA
continental shelf and slopes. The benthic infauna was
sampled at 41 stations from July 1974 to March 1976, by
means of a Van Veen grab (Fig. 7.10). The epifauna was
sampled at 133 stations (Fig. 7.1) from May to August
1975 with otter trawl gear. Far more forms of infauna

(14 phyla, 457 species) than epifauna (9 phyla, 168

species) were found. Benthic infaunal groups with the

greatest diversity were polychaete worms (132 Spp.).
The trawl samples contained 30 species of polychaetes,

47 species of molluscs, 42 species of arthropods, and
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Decapod crustaceans
Sand shrimp

Other shrimp
Hermit crabs
Spider crabs

Other crabs

Brittle stars

Urchins
Green urchin

Arthropoda, Decapoda
Crangonidae
Crangon dalli
Eunalus spp.
Spirontocaris spp.
Paguridae

Pagurus ochotensis
Hyas lyratus

Hyas spp.

Pinnixa spp.
Oregonia gracilis

Echinodermata, Ophiurcidea
Ophiura sarsi
Ophiopenia disacantha

Echinodermata, Echinoidea
Strongylocentrotus
droebachiensis
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36 species of echinoderms (Feder et al., 1976; Feder,
1977; Feder and Jewett, 1978; Feder and Matheke, 1979).
Iinfaunal organisms such as the clams Axinopsida

serricata, Nucula tenuis, and Nuculana pernula, the

echinoderms Ctenodiscus crispatus, Brisaster townsendi,

and Molpadia sp., and the polychaete Sternaspis scutata

have patchy distributions over wide geographic areas
(Feder et al., 1976). The distribution of infaunal
deposit-feeders, filter-feeders, scavengers, and preda-
tors appears to be correlated with sediment type.

Sediment accumulation and bottom stability in the Gulf
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Figure 7.10 Station grid established for oceanographic investigatioms in NEGOA (Feder et al., 1976).




of Alaska are related in turn to the submarine
physiography and currents of the region. The principal
sediment sources are the Copper River and the drainages
of the Bergin, Guyot, and Malaspina Glaciers, which
supply silts and clay to the gulf. The fine sediment
is transported in broad plumes offshore and westward,
except in the Kayak gyre area. On banks, the sides of
canyons, and the continental slope sedimentation rates
are likely to be lower. Feder and Matheke (1979) found
that mobile deposit-feeders such as polychaetes are
characteristic of the silt-clay sediments of many
inshore stations. Suspension-feeders are at a
disadvantage in these areas because the readily
resuspended fine-grained sediments can easily clog
their feeding structures. In NEGOA, biomass, numerical
abundance, and diversity appear to be greater in areas
of increasing substrate heterogeneity, such as Tarr
Bank, Hinchinbrook Entrance, and the continental slope,
where greater amounts of sand and gravel are mixed with
the fine sediments (Feder et al., 1976; Feder, 1977;
Feder and Matheke, 1979). Substrates with more sand
and gravel provide less hazard of siltation and more

suitable locations for permanent attachment of

location immediately south of Hinchinbrook Entrance, -

diversity (47 spp.) was high. The epifauna included 14
species of crustaceans, 13 echinoderms, and 13
molluscs. Seven species of fish, including numerous
Pacific halibut,lwere also caught by the trawl. At
another site immediately west of Icy Bay, the samples
were characterized by the paucity of epifaunal
invertebrates. Instead, three species of fishes
(starry flounder, walleye pollock, and butter sole)
accounted for nearly all the biomass trawled. Starry
flounder predominated in the catch. All the stomachs
were full and contained large quantities of clams

(Yoldia  seminuda, Siliqua sloati, and Macoma

dexiosttera). As noted in section 7.2, the Tanner crab

(Chionoecetes bairdi) accounted for more than 66

percent by weight of the epifaunal biomass. Pink

shrimp (Pandalus borealis) accounted for almost 3

percent. The third most common crustacean was the box

crab (Lopholithodes foraminatus). At most stations

numerous echinoderms were taken, but each species was
usually represented by only a few individuals. The
exceptions were a brittle star (Ophiura sarsi), two sea

Pycnopodia
helianthoides), and a heart urchin {(Brisaster

stars {Ctenodiscus crispatus and

townsendi), which were all found in large numbers. Sea
cucumbers occurred at only seven stations, yet
constituted nearly 3 percent of the total epibenthic

biomass. The  weathervane scallop (Patinopecten

caurinus) accounted for 2 percent of the total biomass.

The whelk (Neptunea lyrata) and the Oregon triton

(Fusitriton oregonensis) were the most common molluscs

(Feder and Jewett, 1978). The distribution and

relative abundance of selected epibenthic species are”
shown in Figs. 7.11-7.13. Table 7.3 shows the percent
composition by weight of the dominant invertebrates
collected in NEGOA.

suspension-feeding and sessile organisms.
Among the epifauna, highest densities of pink
shrimp (Pandalus borealis), the brittle star Ophiurxa

sarsi, and the sea star Ctenodiscus crispatus were

recorded near the Copper River Delta southeast of Kayak
Island (Feder, 1977). Little is known of the
productivity of this area, .but secondary production is
probably high as a result of nutrients supplied by the
Copper River and by gyres which extend vertically from
the surface to the substrate (Jewett and Feder, 1976).

Faunal assemblages at two other sampling areas

were distinctive (Jewett and Feder, 1976). At a

Invertebrates 139




147° 146° 145° 144° 143° © 1420 141° 140° 139° 138°

\\\\\

N

k2% v

. 59°
INVERTEBRATES
Ctenodiscus crispatus
QOphiura sarsi

1 2000 M ™~

| _ 1t TFi gure 7.11 Di§ff’ibﬁt’i707n7’70’f7Ct’EIIO’diS'CUSWCri’SPatusfaﬂd”7""""’7’
o o Ophiura sarsi in NEGOA, from trawl surveys May-August
147 146 145° 144° i43° 1420 141° 140° 139° 1975 (Feder, 1977). ’ ’

140 Invertebrates




60°

59°

147° 146° 145° 144° 143° 142° 141° 140° 139°

80

0 10 20 30 40 50 miles

e ey —— —)

INVERTEBRATES

10 km

Neptunea lyrata
Pycnopodia helianthoides

147°

146° 145° 144° 1430 1420 141° 140°

139°

- Figure 7.12 . Distribution of Neptunea lyrata ..

Pycnopodia helianthoides in NEGOA (Feder, 1977).

Invertebrates

and

141




INVERTEBRATES

Box crab (Lopholithodes forminatus)
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Table 7.3 Percentage composition by weight of dominant
invertebrate species collected in NEGOA trawling sam-
ples, summer 1975 (Feder and Jewett, 1979).

Percentage Percentage weight
Phyla . of weight Dominant species within phylum

Arthropoda 1.4 Chicnoecetes bairdi 92.6
Pandalus borealis 4.0

Lopholithodes foraminatus 0.6

Total 97.2

Echinodermata 19.0 Ophiura sarsi 23.2
Ctenodiscus crispatus 15.7

Brisaster townsendi 11.2

Pycnopodia helianthoides 10.3

Total 60.4

Mollusca 4.6 Patinopecten caurinus 43.4
Neptunea lyrata 12.5

Fusitriton oregonensis 11.5

Total 67.4%

Total 95.0
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140°

139°
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Figure 7.13 Distribution of box crab (Lopholithodes
foraminatus) in NEGOA (Feder, 1977).




7.4 NEKTONIC INVERTEBRATES

Large, free-swimming invertebrates such as squid,
euphausiids, pelagic shrimp, coelenterates, and mysids
are distributed throughout NEGOA. Walleye pollock,
Pacific cod, flatfishes, and salmon all rely heavily on
these organisms for food (see Chapter 8 for details),
as do some marine birds (Chapter 9) and mammals
(Chapter 10).

abundance, and population dynamics of nektonic

Extensive data on the distribution,

invertebrates in the Gulf of Alaska are lacking. Some
information is available from the Japanese and Soviet

literature, but it is mostly anecdotal.

7.4.1 Cephalopods

Squid are preyed upon by a variety of commercially
important species of fish and whales. Squid and octopi
are also important predators of fish and shellfish.
Because ‘they are fast swimmers, they easily avoid
trawls and nets and quantitative estimates of their
abundance and biomass are not yet known.

Little is known of the life histories of the squid

Jefferts (pers. comm.) is studying squid from the

North Pacific Ocean; however, most of his specimens-

were collected incidentally to fishery catches and will
provide little quantitative information on distribution

and abundance.

7.4.2 Euphausiids

Euphausiids are important members of NEGOA food
webs and are the major prey of several species of
maring birds and mammals (see Chapters 9 and 10). The
distributions of Gulf of Alaska species, based on
collections made by the International Fisheries
Commission in 1929-41 have been reported by Banner
(1949). The predominant species in NEGOA are Euphausia

pacifica, Thysanoessa inermis, T. longipes, T. raschii,

and T. spinifera. In-the southeastern Bering Sea T.
longipes was most abundant in the open ocean, T.
inermis was most abundant on the outer shelf, and T
raschii was most abundant on the central shelf.

In the Prince William Sound, T. longipes were the
most numerous euphausiid (density: 1-3/m®).  Their

maximum depth during the day was 300 m, and no animals

lation fluctuations, and trophic complexes) is
necessary to estimate the food resource of fishes
{Thorson, 1957) and provides a powerful tool in evalu-
ating faunal changes brought about by both acute and
chrohic environmental perturbations. High-resolution
community assessment requires close attention to both
the sampling design and to the selection of
quantitative samples. Some quantitative information on
the subtidal infaunal benthic assemblages is available
for NEGOA between Yakutat and Resurrection Bays (Feder,
1977; Feder et al., 1976; Feder and Matheke, 1979).
Epifaunal community structure is less well known, but
appears to\be roughly correlated with substrate type.
As substrate type changes rapidly with short distances
in the Gulf of Alaska (Ronholt et al., 1978), community
composition‘ would be expected to exhibit sharp
gradients. ‘ |

The infauna was sampled with a Van Veen grab
sampler at 40 stations along seven transects in NEGOA.
Recurrent group analysis on these data showed that the
stations sort into four major groups of similar species
composition (Fig. 7.14). The species  groupings

frequently appeared to have specific substrate

- in NEGOA and adjacent waters (Akimushkin, 1965). Sexes

are separate, «copulation occurs by transfer of
spermatophores from male to female. The eggs are
attached to -the bottom or to algae or seagrass.
Females protect the eggs and fast during this period.
In California squid eggs mature in about 30 days
{MacGinitie and MacGinitie, 1968). [Eggs of some
pelagic octopods are broéded in the mantle cavity.

Cephalopods are stenohalfne, requiring high
salinities (30 0/oo) and unpolluted water (Akimushkin,
1965). A small incidental Japanese squid fishery
occurs -in the Bering Sea and the Gulf of Alaska;

however, catch statistics are currently unavailable.

were found above 100 m. Adults migrated vertically.
At night they were found in between 0 and 50 m of
water, with maximum concentrations between 25 and 50 m.
Eﬁphausiid juveniles  were abundant (2-3/m3) and did not

appear to migrate vertically (Damkaer, 1976).
7.5 BENTHIC COMMUNITIES

Quantitative descriptions of benthic communities
can provide important insights into the structure and
population dynamics of invertebrate populations.
Understanding structural components of benthic assem-

blages (biomass, species composition, diversity, popu-

affinities (Feder, 1977; Feder and Matheke, 1979). One
infaunal species grouping occupied nearshore sites on
the continental shelf with predominantly silt-clay
sediments. Deposit-feeding invertebrates predominated;
these were also present at all other sites except those
rocky or sandy sites with very low concentrations of
silt and clay. Another infaunal grouping occurred at
Hinchinbrook Entrance, where the sediments were about
28 percent sand mixed with silt and clay. The two
groupings had similar species composition, but the
biomass and npumerical abundance were greater at

Hinchinbrook Entrance.

Invertebrates 143




) At the edge of the continental shelf the sediments
150 145

140°

contained higher amounts of sand and gravel mixed
with silt and clay. Two other statioms (at Tarr Bank
and at the shelf break) had a greater abundance of sus-
pension-feeding invertebrates and species which require
a solid substrate. Diversity was higher at these
sites.

Feder and Matheke (1979) found no evidence of
discrete communities; rather, they suggest that species
found in NEGOA are distributed independently along
environmental gradients. At least 53 species groups
were required to describe spatial and temporal
distribution patterns over a 21-month period.

Because sampling intensity was low and physical

factors other than sediment particle size were not
GENERAL GROUPINGS OF STATIONS : . considered, the suggestion that sediments are the major
factor controlling infaunal abundance needs further
Inshore groups _
SN 20 documentation.
Shelf break grou
Om grotp : It is difficult to identify epibenthic communities
Hinchinbrook Entrance group _
. solely from samples gathered in otter trawl tows.
. Tarr Bank group . ) L.
: During a single tow several communities may be sampled.
A Does not clustier .
, Often samples taken from the same station show large
) | 5 , — | differences in the number of species and individuals )
150 145 140° 4 (Feder—and—Jevett, — i
, ' captured (Feder —and Jewett, 1978). Thus—extensive ————
Figure 7.14 Station groups formed by cluster analysis of all data collected in Feder and Matheke (1979) study. field sampling, including stomach analyses, is required

to determine the species composition of epibenthic
communities. The complexity of the seasonal movements
of such predators as king c¢rab, Tanner crab, and
Pacific halibut and the annual 1life cycles of many
organisms of the meiobenthos (Thorson, 1966) further

complicate the structure of the benthic community.

7.6 FOOD WEB RELATIONSHIPS

Food webs provide insight on community structure

and function and increase our understanding of how
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energy flows through the ecosystem. They are species are known to vary spatially and temporally.

constructed by the analysis of the gut contents of Feder and Jewett (1979) found that king crabs from

organisms and, when possible, by directly observing ‘Izhut Bay ate mostly fishes while crabs from Kiliuda

their feeding activities. Food webs of marine Bay preyed primarily on molluscs, specifically clams.
organisms deomonstrate dependencies among infauna, More information is needed on the food habits of

epifauna, pelagic fishes, birds, and mammals. Although the major commercial species of NEGOA, particularly

they are oversimplifications of reality, they help those of female and juvenile crabs, on important
identify critical pathways in ecological systems and predators, and on seasonal changes in diet (collections

are useful for understanding the transfer and storage were made only in March and in June-August). Since

of industrial contaminants in a community of marine prey density often regulates both diet and feeding

organisms. rate, feeding studies should be conducted concurently
Feeding studies in NEGOA, Lower Cook Inlet, and with quantitative . studies of distribution and
two bays on Kodiak Island (Feder, 1977; Feder and

Jewett, 1977) demonstrate the importance of benthic

abundance. Such studies coupled with studies designed

to determine feeding rates would aid in understanding

infaunal invertebrates_ in the diet of commercially the carrying capacity of the NEGOA marine environment

valuable crabs and demersal fishes. and provide a basis for evaluating stresses on the

Feeding information presented here is often not environment.

site-specific for NEGOA but has been extrapolated from
contiguous areas such as the Lower Cook Inlet and the 7.6.1 Tanner crab
Kodiak shelf. Although general feeding patterns are

similar, regional differences have been demonstrated Tanner crab (Chionoecetes bairdi) larvae prey on

(Feder and Jewett, 1979). Most information concerns other planktonic organisms. Juveniles eat diatoms,

the food and feeding of the adult stages of algae and hydroids (Bright, 1967), and detritus (ADF&G,

prey on Tamner crab eggs (Hilsinger, 1976); a variety
of fishes eat juvenile Tanner crabs. Octopus, gadids,
liparids, and yellowfin sole eat adult crabs (Pereyra
et al,, 1976; Feder and Jewett, 1977).

7.6.2 Dungeness crab

Dungeness crabs feed on shrimp, crabs, barnacles,
bivalves, and polychaetes (Hoopes, 1973), but appear to
prefer clams (Mayer, 1972). Predators of Dungeness
crab larvae include herring, salmon, and smelt. Adult
crabs are eaten by Pacific halibut, gadids, sculpins,
and rock fishes (Mayer, 1972).

7.6.3 King crab

King crab larvae consume mostly diatoms and
barnacle nauplii. Juveniles eat large numbers of
diatems; Bright (1967) found them in 4 percent of the
crab stomachs he examined. Juvenile king crabs also
eat algae, sponges, ostracods, harpacticoid copepods,
polychaetes, small clams, gastropods, and echinoids.

Adults are omnivorous, taking molluscs, echinoderms,

exists for the larvae and juvenile stages of most molluscs, echinoids, pblychaetes, barnacles, and

benthic invertebrate species. shrimp. The food of Tanner crabs includes four phyla

Inferring trophic relationships from gut content and 17 genera, with clams, hermit crabs, and barnacles
analysis has limitations. Many soft-bodied infaunal being the principal food items (Feder and Jewett, 1979;
Paul et al., 1979). The diet of crabs in Kodiak waters
differs from that of crabs in Cook Inlet (Feder and
., 1979). The large

hardshelled molluscs and echinoderms consumed by king

forms may be highly significant items in epifaunal
diets, but are digested before they can be identified.
The "gastric mill" of crustaceans rapidly grinds most Jewett, 1979; Paul et al
food into unidentifiable pieces. The paucity of
feeding informatioqrfor benthic invertebrates in NEGOA crabs are rarely seen in. adult Tanner crabs (Bright,
has necessitated extrapolation of feeding data from 1967; Feder, wunpub.); this may be an example of
adjacent areas. There are inherent uncertainties in resource partitioning that allows king and Tanner crabs

making such extrapolations because the diets of many

to occupy the same areas at the same time. Amphipods |

other crustaceans, polychaetes, coelenterates, algae,
and -fishes (Bright, 1967; Pereyra et al., 1976; and
Feder, 1977). King crabs have few predators as adults.

" Walleye pollock, Pacific cod,..and Pacific halibut are

known predators (AEIDC, 1974; Pereyra et al., 1976;
IPHC, 1978), and other gadids, scorpaenids, and
elasmobranchs are suspected. Adult crabs are most
susceptible to predation just after molting, when their

shells are still soft.

7.6.4  Shrimp

Pandalid shrimp larvae feed on zooplankton,
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preferring brachyuran crab larvae (AEIDC, 1974; Pereyra
et al., 1976).

scavengers. Adults are carnivorous, benthic feeders

Juvenile shrimp are opportunistic

whose main prey are polychaetes and small crustaceans
(AEIDC, 1974).

include other marine invertebrates, fishes, birds, and

Shrimp predators are numerous and

mammals.

7.6.5 Scallops and clams

Scallops and clams are filter-feeders.
Phytoplankton, small zooplankton, and resuspended
detritus are their chief food. They are thus important
links between benthic microfauna land macrofauna
populations. Since scallops and clams of northern
waters are long-lived and can store heavy metals in
their tissues (Malins, 1977), they may be good

indicators of man's impact on Alaskan ecosystems.

7.6.6 Noncommercial invertebrates

Trophic relationships of many of the noncommercial

invertebrates in NEGOA are little known. Many of these

related to OCS development on these organisms.
Long-term studies of natural fluctuations in
populations are needed to differentiate between natural
variations in population characteristics and those
caused by development activities. Extrapolation from
other studies is presently the only method of
predicting the effects of OCS development on the NEGOA
marine environment.

Many factors complicate the prediction of the
effects of a pollutant or disturbance. The physical or
chemical composition of the pollutant are important, as
are density, solubility, and toxicity, and the time and
duration of exposure.

0CS development such as dredging or construction
will directly alter the environment. Williamson et al.
(1977) found that undisturbed marine systems exist in
easily disrupted hydrodynamic and chemical equilibria
with respect to the composition of bottom sediment.
Stress from ship traffic, dredging, or increased
pollutants could shift the system from its equilibrium
resulting in increases in the numbers of opportunistic
specieé.

Deposit-feeders are common in the Gulf of Alaska

species are ecologically important processors of
energy. Polychaetes have been classified according to
feeding methods by Jumars and Fauchald (1977). Feeding
classes for benthic invertebrates of NEGOA have been
assigned by Feder and Matheke (1979).

7.7 EFFECTS OF OCS DEVELOPMENT

Knowledge of the distribution, abundance, 1life
history, population dynamics, and trophic relationships
of NEGOA benthic invertebrates 1is inadequate for
reliable predictions and quantification of the effects

of toxicants, effluents, or construction activites
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and are an impvrtant*source*of*foodgforfmanyforganisms
(Feder et al., 1976). 0CS activities could .harm
deposit-feeders, resulting in decreased sediment
stability and decreased food sources for many other
dependent species. Correlations between feeding type
and bottom stability have been reviewed by Rhoads
(1974). A diesel fuel spill resulted in the death of
many deposit-feeders living on sublittoral muds. With
the death of these deposit-feeders, bottom stability
was altered and a new complex of species became
established. ‘

The following information on benthic invertebrates

inhabiting the North Pacific is based on laboratory

evidence. Tanner crabs in a post-molt phase
autotomized their legs after exposure to Prudhoe Bay
crude o0il (Karinen and Rice, 1974). Molting and
survival of larval king crab and coonstripe shrimp were
decreased following exposure to 0.8-0.9 ppm
concentrations of the water-soluble fraction (WSF) of
Cook Inlet crude oil (Mecklenburg et al., 1976). When
king crabs were exposed for three days to WSF of Cock
Inlet crude oil, there was extensive vacuolization in
the gill cytoplasm and disruption of the cell surfaces.
Impaired respiratory activity may have been the
immediate cause of the decreased larval survivorship
(Smith, 1976, reported by Mecklenberg et al., 1976).
In other static bioassays pandalid and crangonid
shrimp, king crab, and the lit;leneck clam, Protothaca
staminea, showed high sensitivity to Cook Inlet crude

(Rice et al., 1979).
Several aspects of the life histories of crabs

make them particularly sensitive to exposure to oil,
gas, waste water effluents, and heavy metals. During
the spawning season, males are attracted to mature
females by pheromones released by the females. The

extreme sensitivity of male decapods to these

wg—pheromonesgisfwell,documentedg(HCLeesg44191Q3 Kittredge

et al, 1971; Atema and Gagosian, 1973; Eales, 1974).
I1f a contaminant interferes with either the production
of the signal or its reception, then the reproductive
behavior and ultimately the viability of the species
may be drastically affected. .

Marine crustaceans find their food by chemorecep-
tion (Pearson and Olla, 1977). Sensitivity to various
amino acids and other substances has been measured by
studying the feeding behavior of lobsters ( Homarus
americanus (McLeese, 1970, 1974), H. gammarus {Mackie
and Shelton, 1972; Mackie, 1973), and Panulirus argus
(Levandowsky and Hodgson, 1965); crabs (Gnathophausia




ingens, Pleuroncodes planipes, Cancer magister, and

Callinectes sapidus (Fuzessery and Childress, 1975;
Pearson and O0lla, 1979a, 1979b); and shrimp (

Spirontocaris taylori and Penaeus merguiensis). Minute

quantities of crude o0il were sufficient to affect
feeding behavior in the crab, shrimp, and lobsters.

American lobsters were attracted to and consumed
food contaminated with o0il derivatives (Atema and
Stein, 1974). Although king, Tanner, and Dungeness
crab may respond similarly, recent studies suggest that
oil affects crabs differently. Callinectes sapidus
detected naphthalene at 10_7 mg/1l (Pearson and Olla,

1979a), and exposure to low levels of petroleum
hydrocarbons interfered with sensory cues in the
Dungeness crab (Pearson, pers. comm.). Feeding
efficiency declined (Basch, pers. comm.) and in some
instances food was avoided entirely. In an actual oil
spill crabs might thus be at a competitive disadvantage
in the natural environment.

Water-soluble fractions of oil impaired
respiration in certain shrimp species (F.‘G. Johnson,
1977); spot shrimp were narcotized and eventunally died
(Sanborn and Malins, 1977). As in other crustaceans,
‘molting may be disrupted and mortality increased by
exposure to oil and its derivatives.

OCS development in NEGOA increases the likelihood
of industrial contamination of the marine environment.
The severity of contamination in a given area depends
on the amount of contaminant released, weather
conditions, and a host of other factors. During
construction and exploration, the most likely type of
contamination would be localized, chronic, low-level
pellution around o¢il platforms. Construction wastes
and drilling muds could settle to the substrate and
smother some species, predominantly sessile forms.

Some deposit-feeders would probably ingest these

wastes, but it is not known how they would be affected.

The species composition in the wvicinity of the

platforms would probably change. Using in situ models, .

Atlas et al. (1978) showed that after a 60-day exposure
to crude oils amphipods were much less abundant in
contaminated sediments while some polychaetes were

attracted to the area,

In an o0il well blowout or tanker accident, larger
quantities of hazardous material could be carried
downstream or drift to the substrate over a wide area.
The pollutant could admix with the fine-grained
sediments. As the chemical activity of the pollutant
will vary with physical location, temperature, depth,
and the nature of the sediment, its effects on the
biota are difficult to predict. Deposit-feeders in the
infauna and epifauna probably would ingest some of the
contaminants and transfer them to detritus-based food
chains. King and Tanner crabs are known to -  feed
extensively on deposit-feeding clams (Feder and Jewett,
1979; Feder et al., 1979). Thus, a large oil spill in
NEGOA would probably have both direct and indirect
deleterious effects on local «crab and shrimp
populations.

The effects of 0OCS development on the nearshore
benthos would probably be more severe and apparent than
on offshore populations. 1If petroleum products‘were
discharged inshore, some soluble or imnsoluble mixture
of hydrocarbons would be borne by currents into coastal
embayments. The pollutants would probably become
stranded on shore, adhere to rotted vegetation or
algae, and settle out onto the substrate. Since the
different hydrocarbons would be breaking down at
different rates, the resident organisms would thus
become chronically contaminated by varying
concentrations and forms of hydrocarbons.

The preference of Dungeness crab for shallow-water
muddy habitats (Hoopes, 1973) during spring and summer
and  when they are molting makes them particularly
vulnerable to direct fouling by oil. An oil spill or
even the chronic, low-level oil seepage expected to
come from oil platform operations could threaten the
survival of these crabs. 0il fractions could damage

their gill membranes as they do those of king crabs
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(Smith, 1976). If respiration were impaired, then
locomotion, feeding, molting, and reproduction would
all be affected. Low levels of crude oil have been
shown to decrease the viability of larval (Wells and
Sprague, 1976) and adult decapods (Krebs and Burns,
1977) and to decrease feeding in adults (Atema and
Stein, 1974).

In addition to direct hydrocarbon contamination,
Dungeness crabs may also be affected indirectly. The
deposit- and filter-feeders which Dungeness crabs eat
concentrate hydrocarbons and heavy metals in their
tissues (Malins, 1977). Although adult Tanner and king
crabs: usually live in deeper waters than Dungeness
crabs, their larval and juvenile stages mature in
shallow water and thus probably are as vulnerable to

contamination as Dungeness crabs.

The sedentary habits of filter-feeders make them
highly vulnerable to oil that washes in and accumulates
on.‘beaches or in bays..  0il may kill razor clams
directly (NFS, Auke Bay), or contaminants may enter the
food web of the littoral ecosystem.

0CS development on the NEGOA shelf may be
accompanied by increased industrial activity in and
around Seward, Cordova, and Yakutat. Tanker docks,
water and sewageqtreatment plants, and housing will be
built; ING facilities or oil refineries may also be
required. Water quality is almost certain to decline,
and the Dbiota will either adapt to the altered
environmental conditions or die. Careful planning is
essential to protect the marine environment and to
minimize the deleterious effects of 0CS development on

the biota.
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CHAPTER 8 FISH
G.R. Tamm, SAI

8.1 INTRODUCTION

Continental shelf and slope waters in NEGOA are
biologically productive. Large populations of salmon,
herring, pollock, halibut, and other groundfish use
these wateis as their principal spawning, rearing, and
foraging grounds. Coastal fiords and embayments are
the nursery areas for many key pelagic (e.g., salmon,
herring, capelin) and benthic (e.g., halibut, pollock,
cod} fishes that are far-ranging as adults. Migratory
routes of economically important stocks from other
Alaskan regions (e.g., Bristol Bay sockeye salmon,
Unimak Pacific ocean perch, southeastern Alaskan
Pacific halibut) lie along the outer continental shelf
of NEGOA.

The o0il industry and BLM are considering the
leasing of 792,000 hectares (mean case) of offshore
tracts in the Yakutat-Fairweather area for O0CS
development. These tracts are located 6 to 93 km from
shore in 30 to 400 m of water. The center of

land-based operations will be the city of Yakutat.

‘Eotential conflicts between exploration, refinery, and
| transportation of gas and oil and the fishing industry
are major issues that resource managers and the Alaskan
populace must face. These decisions will be aided by
‘the past experiences of the fishing industry, coastal
cities, and the oil industry in the development of the
Sale No. 39 lease tracts to the north, between Icy Bay
and Kayak Island. .

A thorough understanding of the fish populations

is one requisite to assess the consequences of
development on the NEGOA shelf. Knowledge of the life

histories, seasonal distributions, population dynamics,

and feeding relationships of fishes will allow

researchers to predict the vulnerability and
sensitivity of species to environmental disturbances.
It can also be wused by resource managers in
decision-making and in minimizing resource conflicts.
Where to build an LING plant or how to route ‘tanker
traffic so as to minimize disturbance to commercial
fishing are examples of the kinds of decisions which
will have to be made.

This chapter - provides an overview of fish
populations in NEGOA and briefly describes the extent
and value‘of the commercial fisheries., Information on
fishes of commercial value or of potential commercial
value, as well as ecologically important species, is
emphasized. Fish populations and commercial fisheries
within the entire gulf will be reviewed, but emphasis
will be placed on those lying within the area bounded
by Cape Suckling on the north and Cape Fairweather on

the south.
8.2 DISTRIBUTION, ABUNDANCE, AND POPULATION DYNAMICS

8.2.1 Introduction

found along the shores of NEGOA from Cape Suckling to

Cape Fairweather is not particularly diverse.
Occasional roéky heavily vegetated areas have suf-
ficient stable shelter and an adequate assortment of
prey to support locally complex fish associations.
Several large bays (Yakutat, Icy, Dry, and Lituya)
along the coast prov%de a more varied habitat, and thus
more niches for a greater number of fish species. The
continental shelf of NEGOA varies in width from 40 to
100 km. The Fairweather Ground, Tarr Bank, and
Middleton platform are the major rises; the Yakutat,
Alsek, and Bering Troughs the major depressions that
cross the shelf. These physiographic features cause
the prevailing bottom currents to change velocity and
direction, affect the distribution of sediments and
associated infauna, and  thereby influence the
distribution of fish fauna. Beyond the shelf the sea-
floor slopes down steeply into the Aleutian trench
(Fig. 2.3).

water depths, substrate types, and benthos within

The irregularity of slope topography,

relatively short distances provide many potential
niches for marine fishes.

The preferred habitats of many marine fishes found

The type and abundance of fishes in NEGOA change
dramatically with physiography, depth, current regime,
substrate seasonal fluctuations in  temperature,
salinity, and a host of biological factors. In
general, the nearshore marine environment in NEGOA is
less complex than that of the Kodiak and Cook Inlet
regions. Large amounts of sediment are washed down
from the Malaspina, Bering, and Novatak glaciers into
shallow water, where they are transported northward and
seaward by coastal currents. The sublittoral substrate
comprises mainly coarse sand and gravel and is

relatively unstable. Consequently, the Ffish fauna

in NEGOA waters vary with life stage and season. For

-instance, immature salmonids feed in oceanic surface

waters hundreds of kilometers beyond Alaskan shores,
yet these anadromous fishes are abundant as maturing
adults in coastal waters from June through September
each year, staging for their spawning runs (ADF&G,
1976a).

from freshwater streams and lakes into estuaries, where

Salmon smolts emigrate in spring and summer

they remain from several weeks to months before
migrating to the open ocean (Buck et al., 1975; Gosho,
1977; Sibert, 1979; Healey, 1980). Many fishes which
as adults occur in deeper water on the continental

shelf and slope inhabit littoral and sublittoral areas
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as juveniles (Harris and Hartt, 1977; Rogers and
Rogers, 1978; Rogers et al., 1979; Hunter, 1979).
Populations of many fishes (e.g., Pacific halibut, cod,
walleye pollock) are found in shallower depths in
summer than in winter (Hughes, 1974; Romholt et al.,
1978, IPHC, 1978; Rosenthal, 1979).

Dunbar (1970) discusses the marked seasonality in
primary production and cycling of zooplankton in
northern waters. Apparently, many fish schedule their

spawning so that their young soon drift or swim into

habitats where they can readily find food of the

appropriate size and shape. Pacific herring in
southeastern Alaska is a good example of a fish that
displays this reproductive strategy (Carlson, 1980).
Larval fish feed on such microzooplankton as
radiolarians, foraminiferans, and crustacean nauplii
(Ryther, 1969; Parsons and LeBrasseur, 1970). As fish
grow, their diets generally comprise larger food items
(Landry, 1977; Healey, 1980), whether they are
principally pelagic feeders like herring (Cushing,
1975) or benthic feeders like chum salmon (Healey,
1979).

The distribution of fish populations is

Sampling Procedures

Information on the distribution, abundance, and
population dynamics of fishes in the Gulf of Alaska has
been collected by the Bureau of Commercial Fisheries
(BCF), National Marine Fisheries Service (NMFS), Alaska
Department of Fish and Game (ADF&G)}, International

Pacific Halibut Commission (IPHC), International Noxth

" Pacific Fisheries Commission (INPFC), North Pacific

Fisheries Management Council (NPFMC), and various
university personnel.

Survey methods have included exploratory trawl
sampling, egg and larval surveys, mark and recapture
studies, aerial surveys, catch and escapement counts,
and monitoring catch and effort data of the commercial
fisheries. Each of these methods has advantages and
disadvantages; each is best suited to the study of a
particular type of fish or life stage. For instance,
benthopelagic fishes 1like Pacific ocean perch are not
as easily sampled by otter trawl as many pleuronectids,
nor are fishes that occur in rocky areas. Thus,
estimates of these less accessible populations based
solely on otter trawl collections do not yield a true

picture of the populations. Gear selectivity is

constantly changing. Typical distributions and levels
of abundance can be estimated from long-term
observations, but populations should be monitored
regularly to determine shifts in. their composition and
patterns of movement. Some fish populations, Llike
those of walleye pollock, are expanding rapidly in the
Gulf of Alaska; while others, such as those of Pacific
ocean perch, are apparently declining (Ronholt et al.,
1978). ‘Knowledge of natural long-term changes in fish
populations is necessary to distinguish them from human

effects such as OCS development.
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Extrapolating the seasonal distribution and abhundance
from these data is obviously risky. Other constraints

in interpreting survey data will be discussed later.

Steele (1977), and Smith and Richardson (1977).

Because sampling effort, location, and season have
varied among surveys, direct comparison of data has
been difficult. Most scientific sampling has taken
place from April through October; consequently, there
is a paucity of information on the behavior and
movements of fish in winter.

Additional problems arise in analyzing commercial
catch statistics. Productive areas and marketable

species are sought within limited fishing seasoms.




8.2.2 Salmonids

Salmon and trout are commonly found in oceanic
of NEGOA and in freshwater
watersheds draining into the gulf. All of these habi-

waters and estuaries

tats are exploited by salmonids at wvarious times in
their lives. Their movements from one enviromment to
another are quite regular and are related to seasonal
changes in water temperature and food availability and
to their spawning

Foerster, 1968).

migrations (see, for example,
The principal species inhabiting the

coastal regions of NEGOA are: pink (Oncorhynchus

gorbuscha), chum (0. keta), sockeye (0. nerka), coho
(0. kisutch), and chinook salmon (0. tshawytscha),
rainbow or steelhead trout (Salmo gairdneri), cutthroat
trout (8. clarki),
(Salvelinus malma) (ADF&G, 1975a).

In general, maturing salmon are found in distant

clarki and Dolly Varden char

epipelagic waters hundreds of kilometers from the
‘Alaskan coast (Shepard et al., 1968; Godfrey et al.,
1975; French et al., 1976; Neave et al., 1976; Major et
al., 1978).
distributed in the Gulf of Alaska south to 41°N

Pink, sockeye, and chum salmon are widely

latitude in winter and 48°N latitude in summer (Royce
et al., 1968).

Canada, Washington, and Oregon are all found in this

Stocks originating in Asia, Alaska,

broad region, and cohorts move across the continental
shelf of NEGOA when returning to their sites of origin
(Foerster, 1968; Royce et al., 1968; Stern et al.,
1976; NPFMC, 1978b).

inhabit coastal areas during their entire oceanic

Many coho and chinook salmon

phase. Trout and Dolly Varden char are widely
distributed seasonally along the entire coastline of
NEGOA (Stern et al., 1976).

Following an oceanic phase of variable duration

(Table 8.1) in which salmon feed abundantly and reach

Table 8.1 Life history data for five species of Pacific salmon in NEGOA (Burner,

Hartman, 1971; Hart, 1973; Stern et al., 1976).

1964; Bailey, 1969; Merrell, 1970;

Species
Characteristics Pink Sockeye Chum Coho Chinook
Freshwater habitat Short streams Streams, rivers, Short and Streams and Large rivers
and lakes long streams rivers
Length of time young several days 1-4 years Less than 1 to 2 years 3 to 12 months
stay in fresh water to several weeks 1 month
after hatching '
Length of ocean life 1-1/3 years % to 4 years % to 5 years 1 to 2 years 1 to 5 years
Year of life at 2 3to7 2 to 6 2 to 4 3 to8
maturity (years)
Average length at 50.8 63.5 63.5 61 91.4
maturity (cm)
Average weight at 1.8 2.7 4.1 4.5 10
maturity (kg)
Range of weight at 0.9 to 4.1 0.7 to 4.5 1.7 to 20.4 1.7 to 13.6 1.1 to 56.8
maturity (kg) ' '
Fecundity (number of 2,000 3,700 3,000 3,500 4,800

eggs)
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maximum size (Hart, 1973), maturing cohorts return to

coastal waters and search the shorelines for
environmental cues (Hasler, 1966) that will lead them
to their natal streams, lakes, and estuaries, where
they spawn. Maturing salmon usually enter NEGOA waters
from the south and east, but routes are not fixed, and
fish may wandér about before entering their spawning

waters (Fig. 8.1).
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MATURING SALMON
Onshore Migration

1 L | ! ]

142°
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140°
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"Each of +the five salmon species has a
characteristic reproductive period (Fig. 8.2). Times
of peak spawning runs in NEGOA are shown in Fig. 8.3.
The spawning season of a given species of salmonid
often extends for several months in the region, but the
timing of runs up specific rivers or streams is usually
consistent vyear after year, especially for some
populations of sockeye salmon (Foerster, 1968; Royce et

al., 1968; Stern et al., 1976).
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Figure 8.1
to NEGOA.
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Generalized migratory pathways of maturing Pacific salmon approaching their spawning habitat adjacent
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Figure 8.2 Timetables of Pacific salmon life his-
tories (Buck et al., 1975).
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Figure 8.3 Time of peak spawning of Pacific salmon in
NEGOA. Chum salmon spawn at different times in Prince
William Sound (PWS) and Yakutat (Y) (ADF&G, 1975a).

Figure 8.4 Coastal distribution of Pacific salmon
prior to spawning in NEGOA (ADF&G, 1975a, 1977, 1978).

Major spawning areas for salmon im NEGOA are
depicted in Fig. 8.4. 1In addition to these important
locations, all species of salmon occasionally spawn in
most watersheds along the entire Alaskan coast (ADF&G,
1977, 1978; NPFMC, 1978b)."

Pink and chum salmon typically spawn in the
numerous short coastal streams and intertidal marshes
of Prince William Sound (Helle et al., 1964). Areas of

less importance for pink salmon spawning include Humpy
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Creek in Yakutat Bay, the complex tributary system of
the Situk River, streams draining into Controller Bay,
those near Cape Suckling, and the Kaliakh-Duktoth
drainage west of Cape Yakataga (ADF&G, 1975a; 1977).

The Copper River and its associated lakes and
tributaries are the principal spawning sites for
sockeye salmon. Other large spawning populations are
found in the Coghill district of Prince William Sound
and the Bering River. East of Cape Suckling to Cape

Fairweather (ADF&G's designated Yakutat Area) are 20 or
more larger river systems that have the appropriate
habitat to support moderately-sized spawning'
populations of sockeye. The Situk, Alsek, East Alsek,

and Doame are the main rivers; other rivers with

smaller populations are the Tsiu-Tsivat, Kaliakh,

Yahtse, Lost, Dangerous, Italio, and Akwe (ADF&G,

1975a, 1975b, 1977, 1978).

Coho salmon spawn in more than 2,000 streams from
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1470 146° 145° 144° 143° 142° 141° 140° 139° 138° Cape Suckling to the Canadian border (NPFMC, 1978b).
‘ g1° In NEGOA, the Copper and Bering Rivers are the prime

spawning sites. Spawning success, based on catch

15 0 20 40 50 a0 100 km
—

records, has improved noticeably in the Copper and
10 Q 10 20 a0 40 50 mites

Bering Rivers in recent years (ADF&G, 1978). It may
also be improving in the Yakutat Area, especially in
the Situk, Alsek, and Akwe Rivers and the Manby Shores
area of Yakutat Bay (ADF&G, 1977).

Chinook are the least likely salmon .to spawn in

60° NEGOA. They require large fast-flowing rivers to

I//////J///////,///é)/é%/////////////////’// ) .y . .
. ///,;;/ % /// . reproduce (ADF&G, 1975a). In British Columbia, 14
. w

“J

o rivers account for 90 percent of the total escapement

N of chinook in Canada. The Copper River is the only

- important spawning locale for this species in NEGOA
(Major et al., 1978; ADF&G, 1978). The Alsek and Situk
Rivers support smaller spawning populations (ADF&G,
1977; NPFMC, 1978)b.

Rainbow and cutthroat trout and Dolly Varden char

59°
are also anadromous, spawning in the coastal streams
emptying into NEGOA. Rainbow trout spawn in early
SALMON DISTRIBUTION spring, Dolly Varden char in autumn. Juvenile rainbow
C0h0 trout remain in fresh water for two to three years,
N chinook. )
= chum then migrate to the ocean, where they stay for another
two to tliree years until they return to spawn. Seaward
'., " movements may be as extensive as those of pink salmon.
147 146 145° 144° 143° 142° 141° 140° 139°
In contrast, cutthroat trout remain in coastal marine
Figure 8.4 continued waters until maturity. Unlike salmon, all three

species can spawn a second or third time in subsequent
years (Hart, 1973; ADF&G, 1977).

Abundance estimates of salmon are based on catch
reco@ds, escapement and age-specific mortality
estimates, and a knowledge of the average fecundity of
a species. Stern et al. (1976) estimated the average
annual population size of spawning salmon for NEGOA
from 1955 to 1975 (Fig. 8.5). Virtually all of the

pink and chum salmon in the region occurred in the
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Figure 8.5 Population estimates for average total Pacific salmon run (1000's) in NEGOA districts, 1955-75 (ADF&G

data in Stern et al., 1976).

Prince William Sound district. Sockeye salmon occurred
mainly in the Copper River district. Only 5 percent of
the average annual spawning population (all species
combined) was thought to occur in the Yakutat area.
Sockeye and coho salmon were the predominant species on
the coast from Cape Suckling to Cape Fairweather. The

distribution and relative abundance of salmon appear to

be stable in NEGOA (ADF&G, 1978). A more detailed
account of the regional commercial catch is presented
after a discussion of the life history of juvenile
salmon.

Anadromous salmon spawn and die; unattended, eggs
develop throﬁgh the winter in the subsurface gravel of

Alaskan streams and rivers. In spring fry emerge and

migrate to sea immediately, or after one or more years
of development in fresh water (Table 8.1). Salmon
smolts (young juveniles adapting to salt water) use
coastal estuaries as nurseries and feed voraciously on
an assortment of pelagic and benthic invertebrates
(LeBrasseur et al., 1969; Carlson, 1976; Harris and
Hartt, 1977; Gosho, 1977; Sibert et al., 1977; Healey,
1979, 1980; see Trophic relationships section for
details). Taylor (1980) showed that the survival of
pink salmon fry was greater when coastal waters were
warmer and food was more abundant. Presumably, larger
fish are better able to avoid predation, and water
temperatures have been positively correlated with food
production. These facfors should affect survivorship
of other species of salmon in a similar manner,
Following a variable period of up to about a year,
spent in estuaries and coastal waters, juvenile salmon
migrate offshore tFoerster, 1968; Stern et al., 1976;
Major et al., 1978).

The principal migration route of juvenile salmon
heading to sea is along the periphery of NEGOA then
southwest past Kodiak Island (Royce et al., 1968) (Fig.

8.6). Juvenile pink salmon move into oceanic waters .

from streams and estuaries during July, August, and
September (Fig. 8.2). They do not scatter randomly but
migrate in a narrow band (about 30 km in width) along
the coast. Other salmon migrants travel a similar
route (Royce et al., 1968). The migration includes not
only locally spawned fish but also some spawned in
streams hundreds of kilometers to the southeast (Stern
et al., 1976). The coastal movement continues into
October and November; then young salmon proceed south
to distant feeding grounds (Royce et al., 1968) where
they grow, mature, and eventually migrate back to their

natal streams to spawn.
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ratio, average fecundity (Table 8.1), and a 10 percent

5 g%?%?g% - . - survivorship from the egg phase, about 120 million
%@; i % ﬁ,@ ; S S ‘;@‘ . . .
%@%&i%ﬁ@ . %%ﬁﬁm%@&%ﬁ%ﬁﬁ , young pink salmon entered oceanic waters of NEGOA in
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1978. Smolt production of the other species has been

20 30 40 S0 mites

much lower (Table 8.2). Estimates of smolt production

of the other salmon were close to their average annual
value in 1978: 10.9 million sockeye, 31.9 million

chum, 6.7 million coho, and 0.7 million chinook.
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: X % ; $% % Species
Statistical Area Pink Sockeye Chum Coho Chinook  Total
(even year) (odd year)

Prince William Sound
Average year 192.0 161.6 i1l.1 4.0 3.3 0.4 225.4
Peak year 452.8 434.6 24.3 95.8 5.7 ¢.8 574.0

] 59° Yakutat

Average year G.6 1.9 1.6 1.3 1.6 0.1 5.9
Peak year 2.6 5.8 4.3 6.6 5.6 0.3 21.0

JUVENILE SALMON
General Migratory Pathways

Salmon have been sought by commercial fishexrmen in

NEGOA for well over a hundred years. Fish are caught

L . L ' L ' ! 1 . traps, and troll gear. Both an inshore and offshore

147° 146° 145° 144° 143° 142° 141° 140° 139° : _
salmon fishery exist. The inshore fishery is conducted
Figure 8.6 General seaward migratory routes of Pacific salmon smolts in NEGOA (adapted from Stern et al., 1976). from May through October when the fish are spawning
(Fig. 8.3). Fishing activity is concentrated at the
mouths of rivers and bays in which large rums pass
7 through and head upstream. Pink and chum salmon are
Estimates of juvenile salmon populations made for 1955-75 were calculated by Stern et al. ((1976). By most often caught with purse seines, sockeye are gill
annually by ADF&G are typically based on assumptions of their formula, an average 180 million pink salmon netted, and coho and chinook are taken with trolling
escapement rates, sex ratios, and survivorship of the survived to their juvenile stage annually. In peak gear (ADF&G, 1975a, 1977, 1978). The offshore fishery
young fish. These estimates are at times difficult to years, nearly 450 million young entered the marine is primarily a troll fishery. Chinook and coho are the
verify, and the rates may vary considerably with environment. According to Stern et al.'s assumptions species most sought, and a fair number of sockeye and
environmental conditions. Juvenile salmon populations of escapement equal to 0.43 of thé catch, an even sex pink salmon are taken incidentally. Offshore salmon
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Figure 8.7 Commercial catch of Pacific salmon by

species and year (1925-78) in NEGOA (Stern et al.,
1976; ADF&G, 1977, 1978; R. Pirtle, in litt.).

Number of Fish {x1000)

fishing north of the highly productive Fairweather
Ground is limited; most fish are caught farther south

in the waters of southeast Alaska and British Columbia

(NPFMC, 1978b). In NEGOA, almost all of the

16000: commercially caught salmon are taken in. nearshore
15000 - waters less than 20 km from the coast. A record of the

- commercial catch in NEGOA from 1925 to 1978 is given in
14000- SALMON CATCH Fig. 8.7. The commercial catch of salmon in the
13000: PRINCE WILLIAM SOUND AREA ADF&G's Prince William Sound and Yakutat Arfeas for the

i past two decades is shown in Figs. 8.8 and 8.9,
120004 respectively.

. [] coho & Ghinook
11000 Sockeye
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SALMON CATCH - YAKUTAT AREA
400~ . Pink

Sockeye

Number of Fish (x1000)
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60 62 64 66 68 70 72 74 76 78 60 62 64 66 68 70 72 74 76 78

Year Year
Figure 8.8 Commercial catch of Pacific salmon by Figure 8.9 Commercial catch of Pacific salmon by

species and year (1960-79) in the Prince William Sound
Area (ADF&G, 1978; R. Pirtle, in litt.).

species and year (1960-78) in the Yakutat Area (ADF&G,
1977, 1978).
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Catches of pink salmon in NEGOA have declined from
an average of 6 million fish from 1925 through 1945 to
about 3 million fish from 1946 through 1978 (Fig. 8.7).
The 1978 catch was 2.8 million fish, which, combined
with an estimated escapement of 1.1 million f£fish,
y%glded a total spawning run of 3.9 million pinks. The
forecast was for 4.2 * 1.5 million fish in the 1978 run
(ADF&G, 1978). The average weight of the fish caught
was 1.63 kg, and the average price paid to the
fisherman was $0.88 per kg. Thus, the ex-vessel value
of the 1978 catch was $4.0 million (R. Pirtle, ADF&G,
in 1litt.). In 1979 a record 15.4 million pink salmon
were caught in the Prince William Sound Area, worth an
estimated $21.5 million to the fisherman. A record
escapement of 3.0 million fish also occurred. Fishing
effort in 1979 was comparable to that of 1978. The
usually warm sea temperatures from June through October
are thought to be the major factor in the high survival
rate of returning pink salmon (R. Pirtle, in litt.)
For the past 25 years, pink salmon have accounted for
about 70 percent of the average annual catch and 25
percent of the ex-vessel salmon revenues in NEGOA
(Stern et al., 1976; ADF&G, 1978).

et al., 1978). Catches of both odd- and even-year
stocks were depressed for several years, but the
even-year stocks were affected more severely (Fig.
8.8). The even-year populations in the Yakutat Area
are also much less abundant than the odd-year ones,
judging from the catch record (Fig. 8.9). The causes
remain unknown, but may be related to adverse weather,
inadequacy of prey, overfishing, and/or a severe
geological event like an earthquake.

Sockeye are the second most abundant salmon
species caught commercially in NEGOA. Since 1925
apnual catches have varied from about 0.3 to 1.1
million fish, with no long-term increases or decreases
in the catch (Fig. 8.7). The 1978 catch of 632,000
fish was close to the annual average. Eighty percent
of the catch was taken in the Prince William Sound
Area; 20 percent was caught in the Yakutat Area. The
most productive fishing ground is the Copper River.
However, the 1978 catch there was only 250,000 fish,
the least in the past 20 years (ADF&G, 1978). Only

367,200 sockeye were caught in the entire Prince

William Sound Area in 1979 (R. Pirtle, in Llitt.).

Because of low escapement in the mid 1970's, the

Pink salmon catches fluctuate widely from year to
year (Figs. 8.8 and 8.9). The species has a fixed
two-year life cycle, and two races have evolved, one
that spawns in an odd year (é.g., 1977), the other in
an even vyear (e.g., 1978) (Hart, 1973). Because
environmental conditions are rarely the same from one
year to the néxt, survivorship varies, too. Major
environmental perturbations in one year may

significantly affect that year-class, and consequently
have an effect on the sizes of subsequent odd- or
_even-year stocks. For example, the March 1964 Prince
William Sound earthquake caused considerable uplifting

and disruption of spawning habitat in the sound (Kramer
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predicted catch for the next few years dis low.

Increased catches from the Coghill district in Prince

‘William Sound may offset the lower Copper River

catches. The total ex-vessel value of the 1978 and
1979 catches in the Prince William Sound Area was $5.2
and $3.7 million, respectively, based on average
weights per fish and prices per kg paid to the fisher-
men. The Alsek, Situk, and East Alsek Rivers are the
three most productive rivers for sockeye fishing in the
Yakutat - Area; 89 percent of the 1978 catch was har-
vested there (ADF&G, 1978). The value of the catch in
the Yakutat Area in 1978 was about $750,000.

Chum salmon catches for the past 54 years are

shown in Fig. 8.7. "They, like pink salmon, are sought
almost exclusively in the PFrince William Sound Area,
where catches have averaged over 500,000 fish annually.
The annual catch in the Yakutat Area, 1968-78, ranged
from a mere 3,700 to 14,900 fish (ADF&G, 1978). Chum
salmon were worth $1.9 and $1.7 million dockside in
1978 and 1979, respectively. A price increase from
$0.97 to $1.17 per kg helped to offset the decrease in
the 1979 catch (Fig. 8.8). Figure 8.7 shows a close
correlation between the amount of chum and pink salmon
caught annually since 1964. The spawning habitats of
both these species are similar and were disrupted by
the 1964 Prince William Sound earthquake. This
resulted first in an apparent decline but more recently
in an expansion of their populations. The parallel
variation in the vyearly catch of the two species
probably reflects similar oceanographic conditions,
food supply, and fishing effort.

The two most productive rivers for commercial
fishing of coho salmon in NEGOA are the Copper and
Bering Rivers. Catches from these two rivers accounted
for more than 99 percent of all coho taken in the
Prince William Sound Area in 1978 (ADF&G, 19?8). The

~catch had an ex-vessel value of $3.3 million in-1978,

and §3.2 million in 1979 (R. Pirtle, in litt.). As
seen in Fig. 8.9, large numbers of coho are also taken
in the Yakutat Area. Since 1958 the annual catch has
ranged from 30,000 to 155,000, with the average being
88,000 fish. Most fish are caught in the Situk and
Alsek Rivers (ADF&G, 1977, 1978). Coho populations
appear to be increasing, judging from the catch in
1976-78. The North Pacific Fisheries Management
Council believes that increased catches are a direct
result of increased attention to the management of
offshore coho fishing (NPFMC, 1978b). The value of the
coho catch for the Yakutat Area in 1978 is estimated at



$1.4 million, assuming that each fish weighed an
average of 4.3 kg and $2.42 per kg was the average
price paid. (weights and prices the same as for the
Prince William Sound Area}. The 54-year record of the
commercial catch of coho in NEGOA is shown in Fig. 8.7.

Chinook salmon are the largest and most valuable
salmon, but they are not taken in NEGOA in large
numbers. The total annual catch has rarely exceeded
30,000 since 1930 (Fig. 8.7). In 1979, 19,7006 chinooks
with an ex-vessel value of $645,000 (R. Pirtle, in
litt.) were caught in the Prince William Sound Area.
About 95 percent of the catch is taken in the Copper
River District (ADF&G, 1979f). Several thousand
chinook salmon are aiso caught annuallynby the trell
fishery in Yakutat Bay and the Alsek and Situk Rivers
(ADF&G, 1977).

A commercially important offshore troll fishery
occurs south of the proposed 0CS Lease Area No. 55
tracts in "outside" waters beyond 19.3-km demarcation
line. The Fairweather Ground (Area 157) is the most
productive area. There an average of 40,300 chinook
and 29,400 coho were caught annually from 1971 to 1976.
These catches represent 99 and 95  percent,
respectively, of the total offshore troll catch of
chinook and coho salmon in a region bounded by the
Dixon Entrance to the south and Cape Suckling to the
north (NPFMC, 1978b). Based on current prices (R.
Pirtle, in litt.), the chinook and coho catch is worth
about $1 million annually to the fisherman. The
fishing industry, however, claims that the NPFMC has
underestimated the extent of the landings taken from
the Fairweather Ground. According to the Halibut
Producers Cooperative, the catch has an ex-vessel value
of over $5 million (Stafne and Hemphill, 1977). The
exact value of the catch is difficult to determine

because many fish caught on the Fairweather Ground are

landed in several southeastern Alaskan ports and some
in British Columbia and Washington. There is general
agreement that the salmon caught in Area 157 have a
comparable value to those taken inshore throughout the
entire Yakutat Area (L. Jarvela, in litt.).

The offshore fishery for salmon on the Fairweather
Ground has been in operation since 1952. Because of
its high economic value and its lengthy tradition as a
prime fishing ground, any threat of disruption of the
fishery has been met with organized and strong
opposition. This response was evinced when the NPFMC
prepared its Fishery Management Plan that increased the
regulation of the salmon industry. Activities by the
oil and gas industry in Lease Area No. 55 may evoke a
similar response. The fishing season for chinook now
extends from April 15 to October 31; fishing is
permitted for coho from June 15 to Séptember 20 in
"outside" waters (NPFMC, 1978b).

8.2.3 Non-salmonids

Pelagic species

Information on distribution and abuandance of
non-salmonid pelagic fishes in NEGOA is for the most
part limited to data on species commércially sought, or
those prominent in the catches of U.S. and foreign
commercial fishing fleets. A synoptic review of the
literature on the distribution, abundance, life
histories, and fisheries of 34 common pelagic fishes
(15 families) is given by Macy et al. (1978). These
pelagic species generally live near the surface; they
often feed or migrate over long distances; some form
dense schools, making them easier to catch; and they
provide valuable forage for many commercially and
ecologically important fishes, birds, and mammals in

NEGOA. For example, Pacific herring (Clupea harengus

pallasi) and capelin (Mallotus villosus) are major prey

species of salmonids (Hart, 1973). Cetaceans and
pinnipeds consume large numbers of Pacific herring,

capelin, eulachon (Thaleichthys pacificus), and deepsea

smelts (Bathylages spp.) (ADF&G, 1975a; Macy et al.,
1978). , , '

Pacific herring are distributed widely in the
coastal waters of NEGOA (Fig. 8.11). Major
concentrations of herring occur in Prince William
Sound, especiélly in the outer areas of fiords and
around Montague Island (Rounsefell, 1930; Reid, 1972;
ADF&G, 1975a; Macy et al., 1978). 1In aerial surveys,
additional iarge concentrations were observed in the
Copper River Delta, Upper Russell Fiord, and in Yakutat
Bay between Ocean Cape and Knight Island. Few herring
were seen east of Yakutat Bay (ADF&G, 1975a).

In the Prince William Sound-Copper River Delta
area herring spawn from early March to early June

(Reid, 1972). In the Kodiak area spawning occurs
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primarily from May through mid-June (Rounsefell, 1930;
ADF&G, 1975a). Peak spawning times vary from year to
year, aﬁd populations do not always return to the same
area in successive years to spawn. Water temperatures
may be an important determinant of the timing and
location of spawning (ADF&G, 1975a). )

Gravid females extrunde their eggs onto algae,
submerged tree branches, and other stable substrates
along shallow, rocky shores (Reid, 1972). Attendant
males release milt at-the same time. Spawning herring
can be so dense that they appear to generate milky
plumes when viewed from the air.

Most schools of mature herring leave the shallows
after spawning and swim into deeper, offshore water to
feed (Taylor, 1964). They return to shallower waters
in aptumn to overwinter. '

Larval and juvenile herring use bays in Prince

William Sound and other protected embayments as nursery

grounds, feeding extensively on calanoid copepods
(Cushing, 1975; Harris and Hartt, 1977). By late fall,
young herring move into deeper, offshore waters (Reid,
1972). Whether herring follow migratory routes or
merely show general inshore-offshore movements has not
~yel been-ascertained (Macy et-al.; 1978).

The size of Pacific herring populations in NEGOA
has been difficult to ascertain, mainly because of wide
fluctuations in year-class numbers. Years in which
herring were abundant coincided with the passage of
dominant year-classes through the commercial fishery
(Rounsefell and Dahlgren, 1932). These dominant
year-classes, though, occur at random intervals and are
not closely correlated with annual egg production or
fishing pressure (Reid; 1972). Years of high and low
catches of Pacific herring in NEGOA have been described
by Hanamura (1961) and ADF&G (1975a, 1979f).

A small herring fishery presently exists in NEGOA,

principally in Prince William Sound. Since 1964,
herring roe has been commercially harvested and sent to
Japan for human consumption (ADF&G, 1975a). Roe is
collected from gravid females or harvested once the
eggs are extruded onto algae. Eggs attached to kelp
have the highest value. A bait fishery for herring

also exists in the . sound, but the catch is

- insignificant. The catch of herring taken for roe has

ranged from 900 to 7,000 mt during the past decade.
Years of peak harvest were 1973-1975. 1In 1978 only
1,350 mt were taken. The roe constitutes about 10
percent of the total weight of the fish (ADF&G, 1979f).
The estimated ex-vessel wvalue of the catch in 1978,
based on prices paid Kodiak fishermen, was $165,000.

Capelin are abundant in NEGOA waters (Hart, 1973).
They live in oceanic waters at mesopelagic depths for
most of the year, rising in the water columm and
migrating shoreward to spawn (Trumble, 1973). They
spawn along exposéd pebbly beaches (Hart, 1973) that
have rather narrowly defined habitat characteristics.
Water temperatures, substrate grain size, tidal stage,
and ambient light conditions all affect spawning

(Jangaard, 1974). The exact location of spawning

- beaches in NEGOA has not yet been: reported. " Spawning

probably occurs in NEGOA in May and June as it does in
Kodiak waters (J. Blackburn, ADF&G, Kodiak Office,
pers. comm.). It occurs in September and October in
the Strait of Georgia, British Columbia (Hart, 1973),
and in June through July in the Bering Sea (Musienko,
1970). Spawning individuals are mainly 3 and & years
old. Most fish die after spawning. Demersal eggs
attach to beach substrates and hatch in 15-30 days at
5-10°C. (Jangaard, 1974).

Capelin are the main prey of many fishes (Harris
and Hartt, 1977, Roggrs and Rogérs, 1978; Rogers et

al., 1979). Marine birds and pinnipeds also eat large

amounts of capelin (Calkins and Pitcher, 1978; Pitcher
and Calkins, 1978); Sanger et al., 1978.)

Apart from recent OCSEAP surveys and anecdotal
data, little information is available on the seasonal
movements of vcapelin in NEGOA. Considering the
apparent importance of the species, more investigations
are necessary to further describe its seasonal
distribution, abundance, 1life history, and trophic
relationships.

Pacific sand lance (Ammodytes hexapterus) probably

occur throughout the continental shelf region from near
shore to the edge of the shelf. As adults, they are
more abundant near shore (Macy et al., 1978).
According to Trumble (1973), sand lance spawn in winter
at depths of 25-100 m in areas of strong currents.
Eggs are buried in the éand. Larvae are epipelagic and
disperse farther offshore with = age. Large.
concentrations of larval sand lance were found over the

Portlock and Albatross Banks (Favorite et al., 1975).

~Juvenile sand lance are bénthopelagic, inhabiting sandy

substrates (Macy et al., 1978) but rising in the water
column to feed (Harris and Hartt, 1977). Juvenile sand

lance are found in shallower water than adults, and

~both life stages move into deeper water in the fall and

winter (Andriyashev, in Harris and Hartt, 1977).
Pacific sand lance are an important prey of many other
fish (see Fish Trophics section). They are common in
both pelégic and benthic fish assemblages and are
important in energy transfer between systems.

Atka mackerel (Pleurogrammus monopterygius) are

widely distributed in epipelagic waters of the Noxth
Pacific Ocean and Bering Sea. It is taken most
frequently along the continental shelf break. Adults
migrate annually to inshore spawning grounds. Optimal
spawning conditions occur in the straits between

islands, where swift. currents prevail. Rocky
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‘substrates at depths of 10-17 m and temperatures from 5
to 8°C are preferred. Exact spawning sites in NEGOA
have not been determined, but large concentrations of
adult Atka mackerel have been noted inshore, along the
south coast of the Aleutian chain from May through
October (see Macy et al., 1978, for review). Larvae
were collected over the Kiliuda Trough in fall surveys,
and in the Albatross Bank region in spring (Dunn et
al., 1979a), but sites of their origin are unknown. In
recent years this species has been a major target of
Soviet fisheries (Ronholt et al., 1978). It is not
harvested by domestic fishing fleets operating out of
Kodiak, Cordova and Yakutat. The total foreign catch
in 1978 was 18,800 mt, or 97 percent of the estimated
optimum yield (M. Alton, NMFS, Seattle, pers. comm. ) .

Other dimportant pelagic {fishes, in terms of

apparent abundance and trophic relationships, are

Pacific sandfish (Trichodon trichodon) (Harris and

Hartt, 1977), prowfish (Zapro;a silenus) (Macy et al.,
1978), and several smelts (Osmeridae) (Hart, 1973).

Their distribution, population dynamics, and feeding

habits have been summarized by Macy et al. (1978).

Demersal fishés

Demersal (bottom-dwelling) fishes are often simply
called groundfish, especiallj when discussed in
relation to the commercial fishery. OCSEAP studies,
however, usually refer to them as  flatfish
(Pleuronectiformes), rockfish (Scorpaenidae), roundfish
(all other Osteichthyes), and elasmobranchs
(Chondrichthyes) (Ronholt et al., 1978). In this review
the latter classification is wused. To date, 138
species representing 26 families of demersal fishes
have been captured in the Gulf of Alaska. Families
with the most species represented are Hexagrammidae (30

spp.), Cottidae (24 spp.), and Pleuronectidae (16 spp.)
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(Quast and Hall, 1972). Common demersal fishes in
NEGOA are listed in Table 8.3. Each species appears to
have preferred habitats and depths throughout the
region; therefore, a particular species may be "common'
in only part of its total range {e.g., sablefish, rock
sole).

Resource surveys have been conducted periodically
by federal and state agencies in waters of the Gulf of
Alaska to determine the species =~ composition,
distribution, and relative abundance of demersal fish
populations. The most extensive survey of demersal
fishes in recent years was done by the NMFS (1973
through 1976). They collected samples from 310
stations in NEGOA. Fish were takeﬁ with otter trawl
gear from water depths down to 400 m. (Ronholt et al.,
1978). The NMFS sampling occurred from April through
October; distributions probably differ in winter.
Hughes (1974) has shown thizs to be true for f£fish
populations sampled in this vicinity in 1961. No
single survey can describe the distribution of £fish
populations completely. The study of Ronholt et al.
(1978) is the most

Additionally, their comparisons of survey data from the

‘ compréhensive to date.

1960's and the 1970's provide insight into "long-term

fluctuations of standing stocks of demersal fishes.

Table 8.3 Common demersal fishes in NEGOA (Buck et al.,
1975; ADF&G, 1975a; Harris and Hartt, 1977; Ronholt et
al., 1978; Rogers et al., 1979).

Flatfish

* Pacific halibut (Hippoglossus stenolepis)
Rock sole (Lepidopsetta bilineata)
Yellowfin sole (Limanda aspera)

Flathead sole (Hippoglossoides elassodon)
Starry flounder (Baltichthys stellatus)
Butter sole (Isopsetta isolepis)

Sand sole (Psettichthys melanostictus)
Arrowtooth flounder (Atheresthes stomias)
Rex sole (Glyptocephalus zachirus)

Roundfish

Walleye pollock (Theragra chalcogramma)
Pacific cod (Gadus macrocephalus)

Pacific tomcod (Microgadus proximus)

Alaska eelpout (Bothrocara pusillum)

% Sablefish (Anoplopema fimbria)

Kelp greenling (Hexagrammos decagrammus)

Rock greenling (H. octogrammos)

Masked greenling (H. stelleri)

Whitespotted greenling (H. stelleri)

Lingcod (Ophidon elongatus)

Yellow Irish lord (Hemilepidotus jordani)

Red Irish lord (H. hemilepidotus)

Great sculpin (Myoxocephalus polyacanthocephalus)
Tubenose poacher (Pallasina barbata)

Sturgeon poacher (Agonus acipenserinus)

Alaskan ronquil (Bathymaster caeruleofasciatus)
Searcher (B. signatus) o

Snake prickleback (Lumpenus sagitta)

Crescent gunnel (Pholis laeta) .

Rockfish

RIS

% Pacific ocean perch (Sebastes alutus)
Black rockfish (S. melanops)
Tiger rockfish (S. nigrocinctus)

Elasmobranchs

Big skate (Raja binoculata)

Blake skate (R. kincaidi)

Starry skate (R. stellulata)
Spiny dogfish (Squalus acanthias)

* Species of major importance to fishing industry



Roundfish, particularly walleye pollock, and
several flatfish are abundant throughout NEGOA;

rockfish and elasmobranchs are less frequently caught.

The rate at which these four classes of fish were taken

at each sampling location in NEGOA is indicated on
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Fig. 8.15 in which average catch rates for each fish

group in three regions and depth ranges are shown.

FLATFISH
DISTRIBUTION OF CATCH RATES
(May-Aug 1975, Apr 19786)

CPUE
e <50 kg/hr
® 50-500 kg/hr

>5700 kg/hr
Figure 8.11 Distribution of standardized catch rates
(CPUE) of flatfish, based on NMFS survey data (Ronholt L | : ! ] :
et al. 5 1978) . 147° 146° 145° 144° 143° 142° 1410 140° 139°
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Figure 8.12 Distribution of standardized catch rates
. . ' i (CPUE) of roundfish, based on NMFS survey data (Romholt
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Figure 8.13 Distribution of standardized catch rates
(CPUE) of rockfish, based on NMFS survey data (Ronholt
et al., 1978).
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147° 146° 145 aa - a2 . 0° o survey data, May-August 1975 and April 1976 (Ronholt et

al., 1978).
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RBiomass estimates derived from the catch data
(Table 8.4) represent the apparent abundance of each
group of fish. Although the method of capture, season,
ease of sampling the substrate, and a host of other
factors may influence estimates, they are the best
recent data on the size of fish populations in NEGOA.
Estimates for NEGOA are compared to estimates for all
of Alaska in Table 8.5.

Table 8.4 Estimated biomass in metric tons of demersal
fish groups by region and depth zones in NEGOA, May-
August 1975 and April 1976 (Ronholt et al., 1978).

Depth

Interval (m) Flatfish Roundfish Rockfish Elasmobranchs All Fish
Fairweather

1-100 5,900 200 a 500 7,300
101-200 20,800 3,800 1,200 5,300 31,100
201-400 13,200 900 1,900 600 16,600
All depths 39,900 5,600 3,100 6,400 55,000
Yakutat

1-100 30,800 15,500 a 2,800 49,100
151-200 30,600 7,700 3,300 3,500 45,100
201-400 22,600 3,500 2,300 2,800 31,600
All depths 84,000 27,100 5,600 9,100 125,800
Prince William

1-100 13,700 14,600 300 3,900 32,500
101-200 17,700 31,200 2,200 2,100 53,200
201-400 5,800 3,800 1,200 600 11,460
All depths 37,200 49,600 3,700 6,600 97,100

© OTOTAL

1-100 50,400 31,000 300 7,200 88,900
101-200 69,100 42,700 6,700 10,900 129,400
201-4060 41,600 8,600 5,400 4,000 59,600
All depths 161,140 82,300 12,400 22,100 277,900

a Biomass <20 mt.

Table 8.5 Percentage of total Gulf of Alaska fish
populations (estimated biomass) occurring in three
statistical districts in NEGOA (0-400 m), based on
1975-76 data (Ronholt et al., 1978).

Statistical area

Fish group Prince William Yakutat Fairweather NEGCA
Roundfish 5.2 2.7 0.6 8.5
Flatfish ’ 6.3 14.3 6.8 27.4
Rockfish ~ 13,0 19.7 10.8 43.5
Elasmobranchs 23.4 31.¢ 22,2 77.5
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In another set of important comparisons, Ronholt
et al. (1978) show that fish populations have changed
from the early 1960's to mid-1970's. According to
their methods of comparison, the only significant
change in abundance was for roundfish in the Prince
William Region and elasmobranchs in the Kenai Region
(Table 8.6). When fish populations were compared by

decade, region, and depth zone, some additional differ-

Table 8.6 Comparison of mean (geometric) catch rates
(CPUE) of fish groups caught during two resource sur-
veys conducted in NEGOA (Ronholt et al., 1978).

IPHC NMFS
(1961-1963) (1973-1976)

x CPUE x CPUE

(kg/hr) _ (kg/hr)
Kenai 118 - 104
Prince William 32 107
Yakutat 76 166
Fairweather 191 83

Roundfish

Kenai 56 112

Prince William N ) T 101%
Yakutat 18 46
Fairweather 16 _ 3

Rockfish
Kenai 21 4
Prince William 4 2
~ Yakutat 10 9
~Fairweather ‘ 5 3
Elasmobranchs

Kenai 20 e
Prince William ' 5 8
Yakutat 9 22

Fairweather 12 14

% Significant decrease in population.

ences appear (Table 8.7). Although not statistically
significant, the following trends were evident: (1)
flatfish were much more abundant on the inner shelf of
the PrinceA William Region and much less so in the
Fairweather Region in the mid-1970's; (2) roundfish
populations have decreased appreciably in the Kenai and
Prince William areas; (3) rockfish populations have
decreased appreciably in the Kenai and Prince William

areas.

Table 8.7 Ratio of '11970"/"1960" geometric mean CPUE
index (from Ronholt et al., 1978).

Depth zones (m)

1-100 101-200 201-400
Flatfish
Kenai - 1.23 0.40
Prince William 11.29 1.41 1.52
Yakutat 1.85 2.29 2.29
Fairweather 0.09 0.30 3.05
Roundfish
Kenai - 3.01 0.80
" Prince William - 18,87 - 1828 3.98
Yakutat 11.31 1.14 3.94
Fairweather 0.17 1.40 0.72
Rockfish
Kenai - 0.28 0.06
Prince William - 0.41 0.14
Yakutat .99 1.12 0.55
Fairweather 0.98 0.52 0.54
Elasmobranchs
Kenai - .10 0.06
Prince William 2.02 1.11 1.94
Yakutat 2,25 1.91 4.37
Fairweather 1.88 1.17 0.67




Pacific halibut (Hippoglossus stenolepis) have

been the primary target species since 1888 of a
commercial fishery in the North Pacific, and they have
been taken in the Kodiak Region since 1922 (IPHC,
1978). Although their stocks have been stressed by
fishing for decades, the fishery remains viable and is
of chief concern to the populace of several Alaskan
communities, notably Kodiak City (IPHC, 1977).

Halibut occur on or near the continental shelf
from Califérnia northward into the Bering Sea.
Preferred water depths vary with season and age.
During the NMFS survey, the species constituted about
one fercent of the flatfish catch in NEGOA (Ronholt et
al., 1978). Halibut are usuvally found in 30-275 m of
water, although the setline fishery has recovered fish
from 1,100 m (Fig. 8.16; Bell and St. Pierre, 1970;
IPHC, 1978).

The seasonal  movements, migratory routes,
spawning, and early life history of Pacific halibut
have been studied in detail since 1923, when the IPHC

was organized (Thompson and Herrington, 1930; Thompson

Cape Spencer, Cape St. Elias, Chirikof, and the Trinity
Islands "outside" grounds are other known spawning
areas (Skud, 1977; IPHC, 1978; E. Best, IPHC, pers.
comm.). Eggs have been collected throughout the entire
region, and spawning probably occurs at suitable depths
all along the slope.

Halibut eggs have been recovered from 40-935 m of
watér, with highest densities at depths of 100-200 m
near the edge of the continental slope, between Yakutat
and Portlock Bank (Thompson and Van Cleve, 1936).
Currents in the Gulf of Alaska carry the eggs and
larvae northward and westward for six to seven months.

At first the larvae passively drift in water deeper

than 200 m, but later they rise slowly toward the -

surface (Thompson and Van Cleve, 1936; Skud, 1977;

IPHC, 1978).
concluded that eggs released along the southeastern
coast of Alaska would be transported to NEGOA and

Favorite and Ingraham (1977) have

advected shoreward at speeds of 5-10 cm/s, equivalent
to 4-8 km/day; or 700-1400 km over a six-month larval
period.

Juvenile halibut settle out of the plankton in May
and June; they are found in shallow bays along the
coast of Alaska and the Aleutian Islands whefe water
depths are less than 100 m (Thompson and Van Cleve,
1936). Halibut one to three years old are more likely
to be found farther inshore than are prerecruits four
tﬁ eight years old according to IFHC (Best,/i974) and
NMES (Ronholt et al., 1978) trawl survey data from
stations throughout the Gulf of Alaska. Important

Table 8.8 Release and recovery locations of tagged adult Pacific halibut, 1925-76 (Skud, 1977).

Recoveries by region

SE

_ ) Number Bering
and Van Cleve, 1936). Tagging studies indicate that Release region released © Sea Shumagin Chirikof Kodiak Yakutat Alaska B.C. Total
adult halibut migrate annually from their shallow
Beri S :

——————feeding—grounds;—such—as—the-Portlock-Bank,—to—deeper ering eg ?0’435 756 - 21 69 125 116 —-83 -33 1,223

winter spawning grounds, then return to their summer Shumagin 5,992 0 202 104 35 20 24 11 396

grounds. Some adults migrate long distances and do not Chirikof 9,193 0 " 37 473 91 20 17 10 648

return to the same grounds (Bell and St. Pierre, 1970;

: Kodiak 16,501 0

Skud, 1977; IPHC, 1978). Mechanisms that trigger these ’ 17 119 1,294 40 36 25 1,531

pioneer immigrations are unknown. Most tagged fish Yakutat 11,431 0 31 122 428 1,078 _ 62 52 - 1,773

were recovered within 150 km of their initial release SE Alaska . 9,729 0 0 0 1 " 1,945 85 2,035

site (Table 8.8). : :

Hali P N b March 180-450 British Columbia _ - ‘
alibut spawn from November to March at - m and South 59,642 0 1 0 7 39 194 17,288 17,529
depths along the edge of the continental slope. Major
spavning  sites in  Alaska  are Yakutat, Cape TOTAL 132,642 . 756 309 887 1,981 1,317 2,361 17,524 25,135

Suckling-Yakataga ("W" grounds), and Portlock Bank,
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Figure 8.16 Distribution of Pacific halibut in the Gulf of Alaska, with major fishing grounds highlighted (IPHC, 1978).
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halibut nursery grounds near the QCS lease areas are in
Yakutat ‘Bay and the Fairweather Grounds, but these
areas are by no means inclusive (Best, 1974). A
reexamination of the IPHC data base indicates that
movements of juvenile halibut may be extensive (Skud,
1977).

Skud (1977) hypothesizes that the emigration
movements of juvenile halibut counteract the westward
drift of eggs and larvae. From age and size data taken
during IPHC trawl surveys (IPHC, 1966) it has been
demonstrated that the mean age of juvenile halibut
increases from west to east. Three-year-olds were
dominant at Unimak and Chirikof, four~year-olds at
Chiniak, five-year-olds at Cape St. Elias, and five-
and six-year-olds in British Columbia (Best, 1968,
1974). 1In addition, 30 percent of the juvenile halibut
tagged west of Cape Spencer (IPHC'S Area 3) were
recovered in British Columbia. This evidence suggests
that, contrary to earlier findings (Thompson and
Herrington, 1930), there is extensive intermingling of
halibut stocks north and south of Cape Spencer (Skud,
1977). Furthermore, it is principally the juvenile

fish, not the adults, that maintain the population

A0 =1 200

CPUE (pounds)

200

=150

100

Catch (miMion pounds) & Effort (10,000 skates)

50

1960 1964 1968 1972 1976
YEAR
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million fish in the late 1940's. Occasional strong
year-classes appeared in the 1950's and 1960's, but
stocks generally declined in the Gulf of Alaska through
1976 (IPHC, 1977), with a slight increase in 1977
(Skud, 1978). The most recent reports still estimate
juvenile stocks in the gulf at less than three million
fish (IPHC, 1977).

Arrowtooth flounder (turbot) (Atheresthes stomias)

is another commercially important flatfish. It was the
most abundant flatfish caught in the Gulf of Alaska
during the 1973-76 NMFS survey. This species is widely
distributed (Fig. 8.18).
Arrowtooth flounder constituted 52 and 44 percent of
the flatfish catch in the Kenai and Prince William

throughout the region

Statistical Areas, respectively; and 42 and 44 percent
in the Yakutat and Fairweather Areas (Ronholt et al.,
1978). Highest concentrations of turbot were found
between 201 and 400 m water depths (Hughes, 1974;
Ronholt et al., 1978), but they also occur at even
gréater depths (Hart, 1973). Larvae have been recorded
from the surface down to 200 m (Hart, 1973). Juveniles
probably occur in shallower water than adults, as they

do in the Bering Sea (Shuntov, 1970). Large numbers of

~—————distributions-

The abundance of Pacific halibut has been
estimated from catch and age data using a cohort
analysis technique. The abundance of adults has
declined sharply in IPHC's Regulatory Areas 2 and 3,
from about 10 million fish per area in the 1950's to 5
million fish per area in the 1970's. One index of
abundance, catch per unit effort (CPUE), is shown for
halibut (1960-77) in Fig. 8.17. The IPHC uses the
abundance of three-year-old halibut as an indicator of
juvenile stocks. After increasing during the 1930's,
abundance peaked in the 1940's at more than 10 million

fish in both Areas 2 and 3. Stocks declined to about 5

s

56')

54"

s2°L

IPHC REGULATCRY AREAS

L L —
165" 160" 155" 150" 145° 120" 135"

Figure 8.17 Catch statistics of Pacific halibut based
on I.5. and Canadian setline fishing in IPHC Regulatory
Areas 2 and 3, 1960-77 (IPHC, 1977, 1978).

arrowtooth flounder were takem in a small area between
Yakutat and Icy Bays during the 1975-76 survey (Ronholt
et al., 1978). These flounders probably inhabit deeper
waters in winter than summer (Shuntov, 1970). Other
than some data from the commercial fishery, which will
be discussed later, little is known about the Ilife
history of this species in NEGOA waters. In the Bering
Sea, it spawns from December to February (Shuntov,
1970), but its spawning grounds have not been
determined (Pereyra et al., 1976).

Other flatfishes (flathead sole, rex sole, rock
sole, and Dover sole) were caught regularly in 1975-76.

Details of their distributjon and relative abundance
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depths up to 300 m (J. Blackburn, ADF&G, Kodiak office,

4610 pers. comm.). Juvenile pollock inhabit more coastal

. %@ gﬁ@ﬁ%ﬁ@ o . =

éév%%gé\ . @%ﬁ%@$ waters and are routinely taken in the bays and fiords

(},\@%;jgiég%%@ é%z%ﬁ . (Rogers et al., 1979; Feder et al., 1979).
> %@\ . $§° Walleye pollock was the most common fish in the
%g@"%%?%@%ﬂ "%% Gulf of Alaska from Cape Spencer to Unimak Pass, during
”@fﬁ%%%% - @)\%\%} . . the NMFS resource survey of 1973-76. The biomass of
Fo %&é’%&% %gﬁ;%fﬁé%%& @% pollock was nearly 740,000 mt, or 46 percent of all
e . m&%mg fish (Ronholt et al., 1978). In NEGOA the estimated

80° S Q»g?\;x% o $ \\%ﬁ‘\% gf;-i% i @‘\, S &80° . '
%‘ﬁ%ﬁﬁ%’%ﬁ%@ﬁ. o biomass of pollock was 121,000 mt. Pollock accounted
o o

for 79 percent of the roundfish catch in Kenai, 78
percent in Prince William, 55 percent in Yakutat, and
22 percent in Fairweather (Ronholt et al., 1978).
During the past several years fishermen trawling in the
Shelikof Strait from Malina Bay south to Chirikof
Island have reported catches of up to 1.8 mt/hr; these
comprised 80 percent pollock, 7 to 8 percent Pacific

59° qs9° cod, and 2 to 3 percent sablefish (J. Blackburn, pers.

ARROWTQCOTH FLOUNDER
DISTRIBUTION OF CATCH RATES
{May-Aug 1975, Apr 1976)

CPUE
e <50 kg/hr
® 50-250 kg/hr

comm. ).

Walleye pollock were far less abundant in NEGOA in
the early 1960's. In the May-October 1961 sampling
period the estimated biomass of pollock was 27,400 mt,

B >250 kg/hr .
- or—23—percent—of the-biomass-thought to occur there 12 .
14'70 14'80 14'50 14'40 1;30 1;20 1“410 1;00 — to 15 years later (Ronholt et al., 1978).
_ Life histoxry data for pollock in NEGOA have not
Figure 8.18 Distribution of standardized catch rates (CPUE) of arrowtooth flounder, based on NMFS survey data been reported. In the Kodiak region they probably
(Ronhiolt et al., 1978). spawn during April and May (J. Dunn, NMFS, Seattle,
pers. comm.). Females with ripening ovaries have been
are vreported by Ronholt et al. (1978). TFeeding - (Fig. 8.19; Ronholt et al., 1978). Pollock appear to observed in the Shelikof Strait during February-April
relationships of these species are discussed in a- be replacing Pacific ocean perch as the dominant fish (J. Blackburn, pers. comm.). Though the spawning
subsequent section. of the Amchitka region (Simenstad et al., 1977). grounds are unknown, high concentrations of eggs taken
Walleye pollock (Theragra chalcogramma) is perhaps Walleye pollock inhabit the outer continental shelf in March and April and larvae taken in summer in the
the most important roundfish, commercially and region and the troughs at depths between 100 and 200 m region of the Kiliuda and Chirikof-Shelikof Troughs
ecologically, in the entire Gulf of Alaska. They were (Ronholt et al., 1978). Commercial fishermen in the suggests these areas as probable spawning grdunds (Dunn
found at 87 percent of the stations in NEGOA in 1975-76 Shelikof Strait, however, report large catches from et al., 1979; Dunn, pers. comm.).
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147° 146° 145° i44° 143°

WALLEYE POLLOCK

(May—-Aug 1975, Apr 1976}

CPUE

o No catch

® <50 kg/hr
® 50-250 kg/br

DISTRIBUTION OF CATCH RATES

1861, an estimated 121,100 mt of cod inhabited the
region, 77 percent of which inhabited the Kenai/outer
continental shelf zome (Ronholt et al., 1978),

Little information on the life history and
seasonal movements of Pacific cod in NEGOA waters is
available. They are believed to migrate to deeper

waters in autumn, spawn in winter, and return to

shallower areas in spring (Hart, 1973). Along the

British Columbia coast, <cod move to offshore banks
(90-145 m) in winter and return te 30-75 m water depths
in spring and summer (Ketchen, 1961) but remain within
the 6-9°C isotherms. (Ketchen also provides growth and
mortaiity’ data for Pacific cod in Canadian waters.)

Sablefish (blackcod) (Anoplopoma fimbria) is

another commercially important roundfish. It is common

along the continental slope from the Queen Charlotte
Islands to the Shumagin Islands, where about 67 percent
of the North Pacific stocks occur (Low et al., 1976).
Its distribution in the Gulf of Alaska is shown in Fig.

8.20. The species was caﬁght only occasionally by NMFS

crews in 1973-76 (Ronholt et al., 1978), but they were .

sampling in areas shallower than the preferred habitat

of the species. Sablefish constituted 68 to 100

=250 ka/hr

1 1 | 1

147° 146° 145° 144° 143°

142° 141° 1400 139°

Figure 8.19
et al., 1978).

Pacific cod (Gadus macrocephalus) is another

abundant roundfish in NEGOA waters. It is distributed
from inshore embayments (Harris and Hartt, 1977; Rogers
et al., 1979) to the continental slope (Hart, 1973).

Around the Kodiak archipelago it is usually taken in

Distribution of standardized catch rates (CPUE) of walleye pollock, based on NMFS survey data (Ronholt

waters less than 100 m deep, but in NEGOA it is found
somewhat deeper (Ronholt et al., 1978). During the
NMEFS 1975-76 survey, in NEGOA the estimatéa biomass of
Pacific cod was 26,100 mt or about 16 percent of the

roundfish biomass for this region. During May-October

percent of the roundfish catch in the northeast Pacific
at depths greater than 200 m in an earlier survey
(Alverson et al., 1964).
second to flounders in relative abundance among
demersal fishes (Low et al., 1976).

It is

At those depths it ranked

evident from tagging studies that
large-scale migrations of sablefish occur. Bering Sea
stocks apparently intermingle with thése as far south
as California (Low et al., 1976).

Sablefish mature at five to seven years of age.
They spawn during winter at depths of 250-750 m
(Thompson, 1941). There is no evidence of a spawning

migration; sablefish in spawning condition are found
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throughout the range of the species (Low et al., 1976).
The buoyant eggs rise to the surface, and in the Kodiak
area a high percentage drift over the shelf, where they
develop into larvae. Further aspects of sablefish
biology are discussed by Shubnikov (1963), Kulikov
(1965), Hart (1973), and Low et al. (1976).

Pacific ocean perxrch (Sebastes alutus) is the

primary rockfish commercially sought in the Gulf of
Alaska. Its range extends northward from southern
California inte the Gulf of Alaska and westward along
the Aleutian chain. Populations also occur in the
Bering Sea along the shelf break and as far west as
Kamchatka (Major and Shippen, 1970). From Unimak
Island to Prince William Sound, Pacific ocean perch
populations are centered din 100-800 m of water
(Lyubimova, 1963).

Pacific ocean perch migrate seasonally. Major
concentrations of perch forage south of Unimak Pass
from May through September in 100-150 m of water. The
Portlock and Kodiak Banks and Shumagin grounds are of
secondary importance to feeding rockfish. Dense
schools composed of both sexes consume vast quantities
of pelagic euphausiids and calanoid copepods. In
Septemberrtheyrétop fééding and Probably mate on the
feeding grounds (Lyubimova, 1963). After mating,
females migrate into NEGOA and are widely dispersed
from October through April. Males remain in their
primary foraging grounds; small schools are sharply
localized at 250- to 450-m depths from November through
March (Lyubimova, 1963). The species is viviparous;
the times of fry emergence at different latitudes are
given by Major and Shippen (1970). Around Kodiak, fry
begin to emerge in April (Lyubimova, 1963). After
spawning, females return to their foraging grounds, and
dense aggregates of heterosexual schools form again.

The distribution of Pacific ocean perch larvae in
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the Gulf of Alaska has been reported by Lisovenko
(1964). However, as taxonomic identification of
scorpaenid larvae is difficult, Lisovenko assumed that

all rockfish larvae he collected were Sebastes alutus.

Major and Shippen (1970) point out the difficulties in
ascertaining life histories when larval identification
is din doubt. Young juvenile Pacific ocean perch
inhabit surface waters during daylight hours; they
probably are demersal at night (Alverson and Westrheim,
1961). Older juvenile fish prefer waters 125-150 m
deep until they mature (Paraketsov, in Major and
Shippen, 1970).

The abundance of Pacific ocean perch is difficult
to ascertain because of their benthopelagic habits.
They are much less easily caught by trawling geaxr than
many other demersal species. Hence, estimates of their
abundance are likely to be low (Ronholt et al., 1978).
In 1961, 68,500 mt were estimated to be present in
NEGOA. By 1975-76, however, the estimate was only
4,149 mt (Ronholt et al., 1978). This sharp decline
probably resulted, at least in part, from heavy fishing
pressure by Soviet and Japanese fleets in the
intervening years (Major and Shippen, 1970).

' Except for Pacific halibut and small numbers of
pollock and cod, domestic fishermen are not fishing for
demexrsal fishes in NEGODA. This is not true of foreign

fishing fleets.
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Figure 8.2b Distribution of sablefish (adults) in the
Gulf of Alaska (Low et al., 1976; Romholt et al.,
1978).
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Japanese and Soviet fleets catch most of the fish
taken by foreign natibnals; Poland, the Republic of
Korea, and Taiwan also fish in NEGOA (Ronholt et al.,
1978).

waters consists of three species:

Ninety percent of the Japanese catch in Alaskan
Pacific ocean perch,
sablefish, and walleye pollock. Pacific ocean perch
and walleye pollock are caught mainly by trawling;
sablefish are harvested by longlining (Ronholt et al.,
1978). The
1969-1974, reported by speéies and regions is presented
in Table 8.9.
1964-1974 is illustrated geographically in Fig. 8.21.

The Soviets have fished in the Gulf of Alaska
since 1960.

total Japanese fisheries catch for

Japanese fishing productivity for

By 1963 they had established a year-round
fishery in the gulf. A complete catch record for the
1960's is not available. Pacific ocean perch was the
main species caught. Soviet fishing increased in the
1970's, and since 1973 a more complete record of Soviet
In 1973-75,

walleye pollock, Atka mackerel, and Pacific ocean perch

catch statistics has become available.

were the principal species caught. Soviet fishermen

landed 34,000 mt of Atka mackerel and 60,300 mt of

walleye pollock in this period, or about 41 percent of

the total Soviet catch in the gulf (Ronholt et al.,
1978).

Other foreign fleeté began fishing in NEGOA within
the last decade, but catch and effort have not been
(Ronholt et al., 1978). Some

information is available for fishing farther to the

well  documented
west. The overall foreign groundfish catch in the
Kodiak region was 100,305 mt in 1978 (Table 8.10), up
from previous years (Ronholt et al., 1978), but still
only 60 percent of the estimated optimum yield (0Y).
This suggests that the groundfish stocks as a whole are
not overfished, and more could be harvested without

impairing the resource. Atka mackerel stocks, however,
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Table 8.9
metric tons (Ronholt, et al., 1978).

Total Japanese trawl and longline catch of fishes harvested in NEGOA, 1969-74.

Data are reported in

Statistical areas

Percent Gulf
of Alaska

Species Kenai Prince William -  Yakutat Fairweather Total (each species)
Pacific ocean perch 33,800 14,200 51,200 31,600 130,800 69
Sablefish 17,100 10,200 20,200 31,200 78,700 70
Walleye pollock 10,000 2,600 4,600 1,600 18,800 30
Arrowtooth flounder 3,200 1,000 2,900 1,400 8,500 60
Miscellaneous fishes?® 6,100 3,600 10,100 8,300 28,100 68

Total 70,200 31,600 89,000 74,100 264,900

Percent Gulf of Alaskab _

(all species) 17 7 21 18

2 Miscellaneous fishes are mainly Pacific cod, flatfishes, rockfishes, and elasmobranchs.
The reported Japanese catch for the entire Gulf of Alaska was 419,000 metric toms.

Table 8.10 Total foreign and domestic groundfish catch
in the "Chirikof-Kodiak" INPFC areas in 1978 by species
and groups related to optimum yield (0Y) (M. Altonm,

- NMFS, Seattle, unpubl. data).

Total ’
Parcent

Foreign Domestic foreign & Optimum
Species or group catch catch® domestic yield oy#
M
Pollock : _ 61,459 514 62,013 95,200 65
Atka mackerel 18,806 -— 18,806 19,400 a7
Flounders 6,284 81 6,365 14,700 43
Pacific cod 5,584 631 6,215 19,400 32
_Sablefish 3,088 1 . 3,089 . 3,800 81
Pacific ocean perch 2,023 - 2,023 7,900 26
Other rockfish 581 1 582 800 73
Other fish 2,440 113 2,553 8,600 30
Total 100,305 1,341 101,646 169,860 60

* Includes Kodiak westward, but most of catch in Kodiak to Shumagin area.

%% Qptimum yield is the amount of fish that can be centinuously harvested from a stock
under current environmental conditions, * an amount considered for the purposes of pro-
moting economic, social, or ecological objectives as established by law and public par-
ticipation processes {for a legal definitien, see PL 94=-265).

appear to be fully exploited. Flounders, cod, pollock,
and Pacific ocean perch stocks could withstand heavier
fishing pressure without damaging their reproductive
potential (H. Alton, NMFS, Se&ttle, pers. comm.). The
conclusion that perch are underutilized (Table 8.10)
differs from the earlier findings of Ronholt et al.
(1978).

addition to biological ones; however, relying on them

Optimum yield values are based on factors in

alone for making decisions on fishery management
without frequent stock reassessmenﬁs is unwise.

With the passage of the "Fishery Conservation and
Management Act of 1976," which became effective 1 Maxch
1977, the United States extended its jurisdiction over
the fisheries resources to the 200-mile seawgrd limit.
The act was designed to establish a program to regulate

all fisheries in the‘Conservation Zone. Domestic and



8.3 TROPHIC RELATIONSHIPS

of

important in assessing the effects of 0CS development

Knowledge predator-prey relationships is

on faunal populations. Data on seasonal variations in

distribution and abundance of organisms alone are
insufficient. Predator-prey relationships can be
ascertained and food web models constructed by
analyzing the gut contents of organisms and, when

possible, by watching them eat. Marine food web models

show major dependencies among infauna, epifauna,
pelagic fishes and invertebrates, birds, and mammals.
They increase our understanding of energy flow through
the ecosystem and help elucidate community structure
and function. They may thus be used to prédict the
transfer and accumulation of industrial contaminants in
a community of marine animals.

Fishes of NEGOA thrive on a rich assortment of

zooplankton, larger benthic and pelagic organisms, and

other fishes. - The troﬁhic relationships are complex
and vary with 1life stage, season, habitat, prey
availability, and physiological condition of the

predator and prey. Generalizations are difficult, and

4*4W**predictingmthe”fatE"éndgeffectmof*pollutantswin”marine

food webs is fraught with uncertainties. Nonetheless,
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Figure 8.21 Distribution of mean annual demersal fish catch, in metric tons, by Japanese trawl and longline fish-

eries, 1964-74 (Ronholt et al., 1978).

foreign fish quotas, time-area closures, minimum size
limits, and gear restrictions have been, or are being,
formulated for the demersal fishes of the Gulf of
Alaska.
Conservation Zone under bilateral treaty agreements
with the U.S.

given primary consideration in these agreements.

Foreign natieons are permitted to fish in the

the domestic fisheries are

The

However,

long-term effect of this action will be to restrict
foreign fisheries and to increase domestic efforts and
catches within the U.S. Fisheries Maﬁagement Zone (J.
H. Branson, NPFMC, pers. comm.). The implications of
this change in fisheries resource utilization are still
unclear, but domestic fisheries and foreign policy may

be appreciably altered.

some typical feeding relationships and common energy
pathways may be mentioned.

In coastal waters of NEGOA the production and re-
lease of larvae of many fishes tend to coincide with
1969;

Spring runoff from coastal rivers

local =zooplankton blooms (LeBrasseur et al.,
1980).

detritus

Carlson,

transports and nutrients into nearshore

waters. At this time day length and water tempera-
tures are increasing rapidly, and primary production
may also be increasing as'it does in more temperate
1965).

waters (e.g., Pratt, Zooplankton populations,
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in turn, increase as they graze on the abundant phyto-
plankton (Martin, 1965). Microzooplankton such as
protozoans and nauplian stages of copepods are the prey
of larval fishes (Parsons an&/LeBrasseur, 1970), while
the larger plankters like calanoid and harpacticoid
copepods, chaetognaths, hyperid and gammarid amphipods,
and euphausiids are the principal prey of numerous
juvenile fishes (Gosho, 1977; Sibert et al., 1977;
Simenstad et al., 1977; Rogers and Rogers, 1978; Smith
et al., 1978; Rogers et al., 1979; Healey, 1980).
Abundant food of the appropriate size at the right time
promotes rapid growth and enhances survivorship of

young fish (LeBrasseur, 1969).

Juvenile fish change their diet as they grow. The
variety of prey taken dincreases with age, which
probably is related to their larger mouth and more
developed dentition and digestive tract as well as to
increased swimming prowess. Table 8.11 shows the
changing diet of fingerling pink salmon during their
first summer in the marine environment. Most of the
prey of young walleye  pollock are Dbenthic:
polychaetes, majid crabs, and amphipods in NEGOA. As
‘walleye pollock grow, -they take-increasing amounts of
pelagic prey (Fig. 8.22), especially euphausiids
(Euphausia spp., Thysanoessa spp.) conspecifics (Smith,
in press) Pacific sand lance (Smith et al., 1978),
Pacific herring (Hart, 1973), and juvenile salmonids
(Armstrong and Winslow, 1968). Mysids, sand lance, and
rock sole are the principal prey of adult populations
of pollock near Amchitka (Simenstad et al., 1977);
adult pollock are cannabalistic farther north in the
Bering Sea (Takahashi and Yamaguchi, in Smith, in
press). Changes in diet with increasing age of some
common fishes in Kodiak waters are shown in Figs. 8.23
and 8.24.
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Table 8.11 Major prey of age 0.1 pink salmon in near-
shore waters of the Kodiak archipelago. Number of
stomachs examined in parentheses. Size of prey spectra
reported as number of taxa (Rogers and Rogers, 1978;
Rogers et al., 1979).

Average percent

Number Weight
April May June July
Dominant prey (N=22) (N=220) (N=371) (N=119)

Copepods

Harpacticoid 91 172 44 IAA

Calanoid 3 4 45 8
Amphipods

Gammarid 6 23 6 9
Euphausiids 0 0 14 1
Cumacea 0 4 4 17
No. of taxa 3 12 21 26
Mean fish

length (mm) ? ? 49 68

Figure 8.22 Diet of walleye pollock taken in NEGOA by
fish size class. Number of stomachs analyzed is given
(Smith et al., 1978).
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Fercent composition by weight of major
food items in the stomach of juvenile fishes, taken
from Kodiak nearshore waters (Rogers et al., 1979).

Figure 8.24
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Kodiak nearshore waters (Rogers et al., 1979).

Geographic location and depth play a large role in

determining the availability of prey. Physiographic

features, currents, proximity to river drainages,

seismic activity, and prevailing storm tracks all

affect the distribution of offshore sediments (see
Chapter 2), which, in turn, affects the distribution of
1857; Rhoades, 1974;

Chapter 7 for further discussion). Dover sole fed on

benthic fauna (Thorson, see
crustaceans and molluscs in water depths of about 100 m
off the coast of Oregon, but ate polychaetes at greater
(100-150 m) depths 1978). This

modification substrate type

(Pearcy and Hancock,
in diet
1978)

1971).
on terebellid polychaetes in

corresponds to

(Pearcy, and changes in prey

In NEGOA, Dover sole fed almost
0-200 m,

availability
(Bertrand,
exclusively
onuphid polychaetes,
201-300 m, and onuphid polychaetes and ophiuroids at
301-600 m (Smith et al., 1978).
of benthic invertebrates

Smith et al.;

amphipods, and pelecypods at
Unfortunétely, the
corresponding distributions
not thus .prey

were reported by

availability was not determined. Bottom sediments in
NEGOA have been mapped, however (Carlson et al., 1977).
They change markedly with' depth, suggesting probable
changes in the -distribution of benthic fauna. Pacific
cod are also opportunistic predators. Populations of

cod inhabiting different areas feed on different prey,

probably those that are most readily available. Cod
preyed mostly on juvenile Tanner crab, Chionoecetes
bairdi, on the Kodiak shelf (Jewett, 1978). 1In the

bays of the Kodiak archipelago, cod fed mainly on pink
shrimp, Pandalus borealis (Feder et al., 1979).

Though some fishes alter their diet considerably

with 1life stage, geography, depth, and prey

most species tend to feed on specific

For instance, DeGroot (1971)

season,
availability,
sizes or classes of prey.

groups pleuronectids (flatfishes) according to three
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main feeding strategies: those that specialize in these four flatfish is displayed in Fig.-8.25. Sand yellowfin and rock sole fed on an assortment of prey,

feeding on either fish, crustaceans, or a combination sole and starry flounder appear to be feeding suggesting that they are opportunists in feeding here
of Polychaetes and molluscs. In addition, all specialists, taking mysids and gammarid amphipods, (Harris and Hartt, 1977). However, both yellowfin and
flounders are known to take a variety of incidental respectively. Some caution is necessary in drawing rock sole fed heavily on sand lance during the study
prey. Pacific halibut and arrowtooth flounder have inferences from these data, however, because of the period. A detailed analysis of food resource
large symmetrical jaws and sharpl teeth suited for limited number of stomachs examined. Jewett and Feder partitioning of other pleuronectids from the Kodiak
grasping mobile organisms like fish and pelagic (1980) have shown that starry flounder in the Northern shelf is presented by Hunter (1979). Partitioning of
macroinvertebrates. Rex and rock sole have Bering Sea have a rather varied diet. In Kodiak waters food resources by hexagrammids (greenlings) in

asymmetrical, small mouths and an alimentary tract
adapted to digesting benthic organisms; they feed on
polychaetes, molluscs, and amphipods. A species is
limited by its morphology in the type of prey it can.
ingest, but it may take a variety of taxa within that
type. Arrowtooth flounder fed on walleye pollock and
Pacific sand lance on the Kodiak shelf (Feder et al.,
1979) but on capelin near Kayak Island and on Pacific
herring at other sites in NEGOA (Smith et al., 1978).
Rex sole preyed on onuphid polychaetes in NEGOA (Smith
et al., 1978) but mostly on other families of
polychaetes and gammarid amphipods off the coast of
Oregon (Pearcy and Hancock, 1978). IMysids are of
primary importance in the diet of walleye pollock in
the Aleutians (Simenstad et al. 1977), whereas

*************** —euphausiids—are their —principal—prey in—theGulf-of

Alaska (Smith et al. 1978). That arrowtooth flounder
and walleye pollock populations are increasing in the
Gulf of Alaska (Ronholt et al., 1978) may be related to
their ability to take a wide variety of prey. l
Co-existing species, especially those that are
closely related taxonomically, often appear to
partition the food resources, thereby reducing
competitiﬁe interactions. Yellowfin, rock, and sand
sole and starry flounder are common flatfishes found
together in the Kodiak region (Harris and Hartt, 1977;
Hunter, 1979). Their diets are quite different. The

proportion of each prey type found in the stomachs of
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Yellowfin sole Rock sole Sand sole Starry flounder

n=59

n=114

n=16

WEIGHT PERCENT

n=10

<
D @ O

NUMBER PERCENT

nearshore waters of Kodiak has also been reported
(Rogers et al., 1979). An overview of prey consumed by
fishes common to NEGOA is shown in Table 8.12.

Pacific halibut, although not studied inrdetail in
the aforementioned fish food surveys, is of major
commercial importance to the Gulf of Alaska groundfish
fishery. Adult Pacific halibut consume mostly fishes
(other flatfishes, walleye pollock, Pacific cod,
rockfishes, and Pacific sand lance), squid, octopi, and
king and Tanner crabs (Simenstad et al., 1977; Smith et
al., 1978; IPHC, 1978). Juvenile halibut are also
piscivorous but take a greater proportion of
crustaceans. Cook Inlet populations fed mainly on

shrimp (IPHC data in Smith et al., 1978).

PREY:

St Sand lance

F Other fish and fish eggs
PE Pelecypods

PO Polychaete worms

G Gammarid amphipods

¢ Calanoid copepods
§  Sipunculid worms

I Isopods

M  Mysids

OTHER Species of less than 6%

Figure 8.25 Dominant‘prey of four species of flat-
fishes in the Gulf of Alaska (Harris and Hartt, 1977).
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Table 8.12 Principal prey of common fishes in NEGOA.
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Clupeidae Pacific herring E "AE AR B E E E E E B
Salmonidae #Pink salmon (juvenile) AB B AB AR B AB . B B A AB A A
Chum salmon (juvenile} . . . . . A . . B AR AB AB A AR B AB AB B A A AB AB B B B B B
Sockeye salmon . . . . . J . J J J J J J J J J J . . . J . .
Coho salmon (juvenile) . . . B A AB B AB  AB . . . . . . . . . . . . . . . . . . . . AB
Chinook salmen . - . . . . . I H H H . . . H HI I HE H
Dolly Varden A . . A . . . . . . . . a . . A . B . . . . . A . . A . . . . . . . . . . A . . . . . . A
QOsmeridae Capelin . . . A . . . . . ABC A C AC C B A B A .
Gadidae *Pacific cod AB B D ABD . BD BD D B B AB B ABD A . B ABD BD BD BD . BD AD . . b B . . BD B BD D D D B D . BD D . D BD D BD
#*Walleye pollock . . . BC . c c ' cC . BC . . B B . BC BC BCK BC B B BC B . . . . B . . . . . . . . . B . . . . . . c
Stichaeidae Snake prickleback A . A AB . B AB . B B AB B A AB . ABE B B . . . B . . B B AB
Trichodontidae Pacific sandfish (juvenile) - . . . . . . . . . - . A . . AE B AB . A B A B . . . . A B . . . . . . . . B . . . . . . B
Ammodytidae Pacific sand lance . . A . . AB  AB . B AB AR AB AE B . AR B . . B A . B A . . . AB
Scorpaenidae Pacific ocean perch T . . . . . . . . FG . . F . . ¥ FG G . G . . G . . . . . . . . .
‘Anoplopomatidae—Sablefish < 0 < N 0 0 < s & ————————i——y-—- B —B— — — . B, - B B L . . K — e . B
Hexagrammidae Kelp greenling B B B . B B B B B . B
#Rock greenling B B B B B B B B B B B B B B B B B B B B B B B B B B
*Masked greenling AR . B AB AB B AB B B B AB B B AB AB AB AB AE B B AB AB B AB B B B A
*White spotted greenling AB . . AB B AR AB B AB AB B B B B B AB B B B B B B B . B B B B B B B
Cottidae *Yellow Lrish lord B B . BK BK BK BK B B B B B BK BK BK BK . BK EBK B . BK B B K EK B B K
Red Irish lord B . . . B B B B . B B B
*Great sculpin B . B AB . . BK K . B AB B B B B A ABK BK B ABK A B BK BK K AB A B . B K ABK ABK
Pleuronectidae Arrowtooth flounder . . . . c B . c € . . . . . . c . c c B . c . - c . . . c c c CK ¢ K c Cc CK
Rex sole c c c . . c . [y c c . c c - . c
*Flathead sole . - . BK [ BCK € - B B . B B B BK BC BK BK BK BCK . B . BCK . . B K . B . K B B B . . B B B
Pacific halibut ' B BL L B BL BL. . . . . . . BL . . L . - . . . BL L BL L L B
*Rock sole ABK . B ABK B B ABK B B B B BK AB AB AR BK KX BK B B B B BK BK AB B B . B . . . . BK B ABK . . B B B B AKX
*Yellowfin sole AB . B AB B AB AR AB B B AB AB B B B AB B B B B AB B B
Dover sole . . . c C c c . c c c C c . c c c
#Starry flounder A . . A . . A A A .
*Sand sole . . . . . . . . . . . . A A A . . A
A - Harris and Hartt, 1977 C - Smith et al., 1978 E - Macy et al., 1978 G - Major and Shippen, 1970 I - Major et al., 1978 K - Feder et al., 1979 *  Dominant prey shown in Figs. 8.22 thru 8.25
B - Rogers et al., 197% D - Jewett, 1978 F - Lyubimova, 1963 H - Hart, 1973 J - Foerster, 1968 L - IPHC, 1978 and Table 8.11
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8.4 EFFECTS OF OCS DEVELOPMENT ON FISH POPULATIONS

Knowledge of marine communities can be used to
predict which species'are most likely to be harmed by
0CS development in NEGOA. By knowing the source,
composition, and amount of contaminants together with
the physical oceanography of the area, trajectory
models can be constructed (see Chapter 3) and
predictions can be made regarding which organisms will
come into contact with the pollutant. Once a heavy
metal, petroleum derivative, or synthetic chemical has
been taken wup by a species, further predictions
concerning the fate of the pollutant through the marine
food chain can be made. For instance, a lightweight
hydrocarbon spilled from an oil tanker, pipeline, ox
well head would probably remain in surface water and be
advected shoreward (see Chapter 3). Epipelagic fishes,
many of which swim in dense schools (e.g., Pacific sand
lance, Atka mackerel) could be directly fouled by the
oil-laden water, Struhsaker (1977) showed that
exposing Pacific herring to one fraction of petroleum
(benzene) induced premature spawning, impaired ovarian
and larval development, and reduced survivorship of
adult fish. Groundfish such as Pacific halibut, rock
sole, and Pacific cod prey on a variety of clupeids,
including Pacific herring (IPHC, 1978; Rogers et al.,
1979, Table 8.12). Pollutants ingested or adhering to
herring could accumulate in these fishes and eventually
be 1incorporated into benthic food chains. Even if
epipelagic fishes do not come into immediate contact
with the discharged pollutants, their principal prey
(copepods, mysids, euphausiids, crustacean and fish
larvae) may. Preﬁ populations may die, or they may
accumilate and concentrate pollutants that will
eventually be incorporated into epipelagic food chains.

Recent studies have shown that nearshore,

estuarine waters are used as spawning grounds for such
commercially important species as salmonids, herring
(Buck et al., 1975), and king crab (Feder et al., 1979;
G. Powell, pers. comm.). They are also important
nursery areas for most 1larval and juvenile fishes
(Haxris and Hartt, 1977; Rogers et al., 1979).
Chronic, low-level exposure of young fish to pollutants
could affect their physiology and behavior, impeding
growth and decreasing survivorship (Patten, 1977).
Furthermore, heavier-grade oils may sink, become
incorporated inte the littoral sediments, be consumed
by deposit-feeding invertebrates (such as polychaetes),
and enter the benthic food chains (Feder and Jewett,
1977; Feder et al., 1979). Since few in situ studies
on the fate and effects of industrial pollutants in
Alaskan marine ecosystems have been made, much of this

discussion awaits verification.
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CHAPTER 9  BIRDS
J. 6. Strauch, Jr., SAI

9.1 INTRODUCTION

Marine ecosystems support distinctive communities
of birds, whose composition, distribution, breeding
season, and movements are determined mainly by the
gpatial and temporal distribution of the food supply.
Generally, higher concentrations of birds are found in
neritic waters (those over the continental shelf) than
in oceanic waters (those seaward of the shelf). Pri-
mary productivity and =zooplankton concentrations are
usually higher in neritic waters hecause of the influx
of nutrients from land drainage, vertical mixing over
the shelf, and local upwellings close to shore. Oceanic
birds generally feed on the surface or a short distance
below it. Crustaceans, squid, and, in tropical areas,
flying fish are their major prey. Many birds in ne-
ritic waters and in regions of upwellings, however,
feed on fish which they catch by diving. Many birds
are attracted to convergent fronts or rips (boundaries
between unlike water masses) where prey are concen-
nutrient-rich waters to the surface, successive blooms
of phytoplankton, herbivorous =zooplankton, and car-
nivorous =zooplankton occur. Since currents continu-
ously carry water away from the center of upwelling,
however, these members of the food chain are displaced
away from the upwelling. Birds which specialize on
zooplankton and micronekton thus find food most abun-
dant at some distance from the center of upwelling.
Small fish which eat mainly phytoplankton are also
found near wupwelling areas, and birds which prey on

these fish often are found nearby.

——able (Gabrielson and Lincoln,; 1959). As one proceeds

Upwellings are not regularly found in NEGOA
waters, but frequent mixing in the water column over
the banks brings nutrients to the surface. Seasonal
changes' in plankton growth have not yet been well
documented. Over the shelf a spring increase in zoo-
plankton is thought to occur. In deep waters away from
the shelf the zooplankton breed independently of the
increase in phytoplankton biomass and, by grazing,
prevent a preliminary phytoplankton bloom.. Euphahsiids
swarm to the surface while spawning and thus provide a
food source independent of upwelling.

The distribution of suitable breeding areas and
the seasonal variation in the food supply are probably
the major selective forces on the breeding biology of

marine birds. The distribution of islands and other

safe nesting places may either restrict birds to only a
small fraction of the total available feeding area or
require them to spend much time flying to and from more
distant feeding grounds. ‘The timing of egglaying is
closely governed by seasonal availability in the food
supply.

General information on the breeding phenologies of

Alaskan marine and coastal birds has long been avail-

uncertainties. In late seasons the breeding effort at a
colony is wusually more highly synchronized and com-
pressed into a shorter period; when conditions are
favorable, individual pairs and the population as a
whole produce greater numbers of more vigorous young,
thus offsetting poor years.

True marine species tend to have low fecundity but
high survivorship (Ashmole, 1971); a pair may thus
enjoy many breeding seasons, and the success or failure
of a particular season is not so critical for individ-
ual fitness or maintenance of a population as it is for
shorter-lived species. On the other hand, such popu-
lations increase very slowly, and recovery of the
breeding population from significant mortality may take
many generations.

Although birds are believed to be important mem-
bers of marine ecosystems, quantification of their role
in such systems has hardly begun. In terms of numbers
and the amount of food they consume, they must play an
important role, at least locally. Wiens and Scott
(1975) estimated that four species feeding in the
neritic zone along the Oregon coast consumed 22 percent

of the annual production of pelagic fish. Marine birds

northward from the equator, the length o¢f the breeding
season of birds becomes shorter. The reproductive
period of more northern populations of a species is
usually compressed and may be several weeks shorter
than that of more southern populations. Superimposed on
this geographic trend are local year-to-year fluctu-
ations in weather and in food supply. An unseasonably
late spring may delay the start of breeding, while a
poor food supply may lead to increased mortality of
young or may even prevent breeding altogether. Natural

populations can compensate <for these vyear-to-year

may contribute to the stability of the ecosystem by
foraging on prey species that are temporarily abundant
(Wiens et al., 1978b). The approximately 420,000 birds
breeding at Cape Thompson consumed an estimated 13,100
metric tons of food during a four-month breeding period

(Swartz, 1966). Accordingly, the 260,000 breeding
birds in NEGOA must consume about 8,000 metric tons of

food during the breeding season.
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Two to three thousand kcal/kmzfday flow through
pelagic bird populations in NEGOA during April and May
(Fig. 9.1; Wiens et al., 1978a). Shearwaters accounted
for 62 to 89 percent of the total energy demand of the

pelagic bird community in April and May.

Murres and
puffins

Others

.Shearwaters

Gulls and
kittiwakes

and phosphates. The murky, excrement-laden water flows
continuously from murre colonies and may discolor the
surrounding waters for many square miles. Unlike the
100,000 tons of guano which accumulate annually on the
sites of Peruvian seabird colonies, the excrement of
Arctic seabirds is continuously washed into the sea and
becomes available to marine nutrient cycles.

Birds in the Subarctic Pacific Region consume an
estimated 0.5 to 1.1 million metric tons of food and
return from 110,000 to 220,000 metric tons of feces to
the sea each year (Sanger, 1972). High nutrient levels
and high densities of certain species of algae and
fishes have been found in waters adjacent to seal and
seabird colonies along the California coast (Morejohn,
1971).

Seabirds may play a vital role in Alaskan .marine

ecosystems by recycling nutrients during seasons when

oceanic circulation does not supply nutrients to photo-
synthetic strata, thus "smoothing out" the seasonal
distribution of primary production (Weller and Norton,
1977). Manuring by seabirds and seals is an important
agency for the addition of nitrogen and phosphorus to
island soils (Smith, 1978; 1979).

while breeding but feed in marine
waters at other times; these include
members of the Gaviiformes, Podicipé—
diformes, Ciconiiformes, Anseriformes,
Gruiformes, Charadriiformes, and Cora-
ciiformes.

3. Terrestrial birds which forage on the
coast; these include members of the

Falconiformes and Passeriformes.

The first category consists of the true seabirds
and includes the most abundant marine birds found in
Alaska in the summer.

Members of the Procellariiformes are knowan as
tubenoses because all members of the family have tubu-
lar nostrils. Other characteristics of the order are a
deeply grooved, hooked bill, webbed feet, thick plum-
age, and a peculiar musky odor. All members are to-
tally marine, feeding alone or in groups dispersed over
open water according to the distribution of their food.
They normally come ashore only to breed. They have a
long breeding cycle, a low reproductive rate (clutch

size is one), a long period of immaturity, and a long

Estimated Energy Demand
(10°kcal-km2day™)

April May

Figure 9.1 Temporal apportionment of total energy
demand among the species groups recorded during tran-
sect censuses in NEGOA (Wiens et al., 1978a).

The role of marine birds in recycling nutrients is
not yet well understood. While Pomeroy (1970) believes
that birds and mammals are unimportant in the cycles of
essential elements in marine systems, Tuck {1960)

points out that seabird excrement is rich’ in nitrates
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9.2 MARINE BIRDS OF ALASKA

The marine birds of Alaska can be placed in three

categories:

1. Those that spend most of their life on
marine waters and obtain their food
from the sea while flying, swimming,
or diving; these include members of
the Procellariiformes, Pelecaniformes,
and Charadriiformes.

2. Those that occupy freshwater habitats

life expectancy (Bourne, 1964). Members of three of

the four families in the order are found in Alaskan
waters.

Three species of the Diomedeidae (albatrosses)
have been recorded in Alaskan waters (Gabrielson and
Lincoln, 1959; Kessel and Gibson, 1979). None of them
breeds in Alaska. The Short-tailed Albatross (Diomedea
albatrus), which breeds in Japan, may once have been
common in Alaska, but the present world population is
Individuals are oc-
casionally seen off the Aleutian Islands (AOU, 1975).

probably less than 200 pairs.

The Black-footed Albatross (D. nigripes) and the Laysan
Albatross (D. immutabilis) both breed mainly on the



Leeward Chain of the Hawaiian Islands (Palmer, 1962).
Both species are common in Alaskan waters, the Black-
footed beiné more frequent in the Gulf of Alaska, while
Laysan are probably more numerous in the Bering Sea and
near the Aleutian Islands.

Albatrosses are among the largest seabirds. They
have exceptional powers of gliding flight. The Laysan
Albatross feeds mainly on squid, while the Black-footed
is a feeding generalist, taking dead or living fishes,
squid, crustaceans, and other animals (Ainley and
Sanger, 1979).

Nine species of the Procellariidae (petrels and
shearwaters) have been recorded from Alaskan waters.
Five are rare or casual in the Alaskan region; a sixth,

the Scaled Petrel (Pterodroma inexpectata), is uncommon

in Alaskan waters (Gabrielson and Lincoln, 1959; Kessel
and Gibson, 1979). The Sooty (Puffinus griseus) and

the Short-tailed (P. tenuirostris) Shearwaters are the

most abundant summer pelagic birds in Alaskan waters.
Both species breed in the Southern Hemisphere and spend
the austral winter on waters in the Northern Hemi~

sphere. The Northern Fulmar (Fulmarus glacialis) is

the only Alaskan breeding species.

usually in colonies. They spend the winter on the open
ocean; the wintering grounds of the Alaskan species are
not fully known. When feeding, they flutter character-
istically over the water, often striking the surface
with their feet; the feeding method is known as pat-
tering (Fig. 9.2). They eat a variety of prey and are
the smallest members of the genéralist groups of tube-

noses (Ainley and Sanger, 1979).

Aarial piracy
Jaegers

Surface plunging
Dipping Terns
Gulls & Terns Pattering

e Storm-Patrsis y

; Pursult diving:wings
Alclds " /
’ Pursuit dlving:feet

Pursuit plunging -

Shearwaters Cormorants
Bottom feeding
Diving Ducks

Surface selizing
Phalaropes

Figure 9.2 Seabird feeding methods (modified from

Ashmole, 1971).

Most species are colonial, breeding on ledges or rocky
islands along marine coasts (Thomson, 1964). Although
the young have functional nostrils, those of adults are
almost completely closed, and the birds must breathe
through their mouth. Their plumage is easily wetted,
in contrast to that of most other marine birds. Cor-
morants enter the water only to feed. They feed by
pursuit diving (Fig. 9.2), using their feet for propul-
sion. They eat mainly fish.

The Charadriiformes are a diverse group of birds
represented in Alaska by the Scolopacidae (sandpipers
and their allies), Phalaropodidae (phalaropes), Cha-
radriidae (plovers), the Haematopodidae (oystercatch-
ers), the Stercorariidae (skuas and jaegers), the
Laridae (gulls and terns), and the Alcidae (auks). The
phylogenetic relationships among these birds have
recently been analyzed by Strauch (1978). Some or all
members of these families spend most of their lives on
marine waters. For the present discussion, all members
of the Scolopacidae, Phalaropodidae, Charadriidae, and
Haematopodidae, which in North America are commonly
called shorebirds, can be placed in the second category

mentioned above: those birds that breed near fresh

~———  Typical petrels are of medium to large size. Most

species nest in burrows. They have a rapid and gliding
flight, usually close to the surface of the water.
Many species feed on the surface, but the Sooty and
Short-tailed Shearwaters are wing-propelled divers
(Storer, 1971), feeding by what Ashmole (1971) calls
pursuit plunging (Fig. 9.2). Fulmars are scavengers
(Ainley and Sanger, 1979); the more specialized diets
of the Alaskan shearwaters are discussed later.

Two species of the Hydrobatidae (storm-petrels),

the Fork-tailed (QOceanodroma furcata) and the Leach's

(0. leucorhoa) Storm-Petrels, occur in Alaska as breed-

ing species. They breed in crevices and burrows,

/

The only family in the Pelecaniformes which is
found in Alaska is the Phalacrocoracidae (cormorants).
It is represented by four species: the Double-crested

(Phalacrocorax auritus), Brandt's (P. penicillatus),

Pelagic (P.  pelagicus), and Red-faced (P. urile) Cor-
morants. The Brandt's Cormorant is rare and very local
in Alaska, known only from a few sight records and a
small colony in Prince William Sound (Kessel and Gib-
son, 1979); the other three species are common along
the coast. The Double-crested Cormorant breeds
throughout most of North America in freshwater and
marine habitats. The Pelagic and Red-faced are common

coastal species throughout most of the North Pacific.

water but otherwise feed on salt water. The last three
families will be discussed here even though not all of
their members are true seabirds.

Four species of Stercorariidae are known from

Alaska. The South Polar Skua, Catharacta maccormicki,

is a very rare visitor to the North Pacific (Kessel and

Gibson, 1979). The Pomarine (Stercorarius pomarinus),

Parasitic (8. parasiticus), and Long-tailed (§. longi-
caudus) Jaegers are common breeding birds on the arctic
tundra. Their ecology in northexn Alaska has recently
been described (Maher, 1974). Skuas and jaegers are
similar to gulls but have raptor-like habits aﬁd hooked

bills. During the winter they are independent of land;
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they take food from the surface of the water while in
flight (Wynne-Edwards, 1964). On their breeding
grounds, they eat mostly rodents and birds (Maher,
1974). Near the colonies of other species they prey on
the eggs and young of these birds, and they chase and
harass other birds until they drop or disgorge their
prey (Fig. 9.2). Off the breeding grounds and at sea
they are opportunistic, taking a variety of prey
(Maher, 1974; Ainley and Sanger, 1979). They are
common spring and fall migrants off Alaska.

_ Seventeen species of gulls and five species of
terns have been recorded from Alaska (Kessel and Gib-
son, 1979), but only three species of gulls, the
Glaucous-winged (Larus glaucescens) and Mew (L. canus)
Gulls and the
tridactyla), and two species of terns, the Arctic

Black-legged  Kittiwake (Rissa

(Sterna paradisaea) and Aleutian (S. aleutica) terns,

are to be considered here by virtue of their numbers
or their breeding distribution in the Gulf of Alaska
marine habitat. A few other species, especially the
Herxing Gull (L. argentatus), may prove to be important
winter residents in the gulf.  Of these, only the
Black-legged Kittiwake and perhaps the Arctic Tern are

unique among gulls in nesting on the faces of cliffs;
their breeding biology exhibits many adaptations to
this habitat (Cullen, 1957). Both gulls and terns feed
by dipping (Fig. 9.2) and shallow pursuit plunging; in
flight they pick prey from just at or slightly below
the water surface (Ashmole, 1971). Gulls also fre-
quently feed while walking in shallow water or on land
and by pecking at prey while sitting on the water.
They seldom dive. Terns, on the other hand, feed
mostly by surface plunging (Fig. 9.2). They do not
pursue prey underwater, but rely on the force of the
plunge to carry them deep enough to capture prey.
Gulls are omnivorous. The large gulls have become
serious pests to other avian species and aircraft in
many areas because human garbage offers a plentiful
winter food supply. Kittiwakes and terns eat mostly
fish.

Sixteen species of the Alcidae have been recorded
in Alaska. Fourteen of them are breeding species on
the‘Gulf of Alaska. Alcids are the northern ecological
equivalents of penguins (Spheniscidae) and diving
petrels (Pelecanoididae). Most species breed in the

north Pacific (Udvardy, 1963). Alcids are compact and

group consists of the large, fish-eating species: the
Common (Uria aalge) and Thick-billed (U. lomvia)
Murres, -and the Pigeon Guillemot (Cepphus columba).

Murres nest in dense colonies on cliffs while guille-
mots nest in more dispersed colonies or as isolated
pairs in natural crevices, usually in rock.

The second group consists of the small, fish-

eating species: the Marbled (Brachyramphug

marmoratus), Kittlitz's (B. brevirostris), and Ancient

(Synthliboramphus antiquus) Murrelets. The species of

Brachyramphus nest in trees or on the bare ground above

timberline. Although both species are common or abun-
dant, few nests have ever been found. The Ancient
Murrelet is nocturnal, and the young leave the burrow
within two days of hatching.

The third group consists of the small, plank-

tivorous species: Cassin's (Ptychoramphus aleuticus),

Parakeet (Cyclorrhynchus psittacula), Crested (Aethia

cristatella), Least (A. pusilla), and Whiskered (A.
pygmaea) Auklets. Cassin's Auklet nests in burrows,
but the others nest in natural cavities and crevices.

The fourth group consists of the puffins, which
eat mainly fish and squid: the Rhinoceros Auklet

true seabirds. The other species are essentially
coastal. However, small numbers of Glaucous-winged and
Herring Gulls occur regularly on Gulf of Alaska pelagic
waters (Sanger, 1973). Gulls and terxns are cosmopoli-
tan in -distribution and are among the most familiar
marine birds. Gulls are larger and heavier, with
stouter bills and shorter tails, while terns are small
and slim, with narrow, pointed bills and long tails.
Both are strong fliers; terns appear lighter and more
buoyant. Gulls often soar, whereas terns frequently
hover. Both gulls and terns are gregarious and nest in
large colonies, although isolated pairs and small

groups of breeders are common in NEGOA. Kittiwakes are
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streamlined and have short, narrow wings and webbed
feet. The wvarious speciés have specialized nesting
habitats. Some use rock ledges, while others prefer
crevices in rock; some excavate burrows in soil, while
others nest directly on the ground. Alcids always nest
within flying distance of the ocean. Most species are
colonial nesters.

Alcids are wing-propelled diving birds. They feed
by pursuit diving (Fig. 9.2); they dive from the sur-
face and actively pursue prey under water. Some
species feed on the bottom.

The alcids which breed in the Gulf of Alaska can
be placed in four groups (Bédard, 1969). The first

(Cerorhinca monocerata), and  the Horned (Fratercula————

corniculata) and Tufted (Lunda cirrhata) "Puffins.
Aithough called an auklet, the Rhinoceros Auklet is
structurally and behaviorally a puffin. Puffins are
colonial and nest in burrows or crevices. The Rhino-
ceros Auklet enters and leaves its burrow only at
night, while the other two species are active through-

out the day.



The second category of Alaskan marine birds, those
that occupy freshwater habitats during the breeding
season but feed in marine waters at other times, can be

subdivided into four groups:

1. Those that spend all or most of the
nonbreeding season on coastal waters.
These include members of the Gaviidae
(loons), the Podicipedidae (grebes),
the Anseridae (waterfowl), and the
Phalaropodidae (phalaropes).

2. Those that feed mainly by wading.
These include members of the Ardeidae
(herons) and the Gruidae (cranes).
Herons and cranes are rare in NEGOA
and will not be considered further.
This group also includes the Scolo-
pacidae (sandpipers and allies), the
Charadriidae (plovers), and the
Haematopodidae (oystercatchers).

3. | The Belted Kingfisher (Megaceryle
alcyon), a member of the Alcedinidae.
This fish-eating species is common
throughout much of Alaska including
marine coasts, where it feeds on fish
and possibly intertidal invertebrates.
It is only peripherally a member -of
the marine ecosystem and will not be

considered further.

Four species of loons and two species of grebes
are found regularly in the Gulf of Alaska. They nest
on inland waters and winter in ice-free regions, mainly
on marine coasts. An unknown fraction of Alaskan
populations leaves the state for the winter. Loons and

grebes are highly adapted for an aquatic existence and

are almost helpless on land. They seldom fly except in
migration; ‘they dive when disturbed by predators or
man. They are fish-eating, foot-propelled diving
birds. - '

Three species of swans, seven species of geese,
fifteen species of dabbling ducks, seven species of
diving ducks, twelve species of sea ducks, one species
of stiff-tailed duck, and four species of mergansers
are known from Alaska. Almost all the waterfowl spe-
cies make use of coastal environments, especially
during migration and in winter. Swans, geese (with the

exception of the Brant, Branta bernicla, and the Emper-

or Goose, Philacte canagica), and dabbling and stiff-

tailed ducks make extensive use of coastal wetlands,
estuaries, and bays. These often roost on open water
but seldom feed there. On the other hand, the Brant,
the Emperor Goose, diving/sea ducks, and mergansers
rely extensively on marine waters during the winter.
The distrxibution of Brant during the nonbreeding season
is highly correlated with the distribution of eelgrass

(Zostera marina), its major food at that season (Bell-

rose, 1976). The majority of the Alaskan breeding
populafibn of Brant winters south of the state (Palmer,
1976).

Three species of diving ducks, and four species of
sea ducks are common or abundant wintering species on
NEGOA waters. Diving ducks eat a considerable amount
of plant material inland during the breeding season,
but all of the ducks mentioned here rely on animal food
during the winter. Diving and sea ducks feed on the
bottom (Fig. 9.2), where they eat a variety of inver-
tebrates. They undergo an annual simultaneous molt of
the wing feathers that leaves them flightless for three
to five weeks (Weller, 1976). Details of the diet of
NEGOA ducks are discussed later.

Large numbers of breeding or staging shorebirds

are found in NEGOA, which lies in a major shorebird
migratory pathway (see Gill et al., 1979). The most
important species are the Western Sandpiper (Calidris
mauri) and the Dunlin (C. alpina), millions of which
use mud flats in the area during migration. They probe
in soft substrates for invertebrates. The importance
of the Copper River Delta to migrant shorebirds is dis-
cussed in detail later. Other important species are

the Black Oystercatcher (Haematopus bachmani), which is

a common permanent resident of rocky coasts om the Gulf

of Alaska, the Rock Sandpiper (Calidris ptilocnemis),

which commonly winters on NEGOA's rocky shores, and the

Northern (Phalaropus lobatus) and Red (P. fulicarius)

Phalaropes, which are found during migration in large
flocks in NEGOA waters. Oystercatchers feed in rocky
habitats on molluscs, primarily mussels (Mytilus) and
limpets (Acmaea), which they stab or jab off rocks
(Hartwick, 1976). Rock Sandpipers frequently feed on
wave-washed rocks. Their diet is poorly known but
probably consists of small gastropods and crustaceans.
The two common Alaskan phalaropes spend most of their
migration and winter on open water. Red Phalaropes

tend to stay further offshore than do Northern Phala-

‘ropes. They feed by surface seizing (Fig. 9.2) of

small invertebrates.

The third category of birds which use Alaskan
marine habitats, the terrestrial birds which forage on
the coast, includes raptors and songbirds.

The most dimportant raptors along the NEGOA coast
are the Bald Eagle, Haliaeetus leucocephalus, and the

Peregrine Falcon, Falco peregrinus. These species are

of special concern because their populations in other
areas of North America are endangered. The coastal
population along the Gulf of Alaska, however, appears
not to have suffered the losses observed‘ elsewhere
(Hamerstrom et al., 1975; Cade, 1975). Along the Gulf
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of Alaska Bald Eagles nest in trees, on cliffs, and
occasionally on the ground (Gabrielson and Lincoln,
1959; Troyer and Hensel, 1965). Bald Eagles eat a
variety of food, including birds, fish, and carrion.
During the salmon spawning season they join with gulls,

Ravens (Corvus corax), and bears in feeding on the

remains of spawned-out salmon (Gabrielson and Lincoln,
1959). Peregrine Falcons usually nest on high and
inaccessible ledges. They feed mainly on birds (White
et al., 1973; Ainley and Sanger, 1979), which they
capture on the wing. They have been observed feeding
on storm-petrels far at sea {(Craddock and Carlson,
1970).

Several species of passerine birds feed on beaches
and in the intertidal zone. Most conspicuous of these
are the Raven and the Northwestern Crow (C. caurinus),
both of which feed on invertebrates and carrion.
Ravens also prey on eggs and young at seabird colonies.

Water Pipits (Anthus spinoletta) and Song Sparrows

(Melospiza melodia) also forage frequently in inter-

tidal areas.

9.3 DISTRIBUTION AND HABITAT USAGE BY NEGOA BIRDS

0,3.1 Pelagic distribution

Information on the distribution of marine birds on
the waters in NEGOA is available from only a few aerial
and shipboard transects for the Gulf of Alaska (Lensink
and Bartbnek, 1976; Guzman, 1976; Gould, 1977; Harri-
son, 1977; Myres and Guzman, 1977; Wiens et al.,
1978b).

The results of the general Gulf of Alaska surveys
are shown according to season for all birdé in Figs.
9.3-9.6 and by month for several bird groups in Table
9.1. While coverage is spatially and temporally
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spotty, it appears that areas with bird densities of at
least 50 birds/km2 can be found in NEGOA throughout the
year. In winter (Feb-Mar) tubenoses, gulls, and alcids
were the most common species recorded. Average deg—

sities per tramsect were between 5 and 57 birds/km .

break, near Middleton Island, in Controller Bay, and in

Figure 9.3 Winter pelagic distribution of birds (see text for data sources).

the eastern -half of Prince William Sound. In spring
(Apr-Jun) shearwaters were found in much higher numbers
than any other species. Large numbers of terns were
found in April in some areas, and northern phalaropes

(Phalaropus lobatus) Qere abundant in May. High den-

Highest densities were recorded along or near the shelf sities of gulls were reported from some stationary

platforms but not from moving platforms. Average
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Figure 9.4 Spring pelagic distribution of birds (see text for data sources).

densities per transect were between 16 and 355 birds/ through December the average densities per transect
kmz. Highest densities were reported along 6r near the were between 8 and 32 birds/kmz. Highest densities
shelf break, in the area west and southwest of Kayak were recorded along or near the shelf break.

Isiand, and in the area from Hinchinbrook Entrance The paucity of winter data remains a serious
south to the region southwest of Middleton Island. deficiency in our knowledge of the distribiution and
From July through September tubenoses, gulls, and abundance of Gulf of Alaska birds; surveys by BLM/USFWS
alcids were the most common species. From October in the winter of 1979-80 have not yet been analyzed.
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Sum