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recommends, or endorses any proprietary product or proprietary material mentioned herein,
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ABSTRACT

During summer 1990, NOAA conducted research to evaluate temporal and spatial
patterns offish habitat utilization in the coastal Beaufort Sea. Two distinct approaches were
followed to address various issues that have been identified with respect to OCS development
in the Arctic. One approach involved systematic fish sampling across geographically large
areas and offshore habitats where many fish occur. The second method involved intensive
study of the movement behaviors of several individuals equipped with ultrasonic tags. Large
numbers of small fish were captured in the offshore sampling. Their distribution and relative
abundance was then related to various oceanographic properties. Fish telemetry involved
fewer and much larger anadromous fish. Individual movement responses were evaluated
with respect to telemetered temperature data and other habitat attributes measured during
the course of tracking.

More than 17,000 fish representing 12 families were collected in 77 townet sets. Arctic
cod, capelin, and Arctic cisco were the numeric dominants of the catch. Relative abundance
varied by time and location of sampling and all species appeared to be patchily distributed.
Strong east winds and low river discharges resulted in the prevalence of marine conditions
throughout the offshore study area. The abundance of numerous small pelagic fish in the
offshore catches suggests their potential availability as an abundant food resource for
anadromous species using outer portions of the coastal water band and adjacent marine
environments.

Young-of-the-year (YOY)Arctic ciscoes were captured between August 2 and September
5 at stations ranging from 0.5 km to more than 12 km from the coast. The lack of
environmental contrast between marine and brackish habitat conditions precluded definitive
analysis regarding habitat preferences (i.e., mean CPUE brackish = 7.45 fish, meanCPUE
marine = 7.23); however, the presence ofjuvenile Arctic ciscoes outside their suspected modal
temperature range suggests the possibility of acclimation. The highest densities were
reported in catches where temperatures ranged from 4 to 6°C and salinities from 27 to
29 ppt. Instantaneous increases in mean body weight per day (G) was estimated at 4.95%
during early August and 2.54% during the later part of the sampling period. The occurrence
of juvenile Arctic ciscoes in catches off West Dock in mid-August is indicative of the
movement of small fish in coastal currents being deflected offshore by the causeway structure
during east winds. Young fish were abundant in the marine conditions detected in Stump
Island Lagoon at this time, suggesting that strong currents at the western end of the
causeway, and not thermoregulatory behaviors, may be responsible for their presence in the
lagoon. Passive and directed migration rates of 15 and 18 km/d, respectively, are presented
for YOY fish.

YOYArctic cod were abundant throughout the eastern and central portions of Camden
Bay in early September. Area and volume swept methods were used to calculate population
and biomass estimates for the young cod sampled on September 2 and 3. A total of 83.6
million cod (95% CI = 52.7 to 114.5 million fish) were estimated in the upper 2 m of the bay.
The estimated population weight was 1.6 million kg (95% CI = 1.275 to 1.98 million kg). The
wet-weight biomass of YOY cod was estimated to be 0.8-0.9 g/m2

•
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During the period July 3O-August 11 we conducted an ultrasonic telemetry study of
char and Arctic ciscoin Camden Bay. Movementpatterns and rates, as well as temperature
occupancyand preferences, were monitored. Six large char and one ciscowere tracked over
a total of 120 km. Most fish sought the shoreline, but the directedness of their movements
was quite variable. 'The chars' average gross ground speed was 55.8 cm/s (range
48.2-74.2 cm/s), or 1.04 Us (range 0.96-1.37 Us). Net speeds of char ranged from 9.5 to
63.2 cm/s. No significant differences in alongshore and offshore speeds were evident. The
mean temperature occupied by the char was 3.6°C (range ~.5 to 6.5°C, n = 493). The
frequency distribution of temperature was multimodal. The char used the entire range of
observed temperatures in the study area. 'Thmperature preference observations indicated
that the fish selected the warmer halves of the available ranges in the water column.
However,no consistent avoidance of cold water was evident in the horizontal dimension so
the former observations may be more reflective of depth selection. The tagged Arctic cisco
displayed very directed movement toward the vicinity of its capture site. Its gross ground
speed was 48.9 cm/s, or 1.14 Us, while its net ground speed was 44.1 cm/s. The mean
temperature occupiedby the cisco was 2.8°C (range 1.5-3.5°C, n = 51). The temperature
frequency histogram was unimodal. The results are discussed in the context of similar
observations on chars and other salmonids.
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PARTI. BACKGROUND

Key Species

The exploration and development ofArctic oil reserves has prompted numerous fishery
investigations in the Alaskan sector of the Beaufort Sea. The study of anadromous' fish
populations has received special attention because of their importance in rural economies and
coastal ecosystems, and the possibility that industrial developments associated with
petroleum activities could affect these populations. Additionally, the management of several
species is of international concern. In these instances, the anadromous life cycle includes
long-distance migrations, extended rearing at sites far removed from natal origins, and
overwintering in transboundary rivers.

Arctic cisco (Coregonus autumnalis), Arctic char (Salvelinus alpinus), least cisco
(C. sardinella), and broad whitefish (C. nasus) have been the focus of most coastal fish
studies in the Alaskan Beaufort Sea. These anadromous fish tend to be the largest and most
conspicuous members of the nearshore fish community in the arctic. Actually, several of the
less-studied marine species are numerically much more abundant. Anadromous fish stocks
are characterized by low recruitment rates and other density-dependent mechanisms that
allow their populations to survive arctic conditions .(Craig 1989a). Availability and quality
of overwintering habitat are viewed by many as the greatest determinant of population size.

Brackish Water Habitats

A common feature of arctic anadromy is the annual migration of fish from freshwater
overwintering areas to summer feeding habitats. Summer habitats are located within the
narrow band of relatively warm, low salinity water that develops during summer along the
Beaufort Sea coast. The brackish water band is an ephemeral and dynamic habitat that,
typically, is continuous early in the summer and discontinuous later. Discontinuity coincides
with declines in runof and the mixing of coastal and oceanic water masses. .The width of the
brackish water band differs with location and has been estimated to extend from 1 to 10 km
from the coast (Craig 1989a). Wind stress, horizontal pressure gradients, and tides are the
driving forces of the coastal circulation (Colonell and Niedoroda 1990a,b). Such geophysical
forcing occurs across a wide range of temporal and spatial scales and its expression may be
periodic (tides) or less regular (upwelling). For instance, the hydrographic properties at any
given time in summer at PrudhOe Bay result not only from prevailing meteorological and
river discharge conditions, but also from conditions several hours to several weeks prior (Hale
et al. 1989). A similar generalization is pertinent to any location along the coast.

Maughan (1990) likened the brackish water band to a "constantly changing mosaic of
salinity and temperature patches driven by wind and water inflow and bathymetric
conditions." Superimposed on the physical environment he envisioned heterogeneous
distributions of predators and their prey. This variability in hydrographic regimes is evident
at mesoscales (lO's - 100 km) from satellite observations of the nearshore environment during

lAnadromous is synonymous with amphidromous in this paper (see McDowall 1987).
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the summer. A qualitative analysis of thermal images taken during 13 days in 1988 revealed
a general trend for warmest waters to be located nearest the coast and coldest waters to be
found nearest the ice pack (Thorsteinson et al. 1990). The heterogeneity of the coastal band
was confirmed by the "patchwork" distribution of temperature regimes noted in the thermal
images.
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Offshore Habitats

We have argued previously that the existing arctic fish database is largely one-
dimensional in space, reflecting the inshore concentration of existing research efforts
(Thorsteinson et al. 1990). This inshore emphasis has led to generalizations about use of
coastal waters by fish in poorly sampled areas. For instance, Colonell and Gallaway (1990)
state that research has demonstrated the anadromous species are generally restricted in
distribution, from the coastline out to a depth of 2 m, where cold (DOC), marine bottom water
occasionally upwells near or to the surface. Such a restricted range is probably more true
for some species than others. In fact, considering the annual variability in ocean conditions,
it may reflect depth-imposed gear limitations as much as availability of suitable fish habitat.
As a consequence, the onshore--offshore features of movements and migrations, habitat use,
and general ecology of several species are unknown.

Few studies have addressed fish use of habitats in outer portions of the coastal
brackish band or in the marine habitats beyond. Craig (1984) concluded that the wide vari-
ationsin temperature and salinity distributions across the coastal habitats defied their easy
description by any physical attribute such as depth or distance from shore. Instead, he
reasoned that the categorization of habitats by water mass characteristics was probably the
most meaningful approach within the context of existing information.

In 1988, NOAA conducted offshore purse seining to augment the meager offshore data
and to provide an "offshore dimension" to an ongoing Arctic char stock identification project
(Everett and Wilmot 1990). Fish sampling was conducted in three hydrographically defined
habitat types (Thorsteinson et al. 1990). It was hypothesized that Arctic char occupy the
entirety of the coastal brackish water habitat, but do not habitually venture into the colder;
more saline waters. An inferential analysis was performed to describe frequency of occur-
renee patterns indicative of habitat associations in coastal, transitional, or marine habitats.
Anadromous species were associated with the coastal habitat while marine species were
distributed throughout the habitats sampled. The structural occurrence of coastal waters
overlaying other water masses was thought to provide the physical pathway enabling offshore
dispersals by anadromous fish. It was suggested from qualitative observations of food habits
that the offshore movements were a distributional response to density of prey.

Arctic char and Arctic cisco were the only anadromous species captured in the offshore
seining. The greatest number of Arctic char was captured approximately 5 km ofTBullen
Point in eastern Stefansson Sound. These char were generally small (FL 240 mm) and may
have been moving with Sagavanirktok River water that had been transported to the east
under west wind conditions. Gallaway (1990) indicates that-there is considerable evidence
that small fish, at least, travel in the direction of drift and that fish displaying such
'movement behavior have a bioenergetic advantage. Dempson and Kristofferson (1987)

-2-
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Species
Arctic cisco
Arctic char
Least cisco
Broad whitefish

Geographic Range roC)
0->12
0-12
0-12
2->12

Modal Range roC)
~12
4-10
8->12
8->12

characterized the ocean movements of Arctic char as a feeding migration influenced by the
spatial and temporal distribution of a major prey, the capelin (Mallotus uillosus).

Rose and Leggett (1989) hypothesized that the geographic distribution of Atlantic cod
(Gadus morhua) in the northeastern Gulf of St. Lawrence is determined by geophysically
forced oceanographic conditions. Within these limits, cod distribution is further delimited by
interacting physical (e.g., water temperature) and biotic (prey) conditions. They argued that:
(1) cod distribution is largely controlled by water temperature; (2) most species frequent a
much narrower "modal" temperature range; and (3) highly mobile migratory species reduce
their exposures to environmental extremes by moving in synchrony with preferred conditions.
Correlation analysis (univariate methods) between cod catch and sea temperature, and cod
catch and prey (capelin) density variables did not adequately explain the observed patterns
of cod distribution or catch. Regression analysis, on the other hand, indicated that under
mesoscale conditions ofhigh prey density and favorable temperatures coddistributions closely
matched those of capelin throughout their distributional range (-0.5 to 8.5°C). When prey
density was low, the distribution of cod was unaffected; they remained within their modal
range (O-5°C). In the latter instance, the infrequent occurrence of cod at temperatures
outside their modal range was thought to reflect a distributional response to prey density.
In conclusion the authors note that the interaction of sea temperature and prey density to
regulate cod distribution may apply to all cod populations.

Thermal Requirements

In the study above, "modal" and "preferred" temperature ranges were distinguished
by reference to observations of free-ranging and experimentally held fish, respectively.
Houghton et al. (1990) conducted a habitat use analysis based on a 4-year arctic fish database
containing some 180,000 fyke-net catch records from Prudhoe Bay. This analysis provides
preliminary information about the temperature-dependent range limits of the four most
common species of anadromous fish in the Beaufort Sea. The analysis was limited to early
(mid-June) and midsummer (mid-August) periods. As presented below, modal range reflects
temperatures associated with peak utilization as indicated by daily CPUE.

The thermal ranges described above undoubtedly underestimate the true distributional
limits of the fish during the open-water season. Craig (1984) reported additional information
on the temperature ranges of the anadromous fish from a synthesis of many research
projects; however, his ranges are in good agreement with those presented above. The
Houghton et al. (1990) analysis was truncated in mid-August to reflect coastal usage patterns
during summer periods of greatest fish dispersal. The result is that at least 1 month of open-
water season is excluded from the analysis. Water temperatures below O°C are not
uncommon in the coastal zone during summer months and are especially evident just prior
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to freeze-up. After August 15, the nearshore tends to experience steadily decreasing
temperatures and increasing salinities. Anadromous fish are able to withstand such condi-
tions for at least brief periods (Colonelland Gallaway 1990). As an example, Johnson (1980)
reports Arctic char in Creswell Bay, Canada, withstanding subzero temperatures (-1.4 to
1.44°C)at depths to 15 m.

Selected oceanographic data from Camden Bay in "warm" and "cold"years illustrate
the annual variability in temperature conditions of anadromous fish habitats. Hale (1991)
indicates that water temperatures during the 1989 season were above average. A maximum
temperature of 1l.4°C was reported on August 8 at a Fish and Wildlife Service sampling
station (CB06) located 2.6 km (9-m water depth) off Carter Creek in Camden Bay. Closer
inshore at station CB02 (located approximately 0.7 km off Carter Creek, 3-m water depth),
a maximum temperature of 14.2°C was observed. At shallow-water stations located in
Simpson Coveand in the lagoons east ofBarter Island, water temperatures in excess of 14°C
were observed. Similar temperatures from these stations on August 8, 1988, were 2.2°C at
CB06 and 2.2°C at CB02 (Hale 1990). .

Temperature preference data are lacking for most of the arctic anadromous fishes.
Fechhelm and Gallaway (1984) reported temperature preferenda of small Arctic cisco
(83-136 mm) acclimated to several temperature and salinity regimes representative of the
brackish water zone. Their experiments showed a preference by Arctic ciscofor temperatures
generally greater than 10°Cover the range of salinities studied (5--30ppt), In fact, the test
fish selected the warmest available temperatures (14-15°C). Such conditions approach the
upper limits of the thermal spectrum that might be encountered in the coastal Beaufort Sea
(Fechhelm et al. 1982). These authors noted that the apparent preference for warmer water
explains the Arctic cisco's utilization of a relatively narrow coastal corridor (20-50 m wide)
during summer. The physiological benefits conferred by such habitat use, especially on
growth and migration, have been discussed elsewhere (Fechhelm et al. 1982; Craig 1984,
1989a; Gallaway 1990; Thorsteinson et al. 1990; English, in press).

Similar experimental results for other anadromous species are not available. The large
body of field data that has been obtained from the Prudhoe Bay area over the past 15 years
indicates varying tolerances of the major anadromous species (cf.,Ross 1988). Besides Arctic
'cisco,only Arctic char are expected to disperse farther than 1kmoffshore (Craig 1984;Fruge
et al. 1989). Circumstantial evidence suggests Arctic char may prefer slightly cooler
temperature conditions than the Arctic cisco. Berg and Berg (1989)studied the at-sea growth
ofanadromous Arctic char in northern Norway. Optimal growth in char was observed during
June when temperatures ranged from 5 to 10°C. The authors suggested that ocean
temperatures in excess of 14°Climit the southern distribution of the species. Elsewhere,in
arctic lakes, optimum growth in Arctic char has been observed at temperatures between 12
and 16°C (Johnson 1980).

Environmental Inftuences

Water temperature may be the greatest physical determinant offish distribution (e.g.
Rose and Leggett 1989). In the Arctic, the brackish water nearest the coast is typically
characterized as hydrographic ally most favorable foranadromous fish (e.g., Craig 1984).
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Houghton et al. (1990) and others (see Fechhelm et al., in press) report a general trend for
greater use of warm (4-12°C), low- to moderate-salinity (0--20ppt) water. Other interacting
factors such as currents, food habits, prey availability, and size and condition of the fish,
influence dispersal patterns (ef Dempson and Kristofferson 1987). Colonell and Gallaway
(1990) subjectively list (in order ofimportance) the most important ingredients ofanadromous
fish habitat quality: (1) abundance of prey, (2) temperature, (3) salinity; and (4) "predict-
ability" or stability of the other three 'factors. Temperatures at or below 5°C seem to
represent a lower limit for habitat use by arctic anadromous fish {i.e., reduced growth rates
and return migrations begin below this temperature) (Colonell and Gallaway 1990). .

Temperature-salinity challenge experiments conducted on small Arctic ciscoes support
the generalized trend of reliance on brackish water habitats by anadromous fish (Fechhelm
et al., in press). The size range of Arctic cisco in these bioassays was 120 to 170 mm (FL).
Young-of-the-year (YOY)fish were not studied. Prior to experimental testing the ciscoes were
held at ambient conditions approximating those of their capture location for a minimum of
3 d. The experimental protocol required acclimation rates of 2°C and 5 ppt changes/d to one
of three temperature (12,7, and 3°C) and salinity (0, 15, and 32 ppt) regimes. The ciscoes
were held at acclimation conditions for at least 14 d before starting 96-h bioassays involving
instantaneous exposures to various temperature and salinity combinations.
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Acclimation appeared to enhance the tolerances of experimental fish to elevated
salinity (Fechhelm et al., in press). Osmoregulatory failure and lethal effects were, however,
observed at salinities of 25 ppt or greater. The observed deleterious effects of prolonged
exposures to cold water on osmoregulation in Arctic cisco may be similar for other anad-
romous species. ·This result would indicate avoidance, or very limited use, of marine areas
in the wild. Other experimental evidence supports this conclusion. The few bioenergetic
studies from which data are available indicate minor effects on growth rate at salinities of
0--15 ppt and significant reductions in growth and increased mortality at higher salinities
(e.g., English in press).

Colonell and Gallaway (1990) suggest that salinity has little effect on the distributional
response of anadromous fish until some threshold level is reached. Salinity tolerance
evidently varies by species and with size of fish. Among the anadromous species, small fish
tend to be less tolerant than larger fish. Conversely, immature Atlantic cod are able to
endure temperatures well below those tolerated by older fish (Rose and Leggett 1989). Many
factors such as size, age, and sexual condition of the fish influence its tolerance and ability
to acclimate to changing salinity. These relationships remain undescribed for most arctic
fish.

In situ growth experiments conducted in 1988 (English, in press) reinforce the concept
of anadromous fish preference for brackish water habitats. Arctic cisco and broad whitefish
were held for 6 wk in mesh enclosures at Endicott and Niakuk study areas. Water depths
at these sites averaged about 1.5 m. Mean weekly temperature and salinity conditions were
similar at each site, ranging from about 7°C and 11 ppt (early season) to 2°C and 25 ppt (late
season). Test fish ranged in length from 120 to 180 mm (FL) and in weight from 15 to 45 g.
Differences in growth and survival were noted between enclosure sites and species. Highest
growth rates were observed during late July to mid-August. In 1988 these corresponded to
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periods of highest ambient temperatures (about 7°C) and low to intermediate salinities
(>15 ppt), Broad whitefish held at the Niakuk sitesuffered higher mortalities and lower
growth rates than fish rearing near Endicott. While temperature and salinity conditions
were partially responsible, the Niakuk site was more exposed, resulting in increased
mortalities to fish during inclement weather. Broad whitefish fared poorly at each location,
suggesting poor habitat conditions for this species at these sites in 1988. The growth rate
observed in Arctic cisco was 6 times higher than that of broad whitefish. This was thought
to reflect the greater flexibility in habitat use by the Arctic cisco.
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Arctic Cisco Migration

The lack of discoveryof spawning or spawned-out Arctic ciscoin the ColvilleRiver and
delta led Gallaway et al. (1983) to hypothesize that Arctic ciscoin the Alaskan Beaufort Sea
are of Mackenzie River origin. Prevailing east-to-west longshore currents provide the
dispersal mechanism for age o fish from the Mackenzie estuary to reach Alaskan
overwintering sites. Gallaway et al. (1983)proposed that the Arctic ciscomigration involves
a passive transport offish in wind-driven currents. A passive migration is supported in part
by comparisons of summer wind conditions with (1) commercial catch statistics from the
ColvilleDelta (Fechhelm and Fissel 1988);and (2) relative abundance estimates ofYOYfish
in Prudhoe Bay (Fechhelm and Griffiths 1990). Average northeasterly wind conditions (5
m/s), and current speeds approximating 3 to 4 percent of the winds (15 em/s), imply a 35 d
(13 kmJd) migration period for YOY fish travelling between Mackenzie and Colville river
habitats (Gallaway et alI983). The average rate of westward movement by Arctic cisco of
13.6 kmJd observed by Moulton (1989) is consistent with this estimate.

Neill et al. (1983) developed a biased random walk model to evaluate the movement
patterns of Arctic cisco around the West Dock causeway Under various scenarios, high
changes in modeled catch rates could not be explained by swimming rate alone. It was
suggested that either the fish were being entrained in strong currents in the causeway area
or that catchability rates (and not fish density) were being affected (delayed or obstructed)
by hydrographic changes. The "pulsing" observed in the model's results was attributed to
distributional responses by the fish to shifting winds and currents and altered nearshore
conditions.

One constraint of the model was that it was unable to address adequately the
width-of-path effect of the Arctic ciscomigration (Neill et al. 1983). No information (physical
or biological)was available regarding this aspect of migration and it was therefore assumed
that the fish either (1) do not venture farther offshore than 0.5 km north or northwest of
West Dock (which extended 3.9 km from the coast at this time); or (2) venture offshore but
only into waters possessing conditions equivalent to those found closer inshore. The first
attempt to obtain information on the offshoredistribution and abundance ofage 0 Arctic cisco
in Prudhoe Bay and to study their migration in the causeway areas was undertaken by
Houghton and Whitmus (1988). Unfortunately, their sampling objectives were confounded
because few recruits moved into the study area in 1988(Schimdt et al., in press). Variable
and westerly wind conditions in 1988 may have been responsible agents for the lack ofYOY
Arctic cisco. '
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Only three Arctic cisco were captured in NOMs seining in 1988: one off Bullen Pt.
(FL = 375 mm); one in Camden Bay (84 mm); and one near Thetis Island (146 mm), The
juvenile fish sampled in Camden Bay on August 21, 1988 (station C04081, 5.5-m depth), was
captured approximately 0.75 km off the coast. This catch provides preliminary evidence that
a wider migration corridor is being utilized than has been suggested elsewhere.

More recently, modeling (random walk with advection) of the movement ofyoung Arctic
cisco in Prudhoe 'Bay was performed by Bryan (1990) as part of the Endicott Development
Fish Monitoring Program. The study focused on the migration of the fish past the Endicott
Causeway from August 20 to September 1. Initial fish density distributions were selected
on the basis of actual fyke-net data and the temperature preference data of Fechhelm and
Gallaway (1984). Oceanographic data inputs (current vectors, etc.) from other sources were
indicated by the author but were not clearly specified. Fine-scale (1 km) movement patterns
were apparently biased such that fish were generally moving toward more optimal water
quality conditions. The algorithms used were successful predictors of the relative magnitudes
and general trends in observed catches. A major conclusion was. that currents, and not
thermoregulatory behavior, had the greatest effect on YOY Arctic cisco distribution. The
effects of temperature and salinity different from those modeled require further investigation.

The above is not meant to downplay the role of currents in anadromous fish migrations
and movements. Previously, we argued that the development of realistic predictive models
would require a more detailed history of fish movements along known environmental
gradients than is presently available (Thorsteinson et al. 1990). Catch data from passive
gears with long set periods are not amenable to correlation with physical phenomena of brief
temporal and spatial scales, such as the passage of fronts, eddies, and wind-driven events,
which are prevalent in North Slope coastal waters. Such short-lived phenomena are
important because they influence the local distributions, movements, and other daily
activities of fish and their prey. Colonell and Gallaway (1990) argue that because fish
distributions are not static, sampling with active gear will not necessarily provide data that
would define preference. It will, however, with adequate sampling intensity delimit the
"modal" range described above and provide more precise data on fish abundance.

The Issues

Solid-fill gravel causeways have proven to be a cost-effective technology for onshore
transport of (1) seawater via pipelines for waterflooding, and (2) produced crude oil to the
Trans-Alaska Pipeline (Standard Alaska Production Company 1989). However,
environmental issues have been identified concerning causeway construction and subsequent
effects on coastal oceanography. For instance, Hale et al. (1989) describe the major effects
of West Dock on local circulation., They include offshore deflection of alongshore flow
(including river plumes) and the blockage of alongshore movement and mixing of water mass
properties. As a result, other marine processes are influenced as well, including coastal
hydrographic conditions, upwelling, and vertical mixing. These authors conclude that.under
either easterly or westerly winds, West Dock can deflect alongshore surface currents and
plumes northward around the tip at least 4 km offshore.

-7-



Other authors indicate that the marine environment has been little affected by the
construction of causeways. Colonell and Gallaway (1990) also provide an assessment of
marine environmental impacts of West Dock causeway. Colonell and Niedoroda (1990a)
maintain (from a physical oceanographic perspective) that Stump Island Lagoon is a minor
appendage of Simpson Lagoon that "never has played a major role in establishing the
hydrographic conditions there, even in the eastern part of Gwydyr Bay." This conclusion is
based on the cross-sectional area of the barrier island channels in eastern Simpson Lagoon.

The relative time and spatial dimensions of the marine areas affected by causeway
.obstruction are dependent on the prevailing oceanographic and meteorological conditions at
any given time. The extents of coastal areas affected by changes in water quality are
therefore difficult to determine. Colonell and Gallaway (1990) assert that the geographic
extent of salinity increase attributed to the Waterfioodextension ofWest Dockis of the order
of 800 ha but that this area is not easily determined. Ross (1988) estimated that water
quality and circulation patterns along as much as 60 km of coastline have been altered by
the West Dock and Endicott causeways.
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Prediction of biological effects on anadromous fish populations of the North Slope
associated with oil and gas development in or near Prudhoe Bay has proven to be an arduous
and controversial process. It has been hypothesized that in the marine environment cause-
ways and waterfiood projects may interfere with fish migrations, habitat quality, and overall
fish use of coastal waters. Since estimates ofpopulation size are unreliable for most species,
parameters such as growth and condition have been evaluated for several years in the
Prudhoe Bay area. The sensitivity of the condition analysis is questionable as it tends only
to include fish in good condition. With increasing industrialization of the North Slope, the
resolution of these and other fishery issues (e.g., oil spills, availability of fresh water, and
gravel excavation) will be required on regional as well as local scales.

,
Information is lacking concerning the environmental tolerances and responses ofmost

anadromous fish species to hydrographic conditions they may confront in the coastal Beaufort
Sea. This, in part, has limited our ability to accurately assess the probable effects of certain
development activities. The coastal brackish band serves as an avenue for the alongshore
movement of anadromous fish between feeding, spawning, and wintering locations. Because
anadromous fish must acquire so much of their annual ex{ergysupply during the brief open-
water season (Craig 1989a), the availability and quality of feeding habitats are of primary
concern. Access to these habitats is critical during summer months. Blockage, or delays, of
fish migration may result from physical barriers imposed by the causeways. The potential
effects ofcauseways on YOYArctic ciscomigration have been of concern (MBC 1990). There
are two issues: (1)blockage or delay ofmigration in the causeway areas, and (2) the transport
and fate of young fish entrained in coastal currents that have been deflected offshore.

-8-
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PART II. ACTIVE SAMPLING

INTRODUCTION

The goal of NOAA'sArctic Fish Habitat Use Investigations is to ensure the protection
of fishery populations and their habitats from potential adverse effects of OCS development
in the Alaskan Beaufort Sea. The research has focused on the identification and charac-
terization of important marine habitats and temporal-spatial features of their use by arctic
fishes. Anadromous species are of special management concern. Their populations tend to
be small in size, possessing low recruitment rates and other traits common to K-strategists
(Craig 1989a). Such populations (i.e., characterized by great longevity coupled with low adult
mortality and recruitment) differ from truly stable populations where recruitment and
mortality rates are nearly equal. Several species are valued subsistence resources and others
are targeted in small commercial fisheries located in the lower Colville River. In addition,
the management of several species is of international concern because of the transboundary
nature of migration routes and overwintering areas.

In an ecological sense,' the aim of our research is to gain an understanding of the
dispersal mechanisms and processes responsible for observed patterns offish distribution and
abundance across the Beaufort Sea shelf. This has required oceanographic sampling in
habitats occupying outer portions of the brackish water band and beyond. This is significant
because it provides an offshore component to the existing arctic fish database. Fishery
information is essentially lacking from marine environments of the Beaufort Sea (Craig
1984). The offshore sampling provides an opportunity to incorporate different sampling
methods into the research design than have been practical closer inshore. We chose an active
sampling gear approach because resultant indices of abundance provide quantitative
estimates of standing stock densities that can be directly related to ambient environmental
conditions (e.g., temperature, salinity, winds and currents, and food availability).

Exploratory oil drilling in Camden Bay, to the northeast of Barter Island, and
northwest of Harrison Bay, are indicators of impending industrial expansion in the Beaufort
Sea. With few exceptions, fishery resource information from these areas is sparse or
nonexistent. The possible opening of the Arctic National Wildlife Refuge (ANWR) to oil and
gas exploration has prompted coastal fishery surveys in the eastern Beaufort Sea (e.g., Fruge
et al. 1989). Unlike the open lagoon systems characteristic of Stefansson Sound, exposed
nearshore waters and limited exchange lagoons predominate in the east. Such geo-
morphological differences are important because the structural gradients defined by
freshwater inflows, wind-mixing, upwelling, and other physical processes ultimately define
the useable boundaries of available habitat for marine and anadromous fish. They may also
establish important mechanisms .which may enhance or impede migrations, dispersals, or
other uses of the coastal zone by fish.

Four species of anadromous fish have been of primary concern in fishery investigations
in the Alaskan Beaufort Sea. These are the Arctic cisco, Arctic char, least cisco, and broad
whitefish. The research has consisted of various assessments ofthe potential impacts to fish
populations associated with oil and gas development in or near Prudhoe Bay. In particular,
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the effects of solid-fill causeways on coastal oceanography and anadromous fish habitats have
been a special environmental concern. It has been hypothesized that causeways and water-
flood projects may interfere with fish migrations, habitat quality, and overall fish use of
coastal waters. The range of possible impacts varies by species and appears to be largely a
function of their tolerance to coastal temperature and salinity conditions. With increasing
industrialization of the North Slope the resolution of these, and other issues, will be required
on regional as well as local scales.

OBJECTIVES
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A primary focus of the 1990 sampling was the coastal migration ofjuvenile Arctic cisco
tCoregonu» autumnalis) in Alaskan waters. Gallawayet al. (1983) had proposed a wind-
aided, passive transport of Mackenzie' River cisco to the Colville River delta. Evidence is
mounting to support the "fish from Canada" hypothesis (Fechhelm and Fissel 1988; Fechhelm
and Griffiths 1990) and it has been suggested that the migration is primarily a shoreline-
directed nearshore phenomenon. There is, however, little reliable offshore catch data
available to support the latter contention and it is not yet possible to delineate the migratory
corridor itself.

Although our sampling targeted on juvenile Arctic ciscoes, various other species were
collected in the offshore fishing. A secondary objective was, therefore, to describe the general
features of habitat use by these fish and, -if possible, to evaluate growth and condition
parameters for the' dominant species involved.

The specific objectives of the 1990 fieldwork were (1) to determine the spatial-temporal
distributions, relative abundances, and habitat associations of dominant fish species in the
nearshore Beaufort Sea; and (2) to delineate the migratory corridor of juvenile Arctic cisco
at several locations in the Alaskan Beaufort Sea.

STUDY AREA

The study area included the coastal waters lying between Prudhoe Bay and Barter
Island (Fig. 1).

Most operational activities were based at Camden Bay. Camden Bay is a relatively
deep embayment in the western portion of the ANWR. It is located between Barter Island,
in the east, and the Canning River delta, to the west, The natural setting of CamdenBay
(see Fruge etal. 1989) provides easy access to coastal and marine fish habitats, while at the
same time providing close proximity to safe anchorages at Simpson Cove and Barter Island.

'. ~ , c. \,

Camden Bay is typical of many of the exposed nearshore habitats characteristic of the
eastern Beaufort Sea. With respect to oil and gas development, some exploratory drilling in
the western bay has already occurred. Further development can be expected. If oil leasing
occurs in the ANWR, Camden Bay is a likely site for port expansion and other shore-based
support. With respect to our study objectives, the deep nature of the bay, particularly on the
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Figure 1.-Study area, Beaufort Sea coast, Alaska.
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eastern shore, allows towed gears to be deployed quite close inshore. This is an important
operational feature of the migration and dispersal components of the research.

The research vessel was regularly provisioned and serviced at West Dock in Prudhoe
Bay. Since these activities required regular travel between Camden and Prudhoe bays,
several additional sampling stations were established in the causeway areas (Fig. 2). These
stations coincidedwith the sampling locations ofHoughton and Whitmus (1988). Mid- to late
August sampling Periods were given highest priority as they would encompass periods of
peak YOYArctic cisco migration through Prudhoe Bay..

METHODS
Fish Sampling

Alloceanographic research was conducted fromNOAAvessel 1273, an 11-maluminum
craft with a draft of 1.3 m. This boat is currently configured as a drum seiner. It has a
maximum speed of 8 knots, a range of 730 km, and an endurance of 7-10 d, and can
accommodatefour persons. Other attributes of 1273 for working in the shallow Beaufort Sea
have been described by Thorsteinson et al. (1990).

Five transects were selected for fish sampling in 1990(Fig. 3). From west to east, they
were located (1) west of West Dock, (2) on the east side of the Endicott Causeway, (3) off
BrownlowPoint, (4) offCollinson Point, and (5) offArey Lagoon to the west ofBarter Island.
The transect placements reflect entry and exit locations of migratory fish passing through
Camden and Prudhoe bays. The Collinson Point transect increased the spatial resolution of
sampling in Camden Bay (mid-point transect) and added a necessary onshore-offshore
dimension to our monitoring of the Arctic ciscomigration through the center of the bay.

Our study plan also included fish sampling near Carter Creek in Camden Bay. It was
anticipated that this sampling would coincide with FWS coastal sampling in the area. Our
expectation was that synoptic fishing efforts would facilitate the description of a realistic
relationship between catches associated with active and passive gear types.

A single station (MS01) was positioned near Flaxman Island and the Mary Sachs
Entrance to eastern Stefansson Sound. This station was strategically located to examine its
role as a potential "choke" point for migrant cisco en route to Prudhoe Bay.

In most instances the locations of stations on each transect were stratified by their
relative distance from the mainland coast. Inner transect stations, or "base stations," were
generally defined by the shallowest working limitations of the primary sampling gear. Two
exceptions included the location of base stations on Arey Island and Brownlow Point
transects. Along these transects, the bases were located 3.5 km from the coast. In Camden
Bay, once the base station had been defined, other transect stations were located
approximately 1.5, 4.5, 7.0, and 9.0 km from the base (and 11.0 km on the Collinson Pt.
transect).
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A description of the Prudhoe Bay transects and stations has been provided by
Houghton and Whitmus (1988) and is briefly described here. The Endicott transect stations
were located at 0, 1, 3, 5, 7, 10, 15,20,25, and 30 km from a base lying 1.3 km from the
shoreline in Foggy Island Bay. At West Dock the base station was 0.6 km from the east end
of Stump Island and the causeway. This translates to a distance of approximately 3 km from
the coast. Stations were sampled at about 0, 2, 4, and 6 km from this base. An additional
station (WD25), located about 11 km offshore, was added to the transect.

The stations in Simpson Cove (CP10) and Mary Sachs Entrance (MS01) were located
almost 2 km from the mainland coast. In each instance, this position roughly demarked
midway points in the respective lagoons. The Carter Creek stations were originally selected
as a function of depth (i.e., 5 and 20 m, respectively).

Fish sampling was accomplished with an 11.0-m-Iong townet. The mouth of the net
was 6.8 x 1.8 m tapering to a 0.3 x 0.3 m cod end bag. Net panels were of variable mesh size
as follows: front panel, 50.8 mm; 2nd panel, 38.1 mm; 3rd panel, 19.1 mm; and bag, 7.9 mm.
At each station replicate sampling consisted of two lo-minute hauls to the east. The net was
towed at an approximate speed of 0.5 mis.

A Magnavox MX 5400 GPS Satellite Navigation System was utilized in the field to
locate the townet sampling stations. The accuracy of the GPS is better than ± 100 m.
However, because the GPS system was not fully operational in 1990, satellite coverage was
intermittent during the field season. During periods when fewer than 3 satellites were
available for GPS fixes, a Furuno Model FRB05D48 nm radar was used to determine position
information. The accuracy of radar fixes is assumed to be 0.5 km.

Physical Data

Thermohaline structure was recorded at each transect station prior to the conduct of
replicate townet sampling with a portable conductivity-temperature-depth instrument
(Applied Microsystems STD-12) having an internal recording capability. The instrument's
depth, temperature, and salinity sensors are accurate within 0.10 m, 0.03°C, and 0.2 ppt,
respectively. The CTD stores data in an internal memory and records eight samples of
temperature, conductivity, and pressure per second. During oceanographic casts, the CTD's
sensors were held just below the sea surface and allowed to equilibrate, then the instrument
was slowly lowered (if = 6.89 cmJs, SD = 3.95, n = 39) to the sea floor. Upon completion of
the cast, CTD data were downloaded to a Zenith laptop portable computer, reviewed for
accuracy, and stored on minidiskettes for processing.

Summer 1990 wind data from the eastern Beaufort Sea were obtained from the Fish
and Wildlife Service. These data were acquired from weather stations maintained at
Simpson Cove .and Beaufort Lagoon. Wind speed, direction, temperature, and barometric
pressure were recorded every 0.5 h. The Simpson Cove record was truncated due to sensor
malfunctioning and data were available only for the period July 20-31, 1990. The Beaufort
Lagoon record was longer, extending from July 21 to September 10, 1990.
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Other physical measurements were taken in concert with oceanographic casts. Water
depths were determined with a Ray Jefferson Color Telescan 2000 sounder. Wind speed
(from the vessel's anemometer) and direction (estimated) were recorded during townet
operations.
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Fish Sample Processing

1bwnet catches were sorted to species,counted, and individually measured. Allcatches
were enumerated in the field. A. volumetric approach (known quantities/unit volume) was
utilized to estimate total numbers in several instances of very large catches. Fork length
(nearest mm) and wet weight measurements (0.1 g) were taken immediately followingfish
capture. An OHAUS (2610 g) Dial-O-Gram was used to measure fish weights as sea
conditionsallowed. All station, measurement, and environmental data were recorded on field
forms for later data entry.

Some fish were kept for additional processing and taxonomic verification. Specimens
were either (1) frozen on dry ice in seawater, or (2) preserved in a solution oflO% formalin
in seawater, with preservation technique dependent on the work to be conducted ashore. A
total of 290 frozen samples (121 Arctic cisco; 69 capelin; and 100 Arctic cod, Boreogadus
saida) are currently being maintained at -40°C in Anchorage. Forty-two (42) specimens
collected for taxonomic purposes have been identified (6 species), transferred to an alcohol
solution, and archived in the Alaska Office.

Analysis of Fisheries Data

The relative abundance of the catch at each station was described in unitsof fishing
effort and fish density. Catch per unit of effort (CPUE) was expressed as total number of
fish/10-minute set, and, in special cases, as kilograms offishlkilometer. Fish densities were
estimated by computing the volume (m") of water fished per lo-minute set (distance towed
'Iml x area oftownet mouth [m2

]) and standardizing the catch to numbers/1,000 m3
•

Length frequency analyses were performed to determine size and approximate age
composition of the species sampled. Fork length frequencies were plotted for the major
species captured by total numbers captured or subsets of this as appropriate to the analysis
being performed.

The catch (C) was summarisedusing standard descriptive and graphical techniques
available on Statgraphics Version 4.0 software. The coefficientof variation (CV)was calcu-
lated (as in Zar 1984) to describe the relative variability of the station catches and to serve
as an indicator of spatial patchiness in selected species' distributions. The classification of
CV values used by Grossman et al. (1990) was adapted to indicate patchiness by station,
between transects, and with relative distance from shore as:

CV S 25% Even distribution;
25% < CVS 50% Relatively even distribution;
50% < CVS 75% Moderately patchy; and
CV > 75% Highly patchy.
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After initial testing for normalcy, the catch data were transformed [In(x + 1)] for conduct of
parametric tests. Green (1979) indicates that species abundance data are nearly normally
distributed and recommends the logarithmic transformation. The significance level for all
statistical tests was 0.05 (a = 0.05). Relative abundance (mean CPUE and density estimates)
was associated with environmental parameters (e.g., mean temperature and salinity
conditions of the upper 2 m) using multivariate frequency plots and univariate correlation
analyses for the major species studied. The frequency presentations would demonstrate
modal temperature and salinity preferences of the fish species captured offshore.

Arctic Cisco

Time and area.-Logistical constraints and environmental factors precluded routine
use of a priori random sampling design for statistical testing. Thus, statistical partitioning
of the data intotime, area, and size class categories was performed after the data had been
collected. Emphasis was placed on relative abundance and distributional attributes of the
juvenile catch. Relationships examined by one- or two-way ANOVA included variations in
(1) mean fish size stratified by relative distance from the coast; (2) mean stratum fish size
with respect to time; (3) mean stratum CPUE in relation to sampling time; and (4) mean
station CPUE and transect CPUE with respect to time, distance, and habitat (defined by
hydrographic properties averaged over the upper 2 meters). Means and their 95% confidence
intervals (CI) were calculated using standard descriptive techniques. A non-hierarchical
clustering procedure (Hair et al. 1987) was used to investigate salinity and temperature
influences onjuvenile distribution and abundance [In (density + 1)]. Analysis of variance and
the Tukey multiple comparison tests were employed to further examine habitat relationships
within the cluster groups.

Size and growth.-Changes in mean fork length were examined over time to evaluate
seasonal growth rate in young-of-the-year fish «100 mm), Relative rates of increase in mean
length (%) and instantaneous rates of weight increase (G) were calculated after Ricker (1975).
In order to compute G it was necessary to know the b coefficient (slope) from the weight-
length relationship for Arctic ciscoes. The coefficient described for Arctic ciscoes in 1990 by
the FWS Fishery Assistance Office in Fairbanks was used in this analysis where:

b = 3.22 for July 10 through July 24; and
b = 3.19 for August 28 through September 12.

Because growth in the young fish is exponential (W = aLb) the instantaneous increase in
weight is described by the expression:

G = 100 [b (In ~ - In 11)/t]

where G is the instantaneous rate in weight increase (%) during the time period t, in this
case on a per day basis. For these calculations II and ~ represent mean fish length at the
beginning and end, respectively, of time period t.

Migration.-The migration rate of young- of-the-year fish was examined as a function
of winds and nearshore currents using vector analysis techniques. Both passive and directed
wind-aided migrations were hypothesized. A passive migration was premised on the
assumption that the direction of fish movement is always with the current, whereas in the
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directed migration the swimming direction is always to the west. The sustained, or
voluntary, swimming speed of the fish was assumed to be 1 body length per second.

It was further assumed that the Beaufort Lagoon wind record was representative of
winds along the eastern Beaufort Sea in 1990. This record was relied on exclusively to
estimate nearshore currents (see Physical Oceanography in Results section) because of its
length-s-extending from July 21 to September 10. By comparison, the Camden Bay record
was too short (July 20-31) to be effectively incorporated into the migrational study. Mean
daily nearshore current components (u, and vc) were calculated as 4% of the mean daily wind
speed (-0.04 x u and v where negative sign corrects wind direction in the oceanographic
sense, i.e, an east wind has a positive u component but the current it produces is in the
negative u direction).'
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The mean daily speeds (in km/d) and directions of passive and directed migration were
computed as follows:
Passive: It is assumed that the fish moves with the wind-driven current. Therefore, a fish's

u component (u-) is S sin (Ae);
, v component (vf) is S cos (Ae);

Thtal u component (Up) is u, + Ur;
Thtal v component (Vp) is v, + vf;

Daily migration rate (Mp) is SQRT (Up2 + Vp2); and
Mean daily direction of migration is ARCTAN (Up/Vp);

where S is the fish's mean daily swimming speed and Ac is the mean daily current direction.
Directed: It is assumed that the fish always moves alongshore to the west. Therefore, a fish's

u component (Ur) is S;
v component (Vf) is 0;
Thtal u component (Ud) is u, - Ur;
Thtal v component (Vd) is.v,';
Daily migration rate (Md) is SQRT(Ud2 + Vd2); and
Mean daily direction of migration is ARCTAN (Ud/Vd),

Onshore-offshore compariBons.-An exploratory analysis was undertaken to
examine catch comparisons between active and passive gear types, the latter being more
common to the arctic coast. In order to determine whether the inshore (fyke-net) catches
differed greatly from those offshore (townet), a simple linear regression analysis was
performed relating CPUE and instantaneous density distributions (expanded to hourly catch
rates) reported in the townet catches. Fyke-net catches (catch per day) were acquired from
FWS (Fairbanks) and LGL Research Associates (Anchorage) for selected dates on which
townetting had been conducted. Fyke-net catches were adjusted to an hourly basis assuming
the 24-h catches reflected a constant migration rate.

A bivariate response surface analysis (Menke 1973; Grant 1986) was used to further
investigate dynamic relationships between relative abundance and thermal conditions at
selected onshore and offshore fishing sites. Fish density was used as an index of relative
abundance. Thmperature was selected as the independent variable that elicits the catch
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The response surface plot represents the three-dimensional surface for the function
describing the relationship between density and water temperature. A matrix of Z values
(normal deviate) describes the response of the density-temperature relationship. Parameters
of the normal distribution were estimated using standard descriptive techniques (i.e., means
and their standard deviations). The quantitative response to the bivariate normal function
was obtained by converting the calculated Z to a random variate from the specified
distribution of interest using the formula:

X = u + aZ
where X is the normal random deviate from the specified normal distribution of interest, U

is estimated by the mean, and a is estimated by the standard deviation of the mean.

Arctic Cod

Population and biomaBs.-Area swept methods (Bakkala and Smith 1978)were used
to describe Arctic cod population abundance and biomass parameters in Camden Bay. With
respect to relative abundance portrayals, these methods were slightly modified to reflect
"volume swept" approximations. There are several reasons for this. First, in our sampling,
we are more confident about the effectiveness of the gear in the vertical, rather than the
horizontal, dimension. Second, the expression of fish density as a standardized unit volume
is viewed as the most quantitative index of CPUE. Finally, unlike many demersal fish
surveys where most of the fish being sampled occur on a horizontal plane along the bottom,
Arctic cod apparently occur throughout the water column, and volume swept methods more
adequately address this vertical distribution.

Ninety-five percent (95%) confidence intervals were computed for population standing
stock and wet-weight biomass as described by Bakkala and Smith (1978). Sample sizes were
based on the computation of effective degrees offreedom as estimated by the Cochran (1963)
approximation.

Analysis of Physical Data

CTD data were quality controlled and processed by conventional methods. Sensor
readings were converted to engineering units and sorted by pressure into O.I-m bins. Data
in each bin were then averaged to derive the temperature and conductivity for that pressure.
Empty bins were filled by a value derived from interpolating between closest non-empty bins.
Salinity and density were calculated and stored along with temperature as a function of
depth. Data recorded during the lowering of the instrument were primarily used for analyses
in order to minimize turbulence-induced effects on the sensors due to the passage of the
instrument through the water. Plots of temperature, salinity, and density (sigma-t) versus
depth and plots of temperature vs. salinity were examined to detect erroneous data and to
categorize stations in terms of thermohaline structure and properties. Due to the frequency
of suspected erroneous readings at the sea surface, I-meter data are used in the following
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discussions to represent conditions at the sea surface (see Thorsteinson et al. 1990). Selected
profiles were used to construct contoured vertical temperature and salinity sections to show
the temporal and spatial distribution of these parameters.
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Data from the meteorological stations at Camden Bay and Beaufort Lagoon were in
electronic format and had been converted to engineering units; however, the data had not
received any preliminary processing. Each station sampled wind speed every 5 minutes and,
every 0.5 hour, recorded values for average wind speed (mph), maximum wind speed,
temperature (OC);and barometric pressure (in-Hg). Of these we were interested in resolving
the wind vector into its alongshore and cross-shore components. This was accomplished by
rotating the coordinate system such that the alongshore 'axis (u component) lay parallel to
the coastline while the cross-shore axis (vcomponent) lay perpendicular to the coast. An
observer standing at the origin of the rotated coordinate system, looking offshore with his
shoulders parallel to the coastline, would have the positive u axis on his right and the
positive v axis directly in front of him.

Initial processing of the wind data consisted of several steps. First, the wind speeds '
were converted from mph to mls. Next, wind angles were computed for the rotated coordinate
system according to the following:

1\ = B, - Cj - Dj where:
1\ = Wind angle in the rotated coordinate system.
B, = Wind angle as recorded by the instrument.
C, = Angular difference between the instrument's north and magnetic north

(MN). This value is positive if MN is rotated clockwise from the instru-
ment's north and negative if counterclockwise. In Camden Bay, the instru-
ment's north was 27° E of MN while in Beaufort Lagoon it was 22° E.

D, = Angular difference between MN and north ofthe rotated coordinate system.
The sign convention is the same as above.

At the location of the meteorological station in Camden Bay, the coastline is oriented
approximately parallel to true east-west; thus, the rotated coordinate system coincides with
true directions and D, is just the magnetic variation measured in Camden Bay (32° E). The
Camden Bay correction angle is therefore:

1\ = Bj - (-27°) - (--32°)= Bj + 59°.
At Beaufort Lagoon, the coastline is oriented approximately 133°--313°true or 98°-278°
magnetic. The rotated coordinate system is 8° clockwise from MN and the correction angle
for Beaufort Lagoon is:

The alongshore (u) and cross-shore (v) components were then computed as:
u = S sin (1\), and
v = S cos (1\),

where S is the wind speed in mls and 1\ is the wind angle computed above. Mean daily
values for u and v were used to compute the mean daily wind speed and direction using
descriptive and circular statistics methods described by Zar (1984).
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In the shallow, nearshore regions of the Beaufort Sea, currents generally run in the
direction of the wind at 3 to 5 percent of the wind speed. Therefore, in this report, current
speeds are estimated at 4 percent of the wind speed and are converted to units of cm/s.

RESULTS

Distribution of Effort

Fish sampling was conducted at 28 stations on 13 days beginning on August 2 and
ending on September 5, 1990 (Fig. 4). On-station activities involved completion of a CTD cast
prior to the conduct of replicate townet sampling. Only one townet sample was completed
at WD22 on September 5; replicate sampling was achieved at all other stations. While
fishing, the net was towed at an average speed of 0.5 mls over a mean distance of 317.67 m.
An average volume of 3,873.61 m3 was strained during each tow.

Seventy-seven townet sets were successfully completed in 1990. The temporal
sequence of the 1990 fishing season is depicted in Figure 5. Each point in the figure reflects
a townet set, thus the cumulative effort is shown. Fish tracking experiments and poor
weather conditions resulted in numerous disruptions to the sampling schedule and these are
apparent in the graph. The Collinson Pt. and West Dock transects received the heaviest
sampling .effort in 1990. The fishing effort was distributed, in decreasing order, as follows:
Collinson Pt., 23 sets; West Dock, 18 sets; Endicott and Arey Island, 10 sets each; and
Brownlow Pt., 8 sets. Four sets (each) were completed off Carter Creek and at Mary Sachs
Entrance to eastern Stefansson Sound. While all of the stations were sampled at least once
during the summer, the coverage was inadequate both in time and space for rigorous analysis
of fish migration through the study area. Depth and distance characteristics of the sampling
are shown in Figures 6-9. The townet was fished in depths ranging from 2.0 to 25.8 m and
from 0.32 to 15.25 km from the mainland coast. In this instance, the 15.25 km reflects the
distance from the southern shore of Simpson Cove to station CP15. If Collinson Pt. is
assumed to be the mainland, the distance is about 12 km to station CP15.

Physical Oceanography

Hydrographic data (CTD) were collected at 39 stations in association with the townet
sampling. A solitary CTD cast was completed at the Endicott base station (EC10) on
September 4; wind and sea conditions prohibited further sampling on this date. Vertical
temperature and salinity plots for the CTD casts are provided in Appendix A. Sea surface
and bottom water temperatures ranged between 1.03 and 6.05°C(if = 3.6, SD = 1.2) and 0.11
and 6.05°C (if = 2.8, SD = 1.3), respectively, during the sampling period. The mean water
temperature of the upper 2 m was 3.6°C (SD = 1.2) for all stations combined. Surface
salinities ranged from 23.5 to 32.5 ppt (if = 29.8, SD = 2.5) and bottom salinities between 23.5
and 32.3 ppt (if = 31.1, SD = 1.5). The average -salinity of the upper 2 m was 30.2 ppt
(SD = 2.0).

The salinity ranges described above are indicative of a primarily marine environment.
Plots of the I-meter and bottom temperature and salinity values obtained during the fish
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Figure 9.-Location of nearshore sampling locations with distance from the coast.
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sampling confirm this condition (Fig. 10). The apparent warming of the marine waters was
probably due to insolation. The temperatures and salinities of surface waters are also
indicative of a relatively homogeneous environment for fish. Observed temperature and
salinity differences between surface and 2-m depth intervals were small. Temperature
differences ranged from -0.34 to 1.22°C (x= 0.11°C). Salinity differences were more
pronounced (x = -0.43 ppt; range 6.20 to -6.21 ppt). However, large salinity gradients were
observed at very few stations; the majority of data indicate a well-mixed upper layer.

Prior to August, brackish influences may have been greater in the nearshore areas
sampled. If coastal water was present early on, our data suggests that it had been washed
out quickly by the prevailing east wind conditions. Easterly wind conditions were dominant
in Camden Bay during the latter part of July (Fig. 11). Meteorological data collected at
Beaufort Lagoon reflect a dominance of northerly and southwesterly winds in this sector of
the eastern Beaufort Sea; conditions that would promote the transport or presence of marine
waters in nearshore areas (Fig. 12). (It should be remembered that the time series shown
in Figure 12 are in the rotated coordinate system).

Daily mean time series of wind speed and direction of the wind records were computed
for Camden Bay and Beaufort Lagoon (Figs. 11 and 12). Mean vector winds from the east
prevailed for 8 of the 12 d for which wind data were collected in Camden Bay. The easterly
winds had daily average speeds of 3.31 to 8.22 mls. Mean daily winds for July 20-31 were
from a northwesterly direction with daily mean speeds of 0.56 mls and 5.08 mis, respectively.
The remaining 2 d had mean winds from the north with mean speeds of2.0 mls (July 22) and
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3.53 mls (July 29). The hydrographic profiles for CTD stations occupied in Camden Bay
during late July (AppendixA) indicate nearshore salinities exceeding27 ppt..

The wind record from Beaufort Lagoon shows that during July and August the
strongest winds were from the northeast: the mean daily wind speed was 5.51 mls from the
northeast on July 28; 8.62mls on August 5; 10.52mls on August 15;and 5.97 mls on August
25. Hydrographic data from CPU (equals CPO1 in Appendix A) shows nearly isohaline
conditions of around 30 ppt just offshore of Collinson Point.

A sustained period of northwesterly winds occurred between July 21 and 26. The
winds were strong (7.22-7.84 mls) to moderate (3.03-3.90 mls) and probably sufficient to
depress marine conditions offshore (i.e., piling of coastal water against the coast). The
strongest westerlies occurred in early September (8.85-9.10 mls) after fishing had been
terminated. By this time little coastal water remained in the nearshore and marine
conditions were observed at all but the shallowest of .stations sampled. For instance, on
September 3 it appears that Katakturuk River water had been transported into the eastern
portion of Simpson Cove(CP10).

During periods of lower wind speeds the data become much noisier with respect to
direction of wind. This switching of winds is apparent in the mean daily wind speed and
direction records for Camden Bay and Beaufort Lagoon. The variability is much more
noticeable in the plots of the raw data depicting alongshore components of the wind and
nearshore currents at 0.5-h intervals. The u components have not been corrected in the
oceanographic sense and therefore the high frequency of positive values is indicative of the
predominance of east winds. Such conditions wouldpromote the transport ofjuvenile Arctic
ciscounder the Mackenzie River hypothesis. .

A summary of the shipboard observations of wind speed and direction at the time of
sampling (n = 77) indicated that easterly winds were reported 52% of the time; westerly
winds 21%; northerly 14%; and no winds the remaining proportion of the time. These
observations provide additional circumstantial evidence of prevailing east to northeasterly
wind conditions that dominated the 1990 open-water season.

In several instances, the hydrographic data were collected over short enough time
spans that they could be construed as synoptic. This allowed the construction of vertical
temperature and salinity sections for selected times and areas during the 1990 field season.
Brief descriptions of each follow:

Endicott Causeway.-Hydrographic data were collectedon August 9 for this section
(Fig. 13). The distribution of temperatures indicates the lack ofa strong thermal gradient
as temperatures varied by only 2°C over the 12-km transect. Colder marine water was

. observed at approximately 8 km from the coast. Transitional waters « 30 ppt with
temperatures of 4 to 6°C) were found inshore of 8 km. The base station, EC10, was
isothermal and isohaline. Nearshore waters were nearly isothermal to a distance of 6 km .
offshore. At this distance there was slight stratification with indications of marine waters
8 km offshore. The salinity section shows similar trends with transitional waters lying
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Figure 13.-Vertical sections of temperature (A) and salinity (B) from the Endicott
transect, August 8, 1990.

within 8 km of the coast and salinities greater than 30 ppt beyond. The mean daily winds
at Beaufort Lagoon were from the west at a speed of 4.34 mls.

West Dock Causeway.-This section was reconstructed from hydrographic measure-
ments taken over a 22-h time period on August 21 and 22 (Fig. 14). The section indicates the
encroachment or upwelling of marine waters along the bottom to within about 2 km of the
coast with salinities in excess ofB1 ppt. It is interesting that the waters inshore of station
WD21 appear to have salinities in excess of 31 ppt. Warmer transitional waters (5°C and
greater and 25 ppt) have been displaced to at least 5 km offshore. The presence of brackish
waters extends beyond WD25 and below the depth of fish sampling; however, salinities are
high offshore representing transitional waters. The indication is that this represents the
offshore deflection of the Sagavanirktok River plume. The hydrographic properties suggest
east wind conditions.
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Figure 14.-Vertical sections of temperature (A)and salinity (B) from the West Dock
transect, August 21-22, 1990. .

Arey lsland.-The transect was sampled on September 2 (Fig. 15). The temperature
and salinity sections indicate the presence of purely marine waters with temperatures
slightly greater than 2.5°C less than 1 km from the coast. Salinities greater than 30 ppt
were found nearest the shore, and greater than 32 ppt beyond 4 km of the coast. Mean daily
winds from the northwest at 3.51 mls were reported at Beaufort Lagoon on this date.
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Figure 16.-Vertical sections of temperature (A) and salinity (B) from the Collinson
Point transect on September 2 (CPll-15) and September 3 (CP10). 1990.

Collinson Point.-The transect was.sampled late in the evening of September 2 and
early morning of September 3 (Fig. 16). Marine conditions were found at all exposed sites.
Transitional waters with surface temperatures of 4°C and salinities of 26 ppt were observed.
within Simpson Cove (CP10). A strong salinity gradient was evident at this station with
31 ppt, < 4°C water, near the bottom of the water column. Offshore waters were primarily
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marine with temperatures greater than 4°C extending just beyond 1 km ofCollinsonPt. and
decreasing to less than 3°C about 8.5 km offshore. Sea temperatures < 3°C were found at
all depths exceeding 5 m. Salinities were> 30 ppt at all stations seaward of Collinson Pt.
Winds were from the northwest during the sampling period with mean daily speeds of 3.51
and 3.65 mis, respectively. However,due to the lateness of the season, and extent ofmarine
conditions, the effects of west winds on all but the nearshore were negligible.

Brownlow Point.-Hydrographic data were obtained on September 3 (Fig. 17). The
sections look very similar to what was reported off Arey Island. Marine conditions were
found at all stations, and, under the northwesterly winds reported for this date, Canning
River influences are not expected or evident in the data.

General Catch Su,mmary

A total of 17,087fish were captured by the 1990townetting effort. Eleven species from
eight families were represented in the catch (Table 1). Fish were captured at almost all of
the sampling stations. Only nine water hauls (zero catches) occurred, and of these, several
resulted from sets discontinued due to weather or mechanical difficulties. The mean number
offish caught per set was 222 (SD = 487.6, range 0-3,451). This corresponds to a mean fish
density of 67 fish/l,OOOm3 (SD = 153.5, range 0-898.5). The species compositionof the catch
and corresponding mean CPUE and density indices for all but the rarely encountered species
are shown in Table 2.

The largest catches were generally reported within 10 km of the coast in depths
shallower than 15 m. This may reflect the distribution of the sampling effort as much as
relative abundance of the fish species in nearshore habitats. Perhaps more revealing is the
presentation of total catch (all species combined) according to the mean environmental
conditions of the upper (2 m) water column. The majority of the catch was sampled in
marine waters with temperatures of 3 to 5°C and salinities less than 31 ppt. Density
distributions followed a similar pattern (Figs. 18 and 19).

The offshore sampling began midway through the open-water season. By this time,
brackish water influences on nearshore areas, particularly exposedcoastal environments such
as Camden Bay, were not evident. Under such habitat conditions, marine species would be
expected to dominate the catch. Not surprisingly, Arctic cod, capelin, and juvenile kelp
snailfish (Liparis tunicatus) composed the bulk (almost 96%) of the fish collected offshore.
The catches of juvenile Arctic cisco in marine habitats were more unexpected. Their
occurrence in offshore waters is examined in more detail in the next section.

The catch results have been summarized in several tables appended to this report. Appendix
B provides a summary of CPUE (catch per set) for the major species by station and date.
Appendix C provides a similar summary for density information. Appendix D provides a
summary of the replicate sampling by station, date and location of sampling. Standard
descriptive statistics including CVs by species and total catch for each station are also
provided in Appendix D. Appendix E lists the geographical coordinates of the offshore
stations.
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Table I.-Scientific and common names offish collected by townetting
in 1990, coastal Beaufort Sea, Alaska.

Family Species Common name

Salmonidae Coregonus autumnalis Arctic cisco
Salvelinus alpinus Arctic char

Gasterosteidae Pungitius pungitius Ninespine stickleback
Osmeridae Mallotus villosus Capelin
Gadidae Boreogadus saida Arctic cod

Stichaeidae Lumpenus medius Stout eelblenny
Lumpenus fabricii Slender eelblenny

Liparidae Liparis tunicatus Kelp snailfish
Cottidae Gymnocanthus tricuspis Arctic staghorn sculpin

Myoxocephalus quadricornis Fourhorn sculpin
Pleuronectidae Liopsetta glacialis Arctic flounder

Table 2.-Species composition and relative abundance of the
1990 townet catch.

Species
Mean

density
Number
caught

Percent
composition

Mean
CPUE

Arctic cod
Capelin
Arctic cisco
Snailfish
Stickleback
Sculpins
Eelblennies
Arctic flounder
Unidentified species
Arctic char

14,945
906
560
521
97
36
12
5
4
1

87.46
5.32
3.27
3.05
0.57
0.21
0.07
0.03
0.02
0.01

194.09
4.77
7.29
6.77
1.26
0.47

57.94
4.15
1.83
2.48
0.33
0.12

Catch size varied widely at the 19 stations where juvenile Arctic ciscoes were sampled;
CV values ranged from 0% to 142% with a mean of 67.4%. The relative abundance of
juveniles was typically low and characterized by a high degree of patchiness throughout the
season. This was especially true of early August (sampling through August 9) when a mean
CV of 124.5% (n = 5 stations) was indicated by the catch. A moderately patchy distribution
was observed throughout the remainder of the season (mean CV = 55.9%, n = 14). Similarly
contagious distributions were indicated on finer temporal and spatial scales. For instance,
a mean CV of 66.2% (n = 6) was calculated from West Dock catches on August 21 and 23.
However, if the outer transect stations WD24 and WD25 are treated as outliers, the catch
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Figure 19.- Total fish densities versus mean salinities of the upper 2 meters.
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rates were much less variable (mean CV = 29%, n = 4) and the limited data suggest the
migration was centered within 9 km of the coast.

Although Arctic cod were the most abundant species captured in 1990, their relative
abundance was quite variable with respect to location and time of sampling (mean CV =
70.3%,range 0-142%, n = 28 stations). The townet appeared to select for small individuals
(FL < 100 mm). Gear avoidance and size-related differences in the vertical distribution of
the Arctic cod may be responsible for much of the observed variability. Although several
instances of highly uniform fish distribution were reported (e.g, station CPOI on August 2)
the overall trend was for fluctuating abundance and spatial patchiness throughout most of
the summer. However, a trend of increasing abundance ofYOYcod was observed late in the
season. Prior to August 28, the mean CV for Arctic cod sampled at 11 stations was 89.5%.
During the remainder of the season cod were sampled at 17 stations and the mean was
57.9%.

Arctic cod were especially abundant in Camden Bay during early September. On
September 2 and 3 the species was present at 14 of 15 stations sampled. Station CVs ranged
from 2 to 142% with an overall mean of 48.4%. In most instances, their abundance was
observed to decrease with increasing distance from the coast. Other distributional patterns
were evident. Arctic codwere abundant in catches taken offArey Island and CollinsonPoint.
Conversely, they were nearly absent in sampling conducted off the Canning River delta
(BrownlowPt. transect). With the exception of sampling at station CPI0, marine conditions
were encountered throughout the bay. The mean transect CVs were (from east to west)
52.6%, 26%, and 102%,for Arey Island, Collinson Pt., and Brownlow Pt., respectively.

Capelin and snailfish were also numeric dominants of the catch. Both species were
captured at inshore and offshore stations, although there appeared to be a greater tendency
for capelin to be distributed closer to the coast. The mean CVs were 108.8%for capelin
(range 16-142%, n = 11 stations) and 86.9% for snailfish (range 5-142%, n = 17). These
values are indicative of the highly contagious distributions observed for each species in 1990.

Species Characterizations

Juvenile Arctic cisco and Arctic cod were dominant components of the catch. Both
fishes have been identified as "key"species of the southeastern Beaufort Sea and thus much
ofthe focusof this report has been placed on them. Other dominant species included capelin,
ninespine stickleback, and juvenile snailfish. Separate accounts are provided for each of
these species. The remaining species in the catch were viewed as incidental and are treated
together; these species were either apparently unable to avoid the gear or were collected at
shallow stations where the net accidentally touched bottom.

Arctic Cisco

A total of 560 Arctic ciscowere captured in 32 of the 77 sets completed in 1990. The
earliest date of capture was reported on August 2 near Carter Creek (CCOl)in Camden Bay
and the latest on September 5 in Stump Island Lagoon (WD2l) in Prudhoe Bay.
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Juvenile ciscoes were sampled at stations on four of the five transects, in eastern
Stefansson Sound (MS01),and near Carter Creek in Camden Bay. No fish were captured off
BrownlowPt. in early September; the inner station on this transect is located approximately
3 km offshore and small numbers of juveniles were likely to have been present inshore of
station BP01. Juvenile ciscoes were captured at all stations on the West Dock transect on
August 21 and 22. Mean CPUE and density by.transect, and other areas fished, are shown
in Table 3.

YoungArcticciscoes were captured at stations located from 0.32 km to more than 12
km off the mainland coast. The catch ranged from 0 to 154 fish per set (x = 7.29) with
corresponding densities of 0-32.3 ciscoesl1,000m"(x = 1.83). Most fish were collectedwithin
9 km of the coast and relative abundance was generally highest within the first 5 km
offshore. A trend of decreasing catch size with relative distance offshore was observed. The
juveniles were sampled in water depths of2 to 10 m and were most abundant at stations of
less than 6.5 m.
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The distribution of catch by transect fished is shown in Figure 20. More than 90%of
the total catch was reported from the causeway areas. Juvenile, ciscoes were especially
abundant at West Dock during the second half of August and this may suggest the timing
of peak migration through Prudhoe Bay.

Size and Growth

Length frequency distributions indicate that the majority of Arctic ciscoes sampled
were young-of-the-year fish (Fig. 21). The mean length was 77.2 mm (SD = 9.45, range
51-123 mm). Only one cisco was longer than 100 mm. This fish was captured near the
Endicott Causeway (EC12) on August 9 and measured 123 mm long. This size is indicative
of an age 1 fish. A summary of length measurements by station and date is provided in
Table 4.

&
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West Dock
Causeway

Endicott
Causeway

Mary Sachs
Entrance

Brownlow Point

Collinson Point

Carter Creek

Arey Island

Figure 20.-Arctic ciscoCPUE (catch/10-mintow) by sampling transect in 1990.

Catch Range
(No. of fish/tow)

D 0
W 1-5
~ 6-10
~ 11-20
~ 21·30
III31-40m 51-60
I§§l 71·80
II>150

(No catch from 81 to 150
fish/tow reported)

16

The average size of migrating fish was examined during three time periods
approximating early, middle, and late portions of the field season. The early season included
the townetting conducted prior to August 10 in Camden Bay and near the Endicott
Causeway. Enough time had elapsed between the two sampling efforts (4-8 d) forjuveniles
to have moved from Camden Bay, into Stefansson Sound, and the causeway area. Thus, it
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is likely that the same cohort was sampled throughout the early Season. The middle season
included all the sampling that was conducted at West Dock between August 21 and 23. All
fishing activities after this were pooled into a late season category. During the late period
fishing was conducted between Camden and Prudhoe bays.

A comparison of the mean length of juveniles with time revealed a significant
difference in average size with respect to time (F2,558 = 4.835, P = .0083). The observed trend
was for decreasing size with advancing summer (Fig. 22). The mean length of the juveniles
during each time period was 82.1 mm, 77.7 mm, and 75.6 mm, respectively. Although the
data are limited by the small sample size, it appears that larger-sized individuals lead the
migration across the coast. Because the age 1 cisco captured off Endicott Causeway on .
August 9 could have been migrating with younger fish it was included in the analysis.

The size of juvenile Arctic ciscoes was also examined (one-way ANaVA) with respect
to relative distance (in kilometers) of capture from the coast. Fish catches were pooled and
partitioned into 11 distance categories based on the geographic location of the stations, A
null hypothesis of equal population means was tested and rejected (FlO,550 = 8.135,P < .0005).

. This was not unexpected since we were (1) studying a migrating population, (2) the sampling
was not synoptic, and (3) environmental conditions, especially winds, varied throughout the
sampling period.

30
(;'
c:
(I)~
CT:t 20

50

40
Arctic Cisco

n = 560
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o 1--:------
45 65 85

Fork Length (mm)

105

Figure 21.-Arctic cisco length frequencies, all stations.
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Table 4.-Length measurements of juvenile Arctic ciscoes collected
by townet in 1990.

Number Fork length (mm)
Date Station of fish Mean SD Range

8/02 CC01 3 72.7 5.5 69-79
8/05 CP11 1 68.0
8/09 EC12 2 107.0 22.6 91-123
8/09 EC11 2 86.0 7.1 81-91
8/09 EC10 7 79.9 3.0 74-83
8/21 WD24 57 84.7 5.6 72-96
8/21 WD23 53 76.7 5.2 62-88
8/22 WD21 226 76.3 5.2 54-102
8/22 WD22 34 77.9 6.5 63-93
8/22 WD25 4 76.5 4.5 73-83
8/23 WD21 9 70.0 7.2 55-81
8/25 CP10 11 73.3 14.5 51-97
8/26 CP10 11 69.5 11.8 54-90
8/27 MS01 83 76.0 9.1 55-97
8/31 AI01 6 76.3 5.6 67-83
9/02 AI01 2 85.5 0.7 85-86
9/03 CP10 18 71.2 10.9 56-96
9/05 WD22 2 83.0 8.5 77-89
9/05 WD21 29 77.8 9.3 65-96

r
r
r
l

"Nearly synoptic" sampling was, however, conducted at West Dock on August 21 and
22. The length frequency data for Arctic ciscoes captured on these dates are shown in
Figure 23. The average length of the 372 fish sampled was 77.83 mm. A comparison of mean
lengths indicated a significant difference in the average size of the fish at stations located
along the transect (F4,367 = 2.40, P < .0005). The ciscoes tended to be smallest at inner and
outer stations of the transect. The hydrographic properties observed at these stations were
more marine than temperature and salinity conditions along the middle portion of the
transect. The larger fish may have been able to avoid the marine conditions.

If the mean sizes noted above are true estimates of the population, seasonal growth
can be evaluated. For the early season it was assumed that the ciscoes sampled in Camden
Bay on August 2 represented the same cohort of migrating fish that was sampled 8 d later
on the Endicott transect. A comparison of mean fork length size from the two dates suggests
(1) a 1.64% relative increase in mean length per day, and (2) a 4.95% instantaneous rate of
increase in mean body weight per day (G).

Since the distance between Collinson Pt. and West Dock is approximately 140 km, it
would take a fish migrating at an assumed rate of 13 km/d about 10 d to travel this distance.
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2
Time Period

Standard Error Standard Error
Level Count Average (internal) (pooled s)

1 15 82.066667 3.4149066 2.4239293
2 381 77.648294 .4571338 ... 4809535
3 164 75.597561 .7829127 .7330670

Total 560 77.166071 .3967085 .3967085

I
3

95% Confidence
Intervals for Mean

77.304457

76.703381
74.157330

76.386672

86.828877
78.593207
77.037792

77.945471

Figure 22.-Mean size ofjuvenile Arctic ciscoes for early, middle, and
late periods in 1990.

This interval roughly corresponds to the time separating eastern and western sampling in
the late season. Fish sampled in Simpson Cove (CC10) on August 25 had a mean length of
71.4 mm (n = 22). Ciscoes sampled at West Dock 11 d later averaged 78.1 mm (n = 31).
Under the assumptions outlined above, this suggests late season growth rates of (1) 0.85%
relative increase in mean length per day, and (2) 2.54% instantaneous increase in mean body
weight per day (G).

In order to assess temporal and areal aspects of the catch the study area was divided
into eastern and western strata or "catch districts." The division, while arbitrary, was based
on geomorphological characteristics of the Beaufort Sea coastline. The western portion of the

Time and Area
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Figure 23.-Length frequencies ofYOY Arctic ciscoes sampled at West Dock,
. August 21-22,1990.

study area includes the open lagoon systems of eastern Stefansson Sound and Prudhoe Bay.
The eastern district encompasses Camden Bay. By contrast, the western area is under
greater estuarine influence during the open-water period.

The townet sampling was 'generally conducted in three nearshore areas (Prudhoe Bay,
eastern Stefansson Sound, and Camden Bay) during four "time periods" in August and
September. For analytical purposes the catch data were thus assembled in. the following
manner:

Eastern catch district Western catch district
Time Fishing Sampling Fishing Sampling

period area dates area dates
1 Carter Creek 8/02-8105 Endicott 8/09

Collinson Pt.
2 Simpson Cove 8/25-8126 West Dock 8/21-8123
3 Camden Bay 8/31-9/03 Mary Sachs 8/27

Mary Sachs 9/03
4 West Dock 9/05

During 1990, the sampling was concentrated in fishing areas in the east during the early and
late August periods and to the west during the mid-August and early September periods.
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Mean CPUE and associated 95% CI are shown for each district in Figure 24 and by time in
Table 5. It should be noted that Period 4 in these instances includes thereplicate sampling
that was conducted at station MSOI on September 3. The inclusion reflects the sorting of
catch data into early August, mid-August, late August, and early September categories.

Regional comparisons of longitudinal abundance patterns were investigated (two-
sample t tests; i.e., Ho: Diff = 0; Ha: NE) between districts during similar time periods. This
would help to characterize the strength and duration of the juvenile migration observed in
the offshore catches. No significant differences were observed between the eastern and
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East 1 East 2 East 3 West 1 West 2 West 3 West 4

Level of District

Standard Error Standard Error 95% Confidence
Level Count Average (internal) (pooled s) Intervals for Mean

East 1 11 .363636 .278722 5.560831 -10.729598 11.456871
East 2 4 5.500000 1.040833 9.221595 -12.896049 23.896049
East 3 30 .900000 .489781 3.367251 -5.817287 7.617287
West 1 10 1.100000 .585947 5.832249 -10.534683 12.734683
West 2 13 29.461538 12.115690 5.115221 19.257247 39.665830
West 3 2 41.500000 13.500000 13.041305 15.484058 67.515942
West 4 7 4.428571 2.608203 6.970871 -9.477534 18.334677-
Total 77 7.285714 2.101797 2.101797 3.092866 11.478563

Figure 24.-Ninety-five percent confidence intervals for Arctic cisco CPUE
by catch districts.
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Table 5.-Mean CPUE and density of YOY Arctic cisco during four sampling
periods in August and September 1990.

Number of CPUE Density
stations (number of fish/set) (number offish/l,OOOma)

Period * sampled Mean 95% CI Mean 95% CI

1 21 0.71 -7.43 to 8.86 0.17 -1.65 to 2.00
2 13 29.46 19.11 to 39.81 7.32 5.00 to 9.64
3 6 17.50 2.26 to 32.74 3.55 0.13 to 6.96
4 37 1.57 -4.57 to 7.71 0.56 -0.87 to 1.93

Overall 77 7.29 3.03 to 11.54 1.83 0.87 to 2.78

*Period 1 = August 2-9; Period 2 = August 21-23; Period 3 = August 25-27; and Period 4 =
August 31-September 5.

western districts during periods 1 (t.05(2),19= 2.093; P = 0.1969) or 2 (t.05(2),17= 2.110; P =
0.4985). In the first instance, the comparison was between mean CPUE's from the central
portion of central Camden Bay (it = 0.36, SD = 0.92) and the east side of the Endicott
Causeway (it = 1.1, SD = 3.43). The second comparison was between mean CPUE's in
Simpson Cove (it = 5.5, SD = 2.08) and along the West Dock transect (it = 29.46, SD = 43.68).
The results suggest a relatively steady pulse of fish through the study area between August
10 and 25.

A significant change in mean abundance was detected between Camden Bay (including
Simpson Cove) and Mary Sachs Entrance (MSOl) during late August (t.05(2).32= 2.037; P =
.0030). No Arctic ciscoes were captured on the Brownlow Pt. transect or at station MSOI on
September 3, thus the possibility of emigrational effects (i.e., sampling the same fish twice)
was negated. The relatively large catch of juveniles at Mary Sachs Entrance on August 27
(83 fish in combined replicates) suggests the presence of a large pulse of migrating fish.

The large pulse of fish sampled in eastern Stefansson Sound on August 27 apparently
had migrated through Prudhoe 'Bay by September 3. A comparison of the mean catch
reported during period 4 and that of station MSOI from August 27 is indicative of a
significant decline in fish abundance (t.05(2).9= 2.262; P = .0225). While it remains possible
that the juveniles were migrating closer inshore than our fishing, the small catches and
apparent low abundance of juveniles suggests that we were sampling the tail end of the
migration. However, juveniles were still present in coastal waters west of Barter Island in
early September and thus the migration period extended beyond September 5.

Other temporal and spatial features of the migration were evaluated. Catch was shown
to vary by time (F3.70= 3.31, P < .0005) and location (Ho: equal means, F3.73= 2.74, P = .0869).
Such results would be expected for a migratory species. In the latter instance, the catch data
were partitioned into 0-2, 2-5,5-10, and >10 km categories (depending on station location);
the corresponding pooled mean CPUE's were 6.4 fish/set (SE = 4.64, n = 21); 17.1 (SE = 5.31,
n = 16); 4.7 (SE = 3.8, n = 32); and 0.5 (SE = 7.5, n = 8); respectively. The interaction between
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treatment effects (time and location) was nonsignificant (two-way ANOVA,F370 = 2.74, P =. .

.1213) and this may reflect the lack of environmental contrast in habitat (i.e., marine or
nearly marine conditions) observed iJ;l1990.

Migration

Interruptions in the fishing schedule resulted in a sporadic time series for the offshore
catch. The discontinuities render any attempts at assessing changes in fish abundance or
size mode distributions with time difficult on all but very coarse scales (weekly or biweekly
intervals). Over the study period longitudinal changes in juvenile density patterns were
observed. For example, a one-way ANOVA of fish density versus time (periods as above
except that MS01 sampling on September 3 was included in Period 4) demonstrates gross
temporal changes in relative abundance (F3•73 = 2.74, P < .0005) and these may be
attributable to fish migration (Table 5). These trends may parallel similar observations about
the timing of migration from fyke-net catches along the coast in 1990.

~

~

a
a
~

~

9
1)

a
a
~

a
a
9
~

U
I~

..'~a
~

The migration rate was examined, using vector analysis techniques and both passive
and directed fish migrations were considered. During 1990, the average-sized fish measured
77.2 mm (FL). This length was converted to a total length measurement of 84.2 mm and,
under the assumption of a voluntary rate of movement of 1 body length/a, expanded to an
average daily fish swimming speed of 7.3 km/d.

The time series for the mean daily rates and directions of passive and directed fish
migrations are shown in Figures 25 and 26, respectively. If the juvenile migration was one
of passive transport in wind-driven currents the average rate of fish movement (an
average-size individual) would be 15.3 km/d (range 2.8-38.2 km/d). The mean directionof
the migration off Beaufort Lagoon was 219° in the rotated coordinate system (i.e., the mean
speed in the u direction was -9.6 kmfd and -11.9 kmId in the v direction). This is indicative
of a mean westerly migration with an onshore component. A mean speed of 18.1 kmfd (range
3.9-39.3 km/d) was computed for fish undergoing a directed migration. The mean direction
of such a migration would have been to the southwest (241° rotated, i.e., the mean speed in
the u direction was -15.8 kmfd and -8.8 kmfd in the v direction). By comparison, a directed
migration would not only have been faster, it would also have possessed a less significant
onshore component than was predicted for the passive migration.

\

Habitat

The townet effectively sampled the upper 2 m of the water column during each haul.
Unless otherwise stated, "average conditions" shall refer to. the mean temperature and
salinity of this surficial layer.

The greatest numbers and densities ofjuvenile Arctic cisco were sampled in nearshore
waters with temperatures ranging from 4 to 6°e and salinities .from 27 to 29 ppt (Figs. 27
and 28). The average conditions were 4.1°e and 29.0 ppt, respectively. An exceptionally
large catch of 154 ciscoes (32.26 fish/1,000 m"). was captured at WD21 on August 22.. The
mean temperature and salinity at the time of capture were 4.4°e and >28.5 ppt, respectively.

-46-



r
r
r
[-

r
r
c
rt
[

r
r
r
[.

r
i [

r
r
r
r

40

30

i
~Jo::-c:
0

~ 20
Cl

~
'0
CD
tiia:

10

OL.-.L----------&.------ __ ..L... L.-J
07/21/90

400

300

c:.2e
C)

~- 2000
c:.2
'0e
i5

100

08/07/90 08/24/90 09/10/90
Date

OL--L------ __ ...J.. --1 ....L.....I
07/21/90 08/07/90 08/24/90 09/10/90

Date

Figure 25.-Mean daily rates and mean daily directions of a passive migration.

-47-

-



Figure 26.---:'Mean daily rates and mean dailydirections of a directed migration.
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, Figure 29.-Cluster plot of YOY Arctic cisco CPUE with mean temperature
and salinity conditions of the upper 2 meters.

The station data were assembled into brackish and marine habitats according to the
hydrographic properties measured with each catch. The mean salinity conditions at 11
stations along the coast were brackish « 28 ppt). The mean catch of juvenile Arctic ciscoes
in brackish habitats was 7.45 fish/set versus 7.23 fish/set in marine (> 28 ppt) habitats. The
mean densities within brackish and marine habitats were 1.77 and 1.84 fish/l,OOO m",
respectively. Juvenile Arctic cisco abundance (CPUE) did not vary by habitat (F 1,69 = 3.98,
P = 0.47) but significant differences occurred between transects (F 889 = 2.23, .01> P > .005).
Brackish water conditions were observed most frequently in the protected waters of Simpson
Cove or in the nearshore areas of Prudhoe Bay most influenced by the Sagavanirktok River
(e.g., ECI0).

The Arctic cisco CPUE data cluster into four groupings defined by mean temperature
and salinity habitat variables (Fig. 29). There are clear thermal differences separating the
clusters with the exception of ten catches shared between Clusters III and IV. In this
instance, the ability to discriminate between catches associated with marine salinities is not
100%. The distribution oftownet sampling effort within each cluster was 14 sets in Cluster
I, 14 in II, 17 in III, and 22 in ~ A general summary including average catch and
environmental conditions for each cluster is provided in Table 6.

Cluster I represents a "High Temperature, Low Salinity" grouping from which 22%
(l23fish) of the Arctic cisco catch was reported. These fish were captured in the most

23 25 27 29
Average Salinity (ppt)
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Table G.-Summary of cluster analysis including stations, sampling dates, and mean indices
of relative abundance and environmental conditions for each cluster.

Cluster group"

I II III IV

Number of samples 14 14 17 22

Average'

CPUE (number of fish/set) 8.8 9.9 15.7 0.1
SE 4.5 4.2 9.6 0.1

Density (number of fish/1,000 ma) 2.6 2.5 3.7 0.02
SE 1.5 0.9 2.0 0.02

Temperature (OC) 5.4 4.2 3.4 2.6
Salinity (ppt) 28.1 29.6 30.9 31.8

Distance from coast (km) 5.9 4.6 4.4 6.0
range 2.0-11.5 1.5-9.0 0.3-12.0 2.0-11.5

Depth (m) 5.7 5.0 5.7 12.8
range 2.0-9.0 3.0-6.5 2.0-12.5 2.0-26.0

Station information

Stations WD23-25 WD22 WD21 WD21
EC10-11 EC12-13 EC14 BP01-04
CP10 MS01 MS01 CP10

CP10-11 CP10 CP12-15
CP12-13 CC01
CP02 AI01-04
WD22-23

Sampling dates'' 821-822 822 [822, 823, 905] 823
(in order of 809 809 809 903
stations above) 802 827 903 [825,826]

903,902 902 902
902, 805 802
825,826 902

802
831
905

aTen samples shared between Clusters ill and Iv.
bBracketed dates indicate sampling occurred at station on more than one date.

brackish water conditions we observed in 1990. The stations included in this cluster tend to
be located nearest to the coast (i.e., at the Endicott transect or in Simpson Lagoon) or
otherwise influenced by freshwater inflows. With respect to the latter, stations WD23-25 on
the West Dock transect appear to have been located within the plume of Sagavanirktok River
water that had been deflected offshore and to the north of the causeway on August 21-22.
The sampling contained in Cluster I occurred during early and mid-portions of the
AugushSeptember sampling period.
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Cluster II can be characterized by its "Intermediate Temperature and Salinity"
conditions indicating a greater degree of mixing with marine waters than was observed in
Cluster I. Twenty-four percent of the total catch, or 138 fish, was reported from this cluster.
Most catches were reported from inshore stations along the transects in late August. The
exception was station EC13 which was sampled on August 9. The conditions at EC13 were
transitional between coastal waters inshore and marine waters offshore.

Cluster III stations were sampled during the latter part ofthe migration period in late
August and early September. Roughly 47% of the total catch (267 fish) was reported from
stations included in this group. The water conditions of Cluster III indicated a greater
amount of mixing with marine waters than Clusters I and II. With respect to the other
clusters it could be designated the "Transitional" grouping. However, habitat conditions were
really marine; perhaps the degree of modification of coastal water masses was slightly less
than that of Cluster 4. The stations included in Cluster III were located at inner and middle
segments of the survey transects. The largest CPUE's reported from Stump Island Lagoon
(WD21), at Simpson Cove (CP10), and in eastern Stefansson Sound (MS01) are included in
this association. The Cluster III habitat conditions existed coastally throughout the field
season, although these may have been more common in late August. The largest catches may
coincide with the period of peak migration. The high relative abundance of juveniles in
marine or "near-marine" water that was observed at WD21 on August 23 indicates possible
fish movement in the onshore currents which exist at the northern tip of West Dock under
east wind conditions.

Cluster IV represents a "Low Temperature, High Salinity;" or marine, association of
stations. Two fish, composing less than 1% of the total catch, were captured in this habitat.
Most of the stations occurring farthest offshore were grouped in this cluster. The sampling
at Wn21 (August 23), at CP10 in Simpson Cove (August 25 and 26), and at two stations off .
Collinson Pt. (CP12 and 13) is shared with Cluster III. All of the stations sampled on
September 2.and most of those on September 3 occurred in marine habitats of Camden Bay.
The majority of stations included in this cluster were sampled after August 22 although
marine conditions existed in coastal waters throughout the sampling period. .

The ten stations shared between Clusters III and IV represented about 6%, or 31, of
the ciscoescaptured in 1990. The average CPUE and density reported from these stations
were 3.1 (SE = 0.95) and 0.75 (SE = 0.22), respectively. These data indicate that significant
numbers of fish were present in marine conditions. .

Results of a single factor analysis of variance rejected the multi sample hypothesis of
equal means (CPUE) between cluster groups (F.•.72 = 2.50, 0.01 < P > 0.005). A Tukey
multiple comparison test (critical Q05.72,h3.977) evaluated differences in the cluster means. The
null hypothesis of equal means was rejected for Clusters II vs. IV (q = 5.806), I vs. IV (q =
5.03), and III vs. IV (q = 5.287). This suggests the possibility of only two homogeneous
groups (brackish and marine habitats) had the sampling effort been greater.

We conducted a series of pairwise correlation analyses seeking associations between
Arctic cisco CPUE and various environmental variables that were measured or derived.
These variables included salinity, temperature, depth, distance, u and v components of winds
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and currents, as well as biological associations with other species in the catch. No strong
relationships (r generally ranged from -0.2 to 0.2) were found.

A bivariate response surface analysis was conducted to further investigate relation-
ships between fish density and offshore thermal conditions. A matrix of Z values (normal
distribution) describes the three-dimensional surface for the function describing the
density-temperature relationship (Fig. 30). Parameters of the normal distribution were
estimated by the variable means and their standard deviations. These were 1.83 fishl1,000
m3 and 4.88 fishl1,000 m3 for the density variable, and 3.47°C and 1.19°C for the temperature
variable, respectively. Minimum and maximum values were ° and 32.26 fishl1,OOOm3 and
1.02 and 6.05°C. The correlation between the two variables was r = 0.177 (P = .1235). For
example, if we are interested in a random estimate of density at 3°C, we calculate X = 1.83
+ (4.88)(Z.021)'The Z.021= 0.4916, thus X = 4.23 fishl1,OOOm3

•

Arctic Cod

Arctic cod were present at most sampling locations in 1990. The average catch was
194 fish/set (SD = 466.9). This corresponds to a mean density of 57.9 fishl1,OOOm3 (SD =
137.3). Of general interest were numerous observations of cannibalism of smaller cod by
larger cod while being held for field processing. Such observations have not been confirmed
by stomach contents analysis but suggest a potential density dependent mechanism that may
affect recruitment as has been described for other gadoids. It also suggests the apparent
segregation ofYOY cod that was observed in a single set near Collinson Pt. (CP02) on August
5. A catch of 397 fish was reported with fork lengths ranging from 25 to 37 mm. Smaller
catches of similar-sized fish (20-25 mm) were noted in sampling at the inshore stations of the
Endicott transect on August 9.

Length Frequencies

Arctic cod ranged in length from 20 to 167 mm (Fig. 31). The average size was
50.4 mm (SD = 19.4). The length frequencies are clearly bimodal, with peaks between
35-45 mm and 80-120 mm. Age determinations were made from an existing age-length
relationship for Arctic cod sampled in Prudhoe Bay (Craig et al. 1982). Cod measuring less
than 60 mm were YOY fish. Those measuring 60-120 mm were probably age 1. Older fish,
ages 2 and 3, are indicated by.the remaining catch.

A trend of decreasing size of fish with advancing season was noted in the catch. The
mean length of cod captured prior to August 15 was 68.1 mm (n = 260). Between August 15
and 31 the mean size fell to 51.6 mm (n = 445). In early September the mean length dropped
even lower, to 45.8 mm (n = 1,115).

An examination of the size of fish captured versus sampling distance from the coast
indicated fish averaging 44.7 mm within 2 km of the coast (n = 582), 64.9 min between 2 and
5 km (n = 311), 50.3 mm between 5 and 10 km (n = 822), and 39.7 mm at distances greater
than 10 km (n = 105). All of the cod larger than 120 mm were captured within 2 km of the
coast. Their comparatively low abundance, even at catch locations where the net was
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sampling virtually the entire water column, suggests gear avoidance. More likely, the larger
fish were occurring at greater depths or inshore of our sampling effort.

r

The bulk of the Arctic cod catch was reported in waters having temperatures of2-6°C
and salinities of greater than 26 ppt (Figs. 32 and 33). The data indicate a definite pref-
erence for marine conditions by all sizes sampled.

Standing Stock Estimates

Sampling in Camden Bay was of sufficient intensity and areal coverage on September
2-3, 1990 (over 31-h interval), to permit population size and weight estimations to be made
for young Arctic cod. The catch was almost exclusively composed of YOY cod (Fig. 34). The
mean size was 45 mm. According to Fruge et al. (1988); the average weight ofa cod this size
would be 11.6 g.
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Figure 30.-Bivariate normal surface plot of temperature (upper 2 m)
and Arctic cisco density.
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Although the offshore sampling was designed for other purposes, it was possible, given
the transect and station locations, to partition the bay a posteriori into nearly equal
subdivisions for estimation procedures. Two different gridding schemes were used to derive
independent estimates of population size and biomass parameters. Assumptions regarding
uniformity offish distribution within Camden Bay were based on the widespread availability
of marine habitat conditions and diminished variability in numbers observed in the replicated
sampling conducted on these dates.

Cell block method

Arctic Cod
n = 1820

Survey area.-The cell block method involved the division of Camden Bay into four
major subareas: Brownlow Point, Camden Bay, Arey Island, and Simpson Cove (Fig. 35). The
single station (CP10) in Simpson Cove was assumed to represent the entire lagoonal system.
Within the remaining three subareas, the northern and southern boundaries of the cells were
delineated by the longitudinal lines connecting equidistantly located stations from the coast.
The location of the transects was such that they bisected each subarea. Considering that the
transects are located 41 km apart, areal dimensions for subareas and cell blocks were easily
computed. Unless otherwise noted, the cell blocks have alphanumeric designations deter-
mined by transect name (BP, CP, and AI) and cell number (e.g., G1, G2) increasing from
north to south.

-

o 40 80
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Figure 31.-Arctic cod length frequencies, all stations.
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Figure 34.-Length frequency distribution of Arctic cod in Camden Bay,
September 2-3, 19~0.

The areal dimensions of the subareas were estimated as: Brownlow Pt., 215 km2
;

Camden Bay, 580 km2; Arey Island, 215 km2; and Simpson Cove, 60 km2• With respect to the
northernmost cells in Camden Bay, several important assumptions were made for ease of
area computation. First it was assumed that the eastern and western boundaries of the
northern cell of the Camden subarea were of equal length. Second, that the northern cells
in Brownlow Pt. and Arey Island subareas were assumed to be right triangles with
hypotenuses equal to 21 km. A right triangular cell (85 km2

) was also taken to encompass
the bight of Camden Bay proper (CAM in Figure 35). The total area of the entire Camden
Bay study area was conservatively estimated to be 1,070 km2

•

Sampling stations were generally located 1.9, 3.4, 6.3, and 9.1 km offshore. A single
station (CP10) in Simpson Cove was located about 1.85 km from the mainland shore, roughly
halfway (north-south direction) across the cove. An additional station was located 11.75 km
offshore of Collinson Pt. Because stations CP12, CP13, and CP14 were located approximately
4, 10, and 12 km offshore, respectively, their positions did not conform to specifications
outlined for boundary determinations. Indices of fish abundance for stations located 3, 6, and
9 km off Collinson Pt. were therefore developed from (1) appropriate mean station data, or
(2) regression analysis [In (mean station density + 1) vs. sampling distance (km)].
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In the first case, the mean Arctic cod catches at stations CP12 and CP13 were not
significantly different from each other (t.06(2)2 = 4.03, P > 0.50). Therefore, assuming a
uniform cod distribution, a mean density of 230 fishl1,OOOm3 was accepted for the 3.4 km
station. In the second case, where regression analysis was employed, the relative abundance
of cod located 6 and 9 km from the coast was estimated by:

In (density) = 4.15103 - (0.310024)(km offshore)
SE (a) = 0.909965
SE (b) = 0.147277

SE (est) = 1.74906
r = 26.97%
n = 13

The estimated cod densities for these stations were 9.0 and 3.8 fishl1,OOOm", respectively.
Stations where cod densities were estimated on the Collinson Pt. transect are shown as E12,
E13, and E14 in Figure 35.

Mean density data were also used to estimate the relative abundance of cod in several
other cells where little or no sampling occurred. Fish densities in the CAM cell were
estimated as the mean of the innermost stations of the Collinson Pt. (CP10) and Arey Island
(AI01) transects and the single station in Simpson Cove. The use of a weighted average in
this instance reflects the similarity in habitat conditions at CP10 and AIOL The density
estimate for CAM was 107.6 fishl1,000 m". Mean density estimates from AIM and BP04
were assumed to be representative of cells AIG1 and BPG1, respectively.

Because the transect lines bisected the coastal subareas, replicate samples occurred
near the northern center of each cell. The townet catches at each station were assumed to
be representative of cod densities throughout the upper 1.8 m of the entire cell. This depth
reflects the vertical sampling dimension of the townet employed and was therefore used to
compute the volume estimates for subareas and cells (i.e., area x 0.0018 km). The total
volume of the study area was thus estimated to be 2.12 X 109 m".

Coastal waters near the Canning, Sadlerochit, and Hulahula rivers would appear to
be excluded from the analysis. The inclusion of shallow and land areas in Simpson Cove and
the bight of Camden Bay should compensate for such differences. Realistically, given the
propensity of the species for marine conditions, these areas probably do not provide suitable
habitat for Arctic cod. Other information used to develop population and biomass estimates
is shown in Table 7.

Population numberB.-Population estimates were computed by (1) multiplying the
average Arctic cod densities per cell by the cell's estimated volume, and (2) summing the
population estimates for each subarea(Table 8). A total of 83.6 x 106 YOY Arctic cod were
estimated in the study area. By subarea, Arctic cod numbers were estimated as: Simpson
Cove, 2.7 x 106 fish; Camden Bay, 76.8 x 106 fish; Arey Island, 6.6 x 108 fish; and Brownlow
Pt., 0.203 x 106 fish. Within Simpson Cove, east of a line running due south of Collinson Pt.
the numbers were estimated to be 0.7 x 108 Arctic cod.
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Table 7.-Grid cell information for YOY Arctic cod in Camden Bay study area, September 2-3, 1990.

Station
Number distance

Grid of offshore Mean density Volume
Subarea cell Station samples (km) (flsh/l,OOO m'') (xl09 m'')

Simpson Cove SCGl CPI0 2 1.9 22.5 .12

Camden Bay CPG5 CP11 2 1.9 166.9 .16
CPG4 E12 4 3.4 230.0 .12
CPG3 E13 13* 6.3 9.0 .24
CPG2 E14 13* 9.1 3.8 .23
CPG1 CP15 2 11.75 2.4 .22
CAM 6 6.0 107.6 .15

Arey Island AlG5 Al01 2 1.9 48.4 .08
AIG4 Al02 2 3.4 13.1 .06
AIG3 Al03 2 6.3 13.6 .12
AIG2 AI04 2 9.1 1.9 .12
AlGI AI04 2 1.9 .06

Brownlow Point BPG5 BP01 2 1.9 2.2 .08
BPG4 BP02 2 3.4 0.0 .06
BPG3 BP03 2 6.3 0.0 .12
BPG2 BP04 2 9.1 0.2 .12
BPG1 BP05 2 0.2 .06

*Includes samples used in the regression analysis. The predicted values were assumed to have one degree offreedom
associated with them.

";" '

The mean CPUEoveral1 in Camden Bay for September 2-3 was estimated to be 39.4
cod/l,OOOm3 (83.6 x 106 cod/2.l2 X 109 m3).The variance of this estimate was calculated as
the weighted sum of the individual variances for each cell:

VAR CPUEoveral1 = 1: nv,NT) * VARCPUEit] where,
CPUEjt = mean density of species k (Arctic cod) in ith cell,

Vi = volume of the ith cell, and
VT = total volume of all subareas combined.

The variance estimates for each cell are shown in Table 9. The estimates for stations
E13 and E14 were developed from the entire catch set (all stations combined). The total
variance of209.62 is indicative of the low variability in cod catches observed in the replicate
sampling.

Confidence intervals for the population estimates ~it) were computed as:

'Pit ± t.05,(2),v * SQRT(VAR CPUEoveral1) where
v = the effective degrees of freedom. The total population estimate was 83.6 x 106 with 15
effective degrees of freedom, and 95% confidence limits of 52.7 x 106 and 114.5 x 106

•
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Table 8.-Estimated population of YOY Arctic cod in Camden Bay
during September 2-3, 1990, using the cell block method.

Subarea Grid cell Estimated numbers (x 106)

r
t

Simpson Cove

Camden Bay

SCG1

CPG1
CPG2
CPG3
CPG4
CPG5
CAM

AlG1
AIG2
AlG3
AlG4
AlG5

BPG1
BPG2
BPG3
BPG4
BPG5

2.7

0.5
0.9
2.2

27.6
26,7
16.2

0.1
0.2
1.6
0.8
3.9

0.1
0.02
0.0
0.0
0.2

r
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Arey Island

Brownlow Point

Subareal contributions to the total were: Simpson Cove, 2.7 million cod; Camden Bay,
74.1 million cod; Arey Island, 6.6 million cod; and Brownlow Pt., 203,000 cod.
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Population weight.-Standard "area swept" procedures were used to compute the
estimated standing stock weight (kg) ofYOY Arctic cod within each subarea and throughout
the study area. The population weight within a subarea was estimated by the expansion:

~ik = (A/Pi) * CPUEik where
~ik = weight (kg) of species k (Arctic cod in this instance) in subarea i, and
At = area (km") of subarea i, and
Pi = the effective horizontal path of the net (0.0068 km), and

==CPUEik = CPUE (kglkm) of species k in subarea i.

'Ib express CPUE in units of kglkm several conversions were necessary. First,
standardized fish densities for each station were converted to "numbers of fish caught per
volume fished per tow." The average volume fished was 3,488.3 m3 (SD = 682.1, range
2,274.2-4,513.4 m"). Next, the numbers offish per set were divided by the actual distance
(km) fished per tow (i: = 285.1 m, SD = 55.7, range 186.4-368.7 m) to compute "numbers per
km." Finally, CPUE's (kglkm) were estimated for each station by multiplying the numbers
of fisblkm by 0.0116 kg. Variance estimates were derived as above except that area [i.e.,
(AJAT)2] rather than volume was used to weight the cell block estimates.
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Subarea
Simpson Cove
Camden Bay
Arey Island
Brownlow Pt.
All Camden Bay

CPUEik (kg/km)
3.2

17.8
2.5
0.08
7.3
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Table 9.-Variance estimates of CPUEik in Simpson Cove, Camden Bay,
key Island, and Brownlow Point subareas. Subarea I estimates deter-
mined as the weighted sums of individual cell block variances.

Subarea
Simpson Camden Arey Brownlow

Cell Cove Bay Island Point

SCGl 0.05-
Total 0.05

CPG5 3.34
CPG4 8.62
CPG3 85.71
CPG2 85.71
CPGl 0.001
CAM 25.31
Total 200.08

AIG5 0.75
AIG4 0.06~
AIG3 0.05
AIG2 0.01
AIGI 0.00~ -
Total 0.87

BPG5 0.01
BPG4 0.00
BPG3 0.00

•..,~ BPG2 0.0003
BPGl 0.00--,~~ Total 0.0103

Grand total: 209.62 (SE = 14.48)

Mean CPUE's (kg/km) and their respective variances were computed for each subarea.
The estimate of variance for the entire study area was computed as the sum of the variances
reported for each subarea.

VARCPUEik

0.0008893
3.75477
0.0139369
0.0011432
3.7707394

Population weight and variance [VAR:ftik= (A/p? * VAR CPUEik] estimates were computed.
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Estimates for the entire bay were obtained by summing the subareal components.

Subarea
Simpson Cove
Camden Bay
Arey Island
Brownlow Pt.
All Camden Bay

~ik
(x 1<r kg)
2.8235294

151.823
7.904412
0.25294

162.80387

VAR~ik
(x 106)

0.0695242
2.7316275 x 105

0.1393237 x 1(f
1.14282
2.7331419 x lOS

Confidence intervals for the population weight estimates were computed as:

~ik ± t .05. (2).v (SQRT VAR~ik) where
v = effective degrees offreedom (v = 15). The total estimated biomass ~ik) was 1,628,038 kg,
with 95% confidence limits of 1,275,736 kg and 1,980,339 kg. Subareal contributions to the
total estimated cod biomass included: Simpson Cove, 28,235 kg; Camden Bay, 1,518,230 kg;
Arey Island, 79,044 kg; and Brownlow Pt., 2,529 kg.

Biomass and density.-The estimates of population size and weight allow compu-
tation of (1) fish density on a per meter basis, and (2) wet weight biomass (g/m2) for YOY
Arctic cod. In the first instance, the estimated numbers of fish per square kilometer were
reduced to numbers per square meter for each subarea: Simpson Cove, 0.05/m2

; Camden Bay,
0.13/m2

; Arey Island, 0.04/m2;and Brownlow Pt., 0.0001lm2. An overall density of 0.08 cod/m"
was estimated in Camden Bay on September 2-3, 1990.

Two independent measures of biomass can be derived from the ~ikand ~ikparameters.
One method involves a simple conversion of ~ik estimates to a per meter unit basis. The
second approach involves (1) reduction of ~ik to estimated numberslkm2; (2) multiplication
of numbers/km" by 11.6 g to express biomass in g!km2; and (3) conversion of g!km2to g/m2.
A comparison of the two estimates is presented below.
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Subarea
Simpson Cove
Camden Bay
Arey Island
Brownlow Pt.
All Camden Bay

Aik(g/m2)

0.5
2.6
0.4
0.01
0.8

~ik (g/m2)

0.5
1.5
0.5
0.01
0.9

Zone method

Seven zones were described using the same station locations as identified for the cell
block method (Fig. 36). Northern and southern boundaries of all zones, except for Zone 2, are
equal to those of the grid cell method. The inshore limits of Zone 2 include a line paralleling
the southern boundary of Zone 3 and extending between coordinates that would lie on the
southernmost extensions of Collinson Pt. and Arey Island transects for which such conditions
are met. Zone 1 is equal in area to cell SCG1 (Simpson Cove) above.r

l
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With the exceptions of Zones 1 and 2, the eastern and western boundaries are defined
by the Brownlow Pt. and Arey Island transects, respectively. Zonal areas were approximated
using standard geometric relationships when length and width dimensions are known.
Volume estimates were derived from area and gear depth characteristics to include only the
portion of the water column fished. Most of the zones contained at least three stations where
replicate sampling was conducted. The Simpson Cove density estimate is based on replicate
sampling at one station. Mean densities (numbers of fish/l,OOOm") were computed for each
zone using similar methods as for the cell blocks (Table 10). Therefore, Arctic cod densities
at three stations on the Collinson Pt. transect were determined from mean station data (E12)
or from a regression model relating mean cod densities to distance offshore (E13 and EI4).

The seven zones encompass a total estimated area of 1,076 km2 within Camden Bay.
The total abundance of Arctic cod was computed within a volume of 2.13 x 109 m3 of water
in the study area. Statistical procedures for estimating CPUE's and their variances,
population size and weight and their variances, and corresponding confidence intervals have
been described in the previous section.

Table lO.-Zone and station information used to computepopulation parameters
for YOY Arctic cod in Camden Bay, September 2-3, 1990.

Number Area
Stations of, of zone Mean density Volume

Zone in zone samples (km2) (fish/1,000m'') (x 109 rnS)

1 CPlO 2 60 22.5 .12
2 CP10, A101,CP11 6 160 79.3 .29
3 CPll, BP01,AI01 6 156 72.5 .31
4 E12, BP02,AI02 8 123 118.3 .25
5 E13, BP03, AI03 5 238 46.6 .48
6 E14, BP04, AI04 5 230 45.9 .46
7 CP15, BP04, AI04 6 109 1.5 .22

A CPUE index corresponding to mean fish densities (Arctic cod/l,OOOm") in each zone
was used to enumerate populations within each zone. These are the mean station densities
presented in Table 8. The variances associated with these estimates are shown below.

r
r
r
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Zone VAR CPUEik (x 1012)

1 0.0464341
2 91.875424
3 126.80971
4 213.94523
5 351.3299
6 325.29231
7 0.0199113

All Camden Bay 1,109.3188
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~ik(estimated
numbers x 108)

2.7
23.0
22.5
29.6
22.4
21.1
0.3
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The relative magnitude of the variances observed in most zones reflects the wide variation
in apparent fish abundance that was observed between Barter Island and the Canning River
delta.

Population estimates for each zone were calculated next:

Zone

A total 0('121.6 x 106 YOY Arctic cod were estimated in Camden Bay representing a mean
area-wide density of 57.1 cod/1,000 m", Upper and lower 95% confidence limits on the Pjk
were 194.2 million and 49 million fish, respectively (v = 12). The greatest densities were
reported in zonal areas encompassing nearshore waters along the outer coast beaches of
Camden Bay. Densities were highest within 9 km of the coast.

Table ll.-CPUE and population weight estimates for YOYArctic cod in
Camden Bay, September 2-3, 1990.

CPUEik Hik V~Hik
Zone N (kg/km) VAR CPUEik (kg) (><106)

1 2 3.2 0.0008893 2.8235294 x 104 0.0695242
2 6 11.3 0.5029321 2.6588234 x 105 278.43989
3 6 10.3 0.4991602 2.3629411 x 105 262.70679
4 8 16.8 0.7744633 3.0388234x 105 253.39218
5 5 1.0 7.063252 3.5000 X 104 865.524837.
~t ·5 0.3 6.62207222 1.0147058 x 104 7,575.8565
7 6 0.3 0.0012892 4.8088233 x 103 0.33124

Total 38 88.424995 x 104 17,023.274

The population weight of YOY Arctic cod in each zone was described by expansions
relating mean zonal CPUE's (kg/km) and variances to the area (km'') fished within each zone.
Estimates of each are shown in Table 11. The estimated population weight (fiik) for all
Camden Bay, with 9 effective degrees of freedom (v), was 8,842,499.5 kg; 95% confidence
limits were 589,119.4 kg and 1,179,380.5 kg. Individual zonal contributions to the total
standing stock biomass were:
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Zone
1
2
3
4
5
6
7

Biomass (kg)
28,235.3

265,882.3
236,294.1
303,882.3
35,000.0
10,147.1
4,808.8

Density and biomaBs.-Estimates of ~ilt were converted to mean densities (num-
bers/m'') per zone as follows: Zone 1, 0.05; Zone 2, 0.14; Zone 3, 0.47; Zone 4, 0.24; Zone 5,
0.20; Zone 6,0.20; and Zone 7, 0.01. An overall mean density of 0.11 fish/m" was computed
for Camden Bay.

Two indices of wet-weight biomass (g/m2) were developed from the ~ilt and ~iIt abun-
dance estimates for each zone. The computation is the same as was described for similar
estimates in the previous section.

Zone
~ilt Estimate

(g/m2)

0.5
1.7
5.4
2.8
2.3
2.3
0.2
1.3

1
2
3
4
5
6
7

All Camden Bay

r
c
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r
c
c

Capelin

~ilt Estimate
(g/m2)

0.5
1.7
1.5
2.5
0.2
0.004
0.04
0.8

Capelin were one of the most abundant marine species captured in 1990. Although
they were found nearly 8 km off the coast, most were sampled within 4 km at depths of less
than 3 m. Capelin appeared to be most abundant at inner stations along the Collinson Pt.
(CPI0), Endicott (ECI0), and West Dock (WD21) transects. They were also common, but less
abundant, in other coastal areas where the net swept most of the water column. The vertical
distribution of the capelin may be such that it was not sampled effectively in deeper water
habitats by ourtownet. The mean CPUE of capelin was 11.77 fish/tow (SD = 7.1, range
0-522). Average density was estimated to be 4.3 fish/l,OOOm3 (SD = 22.3, range 0-188.79).

Length Frequencies

Capelin ranged in size from 41 to 95 mm (Fig. 37). The average size was 64.9 mm
(SD = 10.5). Using the age-length relationships of Pahlke (1985), these were probably
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yearling fish. Several capelin at the lowe~end of the range (around 40 mm long) could have
been YOY fish.

Small differences in size of fish with distance captured from the coast were observed
in the catch. Fish captured within 2 km had average lengths of 67.0 mm. Between 2 and
5 km the average length was 63.2 mm. Farther offshore at distances of between 5 and 8 km
of the coast the mean capelin size was 73.8 mm.

A trend of decreasing size with time was also observed. The length of capelin reported
prior to August 15 averaged 70.8 mm (n= B). During the second half of the month the mean
length fell to 66.1 mm (n = 77) and by early September it was 63.0 mm (n = 70).

Capelin were captured in both marine and brackish water habitats in 1990. No strong
association with either habitat is apparent ~nthe data. Yearling fish appear to be pelagically
distributed in the nearshore waters. They were most frequently encountered in 2-6°C waters
between 26 and 31 ppt. The capture of capelin at WD23 (August 21) and at AI01 (August
31) suggests their possible transport offshore in currents being deflected offshore by coastal
landforms. At the latter station densities of yearling fish were particularly high (> 30/1,000
m"), which may suggest close proximity-to an important habitat for the species in the Barter
Island area.
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Figure 37.-Capelin length frequencies, all stations.
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r
r Ninespine Stickleback

The average townet catch contained 1.26 ninespine sticklebacks (SD = 3.1, range 0-22
fish). This corresponds to a mean density of 0.33 fish/1,OOOm3 (SD = 0.85, range 0-4.86).

Sticklebacks were most abundant at stations located within 2 km of the coast. They
were collected at the inshore stations along all transects except for Brownlow Pt. and Arey
Island. Marine conditions existed at all stations on the latter two transects on the dates they
were sampled. The farthest offshore capture occurred in Camden Bay at station CC10 on

. August 2. The greatest abundance was observed at stations CP10 (August 3) and EC10
(August 9) when densities of about 4.5 fish/1,000 m3 were reported in the catches.
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Length Frequencies

Ninespine sticklebacks ranged in size from 26 to 83 mm (Fig. 38). The mean length
was 58.0 mm (SD = lOA). No apparent trend in size could be noted with distance offshore.
Inside of 2 km the mean length was 57.9 mm. Between 2 and 5 km from the coast the mean
size was 58.3 mm.

Seasonal differences in mean size were apparent but small. Fish sampled prior to
August 15 had a mean length of 58.5 mm. Between August 15 and the end of the month the
mean size increased to 61.4 mm. In early September the mean size of the sticklebacks was
55.9 mm. Examination of otoliths would be required for age determinations.
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Figure 38.-Ninespine stickleback length frequencies, all stations.
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The ninespine sticklebacks were most frequently sampled in waters with temperatures
ranging between 2 and 4°C and salinities > 27 ppt. The species was found in greatest
abundance in areas nearby coastal sources of fresh water such as the Sagavanirktok River
near the Endicott Causeway or the Katakturuk River in Simpson Cove. The data indicate
that the stickleback is able to tolerate marine conditions.

With the exception of Arctic cod, kelp snailfish were one of the most common
pelagically distributed species of the offshore. They were sampled in mostly marine
conditions that overlap those described above for the stickleback. The mean catch per tow
was 6.8 fish (SD = 24.3, range 0-151). The mean density was 2.5 fisb/1,OOOm3(SD = 12.4,
range 0-90.4).

The snailfish ranged in length from 17 to 63 mm (Fig. 39) and averaged 26.4 mm
(SD = 6.2)., All were juvenile fish and probably young-of-the-year. No apparent differences
in mean size were observed with sampling distance from the coast. The mean size ranged
between 27.5 and 26.5 mm at distances of 2 km to more than 10 km offshore. Seasonal
differences in mean size were less than 1 mm.

Habitat

Kelp Snail/ish

Length Frequencies
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Figure 39.-8nailfish length frequencies,all stations.
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Habitat

As was noted above, the environmental conditions observed at the time of snailfish
capture were very similar to those of the ninespine stickleback. The juvenile fish were found
at offshore stations across the coast from Prudhoe to Camden bays. In the sampling
conducted in Camden Bay during early September a very strong association between the
juveniles and jellyfish medusae was apparent. Whether or not the relation offers protection
to the fish from predators is not known. Their tadpole body shapes and small size do not
indicate powerful swimming capabilities.

Other Species

The remaining fishes comprised less than 1%of the total catch. Of these, the fourhom
sculpin was most abundant. Small numbers of arctic staghorn sculpin were lumped into the
sculpin group. The average catch of sculpins was about 0.5 fish per tow (mean density = 0.12
fish/1,000 m"). Sculpins were always captured inshore at shallow stations where the net was
able to sample demersal species. The sculpins ranged in length from 25 to 200 mm.

A single Arctic char was captured on August 27 at MSOl. This fish measured 230 mm
and was apparently unable to avoid the gear.

Five Arctic flounders were collected in Prudhoe Bay when the townet touched bottom
at WD2l. They ranged in size from 75 to 85 mm. Similarly, two species of eelblennies (12
fish total) were incidentally captured at stations in Prudhoe Bay (WD21) and Simpson Cove
(CP10). They ranged from 70 to 80 mm in length.

DISCUSSION
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The strong east winds that characterized much of the open-water season effectively
reduced the availability of brackish water habitats along the coast. Craig (1984) described
a coastal band of brackish water with temperatures of5-10°C and salinities of 15-25 ppt as
being most important to anadromous fishes. Such conditions were rarely encountered in
1990. Nearly isohaline and isothermal conditions were observed at the base of the Endicott
transect on August 9. Temperature and salinity were 6.05°C and 23.5 ppt, respectively. A
pocket of relatively warm (>5°C), low salinity (24.5 ppt) water was located 7-9 km off the
Prudhoe Bay shoreline. (WD23) on August 21.

The majority of fish sampling occurred beyond 2 km from the coast. Closer to shore,
hydrographic conditions may have been different. Offshore sampling began in early August
about midway through the typical open-water season. Thus, the fish habitat conditions of
July may have varied greatly from those observed a month later. Regardless, by August any
brackish water influences on the nearshore appeared to have been lost and conditions were
generally marine.

A major effect of the east winds was the marked lack of hydrographic contrast in the
offshore stations sampled in 1990. East winds tend to depress sea level, draw brackish water
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seaward, and cause upwelling near the land margin (Craig 1984). Only 11 of 77 stations
sampled had salinities ofless than 28 ppt. Of these, many were greater than 27 ppt. A truly
coastal water mass was not evident in the sampling.

Depth-integrated temperatures averaged over the vertical dimension of the townet
served as a proxy for environmental temperature of the offshore habitats. Only 18% of the
stations sampled had temperatures exceeding 5°C, 18% were between 4 and 5°C, and 31%
between 3 and 4°C. Thirty-three percent of the stations had temperatures of less than 3°C.
Reynolds (1977) describes the role of temperature as a proximate (cue, guidepost, directing)
factor affecting the movement behavior of fishes. The lack of temperature contrast coupled
with the sporadic nature of the sampling precluded definitive statements about habitat
preference based on disproportionate catches in various habitat types. The catches do,
however, provide new information on the modal ranges and offshore distributions of fish not
previously available. In the context of existing environmental issues and concerns this is
especially true for YOY Arctic ciscoes.

"':' .

Thewarmest temperatures were usually found at stations occurring nearest the coast
and in close proximity to large river drainages. Thus, they were under greater local influence
of freshwater mixing than their offshore counterparts. For example, the station in Simpson
Cove (CP10) had consistently higher temperatures than were observed elsewhere in Camden
Bay. This station is located about 2 km to the northeast of the Katakturuk River. Similarly,
the hydrographic conditions near the base of the Endicott transect were fresher
(Sagavanirktok River influences) than those located farther offshore. In each instance, the
water properties at each station were most affected during periods of high discharge or
westerly winds.

In a review of fish use of coastal waters in the Beaufort Sea, Craig (1984) observed
that the use of marine habitats by arctic fishes is poorly known. In fact, little information
is available describing the occurrence of fish beyond 200 m of the shoreline at most locations
along the coast. The 1990 sampling revealed pelagic. fishes to be widely distributed with
regular occurrence in catches taken 0.5 to 12km offthe coast seaward over depths of more
than 10 m. The mean overall fish density (all species combined) was 67 fish/1,OOOmS over
the 1.8-m depth interval sampled. This is more than twice the density reported for Prudhoe
Bay in August 1979 by Moulton and Tarbox (1987), whose estimate was for the entire water
column and included pelagic and demersal species alike.

There are other indications that fish use of the offshore may be greater than has
previously been described. Rose and Leggett (1989) described low densities of capelin in the
northern Gulf of St. Lawrence as fewer than 100 fish/105 m3 and very high densities as more
than 400 fish/lOSm3• In 1990, we reported a mean capelin density of nearly 12 fish/lOSm3•

The mean Arctic cod density was' almost 5 times higher (58 fish/lOSmS). Between 83.6 x 108

(cell block method) and 121.6 x 106 (zone method) YOYArctic cod were estimated in Camden
Bay during early September -.The cod biomass was estimated at 1.6 x 108 to 8.8 X 108 kg with
respect to the two methods shown. These estimates do not include older cod, which appar-
ently have a different depth distribution than younger fish. The abundance oflarge numbers
ofYOY cod late in the season suggests an onshore movement of young from spawning areas
removed from the .bay.
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The cell block method may provide more accurate estimates of relative cod abundance
than the zonal method. Assuming that the true distribution of young cod is reflected in the
catches, the use of less diverse (more compact spatially in a longitudinal sense) areas and
volumes results in reduced variances in the estimation procedure. Similar methods have
been used elsewhere to estimate population abundance and standing stocks ofdemersal fishes
(e.g., Bering Sea). In the Bering Sea, population parameters for relative abundance of
demersal species are generated from replicate bottom trawls in a network of survey areas
(cells)with areas in excess of 1,300 km2 per cell. By comparison, our estimates ofArctic cod
abundance in Camden Bay derive from replicate sampling at 14 stations over a total area of
less than 1,100 km2•
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The results of the standing stock evaluations suggest a mean overall yay coddensity
of 0.04 flsh/m"(range 0.OOOl-O.13/m2

). Craig and Haldorson (1981) estimated a run of 19 x
106 Arctic cod into Simpson Lagoon during mid-August 1978. Their estimate was based on
various indicators of coastal fish abundance from fyke net catch data and assumptions of
equal dispersal of cod throughout the lagoon. The estimate of 19 million fish corresponds to
a coddensity of 0.12 fish/m", This is very similar to the 0.13 fish/m"estimated for the central
portion of Camden Bay in September 1990. From an ecological perspective, 0.13 flsh/m"
corresponds to a wet-weight biomass of 1.5 g/m2 or 0.15 g dry weight/m" (mean weight of
average fish was 11.6 g). Assuming that the daily rate of primary production is 1 gC/m2 in
Camden Bay, and a 10% transfer efficiency between trophic levels occurs, this implies
sustainable biomass levels of about 0.1 for L2 (copepods) and 0.01 for L3 (secondary)
consumers.

r
r

The habitat conditions observed at West Dockbetween August 21 and 23 indicate the
upwelling of cold «3.5°C), marine (salinity> 31 ppt) water near the coast (WD21). Warmer
(> 5°C),less saline «28 ppt) waters were observed farther offshore. These conditions are not
unlike those described for the deflectionof the Sagavanirktok River plume by the West Dock
causeway under east winds (Hale et al. 1989). Wind data from Beaufort Lagoonindicate that
a major storm event (east wind) had occurred just prior to our sampling at West Dock.
However, since those data reflect wind conditions 220 km to the east, they cannot be
extrapolated to the local conditions in Prudhoe Bay. Without an examination of the local
wind record from Deadhorse, the mechanism responsible for the freshening ofoffshorewaters
remains speculative.
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Existing oceanographic studies of the coastal Beaufort Sea suggest that coastal
currents lag behind wind conditions by a period of 3-4 h (e.g., Hale et al. 1989). Data
obtained from the eastern Beaufort Sea in 1989 (Hale 1991) show that upwelling occurs and
reaches a depth of 2 m within 36 h of a west-to-east wind shift. If similar lag times can be
assumed for changes in water properties at Prudhoe Bay, the vertical temperature and
salinity sections constructed for the West Docktransect (August 21 and 22) argue for easterly
winds at the time of sampling. Under strong east winds a strong onshore current is
established along the west side of West Dock as westward-flowing coastal waters replace
lagoonal water being displaced offshore. .This current could explain the apparent high
relative abundance ofjuvenile Arctic ciscoesinside Stump Island Lagoon (WD21)on August
21. They were the highest reported anywhere all season (32.26 fishl1,OOOm"),
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The high relative abundance ofjuvenile ciscoesin marine waters in the Stump Island
Lagoon(WD21)may possibly reflect the passive migration of fish in strong coastal currents.
The ciscoes may, on the other hand, be exhibiting a slight deviation from the shoreline
dependency suspected of their migration and taking a less circuitous pathway into Simpson
Lagoon. The catches at WD21 were among the largest and most diverse reported in 1990.
This in part stems from the sampling of the entire water column at this site. Even so, the
diversity and abundance of species observed is indicative of heightened biological activity.
The catch of juvenile ciscoes in marine conditions may reflect a temporary departure from
nearby brackish waters in response to nonthermal habitat factors (Reynolds 1977). Such
factors might have included movements in response to prey or predators.
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The mean CPUE's ofyoung ciscoescaptured at fyke-net stations on the east and west
sides of West Dock on August 21 and 22 were 107 fish/d and 29 fish/d, respectively (pers.
comm., W. Wilson, LGL, Anchorage, AK). Assuming that the fish were migrating through
the area at a constant rate implies mean hourly catch rates of 4.5 fish (east) and 1.2 fish
(west). In-order to determine whether the inshore concentrations offish differed greatly from
those reported offshore, a regression analysis relating townet CPUE's (expanded to hourly
catch rates) and densities was performed. The resultant equation, CPUE1h = -0.042658 +
6.04811 (Density), had an r of 99.63% and SE (estimate) of 1.583. This suggests that the
fish densities inshore of WD21 were on the order of 0.75 fish/1,000 m3 (west) and
0.21 fish/1,000 m3 (east). Clearly, the indications are that fish abundance was much greater
away from the immediate shoreline. The response surface relationship for temperature and
fish densities indicates that the mean temperature was about 4°C at the fyke net stations.
Apparently, the dispersal of juveniles in the marine waters west of West Dock was not
related to thermal factors alone. This concurs with the findings of Bryan (1990) who
concluded that currents and not thermoregulatory behaviors were primarily responsible for
fish movements through Prudhoe Bay.

-
The documentation of young Arctic cisco catches at all of the West Dock stations in

August provides new information about the offshore distribution of the species in the
Beaufort Sea. At first glance, it suggests the possibility of a wider migration corridor through
Prudhoe Bay (at least 11 km) than has been described. The lack of offshore sampling to the
east and west ofPrudhoe Bay negates such a broad generalization. Likewise, whether or not
the offshore catches really provide evidence of a causeway effect cannot be unequivocally
stated. Importantly, the ultimate fate of the young ciscoes occurring in marine, or near-
marine, waters is uncertain. The·occurrence of juveniles outside suspected modal ranges
raises questions about the physiological tolerances of age 0 fish.

. Relatively high YOY Arctic cisco abundances were observed at several of the stations
sampled offshore on the West Dock transect: Replicate samples indicated juvenile densities
ranging from 5 to 7fish/1,000 m3 some 5 km from the coast (WD22),4-7 fish/1,OOOm3 at 7.5
km (WD23), 0-20 fish/1,000 m3 at 9.5 km, and 0-1.5 fish/1,OOOm3 at more than 11.0 km
offshore. This distribution may reflect the presence of more favorable habitat offshore and
the fishes' movement responses to temperature and salinity optima (e.g., Neill et al, 1983).
The fish may simply have been moving with optimal conditions found in currents being
deflected offshore. .
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The offshore catches of juvenile Arctic ciscoes in marine, or near-marine, conditions
contradicts existing paradigms of the species' tolerance of such temperature and salinity
conditions (Fechhelm and Gallaway 1984). Existing experimental data for Arctic ciscoes
indicates high mortalities to fish exposed to waters possessing salinities in excess of 25 ppt
(Fechhelm et al., in press). The presence ofjuveniles in marine habitats that were sampled
at many locations in 1990 suggests the possibility of acclimation.

The trend of decreasing mean size injuvenile ciscoes with advancing summer has been
reported in fish recruiting to the Colville Delta (Moulton 1989). Apparently, larger individ-
uals lead the migration across the coast. This relates not only to size-related differences in
the swimming performance oflarger fish but may also reflect stock-related differences in size
and migration behavior. Instantaneous growth rates were observed to vary between daily
increases of 4.95% (early) and 2.54% (late) in mean body weight during August 1990. These
values fall within the observed growth ranges for pink salmon during their first few weeks
at sea (Taylor et al. 1987). Like the juvenile pink salmon, young Arctic ciscoes move directly
from their incubation sites to the sea in spring. Thus, the initial phases of their marine
residence, particularly growth, may be comparable. During summer 1986, the instantaneous
growth in migrant pink salmon was reported to vary between 2.92 and 9.68% of body weight
per day (average 5.09%).

One would expect a diminishing expression of growth if the daily growth increment
remains constant with increasing body size of the fish. The temporal difference observed in
1990 is probably related to availability of brackish habitats and greater accessibility to
abundant foods early in the season. Presumably, higher growth rates are inherent to these
warmer, less saline environs. Widespread marine conditions persisted throughout the study
area in August.

[

[

r
r
r

English (in press) reported growth rates of 0.08% and 0.83% of body length per day
(BUd) for pen-reared Arctic ciscoes held at Niakuk and Endicott, respectively, in 1988. While
interannual comparisons are tempting, it is difficult to compare the growth of free-ranging
fish to that offish held in captivity. Free-ranging fish actively search for patchily distributed
prey and are able to respond to environmental changes via a multitude of adaptive behaviors.
The occurrence ofjuveniles some distance away from the coast in temperatures outside what
are considered modal may reflect localized dispersals in response to prey or other nonthermal
factors (Reynolds 1977; Rose and Leggett 1989). Without knowledge of the abundance of
young ciscoes and their prey in adjacent habitats, such inferences cannot be made. Although
our estimates are based on small sample sizes, the juvenile length frequencies suggest
relative rates of increase of about 1.6% mean BUd in early August and 0.85% mean BUd
during the late August to early September period. If during 1990, the mean size ofjuveniles
was about 35 mm at entry to the sea, and the coastal migration to Alaska was about 30 d,
the implied relative rate of increase is 1.2% BUd for the average-sized fish.

l'""
l.

Preliminary catch data from several fyke-net sites in lagoonal waters of the eastern
Beaufort Sea and in Prudhoe Bay provide additional information about the timing and age
composition of the juvenile migration. They also provide a measure of how well temporal
changes in abundance observed offshore parallel similar estimates made nearer the coast.
Small numbers of juvenile Arctic cisco were captured at FWS field stations in Beaufort and
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Kaktovik lagoons and in Camden Bay on July 9 (pers. comm., T. Underwood, FWS). More
than 50%,or about 3,000, of the fish captured in the lagoons east ofBarter Island during the
second half of July were age 1 fish (>100 mm). During the same period, a significant but
substantially smaller proportion (314 or about 25%of the catch) of the juveniles collected in
Camden Bay was age 1 fish.

.1' '

Season-long catch data of the FWS indicate that YOYciscoes were consistently more
abundant in Beaufort and Kaktovik lagoons than in Camden Bay. Our catches of young
ciscoes at coastal stations off Arey Island, Carter Creek, and Collinson Point suggest a
significant portion of the migration may bypass Simpson Cove and move directly across the
bay. The migration corridor would thus extend approximately 2 km off the outer beaches of
eastern Camden Bay. The sampling off Brownlow Point was too light and too late in the
season to address fish movements along the western coast of the bay.· It seems probable that
the fish hug the coast after crossing the bay and migrate directly into Stefansson Sound
throughthe shallow pass to the east of Flaxman Island.

,>

Young-of-the-yearArctic cisco began appearing in Prudhoe Bay on August 4 (pers.
comm., W. Wilson, LGL, Anchorage, AK). Catches remained high through August 11, at
which time fishing operations were interrupted by a week-long storm. When fishing was
resumed the catch rate rose on August 21 and remained high through September 1. All
fishing was terminated on September 1. A spike was noted in the CPUE at or about August
30. This spike coincides with the large pulse of juveniles (densities of 5-10 fish/l,Ooo m3)

observed in townetting conducted in eastern Stefansson Sound (MSOl) on August 27.

Both passive and directed migrations in juvenile Arctic ciscoesadequately explain the
apparent rates of fish movement observed in 1990. A purely passive migration of fish in
wind-driven currents resulted in an estimated migration rate of about 15 kmJd. Similarly,
if the migrant was always assumed to be moving to the west, a daily migration rate of 18 km
was computed. Assuming, that YOYciscoesenter the Mackenzie estuary by mid-June, their
arrival in Prudhoe Bay on August 2 indicates an elapsed travel time of 48 d. The apparent
migration rate would thus be about 10 kmJd (490 km/48 d). Since we know little about the
early residence and movements of the juveniles at sea this estimate may be overly
conservative. Our estimates would indicate travel times of between 27 and 30 d for directed
and passive transports, respectively, of fish from Canada to Prudhoe Bay.

Neither .rate accounts for the numerous adaptive behaviors the fish may employ to
reduce losses (i.e., net daily westward movements) during the migration period. Inshore,
such behaviors may include the movement of fish to protected areas behind islands and spits.
Offshore, fishes might move to greater depths to avoid adverse current conditions. Such
behaviors would minimize fish movements to the east, and thus could potentially increase
the net migration rate to the west. The use of actual currents from moored instruments
might improve.this estimate. The probability of a longer migration period would also act to
reduce the average daily growth rate in migrating ciscoes.

Both the passive and the directed migration scenarios resulted in a net southerly
directional component to the 1990 juvenile migration. This would have the net overall
tendency to hold the migration closer nearshore. Nearshore areas may offer greater fish
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protection from prolonged encounters with the marine waters and hostile currents that may
exist offshore. Given that the mortalities ofmigrantjuvenlles are probably high, a nearshore
migration may increase opportunities for survival simply by proximity to refuge during
storms or other periods of duress. A slight dispersal offshoreoffers abilities to utilize coastal
refuges while at the same time avoiding predators common to the coast. Since both u and
v current components act upon the fish movements, the inclusion of the cross-shore
component is seen as a valid approach. The offsetting effect of a positive v on ciscodispersals
offshore warrants greater attention. The degree of offsetting appears to be greatest during
open coast migrations such as experienced by fish moving into Camden Bay.

The offshore catches at West Dock do not appear to reflect dispersal patterns ofYOY
Arctic cisco at other locations along the coast. The occurrence of juveniles off Arey Island
(AI01) late in the season represents another area of potential offshore abundance. The
geomorphologyof the coastline in each area suggests that fish movements in deflectedcoastal
waters (east wind conditions) may be involved. The cluster grouping of catches from inshore
stations at Endicott and the offshore stations at West Dock tend to support this contention.
The similarity in thermal conditions in the habitats at each area suggests freshwater
influences of the Sagavanirktok River.

r
r

The offshore survey results demonstrated the outer portions of the coastal band and
adjacent marine habitats to be important for arctic fishes. At certain locations, east wind
conditions may promote the offshore movements of coastal fishes. including small
anadromous species. Sustained westerly winds result in a deepening of the brackish water
habitat along the coast. However, this wouldbe offset by a narrowing of the horizontal width
of this habitat because westerly winds displace coastal water against the shoreline. The
narrowing of the coastal band could act to restrict the fish to areas closer to shore.
Conversely,a widening of the coastal band couldbe expected during periods of sustained east
winds. Offshore dispersals of anadromous fishes such as Arctic char and Arctic ciscowould
be expected under such conditions. Such excursions are indicated by Arctic char catches off .
the coast in Stefansson Sound in 1988 (Thorsteinson et al. 1990) and 1990 (this study).
Factors, other than thermal conditions, should reasonably be expected to account for
temporary departures from brackish to marine habitats where potential prey such as young
cod and snailfish are abundant.

r
L

i'
l

CONCLUSIONS

[

r
r
[

r

The preponderance of east winds in 1990had a profound effect on the active sampling
objectives Or" the research. The east winds coupled with diminished coastal river runoff
resulted in widespread marine conditions throughout the study area. This resulted in a lack
ofstrong contrast in temperature and salinity attributes needed to clearly distinguish habitat
use patterns in migratory or coastal fish assemblages. These conditions appear to be atypical
of the "average" coastal conditions that occur during summer. Nevertheless. the indication
is that anadromous fish continue to use the nearshore habitat for at least brief excursions
that may be outside their preferences. One could speculate that the less than optimal
conditions may produce higher than average mortalities in species such as Arctic char and
Arctic cisco due to reduced fitness for overwintering.

-77-

-



-78-

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

~

i

The apparent affinity of the anadromous species for the shoreline may maximize
opportunities to encounter warm, brackish or freshwater refugia at river and stream mouths.
Such habitats would offer a temporary respite from adverse conditions. Following offshore
feeding bouts the use of such refugia would promote rapid assimilation of energy reserves.
The abundance of potential prey offshore (e.g., small cads, capelin, and snailfish) argues for
such behavioral adaptation in species such as the Arctic char and Arctic cisco.

In years when the coastal band is more expansive the reliance of fish on such refugia
may not be evident. The lack of sampling in the offshoreBeaufort Sea in such circumstances
leaves the question unanswered. Alternative to the refugium hypothesis, the apparent
shoreline dependency of migratory fishes could reflect behavioral mechanisms such as
searching for home stream odors or other cues that aid navigation. By contrast, the juvenile
Arctic cisco migration involves highly motivated young fish that may be utilizing offshore
waters to find current conditions that facilitate rapid westward movement. The frequent
occurrence of young fish in marine conditions may indicate a greater physiological
adaptability than previously considered possible. This hypothesis awaits laboratory
confirmation. The near ubiquity ofmarine conditions in the coastal zonemay have foreclosed
any options for habitat selection.
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PART lIT. FISH TELEMETRY

INTRODUCTION

Anadromous char and Arctic cisco are conspicuous elements of coastal ecosystems of
northern Alaska. They are two of the most commonand widely distributed apex consumers
present in the Beaufort Sea during the open-water season (Craig 1984). The species form the
basis of regionally important commercial, subsistence, and recreational fisheries (Craig
1989b; Moulton and Field 1989). Intensive studies of anadromous char and ciscoes by
OCSEAP began about 1976 in response to concerns arising from oil and gas leasing and
development at Prudhoe Bay and elsewhere in the North Slope region (Bendock 1979;Craig
and Haldorson 1981; Truett 1983). During the ensuing years, many other fishery
investigations have been conducted on the North Slope (Winters et al. 1988). The geographic
scope of this work has extended from Point Barrow to the Canadian border. While these
studies have provided a significant amount of information on the biologyand ecologyof char
and Arctic cisco, almost all of the data have been obtained very near shore and in lagoons.
The use of the more offshore waters of the Beaufort Sea by these 'and other fish species
remains little studied, yet such information is a necessary constituent of informed
assessments of the potential effects of offshore industrial activities on the species.

Prediction of the effects of habitat modifications requires basic information on the
habitat requirements of a species (Winter and Ross 1982),as well as an understanding ofthe
population responses to resources in the habitats (Hobbs and Hanley 1990). The Alaska
Office'sdirect involvement in fish habitat use studies began through an association with the
U.S. Fish and Wildlife Service (FWS),which conducted an OCSEAP-sponsored study of the
genetic structure of char populations in North Slope drainages of Alaska and western
Canada. The intent of that work was first to determine if there was sufficient variation in
certain protein structures of the char to reliably identify the river of origin of fish and, if ,
there was, then to determine the extent of intermixing of stocks in coastal waters. Such
information was germane to several issues concerning the vulnerability of char to
environmental perturbations. The FWS demonstrated that the North Slope char indeed
consisted of unique populations, that little genetic interchange was evident, and that, with
some exceptions, char could be quite reliably identified to river of origin.

The intermixing question couldonly be answered by collectingfish at several locations
along the coast. Existing fishery investigations relied primarily on fykenetting next to
beaches to capture fish, so no complementary information was available on the use of
"offshore" habitats by char and other fishes. In response to this shortcoming, OCSEAP
conducted an in-house fishery study in 1988. The primary objective of that work was to
obtain char for the FWS's genetics work; however, an ancillary objective was to obtain
information on offshore habitat use by char, Arctic cisco, and other anadromous and marine
fishes. The results of the genetics studies are presented in Everett and Wilmot (1990),while
our work is described in Thorsteinson et al. (1990). In 1990 we resumed the fish habitat use
studies. The field work consisted of two main activities-townetting (described in Part IT)
and ultrasonic tracking, the results of which are described below.
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It is necessary at this juncture to note some aspects of salmonid taxonomy having
relevance to what follows. The taxonomy and systematics of the chars in general and some
Alaskan chars in particular, are still being unraveled (Behnke 1980). The taxonomic status
of the anadromous char occurring in the Alaskan sector of the Beaufort Sea and commonly
called "Arctic char" is pertinent. McPhail (1961) identified it as the western Arctic
Ocean-Bering Sea form of the Arctic char tSaluelinus alpinus) and defined its distribution
as west of the Mackenzie River. An eastern form ofS. alpinus occupies the arctic east of the
Mackenzie River. However, a more recent taxonomic analysis by Morrow (1980) suggests
that the former fish is rather the northern form of the DollyVarden char (S. malma), the
range of which extends through western Alaska to the Alaska Peninsula. According to
Behnke, the naming of the northernS, malma, as well as that of the southern form and two
lake-dwelling S. alpinus occurring in Alaska, will depend on their relationships to chars from
type localities in Kamchatka and Sweden, respectively.

Our use ofMorrow's classification produced naming inconsistencies in this report. Be
aware that the bulk of the references to the anadromous North Slope char identify it as the
"Arctic char." Inconsistencies also occur in species names of rainbow and cutthroat trouts.
The rainbow trout,. formerly Salmo gairdneri, was recently reclassified as Oncorhynchus
mykiss, while its congener, the cutthroat trout, which was Salmo clarki, is now Oncorhynchus
cLarki. .

..:,-.

Finally, it will be evident that we have incorporated many results of Canadian and
European studies of S. alpinus. This occurred not only because the published literature on
Arctic char is quite voluminous, but also because the northern Dolly Varden char and that
species share similar arctic habitats. Considering the two species together also seems
warranted because, as noted by Johnson (1980), there appears to be a great degree ofoverlap
with respect to their respective ecologies. A comprehensive species account on the Dolly
Varden char, including the northern form, is presented in Armstrong and Morrow (1980).

OBJECTIVES AND APPROACH

The primary objectives ofOCSEAP's telemetry studies in FY 90 were to determine: (1)
movement patterns, (2) movement rates, (3) temperature occupancy, and (4) temperature
preferences oflarge char in the coastal waters of the Beaufort Sea. The secondary objectives
were to obtain similar information on large Arctic cisco.

Concurrent biological and physical data collection is emphasized in our habitat use
studies to promote the evaluation of relationships between biotic and abiotic attributes in
dynamic environments such as those prevailing in the coastal waters of the Beaufort Sea.
Our approach to address the above objectives was to conduct an acoustic telemetry study in
the Camden Bay area using a small vessel having a high precision navigation system.

Acoustic telemetry has been successfully employed in a large variety of studies of
fishes, including investigations of habitat use and preferences (Tyus et al. 1984;Paragamian
1989), migration (Stasko et al. 1973, 1976; Ruggerone et al. 1990), homing (McCleave and
LaBar 1972;Matthews 1990),home range (Clark and Green 1990;Matthews 1990),seasonal
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activity patterns (Brawn 1982; Clark and Green 1990), diel patterns (Carey and Robison
1981; Clark and Green 1990),predation strategies (Sciarrotta and Nelson 1977; Carey and
Robison 1981; Carey and Scharold 1990), swimming speed (Sciarrotta and Nelson 1977;
Quinn 1988), temperature and oxygen preferences (Coutant and Carroll 1980; Douglas and
Jahn 1987),vertical moments (Brill et al. 1984;Carey and Scharold 1990),thermoregulation
(Carey and Scharold 1990), olfaction (Deving et al. 1985), and pollution effects (Kelso 1977;
Martin et al. 1990).

Acoustic telemetry has several attractive features. It produces a large amount ofdata
in a brief time (Matthews 1990), a major consideration in the arctic, where the field season
is short and punctuated by stormy weather. Movement patterns of fish can be described in
more detail than is possible with mark-recapture methods (Quinn and Brodeur 1991).
Acoustic telemetry also avoids some of the problems inherent in mark-recapture studies of
fish movements, such as biases introduced by nonrandom effort in tag application and
recovery (Quinn and Leggett 1987). Habitat preference data obtained by telemetry also
appear to be more accurate than data obtained from conventional fish collections because
gear selectivity is not a factor (Tyus et al. 1984). Finally, because the organism is free-
ranging, observations are not confoundedby limitations often inherent in laboratory settings.

Until recently we had not seriously considered acoustic telemetry for fish studies in
the Beaufort Sea due to the lack of a cost-effective, full-time navigation system having
sufficient accuracy and precision. Good quality loran coverage is not available there. The
implementation of the Global Positioning System, or GPS, and availability of relatively
inexpensive GPS receivers now makes acoustic telemetry a practical technique in the region.

rt,
A small, shallow draft vessel is required for acoustic telemetry studies of anadromous

fish in the Alaskan Beaufort Sea because the coastal waters occupiedby the fish are shallow.
Moreover, shallow draft enables a vessel to reach more of the few protected anchorages to
avoid sea ice or escape rough seas. Small vessels are practical because their operating costs
are quite low and thus a vessel can be dedicated to a tracking study for extended periods, as
pointed out by Holland et al. (1985). The vessel should have a modicum of endurance and
habitability due to the often inclement weather conditions in the Beaufort Sea and extended
periods at sea that may be required while tracking a fish.
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Several reasons underlie the selection of Camden Bay as the site for the acoustic
telemetry study. First, the outer continental shelf off the Arctic National WildlifeRefuge is
considered to have high potential for commercial quantities of petroleum and exploratory
drilling has already taken place in the area. Second,Camden Bay has a protected anchorage.
Third, the FWS has a multi-year fishery study under way in the area and agreed to furnish
fish for our study, thereby obviating the need for us to expend time and effort to capture fish.
We also have access to oceanographic data acquired during their study. Finally, the
bathymetry of the central part ofCamden Bay is somewhat atypical of the Beaufort Sea coast
in that water depths are relatively deep near shore. This was an important consideration for
our work as we would be unable to follow fish in very shallow water with the primary
tracking vessel.
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Camden Bay is a 90-km-wide bight in the Alaskan Beaufort Sea coast named by Sir
John Franklin in August 1826 in honor of the Marquess Camden, once lord of the British
Admiralty (Orth 1971). The embayment lies in the western portion of the Arctic National
Wildlife Refuge, between the Canning River and Barter Island, where the village of Kaktovik
is located. Our fish tracking was conducted in the middle of the bight, near Simpson Cove
(Fig. 40). Water depths in the study area range up to 16m.

Geomorphology and Geology

The shoreline morphology of Camden Bay varies considerably. Low bluffs composed
of peat or unconsolidated glacial alluvium consisting of mixed silt, sand, and gravel are
abundant; they are interspersed With areas in which tundra slopes gently to the upper part
of the littoral zone. There is abundant evidence of active erosion in the form ofunvegetated
bluff faces and slumped materials at the feet of the bluffs. Beach materials consist largely
of sands and gravels. The average rate of coastal erosion in the region is 1.5-1.6 mlyr
(Hopkins and Hartz 1978).

The bathymetry of the eastern part of the study area is quite featureless (Fig. 40). The
5.5-m isobath is typically within 0.8 km of the shoreline east of Collinson Point, while to the
west it extends several kilometers offshore, following a northwest trend beyond the point.
A shallow (1-2 m), elongate shoal approximately 5 km long extends west-northwest from the
emergent spit that terminates at Collinson Point and protects Simpson Cove. A narrow
channel at Collinson Point separates the features. Simpson Cove and the area inshore of the
shoal compose a shallow basin with a maximum depth or'4.6 m that extends westward to
Konganevik Point. At depths less than about 18 m in central Camden Bay the bottom is
composed of sands and muddy sands, while in deeper waters overconsolidated sandy muds
and clays prevail (Barnes and Rearic 1986, p. 729). The seafloor appears devoid of boulders.
Substantial amounts of peat are present on the bottom within Simpson Cove, as well as in
bands along the shoreline (Dunton and Schonberg 1982).

Meteorology

The proximity of the Brooks Range is reflected in the bimodal distributions of observed
winds at Camden Bay, a consequence of orographic steering. During summer east-northeast
winds dominate, while westerly winds occur when storms propagate through the region. The
strength and persistence of the east winds vary considerably from year to year, so meteorol-
ogists and oceanographers speak of "weak" and "strong" east wind summers. Data collected
in 1989 showed that meteorological events with periods greater than 36 h were responsible
for 73% of alongshore and 43% of cross-shore wind variance, respectively. The highest wind
speed recorded was 10.7 mlsfrom the west; however, 65% of the observations were 4 mls or
less. .
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Hydrography and Oceanography

Many streams debouch into Camden Bay. Within the study area, the largest are the
Sadlerochit River, whose delta is near Anderson Point, and the Katakturuk, located just west
of Simpson Cove. Marsh and Carter creeks enter Camden Bay a short distance east of
Simpson Cove. The typical discharge pattern of streams on the North Slope consists of very
high runoff during spring breakup, followed by diminution of flow through the summer to
seasonal lows in winter. Records obtained in 1989 (Lyons 1990) from gaging stations on the
Sadlerochit and Tamayariak, a stream just west of the study area, conform to the general
pattern, but display occasional high daily flow rates that perhaps result from rainstorms or
periods of hot weather. Records from the Sadlerochit showed a peak water temperature of
10.2°C in August 1989.

Astronomical tides along the Beaufort Sea coast are small, having amplitudes of only
10-30 em. In contrast, storm surge runups may reach 3.4 m (Wise and Leslie 1988).

M.eteorological, current meter, and CTD data obtained in 1988 and 1989 from Camden
Bay reve8I a very dynamic oceanographic regime (Hale 1990, 1991). The currents are event-
.dominated, with winds being the primary driving force. However, bathymetry, tides, and
horizontal pressure gradients produced by runoff are not insignificant factors influencing local
current patterns. Currents, temperature, and salinity were recorded both years at moorings
placed approximately 0.5 and 2.8 km north of Carter Creek. Data obtained in 1989 from the
offshore, near-surface current meter shows that 61% of the speeds were wider 12 cm/s and
that, only very weakly expressed patterns were evident in current direction. The nearshore,
shallow meter showed a more pronounced bimodal current direction pattern induced. by its
proximity to the shoreline. The major current direction mode was east-southeast, counter to
the dominant easterly winds, and the secondary mode was west-northwest. Currents at both
locations did not exceed 41 cmls. The prevalent circulation pattern in the study area
appeared to consist of an eddy-like eastward recirculation of water driven by a usually
easterly nearshore current and density fluctuations caused by variable freshwater input.

The seasonal evolution of water properties and thermohaline structure in Camden Bay
follows the regional pattern (cf. Colonell and Niedoroda 1990b). A relatively warm, brackish
surface water mass forms at the shoreline in early summer. Runoff patterns and the relative
dominance of east and west winds over th.esummer are influential in determining its
development and persistence. West winds tend to keep the brackish water against the coast,
while east winds move it offshore. In late summer the brackish water mass dissipates due
to decreasing river runoff and air temperatures, as well as turbulent mixing produced by
more frequent storms. CTD casts made in early August 1988 showed a strongly layered
structure typical of the early part of the open-water season, while by late August vertical
thermohaline structure was only weakly evident (Thorsteinson et al. 1990).

The temperature and salinity structure of the coastal waters in the study area displays
a spectrum of variability that encompasses interannual to daily time scales. During the 1988
season the brackish water mass in Camden Bay was moderately developed; maximum
temperatures and minimum salinities of 6°C and 10-11 ppt, respectively, were recorded. In
1989, the brackish water mass was relatively strongly developed; near-surface temperatures
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as high as 14°Cand salinities as low as 8 ppt were observed. Marked local changes ofwater
properties and thermohaline structure occurring over very short periods have been observed
in the study area during both years. Thmperature and salinity have been observed to
fluctuate by as much as 6-10°C and 17 ppt, respectively, in one to a few days. These"
fluctuations appear to result from sea breezes and strong wind events.

Sea ice coverage during summer may vary dramatically from year to year along the
Beaufort Sea coast. In August 1988 it was very heavy in Camden Bay, but in 1990 it was
absent.

METHODS AND MATERIALS

Fieldwork

Ultrasonic tracking was conducted from vessel 1273. This boat is 11 m long and has
a draft of about 1.3 m. It is powered by a Caterpillar Model 3208 diesel engine and is
fabricated of aluminum. It has a maximum speed of 8 knots and a range of 730 km.
Amenities include berthing for four people in the forecastle, an oil stove, a small dinette, and
a head. The vessel's endurance is approximately 10 d.

Tracking Apparatus

The electronic components of the tracking apparatus were manufactured by VEMCO,
Halifax, Nova Scotia and the mounting hardware was fabricated locally In Anchorage.

The model V3T-1H transmitters used are 16 mm diameter by 62 mm long and weigh
22.4 g in air and 7.5 g in seawater. They have a power output of 152 dB re one microPascal
at one m. The useful life of the transmitters is 5-9 d. Five different frequencies were
selected-50.00, 60.00, 65.54, 69.00, and 76.80 Khz-in order to be able to unambiguously
discriminate fish being tracked from others that had previously been tracked and might still
be in the study area. Each transmitter was calibrated at the factory for temperature
response. The stated accuracy of the calibration is to within 0.3°Cof the actual temperature.
Transmitters were activated just prior to attachment to fish by soldering together two wires
extending from one end of the transmitter. The connection was covered with quick-drying
epoxy to waterproof it.

The deck unit consisted of a VR-6O receiver with an 02 power supply, 01 decoder!
display, and 03A data storagellogging module, all of which are enclosed in a weathertight
metal case. The receiver amplifies and converts signals from the transmitters into an audible
signal as well as a visual display of signal strength. It has a frequency range of 1~99.9 kHz
and 900 channels are available for use. The internal power supply consists of a rechargeable
12 volt battery; it was necessary for tracking from the skiff. Individual transmitter
calibration data stored in the decoder/display were used to convert transmitter pulse rates
into temperature data, which were shown in a liquid crystal display as well as being
available for storage in the data storagellogging module. Coupled date/time data were
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provided by an internal clock.: The data logger memory has a capacity of 256K bytes; it can
be downloadedin the field into a laptop computer.
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Two V-10 hydrophones were employed for tracking. This model has vertical and
horizontal directivities between-3 dB points of 160 and 80 degrees, respectively, and a
sensitivity of -148 dB re one microPascal. The primary transducer was mounted on a faired
aluminum boom abeam of the cabin off the port gunwale. The shielded cable from the
transducer was led through a windowinto the cabin. The boomextended approximately 0.3
m below the vessel's keel and was designed with a quick detachable mount. in order to
facilitate docking and to avoid damage to the gear if heavy ice was encountered. The
selection of boom location arid use of a fairing was based on the experiences of Stasko and
Polar (1973) and Holland et al. (1985); these expedients were intended to minimize
turbulence-caused noise at the hydrophone as well as received noise from the vessel's
electronics and engine. The other transducer was mounted on a lightweight detachable boom
that was installed on the 5.5-m auxiliary skiff. Tracking from the skiff occurred only when
contact with the fish was lost in shoal waters and weather and sea conditions allowed safe
skiff operations.

AVH-65 omnidirectional test hydrophone was used for functional tests prior to release
of tagged fish. In brief, the hydrophone was placed in the fish holding tank and monitored
briefly to ascertain that the transmitter was activated and that it and the receiving unit were
operating properly.

Navigation

The primary navigation instrument was a Magnavox MX 5400 GPS Satellite·
Navigation System, which receives transmissions from visible satellites. The GPS unit
determines present position and speed over ground, as well as performing a variety of other
functions. Latitude and longitude (to 0.001 minute) are shown in a visual display. The
manufacturer states that the receiver is capable ofposition accuracies of approximately 15 m
RMS. Achievingthis level of accuracy requires that 3-4 satellites are visible to the receiving
unit and that high quality transmissions are available fromthe satellites. The degraded data
transmitted for public use are reported to produce position accuracies of 100 m.

Because the GPS was not yet fully operational, satellite coverage was intermittent
during the 1990 field season. However,during about 61 h of tracking there were only 10
periods longer than 30 min whenwe were without GPS navigation or had poor fixes. Some
93 percent of the fixes were at frequenciesof10 min or less. The initial screening ofGPS
position data occurred during fish tracking, when obviously erroneous positions were
discarded. Another onboard means of flagging possiblybad positions was the vessel ground
speed output of the GPS, which occasionally indicated excessive speeds. As a check of the
precision of the GPS in the working area, we casually recorded 28 fixes over a 4-h period
while at anchor on August 6, 1990. Analysis of the data set gave standard deviations of
latitude and longitude ofM m and 49 m, respectively. This precision estimate is conservative
as it includes some movement of 1273 about the anchor line.
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A Furuno Model FRB05D48 nm radar was employed for navigation when satellites
were not available. Radar fixes were taken at roughly half-hour intervals when the radar
was the sole navigation instrument. The radar was also employed when the skiff was being
used to track fish. Radar ranges and bearings to the skiff, as well as GPS positions and
1273's heading, were recorded at 5-min intervals for subsequent plotting. of the skiff's
position. Finally, while tracking fish near shore, the radar was occasionally used to
determine the distance to shore.

Water depths were determined with a Ray Jefferson Color Telescan 2000 sounder.

Oceanographic Data Collection

Thermohaline structure was determined at each fish release location and periodically
while tracking. An Applied Microsystems CTD-12 instrument was used The CTD is
self-contained and requires no outside power or deck recorder; it stores data in an internal
memory and records eight samples of temperature, conductivity, and pressure per second.
The instrument's depth, temperature, and salinity sensors are accurate to within 0.10 m,
0.03°C, and 0.2 ppt, respectively. During CTD casts, the instrument was lowered over the
vessel's side until the sensors were submerged, then allowed to equilibrate before
commencing lowering. The lowering speed was slow (mean 5 mlmin, range 3-8 mlmin) to
minimize turbulence around the sensors and to reduce any errors introduced by sensor
response lags while passing through strong gradients of water properties. Cast depths
extended to within 1 m of the sea bottom at all stations. Upon completion ofa cast the CTD
data were downloaded to a Compac laptop computer, reviewed for accuracy, and stored on
minidiskettes for processing.

Tagging and Tracking Techniques

Tests of the tracking system were conducted in Simpson Cove prior to tracking fish.
We placed a transmitter on a buoy anchored in shallow water (about 2 m depth) in the east
end of the cove, then proceeded toward it in 1273 to determine the aural and visual (signal
strength meter) detection threshold ranges and the range at which a "loudand clear" acoustic
signal was emitted by the receiver's loudspeaker. This test indicated a visual detection
threshold of 0.57 km and an acoustic detection threshold of 0.45 km. A loud and clear signal
was observed at distances of 0.21 km and less. In very shallow water (about 1 m deep) near
shore the transmitted signal was strongly degraded and the detection threshold from the skiff
was estimated to be only 0.1 km. Because temperature outliers were infrequent when a
strong signal was received, we attempted to maintain close contact with fish being tracked.

Intercomparisons of ultrasonic transmitters, the bucket thermometer, and the CTD
were conducted by simultaneously immersing all instruments into a container of seawater
and reading each. One comparison was conducted prior to the release of Fish 3, the other
prior to the release of Fish 6. They gave the followingresults (OC):
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Instrument
Bucket Thermometer .

. Temperature Transmitter
CTD

Transmitter
#7191

4.6
4.3-4.4

4.1

Transmitter
#7194

5.6
5.8
5.2

The fish used for tracking were captured by FWS personnel at a fyke net located in the
eastern end of Simpson Cove. Large individuals were selected in order to minimize tag
effects on swimming speed and behavior (cf.Mellas and Haynes 1985). We followed (with the
exception of the cisco) the guideline presented in Wmter (1983) that transmitters should
weigh no more than 2 percent in air of the fish's weight out of water. For the transmitters
used in this study, this equates to a fish weighing at least 1,125 g. A char of that weight

.would be about 475 mm long.
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Fish to be used for tracking were transferred to a floating pen located approximately "
100 m from the fyke net and held there until needed. Normally only one or two fish were
held at a time and holding times were no more than 1-2 h. One fish would be dipped from
the net into a plastic container and transferred by skiff to 1273. Immediately after transfer,
the fish was placed into a tagging cradle lined with a wet towel, its length measured to the
nearest millimeter (FL), and then the transmitter was attached. A 6.5 em long Petersen pin
was passed through the fish's musculature immediately behind the dorsal fin. The sharpened
end was, then twisted with needlenose pliers to create a small pigtail loop. Earlier, the
transmitter had been loosely connected to the other end of the pin by a similar pigtail around
the nylon attachment loop at one end of the transmitter, thereby creating a flexible linkage.
Petersen discs (2.5 em diameter) were placed on both the entry and exit sides of the wire to
reduce scale abrasion by the transmitter and the pigtailed end of the wire. The measurement
and tag attachment procedure took less than 2 minutes. The fish were then placed in a large
plastic fish tote (dimensions approx. 2 x 1 xl m) filled with seawater and allowed to recover
during the approximately I-hour trip to the release area. The fishes' condition was observed
frequently during the journey to the release area. Seawater was periodically added to the
container for oxygenation and to aid acclimation to conditions at the release area. Water
temperatures and salinities within the cove did not differ greatly from those outside during
the tracking period. The release procedure consisted of putting the fish into a smaller,
covered container, transferring it to the skiff, and running the skiff about 50 m ahead of 1273
for the release to ensure that the fish entered the water gently and that it was immediately
available for detection by the forward-scanning hydrophone.

~

Prior to releasing a fish the vessel was stopped, a GPS position determined, and a CTD
cast made. Initially, the tracking data collection protocol consisted of using the data
storage/logger for time/temperature data, logging at 30-s intervals. Alaska Daylight Savings
Time (nearest minute), temperature (to O.lOC), position (to the nearest 0.01 min), and
corrected depth (ft) were hand logged at approximately 10-min"intervals. This procedure was
abandoned shortly after tracking commenced due to an"apparent failure of the data logger.
Manual logging of all data at nominal 5-minute intervals was performed thereafter. During
tracking, the receiver's automatic gain control circuit was employed rather than manually
altering the amplification of the received signal.
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The most efficient method for maintaining contact with a tagged fish was a stop-and-go
procedure, which consisted of slowly turning the vessel through 3600 when audio signal
strength weakened perceptibly, noting the bearing at which the received signal was strongest,
and then proceeding slowly on that bearing until a loud, clear signal was received, at which
point the vessel was stopped again. This procedure decreased the possibility oflosing contact
due to a marked change of direction by the fish. It was rarely necessary while tracking to
exceed 1 knot to maintain contact with the fish. Of the seven fish tracked from 1273, contact
with two was lost offshore, while the others were lost when they entered shoal and/or surf
zone areas. On three of the latter occasions, the skiff was employed in attempts to regain
contact. We successfully tracked one fish from the skiff into waters too shallow (less than
1 m) for outboard operations. When tracking fish from the skiff, an ICOM handheld VHF
radio was used to communicate with 1273 and to transmit temperature data.

Data Analysis

Telemetry Data

Time, position, and temperature data arrays for each fish were entered into the
computer for processing, conversion, and analysis. Programs written in-house were used to
calculate ground speeds and to plot fish tracks, ground speeds, and temperature records. The
coastline contours used for the track plots had been previously digitized from 1:250,000 scale
U.S. Geological Survey maps. Many of the other analyses and graphics plots were done on
an IBM PC using Statgraphics statistical analysis and plotting programs. Due to the
heterogeneity of the data distributions and small (hourly-averaged) sample sizes, non-
parametric methods were used for statistical testing. An alpha level of 0.05 was used for all
tests of significance. The vessel's and fishes' positions were assumed to coincide.

A directedness-of-movement index was determined for each fish. The index is simply
the great circle distance between the beginning and end of a fish's track divided by the total
length of the track. Therefore, a value of 1 indicates completely directed movement, while
a value of 0 indicates no directed movement. The direction of net movement of each fish was
determined from the starting and ending positions of each track. Both unweighted and
weighted Rayleigh tests (Zar 1984) were used to test for non-randomness of direction of
movement of the char as a group. Moore's modification was employed in the latter test,
which used net displacement as a ranking factor.

Our fish tracking generated ground speed data. Ground speed is the vector sum of the
fish's swimming velocity, the ambient current velocity, and an error term representing the
variable location of the fish relative to the tracking vessel as well as navigational error.
Ground speeds between successive positions were calculated assuming straight-line
movements. Time and distance were iteratively summed to generate gross ground speeds for
entire tracks. Net ground speed, or net rate of displacement, also was calculated. It is the
shortest water distance between the starting and ending positions of a fish track divided by
the duration of the track.

Several methods were used to evaluate ground speed data quality. Ground speed data
from individual fish were first standardized (as described below) and then screened for

-89-

-



.1

anomalously high values. Our criterion for deleting data was based on the results of several
experiments on the swimming performance of salmonids. Using 34-cm Arctic char, Beamish
(1980) showed that approximately 1 min was required to reach 50% fatigue at 3 Us and 5
min at 2.5 Us. Brett (1973) determined that adult sockeye salmon had a mean critical
swimming speed (the approximate maximum speed that a fish can maintain Without
fatiguing) of 3.1 Us. Williams and Brett (1987) examined differences in swimming
performance of migrating adult pink salmon due to sex, stock unit, and stage of maturation.
They found the fish could attain critical swimming speeds as great as 3.39 ± 0.48 Us. Based
on the above, we selected 3.3 Us as a cutoff point. This cutoff includes an arbitrary 0.3 Us
(about 15 cm/s) allowance for currents. In cases where calculated Us exceeded this value,
the position data bounding that speed estimate were examined, one was deleted, and ground
speeds were recalculated over the longer time interval. Zero speed values bounded by
acceptable speeds were retained in the absence of any compelling reasons to question their
validity.

Following data screening, gross ground speed was subtracted from each fix-to-fixspeed
estimate to produce demeaned speed data for each fish. These data were plotted against time
to identify possible tag effects or escape responses.
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Screened ground speeds were binned into J-hour segments and averaged for statistical
analyses. Linear interpolation was used when observed data points did not coincide with the
bins. The averaged data were used to generate standard descriptive statistics (mean,
standard deviation, range) for each fish. A Mann-Whitney U test (Zar 1984) was used to test
for significant differences in offshore and alongshore ground speeds of Fishes 2 and 4. Runs
tests (Zar 1984) were applied to the hourly-averaged data from Fishes 2, 4, and 6 to detect
trends in swimming speeds that might reflect escape responses or tag effects. Possible
diurnal variations in ground speed were only cursorily evaluated due to the absence of
darkness during the study period .

Standardized ground speed data were used to compare movement rates of fish of
differing sizes, to pool data from different fish for testing, and to make comparisons with
results of tracking studies conducted on other species. Fork lengths were converted to total
lengths using regressions derived from meristic data for char and Arctic cisco (presented in
Appendix B of Thorstein son et al. 1990). Ground speed data were then divided by the derived
values to generate Us data. A Us vs. track duration plot was created to identify tag effects
on swimming speeds. The Kruskal-Wallis test (Zar 1984) was used to test for significant
differences in standardized ground speeds among fish.

The initial screening of transmitted temperature data consisted of the examination of
individual time-at-temperature plots to detect obviously errant values and possible escape
responses (cf. Quinn and terHart 1987). Thmperature records from all char were combined
to generate a temperature occupancy histogram. A similar histogram was produced for the
lone tagged Arctic cisco. Thmperature data from fish and CTD casts were used to evaluate
temperature preferences and to estimate swimming depths of tagged fish. Spot comparisons
were made for the start of each track; i.e., initial transmissions were compared to the
temperature data obtained from the CTD cast taken just prior to release of a fish. Underway
comparisons consisted of the comparison of coincident-in-time data from CTD casts and
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transmitters, as well the transmissions during the I-hour period bracketing a CTD cast.
Hourly average temperatures and ranges were determined from the transmitter data,
allowing an evaluation of the representativeness of each preference observation.

An exploratory examination of the effect of water temperature on char ground speeds
was conducted using selected track segments. Segments sought were those in which
temperatures remained nearly constant (less than I°C change) over periods ofat least 30 min
and high quality navigation was continuously available. This was intended to minimize the
potential effects of temperature gradients on behavior (see, e.g., Laurs et al. 1977) and
position errors on speed estimates. Data from Fishes 2, 4, and 6, which had no significant
differences in standardized ground speeds, were pooled for analysis. Seven segments were
selected. An initial plot of the speed and temperature data suggested a relationship, so
statistical testing followed. ASpearman rank correlation test was run on the temperature
and ground speed data averaged over each of the segments. Next, the segments were broken
into 50-7Q-min bins and average temperatures and speeds calculated as before for each bin.
One 35 min segment was included because of the sparse suitable data. The average speeds
from each bin, grouped by temperature, formed the data set for a Kruskal-Wallis test of
intergroup differences of ground speed.

Oceanographic Data

The CTD data were quality controlled and processed by conventional methods. Sensor
readings were converted to engineering units and sorted by pressure into O.I-mbins. Data
in each bin were then averaged to derive the temperature and conductivity for that pressure.
Empty bins were filledby a value derived frominterpolating between closest non-empty bins.
Salinity and density were calculated and stored along with temperature as a function of
depth. Data recorded during the lowering of the instrument were used for analyses to
minimize turbulence-induced effects on the sensors due to passage of the instrument through
the water. Plots of temperature, salinity, and density (sigma-t) versus depth and plots of
temperature vs. salinity were examined to detect erroneous data and to categorize data in
terms of thermohaline structure and properties.

RESULTS

Fish Tracks

Table 12 summarizes the results of the tracking study. Six northern Dolly Varden
char and one Arctic cisco were tracked for a total of 3,599 min over a distance of 119.5km.
Individual fish were tracked for periods of 140-1,260 min and distances of 6.2-36.9 km.
Gross ground speeds of individual char were 48.8-74.2 cm/s, while the group's average
ground speed (summed gross track length divided by summed time tracked) was 55.8 cmls.
Net ground speeds, or net movement rates, were 9.5-63.2 cmls. The chars' individual
standardized ground speeds were 0.96-1.37 Us, while their mean standardized ground speed
was 1.04 Us. The cisco'sgross ground speed was 48.9 cmls, or 1.14 Us, while its net ground
speed was 44.1 cm/s.
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Table 12.-Summary of results from ultrasonic tracking of northern Dolly Varden char and
Arctic cisco in Beaufort Sea coastal waters, 1990.
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Total Duration Movement Gross Net
Fish length Start of track Gross Net ground speed ground speed

number (em) date (min) (km) (km) (cm/s) (L/s) (cm/s)

Northern Dolly Varden char
1 53.1 7/30 166 6.9 6.3 69.7 1.31 63.2
2 54.0 7/31 935 31.0 12.0 55.3 1.02 21.4

3 48.5 8/01 292 11.5 3.1 65.5 1.35 17.7
4 56.9 8/03 1,260 36.9 7.2 48.8 0.96 9.5
5 54.2 8/10 140 6.2 5.4 74.2 1.37 64.3
6 53.5 8/11 545 19.3 5.2 59.0 1.10 15.9

1-6
combined 3,338 111.8 55.8 1.04

Arctic cisco
7 42.9 8/12 261 7.7 7.0 48.9 1.14 44.1

Computer drawn fish tracks illustrate results described below. Note that portions of
Tracks 2 and 4 extend inside the shoreline. As these are vessel positions, the actual fish
positions would be even farther ashore. The tracks were not adjusted seaward because we
are confident in the quality of the GPS positions. The discrepancies could derive from four
sources. The first is errors introduced during the digitization of the coastline from 1:250,000
scale USGS maps. The second is inaccuracies in the maps themselves. The National Map
Accuracy Standard for well-located points on a 1:250,000 scale map is 127 m. The Mt.
Michelson and Flaxman Island maps, which encompass the study area, were prepared from
aerial surveys conducted in 1955 and have not been field checked The third is coastal
erosion subsequent to the mapping surveys of the area, which reportedly took place 35 years
ago. Assuming that the average coastal erosion rate of 1.5-1.6 m1yr in the region noted
earlier in this report is correct, the shoreline could have retreated over 50 m since the
surveys. Finally, the datums used for the USGS maps and GPS system differ. The former

- is based on the 1927 North American Datum (NAD),while the latter uses the 1983 datum.
Local differences between the two datums are about 110 m and 25 m for longitude and
latitude,respectivel~

Fish I.-This char tracking session took place on July 30. At the beginning of the
period there was a 0.3-m swell and no seas. Wmds were from the northeast; they increased

, from 1 m1sto 5.4-5.6 m1sduring the day. CTDcast 1 was made at 09:19, 53 min prior to fish
release. It showed a 3-m-thick surface mixed layer with a temperature ofO.5°Cand salinity
of about 27.5 ppt. Temperature decreased and salinity increased in the pycnocline
immediately below to values of about O°Cand 29.5 ppt, respectively, at 9 m depth.

[I
l!

Fish 1 was released at 10:12 at 70000.5'N, 144°43.1'W,about 4.6 km north of Carter
Creek. The fish displayed directed movement toward the northwest until contact was lost
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Figure 41.-Track ofFish 1.
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Figure 42.- Temperature vs. elapsed time, Fish 1.

at 13:31 (Fig. 41). Thmperatures received from the transmitter during tracking ranged from
1.0 to 2.1°C; they oscillated through about one degree for about 1 h after tracking began and
one-half degree or less thereafter (Fig. 42). Water depths increased monotonically from 8.5 m
at the release point to 12.8 m at the time contact was lost.

Fish 2.-Tracking began on July 31. There was a 0.6-m swell and no seas during the
duration of tracking. Winds were light (1-2.2 mls) during the day, increased to 3.6-4.5 mls
in the evening, then weakened to 0-2.2 mls after midnight. CTD casts 2, 3, and 4 were made
at 09:07, 12:30, and 20:00, respectively. The thermohaline structures at the first and third
CTD stations were similar; both were almost isohaline (about 31 ppt) from surface to bottom
and had only about a 1°C. temperature decrease between the 1°C surface waters and
near-bottom waters. In contrast, CTD cast 3 displayed pronounced temperature and salinity
gradients. Surface water was dilute (about 14 ppt) and cool (2.5°C). A pycnocline was
evident between 6 and 8 m, below which temperatures were below O°Cand salinities above
23 ppt. The GPS was unavailable for two periods exceeding 30 min in the middle of the
tracking session.

Fish 2 was released at 70001.0'N, 144°48.2'W, about 4.2 km north of Marsh Creek.
Tracking began at 10:50 (Fig. 43). The fish initially moved northward. At about 12:30 it
began to veer in a clockwise direction; at about 20:00, it was moving almost due south. The
transmitter signal was lost at 21:55, when 1273 was about 140 m off the beach in the eastern
part of the study area. Shortly thereafter we began searching along the beach from the skiff
and at 23:46 the fish was relocated. The fish moved northeastward within 50 m of the beach
until tracking was terminated at 02:25 when it entered very shallow waters (less than 1 m
depth) behind the barrier spits at Anderson Point.
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Figure 44.-Temperature vs. elapsed time, Fish 2. Note the very coldwater after
about 800 min, which presumably is due to upwelling, and the ensuing rapid
temperature increase near the end of the record, which is presumed to reflect
entry of the fish into the plume of the Sadlerochit River.

Fish 2 traversed waters having temperatures between -0.3 and 3.4°C (Fig. 44).
Beginning in waters slightly over O°C,the fish moved into warmer waters and reached the
warmest waters encountered offshore at about 13:30, when temperatures exceeded 3°C. From
then until 01:00 the overall trend was for it to occupy colder temperatures, albeit with some
oscillation about the trend line. The coldest waters traversed by the fish occurred along shore
near Anderson Point, where temperatures below O°Cwere transmitted. At about 02:00 a
sharp increase in water temperature ensued; the warming trend continued until tracking
terminated, when a temperature of 3.3°C was recorded. The fish was exposed to a
temperature increase averaging 0.14°C/min while passing through this relatively strong
gradient. Water depths during the tracking session began at 11 m, increased to 13 m, and
then decreased to 3.5 m while tracking from 1273. They were less than 2 m while tracking
from the skiff.

Fish 3.-Tracking of this fish commenced on August 1. At the time of release, seas
were 0.6-0.9 m and winds were 3.6-4.5 mls. Fog was present after 22:45.CTD cast 5 was
taken at 17:46. The data showed little variation of salinity with depth and values near
31 ppt. The temperature profile indicated a 4-m-thick mixed layer of water slightly over 2°C
capping a thermocline that extended to about 7 m depth, below which temperatures were
isothermal and roughly -o.5°C. The GPS was unavailable for three periods exceeding 30 min
while following Fish 3.
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Figure 46.-Temperature vs. elapsed time, Fish 3.

This char was released at 17:53at 70000.9'N, 144°52.3'W,roughly 2.5 km north of the
opening in the spit that forms the northern shore of Simpson Cove. It moved generally
northwestward for about 2 h, then turned sharply back southeastward, maintaining that
direction until about 21:55, when it veered southwestward (Fig. 45). Contact with the fish
was lost at 22:45 in 1.4 m of water and foggy conditions west of Collinson Point.
Temperatures transmitted from the fish during tracking ranged from 1.7 to 2.8°C (Fig. 46).
The general trend observed was a slow temperature decrease with oscillations of less than
one degree about the trend line. Water depths during tracking ranged from 10.7 to 1.4 m.

Fish 4.-We commenced this track on August 3. At 11:00 the wind was westerly at
3.6-4.5 mls and seas were 0.6-0.9 m high. By 20:00 the wind had weakened to 1-1.8 mls.
Later, by 02:00, it was calm and fog was developing. A shift in wind direction occurred in
early morning and by 07:00 winds were from the northeast at 1 mls. Winds gradually
increased to 1.8-2.2 mls by 09:00, then freshened to 8.9-10.7 mls by 13:10. Seven CTDcasts
were completed during this tracking period. Casts 16-20 were made while in contact with
the fish. (As CTD casts 21 and 22 occurred while searching, they will not be considered
here.) The times at which casts 16-20 were made are as follows:11:01, 14:55,20:55,23:10,
and 04:20. Surface water temperatures and salinities varied little at CTD stations 16-18,
being about 4°C and 31 ppt, respectively. However, the mixed layer at station 18 was about
6 m thick, in contrast to the 4-m-thick layers at the other two stations. CTD station 16 had
the most well-developedthermocline, reaching temperatures near O°Cbelow 9 m depth. CTD
cast 19 was taken near shore in the eastern part of the study area. It was distinguished by
essentially invariant salinity and weakly negative temperature profiles; salinity was about
30 ppt and temperature about 4-4.5°C. cm cast 20 also was taken near shore, west ofCTD
cast 19. A two-layer structure was present. Surface temperature and salinity were about
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6°C and 29 ppt, respectively, in the 1-m-thick mixed layer. A 1-m-thick pycnocline separated
slightly more saline and cool waters from those above. TheGPS was unavailable for two
periods exceeding 30 min.

The release of Fish 4 was delayed as an apparent weak signal from a previously
tracked fish was detected upon arrival at the release location. After searching unsuccessfully
for the source of the signal for about 1 hour, we released Fish 4 at 11:53 at 70001.4'N,
144°45.7'W, some 4.9 km north of Marsh Creek. This was the largest and slowest char we
tracked. The fish seemed to mill about for 6 h; its track during that time includes a loop
about 0.5 km across (Fig. (7). At 18:00 the fish began directed easterly movement that
brought it within 240 m of the shore just off a radio repeater station located in the eastern
part of the study area at 23:35. The char then moved northeast close inshore until 02:03,
whereupon it reversed direction and proceeded southwest until contact was lost at 09:05 in
the vicinity of Carter Creek. 1273 was usually within 250 m of shore during the period from
23:35 to 09:05. The area between Marsh Creek and the repeater station was searched
unsuccessfully until 15:55.

Water temperatures traversed by the fish ranged from 2.6 to 6.2°C. The temperature
record from Fish 4 displayed a step-like structure (Fig. (8). From the time of release until
about 22:00, temperatures remained between roughly 3 and 4°C. Between 22:00 and 23:30
a rapid increase of temperature to values exceeding 6°C occurred, after which temperatures
displayed relatively little short term change but a gradual decreasing trend such that at the
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Figure 48.-Temperature vs. elapsed time, Fish 4. Note the rapid increase of
temperature occurring about 10 h after tracking commenced. Along the shore,
relatively warm waters had replaced waters with temperatures below O°C that
were present 3 days earlier when Fish 2 traversed the area.
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time contact with the fish was lost they were 4.5-5°C. Between 22:00 and 23:20 water
temperatures traversed by the fish increased by 3°C, or at an average rate of 0.04°C/min.
It is notable that the highest temperatures occurred in the same inshore area of eastern
Camden Bay that had water colder than O°Cwhen traversed by Fish 2 about 3 d earlier.

Fish 5.-Wind speeds were about 1 mls at the time this tracking session began on
August 10. GPS coverage was excellent throughout; no interval with GPS unavailability
exceeding20 min occurred. CTDcast 44 was taken at the release point at 12:14and cast 45
at 14:30. The salinity profiles at the stations showed almost no vertical variation, both being
slightly over 31 ppt throughout the water column. The temperature profiles at both locations
were weakly negative; however, surface temperatures were about 4°C at CTD station 45,
which was quite close to shore, in contrast to 2.5°C at station 44.

This char was released at 12:26at 70001.6'N, 144°47.6'W,about 5.3 km north ofMarsh
Creek. The fish displayed directed movement to the south and at 14:45, 1273 was 90 m off
the shore at Marsh Creek in 3.3 m of water (Fig. 49). The transmitter signal was lost at
15:00. At 16:10 searching commenced from the skiff. The search was broken off at 18:00.

Fish 5 traversed a considerable temperature range in a short time (Fig. 50). For the
first 90 min the fish was in waters having temperatures of 1.5-2.5°C.However, after about
14:00 the temperature record displays a sharp increase, reaching values over GOCby 14:40.
At about 14:28 an apparent 2°C discrepancy between the warmest temperature recorded by
the CTD (about 3.9°C) and that at the fish's location (6°C)occurred. At the time, 1273 was
about 900 m from the shoreline. We believe that the difference was real and that the fish
probably was in a narrow, shallow inshore band of relatively warm, dilute water off Marsh
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Figure 50.- Temperature VB. elapsed time, Fish 5.
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Creek. The average rate of temperature increase that Fish 5 was exposed to while moving
into warmer water was 0.08°C/min. Water depths ranged from 10.7 m at the release point
to 3 m when the fish was lost.

Fish 6.-This tracking session began on August 11. Winds were calm at time of
release, but strengthened to about 2-3.5 mls from the northeast after 16:25. Seas remained
less than 0.5 m high. Radar fixes were used for position determination from 14:15 to 18:05
due to the unavailability of GPS positions. CTD casts 46 and 47 were made while in contact
with the fish and cast 48 shortly after contact was lost; the cast times were 10:20, 12:25, and
19:50, respectively. The salinity structures at the three stations typified those seen earlier,
being almost invariant from surface to bottom and roughly 31 ppt. The temperature profiles
showed evidence of wind mixing in the form of nearly isothermal surface layers overlying
thermoclines, The mixed layers were 2-4 m thick. 'Thmperatures at the bottom were 1-2°C.

This char was released at 10:20 about 5.8 km north of Marsh Creek at 70001.9'N,
144°47.5'W. The fish moved southward-similar to Fish 5-and reached the vicinity of the
shoreline at about 13:30, after which time it moved eastward. Fish 6 reached its easternmost
position at about 17:00, then turned northward. At 18:05 the fish turned east-northeast, the
direction it followed until contact was lost at 19:30 (Fig. 51). An unsuccessful search for Fish
6 was terminated at 23:30.

Fish 6 traversed waters having temperatures between 2.7 and 5.5°C. The temp-
erature-at-time record was characterized by frequent, roughly 1°C oscillations about the
trendline throughout most of the record (Fig. 52). Fish 6 proceeded from roughly 3°C water
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Figure 52.-Temperature vs. elapsed time, Fish 6. Note the oscillatory structure
of the temperature record about the general trend-most notably, between 140 and
300 min.
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at release to 5°Cwater by 12:00. Between 12:00and about 17:00the mean temperature was
near 5°C. However, oscillations were notably abundant in this portion of the temperature
record; their maxima and minima were 5.3-5.4°C and 4.6-4.7°C, respectively. The periods
of the oscillations were 15-25 min. If a ground speed of 59 cmls and a stationary
temperature field are assumed, a 20-min period would represent a 710-m wavelength for an
oscillation. A decreasing temperature trend occurred thereafter to the end of the record.
Water depths during the tracking session ranging from 6.4 to 11 m.

Fish 7.-. This tracking session began on August 12. Wmds were about 1.3 mls at
11:00,strengthening to 1.5 mls by 13:00 and 3 mls by 15:20. The GPS was unavailable for
one period exceeding 30 min near the end of the session. CTD cast 49 was made at 10:54.
A pronounced two-layer structure, manifested by a sharp thermocline lying between 5 and
7 m depth, was evident. The mixed layer was 5 m thick and had waters with temperatures
of 3°C. Again, salinity was quite invariant, being about 31 ppt in the surface layer and
31.75 ppt belowthe pycnocline. Belowthe thermocline, water temperature was invariant and
only slightly over 1°C.

Fish 7 was the only Arctic cisco tracked due to the unavailability of fish deemed
sufficiently large to be unaffected by the transmitter. The release location was 70001.8'N,
144°47.7'W,which is approximately 5.7 km offMarsh Creek. From the time tracking began
at 10:59until contact was lost in the channel offCollinson Point at 15:20,the ciscodisplayed
very directed southwest movement (Fig. 53). An extensive search of the channel area
employing both 1273 and the skiff was unsuccessful and was terminated at 18:40.

Temperatures transmitted from the cisco did not change much during tracking; they
ranged from 2.0 to 3.4°C (Fig. 54). Some decrease of temperature was observed after about
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Figure 54.- Temperature VB. elapsed time, Fish 7.
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14:00. Water depths decreased monotonically from 11 m at the fish release point to 2.1 m
when the signal was lost.

Movement Patterns

Directedness indices varied widely among the char. ranging from 0.20 to 0.92. The
compass bearings of Fishes 2~ were between 88°T and 236°T. or generally shoreward
(Fig. 55). Fish 1 moved offshore on a bearing of 329~. Given the short duration of contact
with this fish and similar initial offshore movements shown by Fishes 2 and 3. it is possible
that Fish 1 also eventually turned shoreward. The mean direction of movement of all char
was 116°T. While the direction of movement of char was dominantly shoreward. both the
unweighted and weighted Rayleigh tests produced a conclusion of random net movement.

Figure 55.-Directedness indices and compass bearings offish. Length of
arrow indicates directedness of movement as a ratio ofnet to gross ground
speed. direction ofarrow indicates direction ofmovement based on starting
and ending positions of track. Number at end of arrow indicates fish.

Movement Rates

Ground speed statistics based on data averaged over 1-h bins are shown in Table 13.
The average ground speeds of the char ranged from 48.8 cmJs to 74.7 cmJs. These values
differ slightly from the gross ground speeds due to the omission of some data by truncation.
Fluctuations in the ground speeds of individual fish reached 50 cm/s. The standard
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Table I3.-Ground speed statistics of northern Dolly Varden char and
Arctic cisco based on hourly averaged data.

Number Speed

Fish of Average SD Range
number samples (cm/s) (LIs) (cm/s) (cm/s)

Northern Dolly Varden char
1 2 74.7 1.49 11.7 66.4-83.0
2 13 58.2 1.14 13.3 37.1-82.8
3 4 65.4 1.44 8.9 52.5-72.5
4 21 48.8 0.91 12.4 26.8-85.4
5 2 75.0 1.47 10.5 67.6-82.5
6 9 59.4 1.18 18.3 41.1-92.7

Arctic cisco
7 4 48.6 1.25 5.8 41.3-55.2

.,..

deviations of the ground speeds also displayed considerable variability; the greater deviations
occurred among fish tracked for relatively long periods. The Kruskal-Wallis test showed that
the standardized ground speeds of Fishes 2, 4, and 6, which had the three longest records,
were not significantly different. The Arctic cisco's average ground speed and standardized
speed were 48.9 cm/s and 1.14 Us, respectively. The standardized gross ground speeds of all
fish vs. total time tracked are shown in Figure 56. They suggest a negative relationship of
speed and time tracked-possibly a tag effect. This relationship was examined in more detail
by reviewing demeaned ground speed records for each fish. No consistent pattern of de-
creasing speed with time was evident in the individual records. Furthermore, all three of the
runs tests on the longest records (Tracks 2, 4, and 6) detected no trends. Examination of the
hourly-averaged speed records also did not indicate any diurnal patterns. Differences in
alongshore and offshore ground speeds of char were evident. Fish 2 averaged 56.8 cm/s
offshore between 10:50 and 20:50 and 72.5 cm/s alongshore between 00:00 and 02:00. Fish 4
averaged 50.5 cmIs offshore between 12:05 and 22:05 and 48.4 cmIs alongshore between
00:00 and;09:00. However, neither difference was statistically significant according to the
Mann-Whitney U test.

Fish 4 provided us a serendipitous opportunity to make a swimming speed estimate
when it reversed direction of movement along shore. By assuming the fish's swimming speed
and the alongshore current speed were invariant, swimming and current speeds were
calculated from simultaneous equations employing ground speeds attained while moving in
opposite directions; i.e., V, + v, = V'I and V, - v, = V".' where V,. v; and V, represent
swimming, current, and ground speeds, respectively, and V,I is greater than V".. The
23:50-02:03 and 02:03-05:00 track segments selected were nearly coincident in space. The
calculated values of Fish 4's northeasterly and southwesterly ground speeds were 54 and
42 cm/s, respectively, while its swimming speed was 48 cmIs, and the current speed was
6 cmIs to the northeast. The swimming speed estimate agrees closely with the fish's gross
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Figure 56.-Standardized ground speed vs. elapsed time. Note the apparent
decrease of speeds occurring as elapsed time increases. Numbers identify fish.

ground speed of 48.8 cmJs over the entire track. The inferred current is consistent with an
observation logged at 23:55 that the tracking vessel was being set northeast parallel to the
beach, as well as with the flow patterns deduced from oceanographic observations off Carter
Creek (Hale 1991).

A relationship between ground speed and temperature was not evident from an
examination of scatter plots for individual fish. As illustrated in Figure 57, the full range of
speeds appeared possible at any given temperature. However, speed and temperature data
from seven selected track segments (Fishes 2, 4, and 6) showed an apparent negative
relationship (Fig. 58). Speeds decreased fairly steadily from about 1.4 Us at approximately
-o.2°C to 0.7-0.8 Us at 4.4-5.8°C. A Spearman rank correlation of temperature and ground
speed data averaged over each segment indicated a significant negative correlation. The
same data averaged over 35-7Q-min bins and used in a Kruskal-Wallis ANOVA,produced
a conclusion of no significant difference in ground speeds at the various temperatures.

Temperature Occupancy

A total of 493 observations of temperatures was obtained from the six char tracked.
The mean water temperature occupied was 3.6°C, while the range was -0.5 to 6.5°C. The
frequency distribution of the temperatures was multimodal (Fig. 59). A total of 51
observations of temperature was obtained from the single Arctic cisco. The mean water
temperature occupied was 2.85°C and the range was 1.5-3.5°C. The temperature frequency
distribution for the Arctic cisco was unimodal (Fig. 60).
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Figure 58.-8tandardized ground speed vs. temperature. Selected temperature
and associated speed data from Fishes 2, 4, and 6. Bars indicate standard errors
about the means. Data segments used range from 35 to 255 min.
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Temperature Preference

'Thmperatures available to fish and those used are shown in Figure 61. Six of the
seven comparisons made at the beginning of tracking sessions showed the fish preferred
water at the upper end of the available temperature range, while one indicated preference
for the middle of the available range. However, these data are not considered to be
representative because the fish may have been exhibiting escape responses and the time
interval between the CTD cast and initial transmission from the fish often was considerable.
Thus the following discussion focuses on comparisons made after tracking was under way.

o
Temperature rC)

2 3 4 65
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Figure 61.-Temperature selection observations. Horizontal bars indicate range oftemperature
available as indicated by CTD. Time of CTD cast is shown to left of bar. Filled circle indicates
transmitted temperature. Time oftransmitted temperature is shown above circle if differing from
CATD. Shaded bars indicate range of transmitted temperatures during I-h period bracketing
CTD cast, while x's indicate average temperature during the .I-h period. The fish that the
observations come from is indicated at the far left of the figure.
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Twounderway temperature preference observations were made for Fish 2. In the first
instance, a fairly wide range of temperatures was available (-0.3 to 2.5°C)and the fish used
the high end of the range, which was in the uppermost 3 m of the water column. In the
second, the fish occupied the middle of the 0.5-1.2°C range and the uppermost 4 m.

Four underway temperature preference observations were made forFish 4. During the
first observation, the fish occupied intermediate temperature water from the available
2.2-4.0°C range; it appears that it was in the thermocline at about 4 m depth. Similar
selection was apparent during the secondobservation, when 2.8--3.6°Cwaters were available;
the fish appeared to be just belowthe mixed layer in 3.2°Cwater at 6 m depth. In the third
and fourth observations, the fish selected the warmest waters available (4.7 and 5.9°C,
respectively). In the former instance it appeared to be in the uppermost 5 m, while in the
latter it apparently used the 1-m-thick surface mixed layer. The rapid increase of water
temperatures that occurred during the third observation confounds an unambiguous
interpretation of selection, although the coincident-in-time temperature values agree quite
well.

The underway observation for Fish 5 produced the greatest disparity between
concurrent CTD and transmitter temperature readings and also the greatest transmitted
temperature range during the hour-long period around the CTD cast-some 4°C.
Transmitted temperature increased very rapidly prior to the CTD cast, then became
relatively stable at 5.9-6.4°C. Although nearby, this fish evidently was in waters having
properties that differed dramatically from those at the tracking vessel, so a temperature
preference inference is unwarranted.

Fish 6 had a wide range of temperatures available (l.7-4.6°C) and selected the upper
end of the range, which was represented by a 2-m-thick surface mixed layer.

DISCUSSION

Habitat Attributes

The unusually strong and persistent easterly winds during the summer of 1990 had
a major influence on oceanographic conditions in the study area. Pack ice was driven far
offshore,creating a broad band ofopen water along the coast. The resultant large wind fetch
promoted active wind-driven currents and associated mixing processes in the area. As a
consequence, temperature and salinity contrasts between surface and deeper waters were
weakly developed as compared to those observed in Camden Bay in early August 1988and
much weaker than those in 1989. The difference was most evident with respect to salinity,
where all but a few surface values were 30-32 ppt in 1990, as compared to about 1~12 ppt
during the same period in 1988 and as little as 5 ppt in 1989. However,near-surface water
temperatures in 1990 were also considerably lower than those during the preceding year. If
the temperature and salinity criteria used to define water masses in 1988 (Thorsteinson et
al. 1990) are applied to CTD stations occupied in 1990, only one of the latter had coastal
water in the surface layer, one had transitional waters in the surface layer, and the
remainder were purely marine throughout the water column.
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Methodology

The changeable spatial relationship between the tracking vessel and fish, navigation
errors, escape responses and tag effects may have biased our ground speed estimates.

The screening procedure should have reduced the effects of positional errors on
instantaneous speed estimates because positional errors would have remained relatively
constant while distances used for the estimates increased. On the negative side, the '
screening may have produced some straightening of tracks and concomitantly decreased gross
speed estimates. Upward biased speeds may have been produced because the tracking vessel
meandered about the fish tracks and thereby covered more ground in a given time than the
fish did. One avenue to address those biases involves comparisons of alongshore and offshore
data. The former are relatively well constrained because of the close proximity of the vessel
to the fish in shallow water, dictated by the decreased signal detection range, and the
consistent spatial relationship of the vessel and fish, which is dictated by the shoreline. The
best data available to us are from the track of Fish 4, from which we have an estimate of
alongshore swimming speed that may be unbiased by currents. The fish's swimming speed
was onlY''O.8cm/s less than its offshore ground speed. The result is encouraging; however,
'it is based on very little data and should be considered tentative.

Screening ofthe temperature and ground speed data for tag effects or escape responses
showed no evidence of such trends, so we do not believe that the speed estimates are biased
due to those factors. The apparent negative relationship between gross ground speeds of
individual char and elapsed time tracked seems to have arisen by chance.

The question arises as to how closely the gross ground speeds of the char and cisco
approximate their actual swimming speeds. The good agreement of the swimming speed and
gross ground speed estimates for Fish 4 suggests only small differences. Additional evidence
is available from other telemetry studies in which swimming speeds of fish were calculated
or actually measured. Quinn (1988) estimated sockeye salmon swimming speeds by vector
subtraction of observed currents from fish tracks over ground. While there were considerable
differences between average swimming and ground speeds for individual fish, agreement was
good for the entire data set (66.76 and 64.7 cm/s, respectively; n = 25 fish). Quinn surmised
that the salmon did not respond strongly to currents and, thus, over extended temporal and
spatial s~~es, currents became in effect random perturbations that were averaged out.
Additioniil evidence supporting a close relation between swimming and ground speeds comes
from a telemetry study conducted in deep ocean waters with no major currents. Carey and
Scharold (1990) observed that the average swimming speed based on speedometer readings
from a shark tracked for 19 h was comparable to its gross ground speed estimated from the
tracking vessel's positions. The speeds were 40 ± 3 cmls and 43 ± 8 cm/s, respectively.

When a large data set is available and the study area has weak and/or periodic
currents, it is probably reasonable to equate gross ground speeds with swimming speeds.
However, the Eulerian current data from the vicinity of Carter Creek have demonstrated that
the current regime in Camden Bay is event-dominated, highly variable, and relatively little
influenced by tides. Lagrangian observations likely would reveal comparable richness in the
horizontal structure ofthe current field. Thus we conclude that until a more substantial data
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base on swimming speeds of char and cisco is available, it is unwarranted to conclude that
the gross ground speeds closely approximate the average swimming speeds of the fish.

Northern Dolly Varden Char

Movement Patterns

No consistent pattern of movement of char was shown by the Rayleigh tests or the
directedness index. However, these results may be confounded by currents prevailing in
1990, about which no information is available at present. The movements of fishes can be
strongly influenced by currents. Quinn and Leggett (1987) graphically illustrate this in
figures depicting the track over ground and the actual swimming course of a telemetered
Atlantic salmon (SaZmosolar). The former shows a looping track indicative ofmilling, while
the latter is quite straight and reflective of directed movement.

A recurring movement pattern ofthe char we tracked was 'the tendency to seek inshore
waters. Mter being released offshore, four of six fish were observed to return to the vicinity
of the shoreline. Relatively heavy use of shoreline habitats by char in the Beaufort Sea has
been documented by Craig and Haldorson (1981) and others. In Cresswell Bay, Northwest
Territories, no Arctic char were taken in water depths greater than 3.1 m and 60% were
caught within 45 m of the shore, despite the fact that only 33% of the netting effort was
within that area (Johnson 1980). Gillnet catches of char off Carter Creek in Camden Bay
during the period July 30-September 12, 1988,do not demonstrate quite as strong a pattern.
While the highest catch rate (0.58 fish/h) was in a net set 90 m from shore, the rates at the
nets set 200 m and 1.6 km off shore were only slightly lower (0.44 fish/h) (Fruge et al. 1989).

The northern Dolly Varden char's association with shorelines is comparable to other
anadromous salmonids that use coastal, rather than open ocean, habitats. In a tracking
study of the southern form of Dolly Varden char conducted in the fjord habitats of
southeastern Alaska, Armstrong and Reed (1971) found that char, once encountering a
shoreline after being released in open water, did not return to open water, but remained
within 6 m of the shoreline most of the time. Washington (1977) noted that in the fjord
habitats ofPuget Sound, cutthroat trout (Oncorhynchus clarki) feed in shallow estuaries, over
gravel beaches and in or near "saltchucks" during high tide periods. Similarly, Jones (1976)
observed that anadromous cutthroat trout in southeastern Alaska were reluctant to cross
bodies of water 3-8 km wide and preferred to follow shorelines. However, off the open
Oregon-Washington coast, cutthroat trout have been found to be relatively abundant from
9 to as much as 46 km offshore and much less so within 9 km of the coast. Significantly,
these fish appear to be associated with the plume of the Columbia River, which persists far
from the river's mouth (Trotter 1989; Pearcy et al. 1990).

Actively migrating adult pink salmon (0. gorbuscha) and sockeye salmon (0. nerka)
returning to the Fraser River, British Columbia, did not follow shorelines as they passed
through the San Juan Islands (Stasko et al. 1973, 1976). The anadromous form of the
rainbow trout (0. mykiss), the steelhead, tracked iri the Dean and Fisher Channels, British
Columbia, displayed inconsistent use of shorelines during their return migration (Ruggerone
et aI. 1990).
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Movement Rates

The average and range of gross ground speed of the northern Dolly Varden char are
very similar to those reported for steelhead trout and pink salmon and considerably higher
than those for southern DollyVarden, cutthroat trout, and Atlantic salmon (Table 14). They
are somewhat lower than the speeds reported for sockeye salmon. However, given the
considerable size differences between the species, standardized speeds provide a more
meaningful comparison. On that basis, the northern DollyVarden swam more rapidly than
the Atlantic salmon, steelhead, or cutthroat trout and about as fast as sockeye salmon. It
is also notable that laboratory studies (Beamish 1980) showed that, among Arctic char, lake
trout (Salvelinus namaycush), and brook trout (S. fontinalis), the critical swimming speed of
Arctic char is markedly higher than those of its congeners for fish of equal size.

Table 14.-Gross ground speeds of salmonids.

Group Individual
Species Total length average speed average speed

(sample size) (em) (cm/s) (LIs) (cm/s) (LIs) Reference

Northern Dolly Varden 48.5-56.9 55.88 1.04 48.8-74.2 0.96-1.37 This study
(n = 6)
Southern Dolly Varden 30.8 Armstrong and
(n = 1) Reed (1971)
Cutthroat trout'' 31-40 33.68 0.86 6.8-44.9 0.20-1.31 McCleave and
(n = 14) LaBar (1972)
Steelhead, rainbow trout 72-89 57.48 0.74 38.9-69.4 0.54-0.96 Ruggerone et a1.
(n = 6) (1990)
Sockeye salmon'' 51-71 61 35-101 Stasko et a1.
(n = 14) (1976)
Sockeye salmon 61 0.99 Blair and Quinn
(n = 13) (1991)
Sockeye salmon 60.6-73.1 64.7 - Quinn (1988)
(n = 25) 66.75d 1.0d 31.9-108.0d 0.48-1.66d

Pink salmon? 58.5-68.5 62 40-78 Stasko et a1.
(n = 5) (1973)
Pink salmon" 41~60 48.3f Martin et a1.
(n = 37) (1990)
Atlantic salmon'[ 83 27.1 0.33 Deving et a1.
(n = 1) (1985)
Arctic cisco 42.9 48.9 1.14 This study
(n = 1)

8Weighted average; summed track lengths/summed times.
bEntire track. Tracks 1-4,6-9,14,17,19,21,23,25.
C Active fish only.
d Swimming speed; currents removed from ground speeds.
eThree control groups; sustained swimming toward stream.
f Grand mean of means weighted by numbers of fish in each of three control groups.
gControl fish "C."
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The hourly-averaged ground speed statistics revealed considerable variation among
individual char. The standard deviations of the fish's ground speeds always were con-
siderably less than their average speeds, but increased as sample sizes became larger.
Similarly, speed ranges were greater for fish tracked for comparatively long periods. While
we have no basis to partition the variation between swimming speeds and currents, it is
probable that the fish tracked for longer periods were exposed to more variability in current
speed and direction and that this factor was primarily responsible for the larger standard
deviations and ground speed ranges as tracking durations increased. It is notable that the
speed ranges of the three fish tracked for 9- to 21-h periods all were about 50 cm/s, so that
value may approximate the maximum variability of char ground speeds in the study area.

The only comparative data on char movement rates in arctic waters that we have are
from tag recaptures. Dempson (1984)estimated a net ground speed of 16.4kmld over 5 d by
an Arctic char in the coastal waters of northern Labrador. Craig and Haldorson (1981)
calculated an average net movement rate of2.8 kmld from 30 char recaptures in the Beaufort
Sea. However, they noted that recaptures ofmigrating fish in the fall indicate net movement
rates of up to 78 kmld (90 cm/s), which exceeds the gross ground speed of any char we
tracked. An Arctic char tagged in northern Norway was captured 97 d later near Murmansk
in the USSR (Johnson 1980). This probably represents the greatest documented migratory
movement by that species. The average rate of movement of the fish over 940 km was 9.7
kmld. The rates of net movement of char in Camden Bay ranged from 8.1 to 51.9 kmld, thus
they fell between the extremes noted above.

The high gross ground speeds (average 48 kmld) of our char may reflect their
motivational state. All of the char were large and probably 7-10 years old based on
age-length data presented by Palmer and Dugan (1990). Assuming adult northern Dolly
Varden char remain at sea for some 5-7 wk, as is the case with Arctic char in the Northwest
Territories and northern Norway (Dempson and Kristofferson 1987), they would be expected
to begin migration toward overwintering areas in August and, therefore, to be swimming in
a relatively directed, rapid fashion. Palmer and Dugan (1990)observed that char larger than
350 mm fork length were absent from coastal waters of the Arctic National Wildlife Range
after the end of August, although smaller fish remained until mid-September. A similar
pattern of return to fresh water by Arctic char-mature fish returning before immature
fish-was noted by Dempson and Kristofferson (1987) in northern Labrador. At-sea
movement rates based on tag returns and presumably reflecting sustained migratory speeds
are available for several Pacific salmonids. Ruggerone et al.(1990) noted that travel rates of
49 kmld were observed for steelhead on the high seas. Tag recaptures indicate that pink
salmon achieve net ground speeds of 50-69 cm/s (43-60 kmld) over distances up to 2,000 km
(Hartt 1966). A notable tag recovery from a 42-cm sockeye salmon demonstrated that the
fish traversed a straight line distance of 2,200 km in 57 d (French et al. 1976); this is
equivalent to a net ground speed of 44 cm/s, or better than 1 Us, over the entire distance.

McCleave and Horral (1970)observed that cutthroat trout in YellowstoneLake swam
at significantly higher speeds when along shorelines than they did offshore, while Blair and
Quinn (1991) found the opposite to be true of sockeye salmon in Lake Iliamna. This led us
to investigate such potential differences in char. The available ground speed data are
inconsistent; Fish 2 moved faster along shore than offshore, while Fish 4 did the opposite.

r
t
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Runs tests disclosed no significant temporal trends in the ground speeds of the fish, and
Mann-Whitney tests indicated no significant differences in onshore and offshore speeds. It
is possible that our tests were confounded by biases in the data due to currents.

Immigrant salmon and steelhead tracked in coastal British Columbia and Washington
showed significantly decreased net movement during darkness (cf. Ruggerone et al. 1990;
Quinn 1988; Stasko et al. 1973, 1976). No such diurnal pattern was evident in the char we
tracked or in sockeye salmon tracked in Lake lliamna, Alaska (Blair and Quinn 1991). The
lack of diurnal variation could be due to the absence of darkness during our study.
Alternatively, it may reflect strong motivation by char to reach sites used for spawning (as
Blair and Quinn surmised was the case for the lliamna sockeye) or overwintering.

A negative relationship between water temperature and char ground speeds was
apparent. Speed increases at cold temperatures could represent physiological or avoidance
responses by the fish. A comparison of free-living fish with ones that are forced to perform
may not be warranted, but it is notable that laboratory experiments on the effects of
temperature on critical swimming speeds ofArctic char, lake trout, and brook trout (Beamish
1980) produced contrary results. All showed a dome-shaped relation between 5 and 25°C.
Critical swimming performance ofArctic char peaked at 15°C. Given our equivocal statistical
results and the lack of a larger suite of data spanning a broader temperature range, at this
juncture the negative relationship should be considered more suggestive than substantive.

Temperature Occupation

Northern Dolly Varden char used the entire range of water temperatures present in
Camden Bay during our study. Perhaps this occurred because the fishes' options were
limited by the paucity of brackish water habitat in the area at the time. Strong horizontal
temperature gradients produced no discernible responses from the char we tracked. Fishes
2, 4, and 5 passed through relatively sharp, positive temperature gradients at speeds that
differed little from their gross ground speeds. Wehad no comparable examples of the char
encountering sharp negative gradients, thus their behavior when encountering those
conditions is uncertain. It should be noted, however, that Fish 2 appeared to move readily
through the cold, upwelled water in eastern Camden Bay (Fig. 62).

Temperature Preference

Thmperature preference is indicated by the disproportionate occupancy of certain
temperatures within the total range available to a fish. The available range is ultimately
determined by the fish's physiological limits. When the temperatures occupied by the char
we tracked are compared to those available at the time in the water column, it appears that
they selected the upper halves of the available ranges. However, we observed no avoidance
of cold waters by Fish 2, which moved through water having temperatures below O°C. At
Cresswell Bay, Somerset Island in the Canadian high arctic, Johnson (1980) found Arctic
char in -1.42 to -1.44°C water in late June. He concluded that the char tolerated the cold
temperatures during foraging, but then returned to the 4-6°C waters at the mouth of the
Union River to digest their food. Fyke net catch patterns in the vicinity of Prudhoe Bay
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Figure 62,- Track of Fish 2 relative to horizontal temperature field as
indicated by temperatures transmitted from the fish. Approximate shoreline
contour sketched in. Note the non-avoidance of relatively coldwater adjacent
to the shoreline.

indicate that North Slope char prefer temperatures of 4-12°C during the early July to
mid-August period (Houghton et ale 1990).

It also appears there are size-related differences in temperature selection or tolerance
by char and other salmonids. Moulton et ale (1985) observed that in the Beaufort Sea larger
char occurred more frequently in relatively cold, saline water than smaller ones. Large
rainbow trout were observed to use cooler portions of a thermal discharge into Lake Michigan
more frequently than smaller fish (Spigarelli and Thommes 1979).

Swimming Depth

The use of the warmer waters by char that we observed may be less a reflection of
temperature selection than one of depth selection. While we have no direct measurements
of swimming depths, transmitted temperature data suggest that the fish used only the
uppermost 8 m and most of the time were in the uppermost 4 m. The apparent preference
for surface waters is consistent with other observations on char, as well as those for several
other salmonids. The deepest occurrence of Arctic char we noted in the literature was of fish
captured at 15 m depth in gillnets at Cresswell Bay, Somerset Island (Johnson 1980). The
vertical distribution of char in gillnets in the Camden Bay area during 1988 and 1989 (Fruge
et ale 1989; Palmer and Dugan 1990) suggests heavy use of the uppermost 2.4 m, limited use
of the 2.4-4.9-m stratum, and little or no use of the 4.9-7.3-m stratum.
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Preferences for near-surface waters have also been observed in the southern form of
the Dolly Varden char (Armstrong and Reed 1971), steelhead trout (Ruggerone et al. 1990),
pink salmon (Martin et al. 1990), and sockeye salmon (Stasko et al. 1976; Quinn and terHart
1987). Concurrent depth telemetry and hydrographic observations showed that sockeye
salmon preferred the immediate surface when in unstratified water, but selected greater
depths (about 15-20 m) when vertical temperature and salinity gradients were present
(Quinn and Leggett 1987).

The temperature records from several char contained oscillations suggestive ofperiodic
vertical movements. Such behavior has previously been observed in Atlantic salmon (D0ving
et al. 1985), steelhead (Ruggerone et al. 1990), sockeye salmon (Quinn and terHart 1987), and
pink salmon (Martin et al. 1990), but apparently not in char. The studies noted above were
focused on immigrant adult fish. Tracked in deep fjords, Atlantic and sockeye salmon dived
to as much as 80 m depth and steelhead to 30 m. The large amplitude dives of the steelhead
averaged 28 min and those of the Atlantic salmon were of similar duration. In contrast, the
pink salmon were studied in a shallow embayment, where they attained a depth of 4 m. The
vertical amplitudes of the pink salmons' movements ranged from 0.5 to 2 m. While we have
no direct observations of vertical excursions from the char we tracked, comparisons of
temperature-depth profiles from CTD casts in relation to the observed temperature changes
registered by the ultrasonic transmitters suggest that they would have been 2 m or less.

~ .

Many interpretations have been advanced for the repetitive vertical movements of
fishes, including predatory strategies (Sciarrotta and Nelson 1977; Carey and Scharold 1990),
energy conservation (Holland et al. 1990), behavioral thermoregulation (Holland et al. 1990;
Carey and Scharold 1990), and orientation or homing (D0ving et al. 1985; Martin et al. 1990).
The last-mentioned one is compelling with respect to the char we observed. Field experi-
ments by Deving et al. (1985) and Martin et al. (1990) suggest that migrating saImonids
move vertically in the water column in order to detect odors and that much of the movement
is concentrated in the pycnocline.

It is also possible to attribute the oscillatory features in the chars' temperature records
to a purely physical phenomenon. While swimming at a constant depth, they may have
traversed internal wave packets. Such features are commonly observed in coastal waters.

Arctic Cisco
Movement Patterns

The sole Arctic cisco we tracked displayed very directed movement toward the vicinity
of its capture site, Simpson Cove. In common with other anadromous fish species in the
Beaufort Sea, Arctic cisco appear most concentrated along shoreline habitats. However, they
(and Arctic char) are more tolerant of marine conditions than the other species. Craig and
Haldorson (1981) observed that, while cisco occurred offshore in Simpson Lagoon in relatively
low densities, due to the greater expanse of available habitat, the numbers of fish offshore
may have been equivalent to those close to shore. Finally, our townet sampling in 1990
(described elsewhere in this report) demonstrated the presence of significant numbers of
migrating young-of-the-year Arctic cisco at distances up to several kilometers offshore.
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Movement Rates

The average ground speed of the Arctic cisco we tracked was not exceptionally great.
However, its speed in lengths per second was only slightly less than that of the fastest char
we tracked. In an evaluation of the swimming performance of nine Arctic cisco (mean FL of
30.4 em), Jones et al. (1974) found a mean critical velocity of 42.5 ± 6.5 cmIs, which equates
to nearly 1.4 Us. Craig and Haldorson (1981) noted several observations of mixed schools
of Arctic char and Arctic cisco in the Beaufort Sea, which implies the latter species is capable
of sustained swimming speeds comparable to those of char. A net movement rate of 24 km/d
(28 cm/s) over 170 km was calculated from a tag recapture of a large Arctic cisco (Fechhelm
et al. 1989). Another Arctic cisco, tagged at Prudhoe Bay and recaptured at Kaktovik, had
a net movement rate of 12.5 km/d (14.5 cmIs) (Fruge et al. 1989).

Temperature Occupation and Preference

The cisco we tracked traversed a relatively small range of temperatures, which was
not representative of the entire temperature range available to the species in the Beaufort
Sea. In Simpson Lagoon, Craig and Haldorson (1981) captured Arctic cisco in waters ranging
from 0 to 13.5°C. Results of analyses of the large, multi-year catch and temperature/salinity
databases from Prudhoe Bay and vicinity by Houghton et al. (1989) suggest that Arctic cisco
prefer waters having temperatures of 4-12°C and (}-20 ppt salinity.

As we observed in the case of char, the occurrence of Arctic cisco in cold, saline water
in Camden Bay during August 1990 may reflect tolerance ofless-than-optimal environmental
conditions by actively migrating fish more than it does habitat selection by feeding fish.
Temperature preference investigations by Fechhelm and Gallaway (1984) showed that
juvenile Arctic cisco initially acclimated at 5°C and 30 ppt--conditions similar to those
prevailing in Camden Bay during our study-selected 12.8°C temperatures. In addition, they
noted that the juvenile cisco acclimated to 5°C appeared lethargic, as well as being less agile
and feeding less frequently than fish held at 10 and 15°C. Larger fish may have lower
temperature preferenda than the juveniles studied in the laboratory. Moulton et al. (1985)
found that larger Arctic cisco occurred more frequently in colder, more saline water than
smaller fish.

CONCLUSIONS

The acoustic telemetry data from the northern Dolly Varden char and Arctic cisco
tracked in Camden Bay provide some new information on the species' movements and habitat
use in arctic marine waters, as well as an opportunity to compare the findings with those
observed in other salmonid species. However, it is an incomplete picture. The timing of the
observations makes it likely that the fish were returning to overwintering streams.
Observations made earlier in the open-water season, when foraging was the dominant
activity, might produce differing results. It is also possible that size-related differences in
movement patterns and habitat use by the char occur. Refinements of tracking procedures
have the potential to produce more precise ground speed, swimming speed, and course
estimates. Finally, because brackish water habitat fluctuates so markedly in the Beaufort
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Camden Bay is perhaps the most marine-like section of the Beaufort Sea coast in
Alaska. The major regional sources of fresh water, the Mackenzie River to the east and the
Colville to the west, are distant. Runoff from the relatively small local streams drops off
sharply after spring breakup and would be low in August. The lack of barrier islands and
comparatively deep waters near shore facilitate vertical and lateral mixing by strong winds,
thereby quickly eroding what brackish water habitat is present inshore. This was especially
evident in August 1990, when there was little warm, brackish water in Camden Bay
compared to the preceding two years. One is led to the conclusion that the quality of the
available habitat for anadromous fish-at least with respect to the thermohaline regime-was
quite poor in 1990.

Fechhelm and Gallaway (1984)hypothesized that the thermal structure of the coastal
environment in the Beaufort Sea causes an orientation bias favoring shoreward movement
by juvenile Arctic cisco. The fishes' temperature preferenda lie near or above the highest
water temperatures, which are attained inshore. The hypothesis can be extended to all
anadromous fish species in the Beaufort Sea, with the proviso that the strength ofexpression
of the bias will vary in response to species-specific, age- and size-related physiological
requirements and motivations.

Our temperature preference observations showed a preponderance of use by char and
Arctic cisco of the warmer halves of the temperature ranges occurring in the water column.
This may have been more reflective ofdepth selection than temperature selection because we
observed no avoidance of cold water in the horizontal dimension. However, most of the fish
tracked moved shoreward. Perhaps this behavior has survival value when available habitat
is absent, discontinuous, or of marginal water quality. Association with shorelines may
increase the fishes' opportunities to escape adverse conditionsbymaximizing their encounters
with stream mouths. Conversely,when available habitat for char is expansive, the shoreline
affinity may be relaxed. An example of this was noted earlier with respect to the cutthroat
trout observed far off the Washington-Qregon coast in the Columbia River plume.

There is abundant evidence that with respect to use of arctic marine habitats, adult
northern polly Varden char and Arctic cisco are the most resilient components of the
anadromous fish fauna. Like the Arctic char, they are well adapted to disperse rapidly
throughout the coastal waters of the Beaufort Sea and exploit a variety of habitats during
the brief summer season (cf. Craig 1984). Our observations reinforce those conclusions.

RECOMMENDATIONS FOR FURTHER WORK

Instrumentation

Following the complete implementation of the Global Positioning System, extremely
accurate, full-time position determination will be possible if the proposed signal degradation
for civilian users is not implemented. The navigational error term in a fish track will be an
order of magnitude smaller than the error due to the uncertainty of the position of the fish

-122-



r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r

vis-it-vis the tracking vessel (i.e., about 20 m vs. roughly 200 m). 1b capitalize on that
possibility, positions should be logged to the nearest 0.01 minute if a test of navigation
precision shows high quality fixes are being transmitted.

More accurate data on swimming speeds and courses of fish can be obtained if
information is available on currents in the vicinity of fish being tracked. Currents appear

. to exert a substantial influence on fishes' ground speeds in the study area. Vector sub-
traction can be employed to derive swimming speeds from ground speeds and swimming
courses from tracks over ground. In addition, we will be able to estimate bias resulting from
movements of the tracking vessel about fish courses while tracking offshorewhen concurrent
data on alongshore ground speeds and currents are available. An inexpensive, easily
implemented technique to do this would be to launch current drogues in the path of a fish
being tracked and to periodically determine the drogue's range and bearing by radar. The
vessel heading and radar range and bearing data couldbe used later in conjunction with GPS
positions to calculate drogue positions and current speeds. Drogues could be deployed,
recovered and redeployed as needed by using a skiffin conjunction with the tracking vessel.

If a second ultrasonic receiver were available, it could be placed in the skiff when it
became evident that a fish was entering waters too shallow for 1273 to enter. A secondpoint
of contact with the fish could be rapidly established. This should considerably increase our
ability to maintain contact with fish in shallow water.

An intercomparison of each temperature/depth tag with the CTDshould be conducted
in order to be able later to adjust the former data to agree with the CTD "standard." This
should be done through a range of temperatures and depths in case differences in readings
between instruments are not constant. Intercomparisons could be quickly conducted by
selecting a site having waters with a substantial temperature range and sufficient depth,
temporarily activating each transmitter, attaching it near the sensor of the CTD, and then
lowering the units through the water column. Transmitter readings would be logged at
discrete depths for later comparison with the CTD data from those depths. This procedure
should result in better quality information for habitat preference evaluations.

Data

An additional data field should be added to the fish tracking logsheet-a signal quality
code. A 0 could represent no audio or VU meter signal received; 1 could represent a VU
meter deflection, but no audio signal; 2 could represent a VU meter deflection and audio
signal, but the latter not clear; and 3 could represent a strong VU meter deflectionand "loud
and clear" audio signal. Signal strength information would improve the quality ofthe ground
speed estimates by reducing the uncertainty of the fish position relative to the vessel. By
selecting only Code3 positions for ground speed calculations the analyst wouldbe reasonably
confident that the potential fish-boat position uncertainty was no more than about 200 m.

The telemetry data from northern Dolly Varden char that were obtained during 1990
provide information useful for assessment applications. However, additional fish should be
tracked. Data obtained earlier in the open-water season would provide insights about
movement patterns and habitat use during the chars' feeding period. The ranges of water
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temperatures and salinities in the study area in 1990 were not representative of the total
ranges occurring there or in the coastal Beaufort Sea. It would be desirable to obtain data
when a strongly developed warm, brackish water band is present. Additional temperature
data also wouldincrease the database available for evaluation oftemperature and swimming
speed relationships. We have no data on the vertical movements of char other than those
inferred from the temperature transmitter and CTDrecords. It would be desirable to equip
at least two fish with pressure transmitters to obtain such information. Due to the shallow
water in the study area the transmitters would need a depth resolution of 1 m or less to
provide useful data. Further tracking ofchar would augment our meager data on movement
patterns and habitat use.

Several Arctic ciscoes should be instrumented with temperature and depth
transmitters and tracked. Camden Bay may not be the best site for an Arctic ciscotracking
study. Large fish may be more readily available at some other location.



r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r

PART rv REFERENCES CITED

Armstrong, R. H., and J. E. Morrow. 1980. The dollyvarden charr, Salvelinus malma. Pages
99-140 in E. K. Balon (ed.), Charrs: Salmonid fishes of the genus Salvelinus. Dr. W.
Junk, The Hague, The Netherlands.

Armstrong, R. H., and R. D. Reed. 1971. A study of dolly varden in Alaska. Alaska Dep.
Fish and Game, Fed. Aid in Fish Restoration, Annual Prog. Rep., 1970-71, Project
F-9-3-12. 11 pp.

Bakkala, R. G., and G. B. Smith. 1978. Demersal fish resources of the eastern Bering Sea:
Spring 1976. U.S. Dep. Commer., Northwest and Alaska Fisheries Center, Seattle,
Washington. Processed Report, 233 pp.

Barnes, P. W., and D. M. Rearic. 1986. Rates of sediment disruption by sea ice as
determined from characteristics of dated ice gouges created since 1975 on the inner
shelf of the Beaufort Sea, Alaska. U.S. Dep. Commer. and U.S. Dep. Inter., OCSEAP
Final Rep. 52: 707-820.

Beamish, F. W. H. 1980. Swimming performance and oxygen consumption of the charrs.
Pages 739-748 in E. K. Balon (ed.), Charrs: Salmonid fishes of the genus Salvelinus.
Dr. W.Junk, The Hague, The Netherlands.

Behnke, R. J. 1980. A systematic review of the genus Salvelinus. Pages 441-480 in E. K.
Balon (ed.), Charrs: Salmonid fishes ofthe genus Salvelinus. Dr. W.Junk, The Hague,
The Netherlands.

Bendock, T. 1979. Beaufort Sea estuarine fishery study. U.S. Dep. Commer. and U.S. Dep.
Inter. (OCSEAP),Environ. Assess. Alaskan Continental Shelf, Final Rep. 14:670-729.

Berg, O. K., and M. Berg. 1989. Sea growth and time of migration of anadromous arctic
char (Salvelinus alpinus) from the Vardnes River, in northern Norway. Can. J. Aquat.
Sci. 46: 955-960.

Blair, G. R., and T. P. Quinn. 1991. Homing and spawning site selection by sockeye salmon
(Oncorhynchus nerka) in Iliamna Lake, Alaska. Can. J. Zoo!.69: 176-181.

Brawn, V.M. 1982. Behavior ofAtlantic salmon (Salmo salar) during suspended migration
in an estuary, Sheet Harbour, Nova Scotia, observed visually and by ultrasonic
tracking. Can. J. Fish. Aquat. Sci. 39: 248-256.

Brett, J. R. 1973. Energy expenditure of sockeye salmon, Oncorhynchus nerka, during
sustained performance. J. Fish. Res. Board Can. 30: 1799-1809.

Brill, R. w., K. N. Holland, and J. S. Ferguson. 1984. Use of ultrasonic telemetry to
determine the short-term movements and residence times of tunas around fish

-125-



·:;..,m.

:L

aggregating devices. Pages MRMl/1-MRM1n in Proceedings, Pacific Congress on
Marine Thchnology,PACON 84, Honolulu, Hawaii, April 24-27, 1984.

~

~

a
o
~

a
o
a
a
~

~

a
o
a
a
a
~

~

a

Bryan, J. D. 1990. Fine-scale biodiffusion model of the arctic cisco movement and
distribution. Chapter 9 in The 1988 Endicott Development Fish Monitoring Program:
a monograph of project papers, 1988. Draft final report by LGL Alaska Research
Associates, Inc. for BP Exploration (Alaska), Inc. and North Slope Borough.
Unpaginated.

Carey, F. G., and B. H. Robison. 1981. Daily patterns in the activities of swordfish, Xiphias
gladius, observed by acoustic telemetry. Fish. Bull. 79: 277-292.

Carey, F. G., and J. V. Scharold. 1990. Movements of blue sharks tPrionace glauca) in depth
and course. Mar. BioI. 106: 329-342.

Clark, D.S., and J. M. Green. 1990. Activity and movement patterns of juvenile Atlantic
cod, Gadus morhua, in Conception Bay, Newfoundland, as determined by sonic
telemetry. Can. J. ZooI. 68: 1434-1442.

Cochran, W. G. 1963. Sampling techniques. Wiley & Sons, New York. 413 pp.

Colonell, J. M., and B. J. Gallaway (eds.). 1990. An assessment of the marine environmental
impacts of West Dock Causeway. Report for the Prudhoe Bay Unit Owners
represented by Arco Alaska, Inc., prepared by LGL Alaska Research Associates, Inc.,
and Environmental Science and Engineering, Inc., Anchorage, AK. 132 pp. +
appendixes.

Colonell, J. M., and A. W.Niedoroda. 1990a. Nearshore oceanographic processes of potential
importance to anadromous fishes. Pages 35-1:2 in R. M. Meyers and T. M. Johnson
(eds.), Fisheries oceanography-a comprehensive formulation of technical objectives for
offshore application in the arctic. Proceedings of a workshop held in Anchorage, AK,
on April 5-6, 1988. U.S. Dep. Inter., Minerals Management Service, Anchorage, AK,
and ,MBC Applied Environmental Sciences, Costa Mesa, CA

Colonell, J. M., and A W. Niedoroda. 1990b. Appendix B. Coastal oceanography of the
. Alaska Beaufort Sea. Pages B-1-B-74 in J. M. Colonell and B. J. Gallaway (eds.), An

assessment of the marine environmental impacts of West Dock Causeway. Report for
the Prudhoe Bay Unit Owners represented by Arco Alaska, Inc., prepared by LGL
Alaska Research Associates, Inc., and Environmental Science and Engineering, Inc.,
Anchorage, AK. 132 pp. + appendixes.

Coutant, C. C., and D. S. Carroll. 1980. Temperatures occupied by ten ultrasonic-tagged
striped bass in freshwater lakes. Trans. Am. Fish. Soc. 109: 195-202.

Craig, P. C. 1984. Fish use of coastal waters of the Alaskan Beaufort Sea: a review. Trans.
Am. Fish. Soc. 113: 265-282.

-126-



!r
r
r
r
r
r
r
r
r
r
r
r

"r
!r
r
r
r
r
r

Craig, P. C. 1989a. An introduction to anadromous fishes in the Alaskan Arctic. BioI. Pap.
Univ. Alaska 24: 27-54.

Craig, P. C. 1989b. Subsistence fisheries at coastal villages in the Alaskan arctic,
1970-1986. BioI. Pap. Univ. Alaska 24: 131-152.

Craig, P. C., W. B. Griffiths, L. Haldorson, and H. McElderry. 1982. Ecological studies of
arctic cod (Boreogadus saida) in Beaufort Sea coastal waters, Alaska. Can. J. Fish.
Aquat. Sci. 39: 395-406.

Craig, P. C., and L. S. Haldorson. 1981. Fish. Pages 384-678 in S. R. Johnson and W. J.
Richardson (eds.), Beaufort Sea barrier island-lagoon ecological process studies. Final
report, Simpson Lagoon. U.S. Dep. Commer. and U.S. Dep. Inter. (OCSEAP), Environ.
Assess. Alaskan Continental Shelf, Final Rep. 7, BioI. Stud.

Dempson, J. B. 1984. Identification of anadromous arctic char stocks in coastal areas of
northern Labrador. Pages 143-162 in L. Johnson and B. Burns (eds.), Biology of the
arctic char: Proceedings of the international symposium on arctic char, 1981,
Winnipeg, Manitoba. University of Manitoba Press.

Dempson, J. B., and A. H. Kristofferson. 1987. Spatial and temporal aspects of the ocean
migration of anadromous arctic char. Am. Fish. Soc. Symposium 1: 340-357.

Douglas, D. R., and L. A. Jahn. 1987. Radiotracking hybrid striped bass in Spring Lake,
Illinois, to determine temperature and oxygen preferences. N. Am. J. Fish. Manage.
7: 531-534.

Doving, K. B., H. Westerberg, and P. B. Johnsen. 1985. Role of olfaction in the behavioral
and neuronal responses ofAtlantic salmon, Salmo salar; to hydrographic stratification.
Can. J. Fish. Aquat. Sci. 42: 1658-1667.

Dunton, K H., and S. V. Schonberg. 1982. The Canning River to Demarcation Bay: a
preliminary survey ofmacrophyte communities. Cruise and summary report. Prepared
for OCSEAP by Western Washington University, Bellingham, WA. 47 pp.

English, K K. In press. Effects of temperature, salinity and prey abundance on the growth
of Arctic cisco and broad whitefish feeding on epibenthic prey in-situ enclosures. Am.
Fish. Soc. Symposium 12.

Everett, R. J., and R. L. Wilmot. 1990. Genetic stock structure of arctic char (Salvelinus
alpinus) from drainages to the Beaufort Sea in Alaska and Canada. Report prepared
for Minerals Management Service and National Oceanic and Atmospheric
Administration by U.S. Fish & Wildlife Service, Anchorage, AK. 59 pp.

Fechhelm, R. G., J:S'. Baker, W.B. Griffiths, and D. R. Schmidt. 1989. Localized movement
patterns of least cisco (Coregonus sardinella) and arctic cisco (C. autumnalis) in the
vicinity of a solid-fill causeway. Biol. Pap. Univ. Alaska 24: 75-106.

-127-



-128-

al
al

~

ill
I

a
~

~

a
a
a
o
a
a
a
a
a
~.

o
a

Fechhelm, R. G., J. D. Fechhelm, C. J. Herlugson, and D. K. Beaubien. In press. Bioassay
tests of acute temperature and salinity shock to arctic cisco. Am. Fish. Soc.
Symposium 12.

Fechhelm, R. G., and D. B. Fissel. 1988. Wind-aided recruitment of arctic cisco (Coregonus
autumnalis) into Alaskan waters. Can. J. Fish. Aquat. Sci. 45: 906-910.

Fechhelm, R. G., and B. J. Gallaway. 1982. Temperature preference of juvenile arctic cisco
(Coregonus autumnalis) from the Alaskan Beaufort Sea, in relation to salinity and
temperature acclimation. U.S. Dep. Commer. and U.S. Dep. Inter., OCSEAP Final
Rep. 23: 207-231.

Fechhelm, R. G., and W. B. Griffiths. 1990. Effect of wind on the recruitment of Canadian
arctic cisco (Coregonus autumnalis) into the central Alaskan Beaufort Sea. Can. J .
.Fish. Aquat. Sci. 47: 2164-2171.

French, R., W. Bilton, M. Osako, and A. Hartt. 1976. Distribution and origin of sockeye
salmon (Oncorhynchus nerka) in offshore waters of the North Pacific Ocean. Int.
North Pac. Fish. Comm. Bull. 34. 113 pp.

Fruge, D. J., D. W. Wiswar, L. J. Dugan, and D. E. Palmer. 1989. Fish population and
hydrographic characteristics of Arctic National Wildlife Refuge coastal waters, summer
1988. Report by U.S. Fish and WildI. Serv., Fairbanks, AK. 65 pp. + 6 append.

Gallaway, B. J. 1990. Factors limiting the growth of arctic anadromous fish populations.
. Pages 57-62 in R. M. Meyer and T. M. Johnson (eds.), Fisheries oceanography-a

comprehensive formulation of technical objectives for offshore application in the Arctic.
U.S. Dep. Inter., Minerals Management Service, OCS Study MMS 8~042. 112 pp.
+ appendixes.

Gallaway, B. J., W. B. Griffiths, P. C. Craig, W. J. Gazey, and J. W. Helmericks. 1983. An
assessment of the Colville River stock of arctic cisco-e-migrants from Canada? BioI.
Pap, Univ. Alaska 21: 4-22.

Grant, W. E. 1986. Systems analysis and simulation in wildlife and fisheries sciences. John
Wiley & Sons, New York.

Green, R. H. 1979. Sampling design and statistical methods for environmental biologists.
John Wiley & Sons, New York.

Grossman, G. D., J. F. Dowd, and M. Crawford. 1990. Assemblage stability in stream fishes:
a review. Environmental Management 14(5): 661-671.

Hair, J. F. Jr., R. E. Anderson, and R. L. Tatham. 1987. Multivariate data analysis (second
edition). Macmillan Publishing Company, New York.



r
r
o
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r
r

Hale, D. A. 1990. A description of the physical characteristics of nearshore and lagoonal
waters in the eastern Beaufort Sea. Report prepared for U.S. Fish and Wild!. Serv.
by Ocean Assessments Division, NOAA, Anchorage, AK. 72 pp. + appendixes.

Hale, D. A. 1991. A description of the physical characteristics of nearshore and lagoonal
waters in the eastern Beaufort Sea, 1989. Final report prepared for U.S. Fish and
Wildl. Servo by Ocean Assessments Division, NOAA, Anchorage, AK.

Hale, D. A., M. J. Hameedi, L. E. Hachmeister, and W. J. Stringer. 1989. Effects of the
West Dock Causeway on nearshore oceanographic processes in the vicinity of Prudhoe
Bay, Alaska. Special Report prepared for the U.S. Environmental Protection Agency,
Region 10, by the U.S. Department of Commerce, NOAA, Ocean Assessments Division,
Alaska Office, Anchorage, AK. 50 pp.

Hartt, A. C. 1966. Migrations of salmon in the North Pacific Ocean and Bering Sea as
determined by seining and tagging, 1959-1960. Int. N. Pac. Fish. Comm. Bull. 19:
141 pp.

Hobbs, N. T., and T. A. Hanley. 1990. Habitat evaluation: Do use/availability data reflect
carrying capacity? J. Wild!. Manage. 54(4): 515-522.

Holland, K N., R. W. Brill, and R. K. C. Chang. 1990. Horizontal and vertical movements
of yellowfin and bigeye tuna associated with fish aggregating devices. U.S. Nat!. Mar.
Fish. Servo Fish. Bull. 88(3): 493-507.

Holland, K N., R. W. Brill, S. Ferguson, R. Chang, and R. Yost. 1985. A small vessel
technique for tracking pelagic fish. U.S. Nat!. Mar. Fish. Servo Mar. Fish. Rev. 47(4):
26-32.

Hopkins, D. M., and R. W. Hartz. 1978. Coastal morphology, coastal erosion, and barrier
islands of the Beaufort Sea, Alaska. USGS Open-File Rep. 78-1063. 54 pp.

Houghton, J. P., and C. J. Whitmus. 1988. Shallow neritic fish of the central Beaufort Sea.
Draft final report to Standard Alaska Production Company from Dames and Moore.
Contract No. 172-0002-20. 26 pp. + appendixes.

Houghton, J. P., C. J. Whitmus, and A. W. Maki. 1990. Habitat relationships of Beaufort
Sea anadromous fish: integration of oceanographic information and fish-catch data.
Pages 73-88 in R. M. Meyer and T. M. Johnson (eds.), Fisheries oceanography-a
comprehensive formulation of technical objectives for offshore application in the Arctic.
U.S. Dep. Inter., Minerals Management Service, OCS Study MMS 88-0042. 112 pp.
+ appendixes.

Johnson, L. 1980. The arctic charr, Salvelinus alpinus. Pages 15-98 in E. G. Balon (ed.),
Charrs: salmonid fishes of the genus Salvelinus. Dr. W. Junk, The Hague, The
Netherlands.

-129-

j-



-130-

~

~

H
a
~

a
~

~

a
a
u·
o
a
a
·H
a
o
~.

a

Jones, D. E. 1976. Life history of sea-run cutthroat trout in southeastern Alaska;
Anadromous fish studies, annual performance report, 1975-76. Alaska Dep. Fish and
Game Proj. AFS-42, 117 (AFS-42-4B): Section M, 29-53.

Jones, D. K., J. W. Kiseniuk,and O. S. Bamford. 1974. Evaluation of the swimming
performance of several fish species from the Mackenzie River. J. Fish. Res. Board
Can. 31: 1641-1647.

Kelso,J. R. M. 1977. Density, distribution, and movement ofNipigon Bay fishes in relation
to a pulp and paper mill effiuent. J. Fish. Res. Board Can. 34: 879-885.

Laurs, R. M., H. S. H. Yuen, and J. H. Johnson. 1977. Small-scale movements of albacore,
Thunnus alalunga, in relation to ocean features as indicated by ultrasonic tracking
and oceanographic sampling. U.S. Natl. Mar. Fish. ServoFish. Bull. 75(2): 347-355.

Lyons,S. 1990. Water resource inventory and assessment, Arctic National WildlifeRefuge:
1989stream discharge gaging data. Fisheries Management Services, Water Resources
Branch, U.S. Fish & Wlldlife Service, Anchorage, AK. 9 pp. + appendixes.

,
s •

Martin, D. J., C. J. Whitmus, and L. A. Brocklehurst. 1990. Effects of petroleum
contaminated waterways on migratory behavior of adult pink salmon. U.S. Dep,
Commer. and U.S. Dep. Inter., OCSEAP Final Rep. 66: 281-529.

Matthews, K. R. 1990. A telemetric study of the home ranges and homing routes of copper
and quillback rockfishes on shallow rocky reefs. Can. J. Zool. 68: 2243-2250.

Maughan, O. E. 1990. Habitat. Pages 85-96 in MBC Applied Environmental Sciences
(eds.), A synthesis of environmental information on causeways in the nearshore
Beaufort Sea. U.S. Dep. Inter., Minerals Management Service, OCS Study MMS
89-0038. 117pp. + appendixes.

MBCApplied Environmental Sciences. 1990. A synthesis of environmental information on
causeways in the nearshore Beaufort Sea, workshop proceedings. U.S. Dep. Inter.,
Minerals Management Service, OCS Study MMS 89-0038. 117 pp. + appendixes.

McCleave,J. D., and R. M. Horrall. 1970. Ultrasonic tracking of homing cutthroat trout
Salmo clarki in YellowstoneLake. J. Fish. Res. Board Can. 27: 715-730.

McCleave, J. D., and G. W. LaBar. 1972. Further ultrasonic tracking and tagging studies
of homing cutthroat trout (Salmo clarki) in YellowstoneLake. Trans. Am. Fish. Soc.
101: 44-54.

McDowall,R. M. 1987. The occurrence and distribution of diadromy among fishes. Am.
Fish. Soc. Symposium 1: 1-13.

McPhail, J. D. 1961. A systematic study of the Salvelinus alpinus complex in North
America. J. Fish. Res. Board Can. 5: 131-137.



r
l

r
r
[)

r
r
r
r
r,
r
r
r
r
r
r
r
[

r
f\

Mellas, E. J., and J. M. Haynes. 1985. Swimming performance and behavior of rainbow
trout (Salmo gairdneri) and white perch (Morone americana): effects of attaching
telemetry transmitters. Can. J. Fish. Aquat. Sci. 42: 488-493.

Menke, W. W. 1973. Response surface methodology applications to biological data from field
measurements. Ecology 54(4): 920-923.

Morrow, J. E. 1980. Analysis of the dolly varden char, Salvelinus malmo; of northwestern
North America and northeastern Siberia. Pages 323-338 in E. K Balon (ed.), Charrs:
salmonid fishes of the genus Salvelinus. Dr. W. Junk, The Hague, The Netherlands.

Moulton, L. L. 1989. Recruitment of arctic cisco (Coregonus autumnalis) to the Colville
Delta, Alaska, in 1985. BioI. Pap. Univ. Alaska 24: 107-111.

Moulton, L. L., M. H. Fawcett, and T. A. Carpenter. 1985. Lisburne Development
environmental studies: 1984. Fish, Final Report, Chap. 5, Vol. 4. Prepared for ARCO
Alaska, Inc., by Woodward-Clyde Consultants, Anchorage, AK.

Moulton, L. L., and L. J. Field. 1989. Assessment of the Colville River fall fishery, 1985-87.
Pages 47-53 in R. M. Meyer and T. M. Johnson (OOs.), Fisheries oceanography-a
comprehensive formulation of technical objectives for offshore application in the arctic.
Proceedings of a workshop held in Anchorage, AK, April 5-6, 1988. U.S. Dep. Inter.,
Minerals Management Service, Anchorage, AI{, and MBC Environmental Sciences,
Costa Mesa, CA.

Moulton, L. L., and K E. Tarbox. 1987. Analysis of arctic cod movements in the Beaufort
Sea nearshore region, 1978-79. Arctic 40(1): 43-49.

Neill, W. H., R. J. Fechhelm, B. J. Gallaway, J. D. Bryan, and S. W. Anderson. 1983.
Modeling movement and distribution of arctic cisco (Coregonus autumnalis) relative
to temperature-salinity regimes of the Beaufort Sea near the Waterflood Causeway,
Prudhoe Bay, Alaska. BioI. Pap. Univ. Alaska 21: 39-61.

Orth, D. J. 1971. Dictionary of Alaska place names. USGS Prof. Paper 567. U.S.
Government Printing Office, Washington, DC. 1084 pp. + 12 maps.

Pahlke, K A. 1985. Preliminary studies of capelin (Mallotus uillosus) in Alaskan waters.
Alaska Dep. Fish and Game Informational Leaflet 250. 65 pp.

Palmer, D. E., and L. J. Dugan. 1990. Fish population characteristics of Arctic National
Wildlife Refuge coastal waters, summer 1989. Progress Report. Fishery Assistance
Office, U.S. Fish & Wildlife Service, Fairbanks, AK. 83 pp.

Paragamian, V. L. 1989. Seasonal habitat use by walleye in a warmwater river system, as
determined by radiotelemetry. N. Am. J. Fish. Manage. 9: 392-401.

-131-

-



Pearcy, W. G., R. D. Brodeur, and J. P. Fisher. 1990. Distribution and biology of juvenile
cutthroat trout Oncorhynchus clarki clarki and steelhead O. mykiss in coastal waters
off Oregon and Washington. U.S. Natl. Mar. Fish. Serv. Fish. Bull. 88(4): 697-711.

a
a
il
a
il
a
a
a
a
a
u
o
a
il
~

a
a
~,

u

Quinn, T. P 1988. Estimated swimming speeds of migrating adult sockeye salmon. Can.
J. Zool. 66: 2160-2163.

Quinn, T. P., and R. D. Brodeur. 1991. Intra-specific variations in the movement patterns
of marine animals. Am. Zool. 31: 231-241.

Quinn, T. P., and W. C. Leggett. 1987. Perspectives on marine migrations of diadromous
fishes. Am. Fish. Soc. Symposium 1: 377-388.

Quinn, T. P., and B. A terHart. 1987. Movements of adult sockeye salmon (Oncorhynchus
nerka) in British Columbia coastal waters in relation to temperature and salinity
stratification: ultrasonic telemetry results. Pages 61-77 in H. D. Smith, L. Margolis,
and C. C. Wood (ed.), Sockeye salmon (Oncorhynchus nerka) population and future
management. Can. Spec. Publ. Fish. Aquat. Sci. 96.

Reynolds, W. W. 1977. Temperature as a proximate factor in orientation behavior. J. Fish.
Res. Board Can. 34: 734-739.

Ricker, W. E. 1975. Computation and intrepretation of biological statistics of fish
populations. Bull. Fish. Res. Board Can. 191. 382 pp.

Rose, G. A., and W. C. Leggett. 1989. Interactive effects of the geophysically-forced sea
temperatures and prey abundance on mesoscale coastal distributions of a marine
predator, Atlantic cod (Gadus morhua), Can. J. Fish. Aquat. Sci. 46: 1904-1913.

Ross, B. D. 1988. Causeways in the Alaskan Beaufort Sea. U.S. Environmental Protection
Agency, Region 10, Anchorage, AK. EPA 910/0-88-218. 25 pp.

Ruggerone, G. T., T. P. Quinn, I. A McGregor, and T. D. Wilkinson. 1990. Horizontal and
vertical movements of adult steelhead trout, Oncorhynchus mykiss, in the Dean and
Fisher Channels, British Columbia. Can. J. Fish. Aquat. Sci. 47: 1963-1969.

Schimdt, D. R., W. B. Griffiths, D. K. Beaubien, and C. J. Herlugson. In press. Movement
of young-of-the-year arctic cisco across the Beaufort Sea coast. Am. Fish. Soc.
Symposium 12.

Sciarrotta, T. C., and D. R. Nelson. 1977. Diel behavior of the blue shark, Prionace glauca,
near Santa Catalina Island, California. U.S. Natl. Mar. Fish. Servo Fish. Bull. 75:
519-528.

Spigarelli, S. A, and M. M. Thommes. 1979. Temperature selection and estimated thermal
acclimation by rainbow trout (Salmo gairdneri) in a thermal plume. J. Fish. Res.
Board Can. 36: 366-376.

-132-



r
[
r
'-

Standard Alaska Production Company. 1989. Assessing the impact of causeways on
Beaufort Sea fish. A white paper prepared by Standard Alaska Production Company,
Environmental and Regulatory Affairs, P.O. Box 196612, Anchorage, AK. 6 pp. + 6
Issue Papers + Appendixes.

[\

[

r
r
r
r
r
r
r
f·
r
r
r
r
r

Stasko, A B., R. M. Horral, and A D. Hasler. 1976. Coastal movements of adult Fraser
River sockeye salmon (Oncorhynchus nerka) observed by ultrasonic tracking. Trans.
Am. Fish. Soc. 105: 64-71.

Stasko, A. B., R. M. Horral, A D. Hasler and D. Stasko. 1973. Coastal movements of
mature Fraser River pink salmon (Oncorhynchus gorbuscha) as revealed by ultrasonic
tracking. J. Fish. Res. Board Can. 30: 1309-1316.

Stasko, A. B., and D. G. Pincock. 1977. Review of underwater biotelemetry, with emphasis
on ultrasonic techniques. J. Fish. Res. Board Can. 34: 1261-1285.

Stasko, A. B., and S. M. Polar. 1973. Hydrophone and bow mount for tracking fish by
ultrasonic telemetry. J. Fish. Res. Board Can. 30: 119-121.

Taylor, S. G., J. C. Landingham, D. G. Mortensen, and A. C. Wertheimer. 1987. Pink
salmon early life history in Auke Bay: growth, diet, and survival. Component 8 in
Annual report summary of 1986 APPRISE research program. Volume I. Technical
Report. UAJ SFS-8702. 422 pp.

Thorsteinson, L. K., L. E. Jarvela, and D. A. Hale. 1990. Arctic fish habitat investigations:
nearshore studies in the Alaskan Beaufort Sea, summer 1988. U.S. Dep. Commer.and
U.S. Dep. Inter., OCSEAP Final Rep. 71: 349-485.

Trotter, P. C. 1989. Coastal cutthroat trout: A life history compendium. Trans. Am. Fish.
Soc. 118: 463-473.

Truett, J. C. (ed.), 1983. Environmental characterization and biologicaluse oflagoons in the
eastern Beaufort Sea U.S. Dep. Commer. and U.S. Dep. Inter., OCSEAP Final Rep.
24: 129-579.

Tyus, H. M., B. D. Burdick, and C. W. McAda. 1984. Use of radiotelemetry for obtaining
habitat preference data on Colorado squarish. N. Am. J. Fish. Manage. 4: 177-180.

Washington, P. 1977. The sea-run cutthroat trout resource and sport fishery. U.S. Natl.
Mar. Fish. ServoMar. Fish. Rev. 39(12):20-22.

Williams, I. v., and J. R. Brett. 1987. Critical swimming speed of Fraser and Thompson
River pink salmon (Oncorhynchus gorbuscha). Can. J. Fish. Aquat. Sci. 44: 348--356.

Winter, J. D. 1983.' Underwater biotelemetry. Pages 371--395 in L. A. Nielson and D. L.
Johnson (eds.), Fisheries techniques. American Fisheries Society,Bethesda, MD.

r.
l

-133-

---



Winter, J. D., and M. J. Ross. 1982. Methods in analyzing fish habitat utilization from
telemetry data. Pages 273-279 in N. B. Armantrout (ed.), Proceedings of the
symposium on the acquisition and utilization of aquatic habitat inventory information.
Western Division, American Fisheries Society, Bethesda, MD.

Winters, J. F., P. K Weber, A. L. DeCicco, and N. Shishido. 1988. An annotated
bibliography of selected references of fishes of the North Slope of Alaska, with
emphasis on research conducted in National Petroleum Reserve-Alaska. Prepared for
North Slope Borough by Alaska Dep. Fish and Game, Fairbanks, AK. 159 pp.

.. ~.-..
Wise, J. L., and L. D. Leslie. 1988. Section I: Selected topics in marine and coastal

meteorology. Climatic atlas, Vol. III: Chukchi-Beaufort Sea. National Climatic Data
Center, Asheville, NC, and Arctic Environmental Information and Data Center,
Anchorage, AK.

Zar, J. H. 1984. Biostatistical analysis. Prentice-Hall, Englewood Cliffs, NJ.

-134-

u
\}

a
a
H
a
tl
a
u
~.

u
a



DATE: 30 JUL 90 STATION: FlSH-l
• SALINITY (ppt)
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DATE: 05 AUG 90 STATION: CP-02
• SALINITY (ppl)
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DATE: 22 AUG 90 STATION: WD-25
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DATE: 02 SEP 90 STATION: AI-OJ
•• SAliNITY (ppt)

30,00 32,00 34100 38,00 38,00

DATE: 02 SEP 90 STATION: AI-04
•• SAliNITY (ppt)

30,00 32,00 34,00 38100 38,00

DATE: 02 SEP 90 STATION: CP-ll
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DATE: 03 SEP 90 STATION: BP-02
•• SAlINITY (ppt)

2',00 31,00 33,00 35100 37,00

DATE: 03 SEP 90 STATION: BP-03
•• SAliNITY (ppt)

21,00 31,00 33,00 35,00 37,00

DATE: 03 SEP 90 STATION: BP-04
•• SALINITY (ppt)

29,00 31,00 33,00 35,00 37,00

DATE: 03 SEP 90 STATION: CP-l0
•• SAliNITY (ppt)

24,00 211100 211,00 30,00 3~00
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DATE: 04 SEP 90 STATION: EC-l0
•• SAliNITY (ppt)

27,00 2',00 31,00 33100 35,00

DATE: 05 SEP 90 STATION: WD-Ol
•• SAliNITY (ppt)

27,00 29,00 31,00 33,00 35,00

DATE: 05 SEP 90 STATION: WD-02
•• SALINITY (ppt)

21,00 24,00 27,00 30,00 33,00 ,

DATE: 03 SEP 90 STATION: MS-Ol
•• SAliNITY (ppt)

25100 27,00 2',00 31,00 33,00
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DATE: 05 SEP 90 STATION:WO-OJ
• SALINITY(ppt)

24100 28100 28,00 30,00 32100

El TEMPERATURE(D8g C)
1.00 2.00 3.00 4.00 &.00o-+---~..----fil--_-L. __ ..J

II

10

I~
~
I

Appendix A-CTD Station Data, 1990 (continued)



Appendix B-Thwnet Catch Per Unit Effort (CPUE), 19908

Arctic Arctic Arctic Kelp Ninespine Arctic
Date Station/cast cisco char cod snailfish Capelin stickleback Sculpins flounder Eelblennies

8/02 CCOl1007 1 5
8/02 CC01/008 3
8/02 CC02/011 water haul
8/02 CPlO/013 water haul
8/02 CP10/014 water haul
8/02 CP10/015 water haul
8/05 CPO11024 1 8 4
8/05 CPOll025 9 3
8/05 CP02/027 397
8/05 CP02/028 water haul
8/09 EC14/030 4

I 8/09 EC14/031 1••••~~ 8/09 EC13/033 1I

8/09 EC13/034 water haul
8/09 EC12/036 2 411
8/09 EC12/037 64
8/09 ECll/039 1 1
8/09 EC11/040 1
8/09 EC10/042 1 1 1 1
8/09 EC10/043 6 1 18 1
8/21 WD24/051 1 22 27
8/21 WD24/052 56 174 9
8/21 WD24/053 1 6 2
8/21 WD23/055 33 3,418
8/21 WD23/056 20 533 1
8/22 WD211058 154 1 4 2

8/22 WD211059 72 5

8/22 WD22/061 14 1 2
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Appendix B-Townet CPUE, 1990a (continued)

Arctic Arctic Arctic Kelp Ninespine Arctic
Date Station/cast cisco char cod snailfish Capelin stickleback Sculpins flounder Eelblennies

8/22 WD22/062 20 1 2 10
8/22 WD25/064 4 50
8/22 WD25/065 45
8/23 WD211067 6 74 2 151 2 9
8/23 WD211068 3 481 522 4 9 2 3
8/25 CP10/070 3 8 2 4
8/25 CP10/071 8 2 22
8/26 CP10/073 6 1 3 2
8/26 CP10/074 5 5 1 5 5
8/27 MSOll081 54 560 5
8/27 MSOll082 28 1 210 1

I....
8/31 AIOlI084 7 1,190 140 60t

I 8/31 AIOlI085 950 151 75 1
9/02 AIOll087 251
9/02 AIOlI088 2 125
9/02 AI02/090 75
9/02 AI02/091 27
9/02 AI03/093 64
9/02 AI03/094 42
9/02 AI04/096 13
9/02 AI04/097 2
9/02 CP15/099 8 5
9/02 CP15/100 5 6
9/02 CP14/102 132 6
9/02 CP14/103 46 3
9/02 CP13/105 700 7
9/02 CP13/106 991
9/02 CP12/108 907



Appendix B-Townet CPUE, 1990a (continued)

Arctic Arctic Arctic Kelp Ninespine Arctic
Date Station/cast cisco char cod snailfish Capelin stickleback Sculpins flounder Eelblennies

9/02 CP12/109 904
9/02 CPl1/111 677
9/02 CPl1/112 572 1
9/03 CP10/114 6 98 17 4
9/03 CP10/115 12 77 6 9
9/03 BP04/117 1
9/03 BP04/118 1
9/03 BP03/120 water haul

I 9/03 BP03/121 water haul....
~ 9/03 BP02/123 14c:.n
I

9/03 BP02/124 7
9/03 BP01l126 1 3
9/03 BP01l127 11 2
9/03 MS01l129 40 5
9/03 MS01l130 82 1 3
9/04 EC10/132 terminated
9/05 WD22/134 1 2 1
9/05 WD22/135 1 1
9/05 WD23/137 13
9/05 WD211139 15 417 3 46 2 1

9/05 WD211140 14 140 23 7 1

a Absence of data denotes zero catch.
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Appendix C-Fish Densities (numbers/l,OOOnr), 1990

Arctic Arctic Arctic Kelp Ninespine Arctic
Date Station/cast cisco char cod snailfish Capelin stickleback Sculpins flounder Eelblennies Unknown Total

8/02 CCOl1007 0.17 0.85 1.02

8/02 CCOl1008 0.55 0.55
8/02 CC02/011 0.00
8/02 CP10/013 0.00
8/02 CP10/014 0.00
8/02 CP10/015 0.00
8/05 CPOll024 0.31 2.45 1.23 3.99
8/05 CPOll025 2.72 0.91 1.21 4.84
8/05 CP02/027 170.22 170.22
8/05 CP02/028 0.00

I
8/09 EC14/030 0.88 0.88

I-' 8/09 EC14/031 0.22 0.22~
0')
I 8/09 EC13/033 0.19 0.19

8/09 EC13/034 0.00

8/09 EC12/036 0.44 91.17 91.61

8/09 EC12/037 13.68 13.68

8/09 EC11/039 0.26 0.26 0.52

8/09 EC11/040 0.26 0.26

8/09 EC10/042 0.26 0.26 0.26 0.26 1.04

8/09 EC10/043 1.54 0.26 4.63 0.26 6.69

8/21 WD24/051 0.20 4.30 5.27 9.77

8/21 WD24/052 20.32 63.12 3.27 86.71

8/21 WD24/053 0.44 2.64 0.88 3.96

8/21 WD23/055 7.14 740.03 747.17

8/21 WD23/056 4.30 114.59 0.21 119.11

8/22 WD211058 32.26 0.21 0.84 0.42 33.73

8/22 WD211059 14.97 1.04 16.00

8/22 WD22/061 4.97 0.36 0.71 6.04



Appendix C-Fish Densities, 1990(continued)

Arctic Arctic Arctic Kelp Ninespine Arctic
Date Station/cast cisco char cod snailfish Capelin stickleback Sculpins flounder Eelblennies Unknown Total

8/22 WD22/062 7.23 0.36 0.72 3.62 11.93
8/22 WD25/064 1.45 18.12 19.56
8/22 WD25/065 18.67 18.67
8/23 WD211067 1.17 14.47 0.39 29.52 0.39 0.39 47.70
8/23 WD211068 1.09 173.96 188.79 1.45 3.26 0.72 1.09 370.36
8/25 CP10/070 0.66 1.77 0.44 0.88 3.75
8/25 CP1O/071 1.77 0.44 4.86 7.07
8/26 CP10/073 1.55 0.26 0.77 0.52 3.09
8/26 CP10/074 1.29 1.29 0.26 1.29 1.29 5.41

8/27 MSOll081 10.55 109.40 0.98 120.93
8/27 MSOl/082 5.45 0.20 40.85 0.20 46.69

I 8/31 AI01/084 4.50 765.35 90.04 38.59 898.48.-.~
'I 8/31 AIOlI085 396.64 63.05 31.31 0.42 491.42I

9/02 AIOlI087 64.61 64.61
9/02 AIOl/088 0.52 32.18 32.69

9/02 A102/090 19.23 19.23

9/02 A102/091 6.92 6.92

9/02 AI03/093 16.48 16.48

9/02 AI03/094 10.81 10.81

9/02 AI04/096 3.35 3.35

9/02 AI04/097 0.52 0.52

9/02 CP15/099 2.57 1.61 4.18

9/02 CP15/100 2.14 2.57 4.72

9/02 CP14/102 29.25 1.33 30.58

9/02 CP14/103 11.85 0.77 12.62

9/02 CP13/105 181.51 1.82 183.32

9/02 CP13/106 303.26 303.26

9/02 CP12/108 234.81 234.81



Appendix C-Fish Densities, 1990(continued)

Arctic Arctic Arctic Kelp Ninespine Arctic
Date Station/cast cisco char cod snailfish Capelin stickleback Sculpins flounder Eelblennies Unknown Total

9/02 CP12/109 200.29 200.29
9/02 CPll/111 150.17 150.17
9/02 CPll/1l2 183.52 0.32 183.34
9/03 CP10/114 1.55 25.23 4.38 1.03 32.18
9/03 CP10/115 3.86 19.82 1.55 2.32 1.03 27.80
9/03 BP04/117 0.43 0.43

9/03 BP04/118 0.43 0.43

9/03 BP03/120 0.00
I 9/03 BP03/121 0.00.....

tI=o-
9/03 BP02/123 4.30 4.3000

I

9/03 BP02/124 2.12 2.12
9/03 BP01l126 0.44 1.32 1.76

9/03 BP01l127 3.98 0.72 4.70
9/03 MS01l129 6.76 0.85 7.61
9/03 MS01l130 35.94 0.44 1.31 37.69
9/04 EClO/132
9/05 WD22/134 0.19 0.39 0.19 0.77

9/05 WD22/135 0.19 0.19 0.39

9/05 WD23/137 2.70 2.70

9/05 WD21/139 3.86 107.34 0.77 11.84 0.52 0.26 124.59

9/05 WD211140 6.01 60.07 9.87 3.00 0.42 79.37



r
r Appendix D-Catch Summary, 1990

Catch Summaryr Date Station Location Species E X SD CV

8/02 CC01 Carter Creek Arctic cisco 3 1.50 2.12 1.14

r Ninespine stickleback 1 0.50 0.71 1.42
Sculpins 5 2.50 3.54 1.42

Total 9 4.50 2.12 0.47

8 8/02 CP10 Simpson Cove Three (3) water hauls

8/05 CP01 Collinson Point Arctic cisco 1 0.50 0.71 1.42
Arctic cod 17 8.50 0.71 0.08r Capelin 7 3.50 0.71 0.20
Unknown 4

Total 29 14.50 2.12 0.15

r 8/05 CP02 Collinson Point Arctic cod 397 198.50 280.72 1.41

8/09 EC14 Endicott Causeway Kelp snailfish 5 2.50 2.12 0.85r 8/09 EC13 Endicott Causeway Kelp snailfish 1 0.50 0.71 1.42

8/09 EC12 Endicott Causeway Arctic cisco 2 1.00 1.41 1.41r Arctic cod 475 237.50 245.37 1.03

8/09 ECll Endicott Causeway Arctic cisco 2 1.00 0.000.00

r 8/09 EC10 Endicott Causeway Arctic cisco 7 4.00 3.54 1.01
Kelp snailfish 1 0.50 0.71 1.42
Capelin 1 5.00 0.71 1.42r Ninespine stickleback 19 9.50 12.02 0.13
Sculpins 2 1.00 0.00 0.00

Total 30 15.00 15.56 1.04

r 8/21 WD24 West Dock Causeway Arctic cisco 56 28.00 39.60 1.40
Arctic cod 175 87.50 122.33 1.40
Kelp snailfish 15 7.50 2.12 0.28

r Sculpins 2 1.00 1.41 1.41
Total 248 124.00 162.63 1.31

8/21 WD23 West Dock Causeway Arctic cisco 53 26.50 9.19 0.35

r Arctic cod 3,951 1,975.50 2,040.00 1.03
Capelin 1 0.50 0.71 1.42

<- Total 4,005 2,002.50 2,048.48 1.02

r 8/21 WD21 West Dock Causeway Arctic cisco 226 113.00 57.98 0.51
Comment: Northward tows Arctic cod 1 0.50 0.71 1.42

Kelp snailfish 9 4.50 0.71 0.16

r Ninespine stickleback 2 1.00 1.41 1.41
Total 238 119.00 59.40 0.50

8/22 WD22 West Dock Causeway Arctic cisco 34 17.00 4.24 0.25r Arctic cod 2 1.00 0.00 0.00
Kelp snailfish 2 1.00 1.41 1.41
Capelin 12 60.00 5.66 0.94

Total 50 25.00 11.31 0.45

r
r -149-
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Appendix D-Catch Summary (continued)
~

Catch Summary

Date Station Location Species E X SD CV il
8/22 WD25 West Dock Causeway Arctic cisco 4 2.00 2.83 1.41

Kelp snailfish 95 47.50 3.53 0.07

~
Total 99 49.50 6.36 0.13

8/23 WD21 West Dock Causeway Arctic cisco 9 4.50 2.12 0.05
Arctic cod 555 277.50 287.79 1.04 3Kelp snailfish 2 1.00 1.41 1.41
Capelin 673 336.50 262.34 0.78
Ninespine stickleback 6 3.00 1.41 0.47
Sculpins 18 9.00 ilArctic flounder 2 1.00 1.41 1.41
Eelblennies 3 1.50 2.12 1.41

Total 1,268 634.00 548.71 0.87

38/25 CP10 Collinson Point Arctic cisco 11 5.50 3.54 0.64
Arctic cod 10 5.00 4.24 0.85
Capelin 2 1.00 1.41 1.41

UNinespine stickleback 26 13.00 12.73 0.98
Total 49 24.50 10.61 0.43

8/26 CP10 Simpson Cove Arctic cisco 11 5.50 0.71 0.13 aArctic cod 6 3.00 2.83 0.94
Kelp snailfish 4 2.00 1.41 0.71
Capelin 5 2.50 3.54 1.41
Sculpins 7 3.50 2.12 0.61

~Total 33 16.50 6.36 0.39

8/27 MS01 Mary Sachs Entrance Arctic cisco 82 41.00 18.38 0.45 aArctic char 1 0.50 0.71 1.41
Arctic cod 770 385.00 247.49 0.64
Capelin 5 2.50 3.54 1.41
Ninespine stickleback 1 0.50 0.71 1.41 3Total 859 429.50 267.00 0.62

8/31 AI01 Arey Island Arctic cisco 7 3.50 4.95 1.41
Arctic cod 2,140 1,070.00 169.71 0.16

~Kelp snailfish 291 145.50 7.78 0.05
Capelin 135 67.50 10.61 0.16
Sculpin 1 0.50 0.71 1.41

Total 2,574 1,287.00 155.56 0.12 il
9/02 AI01 Arey Island Arctic cisco 2 1.00 1.41 0.71

Arctic cod 376 188.00 89.10 0.47 aTotal 378 189.00 87.68 0.46

9/02 AI02 Arey Island Arctic cod 102 51.00 33.94 0.67

9/02 AI03 Arey Island Arctic cod 106 53.00 15.56 0.29 U
9/02 AI04 Arey Island Arctic cod 15 7.50 7.78 1.04

9/02 CP15 Collinson Point Arctic cod 13 6.50 2.12 0.33
~Kelp snailfish 11 5.50 0.71 0.13

Total 24 12.00 1.41 0.12

il-
-150- il
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r Appendix D-Catch Summary (continued)

Catch Summary

r Date Station Location Species 1: X SD CV

9/02 CP14 Collinson Point Arctic cod 178 89.00 60.81 0.68
Kelp snailfish 9 4.50 2.12 0.47r Total 187 93.50 62.93 0.67

9/02 CP13 Collinson Point Arctic cod 1,691 845.50 205.77 0.24

r Kelp snailfish 7 3.50 4.95 1.41
Total 1,698 849.00 200.82 0.23

9/02 CP12 Collinson Point Arctic cod 1,811 905.50 2.12 0.02r 9/02 CPll Collinson Point Arctic cod 1,249 624.50 74.25 0.12

9/03 CP10 Collinson Point Arctic cisco 18 9.00 4.24 0.47

r Arctic cod 175 87.50 14.85 0.17
Kelp snailfish 6 3.00 4.24 1.41
Ninespine stickleback 26 13.00 5.66 0.44
Eelblennies 8 4.00 0.00 0.00

r Total 233 116.50 12.02 0.10

9/03 BP04 Brownlow Point Arctic cod 1 0.50 0.71 1.42
Kelp snailfish 1 0.05 0.71 1.42r 9/03 BP03 Brownlow Point Water hauls

9/03 BP02 Brownlow Point Arctic cod 21 10.50 4.95 0.47

r 9/03 BP01 Brownlow Point Arctic cod 12 6.00 7.07 1.18
Kelp snailfish 5 2.50 0.71 0.28

Total 17 8.50 6.36 0.75r 9/03 MS01 Mary Sachs Entrance Arctic cod 122 61.00 29.70 0.49
Kelp snailfish 6 3.00 2.83 0.94
Ninespine stickleback 3 1.50 2.12 1.41r Total 131 65.50 28.99 0.44

9/04 EC10 Endicott Causeway 0

r No replicate

9/05 WD22 West Dock Causeway Arctic cisco 2 1.00 0.00 0.00
Arctic cod 2 1.00 1.41 1.41

r Capelin 1 0.50 0.71 1.41
Ninespine stickleback 1 0.50 0.71 1.41

Total 6 3.00 1.41 0.47

r 9/05 WD23 West Dock Causeway Arctic cod 13
No replicate

9/05 WD21 West Dock Causeway Arctic cisco 29 14.50 0.71 0.05

r Arctic cod 547 273.50 188.80 0.69
Kelp snailfish 3 1.50 2.12 1.41
Capelin 23 11.50 16.26 1.41
Ninespine stickleback 7 3.50 4.95 1.41r Arctic flounder 3 1.50 0.71 0.47
Eelblenny 1 0.50 0.71 1.41

Total 613 306.50 171.83 0.56

r
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Appendix E-Thwnet and CTD Station Locations, 1990 il
FISH OCEAN

~
Date Station CAST CAST LAT LONG
8/02 CC01 007 006 69 58.1 144 41.9

008 U8/02 CC02 010 009 70 00.1 144 41.8
011

8/02 CP10 013 012 69 59.0 144 53.8
~

014
015

8/05 CP11 024 023 70 00.3 144 55.2
il025

8/05 CP02 027 026 70 02.3 155 55.3
028

8/09 EC14 030 029 70 18.9 147 35.2 U031
8/09 EC13 033 032 70 17.4 147 35.4

034
U8/09 EC12 036 035 70 15.8 147 35.6

037
8/09 EC11 039 038 70 14.2 147 35.4 a040
8/10 EC10 042 041 70 13.5 147 35.5

043
8/21 WD24· 051 050 70 27.8 148 33.0

~052
053

8/21 WD23 055 054 70 26.7 148 32.9
U056

8/22 WD21 058 057 70 24.4 148 32.9
059

8/22 WD22 061 060 70 25.7 148 32.8
~062

8/22 WD25 064 063 70 28.8 148 33.0
065

~8/23 WD21 067 066 70 24.4 148 32.9
068

8/25 CP10 070 069 69 58.8 144 55.2 il071
8/26 CP10 073 072 69 59.0 144 55.1

074 g8/27 MS01 081 080 70 11.5 146 15.9
082

8/31 AI01 084 083 70 08.4 143 54.3
085 a

il
il
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r Appendix E-Thwnet and CTD Station Locations, 1990 (continued)
L,

r FISH OCEAN
Date station CAST CAST LAT LONG
9/02 AI01 087 086 70 08.4 143 54.1r 088
9/02 AI02 090 089 70 09.1 143 53.4

091

r 9/02 AI03 093 092 70 10.9 143 53.9
094

9/02 AI04 096 095 70 12.3 143 54.0

r 097
9/02 CP15 099 098 70 06.0 144 55.2

100
9/02 CP14 102 101 70 04.3 144 55.1r 103
9/02 CP13 105 104 70 02.8 144 55.2

106

[ 9/02 CP12 108 107 70 01.2 144 55.2
109

9/03 CP11 111 110 70 00.5 144 55.1
112r 9/03 CP10 114 113 69 58.8 144 55.2
115

9/03 BP04 117 116 70 14.6 145 50.0r 118
9/03 BP03 120 119 70 13.7 145 51.0

121

r 9/03 BP02 123 122 70 11.6 145 51.2
124

9/03 BP01 126 125 70 10.7 145 51.2
127r 9/03 MS01 129 128 70 11.3 146 16.9
130

9/04 EC10 131 70 13.6 147 35.8r 9/05 WD22 134 133 70 25.6 148 33.0
135

9/05 WD23 137 136 70 26.6 148 33.7

[ 9/05 WD21 139 138 70 28.8 148 32.9
140

r
C
r
r
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Appendix F-Ground Speed Data, 1990

Fish 1 Start Date 7/30/90

TIME (LCL) DISTANCE FROM ELASPED SWIMMING CUMULATIVE AVERAGE
PREVIOUS POSIT. TIME SPEED DISTANCE SPEED

(m) (seconds) (cm!sec) (m) (cm/sec)

1 1039 .0 .0 .0 .0 .02 1046 676.4 420.0 161.0 676.4 161.03 1054 315.1 480.0 65.6 991.4 110.24 1105 445.8 660.0 67.5 1437.2 92.15 1115 489.5 600.0 81.6 1926.7 89.26 1125 532.9 600.0 88.8 2459.6 89.17 1135 368.3 600.0 61.4 2827.9 84.28 1206 1254.3 1860.0 67.4 4082.3 78.29 1215 418.2 540.0 77.4 4500.4 78.110 1225 377.3 600.0 62.9 4877.8 76.711 1236 377.3 660.0 57.2 5255.1 74.912 1245 377.4 540.0 69.9 5632.6 74.513 1253 185.6 480.0 38.7 5818.2 72.414 1305 377.3 720.0 52.4 6195.5 70.715 1315 372.0 600.0 62.0 6567.5 70.216 1325 372.0 600.0 62.0 6939.4 69.7
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Fish 2 Start Date 7/31/90r TIME (LCL) DISTANCE FROM ELASPED SlUMMING CUMULATIVE AVERAGE

PREVIOUS POSIT. TIME SPEED DISTANCE SPEEDr (m) (seconds) (em/sec) (m) (em/sec)

[ 1 1050 .0 .0 .0 .0 .0
2 1100 417.4 600.0 69.6 417.4 69.6
3 1110 186.4 600.0 31.1 603.8 50.3
4 1120 489.5 600.0 81.6 1093.3 60.7r 5 1130 393.2 600.0 65.5 1486.6 61.9
6 1140 571.9 600.0 95.3 2058.5 68.6
7 1200 641.9 1200.0 53.5 2700.4 64.3

r 8 1210 377.3 600.0 62.9 3077.8 64.1
9 1220 377.4 600.0 62.9 3455.2 64.0

10 1230 186.4 600.0 31.1 3641.6 60.7
11 1240 377.3 600.0 62.9 4019.0 60.9r 12 1300 737.1 1200.0 61.4 4756.0 61.0
13 1310 224.9 600.0 37.5 4980.9 59.3
14 1320 127.6 600.0 21.3 5108.5 56.8

r 15 1330 424.4 600.0 70.7 5532.9 57.6
16 1340 127.6 600.0 21.3 5660.5 55.5
17 1345 .0 300.0 .0 5660.5 53.9
18 1350 63.5 300.0 21.2 5724.0 53.0

r 19 1355 314.6 300.0 104.9 6038.6 54.4
20 1400 .0 300.0 .0 6038.6 53.0
21 1405 64.1 300.0 21.4 6102.7 52.2
22 1411 185.6 360.0 51.5 6288.3 52.1r 23 1415 190.5 240.0 79.4 6478.8 52.7
24 1420 64.1 300.0 21.4 6542.9 51.9
25 1425 196.9 300.0 65.6 6739.9 52.2

r 26 1430 190.5 300.0 63.5 6930.4 52.5
27 1435 191.1 300.0 63.7 7121.5 52.8
28 1440 196.1 300.0 65.4 7317.7 53.0
29 1445 127.6 300.0 42.5 7445.3 52.8r 30 1450 63.5 300.0 21.2 7508.8 52.1
31 1455 63.5 300.0 21.2 7572.3 51.5
32 1500 127.0 300.0 42.3 7699.3 51.3

r 33 1515 724.8 900.0 BO.5 8424.1 53.0
34 1520 63.5 300.0 21.2 8487.6 52.4
35 1525 63.5 300.0 21.2 8551.2 51.8
36 1530 63.5 300.0 21.2 8614.7 51.3

[ 37 1535 127.6 300.0 42.5 8742.3 51.1
38 1540 224.9 300.0 75.0 8967.2 51.5
39 1545 318.2 300.0 106.1 9285.3 52.5

r 40 1550 .0 300.0 .0 9285.3 51.6
41 1556 318.7 360.0 88.5 9604.0 52.3
42 1605 196.9 540.0 36.5 9801.0 51.9
43 1610 .0 300.0 .0 9801.0 51.0

I""'i 44 1615 372.0 300.0 124.0 10172.9 52.2
l 45 1620 267.0 300.0 89.0 10439.9 52.7

46 1625 196.9 300.0 65.6 10636.9 52.9

r 47 1630 266.0 300.0 88.7 10902.8 53.4
48 1635 186.4 300.0 62.1 11089.2 53.6
49 1642 191.1 420.0 45.5 11280.4 53.4
50 1645 225.9 1BO.0 125.5 11506.3 54.0r 51 1650 196.9 300.0 65.6 11703.2 54.2

r -155-
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Fish 2 Start Date 7/31/90

TIME (LCL) DISTANCE FROM ELASPED SWIMMING aJMULATIVE AVERAGE U
PREVIOUS POSIT. TIME SPEED DISTANCE SPEED

(m) (seconds) (em/see) (m) (em{sec) il
52 1655 63.5 300.0 21.2 11766.7 53.7

il53 1700 196.1 300.0 65.4 11962.8 53.9
54 1705 185.6 300.0 61.9 12148.4 54.0
55 1710 225.2 300.0 75.1 12373.6 54.3
56 1715 196.1 300.0 65.4 12569.7 54.4

~
57 1nO .0 300.0 .0 12569.7 53.7
58 1n5 196.9 300.0 65.6 12766.7 53.9
59 1750 683.0 1500.0 45.5 13449.6 53.4

il60 1755 185.6 300.0 61.9 13635.2 53.5
61 1800 127.6 300.0 42.5 13762.8 53.3
62 1805 445.2 300.0 148.4 14208.0 54.4
63 1820 809.1 900.0 89.9 15017.1 55.6

~
64 1825 186.4 300.0 62.1 15203.5 55.7
65 1830 185.6 300.0 61.9 15389.1 55.8
66 1907 1126.4 2220.0 50.7 16515.5 55.4

~
67 1910 .0 180.0 .0 16515.5 55.1
68 1940 393.1 1800.0 21.8 16908.6 53.2
69 1945 418.2 300.0 139.4 17326.7 54.0
70 2000 1487.9 900.0 165.3 18814.6 57.0

U71 2010 224.9 600.0 37.5 19039.5 56.7
rz 2015 196.9 300.0 65.6 19236.4 56.7
73 2020 63.5 300.0 21.2 19299.9 56.4
74 2030 3n.0 600.0 62.0 19671.9 56.5

~75 2035 224.9 300.0 75.0 19896.8 56.7
76 2040 3n.0 300.0 124.0 20268.7 57.3
77 2050 196.9 600.0 32.8 20465.7 56.8 U78 2055 .0 300.0 .0 20465.7 56.4
79 2100 196.1 300.0 65.4 20661.8 56.5
80 2105 196.1 300.0 65.4 20857.9 56.5
81 2110 63.5 300.0 21.2 20921.4 56.2

~82 2115 186.4 300.0 62.1 21107.8 56.3
83 2120 .0 300.0 .0 21107.8 55.8
84 2130 377.3 600.0 62.9 21485.2 56.0

~
85 2135 196.1 300.0 65.4 21681.3 56.0
86 2155 482.8 1200.0 40.2 22164.2 55.5
87 0000 2758.0 7500.0 36.8 24922.2 52.6
88 0005 225.6 300.0 75.2 25147.7 52.7 il89 0010 3n.0 300.0 124.0 25519.7 53.2
90 0015 418.2 300.0 139.4 25937.9 53.7
91 0020 185.6 300.0 61.9 26123.4 53.8

U92 0025 450.8 300.0 150.3 26574.2 54.3
93 0035 196.1 600.0 32.7 26770.4 54.1
94 0040 190.5 300.0 63.5 26960.9 54.1
95 0050 450.8 600.0 75.1 27411.7 54.4 a96 0055 266.4 300.0 88.8 27678.1 54.6
97 0100 225.6 300.0 75.2 27903.6 54.7
98 0110 318.2 600.0 53.0 28221.8 54.7

~.99 0115 127.0 300.0 42.3 28348.8 54.6
100 0120 185.6 300.0 61.9 28534.4 54.7
101 0125 196.9 300.0 65.6 28731.3 54.7
102 0130 191.1 300.0 63.7 28922.4 54.8 U
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Fish 2 Start Date 7/31/90

TIME (LCL) DISTANCE FROM ELASPED SWIMMING CUMULATIVE AVERAGE
PREVIOUS POSIT. TIME SPEED DISTANCE SPEED

(m) (seconds) (em/sec) em) (cmtsec)

103 0135 196.1 300.0 65.4 29118.6 54.8
104 0140 .0 300.0 .0 29118.6 54.5
105 0145 196.9 300.0 65.6 29315.5 54.6
106 0150 185.6 300.0 61.9 29501.0 54.6
107 0155 266.4 300.0 88.8 29767.4 54.8
108 0200 3n.3 300.0 125.8 30144.8 55.2
109 0205 63.5 300.0 21.2 30208.3 55.0
110 0210 376.5 300.0 125.5 30584.8 55.4
111 0215 186.4 300.0 62.1 30n1.2 55.4
112 0220 225.9 300.0 75.3 30997.1 55.6
113 0225 .0 300.0 .0 30997.1 55.3

r
L.

[

r
r
r
r
r
r
r
r
[

r
r
r
r
r
r
;
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Fish 4 Start Date 8/03/90

r TIME CLCL) DISTANCE FROM ELASPED lNlMMING CUMULATIVE AVERAGE
PREVIOUS POSIT. TIME SPEED DISTANCE SPEED

[ Cm) Cseconds) CcmJsec) Cm) CcmJsec)

r 1 1205 .0 .0 .0 .0 .0
2 1210 224.9 300.0 75.0 224.9 75.0
3 1215 63.5 300.0 21.2 288.4 48.1
4 1220 196.9 300.0 65.6 485.3 53.9r 5 1225 63.5 300.0 21.2 548.8 45.7
6 1230 .0 300.0 .0 548.8 36.6
7 1235 127.6 300.0 42.5 676.4 37.6

r 8 1240 225.2 300.0 75.1 901.6 42.9
9 1245 63.5 300.0 21.2 965.2 40.2

10 1250 64.1 300.0 21.4 1029.3 38.1
11 1255 .0 300.0 .0 1029.3 34.3

r 12 1300 196.1 300.0 65.4 1225.4 37.1
13 1305 63.5 300.0 21.2 1288.9 35.8
14 1310 267.0 300.0 89.0 1555.9 39.9

r 15 1315 127.6 300.0 42.5 1683.5 40.1
16 1320 196.1 300.0 65.4 1879.6 41.8
17 1325 197.1 300.0 65.7 2076.7 43.3
18 1335 754.7 600.0 125.8 2831.4 52.4

r 19 1350 714.5 900.0 79.4 3545.9 56.3
20 1355 63.5 300.0 21.2 3609.4 54.7
21 1400 196.9 300.0 65.6 3806.4 55.2
22 1405 196.9 300.0 65.6 4003.3 55.6r 23 1410 191.1 300.0 63.7 4194.4 55.9
24 1415 196.9 300.0 65.6 4391.4 56.3
25 1420 196.9 300.0 65.6 4588.3 56.6

r 26 1425 .0 300.0 .0 4588.3 54.6
27 1430 63.5 300.0 21.2 4651.8 53.5
28 1435 .0 300.0 .0 4651.8 51.7
29 1440 .0 300.0 .0 4651.8 50.0r 30 1445 191.1 300.0 63.7 4842.9 50.4
31 1450 .0 300.0 .0 4842.9 48.9
32 1455 .0 300.0 .0 4842.9 47.5

r 33 1500 196.9 300.0 65.6 5039.9 48.0
34 1505 127.6 300.0 42.5 5167.5 47.8
35 1510 127.6 300.0 42.5 5295.1 47.7
36 1515 63.5 300.0 21.2 5358.6 47.0r 37 1520 186.4 300.0 62.1 5545.0 47.4
38 1525 186.4 300.0 62.1 5731.4 47.8
39 1530 225.6 300.0 75.2 5957.0 48.4

r 40 1535 190.5 300.0 63.5 6147.5 48.8
41 1540 63.5 300.0 21.2 6211.1 48.1
42 1545 127.6 300.0 42.5 6338.7 48.0
43 1550 63.5 300.0 21.2 6402.2 47.4

[ 44 1555 196.1 300.0 65.4 6598.3 47.8
45 1600 .0 300.0 .0 6598.3 46.8
46 1605 63.5 300.0 21.2 6661.8 46.3

r 47 1610 225.9 300.0 75.3 6887.7 46.9
48 1615 186.4 300.0 62.1 7074.1 47.2
49 1620 186.4 300.0 62.1 7260.5 47.5
50 1625 196.9 300.0 65.6 7457.5 47.8r 51 1630 186.4 300.0 62.1 7643.9 48.1
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Fish 4 Start Date 8/03/90

r TIME (LCL) DISTANCE FROM ELASPED SWIMMING CUMULATIVE AVERAGE

PREVIOUS POSIT. TIME SPEED DISTANCE SPEEDr (m) (seconds) (cm/sec) (m) (cm/sec)

103 2145 .0 300.0 .0 17439.1 50.1r 104 2150 225.2 300.0 75.1 17664.3 50.3
105 2155 224.9 300.0 75.0 17889.2 50.5
106 2200 225.2 300.0 75.1 18114.4 50.7r 107 2205 63.5 300.0 21.2 18177.9 50.5
108 2210 267.0 300.0 89.0 18444.9 50.8
109 2215 127.0 300.0 42.3 18571.9 50.7
110 2220 63.5 300.0 21.2 18635.4 50.5r 111 2225 254.6 300.0 84.9 18890.0 50.8
112 2350 2050.3 5100.0 40.2 20940.3 49.5
113 2355 185.6 300.0 61.9 21125.9 49.6r 114 0000 .0 300.0 .0 21125.9 49.2
115 0005 .0 300.0 .0 21125.9 48.9
116 0010 185.6 300.0 61.9 21311.4 49.0
117 0015 185.6 300.0 61.9 21497.0 49.1r 118 0020 127.6 300.0 42.5 21624.6 49.0
119 0025 186.4 300.0 62.1 21811.0 49.1
120 0030 417.9 300.0 139.3 22228.9 49.7

r 121 0035 127.6 300.0 42.5 22356.6 49.7
122 0040 266.0 300.0 88.7 22622.5 49.9
123 0045 .0 300.0 .0 22622.5 49.6
124 0050 64.1 300.0 21.4 22686.6 49.4r 125 0055 224.9 300.0 75.0 22911.5 49.6
126 0100 225.9 300.0 75.3 23137.4 49.8
127 0106 185.6 360.0 51.5 23323.0 49.8

r 128 0115 190.5 540.0 35.3 23513.5 49.6
129 0120 64.1 300.0 21.4 23577.6 49.4
130 0125 225.9 300.0 75.3 23803.5 49.6
131 0135 809.1 600.0 134.9 24612.6 50.6

r 132 0140 377.3 300.0 125.8 24990.0 51.1
133 0145 .0 300.0 .0 24990.0 50.8
134 0157 196.1 720.0 27.2 25186.1 50.5

r 135 0203 63.5 360.0 17.6 25249.6 50.2
136 0210 .0 420.0 .0 25249.6 49.8
137 0230 185.6 1200.0 15.5 25435.2 49.0
138 0235 .0 300.0 .0 25435.2 48.7

r 139 0240 .0 300.0 .0 25435.2 48.4
140 0245 197.1 300.0 65.7 25632.3 48.5
141 0250 196.3 300.0 65.4 25828.6 48.6

r 142 0300 224.9 600.0 37.5 26053.5 48.5
143 0315 489.5 900.0 54.4 26542.9 48.6
144 0320 225.2 300.0 75.1 26768.1 48.8
145 0325 63.5 300.0 21.2 26831.7 48.6r 146 0335 196.9 600.0 32.8 27028.6 48.4
147 0340 63.5 300.0 21.2 27092.1 48.3
148 0345 196.3 300.0 65.4 27288.4 48.4

r 149 0350 196.1 300.0 65.4 27484.5 48.5
150 '0400 424.8 600.0 70.8 27909.3 48.7
151 0405 191.1 300.0 63.7 28100.4 48.8
152 0420 683.0 900.0 75.9 28783.4 49.2

r 153 0425 185.6 300.0 61.9 28969.0 49.3
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Fish 5 Start date 8110/90r TIME (LCL) DISTANCE FROM ELASPED SWIMMING CUMULATIVE AVERAGE

PREVIOUS POSIT. TIME SPEED DISTANCE SPEEDr (m) (seconds) (em/sec) (m) (cmtsec)

1 1235 .0 .0 .0 .0 .0r 2 1240 224.9 300.0 75.0 224.9 75.0
3 1245 267.0 300.0 89.0 491.9 82.0
4 1250 393.1 300.0 131.0 884.9 98.3

r 5 1310 785.5 1200.0 65.5 1670.4 79.5
6 1315 186.4 300.0 62.1 1856.8 n.4
7 1320 3n.3 300.0 125.8 2234.2 82.7
8 1325 63.5 300.0 21.2 2297.7 76.6r 9 1330. 393.2 300.0 131.1 2690.9 81.5

10 1340 557.5 600.0 92.9 3248.5 83.3
11 1345 64.1 300.0 21.4 3312.6 78.9r 12 1350 196.1 300.0 65.4 3508.7 78.0
13 1355 267.0 300.0 89.0 3"5.7 78.7
14 1400 266.0 300.0 88.7 4041.6 79.2
15 1405 197.1 300.0 65.7 4238.7 78.5r 16 1410 224.9 300.0 75.0 4463.6 78.3
17 1415 .0 300.0 .0 4463.6 74.4
18 1425 186.4 600.0 31.1 4650.0 70.5

r 19 1440 1131.3 900.0 125.7 5781.3 n.1
20 1445 196.9 300.0 65.6 5978.3 76.6
21 1450 191.1 300.0 63.7 6169.4 76.2
22 1455 63.5 300.0 21.2 6232.9 74.2r

r
r
r
r
r
r
r
r
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r
Fish 6 Start Date 8/11/90

r TIME (LCL) DISTANCE FROM ELASPED SIlIMMING CUMULATIVE AVERAGE
PREVIOOS POSIT. TIME SPEED DISTANCE SPEEDr (m) (seconds) (cmlsec) (m) (cmlsec)

52 1820 127.0 300.0 42.3 17631.8 61.9r 53 1830 266.4 600.0 44.4 17898.2 61.5
54 1835 196.1 300.0 65.4 18094.3 61.5
55 1840 64.1 300.0 21.4 18158.4 61.1r 56 1845 63.5 300.0 21.2 18221.9 60.7
57 1850 225.6 300.0 75.2 18447.5 60.9
58 1855 127.6 300.0 42.5 18575.1 60.7
59 1900 127.0 300.0 42.3 18702.2 60.5r 60 1905 63.5 300.0 21.2 18765.7 60.1
61 1910 64.1 300.0 21.4 18829.8 59.8
62 1915 224.9 300.0 75.0 19054.7 59.9

r 63 1920 127.6 300.0 42.5 19182.3 59.8
64 1925 63.5 300.0 21.2 19245.8 59.4
65 1930 63.5 300.0 21.2 19309.3 59.0

r
r
f'
r
r
r
r
r
r
r
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Fish 7 Start Date 8/12/90

TIME (LCL) DISTANCE FROM ELASPED SWIMMING CUMULATIVE AVERAGE ~
PREVIOUS POSIT. TIME SPEED DISTANCE SPEED

(m) (seconds) (cm!sec) (m) (em/sec)
~

1 1059 .0 .0 .0 .0 .0

~
2 1101 .0 120.0 .0 .0 .0
3 1110 191.1 540.0 35.4 191.1 29.0
4 1115 127.0 300.0 42.3 318.2 33.1
5 1120 191.1 300.0 63.7 509.3 40.4

~6 1125 63.5 300.0 21.2 572.8 36.7
7 1130 .0 300.0 .0 572.8 30.8
8 1135 196.1 300.0 65.4 768.9 35.6

~
9 1140 197.1 300.0 65.7 966.0 39.3

10 1145 196.1 300.0 65.4 1162.2 42.1
11 1150 127.0 300.0 42.3 1289.2 42.1
12 1155 .0 300.0 .0 1289.2 38.4

~
13 1200 197.1 300.0 65.7 1486.3 40.6
14 1205 190.5 300.0 63.5 1676.9 42.3
15 1210 185.6 300.0 61.9 1862.4 43.7

~
16 1215 63.5 300.0 21.2 1925.9 42.2
17 1220 64.1 300.0 21.4 1990.0 40.9
18 1225 225.6 300.0 75.2 2215.6 42.9
19 . 1230 .0 300.0 .0 2215.6 40.6

~
20 1235 196.1 300.0 65.4 2411.7 41.9
21 1240 185.6 300.0 61.9 2597.3 42.9
22 1245 254.6 300.0 84.9 2851.9 44.8
23 1250 63.5 300.0 21.2 2915.4 43.8

~24 1255 225.9 300.0 75.3 3141.4 45.1
25 1300 63.5 300.0 21.2 3204.9 44.1
26 1305 127.6 300.0 42.5 3332.5 44.1

.~
27 1310 196.1 300.0 65.4 3528.6 44.9
28 1315 63.5 300.0 21.2 3592.1 44.0
29 1320 196.9 300.0 65.6 3789.1 44.8
30 1325 225.2 300.0 75.1 4014.3 45.8

~31 1330 127.0 300.0 42.3 4141.3 45.7
32 1335 225.9 300.0 75.3 4367.2 46.7
33 1340 127.0 300.0 42.3 4494.2 46.5

~.
34 1345 127.6 300.0 42.5 4621.8 46.4
35 1350 196.1 300.0 65.4 4818.0 47.0
36 1355 .0 300.0 .0 4818.0 45.6
37 1400 190.5 300.0 63.5 5008.5 46.1

~38 1405 225.9 300.0 75.3 5234.4 46.9
39 1420 424.4 900.0 47.2 5658.8 46.9
40 1425 127.6 300.0 42.5 5786.4 46.8

~
41 1430 266.6 300.0 88.9 6053.0 47.8
42 1435 197.1 300.0 65.7 6250.1 48.2
43 1440 186.4 300.0 62.1 6436.5 48.5
44 1445 63.5 300.0 21.2 6500.0 47.9

~45 1520 1160.2 2100.0 55.2 7660.2 48.9

~

~
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