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Figure 1. Beaufort Sea coastal region between the Mackenzie
and Colville Rivers showing locations of fyke nets in 1985,

consisting of double cod-end traps, two wings, and a lead
stretched from shore to the traps at a right angle to the
shoreline. Each trap had a stainless steel frame (1.7 m
deep, 1.8 m wide) attached to a knotless nylon net bag
(3.7 m long, tapered to 0.9 x 0.9 m on a side) of 1.27-
cm stretched mesh. Leads and wings were 2.5-cm stretched
mesh. Wings were 15 m long and typically 1.5 m deep.
Leads were typically 1.5 m deep, varying in length de-
pending on water depth and bottom topography. In some
areas of deep water, the depth of the wings and leads was
increased to 3.0 m.,

Fish Sampling and Tagging

The fvke net traps were emptied daily; fish were placed
into fioating live pens for processing. Lengths of anad-
romous species were recorded to the nearest millimeter.
Usually all anadromous species were measured, but when
large catches of small fish were made, subsamples of 100
were measured and the remainder counted and released.
The otoliths from 33 small Arctic cisco (<120 mm) cap-
tured after 26 August were used to evaluate the age com-
position of the smaller cohorts.

Anadromous fish >250 mm were tagged below the
dorsal fin with a numbered Floy FD 68 anchor tag and
released. Past studies in the region (Griffiths and Gallaway
1982; Critchlow 1983; Griffiths et al. 1983; Moulton et
al. 1986) indicate that 250 mm is the minimum size at
which ciscoes and whitefish should receive an injection
tag.

Information Sources

The catch information used in the analysis was derived
from three independent studies:

1. Data from 1985 Canadian catch records were supplied

by Mr. Willilam Bond, Fisheries and Oceans, Canada,

Freshwater Institute, Winnipeg, Manitoba;

Data from Kaktovik to Storkersen Point were ob-

tained from the US Corps of Engineers’ 1985 Endicott

Environmental Monitoring Program as reported in data

appendices in Envirosphere (1986) (methods used in

this study were virtually identical to those described

above);

3. Information from the Colville River as described
above.

!\)

RESULTS AND DISCUSSION

1985 Recruitment Pattern

In the 1985 sampling of the Colville River, almost all
Arctic cisco were captured in the delta nets (4,172 fish)
as opposed to river nets (52 fish). Arctic cisco were vir-
tually absent from the delta until mid-August, at which
time medium (150-200-mm) and large (>250-mm) fish
began to enter the river mouth. Approximately three-
fourths of the 4,172 Arctic cisco captured in the delta
were < 120 mm. The subpopulation of small Arctic cisco
was composed primarily of age-0 fish, i.e., the 1985 year-
class. This group of small fish first appeared in the study
area on 26 August. The number of small fish increased
during the following week (2-6 Sept.) and appeared to be
increasing further during the last week of sampling. The
largest catch was recorded on 11 September, the final day
of sampling.

As the juvenile Arctic cisco moved into the Colville
Delta, larger fish reached the delta prior to smaller fish.
The length—~frequency distribution of small Arctic cisco
during the last 3 weeks of sampling revealed a large peak
of age-0 fish at 70~74 mm for 26—30 August. The mode
decreased to 65-69 mm the following 2 weeks, as the
small members of the age group arrived. By otolith read-
ings the size range of age-0 fish was 62-80 mm and for
age-1 fish was 82-98 mm. Smaller fish were measured
but were not represented in the sample retained for aging.
The age-1 group (or 1984 year-class) is weakly repre-
sented, showing a mode at 8§5-90 mm.

Regional Considerations

A westward movement of age-0 Arctic cisco along the
Beaufort Sea coast was indicated by the catch of young-
of-the-year Arctic cisco at various sampling locations be-
tween Kay Point at the mouth of the Babbage River and
the Colville River (Table 1). The date of first capture of
age-0 Arctic cisco at various sampling locations dem-
onstrates a westward movement of fish from Kay Point
(50 miles west of the Mackenzie River) on 13 July to the
Colville River delta on 26 August (Fig. 2). The criterion
for date of first capture was a catch of two or more age-0
Arctic cisco followed by increasing catches in subsequent



Table 1. Estimated rates of movement for age-0 Arctic cisco
between various locations along the Beaufort Sea coast and the
Colville Delta *

Days
Distance elapsed, Rate of
Date of 10 location  move-
initial Colville 1o ment
Location capturet (km)  Colville (km/day)
Kay Point 13 July 480 44 10.9
Kaktovik 11 Aug. 255 15 17.0
Foggy Island Bay 16 Aug. 105 10 10.5
Eastern
Sagavanirktok
Delta 20 Aug. 90 6 15.0
Niakuk Island 20 Aug. 80 6 13.3
East base of West
Dock 21 Aug. 64 5 12.8
Storkersen Point 23 Aug. 48 3 16.0

* Source: Mr. William Bond, Fisheries and Oceans, Canada,
Freshwater Institute, Winnipeg, Manitoba.

+ Day of first capture was defined as day when two or more fish
were caught followed by increasing catches in subsequent days.

days. At each of the sampling locations peak catches of
age-0 fish generally occurred a few days after the date of
first capture, with the eastern cod-end of the fyke nets,
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representing fish moving westward, usually recording the
highest catches.

The appearance of young Arctic cisco in the Prudhoe
Bay region on 20 August was the earliest on record. Pre-
vious studies indicate virtually no recruitment in 1981
and 1982 (Griffiths and Gallaway 1982; Griffiths et al.
1983), although Critchlow (1983) reports 31 Arctic cisco
< 100 mm caught at West Dock between 25 and 30 Sep-
tember 1982. In 1983, a moderate influx of small (< 100-
mm) Arctic cisco began on 27 August (Woodward-Clyde
Consultants 1983). Subsequent studies have demonstrat-
ed this year-class to be weak relative to the 1979 year-
class (Moulton et al. 1986). In 1984, recruitment was
again virtually nonexistent, with less than 20 small Arctic
cisco caught in the Prudhoe Bay region in mid-September
(Moulton et al. 1986).

Larger fish were dominant in the first catches of age-0
Arctic cisco in Colville Delta fyke nets as indicated by a
decrease in the size mode of fish from 70 to 74 mm for
26-30 August to 65-69 mm in the following 2 weeks (Fig.
3). Thus, the date of first capture at sampling stations
along the Beaufort Sea coast, timing and duration of peak
catches, occurrence of higher catches in eastern-oriented
fvke nets, and presence of larger age-0 fish in first catches
provide evidence for a westward movement of age-0 Arc-
tic cisco from the Mackenzie River to the Colville River
in 1985.
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Figure 2. Catch rate (number per 24 hr) of small {<100-mm) Arctic cisco at locations between Kaktovik and the Colville Delta.
Sampling at Kaktovik was not continuous from the first catch shown (data from Envirosphere [1986] and this study).
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Figure 3. Size distribution of young Arctic cisco in the Colville
and Sagavanirktok Deltas, late summer 1985 (Sagavanirktok
data from Envirosphere [1986] data appendix).

It has been hypothesized that many of the summer
movement patterns of anadromous fish in the Beaufort
Sea coastal region are controlled by wind patterns during
the brief open-water season (Woodward-Clyde Consult-
ants 1983; Moulton and Fawcett 1984; Moulton et al.
1986). During 19835, the period of greatest fish movement
(i.e., early July-late Aug.) was dominated by persistent
easterly winds, with a few brief reversals to westerly winds
(Fawcett et al. 1986). It is apparent that these persistent
easterly winds assisted the observed westward movement
of small Arctic cisco. Gallaway et al. (1983) suggested
that under average summer wind and current conditions
(5 and 15 cm/sec, respectively), passive drift of 70-110
mm Arctic cisco from the Mackenzie River to the Colville
River would be accomplished in 35 days, or about 12.8
km/day. This rate is similar to the rates calculated for the
movement of fish in 1985 (Table 1).

A comparison was made between the size distribution
of age-0 Arctic cisco in the Colville Delta and the Saga-

vanirktok Delta using Sagavanirktok data from Enviro-
sphere (1986) (Fig. 3). Although all differences in mean
size between the two areas were significant (¢-test, o =
0.05), the differences between age-0 fish were greatest in
the first week with the difference decreasing in the fol-
lowing 2 weeks. The indication is that small fish contin-
ued to move into the Colville, thus reducing the apparent
differences. The pattern again indicated that larger indi-
vidual fish were in the vanguard of the migration along
the coast. It is apparent, however, that the smallest of the
group (45-55 mm) were still underrepresented in the Col-
ville Delta when sampling ceased.

In 1986, additional information was obtained that in-
dicated Arctic cisco movement between the Colville and
Mackenzie regions is much greater than previously doc-
umented. In 1986, two fyke nets were deployed by Fish-
eries and Oceans, Canada at Kay Point and fished from
late June to early September (W. Bond, Fisheries and
Oceans, Canada, pers. comm. 1986). This was the first
time that fyke nets had been a primary sampling method
in the Canadian Beaufort Sea. Eight Arctic cisco tagged
in the Prudhoe Bay region were recaptured. The fish ranged
from 350 to 387 mm when recaptured —five had been at
large for 1 year, one for 2 years, and two for 5 years. The
two fish at large for 5 years were 305 mm, or approxi-
mately age-5 or -6 when tagged, and thus were approxi-
mately age-10 or -11 and had likely spawned at least once
when recaptured (Fawcett et al. 1986; Moulton et al. 1986).
Physical examination of the gonads indicated that some
of the tagged fish had likely spawned the previous year
{W. Bond, pers. comm. 1986).

CONCLUSIONS

A significant concern related to the hypothesized Mac-
kenzie River origin of Arctic cisco is the effect of cause-
ways near Prudhoe Bay and the Sagavanirktok Delta on
the movements of young-of-the-year Arctic cisco. As-
suming a Mackenzie River origin for Arctic cisco in the
Colville River, successful migration to the Colville River
is a critical life history phase that ensures continued Arctic
cisco utilization of the Colville River delta and avail-
ability to local fisheries. The 1985 data indicate that the
larger individuals of the young-of-the-year Arctic cisco
successfully migrated past (or through the breaches of)
the causeways, reaching rearing and overwintering areas
in the Colville River delta with no apparent delay. Catch
rates were still increasing when sampling was discontin-
ued because of ice formation. The difference in size be-
tween age-0 fish in the Colville and Sagavanirktok Deltas
was greatest during the first week of recruitment but de-
creased by the end of sampling. Environmental condi-
tions (e.g., persistent easterly winds) and possibly a strong
year-class of age-0 Arctic cisco likely facilitated the move-
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ment of young Arctic cisco from the Mackenzie River to
the Colville River in 1985. While the data support the
hypothesis that the migration of age-0 Arctic cisco from
the Mackenzie River into the Alaskan Beaufort Sea can
be explained through passive transport, the question aris-
es as to why similar patterns are not seen for least cisco
and broad whitefish, both of which are also abundant in
the coastal region near the Mackenzie Delta. Arctic cisco
have a greater affinity for offshore waters and higher sa-
linity as compared to least cisco and broad whitefish
{Moulton et al. 1986). It is apparent that the young Arctic
cisco must selectively position themselves in offshore por-
tions of the Mackenzie River plume so that they are vul-
nerable to the westward transport processes. Least cisco
and broad whitefish, which are less tolerant of salt water,
likely remain in coastal areas where they are less suscep-
tible to being transporied away from the Mackenzie re-
gion.

The Canadian catch of Arctic cisco tagged in the Prud-
hoe Bay region demonstrates that at least some Arctic
cisco are moving east into the Mackenzie region as they
mature. The previous lack of tag returns is likely a result
of gear bias and low sampling effort.
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Genetic Analysis of Population Variation in the
Arctic Cisco (Coregonus autumnalis) Using
Electrophoretic, Flow Cytometric, and
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Abstract. This study is a genetic test of the hypothesis that all Arctic cisco that occur along the Canadian
and Alaskan Beaufort Sea coast originate from a spawning stock (or stocks) associated with the Mackenzie
River. Late summer samples of fish were obtained from coastal waters near Point Barrow, the Saga-
vanirktok River, and Phillips Bay, each of which can be considered coastal feeding habitat. Samples were
also obtained in autumn from the Colville River delta, and two spawning site samples were taken from
the Peel and Arctic Red Rivers, tributaries to the Mackenzie River. Genetic data indicated that the coastal
and Colville River delta samples were composed of fish from multiple breeding sites, the spawning site
populations were genetically uniform, and the spawning sites were genetically different from one another.
These data are consistent with the ““Mackenzie hypothesis”™ and do not provide evidence for a differentiated
Alaskan stock. Furthermore, the data suggest that the Arctic cisco, like other anadromous fish such as
salmon, show fidelity to their natal streams for spawning but disperse in the Beaufort Sea and at over-
wintering sites.

The Arctic cisco possibly originated as recently as 10,000 years ago when the Wisconsin glacier that
covered the Mackenzie River receded. The Yukon River Bering cisco population, which is only slightly
different genetically, possibly gave rise to the Mackenzie River Arctic cisco population either as a result
of stream capture or chance migration. This explains the difficulty for fisheries biologists to easily identify
individual fish to species but also suggests that genetic approaches to species and stock identification are

useful.

INTRODUCTION

The deltas of the Mackenzie River in the Canadian
Northwest Territories and the Colville River on the Alas-
kan North Slope are known to support large overwintering
populations of the Arctic cisco, Coregonus autumnalis
(Gallaway et al. 1983). These river systems were therefore
thought to represent the principal source of this com-
mercially important species. In the Mackenzie River sys-
tem, spawning migrations have been observed in the Peel,
Arctic Red, Great Bear, Mountain, and Liard Rivers
(Hatfield et al. 1972; O'Neil et al. 1981; Gallaway et al.
1983; McLeod and O’Neil 1983). Similar runs have not,
however, been documented in the Colville River system.
These observations led Gallaway et al. (1983) to propose
their “single stock”™ hypothesis, that all North Slope cisco
populations are derived from one (or more) breeding
stock(s) associated with the Mackenzie River system. By
this hypothesis, Alaskan populations are replenished reg-
ularly by cisco transported there from Canada by along-
shore oceanic currents. An alternative hypothesis suggests

that the North Slope and Mackenzie Delta populations
represent distinct breeding stocks with little exchange
(*“two stock™ hypothesis). The “single stock™ hypothesis
is appealing, but the evidence presented to support it has
been largely circumstantial. It has nonetheless gained
widespread credence in Alaska, and has become a prin-
cipal criterion for assessing the impact of coastal develop-
ments on the North Slope. In particular, the potentially
disruptive effects of an extended offshore causeway on
the alongshore dispersal of Arctic cisco from Canada, and
hence on the Alaskan cisco fishery, have been a major
concern. A quantitative test of the hypothesis is therefore
in order.

To test the hypothesis that Alaskan and Canadian stocks
are distinct, we have measured the extent of genetic re-
latedness among populations of cisco collected from var-
ious points along the Yukon coast and North Siope. As
a first approximation, the “two stock” hypothesis would
be favored by a demonstration of genetically differen-
tiated populations associated with the Alaskan and Ca-
nadian river systems. Any markers identified could then

112
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be used to measure the extent of mixing (as a result of
gene flow) between these stocks. Alternatively, a dem-
onstration of genetic similarity between these populations
would be consistent with the “single stock™ hypothesis.
In this case, it would then be of interest to (1) ascertain
if there were one or several discrete stocks in the Mac-
kenzie system, and (2) if there were several Mackenzie
stocks, determine in what proportions they were repre-
sented in the Alaskan fishery.

A morphologically similar species, the Bering cisco (C.
lauretiae), also was examined 1o allow us to measure the
relative magnitudes of inter- and intraspecies genetic dif-
ferentiation. The Bering cisco is found primarily along
the Bering Sea coast of Alaska, and its distribution over-
laps that of the Arctic cisco between Point Barrow and
the Colville River (McPhail 1966).

METHODS

Study Area

Collections of Arctic cisco from the Yukon coastal zone
(Phillips Bay) were made 26-29 July 1985 (Fig. 1). Col-
lections from the Mackenzie River drainage were made

Sampling locations for Arctic cisco (C. autumnalis) and Bering cisco (C. laurettae) used in this study.

in September 1985. We were successful in obtaining spec-
imens from the Peel and Arctic Red Rivers but were
unable to obtain fish from the lower and middle main-
stream regions of the Mackenzie or from the Liard River.
In Alaska, samples were obtained from both the Saga-
vanirktok and Colville River deltas (two samples from
the latter) as well as from near Barrow, Alaska. A sample
of Bering cisco from the Yukon River also was obtained.
Samples (whole fish, or liver and heart tissue) were either
frozen or placed on ice, packaged, and shipped as soon
as possible from the field to the laboratory.

Protein Electrophoresis

All gels were made to 12.3 percent with 1:1 Connaught,
Electrostarch, lots #410-1 and #392, respectively, Run-
ning and staining conditions followed or were slightly
modified from Harris and Hopkinson (1976) and Selan-
der et al. (1971). Table 1 lists the loci scored and the
buffer systems used in the analyses. In addition to the 28
loci listed in Table 1, another 12 systems (at least 18 loci)
were assayed that did not vield genetically interpretable
results. Many of these loci were variable and some of the
variation was observed as occurring between samples. It
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Table 1. Lociscored and electrophoretic conditions used. Pairs
of paralogous loci are denoted from cathode to anode as 1, 2
and 3, 4. Tetrasomic expression occurs for some of these systems
in other salmonids (Leary et al. 1984), but monomorphism may
mask the expression of duplicated genes in Coregonus (as in-
dicated by *).

Electrophoretic

Locus conditions used

Aconitase-1,2,3 4
*Alcohol dehydrogenase-1
Glycerophosphate dehydrogenase-1
*Hemoglobin-1
*Isocitrate dehydrogenase-1,3,4
Lactate dehydrogenase-3,4
*Leucine amino peptidase-1
*Malate dehydrogenase-1,3
Malic enzyme-3,4
Mannosephosphate isomerase-1
*Methylumbelliferyl acetate esterase-1
*Octanol dehydrogenase-1
*Phosphoglucomutase-3
*6-Phosphogluconate dehydrogenase-1
*Phosphoglucose isomerase-1,3,4
*Superoxide dismutase-1,3
*Xanthine dehydrogenase-1

oOOTPROoOOIgOrEOO RO

A: Electrode—0.687 M Tris (hydroxymethyl) aminomethane
(Tris), 0.157 M citric acid, pH 8; Gel—22.89 mM Tris, 5.22
mM citric acid, pH 8.

Electrode—0.223 M Tris, 0.086 M citric acid, pH 6.3; Gel—
0.008 M Tris, 0.003 M citric acid, pH 6.7.

Electrode—0.3 M boric acid adjusted to pH 8.2 with NaOH,
Gel—0.076 M Tris, 0.005 M citric acid, pH 8.7.
Electrode—0.05 M Tris, 0.05 M NaH,PO,, pH 8.3; Gel—
0.005 M NaH,PO,, pH 8.3.

Electrode—0.1 M Tris, 0.00166 M EDTA, adjusted to pH
9.0 with boric acid; Gel—0.005 M NaH,PO,, pH 8.3.
Electrode—0.03 M LiOH, 0.19 M boric acid, pH 8.1; Gel —
1:9 mixture of 0.05 M Tris, 0.008 M citric acid, pH 8.4,
and electrode buffer.

mm g 0 v

is possible that sample degradation accounts for our in-
ability to score consistently many of these loci.
Genotypic diversity was assayed among and within
samples of Arctic cisco using Haldane’s (1954) analogue
to Fisher’s exact test. This exact test for randomness of
mating was chosen to alleviate problems that would have
otherwise stemmed from statistically small sample sizes.
Tests for genotypic disequilibria and subsequent Wah-
lund effects were performed for each sample, all possible
pairwise fusions of samples, and selected multiple fusions
of samples for alleles segregating at the «-glycerophos-
phate dehydrogenase-1 {(a-Gpd-1} and mannosephos-
phate isomerase (Mpi) loci. Alleles were pooled or treated
independently where appropriate. Tests were performed
only in cases where an o < 0.10 was included within the
range of the genotypic probability distribution for a given
sample size with allele frequencies of p and ¢. The overali

significance of this approach was then evaluated by com-
paring the expected frequencies of genotypic disequilibria
cbtained from the probability distributions with the ob-
served frequencies of genotypic disequilibria.

Mitochondrial DNA

Mitochondrial DNA was prepared from 0.5-1.0 g of
liver from each individual. Crude mtDNA isolates were
prepared essentially by the methods of Wright etal. (1983).
The mtDNAs were further purified by banding in cesium
chloride-propidium iodide gradients in a Beckman TL-
100 ultracentrifuge at 100,000 rpm from 5 hours to over-
night (Carr and Griffith 1987). The mtDNA was collected
and the banding was repeated once. The samples were
then dialyzed extensively to remove the dye and cesium
salt. The purified samples were then digested with various
type-II restriction endonucleases (see Results) (Fuchs and
Blakesley 1983), and the resulting fragments were end-
labeled with 32P-nucleoside triphosphates (Brown 1980).
The labeled fragments were separated by electrophoresis
through 1.2 percent agarose gels in Tris~-EDTA-acetate
buffer (90 V for 3 hr) or 3.5 percent polyacrylamide (BIS
1:20) gels in Tris~borate buffer (300 V for 6 hr) (Maniatis
et al. 1983). The gels were then baked onto filter papers
and autoradiographed.

Of the more than 100 specimens prepared, less than
half (42 total) vielded mtDNA pure and/or intact enough
for reliable restriction analysis (see Results). At least two
problems were apparent. First, field collections are often
made under less than ideal conditions, and specimens
and tissues are often frozen either not soon enough or not
cold enough. Prompt freezing (within 1-2 hr) in liquid
nitrogen seems to be imperative in such field collections.
Second, the tissue homogenates frequently contain large
quantities of fat, which appear to reduce markedly the
yield of both proteins and nucleic acids.

Flow Cytometry

Kidney tissue was removed from whole fish after thaw-
ing and prepared for flow cytometry (Bickham et al. 1985).
Tissue was minced in Hanks’ Balanced Salt Solution
(Hanks’ BSS) with scissors and scalpel until a single cell
suspension was obtained. The cells were washed five times
in fresh Hanks’ BSS and subsequently fixed at least 24
hours in a solution of ethanol and Hanks’ BSS (1:1 v/v).
Aliquots of cells were stained overnight in 2 ml of 0.005
mg/ml DAPI (4,6-diamidino-2-phenylindole) in 0.04 M
MgCl,, 0.1 M Tris adjusted to pH 8.0 with HCI. Nuclear
fluorescence was measured on a Leitz MPV flow cytome-
ter. Epi-illumination was with a 100 W mercury vapor
builb using an A2 filter cube, which allows illumination
of the sample in the 340-380 nm wavelength range. Cells
were run in staining solution. An internal standard, either
chicken red blood cells or Mus musculus (C-57 BL, an
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Table 2. Observed allele frequencies for two polymorphic loct in Arctic and Bering cisco.
Mpi a-Gpd-1
Sample locality N A B C A B C D N
Arctic cisco
Phillips Bay 20 0.150 0.850 0.000 0.289 0.447 0.026 0.237 19
Colville River (1) 20 0.200 0.800 1.000 0.350 0.450 0.125 0.075 20
Colville River (2) 9 0.167 0.833 0.000 0.278 0.556 0.056 0.110 9
Sagavanirktok River 16 0.125 0.813 0.063 0.275 0.575 0.050 0.100 20
Arctic Red River 17 0.176 0.794 0.029 0.281 0.344 0.156 0.219 16
Peel River 16 0.344 0.625 0.031 0.300 0.500 0.100 0.100 15
Point Barrow 3 0.333 0.333 0.333 0.333 0.333 0.000 0.333 3
Bering cisco
Yukon river 11 0.800 0.200 0.000 0.409 0.000 0.545 0.046 10

inbred strain) spleen cells, was used and the gain controls
of the flow cytometer were adjusted so that the Mus cell
peak was at channel 100 or the chicken cells were at
channel 30 (Burton et al., in press).

RESULTS

Protein Electrophoresis

Twenty-three of 28 loci were monomorphic across all
116 individuals of both species sampled. Two loci, Mpi
and a-Gpd-1, were variable and included three and four
alleles, respectively (Table 2). Allele B for Mpi is the most
common allele for all populations of Arctic cisco ranging
in frequency from 0.85 (Phillips Bay) to 0.625 (Peel Riv-
er). The Point Barrow sample consisted of only three
individuals and, thus, frequency data for that population
are not considered. Allele A is present in all populations
and ranges in frequency from 0.344 (Peel River) to 0.125
(Sagavanirktok River). Allele C is the rarest and is not
found in two populations (Phillips Bay and both samples
from Colville River). It ranges from 0.063 (Sagavanirktok
River) to zero (disregarding Point Barrow). The Bering

cisco differs in having allele A as the most common allele,
B as a minority allele, and C being absent.

Allele Bis the most common form of a-Gpd-1 in Arctic
cisco (Table 2) ranging in frequency from 0.575 (Saga-
vanirktok River) to 0.344 (Arctic Red River). Allele A is
next most frequent (0.35 in Colville to 0.275 in Saga-
vanirktok River) followed by D (0.237 in Phillips Bay to
0.075 in Colville) and C (0.156 in Arctic Red River to
0.026 in Phillips Bay). Allele C is most common for Be-
ring cisco (0.545) followed by allele A (0.409). Allele D
is rare (0.046) and B, the most common allele for Arctic
cisco, 1s absent.

Rare allelic variants of phosphoglucose isomerase (Pgi-3
and Pgi-4) were observed in most samples of Arctic cisco.
Additionally, a putative null allele and a mutant for ab-
sence of Pgi-3,4 heterodimer formation was observed in
the Arctic Red River sample. Bering cisco from the Yu-
kon River appear fixed for the common Arctic cisco Pgi-
3,4 alleles.

A rare allelic variant of isocitrate dehydrogenase (Idh)
segregating at Idh-3 or Idh-4 was also observed in all
Arctic cisco samples.

Table 3 lists percentage heterozygosity and polymor-

Table 3. Observed and estimated heterozygosity (H) and polymorphism (P) for Arctic cisco.

Observed * Estimated}

Sample locality H P H P
Phillips Bay 0.034 0.08 0.062 <H < 0.216 0.30-0.44
Colville River {1} 0.030 0.08 0.059 < H < 0.213 0.30-0.44
Sagavanirkok River 0.028 0.08 0.058 < H < 0.212 0.30-0.44
Arctic Red River 0.033 0.08 0.061 < H < 0.215 0.30-0.44
Peel River 0.038 0.08 0.065 < H < 0.218 0.30-0.44
Point Barrow 0.038 0.08 0.065 < H < 0.218 0.30-0.44

* Observed values are based on two polymorphic loci (Mpi and o-Gpd-1) and a total of 25 assayed loci. They do not include Pgi.
T Estimated values are based on the two observed polymorphic loci (Mpi and «-Gpd-1) and six additional polymorphic but
unscoreable enzyme systems (Cat, Est, G3pd, Pep, Sdh, and Pgi). Minimal estimates of H and P are derived from the assumption

that eight loci are encoded by these six additional enzyme

systems. Maximal estimates of H and P are derived from the

assumption that these eight loci are duplicated. Average heterozygosity levels for these additional systems are estimated to lie

between 0.150 and 0.500.
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Table 4. Results of the exact test for genotypic disequilibria at «-Gpd-1 and Mpi conducted on all possible allelic combinations.

Locus
-Gpd-1 Mpi:
Samplef a-x} b-x c-X d-x a-b a-c a-d b-c b-d c-d a-b
C ns§ ns **§ ns - — —_— - — —_ ns
S ns ns ns ns — — - - _— - **
B _ - - — - _ _ —_ _ _ —
A ns ns — ns — — - - - - ns
Ph ns ns i ns — - — - - — ns
P ns ns ns — e — — — - — ns
C. S ns ns ** ns ns — ns *§ — - **
C,B ns ns *x ns ns * ns — — - bl
C, Ph ns ns * ns ns ** ns *k ns - *
C A ns ns o ns ns o ns o ns - ns
C P ns ns ** ns ns ** ns ns — — ns
S,B ns ns ns ns ns — ns - ns — K
S.A ns ns ns ns ns — ns — ns — ns
S, Ph ns ns > ns ns — ns b ns —_ ns
S. P ns ns ns ns ns — ns ns b — ns
B, A ns ns - ns ns — ns - ns — ns
B, Ph ns ns *x ns ns — —_ ok - - ns
B, P ns ns - ns ns — — — * — ns
A, Ph ns * o ns ns * ns ok ns ns ns
AP ns ok ns ns ns — ns — ns — ns
Ph, P ns * * ns ns * ns ns — - ns
C,S,B A Ph P ns * * ns ns ** ns *¥ ** ns *
A, Ph, P ns ** i ns ns hid ns * * ns ns
C, S B ns ns ** ns ns - ns * ns — had

-

T C, Colville River (1}); S, Sagavanirktok River; B, Point Barrow; A, Arctic Red River; Ph, Phillips Bay; P, Peel River.
T Allelic combinations. x, pooled alleles; Mpi allele B includes the rare allele C.

§ ns, not significant; *, P < 0.10; **, P < 0.05.

phism for six samples of Arctic cisco. Observed values
are based upon 25 loci. Estimated values include loci
encoded by an additional six polymorphic enzyme sys-
tems from which complete data sets are not available.
All deviations from Hardy-Weinberg equilibrium en-
tailed a deficiency of heterozygotes. Significant genotypic
disequilibria were observed in all sample comparisons
except for each of the two spawning localities and two of
the pairwise fusions—Sagavanirktok River, Arctic Red
River and Point Barrow, Arctic Red River (Table 4).
Genotypic disequilibria within samples involved the
a-Gpd-1 C and Mpi A and B alleles. In addition to these
alleles, disequilibria involving the a-Gpd-1 A, B, and D
alleles were observed with respect to the pairwise and
multiple fusions of samples. With respect to pairwise and
multiple fusions, genotypic disequilibria were variably
distributed. «-Gpd-1 A vs. C and «-Gpd-1 B vs. C dis-
equilibria were commonly encountered, and «-Gpd-1 B
vs. D and Mpi A vs. B disequilibria occurred less com-
monly among the pairwise and multiple fusion samples.
Significant genotypic disequilibria were not detected for
a-Gpd-1 A vs. B, a-Gpd-1 A vs. D, a-Gpd-1 C vs. D, or
a-Gpd-1 A vs. the remaining pooled a-Gpd-1 alleles.
Relative frequency comparisons of expected and ob-

served genotypic disequilibria provided rough estimates
that within the three oceanic samples, observed disequi-
libria occurred an average of more than five times that
expected by chance alone. Among pairwise oceanic fusion
samples, observed disequilibria occurred at least 6.4 times
more than expected.

Mitochondrial DNA

The following hexaschizomeric endonucleases define
30 restriction sites in mtDNA from the Phillips Bay sam-
ple: EcoRl, Hindlll, Sst1, Hpal, Bglll, Xhol, Sst11, Clal,
Ddel, Nhel, Sspl. These produce from one to five frag-
ments each. Several other endonucleases did not cut cisco
miDNA. A survey of 12 Phillips Bay individuals showed
no variation for the nine fragments defined by Hpal and
Nhel. Accordingly, 10 of these same individuals were
again analyzed using the four endonucleases Hinf1, Haelll,
Hhal, and Mbol. These enzymes with tetrameric recog-
nition sites define approximately 100 restriction sites
among them. No fragment differences that could be at-
tributed to site-specific point mutations were detected in
these 10 individuals for any of the endonucleases. Ex-
amination of the Hhal and Mbol patterns of nine Colville



123456789

2000

1050

240

125

100

i

Figure 2. Length polymorphism in the mitochondrial DNA
of Arctic cisco. Fish mtDNAs were digested with Mbol, end-
labeled with radioactive nucleotides, and electrophoresed in a
3.5 percent polyacrylamide gel. The gel was then dried onto
filter paper and autoradiographed with Kodak RP film for 12
hours. The autoradiograph is shown. The leftmost lane shows
end-labeled Hindlll fragments of lambda phage and PM2 phage
DNA, which serve as molecular weight standards (fragment
sizes are given in base pairs). Lanes 1-9 show mtDNA from
nine individual cisco collected at Phillips Bay, Canada. Thirty
restriction fragments are detectable in each digest. The fragment
size patterns were identical in all digests, except that in lanes 5
and 8 the largest (uppermost) fragment is about 100 base pairs
larger than the corresponding fragment in other lanes. The change
appears to be due to a difference in the size of the mtDNA
molecules in these two fish.

Riverindividuals and one each from the Arctic Red River
and Sagavanirktok River samples showed these individ-
uals to be identical with this pattern at 50 sites (Fig. 2).

Variation exists among individuals for the length of the
mtDNA molecule. The largest fragment in the Mbol di-
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Figure 3. Restriction map of mitochondrial DNA from the
Arctic cisco. Recognition sites for each endonuclease are indi-
cated as follows: EcoRl = 0, Hind11l = B, Sstl = 4, Bglll = v,
The linear map was derived from the circular molecule by as-
signing the zero position to one of the two EcoRI sites. The
molecule represented here has an estimated circumference of
16.7 kilobase pairs. (Length polymorphism exists among indi-
viduals; see text.)
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gest is about 100 base pairs (bp) larger than the corre-
sponding fragment in other fish in two out of 12 Phillips
Bay fish and in three out of 17 Sagavanirktok River fish.
The mtDNA of a single Arctic Red River fish is of the
larger type (genotype B) as is one of 12 Colville River
fish (Table 5). Figure 3 shows a partial sequence map of
Arctic cisco mtDNA. The molecule is estimated to be
16.7 kilobases in length.

Flow Cytometry

DNA content data were obtained on 17 Arctic cisco
and one Bering cisco (Table 6). The mean DNA content
measurement for 16 Arctic cisco from the Colville River
was 62.1 percent of the mammalian value. If we accept
7 pg per nucleus as representing the 2C value of the mam-
malian standard (channel 100 = 2C = 7 pg), this gives
an estimated mean value of 2C = 4.35 for the Arctic
cisco. The accuracy of this measurement is open to ques-
tion due to the relatively large levels of variation found
within and among samples. However, the mean value for
the Arctic cisco agrees well with the mean value for 12
species of salmon (5.0 pg) reported by Johnson et al.
{1987). The mean coeflicient of variation for Arctic cisco
was 9.3 percent, which is high for flow cytometry studies,
and the standard deviation of the sample peak values was
15.4 channels. The peak values ranged from channels 28
to 80, but if individual 10 (¥ = 28) is disregarded as an
outlier, the range is reduced to channels 40-80. None-
theless, this range is significantly greater than is normally

Table 8. Distribution and frequency of mitochondrial DNA
genotypes in four population samples of Arctic cisco. Genotype
A is most common and possesses an Mbol fragment that is
approximately 100 base pairs smaller than the corresponding
fragment in genotype B.

Population N Genotype A Genotype B % B
Phillips Bay 12 10 2 16.6
Arctic Red River 1 0 1 100.0
Colville River 12 11 1 8.3
Sagavanirktok River 17 14 3 17.6
Totals 42 35 7 16.6
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Figure 4. DNA flow histograms illustrating the range of variation in DNA content measurements for Arctic cisco from the
Colville River. Mus musculus is used as an internal standard. (A) Mus musculus standard with G1 peak mean at channel 100. A
total of 10,000 cells were counted in the G1 peak. In all subsequent figures the Mus peak is at channel 100. (B) Arctic cisco with
G1 peak mean at channel 40 and Mus peak mean at 100. Total cells counted in cisco peak is 20,735. (C) Arctic cisco with peak
mean at channel 64. Total cells in cisco peak is 19,149, (D) Arctic cisco with peak mean at channel 78. Total cells in cisco peak

is 15,548. Note the overlap in the cisco and Mus peaks.

encountered in similar studies in our lab on animals as
diverse as turtles and bats (Burton et al., in press). Figure
4 shows representative DNA flow histograms that illus-
trate the range of variation found in the species.

The estimated DNA content of a single Bering cisco
was 100% of the mammalian value, or 2C = 7 pg. This
1s well outside the range of values obtained for the Arctic
cisco. Because the Bering cisco peak overlapped with the
Mus standard, chicken red blood cells were used as an
internal standard (Table 6).

DISCUSSION

Levels of electrophoretic variation within and among
populations of Arctic cisco {Table 3) appear to fall within
the range reported for salmonid species (Utter et al. 1984)
and for vertebrates in general. Although we did not find
unique alleles or fixed differences sufficient to resolve the
population samples into discrete stocks, such stocks might
yet exist within the Mackenzie drainage. There is evidence
of a unique null allele at the Pgi locus present only at low
frequency in the Arctic Red River sample. Significant
genotypic disequilibria, resulting from heterozygote de-
ficiencies, were detected in the Sagavanirktok, Colville,
and Phillips Bay samples and in the Arctic Red River
and Peel River samples combined. Thus, the oceanic
samples seem to be representative of a classic Wahlund
effect (Wahlund 1928) in which the deficiency of hetero-
zygous individuals is due to the pooling of individuals
from different populations, whereas the spawning site
samples (Arctic Red and Peel Rivers) are at equilibrium

and somewhat differentiated from one another. What is
clear is that no strong genetic differentiation, in the form
of fixed allelic differences, has occurred among the pop-
ulations sampled. This could be explained by sufficient
dispersal among populations that divergence is prevented
or by hypothesizing a recent origin of the species such
that discrete populations have not had sufficient time to
express significant levels of genetic differentiation. The
latter hypothesis could result from either a recent origin
of the species or a population (species) bottleneck. More-
over, the fact that Bering and Arctic ciscoes share the
majority of their alleles and possess no fixed allelic dif-
ferences indicates the two share a recent common ances-
tor. These hypotheses can now be considered in light of
the mtDNA data.

Mitochondrial DNA restriction analysis has been shown
to be a sensitive technique to demonstrate populational
variation in a diversity of organisms such as sunfish (Avise
and Saunders 1984) and deer (Carr et al. 1986). However,
mtDNA sequence variation was not found in our samples
of Arctic cisco. No variation that could be attributed to
single-site base pair substitution was revealed either with-
in or between Alaskan and Canadian populations. In a
previous study of mtDNA variation in marine teleosts,
populations of the skipjack tuna showed moderate levels
of intraspecific restriction site polymorphism. This vari-
ation did not appear to be apportioned in any consistent
way between Atlantic and Pacific populations (Graves et
al. 1984). These authors attributed the absence of differ-
entiation to extensive dispersal (gene flow) between oceans,
and to the absence of discrete spawning areas. The latter
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Table 6. Flow cytometric determination of DNA content in Arctic and Bering ciscoes.

Specimen Sample £ CV (%) Mus % Chicken x Sample pg/nucleus
Colville (2) sample {(Arctic cisco)
Col2-1 43 7.5 100 — 3.01
Col2-3 74 11.0 100 - 5.18
Col2-4 58 13.0 100 - 4.06
Col2-5 40 7.0 100 — 2.80
Col2-6 56 7.5 100 — 3.92
Col2-7 70 11.5 100 - 4.90
Col2-8 78 9.0 100 — 5.46
Col2-9 80 9.5 100 -_ 5.60
Col2-10 28 6.0 100 — 1.96
Col2-11 72 8.5 100 - 5.04
Col2-12 71 7.0 100 - 4.97
Col2-13 71 11.0 100 —_ 4.97
Col2-14 69 10.5 100 — 4.83
Col2-15 46 10.5 100 — 3.22
Col2-16 74 10.5 100 — 5.18
Col2-18 64 9.0 100 — 448
Point Barrow (Arctic cisco)
AK6353 45 6.5 100 — 3.15
Yukon River (Bering cisco)
AK6350 100 12.5 - 30 7.00
Colville (2) sample
£=62.1 CV (%) = 9.3 X =435
(SD = 15.4)

condition at least does not obtain in cisco. Studies of
freshwater fish have not revealed particularly low levels
of intraspecific variation (Avise and Saunders 1984; Berg
and Ferris 1984).

Variation in the physical structure of the mtDNA mol-
ecule does occur in the Arctic cisco. Earlier studies of
mtDNA variation in mammals (e.g., Ferris et al. 1981)
indicated that such large (=100 bp) length polymor-
phisms were rare. Recent studies suggest that such vari-
ation may be more common in reptiles and amphibians
(Densmore et al. 1985; Carr et al. 1987). Length poly-
morphism has not been previously reported in fish, al-
though the level of resolution in previous studies may
not have been adequate to detect changes on the order of
100 bp (Avise and Saunders 1984; Berg and Ferris 1984).
Our findings are particularly reminiscent of Densmore et
al. (19835), who found low levels of site-specific variation
accompanied by relatively frequent length polymorphism
among individuals within populations of parthenogenetic
Cnemidophorous lizards. (These workers also reported
extensive intra-individual length polymorphism, for
which we have no evidence in cisco.} They suggest that
such variation may arise rapidly within species, possibly
by amplification of tandem repeats in the variable regions.
For this reason, it would be important to characterize
precisely the position and nature of the variable region
in cisco.

Arectic cisco are unusual in combining a virtual absence
of site-specific mtDNA variation and moderate levels of
within- and between-population length polymorphism.
This argues for a recent common (maternal) ancestor. If
we assume that the rate of mtDNA sequence divergence
n cisco is similar to that in mammals (about two sub-
stitutions per 100 base pairs per million years per pair of
lineages) (Brown et al. 1979), there is an even chance of
observing one substitution (site difference} among the
roughly 100 sites examined after about 60,000 years. Sim-
ilarly, there is less than a 5 percent chance that two lin-
eages could persist separately as long as 250,000 years
without one such observable site difference becoming
fixed. This figure seems to be a reasonable upper limit on
the age (time since last common ancestor) of the popu-
lations examined. This conclusion agrees generally with
that from the data on protein-encoding loci presented
above. The relatively lower level of mtDNA variation
recalls the argument of Wilson et al. (1985) that founder
events and transient bottlenecks will have a greater effect
on mtDNA sequence variation than on nuclear se-
quences. This is in part because the maternally inherited
mtDNA genome is effectively haploid.

If the elimination of site-specific variation indeed re-
sulted from a recent bottleneck or founder event, then
the observed length polymorphism must be of still more
recent origin. This supports the suggestion of Densmore
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et al. (1985) that such polymorphism can arise even more
rapidly than site-specific variation in some cases. Further,
if the origin were unique (as we assume), then the sharing
of the polymorphism between Alaskan and Canadian
populations indicates an absence of differentiation among
these samples. Because the frequency of the minority ge-
notype is approximately the same among the Phillips Bay
(Canada), Colville River (Alaska), and Sagavanirktok
River (Alaska) samples (Table 5), the “single stock™ hy-
pothesis of Gallaway et al. (1983) is supported. However,
further examination of populations near their spawning
sites will be necessary to determine the levels of genetic
differentiation among spawning site populations within
the Mackenzie River system.

By contrast with other genetic approaches, flow cytom-
etry indicates a very high level of within-population DNA
content variation (Table 6 and Fig. 4). Salmonid fishes
are tetraploid as the result of an event that occurred as
long ago as 25-100 million years, and most species of
Coregonus have a diploid chromosome number of 2n =
80 (Allendorf and Thorgaard 1984). However, diploid
numbers as high as 2n = 96 have been reported. It is in
the nature of polyploids to be tolerant of gains and/or
losses of chromosomes, which would result in variation
of DNA content. The variation reported here was ob-
served in oceanic samples, which presumably represent
mixed populations from several spawning sites. Working
back from this observation, it will be of interest to char-
acterize the degree of DNA content (or karyotypic) vari-
ation in spawning sites in order to identify potentially
useful genetic markers for stock identification.

The geological history of the Mackenzie River valley
indicates that it was largely covered by the glacial ice sheet
during the Wisconsin period, which ended 10,000 years
ago. Because the Mackenzie River and its tributaries are
the only spawning areas known for this species in North
America, it is possible that the population is no older
than 10,000 years. The geological history of this region
as it relates to the fish fauna is discussed by McPhail and
Lindsey (1970) and Lindsey and McPhail (1986).

Both the genetic data and geological history are con-
sistent with the following scenario. After the retreat of
the Wisconsin ice sheet a small number of Bering cisco
dispersed farther east along the coast of the Arctic Ocean
than the present range occupied by that species. These
founders reached the Mackenzie River and initiated a
breeding population at that site. Due to chance processes
during the founder event, genetic variation for mtDNA
was greatly reduced. The nuclear gene variation was
maintained but significant allelic frequency shifts oc-
curred as a result of the founder event. For the 10,000
years since the founder event, minimal morphological
and genetic differentiation has occurred. A high degree of
spawning-site fidelity has maintained the degree of genetic
differentiation expressed in the founding stock. Geo-
graphic isolation has prevented the two species from be-

coming more similar, but insufficient time has elapsed
for a high degree of differentiation to develop.

This scenario assumes the Bering cisco is the ancestral
stock from which the Arctic cisco was derived. Because
the Yukon River was not covered by the Wisconsin ice
sheet, Bering cisco likely represent an older population
that should be more genetically variable than the Arctic
cisco. Thus, our model would predict higher levels of
mtDNA variation and nuclear gene polymorphism in
Bering as compared to Arctic ¢isco.

The relationship between Bering and Arctic cisco is
uncertain. It is possible that Bering cisco represent a Pleis-
tocene isolate that diverged from the more broadly dis-
tributed Arctic cisco. The Mackenzie River Arctic cisco
population might have originated from Siberian popu-
lations of Arctic cisco. This could likewise have involved
a genetic founder effect as described above. If this is true,
then Siberian and North American Arctic cisco should
be more similar to each other than either is to Bering
cisco. This would be consistent with present taxonomy
but would require dispersal of the founders across a great-
er distance.

Alternative scenarios could also explain the observed
data. For example, Arctic cisco could have originated as
the result of a stream capture shifting a spawning popu-
lation from the headwaters of the Yukon River to the
Mackenzie River. This is an attractive hypothesis because
spawning site fidelity would be maintained in the found-
ers. Further, the Peel River was tributary to the Yukon
River during the last glaciation and now possesses a num-
ber of fish species with Yukon, rather than Mackenzie,
affinities (Lindsey and McPahil 1986). Another alterna-
tive is that Arctic cisco are older than 10,000 years and
persisted in a Pleistocene refugium such as the Peel River
(McPhail and Lindsey 1970). This can be argued against
because the electrophoretic data indicate a high degree of
genetic similarity between the Arctic and Bering ciscoes,
which 1s suggestive of a recent origin. Also, if the refuge
population was small enough for drift to eliminate mtDNA
variation and yet occurred over a long period of time (the
lifetime of the Wisconsin ice sheet), then nuclear gene
variation also should have been ¢roded. Considering all
the information, we believe the first scenario mentioned
above is most likely.

In conclusion, the data presented here, while they do
not rule out the “two stock™ hypothesis, are more con-
sistent with the “one stock™ hypothesis, in that oceanic
Alaskan and Canadian populations are not strongly dif-
ferentiated and share most genetic markers. Further, there
is some evidence of multiple stocks within the Mackenzie
River system. A more detailed comparison of populations
within this system will be necessary to establish this point.
Such studies should emphasize development of those
markers that have been shown to be variable among pop-
ulations examined thus far, namely (1) genotypic disequi-
libria at polymorphic electrophoretic loci, (2) mitDNA



length polymorphism, and (3) DNA content varniation. It
seems likely that such studies would reveal genetic in-
formation to address questions on the life history and
management concerns for Arctic cisco.
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“Noise” in the Distributional Responses of
Fish to Environment: An Exercise in Deterministic Modeling
Motivated by the Beaufort Sea Experience

William H. Neill' and Benny J. Gallaway?

' Department of Wildlife and Fisheries Sciences, Texas A&M University,
College Station, Texas 77843, USA
* LGL Ecological Research Associates, Inc., 1410 Cavitt Street,
Bryan, Texas 77801, USA

Abstract. Fishesin unstable habitats may forever seek their environmental preferenda without achieving
them. Simulation of temperature-dictated movements of Arctic cisco suggests that lack of apparent cor-
relation between synoptic distributions of these fish and temperature is a natural consequence of the
complexity and dynamics of habitat—temperature distribution. More generally, the “noise” in fish-catch
data may reflect not so much intractable stochasticity as the failure of empirical models to cope with the
space-time dependencies inherent in such data. Because appropriate mechanistic models explicitly ac-
commodate these dependencies, their judicious application could increase greatly the informational yield
of fish-monitoring studies like those conducted in the nearshore Beaufort Sea.

INTRODUCTION

No experienced student of fish ecology doubts that fish
movements and distribution are strongly influenced by
such environmental variables as temperature, dissolved
oxygen, currents, and light intensity. Yet, the precise role
of these factors is difficult to infer from even the most
carefully collected field data of the usual sort. One prob-
lem, of course, is that fish respond not to single environ-
mental factors in isolation, but to the totality of environ-
ment. Even if the researcher could be sure that all
important components of the environment are identified
and properly measured, there remains the likelihood of
complex interactions among components. Then, too, there
are the usual doubts about the adequacy of the fish sam-
ples, in terms of size, frequency, and freedom from bias.
Invariably, more and bigger samples are needed than rea-
sonably can be obtained. This is because fish-catch data
are notoriously “‘noisy,” reflecting the large role of chance
in the processes leading to fish distribution and apparent
abundance.

There’s the real culprit: Chance. If the researcher could
measure all important environmental variables and col-
lect truly adequate fish samples, he need only apply con-
ventional multivariate regression analysis to unravel the
effects of environment on fish distribution. Right? Before
you agree too quickly, please consider our story' of Arctic
cisco (Coregonus autumnalisy distribution in Quliugtuat
Bay on the Beaufort Sea coast.

1 *Story” in the sense of definition S, The Compact Edition
of the Oxford English Dictionary (Oxford University Press, 1971):
““A narrative of real or, more usually, fictitious events . . .”” (em-
phasis added).

A FISH STORY

Quliugtuat Bay is typical of coastal waters along the
Beaufort Sea coast of western North America. The Bay
represents a seaward extension of the gently sloping coast-
al plain; the 2-m depth contour is almost 6 km offshore.
During the arctic summer, strong winds drive the currents
first one way and then another, at intervals of 2 to 4 days.
Frigid, saline water from the open Beaufort Sea period-
ically invades the bay through gaps between the barrier
islands and vies with warmer freshwater discharged from
the Saglu River to dictate the bay’s changeable environ-
ment. ,

In such habitats live several coregonine fishes, includ-
ing Arctic cisco. Extensive sampling along the Beaufort
Sea coast (e.g., Craig and Mann 1974; Craig and Hal-
dorson 1981; Griffiths and Gallaway 1982; Critchlow
1983; Moulton et al. 1985; Envirosphere 1986) suggests
that young Arctic cisco live mostly in the coastal band of
warmer, less saline water. Temperature-preference ex-
periments in the laboratory (Fechhelm et al. 1983) con-
firm that this fish prefers temperatures near 14°C (Fig. 1),
which in coastal waters of the Beaufort Sea occur only in
midsummer and then usually in association with river
effluent.

Quliugtuat Bay seemed an appropriate arena in which
to settle, once and for all, the degree to which temperature
governs distribution of young Arctic cisco in their natural
habitat. To this end, we undertook an exhaustive sam-
pling program. First, 25 stations were established at points
1 km apart on a five-by-five grid in Quliuqtuat Bay (Fig.
2). Then, at each of the 25 stations water temperature
was monitored and a fyke net fished daily for 20 consec-
utive days during midsummer.
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The sequence of environmental events is evident from
plots of the study area’s isotherms at 2-day intervals (Fig.
3). At the beginning of the sampling period, strong north-
erly winds had driven cold oceanic water onshore, leaving
the entire Bay uniformly at 3°C. Cessation of winds per-
mitted the river discharge to form a typical thermal plume
by day 2. The plume was better developed on day 4 but
was deflected toward the southern shore by rising north-
easterly winds and corresponding current drift. After a
brief period of light westerly winds (day 6), the wind
returned to the northeast and by day 8 had driven an
intrusion of oceanic water through the Bay, cutting offa
gyre of relatively warm water. By day 10, southwestward
current drift preceding continuing northeasterly winds had
compressed the river plume against the southern shore.
Winds (and currents) were light and variable on day 12.
Strong westerly winds and corresponding current drift
then cut off a new “warm ring” and deflected the river
plume eastward by day 14; persistent deflection of the
plume resulted in marked compression of isotherms
against the eastern shore of the bay by day 16. During
the final days of the study, winds shifted to the northwest,
diminished, and finally were calm by day 20.

What did young Arctic cisco do during this period of
shifting thermal regimes? The pattern is made evident by
considering events only at the central station, number 13.
Temperature and catch of 10-cm-long Arctic cisco fluc-
tuated drastically, but not in synchrony (Fig. 4). In fact,
a plot of catch rate against temperature reveals the fa-
miliar lack of apparent correlation (Fig. 5). Only 10 per-
cent of the variation in catch rate is attributable to
variation in temperature, under the model presenied in
Figure 1.
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From this result we must conclude that temperature
had little demonstrable influence on the distribution of
small Arctic cisco in Quliugtuat Bay. Temperature’s un-
doubted effects on physiology and behavior of the fish
maust have been overridden or masked by the operation
of other variables or obscured by errors in sampling tem-
perature, fish density, or both, Right? Wrong!— Variation
in fish-catch rate was dictated entirely by variation in
temperature.

THE “STORY” REVEALED

How can we be so confident, in the face of a straight-
forward regression analysis to the contrary, that temper-
ature and temperature alone accounted for variation in
our catch data? Our confidence derives from the knowl-
edge that the story related above is just that—a “story.”
There were no catch data, because there was no field study
in Quliugtuat Bay. In fact, there is no Quliugtuat Bay on
North America’s Beaufort Sea coast (to the best of our
knowledge).

What we have described is a hypothetical study con-
ducted via computer simulation. To be sure, the com-
puter program incorporated as much realism and reason
as we could muster. The temperature data are reminiscent
of real observations in Alaskan coastal waters (e.g., Moul-
ton et al. 1985). The model of Arctic cisco responses to
temperature is that published in this journal 5 years ago
{(Neill et al. 1983); the published model produced results
reasonably consistent with actual field data collected near
the Waterflood Causeway (Prudhoe Bay) during summer
1981,

The model (Fig. 6) treats fish movement as a donor-
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Figure 2. Quliugtuat Bay, with locations of 25 sampling stations.

controlled drift process biased by the fish’s temperature
preference (which, for juvenile Arctic cisco, was measured
experimentally by Fechhelm et al. [1983]). Considering
two adjacent spatial locations (i and j), the fish continually
move toward the location having the higher value of the
ratio p:C, where p is the relative preference for the tem-
perature (Fig. 1) and C the density of fish at that loca-
tion; net rate of change in fish density (eq. 4 in Neill et
al. 1983)1s

dt X,

dc, _ s [pf(cw ) C}

where s is a temperature-dependent dispersal rate {(max-
imally, the swimming speed observed experimentally by
Fechhelm et al. [1983]) and X, is distance between lo-
cations i and J. At steady state, density of fish is directly
proportional to p and, therefore, must be related to tem-
perature in the same way as p.

The present implementation of the model involved
2,500 units of hypothetical fish density, initially distrib-
uted at 100 units per station. The computer program
linearly interpolated station temperature between days
(noon to noon) and evaluated fish-density flux on an hour-
ly basis. The hourly values of density, averaged over the
day, were output as daily “*catch.”

Plainly, catch of Arctic cisco vs. temperature at Qu-
liugtuat Bay’s Station 13 (Fig. 5) bore little resemblance
to the temperature-preference function (Fig. 1) driving
the model! What explains the seemingly “sloppy” per-
formance of our simulated fish? The explanation is not
that other factors of environment interfered with or
masked responses to temperature; The only environmen-
tal factor at work in Quliugqtuat Bay was temperature.
Nor is the explanation a faulty sampling program: Sam-
ples both of fish density and temperature were flawless.
Finally, chance was not the culprit: The model is deter-
ministic, not stochastic.
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Figure 3. Thermal structure of study area at 2-day intervals over the 20-day study period.

The explanation is that all temperatures were not equal-
ly available and freely accessible to fish in Quliugtuat
Bay, and that small Arctic cisco simply could not swim
fast enough to keep pace with the shifting thermal regime.
Then, too, the relatively inferior thermal status of Station
13 caused the total number of fish “caught” there to un-
derestimate the average density of fish in the Bay.

The explanation is made more explicit by erecting a
model of conventional expectation, then resolving into
components the “error’” between that model’s predictions

and the simulation results. We began by specifying a mod-
el of conventional expectation. We decided that most of
us, when confronted by a graph like that presented in
Figure 4, casually compare the catch series with an in-
tuitive model of the form

E(C) = CE = [p/Z p(O]-Z C (1),
where C is fish density at the station on a particular day,
E(C) is the expectation of C, p is the station’s environ-
mental value (from a graph like that in Fig. 1) on that
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Figured. Time series of water temperature and catch of young
Arctic cisco at Station 13 in Quliugtuat Bay.

day, and the summations are over all days in the series.
Underlying this model are the implicit assumptions that
(1) the sampling station occupied a changing position in
an array of environments equally available and freely
accessible to the fish, and (2) the rate of change in envi-
ronmental distribution was much slower than the fish
could swim.

One or both of these assumptions was false for our
simulated catch series at Station 13 in Quliugtuat Bay:
Fish density under the model of conventional expectation
differed drastically from simulated density (Fig. 7). We
evaluated the discrepancy by partitioning total “error”
(CE-CSIM) into components due to (1) Station 13’s mis-
representation of fish density in the system (CE-CETOT),
(2) Station 13’s misrepresentation of temperature avail-
ability in the system (CETOT-CEADYJ), (3) restricted ac-
cessibility of temperature (CEADJ-CSS), and (4) inability
of the fish to keep pace with temmporal changes in the
temperature distribution (distributional hysteresis, CSS—
CSIM):

CE-CSIM = (CE-CETOT) (Fig. 8A)
+ (CETOT-CEADJ) (Fig. 8B)
+ (CEADJ-CSS) (Fig. 9A)
+ (CSS-CSIM), (Fig. 9B)

where CE is the conventional expectation of density as
defined above; CSIM is simulated density, CETOT =
[p/Z p(D}+2,100, 2,100 being the total (over all 21 days—
days 0-20) “catch” expected at Station 13 had fish density
at this site been average for the system; CEADJ = [p/Z
p($)]+2,500, 2,500 being the total density of fish in the
system on each day and the summation of p being over
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Figure 5. Catch of young Arctic ¢isco as a function of water
temperature at Station 13 in Quliugtuat Bay.

all 25 stations on each day; and CSS is steady-state den-
sity, computed by running the simulation to steady state
for each day’s temperature distribution, having begun
with the distribution of CSIM on that day. The repre-
sentation of distributional hysteresis as CSS-CSIM is ob-
vious, but the interpretation of CEADJ—CSS as a measure
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Figure 6. Conceptual model of fish movements between spa-
tial points, with the rate of movement (density flux) being a
function of environmental (brackets) and fish-specific (ovals)
variables. {(From Neill et al. 1983.)
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of restricted accessibility of temperature needs explana-
tion. CEAD] is the expected density of fish at a particular
station on a particular day, given that the thermal value
of that station is adjusted for the availability of thermal
values throughout the system. But movement of fish be-
tween two locations of equal value may be restricted by
the existence of lower values at intervening locations. In
the extreme, this leads to what Neill (1979) called envi-
ronmental “trapping”-—fish in habitat “oases” of rela-
tively high environmental value (e.g., the warm gyres
present in Quliuqtuat Bay on days 8 and 14) are trapped
by surrounding habitat with lower values; similarly, high-
value oases that appear de novo in low-value parts of the
habitat may not be occupied because they are inaccessi-
ble. CEADJ is unaffected by these considerations; CSS
reflects them. Thus, CEADI-CSS is the appropriate mea-
sure of “error” associated with restricted accessibility of
temperature.

How important, in our simulation, were the various
“errors”? The “error” due to Station 13’s misrepresen-
tation of fish density in the system (CE-CETOT, Fig. 8A)

was persistent, of course (being independent of temporal
variation in the system), and amounted to 42 percent of
average CSIM (=average CE). By far the dominant “error”
was that due to Station 13’s misrepresentation of tem-
perature availability in the system (CETOT-CEADYJ, Fig.
8B); average absolute magnitude of CETOT-CEADJ was
98 percent of average CSIM. Major discrepancies oc-
curred during days 0-2, when higher temperatures were
relatively rare, and during days 5-7 and 20, when higher
temperatures were overrepresented. Absolute magnitudes
of “errors” due to restricted accessibility of temperature
(CEADJ-CSS, Fig. 9A) and distributional hysteresis (CSS—
CSIM, Fig. 9B) averaged 13.5 and 26 percent, respec-
tively, of average CSIM. We are reluctant to make more
of these results because they reflect details of the specific
thermal regime, which, after all, was only hypothetical,

THE MORAL

Our point in relating this exercise is not to argue that
temperature is the sole factor influencing the distribution
of Arctic cisco or any other fish; on the contrary, we are
confident that fish do respond to the totality of environ-
ment, of which temperature is only one component—
albeit, often an important one. Nor do we mean to belittle
or discourage monitoring programs; such studies provide
raw material useful for generating and essential for testing
hypotheses about how fish-environment systems work in
nature.

Our story’s moral is this: Where a fish is located today
depends partly on where it was yesterday and partly on
environmental “lay of the land” between times and places.
If environment is continually rearranged in space, as is
so often the case in the Arctic, fish distribution is always
in a transient state that may bear little relation to the
fish’s steady-state preferences. Therefore, a time-series of
catch data, no matter how well attended by synoptic en-
vironmental data, may have little information content—
unless a valid mechanistic model is available for inter-
preting those data. Unfortunately for all of us, distribu-
tional ecology is relatively long on data but short on
models.

CONCLUSION

We who seek to understand the variation in fish dis-
tribution should set aside the familiar lack-of-effect scape-
goats (e.g., effects of unknown variables, sampling error,
and stochasticity of fish behavior) until we have consid-
ered that (1) the value (to the fish) of environment “here”
depends on the value of environment “there,” (2) a fish
can’t always get from “‘there” to “here,” and (3) even
when it can, the trip takes time. Proper consideration of
these axioms requires both good data and good models.
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Abstract. Subsistence fisheries in the Alaskan Arctic provide an important food source for the coastal
communities of Barrow, Point Lay, Wainwright, Atqasuk, Nuigsut, and Kaktovik. The total annual harvest
(villages combined) is roughly 210,000 pounds of fish, which in terms of utilizable weight almost equals

the villages’ annual harvest of bowhead whales.

The fisheries concentrate on anadromous species {whitefishes, ciscoes, char, salmon) although freshwater
species (grayling) are also taken. The species caught at each village differ, as would be expected based on
distribution patterns of fishes in the study area. The fisheries are fairly well described in terms of timing
and location but not harvest quantity. In some cases, the only available information about harvest quantity

consists of a rough estimate made 15 years ago.

INTRODUCTION

Fish historically have been a vital food source for the
Inupiat of the Alaskan Arctic. In modern times, fishing
continues to be an important activity despite the rapid
cultural and economic changes brought about since 1970
by the discovery and development of the North Slope oil
fields. Fully one-third of the adult population in North
Slope communities participated in fishing activities in
1977-1978 (Fig. 1).

The period covered in this report, 1970~1986, repre-
sents a time of transition of cultural values and patterns
of subsistence use. Documentation of subsistence fisheries
during this period has been sparse, however, with most
available reports describing fishing only in general terms
and often from a cultural perspective. There are few de-
tailed accounts of actual quantities of fish harvested, and
the information that is available is not generally known
for two reasons: the data occur in widely scattered reports
by government agencies and private firms, and people
interested in subsistence information are often unaware
that pertinent information may be “hidden” in the oc-
casional scientific fish report.

The overall objective of the present study is therefore
to assemble the available information and assess the cur-
rent state of knowledge about modern subsistence fish-
eries at North Slope communities. The report focuses on
the fish and fisheries themselves, i.e., what species are
caught, how many, where, and when. This focus specif-
ically precludes an analysis of the cultural or economic
significance of the fisheries—these topics are described
by others (e.g., Nielson 1977, NSB 1979a; Kruse et al.
1981; Jacobson and Wentworth 1982; Alaska Consult-

! Present address: Alaska Department of Fish and Game, 211
Mission Rd., Kodiak, Alsaka 996135, USA.

ants et al. 1984; Braund and Burnham 1984; Galginaitis
et al. 1984; Stern 1983).

METHODS

The study area is the North Slope of Alaska, from Point
Lay to the US-Canada border on the Beaufort Sea (Fig.
2). Subsistence fisheries are examined at six coastal vil-
lages: Point Lay, Wainwright, Barrow, Atqasuk, Nuigsut,
and Kaktovik. These villages were selected because I had
first-hand knowledge of them, and had conducted fish
studies at most of them. Several villages south of Point
Lay were not included.

This report is based on a literature review and discus-
sions with people familiar with fish research conducted
in the study area (see Acknowledgments). The intent was
to collect fisheries information, particularly to search for
“hard data” describing actual quantities of fish harvested.
Original data have therefore been emphasized. For com-
pleteness, the literature search included many pre-1970
documents as well (e.g., Murdock 1884; Bean 1887; Hewes
1947; MacGinitie 1955; Sonnenfeld 1956; Wilimovsky
1956; Milan 1964; Spencer 1959; Foote 1965; Bane 1966;
Hanson et al. 1966; Nelson 1966, 1969; Andersen 1982).
In fact, only one pre-1970 report contained the kinds of
quantitative data useful for this account.

In this report, the term “subsistence fishery” is used in
its broadest sense, i.¢., the personal use of locally caught
fish for food. Some fish are also traded or sold to other
villagers, but the degree to which this occurs is not known
and therefore these fish are considered to be part of the
subsistence catch.

This report concentrates on fishing areas of known and
often traditional importance, but the reader should note
two points. First, the studies described were typically |
year or less in duration, so that annual variations in fish-
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Figure 1. Proportion of aduits from North Slope communities
who participated in various subsistence activities in 1977-1978,
The sample size was 290 adults from the villages of Point Hope,
Wainwright, Barrow, Nuigsut, Kaktovik, and Anaktuvuk Pass.
Redrawn from Kruse et al. (1981).

ing patterns were not documented. Second, it is recog-
nized that people may catch fish for their immediate con-
sumption wherever they travel or hunt, which may include
the entire North Slope when the subsistence-use areas of
all the villages are viewed in total (Fig. 3).

The standardized unit of fish harvest used in this report
is the total weight of the catch. Weights originally ex-
pressed as “dressed weights™ have been converted to total
weight according to the conversion factors used by the
authors, Differences between total and dressed weights
{about 20%) are not particularly significant given the im-
precise methods used to approximate annual harvests in
all studies.

Population sizes of the North Slope communities were
obtained from Kruse et al. (1981) and the Alaska De-
partment of Community and Regional Affairs (FY 1986
Revenue Sharing Program).

THE FISHES

Subsistence fishermen catch a variety of species in arc-
tic waters (Table 1), but not all of these species are of
equal value—~some are discarded and others are not abun-
dant throughout the study area. The principal species
harvested (in terms of biomass) thus differ among the
villages (Table 2).

Two features of the environment influence fish distri-
butions in the study area and thus determine the kinds
of fishes that are available to the various fisheries (Craig
1984a,b):

1. Proximity to the Bering Sea. The Chukchi Sea is a
transition zone between the warmer, productive waters
of the Bering Sea and the colder, less productive waters

BEAUFORT SEA

ALASKA \

Figure 2. North Slope communities reviewed in this paper.

ofthe Beaufort Sea. Some southern species such as salmon
and herring range northward into the northeastern Chuk-
chi Sea but are scarce in the Beaufort Sea. Salmon are
thus more common in subsistence harvests at Point Lay,
Wainwright, and Barrow than at villages along the Beau-
fort coast.

2. Locations of anadromous fish streams. When anad-
romous fish enter the coastal waters of the study area,
many do not range far from their natal rivers. Thus, the
species composition and abundance of anadromous
species in coastal waters generally reflect the proximity
of the rivers from which the fish came. In this respect,
the study area can be divided into three coastal regions
with different fish species composition, as illustrated in
Figure 4.

First, streams in the Chukchi region (Point Hope to
Barrow) are generally small and of marginal significance
for anadromous fishes. The relatively few anadromous
fishes produced in this region (notably salmon) contribute
to the subsistence fisheries at Point Lay, Wainwright, and
Barrow.

Second, streams in the central part of the study area
{Barrow to the Colville River) produce primarily white-
fishes and ciscoes, which are prominent in the subsistence
harvests at Barrow, Atqasuk, and Nuigsut.

Third, streams in the eastern portion of the study area
(Colville to the Mackenzie Rivers) produce primarily
Arctic char, These char, together with migrant Arctic cis-
co from the Mackenzie River, constitute most of the sub-
sistence catch at Kaktovik.

Although fish populations are distributed generally in ac-
cordance with these patterns, individual fish may disperse
farther along the coastline. For example, fish tagged in
Simpson Lagoon (Fig. 5) and Prudhoe Bay have been
recovered from Barrow to the Mackenzie River.

General distribution patterns of the commonly har-
vested species are described below.

Anadromous Species

Anadromous species, whose life cycle includes both a
freshwater and a marine phase, constitute by far the larg-
est portion of subsistence harvests at North Slope villages.
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Figure 3. Subsistence-use regions for all resources used by each North Slope village. Source: Pedersen (1979).

The principal anadromous species caught are salmon,
Arctic char, whitefishes, ciscoes, and rainbow smelt.

Salmon

Pacific salmon, though not very abundant in arctic
waters (reviewed by Craig and Haldorson 1985), are most
common along the coastline of the northeastern Chukchi
Sea (Fig. 6). Only pink (humpback) and chum (dog) salm-
on occur with any regularity in the study area. Pink salm-
on are the most common species, accounting for 85 per-
cent of all salmon caught in biological surveys from 1970
to 1984, followed by chum salmon (13%). “Silver salm-
on” are also caught, but this is a generic term that may
be applied by subsistence fishermen to sea-run salmon of
any species.

Small runs of pink salmon occur in several streams
between Point Hope and Barrow, and perhaps in the Col-
ville River. Their abundance in the study area is highly
variable both seasonally and annually. Pink salmon dis-
play a cyclical pattern of abundance —they are much more
abundant in even-numbered years than odd-numbered
years, as is the general pattern for this species in western
Alaska (Heard 1986). Their run timing in coastal waters

usually extends from the last week in July through August,
with peak numbers occurring during the first half of Au-
gust.

Chum salmon are not often caught east of Point Bar-
row, although there is a small population that spawns in
the Mackenzie River (McLeod and O’Neil 1983).

Arctic Char

In the study area, char are most abundant between the
Colville and Mackenzie Rivers (Fig. 6), which accounts
for their prominence in subsistence catches at Kaktovik.
They are usually harvested in coastal waters from late
June to September, but they are also caught at traditional
inland fishing sites on the Hulahula River in fall and
winter.

While in coastal waters, char range east and west along
the Beaufort Sea coastline and thus individual stocks be-
come mixed. Tagging studies have shown, for example,
that char caught at Kaktovik originated from several North
Slope rivers (Sagavanirktok, Canning, and Firth Rivers).
Thus, the summer harvest of char from coastal waters
distributes the fishing pressure among several stocks,
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Table 1. List of commonly caught fishes in the study area.
Common name Scientific name Inupiat name* Weight (Ib)t
Anadromous species
Chum salmon Oncorhynchus keta igalugruagq, iqaluruag 6.0-9.0
Pink salmon O. gorbuscha amaqtuq 2.0-3.1
Arctic char Salvelinus alpinus igalukpik 0.9-4.0
Whitefish
Broad whitefish Coregonus nasus aanaakliq, aanaaliq 1.2-3.9
Humpback whitefish C. clupeaformis pikuktuuq 1.4-2.3
Arctic cisco C. autumnalis gaaktaq, gaatag 0.8-2.0
Least cisco C. sardinella igalusaag 0.5-0.9
Bering cisco C. laurettae qaaktagq, tipuk 1.1-2.2
Rainbow smelt Osmerus mordax ithuagniq 0.15-0.25
Marine species
Pacific herring Clupea harengus ugsruqiuug 0.3-0.4
Arctic cod (tomcod) Boreogadus saida igalugaq, uugaqg 0.05-0.13
Saffron cod (tomcod) Eleginus gracilis uugaq 0.06-0.31
Capelin Mallotus villosus panmaksraq, panmagriq 0.02-0.04
Fourhorn sculpin Myoxocephalus quadricornis kanayug
Arctic flounder Liopsetta glacialis nataagnag, puyvagiag
Freshwater species '
Arctic gravling Thymallus arcticus sulukpaugaq 0.3-1.7
Lake trout Salvelinus namaycush “igalukpak 2.7-14.4
Burbot (lingcod) Lota lota tittaalig 2.0-10.0
Round whitefish Prosopium cylindraceum savigunag, aanaalig 0.5-0.9

* Sources: Schneider et al. 1980; Nelson 1981; Jacobson and Wentworth 1982; Pedersen et al. 1985; Stern 1985; George and

Nageak 1986.

t Typical whole weight of subsistence-caught fish based on numerous sources.

whereas fishing in the Hulahula River focuses the pressure
on a single small stock.

Arctic Cisco

The Arctic cisco, a favored food fish because of its
fatness, is harvested primarily at Kaktovik and Nuigsut.
The coastal distribution of this species is similar to that
of char (Fig. 6), but the sources of the two species differ.
There are no known spawning areas for the Arctic cisco
in Alaska, so it is thought that the Arctic cisco in the
study area originate in the Mackenzie River (Gallaway et
al. 1983). These authors suggest that a portion of the

Mackenzie population migrates into Alaskan waters as
juveniles and then remains for several years in the vicinity
of the Colville River before returning to the Mackenzie
River to spawn. Nuigsut fishermen catch these Arctic
cisco in fall when the fish gather in the Colville River to
overwinter, and Kaktovik fishermen catch them as they
migrate back to the Mackenzie in summer.

The number of Arctic cisco available to these fisheries
is presumably directly dependent on the number of ju-
veniles that migrate into Alaskan waters from the Mac-
kenzie River (Moulton et al. 1986; Gallaway et al. 1989).
This has important ramifications for the fisheries—low
recruitment from the Mackenzie leads to low harvests in

Table 2. Primary species of fishes harvested at North Slope villages.

Primary fish species harvested

Rainbow
Village Herring Salmon smelt Whitefish Least cisco  Arctic cisco®  Arctic char Grayling

Point Lay + + +
Wainwright + + +
Barrow + + -+ +

Atgasuk + + +
Nuigsut + + + -+ +
Kaktovik + +

* Arctic or Bering cisco.
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Figure 4. Principal species of anadromous fish harvested by
coastal region.

Alaska several years later when the fish have grown large
encugh to be caught. Such fluctuations are reflected in the
highly variable catch-per-unit-effort for Arctic cisco in
Helmericks’ commercial fishery in the Colville River del-
ta (Fig. 7).

Other Anadromous Species

The rainbow smelt lives most of its life in marine waters
but enters rivers in springtime to spawn. In winter these
fish gather in Wainwright Inlet (lower Kuk River) where
they are harvested by fishermen from Wainwright (Fig.
6). Smelt also congregate off the mouth of the Colville
River in winter (Haldorson and Craig 1984), but there is
no fishery for them there.

Other anadromous species important in subsistence
catches are whitefishes (broad, humpback) and least cisco.
These species do not disperse far in coastal waters (com-
pared to Arctic cisco and char} and are therefore most
abundant near their rnivers of origin. Large numbers are
caught at Barrow, Atqasuk, and Nuigsut in summer and
fall.

The Bering cisco also occurs in coastal waters between
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Barrow and the Colville River (McPhail 1966; Craig and
Haldorson 1981). This species is not abundant in the
study area and is often confused with the Arctic cisco
because the two species look alike.

Marine Species

Relatively few marine fishes are harvested for several
reasons: (1) marine species are generally small fish that

yield relatively little meat for the effort expended, (2)
some of the most common marine species (fourhorn scul-
pin, Arctic flounder) are not desired tablefare, and (3) the
marine species that are eaten (Arctic cod, saffron cod) are
too small to be caught by the principal fishing gear used
{gill nets).

Arctic and saffron cod occur in marine waters through-
out the study area. They are caught in winter by jigging
a lure through the ice, but current fishing efforts are ap-
parently fewer than occurred in the past.

Pacific herring are not abundant in the study area. Small
populations occur along the northeastern Chukchi Sea
coastline and near the Mackenzie River (Fig. 6). In the
Point Lay area, herring are most abundant in August.
Note that the term “herring” may also be used by fish-
ermen to refer to least cisco and perhaps to other juvenile
whitefish.

Relatively small numbers of capelin occur along the
northeastern Chukchi Sea coast. These small fish are brief-
ly abundant in the Point Lay area during the first week
of August when they spawn along shorelines. Capelin are
less abundant along the Beaufort Sea coastline, although
large spawning runs occur occasionally. McAllister (1962)
recorded such an event at Herschel Island during the last
week of July 1960, but this has not been observed in
recent years along the Beaufort coastline.
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Fourhorn sculpin are often caught by subsistence fish-
ermen, but these fish are an unwelcome catch because
their sharp spines and “horns” are difficult to untangle
from gill nets and because there is little edible reward for
doing so. Some sculpins were eaten by villagers in the
distant past, but today these fish are discarded.

Freshwater Species

The Arctic grayling is the principal freshwater fish caught
on the North Slope. It is widely distributed and abundant
in streams and lakes. Many are caught in subsistence
fisheries in the Kukpowruk River by Point Lay fishermen
and in the Meade River by Atgasuk fishermen; more are
caught incidentally during other subsistence or recre-
ational activities.

Burbot, lake trout, and other freshwater species are also
caught, but less frequently than grayling.

SUBSISTENCE FISHERIES

Subsistence fishing in arctic Alaska occurs throughout
the study area (Figs. 8 and 9). Most fishing occurs near
the villages but some also occurs away from the villages
at traditional fish camps.

Fishing consists primarily of gillnetting for anadromous
fishes during the open-water season and also later in fall
when gill nets can be safely set under the ice (Fig. 10y,
lesser numbers of fish are also caught by angling in sum-
mer and by jigging a lure through the ice in winter. Gill
nets are usually set adjacent to shorelines because fish
catches are generally highest there. A motorized skiff is
used to reach most gill net sites, and nets are checked at
about daily intervals. Fish caught are either cooked fresh
or stored by freezing or drying. In modern times, most
of the fish catch on the North Slope is for human con-
sumption rather than for dog food.

As previously described, the species harvested differ
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Figure 10. Seasonal patterns of fishing activities at North Slope
villages. Solid lines indicate periods when harvests usually oc-
cur; broken bars indicate occasional fishing efforts. Sources:
Compiled by ADFG (1986) from Schneider (no date), Ivie and
Schneider (1979), Hoffman et al. (1978), Schneider et al. (1980),
Nelson (1981), Jacobson and Wentworth (1982), and Galginaitis
et al. (1984). The Nuigsut pattern is based on George and Na-
geak (1986) and Moulton et al. (1986).

according to the location of each village (Table 2) and the
uneven distributions of anadromous fishes in the study
area (Fig. 4). In addition, freshwater fishes are taken in
inland areas, and marine fishes are occasionally caught
in coastal waters. Invertebrates are rarely collected in
modern times,

The following sections summarize information about
contemporary subsistence fisheries at each village. While
a number of reports describe fishing activities, few pro-
vide quantitative estimates of annual fish harvests. Lo-
cations and years for which such quantitative data are
available are as follows: Point Lay, 1983; Wainwright,
1973; Barrow, 1973; Atgasuk, 1983; Nuigsut, 1985, 1986;
and Kaktovik, 1973, 1975, 1985. Some partial estimates
of harvests are also available for Barrow (1962, 1986),
Nuigsut (1984, 1985, 1986), and Kaktovik (1985).

Point Lay

The small village of Point Lay is located on the Chukchi
Sea coast adjacent to Kasegaluk Lagoon. The village was
formed by the consolidation of numerous settlements in
the region in 1930 (Schneider and Bennett 1979). In 1985
the population size was 142 people.

Fishing activities at Point Lay have been described in
two reports (Schneider and Bennett 1979; Craig and
Schmidt 1985), which provide the basis for this section.
Supplementary information is also provided in other re-
ports (Craig and Schmidt 1982; Alaska Consultants et al.
1984; Braund and Burnham 1984).

Fishery Description

As with the other North Slope villages, the area en-
compassed by subsistence fishing at Point Lay is large,
including coastal waters from Icy Cape to the southern
end of Kasegaluk Lagoon, and inland waters including
the Utukok, Kokolik, and Kukpowruk Rivers (Fig. 8).

Summer and fall are the periods when most fishing occurs
at Point Lay (Fig. 10).

Summer gill net fishing is conducted primarily in coast-
al waters in July and August. Coastal areas of primary
and secondary importance are shown in Figure 11, but
in recent years most fishing apparently has occurred with-
in several miles of the village (Fig. 12), primarily on the
lagoon side of the barrier islands. Some additional fishing
occurs at Sitkok Point and at several permanent hunting
camps located on both the barrier islands and the main-
land south of Point Lay near Kukpowruk and Naokok
passes. Summer fishing gear consists of monofilament or
stranded nylon gill nets 100-150 feet in length and 6 feet
deep with 3-5-inch stretched mesh. Species caught are
pink salmon, chum salmon, and herring, with occasional
char, whitefish, and cisco.

During fall, a grayling fishery occurs 10~15 miles up-
stream on the Kukpowruk River. This occurs around
October, depending on freeze-up conditions, and may
extend over several days or weeks and involve a relatively
large number of villagers. Most grayling are caught by
jigging a lure through holes drilled in the ice.

Harvest Quantity

Although fish have been described as a primary re-
source for the village and an integral part of their summer
and fall subsistence activities {Schneider and Bennett 1979,
Braund and Burnham 1984), the harvest was sparse dur-
ing the only year (1983) when catches were monitored
{Craig and Schmidt 1985).

In 1983 the summer fishery was brief (411 Aug.) and
was directed toward the capture of salmon migrating past
the village (Table 3). Only four fishermen participated,
for a combined effort of approximately 16 man-days. Craig
and Schmidt (1985) assessed the harvest at the village by
inspection of daily catches or interviews with the fish-
ermen after each catch, and this quantity was doubled to
account for possible catches away from the village that
were not observed. An estimate of the fall fishery was
obtained by interviews with local residents.

The summer fishery (143 Ib, mostly pink salmon) and
fall fishery (250-300 b, mostly grayling) yielded a total
catch of about 400-450 pounds, for an annual per capita
catch of 3—4 pounds in 1983. Residents suggested that
the 1983 harvest was smaller than occurs in most years.
The previously mentioned cycles in the abundance of
pink salmon in arctic waters (i.e., pinks are less abundant
in odd-numbered years) probably contributed to the low
summer harvest in 1983.

Wainwright

Wainwright is a small community on the Chukchi Sea
coastline adjacent to Wainwright Inlet (also called Kuk
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Figure 11. Point Lay subsistence use areas for coastal fishing. Source: Braund and Burnham (1984).

Figure 12. Point Lay fishing sites in 1983. Source: Craig and Schmidt (1985).

Lagoon or lower Kuk River). In 1985 the population size
was 507.

The annual cycle of fishing activities at Wainwright has
been described in detail by Nelson (1981) and the John
Muir Institute (JMI 1983). Nelson based his description
on research he carried out between 1964 and 1981. JMI
conducted their household surveys in 1982. Supplemen-
tary information is also provided in several other reports
(Bane 1966; Nelson 1966, 1969; Ivie and Schneider 1979;
Craig and Schmidt 1982; Alaska Consultants et al. 1984;
Braund and Burnham 1984).

Fishery Description

Fishing at Wainwright may occur year-round, but ef-
forts are greatest in late summer and mid-winter (Fig. 10).
The areas fished include nearshore coastal waters between
Point Franklin and Icy Cape, and inland waters primarily
along the Kuk River but also on the Kugrua, Utukok,
and other nearby rivers (Figs. 8 and 13).

In summer (July and Aug.), people fish with gill nets
along the beach in front of the village or in Wainwright
Inlet (Fig. 14). Ocean gill nets, set about 50 m from shore,
have 3~6-inch stretched mesh; river gill nets have slightly
smaller meshes (3-5 in). JMI (1983) noted that a typical
ocean catch in late June was 10-18 fish per day, mostly
pink and chum salmon with a few char and other species.
Nets set in late July also caught mostly pink and chum
salmon (Craig and Schmidt 1982). Fishing in the inlet
yields rainbow smelt, whitefish, cisco, and cod.

In late summer and fall (Aug.—Oct.), fishing in the Kuk
River intensifies. Nelson (1981) observed fish camps at
several upstream locations in the Kuk drainage (see also
Fig. 9) where grayling, cisco, burbot, and smelt were tak-
en.

In winter (Jan.—Mar.), rainbow smelt are caught in
Wainwright Inlet by jigging with a slender pole about 2.5
feet long with 4-6 feet of monofilament line and a small
bright hook attached (Nelson 1981). The smelt from the
inlet are highly regarded and may be exchanged between
villages. JMI (1983) noted that these smelt have the dis-



140  Biol. Pap. Univ. Alaska No. 24

Table 3. Estimated total subsistence harvest of fishes in the
Point Lay area, 1983 (source: Craig and Schmidt 1985).

Estimated number of

fish caught
Point  Other Estimated total
Lay sites*  Total weight (1b)t
Summer fishery
Pink salmon 18 N 36 86
Herring 30 N 60 21
King salmon 1 N 2 12
Arctic char 3 N 6 12
Bering cisco S N 10 11
Rainbow smelt 3 N 6 1
Totals 60 120 143
Fall fishery
Grayling N N N 250-300%

* N (not monitored). Sites away from Point Lay such as hunting
camps were not monitored. Observations suggest that the har-
vest of fish on such occasions was very low, if any, during the
1983 summer. Therefore, it was conservatively assumed that
the harvest away from the village was similar to that at the
village.

+ Original data of Craig and Schmidt (1985) have been corrected
here. Total weight = number of fish x average weight of each
species. Average weights were estimated from specimens caught
during the study.

T Total weight was estimated by local fishermen.

tinction of being the only species of animal or plant that
is regularly bought and sold in Wainwright.

Smelt are the only important fish regularly harvested
in winter. Tom-cod (saffron cod) in the ocean were for-
merly caught in winter but they are not fished at present.

Wainwright Subsustence Use Arcas:

FISH
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m or focal hunting areas
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Figure 13. Wainwright subsistence fishing areas. Source: R.
Nelson (1981), North Slope Borough as presented in Braund
and Burnham (1984).
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Figure 14. Wainwright subsistence fishing areas. Source: Craig
and Schmidt (1982).

Harvest Quantity

The only quantitative estimate of fish harvests at Wain-
wright is provided by Patterson (1974), who based his
estimate on information supplied by village representa-
tives from 1969 to 1973. Harvest estimates found in sev-
eral later reports all stem from Patterson’s data (Patterson
and Wentworth 1977; AEIDC 1978; Stoker 1983; ADFG
1986).

During 1969-1973, the average annual fish harvest was
low (about 3,800 1b), amounting to less than 1 percent
by weight of the total harvest of all resources (mammals,
birds, fish, plants) during the same period (Table 4). The
annual per capita catch of fish was 9 pounds. Stoker (1983)
used Patterson’s figures as the estimated average fish catch
over the 20-year period 1962-1982. The Alaska Depart-
ment of Fish and Game (ADFG 1986) cautions that these
quantities are rough approximations because data were
not systematically collected or verified.

Nelson (1981) observed that there has been a resur-
gence of interest in fishing at Wainwright in recent years.
In 1976, for example, the North Slope Borough (cited in
AEIDC 1978) estimated that a typical subsistence harvest
of fish was 500 pounds for a six-member family, which
equals an annual per capita consumption of 83 pounds.
Supportive documentation for the derivation of this es-
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Table 4. Estimated harvest of fish at Barrow, Wainwright, and Kaktovik based on interviews with village representatives, 1969—

1973 (source: Patterson 1974).

Fish harvests

Barrow Wainwright Kaktovik
Fish Number Weight (Ib) Number Weight (Ib) Number Weight (Ib)

Herring 10,000 — - — — —
Whitefish (large) 8,000 — — - — —
Whitefish (small) 8,000 — 600 — 2,500 —
Grayling 2,500 — 150 — — -
Coho/silver salmon* 200 — — — — —
Pink salmon 200 — 50 — — -
King salmon*® 200 — 30 - — -
Smelt - — — 1,000 - 1,000
Trout 50 — 200 - 1,000 -
Arctic char 100 — — — 2,500 -
Burbot 100 - - — — -
Tom cod 500 —_— — - — —_
Totals

Number 29,850 1,030+ 6,000+

Weight (dressed 1b) 61,550 2,840 15,500

Weight (total 1b)} 83,000 3,800 21,000
% Fish in total harvestt 5 0.6 14
Per capita consumption (Ib) 32 9 131

* Coho and king salmon are rare in these waters (see Craig and Haldorson 1985). These fish could have been sea-run chum

salmon.
4 Calculated as dressed weight = 75% total weight.
1 Includes mammals, birds, fish, and other wildlife.

timate was not provided in the Arctic Environment In-
formation and Data Center (1978) report.

Barrow

Barrow is the largest community on the North Slope
(excluding the industrial center in the Prudhoe Bay area).
The present-day site of Barrow has probably been oc-
cupied continuously for about 1,300 years. The popula-
tion has grown steadily in recent years to 3,075 people
in 1985, which includes a large proportion of non-natives
(40%).

Descriptions of contemporary fishing activities at Bar-
row have been made by several authors (Pedersen et al.
1979; Schneider et al. 1980; Braund and Burnham 1984).
Supplementary information, particularly of earlier fishing
practices, is also available (e.g., Murdoch 1884; Sonnen-
feld -1956; Wilimovsky 1956; Hall 1983; Stern 1985). It
should also be noted that subsistence fishing activities by
Barrow residents overlap spatially with those of Atgasuk
residents (Fig. 3), but the degree to which this currently
occurs is not known.

Fishery Description

Fishing by Barrow residents occurs primarily in sum-
mer and fall (Fig. 10). The area fished is extensive (Fig.
15) because hunters traveling from Barrow often supple-
ment their food supply with fish. In addition, numerous
fish camps are situated on lakes and rivers in the region.

Coastal fishing areas extend from Peard Bay to Pitt
Point (Fig. 15), but most fishing occurs closer to Barrow
in three areas: (1) along the Chukchi Sea coastline from
Point Barrow to Walikpa (“Ualigpaat”) Bay located 14
miles SW of Barrow, (2) inside Elson Lagoon near Barrow,
and (3) along the barrier islands of Elson Lagoon. Fish
are usually caught along shorelines by monofilament gill
nets up to 50 feet long with 3.5-inch mesh. Species taken
are salmon, whitefish, cisco, and char. Summer collec-
tions of shore-spawning capelin and winter jigging for
Arctic cod are activities that have diminished in recent
years.

While coastal fishing can be an important source of
fish, most of the harvest occurs at inland fish camps,
particularly in lakes and rivers that flow into the southern
end of Dease Inlet. As summer progresses, inland fishing
activities increase and continue into November. Some
families spend the summer and fall at fish camps in the
Inaru, Meade, Topogoruk, and Chipp drainages. Fish are
caught mostly by gill net, with some angling, Species har-
vested include whitefishes, least cisco, grayling, and a few
burbot and salmon.

Harvest Quantity

Harvest data for Barrow include an annual catch es-
timate for the period 1969-1973 (Patterson 1974), and
partial catches for 1962 (Hanson et al. 1966) and 1986
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Figure 15. Barrow subsistence fishing areas. Source: Braund and Burnham (1984).

{George 1986). Estimates found in several other reports
all use Patterson’s data (Nielson 1977; Patterson and
Wentworth 1977; AEIDC 1978; Hall 1983; Stoker 1983;
ADFG 1986).

During 1969-1973, the average annual harvest of fish
was about 83,000 pounds (Table 4). This amounted to 5
percent by weight of the total harvest of subsistence re-
sources and an annual per capita catch of 32 pounds of
fish. Stoker (1983) used Patterson’s figures as the esti-
mated annual harvest over the 20-year period 1962-1982.
Limitations concerning this quantification of the fish har-
vest were mentioned earlier. Also, the smelt listed in the
‘“‘Barrow harvest” (Table 4) are actually fish that were
caught in Wainwright Inlet and purchased by Barrow res-
idents (Charlie Brower, pers. comm.).

The 1962 partial estimate of fish harvests was derived
from interviews with 248 adults at Barrow (Hanson et al.
1966). Fish (mostly whitefish) accounted for 23 percent
by weight of the total subsistence resources consumed by
adults and 7 percent of an adult’s total diet of both sub-
sistenice and store foods. Fish consumption was estimated
to be 2.0-2.2 pounds per week, for a vearly per capita
consumption of 104 pounds per adult. (An extrapolation
of this information to calculate the total annual harvest
would require more information than is available, i.e.,
the number of both adults and nonadults present in 1966,
the amount of fish consumed by nonadults, and the
amount of fish used for other purposes such as dog food.)

The 1986 partial estimate of fish harvests was for the

fall fishery in the lower Inaru River. During 17-19 Oc-
tober 1986, George (1986) monitored the catch at “Pu-
ulayaqg” located 2 miles west of Sisgravik Lake. Fisher-
men used gill nets 50-60 feet long with 2.5-3.0-inch mesh.
The observed catch per unit effort was 93 fish per 24-
hour set, and consisted of 424 fish equaling about 675
pounds {using the average weights listed in Table 1). The
catch composition was least cisco (45%), broad whitefish
(36%), humpback whitefish (16%), Arctic cisco (1%), four-
horn sculpin (1%j), and burbot (0.5%).

Atgasuk

In the mid-1970s, the village of Atqasuk was reestab-
lished on the Meade River 60 miles south of Barrow. The
population had grown to 248 people in 1985. As previ-
ously noted, the subsistence activities of Atgasuk resi-
dents overlap spatially with those of Barrow residents
(Fig. 3), but the degree to which this currently occurs is
not known.

The most detailed description of the Atqasuk fishery
is provided by Sekerak et al. (1985). Additional infor-
mation (Pedersen et al. 1979; Schneider et al. 1980) and
supplementary notes (Craig and Schmidt 1982; Hall 1983;
Braund and Burnham 1984; ADFG 1986) are also avail-
able.

Fishery Description

Most subsistence fishing by Atqasuk residents occurs
in summer and fall (Fig. 10) in the Meade River within
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a few miles of the village (Fig. 16). Fish camps are also
located on two nearby streams (Usuktuk and Nigisaki-
tuvik Rivers) and farther downstream on the Meade Riv-
¢r near the Okpiksak River.

Gill nets (usually 50 ft long with 2.5-5.5-in stretched
mesh) are the main gear used, although angling and some
use of set lines (for burbot) also occurs. Fishing in the
Meade River begins after the spring freshet in mid- to
late June when debris in the water has decreased. Fishing
declines in September when drifting ice prohibits use of
gill nets. Fall and early winter fishing (gill nets and jigging)
begin after freeze-up and extend through late November
or early December.

Humpback whitefish and least cisco accounted for 96
percent of the summer catch in 1983. Other species caught
were grayling, broad whitefish, burbot, and in some years
chum salmon. Winter catches in the Meade River near
the village consisted mostly of humpback whitefish, gray-
ling, and some broad whitefish.

Harvest Quantity

Quantitative data are available only for 1983 when
Sekerak et al. (1985) documented the fish harvest by means
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nets in the Colville River delta, July 1984. Source: George and
Nageak (1986).

Nuiqsut

In 1973 the village of Nuigsut was reestablished in the
delta of the Colville River, and by 1985 the population
size was 332 people.

The Colville River is well known for its abundance of
fish (see also Fig. 4). The Colville Delta supports both a
sizable subsistence fishery for Nuigsut residents as well
as the only commercial fishery (Helmericks) in the study
area. The Nuigsut fishery has received considerable at-
tention in recent years, and several reports provide de-
tailed information (Hoffman et al, 1978; Libbey et al.
1979; George and Kovalsky 1986; George and Nageak
1986; Moulton et al. 1986; Entrix, Inc. 1987). An addi-
tional report by Pedersen and Shishido (1988) was not
available in time for this review. Supplementary infor-
mation is available in several other reports (NSB 1979b;
Craig and Schmidt 1982; Galginaitis et al. 1984; ADFG
1986).

Fishery Description

The fishery at Nuigsut consists primarily of gill netting
for anadromous fishes in the main channels of the lower
Colville River and in nearby Fish Creek (Figs. 8, 18, and
19). Recent studies indicate that the main fishing periods
occur in summer and fall/winter (Fig. 10) rather than
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Figure 19. Nuigsut under-ice fishing areas in fall and early
winter. Source: Entrix (1987).

spring and fall as indicated in earlier reports {(e.g., Libbey
et al. 1979).

Broad whitefish are the primary target of a gill net
fishery in summer (June-Sept.). Fishing efforts are con-
centrated in three areas: the Niglig (Nechelik) Channel,
Fish Creek, and the Colville River upstream of Nuigsut
in the Tiragruaq area (Fig. 18). Large-mesh gill nets (50—
100 ft long, 4-5.5-in stretched mesh) catch large speci-
mens of broad whitefish and other species (Table 6). Daily
catch rates are generally low at this time of year—two to
five fish per net-day in July 1984 (George and Nageak
1686), and similar rates in 1985 (Table 6).

The fall/winter fishery is an under-ice effort primarily
for Arctic cisco. Fishing efforts are concentrated in three
arcas: the upper Nigliq Channel near Nuigsut, the lower
Niglig Channel near Woods Camp, and the outer Colville
Delta on the main (Kupigruak) channel (Fig. 19). Addi-
tional fishing sites include the Fish Creek area and the
Colville River upstream of the village near Kayuktisiluk
(see Fig. 20).

Fall fishing begins in early October when the ice is safe
to travel on, and extends into November. Peak fishing
effort occurs during the last half of October. Sinking gill
nets of 2.5«3.5-inch stretched mesh are the standard gear,
with 3-inch mesh the most common. The catch rate is
often about 15-32 fish per net-day and up to about 100
fish per net-day, which is considerably higher than the




Table 6. Nuigsut summer fishery: fish sizes and catch per unit
effort (CPUE) in large-mesh gill nets in 1985 (source: Moulton
et al. 1986).

Fork length (mm) (Efli):éf
Species Mean Range net-day)
Broad whitefish 529 365650 1-8
Humpback whitefish 439 405-525 0-1
Arctic char 600 520-765 0-4
Pink salmon 524 475595 —_—

catch rate during the summer fishery. While Arctic cisco
are the target of this fishery, large numbers of least cisco
are caught as well as some humpback whitefish, broad
whitefish, rainbow smelt, and fourhorn sculpin. The
abundance of Arctic cisco in the Colville Delta is highly
variable, as previously described (Fig. 7).

Harvest Quantity

Harvest data for Nuiqsut include annual catch esti-
mates for 1985 (Moulton et al. 1986) and 1985-1986
(Pedersen and Shishido 1988), and partial catch estimates
for 1984 (George and Nageak 1986), 1985 (George and
Kovalsky 1986), and 1986 (Entrix, Inc. 1987).

Moulton et al. (1986) and Pedersen and Shishido (1988)
used different methods but arrived at similar estimates
for the 1985 fish harvest at Nuigsut. Moulton et al. (1986)
estimated the harvest by interviews with local fishermen,
periodic counts of nets in the water, and occasional trips
with the fishermen as they tended their nets. About 20
groups of fishermen participated in the summer fishery.
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Fishing effort was greatest in late July and early August
(Fig. 20), with a total effort of about 1,000 net-days. The
summer catch totaled about 19,260 pounds, mostly broad
whitefish (Table 7). In fall, approximately 30 fishing groups
had a combined effort of about 1,800 net-days (not in-
cluding 910 net-days by the commercial fishery) and

Table 7. Nuigsut fish harvest in 1985 (source: Moulton et al. 1986).

Number harvested*

Broad Humpback  Arctic Arctic Least
Season and location whitefish whitefish char cisco cisco Other Total (Ib)
A. Summer fishery
Nigliq Channel 3,053 293 126
Colville River 596 9 189
Fish Creek 180
Total number 3,829 302 315 —
Total weight (Ib)* 17,230 580 950 5001 19,260
B. Fall fishery
Nigliq Channel (upper) 1,468 17,878 1,871
Niglig Channel (lower) 8,500
Colville Delta (outer) 20,303 13,943
Total number 1,468 46,681 15,814
Total weight (Iby* 6,610 43,120 11,170 60,900
Total weight (Ib), summer
80,160

and fall fisheries

* Does not include Helmericks” commercial catch.

+ Estimated based on catch proportion {other species = 4% of catch).
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Table 8. Nuiqgsut fish catch based on preliminary data from household surveys, 1985-1986 (source: Pedersen and Shishido

1988).
Estimated usable weight (Ib) Estimated total harvestt v
Fish Subsample* Total No. fish caughtf ~ Weight/fish (Ib)§  Total weight (Ib)
Broad whitefish 14,137 26,674 7,845 4.5 35,300
Arctic cisco 11,509 21,715 31,021 0.9 27,920
Least cisco 3,940 7,366 14,732 0.7 10,310
Grayling 1,920 3,587 3,986 1.0 3,990
Humpback whitefish 1,830 3,453 4,316 1.9 8,200
Arctic char 1,562 2,947 1,053 3.0 3,160
Burbot 1,208 2,279 570 4.0 2,280
Salmon 719 1,357 438 5.0 1,750
Smelt 84 158 3,160 0.2 630
Lake trout 48 91 23 8.5 200
Round whitefish S 9 9 0.7 6
Totals 36,962 69,636 67,153 93,746

* Of the 75 households in the village, 40 (53%) were sampled.

T Pedersen (1987) estimated the number of fish harvested and then converted this to the edible or usable weight of the fish.

Because the ratio of usable weight:total weight was not listed,

it was necessary to recalculate the number of fish caught and

then multiply by total fish weights to determine the total weight of the total harvest.

T Derived from Pedersen’s conversion factors.

§ Derived from Colville Delta data (Moulton et al. 1986) where possible; otherwise from Table 1.

caught about 60,900 pounds. Some grayling and other
freshwater fishes were also caught, but the quantity is
thought to be small compared to the documented portion
of the harvest. The annual catch was thus about 80,160
pounds, for an annual per capita catch of 241 pounds. It
should be noted, however, that some of this catch is not
consumed locally but is shipped to Barrow.

Pedersen and Shishido’s (1988) report provided a pre-
liminary estimate of the fish harvest at Nuigsut for the
period July 1985 to June 1986. Because relatively little
fishing occurs from January to June at the village (Fig.
10), these authors’ data pertain mostly to 1985. Based on
interviews with 40 of the 75 households in the village,
they estimated the fish harvest of this subsample to be
about 37,000 pounds of usable or dressed weight (Table
8). An expansion of these data to all 75 households in
the village yields 70,000 pounds dressed weight or 94,000
pounds total weight. The annual per capita catch was thus
about 282 pounds of fish, although as mentioned above,
some of this catch was shipped outside the village. (For
comparative purposes, the 1985 commercial fishery in
the Colville Delta harvested approximately 20,600 1b of
Arctic cisco and 12,300 Ib of least cisco.)

Three partial estimates of fish harvests at Nuigsut are
as follows:

{a) 1984. Based on limited data, George and Nageak
(1986) estimated that the summer fishery caught more
than 1,000 broad whitefish, and the fall fishery caught
about 12,000 Arctic cisco and probably the same
number of least cisco.

(b) 1985. Data collected by George and Kovalsky (1986)
were used by Moulton et al. (1986) to arrive at the
total 1985 estimate described above,

(c) 1986. In a detailed study of the fall fishery, Entrix,
Inc. (1987) documented that 33,522 Arctic cisco and
6,805 least cisco were taken in the subsistence fishery.
This amounts to about 35,700 pounds of fish (cal-
culated using the conversion factors of Moulton et al.
[1986]). Due to a reduced fishing effort in 1986 at
Nuigsut, the fall harvest was only 59 percent of that
taken the previous year (60,900 1b).

Kaktovik

The village of Kaktovik is located on Barter Island
adjacent to the Arctic National Wildlife Refuge. In 1985
the population size was 220.

Several descriptions of fishing activities at Kaktovik
are available (Griffiths et al. 1977; Wentworth 1979; Ja-
cobson and Wentworth 1982; Envirosphere 1986) and
supplementary information is found in other reports (Fur-
niss 1974, 1975; USFWS 1982; Craig and Schmidt 1982;
Pedersen et al. 1985; Stern 1985; ADFG 1986). In ad-
dition, the United States Fish and Wildlife Service and
ADFG conducted household surveys to determine pat-
terns of resource use in 1985-1986, but their report was
not available in time for inclusion here, except for a sum-
mary table of fish catches which was provided by S. Pe-
dersen (pers. comm.).

Fishery Description

While some fishing may occur year-round at Kaktovik,
efforts are greatest during summer months (Fig. 10). Areas
currently or formerly fished are widespread, extending
along the coast from Prudhoe Bay to Demarcation Bay
and far inland on many of the larger North Slope rivers
(Figs. 8 and 21). These figures depict the extent of land
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use by Kaktovik residents over the 60-year period from
about 1923 to 1983 (Pedersen et al. 1985). In recent years,
most fishing occurs in the vicinity of Barter Island (Fig.
22), at several fish camps along the coastline (e.g., Griffin
Point), and in the Hulahula River (Griffiths et al. 1977).

The summer fishery is primarily a coastal gill net effort
for Arctic char (early in the season) and Arctic cisco (later
in the season). Fishing occurs around Barter Island, Ber-
nard Spit, and Arey Island during the open-water season
(June-Sept.) with peak fishing in July and August.

Gill nets are typically 100 feet long with 5-inch stretched
mesh and are set several feet out from the edge of the
shoreline. Some angling also occurs throughout the sum-
mer. Average sizes of fish caught in the 1985 summer
fishery were 19 inches (482 mm) for Arctic char and 15
inches (387 mm) for Arctic cisco (Envirosphere 1986).
As mentioned earlier in this report, tagging studies have
shown that the char caught at Kaktovik can originate from
North Slope streams between the Sagavanirktok and Firth
Rivers, and that the Arctic cisco are caught during their
migrations to or from the Mackenzie River.

Fishing activities are reduced in winter but occur in
three general areas. First, the main effort is in the Hu-
lahula River where char are caught at three spawning and
overwintering sites (Fig. 21). Prior to freeze-up (Fig. 21),

these fish are caught by seine or angling, and after freeze-
up the fish are hooked by jigging lures through holes drilled
in the ice. Second, lake trout are caught by jigging in Lake
Schrader (“Neruokpuk Lake”) in the headwaters of the
Sadlerochit drainage. Some of these fish are up to 3 feet
in length and weigh 20 pounds, but more typical weights
are 4-5 pounds. Third, in some winters Arctic cod are
caught by jigging in coastal waters near the village.

Harvest Quantity

Harvest data for Kaktovik include annual catch esti-
mates for 1973 (Patterson 1974), 1975 (Griffiths et al.
1977), 1985 (S. Pedersen, pers. comm.), and a partial
estimate for 1985 (Envirosphere 1986). Estimates found
in several other reports all use Patterson’s data (Nielson
1977, Patterson and Wentworth 1977; AEIDC 1978; Sto-
ker 1983; Pedersen et al. 1985; Stern 1985).

Annual catch estimates for the three years were:

Annual per
capita
Year Harvest (Ib) catch (Ib)
1973 21,000 105-131
1975 6,500 50
1985 12,700 58
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Figure 22, Kaktovik summer fishing sites in the vicinity of Barter Island, 1975. Source: Griffiths et al. (1977).

Patterson (1974) based his estimates on interviews with
village representatives and estimated that the average catch
during 1969-1973 was 15,000 pounds dressed weight or
21,000 pounds total weight (Table 4). This amounted to
about 14 percent by weight of the total harvest of sub-
sistence resources and an annual per capita catch of 131
pounds of fish. Stoker (1983) used Patterson’s figures as
the estimated annual harvest over the 20-year period
1962-1982, although he estimated that fish comprised
about 22 percent of the total harvest of subsistence re-

Table 9. Kaktovik fishery, 1975 (source: Griffiths et al. 1977).
Kaktovik fishery in 1975
Esti-
Esti-  Aver- mate of
mate of  age total
1975  weight/ weight
Location Species catch fish (Ib) (ib)
Kaktovik Arctic char 208 1.5 310
Arctic ¢isco 1,722 1.3 2,240
Arctic cod 1,250  0.07 90
Griffin Point Arctic charand 2,000 1.4 2,800
Arctic cisco
Hulahula Arctic char 350 1.1 390
Lake Schrader Lake trout 150 44 660
Totals 5,680 6,490

sources and that the annual per capita catch during this
period was 105 pounds of fish.

The 1975 harvest estimate was derived by Griffiths et
al. (1977) from questionnaires and interviews with Kak-
tovik fishermen. Only three Kaktovik families responded
to the questionnaires, but they represented approximately
40 percent of the village (population size of 130 in 1975)
and 70 percent of the total fishing activity in 1975, The
estimated total harvest that year was about 6,500 pounds,
for an annual per capita catch of 50 pounds (Table 9).

Pedersen and Shishido (1988) based their estimate of
the 1985-1986 fish harvest on interviews with 42 of the
54 households in Kaktovik, Although the data cover the
period from July 1985 to June 1986, the data pertain
mostly to 1985 because relatively little fishing occurred
from January to June 1986 (Fig. 10). The 42 households
reported catching 9,151 pounds of fish (Table 10). An
expansion of these data to all 54 households in the village
yields 11,700 pounds dressed weight or 12,700 pounds
total weight. The annual per capita catch was thus about
58 pounds of fish in 1985.

Envirosphere (1986) also interviewed Kaktovik fish-
ermen in 1985. Based on limited data, Envirosphere sug-
gested that the summer harvest consisted of about 1,000~
2,000 Arctic cisco and 2,000-4,000 Arctic char, which
would equal 4,300-8,600 pounds of fish using the con-
versions listed in Table 10.



Table 10. Kaktovik fish harvest based on preliminary data
from household surveys, July 1985~June 1986 (source: Pedersen
1987).

Estimated usable

weight (Ib) Estimated total harvest
Weight/  Total
Sub- No. fish fish weight
Fish sample*  Total caughtt (b} (Ib)
Arctic char 5,232 6,708 2,396 1.5 3,590
Arctic cisco 3,660 4,692 6,703 1.3 8,710
Grayling 167 214 238 1.2 290
Lake trout 92 118 30 4.4 130
Flounder 0.5 | — - —
Totals 9,151 11,733 9,367 12,720

* Of the 54 households in the village, 42 (78%) were sampled.

+ Derived from Pedersen’s conversion factors.

1 Derived from Kaktovik data (Griffiths et al. 1977) where pos-
sible; otherwise from Table 1.

DISCUSSION

Two points emerge from this review~-fishing is an im-
portant component of the Inupiat subsistence economy,
and the sizes of the harvests are not well documented.
Although the Inupiat frequently participate in fishing ac-
tivities (Kruse et al. 1981), fishing has received refatively
little attention for two general reasons—it has less cultural
significance than hunting (Wilimovsky 1956), and it is an
activity that is not as easily quantified as are harvests of
other major resources, particularly large mammals (car-
ibou, bowhead whales).

There are several problems inherent in attempts to
quantify fish harvests (AEIDC 1978; ADFG 1986):

1. Methodology. Estimates based on questionnaires or
interviews with local residents are ofien not verifiable,
and estimates based on on-site monitoring (usually in
association with biological studies) may miss catches at
remote fish camps or in seasons when biologists are not
present.

5000
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Figure 23. Number of North Slope residents {(excluding oilfield
workers in Prudhoe Bay and vicinity). Source: Kruse et al. (1981)
and State of Alaska (Department of Community and Regional
Affairs, FY 1986 Revenue Sharing Program).
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Table11. Estimated total harvest of fish at North Slope villages
in 1985 (i.e., annual per capita catch x population size).

Data year

1985 Estimated

Pcc population  harvest in

Village Year (Iby* estimate?t 1985 (Ib)

Barrow 1973 32 3,075 98,400

Wainwright 1973 9 507 4,600

Point Lay 1983 4 142 600

Atgasuk 1983 43 248 10,700

Nuigsut 1985 241 332 80,000

Kaktovik 19861 58 220 12,700
Total weight (Ib) 207,000

Dressed

weight (Ib)§ 165,000

* Per capita catch (annual).

+ Source: State of Alaska, Department of Community and Re-
gional Affairs, FY 1986 Revenue Sharing Plan.

I Preliminary data from S. Pedersen (pers. comm.).

§ Charlie Brower (pers. comm.) notes that the whole fish (with-
out gut) is often consumed. An average value of 80% usable
weight is used here.

2. Annual variability. Harvests vary annually, reflect-
ing changes in fish abundance or changes in fishing effort
(e.g., some people may not fish every year if other sources
of employment or other game species are available). Thus,
a single year’s estimate of the fish harvest may or may
not reflect typical conditions.

3. Cultural considerations. Subsistence use of re-
sources is a culturally significant activity the value of
which is not measured by quantity alone.

Furthermore, changing patterns of resource use have been
noted by some researchers. Nelson (1981), for example,
comments about a resurgence in fishing activities at
Wainwright. In addition, the steadily increasing popu-
lation size in North Slope communities (Fig. 23) may also
exert an increasing pressure on fish resources. Conse-
quently, pre-1980 harvest levels probably do not reflect
current conditions.

Despite these data limitations, it is apparent that fish
are an important resource for the Inupiat communities.
A rough estimate of the annual harvest (villages com-
bined) is about 210,000 pounds of fish, or about 165,000
pounds dressed weight (Table 11). Although the total har-
vest of land and marine mammals is considerably larger
than this, it is noteworthy that the utilizable weight of
the fish harvest equals roughly 70 percent of the average
harvest of bowhead whales at the same villages: 12 whales
(the average number of whales landed each year; T. F.
Albert, pers. comm.) x 19,580 pounds (the utilizable
weight of each whale; Stoker 1983) = 234,960 pounds.

Given the continuing but underrated value of fish re-
sources in modern Inupiat society, it is apparent that
updated assessments of fish harvests are needed. For some
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North Slope villages, the only available information about
harvest quantities consists of one rough estimate made
15 years ago.
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Population Trends for the Arctic Cisco (Coregonus autumnalis)
in the Colville River of Alaska as Reflected
by the Commercial Fishery
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Abstract. The model developed for Colville River Arctic cisco was used to predict catches for 1982-
1985. Results consistently overestimated actual catch-per-unit-effort but mimicked relative change in 3
out of the 4 years. New blind predictions were made that suggest an impending decline in the fisheries
over the next 5 years followed by a period of marked increases. Independent information concerning year
class strengths in recent years suggests that the model predictions may be reasonably correct.

If the model predictions are proven to be correct over the next 10 years, then the model’s value is that,
despite some obvious flaws, it will have illustrated that the information contained in historical fishery
catch trends can be directly used for fishery management and impact assessment purposes. Marked changes
in key parameter estimates may signal impacts from development or overharvest.

INTRODUCTION

The Arctic cisco, Coregonus autumnalis, supports com-
mercial and subsistence fisheries in the central Alaskan
Beaufort Sea, particularly in the Colville River delta dur-
ing the fall season (Fig. 1A). The fish overwinter in the
delta from fall to spring, then forage into food-rich coastal
waters during the brief arctic summer. These foraging
movements from the Colville River delta appear exten-
sive, especially to the east. Arctic cisco from this delta
are known to move eastward through the Simpson La-
goon system, into Prudhoe Bay, and then to and beyond
the Sagavanirktok River delta, before returning to the
Colville River delta towards the end of the summer. The
extent of westward movements has not been well docu-
mented. By virtue of its size, the Colville River delta is
the major overwintering site for arctic cisco in Arctic
Alaska, although other river deltas (such as the Saga-
vanirktok River delta) have been documented to harbor
smaller populations (Schmidt et al. 1989).

Given the commercial and subsistence importance of
Arctic cisco, and the potential for hydrocarbon devel-
opment to affect the fish, Gallaway et al. (1983) subjected
this species to a population analysis. They used the Deriso
(1980) model applied to catch-and-effort data from the
Helmericks fishery. This one-family commercial fishery
has operated in the Colville River delta of Alaska since
1967. The model yielded a sequence of catch-per-unit-
effort (CPUE) values similar to the historical record,
albeit with some exceptions (e.g., 1977). Two of the
parameter estimates (an exceptionally low survival of
catchable fish, and an exceptionally high level of fish in-
vulnerable to the fishery) led to the hypothesis that the

Alaskan population of Arctic cisco was an isolated portion
of the stock (or stocks) associated with the Mackenzie
River of Canada (Fig. 1A). The premise of the scenario
was that some proportion of age-0 fish entering coastal
waters from the Mackenzie River were transported by
westward-flowing currents into Alaskan waters during late
summer. Those that were able to locate suitable over-
wintering sites at river deltas would survive the first win-
ter and then remain in association with that overwintering
site until the onset of maturity (ages 7 and 8), when they
would return to the Mackenzie River system to spawn.

This hypothesis provided a reasonable explanation for
the apparently contradictory low survival and high in-
vulnerability of catchable fish. It also explained other
observed phenomena such as the age distribution of Arc-
tic cisco in the Colville fisheries and the absence of any
documented spawning by this species in Alaskan rivers
(Gallaway et al. 1983). The evidence supporting this hy-
pothesis has since been strengthened based upon results
of genetic studies (Bickham et al. 1989), and documen-
tation of the transport of age-0 fish from Canada to the
Colville River (Moulton 1989).

Understanding of Arctic cisco biology has become a
high priority given the importance of the species in north-
ern Alaska and its potential for impact from causeway
development in northern Alaska. Here, offshore hydro-
carbon developments have used solid-fill causeways either
as docks or to connect the mainland and offshore drilling
and production islands. The existing causeways in this
region are sited in the vicinity of Prudhoe Bay (West
Dock) and the Sagavanirktok River delta (Endicott
Causeway), both east of the Colville River (Fig. 1B). West
Dock, constructed in 1975, was extended in 1976 and
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Figure 1.

againin 1981 to a total length of about 4 km. The Endicott
Causeway, constructed in 1984, also extends some 4 km

seaward.

Concerns about the impacts of these causeways have
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been related to their potential to (1) block initial transport
of age-0 fish, thereby preventing them from reaching the
favorable overwintering sites (and the fisheries) in the
Colville River delta; (2) prevent intermediate-aged fish




(ages 1-6) from the Colville River from foraging eastward
beyond West Dock or those from the Sagavanirktok River
delta to forage westward beyond Prudhoe Bay, thereby
greatly reducing the extent of available feeding habitat;
or (3) prevent the return migration to the Mackenzie Riv-
er of mature fish from habitats west of the causeways.
These structures, in addition to being potential barriers
in themselves, alter circulation patterns and, in some in-
stances, promote the intrusion of cold marine waters to-
ward shore. Such changes have the potential to impose
impassible barriers in an otherwise continuous, or nearly
continuous, ribbon of habitat and reduce overall habitat
quality.

Thus, by reducing habitat, causeways have the potential
to affect population levels of Arctic cisco in Alaska, and
perhaps even the source population in Canada. Evalu-
ating the potential for these effects requires that the pop-
ulation ecology be well understood. The use of population
dynamics models to predict natural fluctuations, and
comparisons of model results with observed patterns, rep-
resents one approach toward this end.

The overall goal of this paper is to state an explicit
hypothesis concerning how Arctic cisco populations are
regulated, and, based upon this understanding, evaluate
the potential threats from Alaskan fisheries and hydro-
carbon developments. As with any scientific effort, the
goal is not to prove the model, but rather to disprove it,
if possible. The model is nothing more than a contextual
framework enabling one to identify those areas that are
critical to understand if a realistic assessment is to be
reached, determine where we might be at present in that
regard, and identify what more needs to be known. The
assessment approach used herein differs from “gestalt”
in really only one—but a major and an important way—
the logic is made explicit and is testable.

The specific purposes of this paper are threefold. First,
we test the model developed in 1983 by using it to make
blind predictions of commercial fishery (Helmericks)
CPUE for the subsequent period 1982-1985, and to com-
pare these production estimates with the actual CPUE
achieved by the fishery. Second, we evaluate the Gallaway
et al. {1983) stock origin theory both in light of the model
parameters and new information. Finally, we evaluate
whether the existing fisheries and causeways have had
observable effects on population levels of Arctic cisco.

In regard to the last objective, Gallaway et al. (1983)
discussed the apparent effects of both the existing fishery
and the West Dock causeway on the observed oscillations
in estimated population levels of Arctic cisco, concluding
that neither factor had been significant. In this paper, we
evaluate these questions because (1) a new causeway has
been constructed, and (2) there has been a major expan-
sion in available fishery information for the region from
the Sagavanirktok River delta to the Colville River delta.
Critchlow (1983), Griffiths et al. (1983), Woodward-Clyde
Consultants (1983), Biosonics, Inc. (1984), Moulton et
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al. (1985, 1986), George and Kovalsky (1986), George
and Nageak (1986), and Cannon et al. (1987) have pro-
vided important new data for evaluating the effects of
causeways and the fishery in the Colville River delta on
Arctic cisco stocks.

MATERIALS AND METHODS

The Fishery

A detailed description of the Helmericks’ commercial
fishery in the Colville River delta is provided in Gallaway
et al. (1983). Briefly, it is an under-ice gill net fishery
using nets typically 2 x 50 m with either 7.6-cm (3-in)
or 10.2-cm (4-in) stretched mesh. During the period 1967-
1981, effort with the small mesh nets comprised over 98
percent of the total fishing time, while from 1982 to 1985
virtually 100 percent of the effort was with the small mesh
nets. Historically, fish of age 5-8 have dominated the
catch, and fish in spawning or spent condition have been
rare.

Fishing begins in early October and ends in late No-
vember (Fig. 2). The nets are usually checked daily except
Sundays, and detailed records are maintained.

Since 1981, the maximum number of nets fished per
day has been 12. Prior to this, and excluding 1970 and
1979, about 20 or more nets were typically fished per day.
The recent reduction in fishing effort is clearly shown
along with corresponding catch levels in Figures 3A and
B. During 1982 and 1983, fishing was restricted to the
East Channel. In 1984, it was restricted to the Main Chan-
nel because of unfavorable ice conditions in the East
Channel. In 1983, total effort was split between the two
channels, with 192 of 363 total net days expended in the
Main Channel.

The Model

This paper applies the Deriso model as parameterized
in Gallaway et al. (1983) using catch-per-effort data from
Helmericks’ commercial fishery to estimate catches for
1982-1985. The model, simply stated, says that a given
vear’s biomass will be the survivors of the previous year’s
stock, corrected for weight growth, plus new recruits. When
numbers instead of biomass are modeled, the model is
expressed:

G =21 = gE, + m)C, — &m(l — gE,.))C,_,
+ (1 = mR[(1 ~ gE,_ - )Coi 1wl

where the variables are:

C, = CPUE during year ¢,
E, = effort during vear ¢, and
R(.) = recruitment function with R(s) = se «~* (Rick-

er curve),

and the parameters are:
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Figure 2. Patterns of daily commercial fishing effort for the
Helmericks’ commercial fishery, 1967-1985. Data for 1967-
1985 from Gallaway et al. (1983). Number in parentheses rep-
resents total net-days.

annual natural survival,

catchability coefficient,

Ricker recruitment parameters,

fraction of recruits vulnerable to fishery (al-
lows for incomplete recruitment), and

lag time between birth and recruitment (k +
I = age at recruitment).
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The survival term () relates only to the catchable pop-
ulation; the early life history (noncatchable fish) is sum-
marized in the model by the stock-recruit relationship in
conjunction with &, lag time between birth and entry into
the fishery.

Standard errors for the parameters were not calculated
in either the original paper or this one. The only available
method for doing so is a linearization about the solution
values, which results in underestimates of either standard
errors, or the correlation between parameters, or both
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Figure 3. Patterns of annual catch (A) and fishing effort (B)
for the Helmericks’ commercial fishery, 1967-1985.

(especially for small sample sizes). Therefore, the vari-
ance-covariance values that would lead to model accep-
tance or rejection would be based more on statistical ap-
proximation than on true model performance. The best
method for model evalyation was believed to be blind
prediction and the biological reasonableness of parameter
estimates.

Before proceeding, one needs to consider the sensitivity
and role that each parameter plays in the Deriso equation.
The parameters can be conveniently classed according to
their major effect upon the model as either scaling or
dynamic parameters. The scaling parameters consist of
g, £, and 8. The catchability coefficient (g), which relates
CPUE to population level, has the major effect of moving
the entire time trend of CPUE either up or down on the
y-axis. Statistically, g is very well determined within the
context of the available data, and comparisons of the
model estimates of “g” with independent studies can be
made easily. Interpretation, however, is difficult since gear
selectivity and small differences in gear effectiveness can



produce very large shifts in the computed value of ¢ from
study to study. Survival (2), which strongly controls the
trend of CPUE over time, requires a long time series to
estimate accurately but should be directly comparable to
estimates obtained using other approaches. The Ricker
recruitment parameter controls the magnitude of recruit-
ment to the catchable population. Unfortunately, studies
that address recruitment are rare, and independent com-
parison of parameters will seldom occur.

The dynamic parameters consist of k, o, and m, which
control the oscillatory behavior of the model. The overall
behavior is most sensitive to the recruitment lag (k). For-
tunately, the value of & can easily be confirmed with data
on age of fish. The remaining two parameters (1, the
fraction of recruits invulnerable to fishing, and «, which
controls the shape of the Ricker recruitment curve) are
the best indicators of biological reasonableness, once &
has been verified. Agreement of either parameter with
independent studies should be viewed as biologically sig-
nificant.

Gallaway et al. (1983) parameterized the Deriso model
using the time series of catch data from Helmericks’ com-
mercial fishery taken from 1967 to 1981. Quasi-lineariza-
tion and nonlinear Newton’s methods were used to es-
timate the parameters (Deriso 1980; Walters 1981) such
that the predicted sequence of CPUE values agreed best
with the observed sequence. Because the model is recur-
sive, these parameters can now be used to project future
levels of CPUE, either “*blind” or by using either known
(or estimated) effort or catch to drive the model.

We elected to make the projections of 1982-1985 CPUE
blindly, i.e., without benefit of the known level of effort
or the actual catch values for the 1982-1985 period of
record. Instead of using fishing effort as a driving variable
for projecting CPUE, we substituted the quantity gF, with
¢/qC, where ¢, is the catch and C, the predicted CPUE
from previous recursions. Similarly, all occurrences of
actual CPUE were replaced with predicted CPUE. The
projections of CPUE required only the single input of the
previous year’s catch since, conceptually, last year’s catch
is subtracted from the standing stock before a prediction
is calculated. Because the model is recursive, previous
discrepancies between model and actual CPUE will again
surface in the predictions.

RESULTS AND DISCUSSION

The Fishery

Catches of Arctic cisco have varied over the years. With
the exception of the 1969 and 1981 peaks, catches of
Arctic cisco since 1977 have been low compared with
catches taken during the period 1967-1971 (Fig. 3A).
Catch declined markedly in 1982 from the previous 1981
high, then increased in 1983 and 1984 (Fig. 3A). Catch
in 1985 was slightly lower than in 1984,
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Figure4. Population trends of Arctic cisco (Coregonus autum-
nalis) based on CPUE (1967-1985), model regression (1967-
1981), and blind prediction (1980-1985).

CPUE values for Arctic cisco (Fig. 4) do not reflect a
sustained period of low population levels, as might be
inferred from the catch data above (Fig. 3A). CPUE in-
creased from 1967 to a record high in 1973, Following
1973, there was a precipitous and steady decline through
1980, except for a pronounced peak in 1977. CPUE val-
ues for 3 of the 5 years since 1980 have exceeded all but
one (1973) of the historical highs. CPUE for the other
two years have been in the midrange of historical values
(Fig. 4). The overall reduction in Helmericks® catch in
recent years thus appears more related to decreases in
fishing effort than to population declines.

Model Results

Simulations

Comparisons of blind predictions with actual CPUE
for 1982-1985 fail to invalidate the model. The blind
predictions consistently overestimate actual CPUE, but
mimic relative change in CPUE in 3 out of the 4 years
(Fig. 4 and Table 1). Overall the model fit was impressive
(Kendall’s Tau = 0.9, P < 0.001) but, alternatively, any
function with five parameters can exhibit remarkable flex-
ibility. Although three out of four successful blind pre-
dictions is not statistically significant (7 < 0.31, binomial
sign test), the year “missed” with regard to predicting the
CPUE was 1982 (model CPUE greater than actual CPUE),
which was a predictable error given the model’s 5-year
periodicity and the previous discrepancy between model
and actual CPUE that cccurred in 1977.

Given the uncertain outcome of the blind predictions
with regard to invalidating the previous model, we elected
{0 update the parameter estimates by including the 1982~
1985 catch and effort data and make new blind predic-
tions for the future catches. The results were somewhat
surprising (Fig. 5 and Table 1). Although the new param-
eters produce results that are better scaled and where
actual and modeled CPUE levels ocnce more generally
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Table 1. Parameter values.
All data,
adjusted
All data, CPUE
Previous no CPUE for 1977
estimates® adjustment and 1982
Parameter (Fig. 4) (Figs. 5, 7) (Figs. 6, 7)
k {recruitment lag) 5 5 5
€ (survival) 0.37 0.19 0.23
g % 107 (catchability
coeflicient) 3.3 3.8 4.0
« (recruitment parameter) 4.8 4.0 4.5
8 x 1073 (recruitment
parameter) 5.5 4.3 5.6
m (recruits invulnerable) 0.64 0.63 0.67

* Gallaway et al. 1983,

agree, the dynamics of annual catch patterns are more
poorly represented in this regression than in the original
model. In this new model version, CPUE for 1978, 1980,
1981, 1982, and 1984 (in addition to those of 1971 and
1977 in the original version) appear different from actual
CPUE. Both regressions require k values of 5 and produce
similar estimates of the invulnerable fraction of the stock
(0.64 versus 0.63; Table 1). Agreement between modeled
and real CPUE values was achieved by decreasing the
survival rate and increasing the catchability coefficient.
That these scaling factors require modification is not sur-
prising, because they typically require a long history of
time series data to estimate accurately. Initially, the data
record extended over only 15 years; now it extends over
19 years. The assumed lag of 5 years to recruitment allows
only 14 points (versus 10 points originally) to fit five
parameters.

As noted above, oscillatory behavior of the model is
influenced by the o parameter of the stock-recruitment
relationship. The model appears extremely sensitive to
reduction in the strong density dependence relationship
as evidenced by the decreased ability of the total regres-
sion (Fig. 5) to capture the fluctuations of observed CPUE
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Figure 5. Model regression based on all CPUE data (1967-
1985).
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Figure 6. Model regression based on altered CPUE data (1977

and 1982 changed to 22.0 and 95.0, respectively).

patterns as compared to the original model regression
(Figs. 4 and 5).

Review of the model results versus actual CPUE data
suggests that the catch data that seem to invalidate both
the old and new regressions were collected in 1977 (high
actual versus low model CPUE) and in 1982, 5 years later
(low actual and high model CPUE). The high actual 1977
CPUE value had not been captured in our original model,
nor was it suggested from independent population esti-
mates conducted over the period 1976-1981 (see Fig. 6;
Gallaway et al. 1983). With a 5-year lag, this previous
discrepancy would be expected to surface again in 1982,
Therefore, we assumed that CPUE values for some years
might not be representative of the abundance of catchable
fish in the delta. As a test of this idea, we assigned “rep-
resentative” values of CPUE for 1977 and 1982, and
regressed the model on the resulting database (Fig. 6 and
Table 1). An impressive fit was achieved when the actual
CPUE data for the two anomalous years were adjusted,
confirming that data for these 2 years are the principal
source of the problem, assuming possible model validity.

The models based upon the regression containing ac-
tual CPUE data (1967-~1985) (Fig. 5) and the CPUE data
adjusted for years 1977 and 1982 (Fig. 6) were used to
make blind predictions of future stock levels (Fig. 7). The
projections suggest that CPUE in the Colville Delta fish-
ery will decline markedly in either 1986 or 1987 and
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Figure 7. Projections assuming no fishery (nominal = based
on regression with all CPUE data, adjusted = based on regres-

sion with 1977 and 1982 data vears ignored).
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remain relatively depressed through 1990 or 1991 (Fig.
7). Thereafter, CPUE should increase and remain high
untii about 1996, after which another period of low CPUE
will continue through 2000. Had the model run in 1985
not predicted the marked declines observed in 1986 and
1987, we would have questioned its validity.

The model predictions through 1990 can be evaluated
to some degree at present. The most recent high catches
are due in large part to a strong 1979 year class, as doc-
umented by a number of authors (e.g., Griffiths and Gal-
laway 1982; Critchlow 1983; Moulton et al. 1985). In the
intervening years, recruitment of young Arctic cisco into
central Alaska was apparently low until the summer of
1985. In 1985 and 1986, transport of age-0 Arctic cisco
into central Alaska was high as will be discussed below.
The combination of this independent information sug-
gests the model projections for the 1986-1990 period may
be reasonably correct. However, CPUE in 1986 was high,
and included many fish considered small for their age (L.
L. Moulton, pers. comm.). Researchers monitoring the
fishery there do note that a further decline appears prob-
able for 1988.

Biological Evaluation of Model Parameters

Another way to evaluate 2 model in which a set of
parameters is estimated from a series of catch data is to
compare the model parameter estimates to estimates ob-
tained from independent data by conventional methods.
The model may provide a “nice” fit but if the parameters
providing the fit are outside the bounds of biological rea-
sonableness, the model is obviously invalidated.

The model is exceedingly sensitive to changes in “k”,
the lag from birth to recruitment. Only & = § will “‘work,”
suggesting that fish should enter the fishery at age 5. We
are aware of age composition data from the Helmericks
fishery from two sources, Craig and Haldorson (1981),
covering 1976-1978, and Moulton et al. (1986), covering
1984 and 1985. Age-6 Arctic cisco dominated the catches
in 1976, 1978, and 1985, but age-5 fish dominated in
1977 and 1984. Age-5 fish likely also dominated the 1979
catches, based on a fish modal length of 280 mm (see
Table 26 in Craig and Haldorson [1981] for length-age
relationships). Thus, actual age of recruitment of Arctic
cisco into the Colville fishery is age 5. The independently
estimated model parameter k = 5 is therefore reasonable.

Much of the model’s oscillatory behavior is controlled
by the stock-recruit parameter o, which at 4.0-4.8 sug-
gests a strong density-dependent relationship, yielding a
very peaked recruitment curve. Such a curve suggests that
athigh stock levels there is a ““scramble” for some limiting
requisite (e.g., food or oxygen) with few or none of the
progeny getting enough to complete development (Ricker
1975). At low stock levels, reproduction rate may be re-
duced or there may not be enough progeny for many to
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escape predation or other causes of mortality. If the dy-
namics are being controlled in this manner, one must
assume that transport conditions are rather consistent
from year to year since all the estimates are based upon
Alaskan fishery data only. The recruitment curve indi-
cated by the model may be correct, and the lack of fit
during some years might be attributable to random vari-
ation in generally consistent transport conditions.

Gallaway et al. (1983) suggested that a similar pattern
could resuit from the conceptual model of Arctic cisco
life history the authors proposed, in which the oscillatory
behavior might be simply a function of favorable trans-
port conditions. Conditions for westward transport were
highly favorable in 1983, for example. Ice conditions that
year were unusual in the Mackenzie Delta area (D. Fissell,
Arctic Sciences Limited, British Columbia, Canada, pers.
comm.). Ice was present all along the Tuktoyaktuk Pen-
insula but open water was present to the west in con-
junction with strong easterly winds throughout the sum-
mer. For the first time, a group of age-0 Arctic cisco was
tracked from the Yukon Coast (W. Bond, Freshwater
Fisheries Institute, Winnipeg, Canada, pers. comm.) to
Barter Island and through the Prudhoe Bay vicinity (Can-
non et al. 1987) and, ultimately, to the Colville River
(Fawcett et al. 1986). Furthermore, catch rates for this
size group in central Alaska were the highest recorded in
any of the recent studies, with over 5,000 fish recorded
in a single daily fyke-net catch (Cannon et al. 1987). Faw-
cettet al. (1986) reported that the calculated rate of move-
ment of this size group of young Arctic cisco corresponded
to the theoretical estimates of passive drift proposed in
the stock origin theory (Gallaway et al. 1983). Variability
in transport conditions as an alternative to a density-
dependent stock-recruit relationship for explaining Alas-
kan fluctuations in Arctic cisco populations remains
attractive. Preliminary analyses correlating catch with
percentage of time summer winds at Barter were from
the east 5 years prior to the year of catch are also sugges-
tive of a strong relationship, especially when ice distri-
butional patterns are considered.

Acceptance of transport conditions as being the pri-
mary factor controlling the abundance of Arctic cisco
populations in Alaska implies that the fluctuations in
population levels of this species in Alaska are random in
nature and density independent. While the fluctuations
may be density independent, they do not appear random.
An alternative density-independent hypothesis following
Shumilov (1971) is outlined below. This hypothesis in-
corporates some features that would suggest that the vari-
ation in abundance levels of Arctic cisco in Alaska is not
purely random.

Shumilov (1971) and other Russian colleagues have
provided a rather convincing argument that the apparent
density-dependent stock recruit relationship that they ob-
served for a North Baikalian population of Arctic cisco
(see Fig. 2 in Shumilov 1971) was actually attributable
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to spawning-stream water level, or discharge factors, hav-
ing a 5-year cyclicity. They believe that the discharge
patterns vary in conjunction with solar activity cycles.
Shumilov (1971) proposes that high water levels in fall
and winter serve to (1) enable the spawning fish to reach
higher quality spawning grounds, and (2) reduce the egg
mortality arising from the effects of bottom ice and freez-
ing, respectively. Low water levels in spring were believed
to promote larval survival. Under high-water conditions,
Shumilov (1971) believed that large numbers of larvae
were carried away from the river bed into lakes and flood-
ed areas of the floodplain where they remained for a long
time and were more intensively cropped by predators.
The combination of river levels during the spawning pe-
riod and the downstream migration of larvae was deduced
to predetermine the strength of the year classes ultimately
entering the fishery. The periodicity of solar activity af-
fecting hydrological cycles resulted in Arctic cisco catches
fluctuating on a 5-year cycle.

The CPUE patterns in the Helmericks fishery do not
reflect a 5-year cycle in abundance patterns (Figs. 4-7).
While the observation of strong year classes in 1979 and
1985 with weak year classes in the intervening vears does
lend some support to the hypothesis of a cyclic abun-
dance, the interval is 6 not 5 years.

Whatever the reason, the historical catch data (1967~
1985) exhibit a predictable cycle. The cycle is well de-
scribed by a density-dependent stock-recruitment curve,
but it could also be attributable to density-independent
phenomena having a regular cycle, at least to date. In
either case, variation in conditions favoring westward
transport may obscure the cycle; that is, during some years
characterized by strong year classes few may be trans-
ported into Alaska and vice versa.

The model parameter “m” (proportion of recruits not
vulnerable to the fishery) was high, ranging from 63 to
68 percent, suggesting that the overall mean proportion
of the Mackenzie River production of Arctic cisco an-
nually transported from Canada to Alaska falls between
32 and 37 percent, a rather narrow range.

Fissel and Birch (1984) estimated that proportions of
total river discharge through the main Mackenzie River
delta distributaries were 38 percent into western Mac-
kenzie Bay, 28 percent into eastern Mackenzie Bay, and
34 percent into Kugmallit Bay. In Mackenzie Bay, there
is known to be a persistent divergence in flow, with one
of the currents flowing northwest from the west side of
the bay toward Herschel Island (Herlinveaux and de Lange
Boom 1975; MacNeill and Garrett 1975; ESL 1979). Thus,
although the flow of the Mackenzie River water during
the open-water season is generally northeasterly (see ESL
1979; Fissel and Birch 1984), there is a consistent current
to transport to the west young Arctic cisco discharged
into western Mackenzie Bay. Assuming that young fish
are transported in direct proportion to flow, about 38
percent of the total might be transported toward Alaska.

Significant variation in transport capability might occur
only when the proportion of easterly winds substantially
deviates from the long-term mean.

The model estimates of g, the catchability coefficient,
ranged from 0.0003 to 0.0004. Calculations of “g” based
upon mark-recapture data (Moulton et al. 1986) suggest
that during 1984 and 1985, catchability was 0.000075
and 0.000056, respectively. These are an order of mag-
nitude lower than the model estimates. However, the
mark-recapture estimates are based upon recaptures in
the fall fishery of fish marked and released the preceding
summmer in the Prudhoe Bay region. While the release
sample is corrected for gear-selectivity differences be-
tween the fishery (gill nets) and the symmer marking effort
{fyke nets), no adjustment has been made for fish marked
in the Prudhoe Bay area that do not return to the Colville
River delta. Such fish would include a small number that
overwinter in the Sagavanirktok River delta (approxi-
mately 3,000) and other rivers, as well as those fish that
pass through the area in the return migration from the
Colville to the Mackenzie River for spawning. If one
assumes the model estimates of ¢ are correct, then the
percentage of Arctic cisco that are tagged in the Prudhoe
Bay region but are unavailable for recapture in the Col-
ville River delta that fall must be high, on the order of
80 to 85 percent. Intuitively, 80 to 85 percent seems high,
but this will be addressed further below.

In 19885, an extensive tagging program was conducted
in the Prudhoe Bay region, including the tagging and re-
lease of over 11,600 Arctic cisco (Cannon et al. 1987).
Importantly, remote recapture stations were operated
during summer to the east (Kaktovik) and west (Oliktok
Point). Further, other summer fish sampling programs
were conducted in 1985 including one in the vicinity of
the Colville River (Fawcett et al. 1986) and one in the
eastern Alaskan Beaufort Sea by the US Fish and Wildlife
Service (see Cannon et al. 1987). During summer 1985,
only 129 Arctic cisco (1% of the release sample) were
recaptured in the Prudhoe Bay region where they had
been marked. A total of 10 Arctic cisco were recaptured
at remote locations to the east and west of the region—
four at Oliktok Point near the Colville River to the west
and six to the east in the Kaktovik/Griffin Point area.
Assuming that these returns of large Arctic cisco in remote
areas east and west of Prudhoe Bay during summer might
be representative of the proportions of the population
returning to the Colville River delta versus the Mackenzie
River yields an estimated 60 percent of the fish marked
in summer in the Prudhoe Bay region that may have been
travelling through the area in a return migration to the
Mackenzie River. Further, five fish tagged in summer
1985 were collected in Canadian waters during summer
1986. If these fish migrated in 1985, then escapement
would have been 73 percent. If these estimates are correct,
the mark-recapture estimates of ¢ (and exploitation rates)
for the Colville River may be considerably underesti-



mated since the population level would have been greatly
overestimated,

Given ¢, fishing mortality () can be derived simply
based upon the effort data (E) using F = ¢E. Mean fishing
mortality (F = gE) for the period 1982~1985 based upon
¢ = 0.0004 and a mean effort of 394 net-days was 0.158.
For 1985, Fwas 0.145. Rate of exploitation (u = 1 — "%,
Ricker 1975) of Arctic cisco by the Helmericks fishery in
1985 was thus 13.5 percent, as compared to 14.6 percent
for the 1982-1985 period.

Mean fishing effort in the Helmericks fishery during
1967-1985 was 778 net-days per season. Assuming g =
0.0004, mean fishing mortality was 0.31, which equates
to an overall exploitation rate of about 26 percent. As
noted above, there has been a decrease in exploitation
rates in recent years to about half the former levels, at
least for the Helmericks fishery.

Based upon the model, the historical exploitation rate
of Arctic cisco by the Helmericks fishery has averaged
about 26 percent, but in recent years the model estimates
this fishery exploits only about 13.5 to 15 percent of the
population. In 1985, Moulton et al. (1986) found that the
Helmericks fishery accounted for 34 percent of the total
catch of Arctic cisco in the delta. Based upon the model
estimate of exploitation by the Helmericks fishery, total
exploitation rate in 1985 by all the fisheries would have
been on the order of 40 percent of the population.

Using population estimates based upon results of mark—
recapture studies in 1985 in conjunction with actual har-
vest rates, Moulton et al. (1986) suggested total exploi-
tation was only 6 percent. Historically, Craig and Hal-
dorson (1981), also based upon mark-recapture analyses
and harvest, estimated the Helmericks fishery to exploit
on average about 9 percent of the population with the
range being between 4 and 18 percent. In light of these,
the model estimates seem high. However, the tag loss
factor described above suggests that exploitation rates
derived from mark-recapture studies may be underesti-
mated due to inflated population estimates. To resolve
this issue would require that a within-season mark-re-
capture study be conducted during the fishing season.

The model estimates for annual natural survival (£) are
low, but existing data suggest them to be realistic. As-
suming £ = 0.23 (model estimates range from 0.19 to
0.37; Table 1) and u = 0.26, total annual mortality (or
rate of disappearance) is estimated at 0.83 (4’ = 0.26 +
0.77 — (0.26 x 0.77); Ricker 1975). What if the exploi-
tation rate is not 0.26, but rather either 0.40 or only 0.05?
Given the former (0.40), total annual mortality is 0.86,
and with the latter (0.05), total annual mortality is 0.78.
Thus, it seems readily apparent that fishery exploitation
rates from as low as 5 to as high as 40 percent of the
harvestable pool have little impact on the overall annual
rate of disappearance. Viewed in another way, escape-
ment is high (on the order of 80%). Any one of the es-
timates (0.78-0.86) reasonably corresponds to the mean
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estimate of 0.80 deduced by Moulton et al. (1986) based
upon mark-recapture studies in the Colville Delta.

Based upon A4’ = (.83, the instantaneous rate of dis-
appearance or total losses (Z') is estimated at 1.77[Z' =
—log(1 — 0.83)]. Given F = 0.31, then M = 1.46. If 4
= (.78, then Z' is 1.51. Given F = 0.04 (778 net-days x
0.000056), M would be 1.47. Thus, while the annual loss
rate of Arctic cisco from the Colville Delta appears to be
high, losses to the Alaskan fisheries account for only a
small proportion (3~1 8%} of the total loss. An explanation
for the high loss rate is that, once the fish reach ages 7 or
8, they return to the Mackenzie River to spawn, as de-
scribed in the next section.

Support for the hypothesis that maturing Arctic cisco
leave the system comes from two sources—the earlier
(Gallaway et al. 1983) and continued (Cannon et al. 1987)
recapture of Arctic cisco tagged in the Prudhoe Bay area
being taken in the eastern Beaufort, suggesting eastward
movement, and from genetic analyses comparing allele
frequency patterns for Arctic cisco from the Colville River
delta fishery to fish spawning rivers in the Mackenzie
drainage (Bickham et al. 1989). Allele frequency patterns
for Arctic cisco from Mackenzie spawning rivers in the
Mackenzie River basin were in Hardy-Weinberg equilib-
rium (i.e., distinct stocks), whereas those for Colville Riv-
er fish were not, indicating mixed stocks there. If the
Colville River population represented a separate spawn-
ing group, then Hardy-Weinberg equilibrium would have
been expected. Lastly, there is no new direct evidence
suggesting any appreciable level of spawning by Arctic
cisco in Alaska.

Of the five model parameters, recruitment lag (k) and
survival (£) appear well supported by independent data.
The parameters g (catchability coeflicient) and m (recruits
invulnerable) appear to be within reasonable bounds, al-
though g appears high, and there are no real data for
evaluating m. The recruitment parameters are within rea-
sonable bounds, but environmental factors at the time of
spawning and larval transport appear to determine year
class strength of this species in Russian studies, and the
same could be true for populations in western North
America. The favorability of conditions for westward
transport of age-0 fish is undoubtedly an important factor
accounting for fluctuations in abundance in Alaska and
may obscure regularly occurring cycles. The model would
likely be substantially improved by incorporating func-
tional larval survival and regional transport submodels
instead of trying to summarize the early life history using
a simple stock~recruitment relationship.

Evaluation of the Stock Origin Theory

The Gallaway et al. (1983) stock origin theory proposes
that Arctic cisco spawning is restricted to rivers within
the Mackenzie River drainage, with cisco migrating to
Alaskan waters as follows. Age-0 cisco emerge and are
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carried down the Mackenzie in the spring. Some enter
the coastal zone, though large numbers have also been
found in delta lakes (Taylor et al. 1982). Once in the
coastal zone, these fish, too small to be strong swimmers,
are presumed to be distributed eastward and westward
along the coast by the prevailing currents. An unknown
proportion of these fish is carried westward, ultimately
colonizing Alaskan river deltas in late summer and fall
where they overwinter in brackish areas (5 ppt and higher).
There is some evidence that, once established in a delta,
the fish reenter the delta each fall to overwinter (Moulton
et al. 1986). Each subsequent summer, the fish disperse
from this delta into coastal waters for feeding. But at the
onset of maturity, they are believed to return to the Mac-
kenzie River system for spawning.

By virtue of its large size, the Colville River delta would
be expected to be the most suitable Alaskan habitat for
overwintering anadromous cisco. Other deltas are smaller
and contain limited areas of the deep channels necessary
for fish to survive the winter.

Results of recent studies lend support to the stock origin
theory proposed for Arctic cisco. In 1985, young Arctic
cisco were documented to move westward as a sequential
wave of abundance across the North Slope from the Yu.
kon Coast to the Colville River as previously described.
Therefore, the concept that some (or all) of the Arctic
cisco in Alaska originate in Canada remains the best ex-
planation of their distribution in north Alaska. Although
it is still limited, tag return information documents the
return of adult fish to Canada.

Earlier, we estimated what proportion of the Canadian
Arctic cisco production might be from fish utilizing Alas-
kan habitats; rationale developed from model parameters
and flow patterns led to an estimate of some 30 to 40
percent. Results of preliminary genetic work (Bickham et
al. 1989) may provide the means to test the hypothesis
without having to conduct an expensive field program
covering several to many years. At present, fish from
different spawning sites in the Mackenzie River system
can be differentiated from one another, but the resolution
of the data is not adequate to assign a given fish from a
mixed collection in coastal waters to one of the identified
stocks. Further, it is unlikely that all the stocks in the
river system have been identified. Eventually, obtaining
the required resolution to identify origin of the fish ap-
pears to be possible given continued genetic studies. With
this resolution, one would be able to determine not only
the proportional size of each stock but also how fish from
each stock are distributed across the North Slope.

Impact Assessment Considerations

Virtually all of the studies conducted on arctic anad-
romous fish in Alaska over the last decade have been
funded to support impact assessments, beginning with
the offshore oil and gas lease sales and, in more recent

years, for specific developments. This modeling study and
its predecessor (Gallaway et al. 1983) have focused on
the population dynamics of Arctic cisco using a recently
published model (Deriso 1980). The model was not de-
veloped for impact assessments, but rather as a procedure
for estimating the key parameters that control population
success. Once these parameters are identified, it is a logical
extension to examine them in terms of their implications
to impact assessments—assuming the model provides
credible outputs.

The most compelling feature about the model at present
is that the parameter estimates are within the bounds of
reason, and independent field observations provide a
strong case that the model predictions of an imminent
decline in the fishery—with the depressed catches lasting
several years, after which there will be several consecutive
years of high catches—may be expected. Based upon fyke-
net catches, very weak recruitment of young Arctic cisco
into central Alaska was indicated for most of the years
1981-1984 (1983 was a possible exception), and very
strong year classes have been observed for both 1985 and
1986. Assuming that these fish constitute the same fish
that will ultimately be harvested by the fishery suggests
the model has some credibility.

The model, as parameterized, suggests that the Beaufort
Sea stock of Arctic cisco is predominantly controlled by
a strongly density-dependent stock-recruitment relation-
ship and that a large fraction of the stock is invulnerable
to the fishery. The latter seems highly plausible since the
main fishery for Arctic cisco occurs in central Alaska and
is far removed from the Mackenzie River source area
where the species is not highly esteemed or sought after
by any major fishery. The proportion of the stock re-
maining in that area apparently is not subject to any heavy
fishing mortality. A key question is what proportion does
remain near the source river? The model’s estimates of
the invulnerable fraction range from 0.63 to 0.67, im-
plying that 33-37 percent of the recruited stock may be
vulnerable. Presumably the Colville River stock repre-
sents the vulnerable fraction.

It appears clear that the eventual recruits to the fishery
are transported into Alaskan waters as late young-of-the-
year, where they grow and mature for some 5 years before
entering the fishery. They are then subject to the fishery
for only 2 vyears, generally disappearing at about age 7.
The good correlation between fishery catches and wind
conditions in the eastern Beaufort Sea 5 vears earlier
{Fechhelm and Fissel 1988) supports the contention
that Alaskan stock sizes may be mainly dependent upon
transport conditions. Ifthat is the main controlling factor,
then variation in transport conditions for the period of
record has mimicked the stock level pattern that would
result from a density-dependent stock—recruitment rela-
tionship as suggested by the model. If this scenario is true,
the model could be “right,” but for the wrong reason.

If Arctic cisco populations are controlled by a strong



density-dependent recruitment curve, the potential for
causeway and fishery effects would be (1) mainly restricted
to periods when the stock was low, and (2) a function of
the size of the fraction of the stock that is transported to
Alaska. If the overall fraction is low, the potential for
overall population impact would be negligible. However,
we have estimated that the fraction might be, on average,
on the order of 3040 percent. If this fraction is correct,
population-level effects could occur, especially during low
stock levels.

With the above in mind, we now turn our attention to
the impact assessment implications, assuming model va-
lidity. The first interpretation is that the high rate (0.80)
of annual “mortality” suggests that mature or maturing
fish are successfully leaving the system. The model esti-
mate of total annual mortality (actually believed mainly
to represent escapement) has been confirmed by inde-
pendent mark-recapture estimates. Tag recapture infor-
mation has shown that fish from the Colville River/Prud-
hoe Bay region are being taken in Canadian waters despite
limited sampling effort. This, in conjunction with results
of movement studies around causeways in the Prudhoe
Bay region, suggests that return migrations are not being
appreciably affected by the causeways in the Prudhoe Bay
region. If return migrations do become affected, there
should be a marked shift towards older-age fish in the
age structure of Arctic cisco taken by the Colville fishery.

If the presumption of a high rate of escapement is cor-
rect, fishing mortality appears inconsequential. Varying
fishery exploitation rates between 5 and 40 percent caused
the overall total annual mortality rates to vary from a
low of 0.78 to a high of 0.86. Fishing mortality represents
only about 3-18 percent of the total loss.

Causeways in the Prudhoe Bay region do not appear
to affect greatly the recruitment rate of young-of-the-year
to the Colville River region, mainly because the event is
apparently a passive drift process controlled by wind
events (Gallaway et al. 1987; Fechhelm and Fissel 1988).
The impacts of the causeways would seem to be a direct
function of the degree to which the structures modify
circulation in a manner that would enhance drop-out of
young fish prior to reaching the Colville River (e.g., eddy
currents, current reductions, etc.). The main current mod-
ification resulting from the existing causeways appears to
be displacing the alongshore flows seaward as the waters
flow around the shoreline discontinuity, and the enhance-
ment of bottom-water flows toward the shore (marine
intrusions). Neither modification would be expected to
disrupt the transport of small Arctic cisco, assuming they
are mainly associated with the upper part of the water
column. Results of the Endicott Monitoring Program
(Cannon et al. 1987) appear to confirm this assertion.

Causeways in the Prudhoe Bay region have been ob-
served to create habitat discontinuities such that fish are
sometimes prevented from having access to the entire
range of feeding habitat. In the worst case, Arctic cisco
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emanating from the Colville River can lose access to 35
percent of the summer feeding habitat while those asso-
ciated with the Sagavanirktok River can lose access to 65
percent of the summer habitat (Gallaway et al. 1987).
Further, overwintering habitat suitable for Arctic cisco
in the Sagavanirktok River appears quite limited. If the
habitat discontinuity develops after fish from the Colville
have dispersed east of the West Dock causeway, they
might become trapped in the area and be forced to at-
tempt to overwinter in the Sagavanirktok River delta. If
overcrowding occurred, failure of the overwintering hab-
itat might result.

Results of tagging studies conducted each vear during
1981-1986 have shown that fish tagged to the east and
west of West Dock return to the Colville River at expected
rates (e.g., Craig and Griffiths 1981; Critchlow 1983; Grif-
fiths et al. 1983; Cannon et al. 1987; Fechhelm et al.
1989). These results suggest that, to date, fish from the
Colville River isolated in habitats in Prudhoe Bay and
eastward during summer have not been trapped there
beyond the onset of winter. Successful overwintering of
Arctic cisco in the Sagavanirktok River delta is almost
certain to have occurred during the period 1981-1985,
but at least one pool failed in winter of 1985~1986—
apparently due to oxygen depletion (Schmidt et al. 1989).
The failure did not appear attributable to an influx of new
recruits, but rather to a high density of fish becoming
restricted by ice growth to a small pool. The oxygen de-
pletion may also have been augmented if not caused by
the sampling activity.

Comparisons of condition or health of fish known or
believed to have spent most of the summer period east
of West Dock based upon tag return analyses with health
or condition of fish which spent most of the summer west
of West Dock have not yielded significant differences
(Fechhelm et al. 1989). Collectively, these data support
an hypothesis that the observed impacts of causeways on
fish distribution have had little if any impact on popu-
lation health.

By contrast, Moulton et al. (1985, 1986) have shown
that Arctic cisco some 3 to 7 years in age collected from
Prudhoe Bay in 1983 and 1984 were smaller than fish of
the same ages from Simpson Lagoon in 1977, from Prud-
hoe Bay in 1975 and 1976, and from Oliktok Point (west
of the Prudhoe Bay area) in 1982 and 1983. Assuming
no errors in aging, and that the fish in the Prudhoe Bay
samples were resident fish associated with Sagavanirktok
River delta overwintering sites, the implication is that
the periodic discontinuities in habitat may significantly
affect growth of fish restricted in summer to habitats east
of the causeway.

Nevertheless, the observed rates of growth of Arctic
cisco associated with each of the two habitats appear
equivalent (see Moulton et al. 1985). The size difference
was set early and has been maintained, but fish from the
two areas are growing at equal rates. One plausible ex-
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planation for such an event is provided in the recruitment
pattern of age-0 and -1 Arctic cisco in 1985. Larger young-
of-the-year passed through the Prudhoe Bay region earlier
than smaller young-of-the-year fish. Perhaps only smaller
fish characteristic of the late migration period took up
residence in the Sagavanirktok River delta during the year
of recruitment, assuming that the larger fish in the early
period of the migration were carried past this area. Fur-
thermore, the small fish that first overwintered in the
Sagavanirktok River delta began their second growing
season later than Colville fish because the Colville Delta
develops open water earlier each spring.

At present, the weight of the evidence supports the
contention that no significant population level effects have
occurred due to the impacts of the Alaskan fisheries or
hydrocarbon developments on anadromous fish habitat.
If significant effects do occur in the future, whether they
affect the entire population of Arctic cisco or only local
populations will ultimately depend on the proportion of
the stock subject to these effects. Studies designed to re-
solve this issue should be of paramount importance.

CONCLUSIONS

The model developed by Gallaway et al. (1983) has
yielded blind predictions of catches for 1982-1985 that
consistently overestimated actual CPUE but mimicked
relative change in actual CPUE in 3 out of 4 years. We
believe the model has promise based upon the biological
reasonableness of the parameters and the independent
observations of year class strengths in recent years. The
latter data suggest that the model predictions for the next
5 to 7 years are reasonable. The model would likely be
improved if the simple stock-recruitment term in the
present model could be supplemented with more mech-
anistic submodels dealing with the parameters of egg and
larval survival, and postlarval (age-0) transport.

We tentatively conclude that present harvest levels and
development impacts have not been sufficient to result
in measurable effects upon the population on either a
regional (total stock) or local scale. For the former prem-
ise, it would be necessary to confirm that the average
proportion of the total stock that utilizes Alaskan habitats
is on the order of 30-40 percent (or less) before the as-
sessment can be readily accepted.

To confirm the presumption that local populations are
not being significantly affected by the observed causeway
effects on the local environments will require continued
monitoring of the distributional response of Arctic cisco
to conditions around the existing causeways and the ram-
ifications of these responses as expressed in terms of their
health or condition, growth, and their ability to return to
the Colville River delta overwintering habitats in late
summer and fall.

The stock-origin premise proposed by Gallaway et al.
{1983) has not been invalidated. On the contrary, sub-

sequent studies yield additional credence to the hypoth-
esis. Continued genetic studies would go far towards re-
solving this question, as well as contribute towards
resolving the important question—what proportion of the
overall population makes use of Alaskan waters?
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