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Abstract.—We conducted experimental fishing for lake trout Salvelinus namaycush in Michigan
waters of Lake Superior to determine the importance of soak time on catch per effort (CPE) in
numbers per kilometer of standard gill net. We modeled CPE as a nonlinear function of the number
of nights between setting and lifting (soak time), in which the nets fill at a certain rate toward
some maximum after which the nets cannot hold more fish. We found that lake trout CPE increased
with soak time at a rate that varied with lake trout density toward a saturation level that was
independent of lake trout density. The CPE values of nets soaked 2-5 nights divided by the CPE
of nets soaked 1 night were significantly lower than would be expected had CPE increased as a
linear function of the number of nights soaked. We derived a means for correcting gill-net CPE
values for differing soak times to a common base of 1 night soaked. We concluded that it is
inappropriate to assume lake trout catches in gill nets will increase in direct proportion to the
number of nights soaked and recommend that CPE of lake trout in gill nets be corrected for soak

time.

The efficiency of any fishing gear will decrease
as fish accumulate in the gear until it becomes
saturated and no more fish are caught (Hamley
1975). If the presence of fish already captured does
not deter new fish from being captured, then the
rate of captureisproportional to the vacant amount
of gear and the number of fish present in the area
fished (Beverton and Holt 1954). The maximum
level at which fishing gear becomes saturated is
related to fish density and to the vacant area of the
net (Beverton and Holt 1954). Therefore, average
size of fish caught can influence the saturation lev-
el because large fish leave |less vacant space in the
gear than do small fish.

The type of gear ultimately determines the de-
gree to which saturation affects its fishing power
(Beverton and Holt 1954). For example, Beverton
and Holt (1954) argued that longlines and gill nets
were prone to saturation because the number of
hooks or meshes in a gang could easily be ex-
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ceeded by the number of fish available for capture.
In contrast, they argued that trawls rarely captured
enough fish for the cod end to become completely
filled. Such saturation of the fishing gear renders
the catch per effort (CPE) meaningless as an index
of density or abundance of the fish caught (Bev-
erton and Holt 1954).

In Great Lakes commercial fisheries for lake
trout Salvelinus namaycush, catch in weight per
length of gill net increased with the time between
setting and lifting (soak time) but not in direct
proportion to soak time (R. Hile, U.S. Bureau of
Commercial Fisheries, unpublished report, citedin
Hile 1962). However, Hile (1962) concluded that
soak time varied too little among years to cause a
detectable difference in lake trout CPE, whether
adjusted for soak time or not. He argued that it
was therefore not necessary to account for soak
timein computing CPE for the commercial fishery.

Kennedy (1951) found that gill nets fished in
Great Slave Lake, Canada, caught increased
weight of fish, but at a decreasing rate, asthe num-
ber of nights soaked increased. The gill nets filled
toward the same maximum weight of fish, but at
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Ficure 1.—Lake trout management areas of Lake Superior. Areas of U.S. waters are denoted by state abbreviations:
MI = Michigan, MN = Minnesota, and WI = Wisconsin. Canadian areas are marked by numbers only.

different rates that were related to the density of
fish in the area (termed ‘‘availability’’). He de-
veloped correction factors, based on fish avail-
ability and the number of days between lifts, which
could be used to compare the CPE among gill-net
lifts with varied numbers of nights soaked. Ken-
nedy’s saturation curves are often cited as exam-
ples of such curves (Hamley 1975).

No one has yet determined the rates at which
numbers of lake trout are caught in gill nets or the
maximum number of lake trout that can be caught
(as contrasted with the biomass caught). In each
of the Great Lakes, gill nets are used to index lake
trout stock density, as part of binational inter-
agency restoration programs (Cornelius et al.
1995; Elrod et al. 1995; Eshenroder et al. 1995;
Hansen et al. 1995; Holey et al. 1995). We con-
ducted experimental gill-net fishing in Michigan
waters of Lake Superior to determine the impor-
tance of soak time on the CPE of lake trout num-
bers caught in the assessment fisheries.

We addressed three questions. First, does in-
creased soak time of gill nets cause lake trout CPE
to increase linearly or nonlinearly? Second, does
the rate at which gill nets fill vary with lake trout
density? Third, does the maximum number of lake
trout caught vary with fish density? To address
these questions, we fished experimental gill nets
in two periods of greatly different lake trout den-
sity and in several areas that also differed in lake

trout density. We then fit the data to a saturation
model to see if parameters of the model varied
with lake trout density.

M ethods

Experimental gill nets were fished in Michigan
waters of Lake Superior in four areas in 1970,
when lake trout density was at its peak, and six
areas in 1995, when lake trout density was less
than half as great (Hansen et al. 1995). In 1970,
fishing was conducted in two areas of Keweenaw
Bay (Figure 1; MIl4), one area near Marquette
(M15), and one areanear Munising (M16). In 1995,
fishing was conducted in three areas off the west-
ern shore of the Keweenaw Peninsula (MI13) and
in three areas of Keweenaw Bay (MI4). Fishing
was conducted by contract fishermen in 1970 and
by the Michigan Department of Natural Resources
in 1995, and all fishing was in May.

Nets were constructed of 114-mm-stretched
mesh, 210/2 multifilament nylon twine, 18 meshes
deep, and 1/2 hanging basis. Nets ranged in length
from 549 to 1,829 m in 1970, but were all 457 m
in 1995. Threeidentical net gangswere set in 1970
and five identical net gangs were set in 1995 on
the first day of each event in the same area and at
the same depth. Individual net gangs were then
lifted about every 24 h for the next three consec-
utive daysin 1970 and on the next five consecutive
daysin 1995. The net gangs were set close enough
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together to be considered replicate sets for the
same lake trout stock but were far enough apart
to prevent interference with each other and, there-
fore, were independent of each other.

Fishing eventswerereplicated in each areathree
to six times in 1970 and two times in 1995. In
1970, fishing events were repeated four times in
one area and six times in another area of MI4,
three times in one area of M15, and three timesin
one area of MI16. In 1995, fishing events were re-
peated twice in each of three areas of MI3 and
twice in each of three areas of MI4. Each fishing
event was considered to be a replicate sample of
the lake trout stock density in the area fished.
Therefore, 108 total net gangs were fished, 48 in
1970 and 60 in 1995.

Because soak times were short in our study, we
modeled lake trout CPE, in number of fish caught
per kilometer of gill net, as an asymptotic function
of the number of nights between setting and lifting,
as provided in model 3.0 by Zhou and Shirley
(1997):

CPE = a(1 — e #xNIGHTS), ()

where a is the maximum CPE that would be at-
tained after an infinitely long soak time and B is
the rate at which CPE approaches «. Lake trout
density, which varied among years and areas,
might have determined « and B. Therefore, we
used nonlinear methods to fit a sequence of suc-
cessively more complex models. The simplest,
model A (2 parameters), was fit with a single a
and a single 3. Models B and C, of intermediate
complexity (11 parameters), were fit by coding the
densities with dummy variables (0 or 1) either for
one o and multiple Bs (model B) or for multiple
asand one B (model C). The most complex, model
D (20 parameters), wasfit by coding densitieswith
dummy variables (0 or 1) for multiple as and Bs.

Residual errorswere heteroscedastic, so we used
ordinary least squares to fit the four models after
transformation of both sides of equation (1) into
natural logarithms. Ratios of residual mean sums
of squares of nested models (likelihood ratio tests)
were used to determine whether a more complex
model significantly improved the overall fit com-
pared with aless complex model (P < 0.05; Bates
and Watts 1988). Parameter estimates and asymp-
totic standard errors were obtained numerically by
using a Gauss—Newton method that relied on exact
derivatives (SPSS 1997). Residual errors were ex-
amined for conformity with assumptions of ho-
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TaBLE 1.—Sums of squares explained by four models
of lake trout catch per effort (CPE) in gill nets versus soak
time in Michigan waters of Lake Superior, 1970 and 1995
(o is the maximum attainable CPE and B is the rate at
which CPE approaches «).

Sum of Mean-
Source squares df square  F-ratio P
Model A (one a and B)
Regression 1,583.36 2 79168 727.66  0.000
Residual 11533 106 1.09
Model B (one a and multiple Bs)
Regression 1,663.27 11 151.21 41409 0.000
Residual 35.42 97 0.37
Model C (multiple as and one B)

Regression 1,659.40 11  150.85 372.39  0.000
Residual 39.29 97 0.41

Model D (multiple as and Bs)
Regression 1,666.15 20 8331 22526 0.000
Residual 32.54 88 0.37

Added sums-of-squares tests
Model D/A 82.78 18 4.60 12.44  0.000
Model C/A 76.03 9 8.45 20.85  0.000
Model B/A 79.91 9 8.88 2431  0.000
Model D/B 2.88 9 0.32 0.86  0.560
Model D/C 6.75 9 0.75 203 0.045

mogeneity, normality, independence, and linearity
(Kirby 1993).

Final model estimates were used to derive ratios
of the CPE after 2-5 nights soaked to the CPE
after 1 night soaked. The average ratio across all
10 areas fished, along with their 95% confidence
intervals, was used to determine if the ratios were
significantly lower than would be expected if
catches increased as a linear function of nights
soaked. Therefore, the CPE ratio of 5 nightsto 1
night soaked would be expected to be 5 if catches
had increased linearly with soak time.

Results

Gill-net saturation was best described by a mod-
el with one « for all densities and a different 8
for each density (model B; Table 1). Models B, C,
and D each improved on model A in describing
theincrease in CPE with soak time among different
densities. Model D improved on model C but not
on model B. Model B therefore accounted for sig-
nificantly greater sums of squares than model C
even though models B and C could not be statis-
tically compared (because they are not nested).

Lake trout CPE increased with soak time toward
one maximum level (a« = 211.443 lake trout) for
all densities (Figure 2; Table 2). Rates of increase
in lake trout CPE (B) toward this maximum level
were greater for all four areas fished in 1970 than
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Ficure 2.—L ake trout catch/km of gill net (i.e., CPE) soaked for 1-5 nights in Michigan waters of Lake Superior
in 1970 (four areas, 1-3 nights soaked) and 1995 (six areas, 1-5 nights soaked).

for the six areas fished in 1995. The maximum
obtainable CPE of lake trout in gill nets of the type
used in this study was not reached after 3 nights
soaked in 1970 or 5 nights soaked in 1995. This
suggests that CPE provided a reasonable index of
lake trout abundance at all soak times examined.

Ratios of estimated CPE values at successively
greater soak times were significantly lower than
expected if CPE had increased as a linear function
of nights soaked (Figure 3). These ratios could not,
however, be used to correct CPE values for gill-
net catches of different soak times because therate
of increase in CPE toward the maximum level var-
ied with lake trout density. Corrections for differ-
ent soak times should be determined from equation
(1), rearranged to derive B from CPE, nights
soaked, and o = 211.443:

toa (1 CPE
e 211.443
B= NIGHTS )

The estimate of B should then be inserted into
equation (1), with NIGHTS =1 and o = 211.443
to standardize CPE to a 1-night set. Thiscorrection
of CPE is, of course, appropriate only for gill nets
of the type used in this study.

Discussion

Our results suggest that lake trout CPE (num-
bers) in gill nets increased at a rate that depended
on fish density but that the maximum number of
fish that could be held in each gill net did not vary
with fish density. Similarly, Kennedy (1951) found

TABLE 2—Parameter estimates (PE), asymptotic standard errors (ASE), and Wald 95% confidence limits for a model
of lake trout catch per effort (CPE) in gill nets versus soak time in Michigan waters of Lake Superior, 1970 and 1995
(a is the maximum attainable CPE and B is the rate at which CPE approaches «).

Confidence limit

Parameter@ PE ASE PE/ASE Lower Upper

« 211.443 87.121 2427 38.532 384.355
B70-1 0.602 0.470 1.282 —0.330 1.535
Bro-2 0.173 0.090 1.933 —0.005 0.351
B70-3 0.639 0.527 1.212 —0.407 1.685
Bro-a 0.338 0.216 1.570 —0.089 0.766
Bos-1 0.111 0.059 1.872 —0.007 0.228
Bos-2 0.028 0.013 2.110 0.002 0.055
Bos-3 0.052 0.025 2.038 0.001 0.102
Bos-4 0.030 0.014 2.104 0.002 0.059
Bos-5 0.036 0.017 2.086 0.002 0.071
Bos-6 0.104 0.055 1.889 —0.005 0.214

aParameter B is given for each of four areas sampled in 1970 (B70) and each of six areas sampled in 1995 (Bgs).
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Ficure 3.—The average ratio (values offset to right) of lake trout CPE for gill nets soaked for 1-5 nights to CPE
for nets soaked 1 night (=95% confidence intervals; limit values given above and below mean) in Michigan waters of
Lake Superior in 1970 (four areas, 1-3 nights soaked) and 1995 (six areas, 1-5 nights soaked).

that lake trout CPE (weight) in gill nets in Great
Slave Lake increased at rates that depended on
density, toward a maximum saturation level that
did not depend on density. We expected the sat-
uration level of our gill nets (a) to be lower in
1970, when the average size of lake trout was
slightly larger, than in 1995 (Figure 4; Hansen et
al. 1995). However, because asymptotic CPE was
similar in 1970 and 1995, lake trout size did not
seem to influence the maximum number that could
be held in gill nets of the type used in our study.

Commercial fishery CPE may not accurately re-

flect fish density if soak time is not taken into
account because fishermen adjust their effort in
response to density-dependent changes in gear ef-
ficiency. Austin (1977) found that the catch per
trap of Caribbean spiny lobster Panulirus argus
decreased at a declining rate with respect to soak
time. The profit-maximizing soak time declined
along with abundance because the number of pos-
sible lifts in a day was usually fixed for any fish-
erman. Numbers of traps fished by each vessel
declined as lobster stocks declined, which in-
creased the catch per trap day compared with lev-
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Ficure 4.—Length-frequency (cm) of lake trout caught in gill nets in Michigan waters of Lake Superior, 1970 and

1995.



852

els taken at the previously longer soak times. This
behavior may explain why Hile (1962) was unable
to detect any differences in lake trout CPE at dif-
ferent soak times.

Net saturation for a particular species may de-
pend on the mix of species present and on the
relative abundances of those species. Minns and
Hurley (1988) found that as soak time increased,
the CPE in gill netsincreased for some fish species
but decreased for others. Differences were attrib-
uted to specific activity patterns and relative abun-
dances, which caused crepuscular species such as
yellow perch Perca flavescens to be caught earlier
during the net set than nocturnal species such as
walleye Stizostedion vitreum. Catches of the spe-
cies that were caught first affected catches of spe-
ciesthat were caught later. Thiseffect wasunlikely
to have influenced our study or the earlier analyses
by Hile (1962) because the number of species pres-
ent in Lake Superior is so few compared with Lake
Erie (Minns and Hurley 1988).

Our results differ from those of G. L. Curtisand
others (Great Lakes Science Center, unpublished),
who developed correction factors for gill-net CPE
to standardize 2- and 3-night setsto auniform base
of 1 night. Their correction factors for 2-night
(1.52) and 3-night (1.80) sets were based on an
assumed common rate () at which catches ap-
proached the maximum attainable catch («). How-
ever, our results suggest that lake trout density
determines the rate at which catch approaches the
maximum (but not the maximum attainable catch).
Therefore, standardizing CPE values of different
soak times to a 1-night set cannot be accomplished
with asingle set of correction factors. Rather, stan-
dardization of CPE values must be based on the
observed CPE in the area fished, the maximum
obtainable catch for the gear, and the number of
nights soaked (equations 1, 2).

Our results permit standardization of lake trout
CPE in gill nets of the type used in this study.
Previous summaries of lake trout CPE with this
gear in Lake Superior (e.g., Hansen et al. 1995),
which were based on correction factors derived by
Curtisand others (unpublished), should be updated
by using the procedure we described. In addition,
if lake trout density in Lake Superior increases to
levels substantially higher than in 1970, it may be
necessary to recalibrate the gill-net saturation
model. Finally, lake trout assessment fisheries in
other Great Lakes may rely on gill nets with mesh
sizes or constructions different from those used in
our study. Those programs will require develop-
ment of saturation models specific to their gill nets.
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