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Abstract.—We describe size selectivity of five types of gear, size selectivity in combined gear
samples, and potential bias in estimates of population statistics of smallmouth bass Micropterus
dolomieui, walleye Stizostedion vitreum, and northern squawfish Ptychocheilus oregonensis in John
Day Reservoir on the Columbia River. We sampled from 1983 to 1986 with two types of gill nets,
boat electrofishers, trap nets, and rod and reel. Different gears selectively sampled different sizes
of each species. Recapture rates indicated that different sizes of fish remained differentially vul-
nerable to capture even when samples from all gears were pooled. Vulnerability of smallmouth
bass declined with increasing size. Vulnerability of walleye was not related to size. Vulnerability
of northern squawfish increased with size. Size selectivity of gear resulted in estimates of abundance
potentially biased by 2-16%, estimates of proportional stock density (size structure) biased by 11-
46%, and estimates of annual rate of mortality biased by 17-69%. The bias was negative in estimates
of abundance and varied in estimates of size structure and mortality in ways that depended on the
pattern of vulnerability. In any long-term monitoring of a population, investigation of the nature
of the bias resulting from size selectivity will be prudent.

Size selectivity of sampling gear is a widely rec-
ognized problem in fisheries (Ricker 1975; Lagler
1978; Hayes 1983; Hubert 1983; Reynolds 1983).
All sampling gears are selective to some degree
(Gulland 1980) because of intrinsic or extrinsic
factors (Lagler 1978). Intrinsic factors, such as fish
behavior or habitat preferences, determine which
fish encounter the gear. Extrinsic factors, including
construction of the gear and method of operation,
determine if fish that encounter the gear are cap-
tured. If ignored, unequal vulnerability of different
size-groups of fish to capture can result in biased
estimates of population statistics such as abun-
dance, size structure, and mortality (Hamley 1975;
Ricker 1975).

Bias could be eliminated if differences in vul-
nerability could be measured (Lagler 1978), but
size selectivity is difficult to measure (Hamley
1975). Most measurements are based on indirect
observations such as size-frequency distributions
and are expressed relative to the most vulnerable
size-group (Hamley and Regier 1973). However,
when a variety of gear is used, overall vulnerability
to all gear cannot be estimated without an estimate
of among-gear differences in vulnerability. The
most vulnerable size-groups often are assumed to
be equally vulnerable to capture by each gear, but
this assumption is seldom met (Hamley and Regier
1973). Direct estimates of vulnerability to gear
based on mark-recapture studies can be combined
to calculate the selectivity for each size of fish in

a pooled sample, but direct estimates of vulner-
ability have been made only for a few fish in se-
lected habitats (Hamley and Regier 1973).

Instead of measuring and adjusting for differ-
ential vulnerability within or among gears, sam-
pling is often designed to minimize selectivity. Se-
lectivity may be minimized by excluding fish near
the limits of vulnerability, using less-selective types
of gear, dividing samples into size categories, or
using a variety of gear (Ricker 1975; Lagler 1978).
These alternatives to measuring and adjusting for
size selectivity may result in reduced precision and
may not eliminate bias. Sample sizes are often
limited and exclusion of samples from near the
limits of vulnerability to a selected gear may fur-
ther reduce sample sizes. Seber (1982) described
the loss of precision in estimates of abundance that
results when a population is split into subcatego-
ries to eliminate vulnerability differences and sam-
ple sizes are reduced. Sample sizes and precision
also are reduced when use of more effective gears
is precluded by their selective nature. Use of sev-
eral gear types may broaden the range offish sizes
captured, but may not eliminate size bias because
individual gear biases may not offset each other.

We recently completed a study of fish popula-
tions in a Columbia River reservoir in which a
multigear sampling approach was adopted in an
attempt to compensate for size selectivity. The
objectives of this paper are to (1) describe size
selectivity of five gears used to sample smallmouth
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bass Micropterus dolomieui, walleye Stizostedion
vitreum, and northern squawfish Ptychocheilns or-
egonensis in a Columbia River reservoir, (2) de-
scribe size selectivity present in combined gear
samples, and (3) determine potential biases in es-
timates of abundance, size structure, and mortality
if size selectivity were ignored.

Study Site
John Day Reservoir is one of a series of im-

poundments operated for hydroelectric power
generation, navigation, and flood control on the
lower Columbia River between Oregon and Wash-
ington (Figure 1). The reservoir is 123 km long
and up to 3.5 km wide, and has a surface area of
about 20,000 hectares. The reservoir is bounded
by John Day and McNary dams. A variety of hab-
itats occurs in the reservoir. The upper reservoir
is more riverine than the lower, although high in-
flows result in measurable current throughout the
reservoir. Depths range from 10 m in the upper
end of the reservoir to 50 m in the lower section.
Shorelines are typically steep and the littoral zone
is limited.

Methods
We sampled four portions of John Day Reser-

voir from April through June 1983-1986 (Figure
1). Each area was sampled with equal effort during
each of five consecutive 2-week periods. Fish were
collected with two types of monofilament gill nets
(45.6 m long x 2.4 m deep with alternating panels
of 3.2-, 4.4-, and 5.1-cm-bar mesh; and 45.6 m
long x 2.4 m deep with alternating panels of 6.4-
and 7.6-cm-bar mesh), with Lake Erie style trap
nets (3 or 5 m deep with 61-m-long leads of 3.2-
or 3.8-cm-bar mesh), with electrofishing boats
(540-840 V, DC), and by angling from John Day
and McNary dams. Units of sampling effort were
1 h for gill nets, 24 h for trap nets, and 15 min for
electrofishers. Gill nets were set on the bottom,
near (within 50 m) and perpendicular to shore.
Trap nets were set perpendicular to shore with the
lead end abutting the beach. Electrofishing runs
were made along shorelines and dam faces. All
gillnetting and electrofishing was done at night. In
addition, we examined the catch of sport anglers
fishing in the forebay of John Day Dam, near Ir-
rigon, and in the tailrace of McNary Dam.

Fork lengths of smallmouth bass, northern
squawfish, and walleye were measured. Fish cap-
tured in good condition by all gears were released
after they were marked with numbered spaghetti
tags and pelvic fin clips or opercule punches. We
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FIGURE I.—John Day Reservoir, Columbia River.
Sampled areas are shaded.

held a sample of fish under laboratory conditions
to ensure that postrelease mortality did not result
from handling and marking. Tagging was limited
to smallmouth bass at least 200 mm long and
northern squawfish and walleye at least 250 mm
long. Subsequent recaptures of marked fish were
counted. Scales were collected from a subsample
of untagged fish and ages were determined by stan-
dard methods (Jearld 1983).

Significant (P < 0.05) differences in length-fre-
quency distributions among gears were identified
with chi-square tests of independence between gear
and fish length (Steel and Torrie 1980). Samples
of fewer than 100 fish were excluded from com-
parisons because tests were invalid with small
sample sizes. We confined statistical tests to fish
of sizes that we tagged to correspond with com-
parisons based on recapture rates.

We combined samples from all gears and com-
pared numbers of recaptures to numbers of marked
fish available among 50-mm size-groups, to de-
termine if combining catches overcame the selec-
tivity of individual gears (Lagler 1978). Significant
differences among different sizes offish were iden-
tified with chi-square contingency tests (Youngs
and Robson 1978). Samples from all 2-week sam-
pling periods and years were combined for a two-
way analysis.

We estimated the potential influence of size se-
lectivity on estimates of abundance, population
size structure, and mortality rate by comparing
estimates made with and without corrections for
size selectivity. Each year, abundance was esti-
mated from mark-recapture information with
Chapman's modification of the Schnabel method
(Seber 1982). To correct for size selectivity, we
made separate estimates of abundance for size-
classes for which vulnerability appeared dissimilar
(Ricker 1975). We report an average of annual
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FIGURE 2.—Length-frequency distributions of small-
mouth bass collected in John Day Reservoir by four
gears. Data from April through June 1983-1986 were
combined.

estimates of abundance made from 1984 to 1986
(Beamesderfer and Rieman 1988).

Population size structure was estimated from a
length-frequency distribution (1983-1986 sam-
ples pooled). Proportional stock density (PSD =
100 [number of fish of at least quality length]/
[number offish of at least stock length]) was used
as an index of size structure (Anderson 1980). Stock
and quality sizes were defined, respectively, as 18
and 28 cm for smallmouth bass, 25 and 38 cm for
walleye, and 25 and 38 cm for northern squawfish.
Data were corrected for size selectivity by dividing
the observed frequency in each size-class by its
recapture rate (Lagler 1978).

Mortality was estimated from catch curves
(Ricker 1975) based on age frequencies calculated
from length frequencies and age-at-length infor-
mation (Ketchen 1950). Selectivity effects on mor-
tality were corrected with length frequencies ad-
justed for size selectivity by dividing each frequency
by the recapture rate for that size. Mortality was
estimated from a catch curve constructed from
average age-specific catches in the four sampling
years.
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FIGURE 3.—Recapture rates (Y, vulnerability) for
smallmouth bass by length interval (X), John Day Res-
ervoir, April-June 1983-1986. Numbers of marked fish
at large, summed for 20 2-week periods, are shown for
each data point.

Results
Smallmouth Bass

We collected 7,683 smallmouth bass and their
size ranges differed among gears (Figure 2). Dif-
ferences in length-frequency distributions were
significant (x2 = 285.9; df = 15; P < 0.01). We
also found differential size vulnerability of small-
mouth bass in our pooled-gear sample (Figure 3).
Differences in recapture ratios were significant
among 50-mm length groups (x2 = 26.0; df = 5;
P < 0.01). Vulnerability declined linearly (r2 =
0.86) with increasing size (Figure 3). The least vul-
nerable size-class (451-500 mm) was one-third as
vulnerable as the most vulnerable size-class (201-
250 mm).

All population statistics of smallmouth bass were
potentially biased by size selectivity of the com-
bined gear (Table 1). Abundance estimates with
and without a correction for vulnerability differed
by less than 2%. Potential bias was larger in esti-
mates of PSD and annual mortality. Underrepre-
sentation of large smallmouth bass in our catch
resulted in biases of —20% in the estimate of PSD
and +22% in the estimate of annual mortality rate.

Walleye
We collected 2,492 walleyes and their size ranges

differed among gears (Figure 4). Differences in
length-frequency distributions were significant (x2

= 726.2; df = 33; P < 0.01). Our data suggest that
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TABLE 1.— Population statistics for smallmouth bass, o.oe-
walleye, and northern squawfish in John Day Reservoir,
based on estimates with and without corrections for size-
selective sampling. °-05"

Estimates
Population statistic Uncorrected

Smallmouth bass
Abundance (number of fish) 9,805
Size structure (PSDa) 48
Annual mortality (ages 3-9) 0.45

Walleye
Abundance (number of fish) 1 6,2 1 2
Size structure (PSD3) 88
Annual mortality (ages 6-9) 0.56

Northern squawfish
Abundance (number of fish) 87,5 1 3
Size structure (PSDa) 5 1
Annual mortality (ages 5-13) 0.04

Corrected
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differential vulnerability to capture was not elim-
inated by pooling of data from all gears (Figure 5).
Differences in recapture rates were significant
among 50-mm length-groups (x2 = 103.8; df = 10;
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FIGURE 4.—Length-frequency distributions of walleye
collected in John Day Reservoir by four gears. Data from
April through June 1983-1986 were combined.

FIGURE 5.—Recapture rates (vulnerability) for walleye
by length interval, John Day Reservoir, April-June 1983-
1986. Numbers of marked fish at large, summed for 20
2-week periods, are shown for each data point.

P < 0.01). However, no clear relationship between
size and recapture rate was apparent (Figure 5).

Estimates of walleye abundance, PSD, and mor-
tality were influenced by the apparent size selec-
tivity of our gears (Table 1). Abundance was
underestimated by 16%, PSD was underestimated
by 11 %, and annual mortality was overestimated
by 17%.

Northern Squawfish

We collected 12,463 northern squawfish and
their size ranges differed among gears (Figure 6).
Differences in length-frequency distributions were
significant (x2 = 2,634.7; df = 15; P < 0.01). Dif-
ferences in size-related vulnerability were not
eliminated in our pooled-data sample (Figure 7).
Differences in recapture rates were significant
among 50-mm size-groups (x2 = 15.1; df = 4; P
< 0.01). Vulnerability appeared to increase with
size among northern squawfish up to 450 mm (Fig-
ure 7). Fish in the 401-450-mm size range were
approximately three times more vulnerable than
fish smaller than 350 mm. A normal curve best
described the size-vulnerability relationship among
northern squawfish (Figure 7).

Apparent size selectivity of gear resulted in po-
tentially biased estimates of northern squawfish
abundance, size structure, and annual rate of mor-
tality (Table 1). Corrected and uncorrected abun-
dance differed by 10%, PSD estimates differed by
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FIGURE 6.—Length-frequency distributions of north-
ern squawfish collected in John Day Reservoir by four
gears. Data from April through June 1983-1986 were
combined.

46%, and annual mortality estimates differed by
69%.

Discussion
Differences in recapture rates indicate that pool-

ing samples from size-selective gear did not elim-
inate size selectivity in the combined sample for
any of the populations examined. Size selectivity
was apparent for smallmouth bass because the catch
was dominated by one gear (electrofishing). Size
selectivity was also apparent in pooled samples of
walleye and northern squawfish even though no
one gear accounted for most of the catch. Selec-
tivity would be eliminated only if selectivities of
each gear balanced exactly, i.e., each gear selected
for a different size range of fish at an equal rate.
This is probably an unreasonable expectation in
almost any sampling program because the relative
selectivities of gear cannot be predicted in ad-
vance.

Few recaptures and high variability of recapture
rates limited our ability to describe changes in
vulnerability with size, especially for walleye. This
problem was most acute near the extremes in sizes
vulnerable to our collective sampling because small
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FIGURE 7.—Recapture rates (Y, vulnerability) for

northern squawfish by length interval (X)y John Day Res-
ervoir, April-June 1983-1986. Numbers of marked fish
at large, summed for 20 2-week periods, are shown for
each data point.

sample sizes biased ratios of recaptured fish to fish
at large towards zero.

The pattern of size selectivity was species spe-
cific. Vulnerability to capture declined gradually
with increasing size among smallmouth bass, was
not related to size among walleyes, and increased
abruptly over a small size range among northern
squawfish.

Decreasing vulnerability of smallmouth bass to
capture with increasing size may have been a result
of habitat use. Reduced vulnerability of larger fish
would be explained if larger fish spent less time
near shore where most samples were taken or if
large fish were more likely to move outside sam-
pled sections of the reservoir. Offshore move-
ments reduced catchability of largemouth bass Mi-
cropterus salmoides (Van Den Avyle 1976).

We have no explanation for the increased vul-
nerability of northern squawfish with size. The
shift may be related to feeding activity and dis-
tribution. Northern squawfish become almost en-
tirely piscivorous in the size range where vulner-
ability changes (G. A. Gray and coworkers, U.S.
Fish and Wildlife Service, unpublished). A cor-
responding change in foraging behavior with in-
creased size may have caused the fish to spend
more time near shore where small fish appeared
most abundant and our sampling was concentrat-
ed.
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Estimates of abundance, population size struc-
ture, and annual mortality rates for all three species
were susceptible to size-selective bias. Bias in es-
timates of abundance ranged from 2 to 16% and
were similar to those reported in Ricker (1975) for
similar experiments. Estimates of PSD were biased
by 11-46%. Estimates of annual mortality were
biased by as much as 69%. The relatively small
bias in abundance estimates may not warrant cor-
rection for size selectivity. Precision is reduced if
separate estimates are made for differentially vul-
nerable size-classes (Seber 1982) and the loss of
precision must be weighed against the desire for
increased accuracy.

The pattern of selectivity determined the direc-
tion of the bias except in estimates of abundance.
Bias was always negative in estimates of abun-
dance when sampling was size selective. In esti-
mates of PSD, bias was negative when vulnera-
bility declined with increasing size and positive
when vulnerability and size were directly corre-
lated. Annual mortality was overestimated when
gear selected against larger fish and underesti-
mated when gear selected against smaller fish.

Our data show that substantial bias can result
in estimates of population characteristics when
sampling is based on size-selective gear. Pooling
data from different gear types in an effort to sample
several size-classes of fish and habitat types did
not eliminate the potential for error, particularly
for estimates of PSD and mortality based on rel-
ative size structure of our samples. Our data also
show that the direction and magnitude of the bias
may vary dramatically by species.

Fishery managers routinely collect data on pop-
ulation age or size. Sample size often is limited or
data are collected in an inconsistent fashion, mak-
ing estimates of size-related vulnerability impract-
ical. Fisheries managers should exercise caution
in the use of such data. In any long-term moni-
toring of a population, investigation of the nature
of the bias would be prudent.
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