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Abstract.—Failure to estimate capture efficiency, defined as the probability of capturing individual
fish, can introduce a systematic error or bias into estimates of fish abundance. We evaluated the
efficacy of multipass electrofishing removal methods for estimating fish abundance by comparing
estimates of capture efficiency from multipass removal estimates to capture efficiencies measured
by the recapture of known numbers of marked individuals for bull trout Salvelinus confluentus and
westslope cutthroat trout Oncorhynchus clarki lewisi. Electrofishing capture efficiency measured
by the recapture of marked fish was greatest for westslope cutthroat trout and for the largest size-
classes of both species. Capture efficiency measured by the recapture of marked fish also was low
for the first electrofishing pass (mean, 28%) and decreased considerably (mean, 1.71 times lower)
with successive passes, which suggested that fish were responding to the electrofishing procedures.
On average, the removal methods overestimated three-pass capture efficiency by 39% and under-
estimated fish abundance by 88%, across both species and all size-classes. The overestimates of
efficiency were positively related to the cross-sectional area of the stream and the amount of
undercut banks and negatively related to the number of removal passes for bull trout, whereas for
westslope cutthroat trout, the overestimates were positively related to the amount of cobble sub-
strate. Three-pass capture efficiency measured by the recapture of marked fish was related to the
same stream habitat characteristics that influenced (biased) the removal estimates and did not
appear to be influenced by our sampling procedures, including fish marking. Simulation modeling
confirmed our field observations and indicated that underestimates of fish abundance by the removal
method were negatively related to first-pass sampling efficiency and the magnitude of the decrease
in capture efficiency with successive passes. Our results, and those of other researchers, suggest
that most electrofishing-removal-based estimates of fish abundance are likely to be biased and that
these biases are related to stream characteristics, fish species, and size. We suggest that biologists
regard electrofishing-removal-based estimates as biased indices and encourage them to measure
and model the efficiency of their sampling methods to avoid introducing systematic errors into
their data.

Biologists and managers need reliable methods
to assess the abundance and distribution of stream-
dwelling fishes. The reliability of such methods is
influenced by their ability to capture fishes (hence-
forth termed capture efficiency). One commonly
used method of sampling stream fishes is electro-
fishing (Reynolds 1996). The capture efficiency of
electrofishing, however, is affected by the size and
species of fish (Bagenal 1979; Anderson 1995) as
well as physical habitat characteristics (Rodgers
et al. 1992; Bayley and Dowling 1993). Failure to
account for differences in capture efficiency intro-
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duces a systematic error or bias into the data that
can significantly bias abundance estimates and
models (Bayley and Dowling 1993). Presence and
absence data are similarly affected by capture ef-
ficiency biases because the probability of detecting
a species depends, in part, on the probability of
capturing individual fish (i.e., efficiency; Bayley
and Peterson 2001).

Previous investigations have attempted to re-
duce the influence of sampling bias by using mul-
tiple pass removal (depletion) methods (Zippin
1956; Otis et al. 1978). However, removal esti-
mates are known to be biased by such factors as
fish species and size (Buttiker 1992), the number
of removal passes and the statistical estimator
(White et al. 1982), and fish abundance and the
physical characteristics of the area sampled (Ken-
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TABLE 1.—Mean, SD, and range of habitat characteristics of the 43 sites included in the evaluation of removal
estimates and modeling electrofishing capture efficiency. Asterisks indicate variables included in candidate models.

Variable Mean SD Range

Site elevation (m)
Mean wetted width (m)*
Mean cross-sectional area (m2)*
Map reach gradient (%)
Wood density (number/m 2)*

2,096
3.44
0.47
4.67
0.09

258
1.00
0.19
2.25
0.07

1,774–2,450
2.3–7.4
0.2–1.3
2.0–9.9

0.01–0.30
Undercut banks (%)*
Water temperature (8C)*
% Surface turbulence
% Submerged cover
% Pools

27.96
9.17

21.21
25.16
8.18

20.89
2.40
9.47

14.48
8.59

3–93
3–14
2–40
5–80
0–34

% Overhanging vegetation
Conductivity (mohms)*

45.78
57.96

26.371
48.22

5–98
16–203

Substrate (% substrate composition)
Fines
Gravel
Cobble*
Rubble

16.82
21.85
25.37
35.96

9.77
12.16
8.53

18.34

1.7–36
6.3–60

5–44
1–1,978

Recovery time after marking (h) 31.81 14.55 24–72

nedy and Strange 1981; Riley et al. 1993). Despite
these shortcomings, the use of removal estimates
continues to flourish in fisheries biology. For in-
stance, a recent search in Science Citation Index
(Institute of Scientific Information, Philadelphia,
Pennsylvania) identified 49 articles since 1995 that
used removal methods to estimate stream fish
abundance. The continued use of removal esti-
mators may be related to a general lack of infor-
mation on the magnitude and causes of bias or to
a perceived lack of viable alternatives for esti-
mating fish abundance.

Obtaining reliable estimates of fish abundance
and species distribution requires the use of unbi-
ased (statistical) estimators (e.g., mark–recapture,
removal). That an estimator is unbiased, however,
can be assured only by evaluating potential vio-
lations of estimator assumptions under typical
sampling conditions and by comparing abundance
estimates with known abundances. If estimators
are found to be biased, reliable estimates of fish
abundance can be obtained by using unbiased es-
timates of fish capture efficiency (Buttiker 1992;
Bayley and Dowling 1993; Anderson 1995). Thus,
our objectives were to (1) evaluate the efficacy of
electrofishing removal methods for estimating the
abundance of stream-dwelling salmonids, (2) ex-
amine the influence of stream habitat character-
istics, species, and fish size on removal estimates,
and (3) evaluate an alternative approach to esti-
mating stream-dwelling salmonid abundance by
modeling the efficiency of electrofishing for fish
capture.

Study Area

We evaluated the accuracy of electrofishing re-
moval–based estimates of fish abundance and the
efficiency of backpack electrofishing in 43 first-
through third-order streams located primarily in
National Forests and Bureau of Land Management
lands in central Idaho and southwest Montana. Be-
cause bull trout Salvelinus confluentus was the fo-
cus of our study, we selected streams within the
known range of bull trout and at relatively high
elevations (Table 1). We sampled during June–Oc-
tober 1999 and 2000 on the declining limb of the
hydrograph, sampling most sites at or near base
flow.

Methods

To evaluate the efficiency of electrofishing un-
der sampling conditions typically encountered in
the region, we developed sampling strata based on
stream size and habitat characteristics, using data
previously collected throughout the region (R.
Thurow, unpublished data; Peterson and Wollrab
1999). For example, one stratum consisted of small
mean wetted width (,3-m), low-gradient (,3%)
streams with high wood density (.0.15-m2). Sam-
pling sites approximately 100 m long were ran-
domly selected from within each stratum. Before
sampling, each site was blocked off with 7-mm-
square mesh nets that were secured to the stream-
bed. To ensure adequate closure, we selected lo-
cations with abrupt changes in channel gradient as
hydraulic controls for upper and lower boundaries
of each site. During the 2000 field season, a second
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set of block nets (henceforth termed double block
nets) was placed approximately 3 m immediately
above and below the up- and downstream block
nets, respectively, to evaluate potential fish escape
from the sample units. Because the block nets were
in place for several days, they were regularly
cleaned of debris and inspected with snorkel gear
to ensure they were barriers to fish passage. All
block nets remained in position until electrofishing
sampling was concluded.

An evaluation of removal estimates and effi-
ciency of fish capture requires an unbiased esti-
mate of the true number of fish in a site. Fisheries
biologists have used three basic approaches to ob-
tain these estimates: (1) stocking a known number
of fish into a site (Rodgers et al. 1992); (2) using
a dual gear procedure, often with one gear being
lethal (Bayley and Austen 2002); and (3) collect-
ing fish within a site, marking, and returning them
(Riley et al. 1993). Each method has potential
problems. For example, fishes stocked in a new
environment may respond differently from resi-
dent fishes, and resident fishes (if present) could
influence the vulnerability of stocked individuals,
biasing evaluations. We chose the last approach
(i.e., marking and releasing) because we believed
it to be the easiest to implement, given our limi-
tations in working with sensitive native species.
The effects of handling and marking, however,
could affect fish behavior (Mesa and Schreck
1989), altering their vulnerability to capture and
thus biasing our capture efficiency estimates. To
evaluate this potential bias, we varied the time
between marking and returning fish and the sub-
sequent electrofishing multipass sampling of each
site (henceforth termed recovery time).

Salmonids were initially sampled within
blocked-off sites by using a backpack electrofisher
with unpulsed direct current (DC) and one up-
stream and downstream pass. All captured fish
were held in live wells containing ambient stream
water. At the conclusion of shocking, each sal-
monid was anesthetized with MS-222, identified,
and measured (total length [TL], to the nearest 10
mm), and a portion (,1 cm2) of the dorsal or cau-
dal fin was clipped in a manner that would not
restrict fish movement but could readily be iden-
tified. After recuperating, all fish were released
back into the site systematically to ensure uniform
dispersal. Marked fishes were allowed to disperse
for a randomly assigned recovery time of 24, 48,
or 72 h.

After the assigned recovery time, marked and
unmarked fishes were sampled within each site

during multiple upstream passes with a gasoline
powered backpack electrofisher. We used unpulsed
DC to reduce the risk of injuring fish and generated
400–500 V with a gas-powered Smith-Root back-
pack electrofisher using a single 28-cm hoop anode
and cable cathode. At least three and four electro-
fishing passes was completed at each site in 1999
and 2000, respectively. Additional electrofishing
passes were made if necessary until the catch-per-
pass declined by 75% or more between successive
passes. All captured fish were placed in live wells
and held at stream margins. At the completion of
each pass, fish were identified to species, checked
for marks, and measured for TL (nearest 10 mm).
Because we processed fish after each pass, ap-
proximately 0.5 h elapsed between successive
electrofishing passes. During the 2000 field season,
the area between the double block nets then was
electrofished to determine whether any marked fish
had escaped from the blocked-off site. All captured
fish were identified, measured, checked to see if
they had been marked, and released immediately.

Physicochemical measurements.—At each study
site, after electrofishing and the subsequent re-
moval of block nets, we measured physical and
chemical stream features that might affect electro-
fishing efficiency. Beginning at the downstream
end of each site, transects were established per-
pendicular to the flow along the centerline of the
stream and spaced at 20-m intervals. At each tran-
sect, we recorded the type of habitat (e.g., pool,
riffle), measured wetted channel width, and esti-
mated mean water depth by averaging readings at
one-fourth, one-half, and three-fourths of the chan-
nel width. Cross-sectional area was estimated as
the product of wetted width and mean depth. Sub-
strate composition was visually estimated in a
1-m-wide band centered across each transect and
categorized as follows: fines (,6 mm in diameter),
gravel (6–75 mm), cobble (75–150 mm), and rub-
ble (.150-mm). Transect-specific measurements
were averaged for each site. Based on a previous
assessment (Thurow et al. 2001), most of these
measurements were estimated to be within 40% of
the true mean values with 95% confidence.

In each site, we counted the number of pieces
of woody debris, which we defined as a piece of
wood at least 3 m long and 10 cm in diameter,
lying within an active channel. Wood density was
estimated as the total number of wood pieces di-
vided by the wetted surface area of each site. For
the entire site, we estimated the percent cover for
each of four cover types (submerged, turbulent,
overhead, undercut). We measured the length of
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undercut banks and overhead vegetation along
each bank and expressed these as percents of the
total bank length (left and right). We visually es-
timated (to the nearest 10%), the percent of the
reach that had turbulence and submerged cover.
We defined turbulence as abrupt changes in water
velocity typically observed at changes in gradient
(riffles), near physical obstructions to flow (wood
or boulders), and along irregular shorelines. Sub-
merged cover included large boulders, bedrock,
and large wood. Site gradient was estimated from
a U.S. Geological Survey 7.5-min (1:24,000) map.
Conductivity was measured in the center of each
site by using a calibrated hand-held meter. Water
temperature was measured at 1-h intervals with a
continuously recording thermograph.

Evaluation of removal estimates.—Because fish
length affects the efficiency of many collection
methods (Bagenal 1979; Reynolds 1996), species
were placed into three TL size-classes before anal-
yses: one, 70–99 mm; two, 100–199 mm; and
three, 200–350 mm. The three size-class ranges
were chosen to facilitate the incorporation of cap-
ture efficiency models into existing standardized
sampling protocols (Thurow 1994) and because
fish larger than 350 mm TL were not encountered
during sampling.

Fish abundance (marked and unmarked) in each
blocked-off section was estimated by using two
different removal estimators, depending on the
maximum number of electrofishing passes (White
et al. 1982). We used the constant capture prob-
ability estimator (Zippin 1956) to estimate species
and size-class specific abundance for sites with
three removal passes, and the generalized removal
estimator (model Mbh; Otis et al. 1978) for sites
sampled with at least four electrofishing passes.
The constant probability estimator assumes that
capture efficiency is the same for each removal
pass, whereas the generalized removal estimator
adjusts for heterogeneity in capture efficiency
(e.g., decrease or increase) between successive re-
moval passes and should provide more accurate
estimates (White et al. 1982). Goodness-of-fit was
assessed for each removal estimate by a chi-square
test as implemented in program CAPTURE
(Rexstad and Burnham 1991).

The numbers of marked fish recovered were suf-
ficient to estimate capture efficiency, which we
define as the proportion (or percentage) of fish, in
a given area, that are captured during sampling.
Thus, we examined the adequacy of the removal
technique by estimating the capture efficiency of
electrofishing for each species two ways. To es-

timate the measured capture efficiency for each
site, we divided the number of marked individuals
in a size-class that were recaptured by the corre-
sponding total number that had been marked. Re-
moval capture efficiencies were estimated as the
total catch in three removal passes divided by the
removal estimate of total abundance. We used
three-pass total catches to facilitate comparisons
with published efficiency estimates. Bias of the
removal estimates was calculated as the difference
between removal and measured capture efficiency.
Thus, positive values indicated overestimation of
removal capture efficiency and negative values in-
dicated underestimation. The number of marked
fishes was not sufficient at all sites (i.e., mean:
nine individuals per species’ size-class) to calcu-
late removal abundance estimates for only marked
fish.

We used linear regression analysis (Neter et al.
1990) to examine the relationships among removal
estimate bias and site characteristics, fish body size
(size-class), and the maximum number of removal
passes. Three size groups were categorized by as-
signing dummy variables (0, 1) to size-class one
and three; size-class two was retained as the base-
line. Pearson correlations were run on all pairs of
predictor variables (i.e., site characteristics) before
modeling. To avoid multicollinearity, a subset of
seven uncorrelated predictor variables (all r2 ,
0.20) was selected for inclusion in our candidate
models (Table 1). We also assessed the normality
of the distribution of removal bias estimates, using
Lilliefor’s test (Lilliefor 1967).

We used an information-theoretic approach
(Burnham and Anderson 1998) to evaluate the fit
of linear regression models relating site charac-
teristics, fish body size, and maximum number of
removal passes to removal estimate bias. We began
our modeling by constructing a global regression
model for each species based on our observations
(Thurow and Schill 1996) and those of other in-
vestigators (Riley et al. 1993) suggesting that sal-
monid capture efficiency and removal estimates
are significantly influenced by habitat character-
istics, body size, and number of removal passes.
We then fit all possible subsets of the global model
(including all first-order interactions) by using lin-
ear regression. To assess the fit of each candidate
model, we calculated Akaike’s information crite-
rion (AIC; Akaike 1973) with the small-sample
bias adjustment (AICc; Hurvich and Tsai 1989).

To incorporate model selection uncertainty and
presumably increase model accuracy, we comput-
ed model-averaged estimates of the individual co-
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efficients and their standard errors by using Akaike
weights (Burnham and Anderson 1998). Model-
averaged coefficients and standard errors were cal-
culated only for the predictor variables that oc-
curred in the best-fitting model. The precision of
model-averaged coefficients was assessed by cal-
culating 90% confidence intervals based on a
t-statistic with n 2 1 degrees of freedom. Good-
ness-of-fit was assessed for global models by ex-
amining residual and normal probability plots
(Neter et al. 1990). Dependence among size-clas-
ses was examined by ordering the residuals by
sample site and size-class and conducting a Wald–
Wolfowitz runs test (Bayley 1993).

Preliminary analyses suggested significant bi-
ases in the removal efficiency estimates. We were
concerned that this could have been the result of
our field procedures (e.g., marking fish), low cap-
ture efficiency, or large reductions in capture ef-
ficiency (heterogeneity) between removal passes.
To investigate potential sources of bias, we sim-
ulated five-pass removal sampling for various
combinations of first-pass capture efficiencies and
reductions in capture efficiency among four sub-
sequent passes assuming a population of 100 fish.
Using the program CAPTURE (Rexstad and Burn-
ham 1991), we conducted 1,000 replicate simu-
lations for 231 combinations of 11 first-pass ef-
ficiencies set from 10% to 60% by 5% increments
(i.e., 10, 15, . . . 60%) and 21 levels of reduction
in capture efficiency for sequential passes (e.g.,
pass 1–2) set from 0 change to 2 times lower for
each pass by 0.05 increments. For example, during
the 1,000 replicate simulations of 10% first-pass
capture efficiencies and a reduction in capture ef-
ficiency of 1.20 per pass (e.g., pass two 5 0.10/
1.20), simulated capture efficiencies were 8, 7, 5,
and 4% for passes 2–5, respectively. Note that sim-
ulated pass-specific capture efficiencies less than
2% were set at 2%, which was approximately the
lowest average efficiency we observed. For each
replicate simulation, the number of fish caught dur-
ing a pass was estimated as a binomial random
variate (with parameters N, p), where N is the sim-
ulated number of fish remaining in a site and p is
pass-specific capture efficiency. Fish abundance
was estimated by using the simulated sampling
data and the best-fitting removal estimator that had
been automatically selected by CAPTURE, based
on the chi-square goodness-of-fit test (White et al.
1982). Bias was calculated as the simulated re-
moval estimate of fish abundance minus 100 (the
known abundance). Thus, negative values indi-

cated underestimation of fish abundance and pos-
itive values indicated overestimation.

Evaluation of fish escape.—A potential source
of bias in our study was the effect of fish escaping
from the blocked-off sites. To examine this, we
estimated the escape rate of fishes by using as
dichotomous dependent variables the number of
marked fish captured between the double blocknets
and the total number of marked fish (i.e., the num-
ber of success and trials, respectively). We initially
fit logistic regression models (Agresti 1990) that
related escape rate to recovery time and site char-
acteristics. However, an examination of the dis-
persion parameters for the global logistic regres-
sion model indicated that the data were overdis-
persed (i.e., the variance exceeded the presumed
binomial). To account for the overdispersion, we
modeled fish escape rate with quasi-likelihood re-
gression, which is similar to logistic regression
with an additional element, the extra-binomial var-
iance (Agresti 1990).

We used the information-theoretic approach
(outlined above) to evaluate the relative fit of var-
ious candidate models in relating escape rate to
recovery time and physical habitat characteristics.
The global model contained recovery time (after
marking) and a combination of physical habitat
features that potentially influenced fish movement
and our ability to effectively block off sites (Table
1). The low numbers of escapees (10 bull trout
from 19 sites, 1 westslope cutthroat trout Oncor-
hynchus clarki lewisi) prevented us from examin-
ing the influence of fish body size and species on
fish escape; hence data were pooled over species
and size classes. We fit the global model and all
subsets via quasi-likelihood logistic regression. To
assess the fit of each candidate model, we then
calculated quasi-likelihood AICc (QAICc; Burn-
ham and Anderson 1998) and computed model-
averaged estimates of the predictor variables in the
best-fitting model, their standard errors, and 90%
confidence intervals, using Akaike weights. We
also calculated scaled odds ratios (Hosmer and Le-
meshow 1989) for each predictor variable to fa-
cilitate interpretation. The odds ratio scalars cor-
responded to what we believed to be relevant unit
changes in the predictors. Goodness-of-fit was as-
sessed for the global model by examining deviance
residuals and normal probability plots (Agresti
1990).

Measured capture efficiency modeling.—We ini-
tially fit three-pass electrofishing measured capture
efficiency models using logistic regression with
the number of individuals recaptured in three pass-
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es and the total number of marked individuals as
dichotomous dependent variables. As above, an
examination of the dispersion parameters from the
global models indicated that the data were over-
dispersed. To account for the overdispersion, we
modeled three-pass electrofishing capture efficien-
cy using beta-binomial regression (Prentice 1986)
fit with R statistical software (Ihaka and Gentleman
1996). Beta-binomial regression is similar to lo-
gistic regression and quasi-likelihood regression
in that it uses dichotomous dependent variables,
but differs in that variance is modeled as a beta
distribution (rather than a binomial) to account for
extra-binomial variance Additionally, a dispersion
parameter is estimated during beta-binomial re-
gression (Prentice 1986) that can be used to esti-
mate detection probabilities (Peterson et al. 2002)
and confidence intervals of sampling efficiency es-
timates. Marked individuals that escaped and were
captured outside of the sampling unit (i.e., between
the double blocknets, described above) were not
used for the capture efficiency modeling. As
above, we used the information-theoretic approach
and all-subsets selection to evaluate the fit of three-
pass capture efficiency models. The global models
were identical to those used in evaluation of re-
moval estimate bias (Table 1). However, we also
included recovery time after marking to examine
effect of previous capture and handling (for mark-
ing) on fish vulnerability to capture. Model-av-
eraged estimates, confidence intervals, and scaled
odds ratios were estimated as described above.
Beta-binomial dispersion parameters were esti-
mated by using the species-specific global models.
Goodness-of-fit and dependence among length-
groups also was assessed for each global efficiency
model as detailed above.

Predicted three-pass capture efficiency was cal-
culated as

21p̂ 5 [1 1 exp(2b 1 b x . . . )] ,0 i i (1)

where p̂ is the predicted capture efficiency as a
fraction, b0 is the constant, bi are the model co-
efficients, and xi are the corresponding variable
values. Abundance estimates can be derived by
dividing the number of fish collected during three-
passes by the estimated capture efficiency, p̂ (Bay-
ley and Austen 2002). Approximate 95% confi-
dence limits were calculated from the predicted
efficiency from equation (1), estimated fish abun-
dance (n̂), and the beta-binomial dispersion param-
eter (g) as follows:

p̂
p̂(upper) 5 1 1 exp 2 log e1 255 [ 1 2 p̂

21

p̂(1 2 p̂) ( n̂ 2 1)g
1 1.96 1 1 , (2)1 2 6[ ] 6! ]n̂ 1 1 g

where p̂(upper) is the upper 95% confidence limit.
The lower confidence limit was obtained by chang-
ing the sign preceding 1.96.

We assessed the relative bias and precision of
the best-fitting measured capture efficiency model
for each species by using leave-one-out cross val-
idation. Cross-validation estimates are nearly un-
biased estimators of model performance (Fuku-
naga and Kessel 1971) and provide a measure of
overall predictive ability without excessive vari-
ance (Efron 1983). Hence, they should provide an
estimate of the adequacy of the three-pass capture
efficiency models. During this procedure, one sam-
ple site was omitted from the data, the beta-bi-
nomial regression model was fit with the remaining
observations, and the capture efficiency and 95%
confidence intervals for the omitted site were pre-
dicted by using equations (1) and (2). This pro-
cedure then was repeated for each of the 42 sites.
Error was then estimated as the difference between
the predicted and measured (i.e., number recap-
tured/number marked) efficiency. For each spe-
cies, relative model bias was estimated as the mean
difference, and precision was the square root of
the mean of the squared differences across sam-
ples. The proportion of measured efficiencies fall-
ing within the predicted 95% confidence intervals
also is reported.

Results

On average, our sampling sites were in small
(3.4-m-wide), cold (,148C), low-conductivity
(57-mV) streams at high elevations (.1,770 m;
Table 1). The 43 electrofishing efficiency evalua-
tion sites covered a relatively wide range of habitat
characteristics.

A sufficient number of bull trout in all size clas-
ses, and westslope cutthroat trout in size classes
two and three, were marked and collected during
subsequent multiple removal electrofishing to ob-
tain reliable estimates of measured capture effi-
ciency. Rainbow trout O. mykiss and brook trout
also were collected at 8 sites, but 63% of catches
consisted of a single individual of each of these
two species. Hence, we confined our analyses to
bull trout and westslope cutthroat trout.
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FIGURE 1.—Mean measured electrofishing capture efficiency and standard errors (vertical lines) for three total
length (TL) size-classes of bull trout (top) and westslope cutthroat trout (bottom) by removal pass. Measured capture
efficiency was estimated by using a known number of marked and recaptured individuals weighted by the number
of marked individuals.

Measured capture efficiency estimates indicated
that westslope cutthroat trout capture efficiency for
size classes two and three was, on average, 8%
greater than bull trout capture efficiency, across
removal passes (Figure 1). For both species, cap-
ture efficiency was greatest for the largest size-
class and the first removal pass. Measured capture
efficiency for bull trout during the second removal
pass was on average 1.72 times less than during
the first pass (i.e., pass 1/pass 2) and measured
efficiencies during passes 2–5 were 1.79, 1.59, and
1.15 times less, respectively, than during the pre-

vious pass, across size classes (Figure 1). For west-
slope cutthroat trout, measured capture efficiencies
during passes 2–5 were respectively 1.69, 1.82,
1.92, and 1.96 times less than during the previous
pass, across size classes (Figure 1).

Evaluation of Removal Estimates

Chi-square goodness-of-fit tests indicated lack-
of-fit (P , 0.05) in 12% and 22% of bull trout and
cutthroat trout removal estimates, respectively,
that did not appear to be related to the number of
removal passes (Table 2). Three-pass removal ef-
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TABLE 2.—Total number of removal estimates (N),
number failing goodness-of-fit tests (in parenthesis), and
mean and standard error (in parenthesis) of estimated dif-
ference between removal and measured capture efficiency
(calculated as removal minus measured efficiency) of
three-pass electrofishing for bull trout and westslope cut-
throat trout by maximum number of removal passes and
total length size-class.

Size
class
(mm)

Bull trout

N Mean

Westslope cutthroat
trout

N Mean

3 removal passes

70–99
100–199
200–350
Average

10 (3)
14 (1)
11 (0)

0.74 (0.09)
0.58 (0.04)
0.39 (0.07)

0.57

6 (1)
8 (3)

0.18 (0.12)
0.40 (0.13)

0.29

4 removal passes

70–99
100–199
200–350
Average

13 (3)
17 (1)
12 (2)

0.51 (0.10)
0.40 (0.04)
0.36 (0.09)

0.43

4 (1)
3 (1)

0.42 (0.30)
0.33 (0.10)

0.38

5 removal passes

70–99
100–199
200–350
Average

8 (2)
12 (0)
11 (1)

0.64 (0.09)
0.34 (0.06)
0.23 (0.06)

0.40

3 (0)
3 (0)

0.25 (0.38)
0.25 (0.17)

0.25

TABLE 3.—Model-averaged parameter estimates for
best-fitting linear regression model of bull trout and west-
slope cutthroat trout removal model bias. Size-class 2,
with total lengths (TL) of 100–199 mm, was used as the
baseline in the regression; CL 5 confidence limit.

Parameter Estimate
Upper

90% CL
Lower

90% CL

Bull trout

Intercept
Mean cross-sectional area
Undercut banks
Maximum number of passes
70–99 mm TL
200–350 mm TL

0.580
0.371
0.002

20.071
0.193

20.100

0.961
0.624
0.004

20.009
0.311

20.011

0.200
0.118
0.001

20.133
0.075

20.189

Westslope cutthroat trout

Intercept
Cobble substrate
200–350 mm

0.320
0.014

20.051

1.008
0.027
0.120

20.369
0.001

20.222

ficiency was consistently higher than measured ef-
ficiency across species and size classes (Table 2).
On average, removal efficiency estimates were
86% and 83% for bull trout and westslope cut-
throat trout across size classes, respectively, and
were 46% and 30%, respectively, greater than mea-
sured efficiency. Because removal efficiency was
estimated from removal abundance estimates (i.e.,
three-pass total catch divided by removal abun-
dance estimate), this suggests that the removal es-
timates underestimated abundance, on average, by
116% and 60% for bull trout and westslope cut-
throat trout, respectively, across size classes.

Examination of the residuals from the global
model of electrofishing removal bias for bull trout
indicated that the model adequately fit the data and
had no obvious outliers. The best-fitting model of
electrofishing removal bias contained mean cross-
sectional area, undercut banks, maximum number
of removal passes, and size classes one and three
(Table 3). Removal bias was positively related to
size-class one and negatively to size-class three.
That is, relative to size-class two, removal esti-
mates of capture efficiency were overestimated for
the smaller size-class and underestimated for the
larger size-class. Mean cross-sectional area and
undercut banks also had relatively strong positive
relationships with removal bias (e.g., larger area

5 greater bias). In contrast, the maximum number
of removal passes was negatively related to re-
moval bias, which indicated that the bias was
smaller when a greater number of removal passes
were used.

Examination of the residuals from the global
model of electrofishing removal bias for westslope
cutthroat trout indicated that it too adequately fit
the data. The best-fitting model of removal bias
contained percent cobble substrate and size-class
three (Table 3). Percent cobble substrate had a pos-
itive relationship with removal bias (e.g., more
cobble 5 greater bias), and size-class three was
negatively related to removal bias. However, the
coefficient for size-class three was imprecise and
the confidence interval contained zero, thus lim-
iting our inference.

Electrofishing removal simulations indicated
that the generalized removal estimator (model
Mbh) was the best-fitting estimator when the re-
duction in capture efficiency per pass (i.e., het-
erogeneity) was greater than zero. Nonetheless, the
reduction in capture efficiency per pass tended to
have a greater influence on removal bias than did
first-pass efficiency (Figure 2). At relatively high
first-pass efficiencies (.35%) and low reduction
in efficiency per pass (,1.10), the removal esti-
mates were nearly unbiased. However, removal es-
timates were highly biased at the average measured
sampling efficiency values observed for bull trout
and westslope cutthroat trout during this study
(Figure 2). Additionally, the magnitude and direc-
tion of bias (e.g., underestimate of abundance and
overestimate of efficiency) were consistent with
our comparisons of measured efficiency and re-
moval three-pass electrofishing efficiency.
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FIGURE 2.—Contour lines showing magnitude and direction of bias (estimated abundance minus known abun-
dance) in the generalized removal estimator based on 1,000 simulations of different combinations of first-pass
capture efficiencies and reductions in capture efficiency among four subsequent passes for a population of 100
fish. A reduction in capture efficiency of 1.0 represents no change in capture efficiency from removal pass to pass.
The labeled points are the average measured values for bull trout and westslope cutthroat trout sampled during
this study.

Evaluation of Fish Escape

Residuals from the global model of fish escape
from the blocked-off sites indicated that the model
adequately fit the data. The best-fitting model con-
tained recovery time after marking, which was
strongly, positively related to fish escape from the
blocked-off area. The standardized odds ratio in-
dicated that the escape rate was 269% greater with
every 24-h increase in recovery time. Nonetheless,
estimated escape rates at 24, 48, and 72 h were
0.7, 1.8, and 4.9%, respectively, or less than 1
marked fish in the 24-h (0.03 individuals) and 48-
h (0.62) recovery times and approximately 1 fish
in the 72-h period.

Measured Capture Efficiency Modeling

Deviance residuals from the global model of
three-pass measured capture efficiency for bull
trout indicated that the model adequately fit the
data. The best-fitting model of measured capture
efficiency for bull trout contained cross-sectional
area, undercut banks, and both size-classes (Table
4). Scaled odds ratios suggested that bull trout
measured capture efficiency was most strongly and
negatively related to size-class one and was, on

average, 27% that of size-class two fishes (the
baseline). Mean cross-sectional area and undercut
banks also had strong negative relationships with
measured capture efficiency (Figure 3). Measured
capture efficiency, on average, decreased by 30%
with each 0.20 m2 increase in mean cross-sectional
area and by 26% with each 20% increase in un-
dercut banks (Table 4).

Analysis of the deviance residuals from the
global model of westslope cutthroat trout three-
pass measured capture efficiency indicated that
model fit was adequate. The best-fitting model for
westslope cutthroat three-pass measured electro-
fishing efficiency contained percent cobble and
size-class three (Table 4). Measured capture effi-
ciency for westslope cutthroat was related nega-
tively to percent cobble substrate and positively
to fish body size (Figure 4). Measured capture ef-
ficiency of size-class three was, on average, 84%
greater than size-class two (Table 4). Efficiency
also decreased by 37% for each 10% increase in
cobble substrate.

Cross-validation of the three-pass measured
capture efficiency models indicated that they were
relatively unbiased; mean differences between pre-
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TABLE 4.—Model-averaged parameter estimates for best-fitting beta-binomial regression model of bull trout and
westslope cutthroat trout 3-pass electrofishing measured capture efficiency. Size class 2, with total lengths (TL) of 100–
199 mm, was used as the baseline in the regression; CL 5 confidence limit.

Parameter Estimate
Upper

90% CL
Lower

90% CL
Odds ratio
unit change Odds ratio

Bull trout

Intercept
Mean cross-sectional area
Undercut banks
70–99 mm TL

200–350 mm
Dispersion1

0.985
21.798
20.015
21.325

0.187
0.092

1.477
21.102
20.009
20.849

0.354

0.493
22.494
20.021
21.802

0.020

0.20
20
1
1

0.698
0.743
0.266
1.206

Westslope cutthroat trout

Intercept
Cobble substrate
200–350 mm
Dispersiona

0.219
20.032

0.608
0.127

3.261
20.002

1.211

22.822
20.063

0.005
10
1

0.725
1.837

a Estimated using the global model (all predictors).

FIGURE 3.—Predicted three-pass electrofishing cap-
ture efficiencies for three TL size-classes of bull trout
versus stream cross-sectional area (top) and percent un-
dercut banks (bottom). Predictions based on best-fitting
beta binomial model and assuming percent undercut
banks of 28% (top) and cross-sectional area of 0.47 m2

(bottom).

FIGURE 4.—Predicted three-pass electrofishing cap-
ture efficiencies for two TL size-classes of westslope
cutthroat trout versus percent cobble substrate. Predic-
tions are based on best-fitting beta binomial model (Ta-
ble 4).

dicted and measured efficiency for bull trout and
westslope cutthroat trout were20.4% and 0.6%,
respectively (Table 5). Cross-validated root mean
square errors also indicated predicted efficiency
was relatively precise for bull trout (19.8%) but
poor for westslope cutthroat trout (36.9%). How-

ever, a greater than expected proportion of mea-
sured efficiencies fell outside the predicted 95%
confidence intervals (Table 5), mainly because of
the relatively large number of observations with
no recaptures.

Discussion

Three-pass electrofishing-measured estimates of
capture efficiency in this study (range, 20–57%)
were considerably lower than previously reported
(range, 45–100%) for other stream-dwelling sal-
monids (Riley and Fausch 1992; Thompson and
Rahel 1996; Thurow and Schill 1996; Heimbuch
et al. 1997; Kruse et al. 1998 and references there-
in) but similar to those reported for warmwater
stream fishes (range, 7–69%; Bayley and Dowling
1990). This apparent discrepancy is probably in-
fluenced by the different methods used to estimate
capture efficiencies. We used known numbers of
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TABLE 5.—Cross-validation results for best-fitting beta-binomial regression model of bull trout and westslope cutthroat
trout three-pass electrofishing measured capture efficiency.

Observation
Number of

observations
Mean
error

Root mean
squared error

Predictions within
95% confidence

intervals

Bull trout

All observations
Excluding observations with no recaptures

120
92

20.004
20.036

0.198
0.195

72.5
94.6

Westslope cutthroat trout

All observations
Excluding observations with no recaptures

28
19

0.006
20.187

0.369
0.331

64.3
94.7

marked individuals as our benchmark for estimat-
ing measured capture efficiency. Similarly, Bayley
and Dowling (1990) used the estimated number of
individuals based on secondary collections with a
high-efficiency method (rotenone), adjusted for
differences in the capture efficiency of rotenone.
In contrast, capture efficiency for the other pre-
viously cited studies was simply based on the num-
ber of individuals captured divided by the removal
estimates as baseline (i.e., removal efficiency es-
timates). Low capture probabilities and violation
of model assumptions, such as heterogeneity in
catchability discussed below, may yield mislead-
ingly high estimates of capture probability (White
et al. 1982). Thus, our estimates of measured cap-
ture efficiency are probably more accurate repre-
sentations of salmonid capture efficiencies en-
countered in relatively small coldwater streams.

The reduction in measured capture efficiency
among subsequent electrofishing passes observed
in this study (average, 1.71 times lower per pass)
was similar to, but greater than, the average 1.30
times lower per pass we estimated from the data
in Mahon (1980 Appendix A). These differences
may have been due, in part, to Mahon’s assumption
of 100% capture efficiency for rotenone, which
actually averages less than 70% and also is influ-
enced by fish species, body size, and character-
istics of stream habitat (Bayley and Dowling
1990). The relatively consistent reduction in mea-
sured capture efficiency per pass among species
and size-classes also suggests that fish may have
been responding to the sampling procedure. For
example, fishes may attempt to avoid capture by
concealment in areas that are difficult to sample,
such as undercut banks and larger substrate, or by
attempting to avoid the anode. This is consistent
with our observations of the effect of undercut
banks, cobble substrate, and stream size on mea-
sured capture efficiency. If such behavioral re-
sponses to electrofishing occur, they also bring into

question the validity of removal estimates from
unblocked stream sections (Hankin and Reeves
1988), where fish are unrestricted in their ability
to flee during the sampling process.

Fishery biologists often rely on goodness-of-fit
tests to determine the adequacy of removal esti-
mators for estimating fish abundance (White et al.
1982). Our study suggests, however, that these
goodness-of-fit tests are insufficient for determin-
ing the adequacy of removal estimators for esti-
mating stream-fish abundance. We found that both
the constant probability and generalized removal
estimators significantly underestimated the abun-
dance of bull trout and westslope cutthroat trout.
Yet, significant lack-of-fit (P , 0.05) was detected
in only 12% and 22% of bull trout and cutthroat
trout removal estimates, respectively. The statis-
tical power of goodness-of-fit tests is influenced
by the abundance of fishes in a site and the true
capture efficiency (Riley and Fausch 1992), the
same factors that potentially bias removal esti-
mates. Further, goodness-of-fit tests only measure
how well the removal model (estimator) fits the
data, not how well the model represents the true
underlying sampling process (White et al. 1982).
The only means of evaluating the adequacy of an
estimation technique is to compare estimates with
known or unbiased estimate of fish abundance.
Therefore, we recommend that biologists use
known or unbiased estimates of fish abundance
when evaluating the adequacy of techniques for
estimating populations. We also suggest that bi-
ologists avoid using capture efficiency estimates
and models that rely on removal estimates of cap-
ture efficiency and abundance (e.g., Thurow and
Schill 1996; Kruse et al. 1998; Mullner et al. 1998;
Mitro and Zale 2000; Roni and Fayram 2000) be-
cause these are likely to be biased to various (un-
known) degrees.

Our results and those of previously cited studies
indicate that removal estimators tend to overesti-
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mate capture efficiencies and underestimate fish
population sizes. Biologists may be tempted to
continue to use biased removal estimates with the
belief that the biases (e.g., underestimation of pop-
ulation sizes) will result in more ‘‘conservative’’
policies for resource management. We are con-
cerned about this belief for three reasons. First,
overestimates of capture efficiency are likely to
lead to insufficient sampling effort, thus increasing
the chances of falsely concluding that a species is
absent. For instance, removal and measured three-
pass electrofishing efficiency for bull trout size-
class one averaged 93% and 19.5%, respectively.
Assuming a mean abundance of 0.5 per sample
unit and a random (Poisson) distribution, the cor-
responding sample sizes for 95% detection prob-
abilities would be 7 and 31 samples, respectively.
Clearly, reliance on estimates of removal sampling
efficiency would probably lead to insufficient sam-
pling and poor resource management decisions.
Second, removal estimates are biased by factors
that affect fish distribution and abundance, thereby
confounding studies of fish habitat requirements
and potentially causing studies to misidentify crit-
ical habitats. For example, bias in the estimate of
bull trout removal efficiency was positively related
to undercut banks, indicating that removal esti-
mates of abundance are underestimated (biased) in
streams with more undercut banks. Models of bull
trout abundance fit using this biased abundance
data could falsely lead to the conclusion that un-
dercut banks are unimportant to bull trout or, al-
ternatively, that undercut banks are negatively in-
fluencing bull trout. Such conclusions could lead
to poor management decisions regarding the en-
hancement or protection of stream habitats. Third,
removal estimates are biased by factors such as
species and body size, confounding multispecies
and population demographic studies.

Interestingly, the factors affecting removal es-
timate bias and electrofishing-measured capture
efficiency were very similar. This suggests that any
factor that affects capture efficiency is likely to
bias removal estimates of fish abundance. The re-
sults of our simulation provided some insight into
the probable mechanisms: Bias of removal-based
estimation increased with decreasing first-pass
capture efficiency. Thus, any factor affecting the
first-pass capture efficiency would probably influ-
ence the accuracy of the removal estimate (within
the ranges simulated). Increasing the number of
removal passes may decrease the bias, but more
passes will be more costly and the bias may still
be considerable. For example, simulated 10-pass

removal sampling of a population of 100 fish with
efficiencies of 35%, 25%, and 15% for passes 1–
3, respectively, and 5% each for passes 4–10, still
underestimates population size by 25% on aver-
age. Indeed, no removal estimator can accurately
estimate fish abundance when capture efficiency
decreases consistently among passes, unless the
number of passes is increased until all fishes are
collected (White et al. 1982). Given our obser-
vations of decreasing efficiency with successive
passes, we believe that the option of collecting all
fish may be cost-prohibitive.

As a more cost-effective alternative, we suggest
that biologists develop sampling efficiency models
by using known or unbiased estimates of fish abun-
dance under the range of conditions typically en-
countered. As described above, there are perhaps
three basic approaches for biologists to apply to
obtain unbiased sampling efficiency estimates for
their streams: (1) by stocking a known number of
fish into a site; (2) by using a dual gear procedure;
and (3), as we have done in this study, by col-
lecting fish within a site, marking them, and re-
turning them. The optimal approach will depend
on a variety of factors including the target species,
access, and the physical-chemical characteristics
of the streams. However, our results should pro-
vide some useful guidelines when developing
study plans.

We found no detectable effects of marking and
handling on measured capture efficiency after a
24-h recovery and dispersal period, which is con-
sistent with previous studies of fish behavior and
physiology (Mesa and Schreck 1992). We also
found that the number of fish that escaped from a
blocked-off stream reach increased with recovery
time, leading us to estimate that 4.9% of fish, on
average, escape by 72 h. To maximize recovery
time and minimize the potential for escape, we
recommend that researchers use a recovery time
between 24 and 48 h. We also caution researchers
against using shorter recovery times because we
believe that efficiency estimates could be biased
as a result of behavioral and physiological changes
associated with electrofishing and handling
(Schreck et al. 1976; Mesa and Schreck 1992).
Finally, we encourage biologists to evaluate their
methods for sampling and population estimation
and, if necessary, revise them to improve data
quality.
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