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Abstract
A paradox in managing threatened and endangered species is the increased need for documenting population status, which 
in many instances requires capturing and handling individuals. Electrofishing is a widely used method for sampling fish in 
small streams, but the potential for detrimental effects call for its careful use. Methods that reduce exposure for individual 
fish, yet still provide useful abundance estimates, are therefore desirable. Using data from a juvenile steelhead (Oncorhynchus 
mykiss) monitoring program in Idaho, we quantified variation and bias in capture probability from three-pass depletion 
electrofishing, and evaluated a method for indexing abundance based on single-pass electrofishing. Capture probability 
varied primarily at the level of sampling visits, with little spatial variation (i.e. at the level of the study sites). Water 
temperature, channel depth and, to a lesser degree, discharge best described the variation in capture probability between 
sampling events. We found no effect of previous capture and handling on individual capture probability, and the capture 
probability did not differ between subyearling and overyearling fish. Finally, a simple mixed-effects model with study 
site as a random effect, which related first-pass catch to the associated multiple-pass removal estimate, explained 91% of 
the variation in our data. The main limitation of the approach is that it does not provide error propagation and confidence 
intervals to the abundance estimates. However, the approach can be useful where multiple depletion electrofishing data 
exist, and when a single point estimate is sufficient to monitor major population trends in small streams. 

Keywords: endangered species, fish, management, monitoring, survey

Introduction

Electrofishing is one of the most common and 
effective capture methods for fish in wadeable 
streams and small lakes (Bohlin et al. 1989, Reyn-
olds and Kolz 2012). Besides its effectiveness, the 
major appeal of the technique is that the gear is 
mobile, which allows us to relate individual fish 
to the specific habitats in which they are found 
in real-time, rather than relying on the passage 
through fixed structures for detection. This is 
particularly important when monitoring stream 
salmonids, whose patchy distribution, territoriality, 
and habitat-specific requirements necessitate the 

practice of spatially extensive surveys (Myrvold 
and Kennedy 2015). Electrofishing can be used 
to obtain data in a number of different ways. The 
goal is often to estimate abundance, and each 
method carries a set of assumptions (Reynolds 
and Kolz 2012). Common methods include catch 
per unit effort, mark-recapture, and multiple pass 
removal methods, of which the latter two are most 
common in small, wadeable streams (Bohlin et 
al. 1989, Ney 1999, Reynolds and Kolz 2012). 

Both mark-recapture and removal methods 
rely on an estimate of capture probability between 
electrofishing passes to subsequently estimate 
abundance in the fished area. The goal is to provide 
an unbiased estimate of abundance, which means 
that the estimate of capture probability needs to be 
unbiased (Zippin 1956, Carle and Strub 1978, Ney 
1999). Removal methods allow for fishing in rapid 
succession, but often lead to slightly downward-
biased abundance estimates (Riley and Fausch 
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1992, Peterson et al. 2004) because capture prob-
ability decreases for each pass likely due to evasion 
behavior or size selectivity of electrofishing gear 
(Junge and Libosvarsky 1965, Meyer and High 
2011). Mark-recapture methods can provide less 
biased estimates of capture probability under the 
assumption that fish behavior is unaltered among 
passes (van den Avyle and Hayward 1999). This 
assumption is typically addressed by requiring 
that recapture events be made on different days.

A paradox in managing threatened and en-
dangered species is the increased need for status 
documentation, which in many instances requires 
capturing and handling fish (Nielsen 1998). Catch-
ing and handling organisms are to some extent 
inevitably stressful and potentially harmful. Great 
effort has been taken to reduce negative impacts 
of electrofishing (Sharber et al. 1994, Schill and 
Beland 1995, McMichael et al. 1998, Reynolds 
and Kolz 2012), but detrimental effects can include 
direct and acute mortality, injuries to skeletal 
parts and hemorrhages, altered behavior, and 
disruption of feeding (Snyder 2003). However, 
when electrofishing is the most feasible method 
for effective capture and accurate enumeration of 
a population, actions can be taken to reduce harm 
(Sharber et al. 1994). Snyder (2003) reported that 
exposure time and field intensity are the primary 
factors affecting physiological stress and mortal-
ity, and these two properties should be adjusted 
to reduce the overall likelihood of harm. Reduc-
ing field intensity would come at the expense of 
capture efficiency (Reynolds and Kolz 2012), 
which leaves exposure time as the best agent for 
reducing potential harm. Exposure time is primarily 
determined by the number of passes in a typical 
multiple pass removal electrofishing approach. 
Under similar conditions (e.g. within a stream 
system) and when data exist, it can therefore be 
useful to analyze the relationships between the 
number of fish caught on the first pass and the 
corresponding depletion estimate. 

Several studies have assessed the effectiveness 
of single-pass electrofishing in detecting trends in 
fish populations (Lobón-Cervia and Utrilla 1993, 
Crozier and Kennedy 1994, Kruse et al. 1998, Mitro 
and Zale 2000, Wyatt 2002, Arnason et al. 2005, 

Bateman et al. 2005, Odenkirk and Smith 2005) and 
species assemblages (Meador et al. 2003, Bertrand 
et al. 2006, Reid et al. 2009, Henze et al. 2010, 
Price and Peterson 2010). Linking first-pass catch 
to the associated abundance estimate of a single 
species requires basin-specific parameterization 
because capture efficiency strongly depends on 
the species and the habitat (Kruse et al. 1998). 
We were interested in assessing whether single-
pass electrofishing could be used to index local 
abundance in a population of threatened steelhead 
(Oncorhynchus mykiss) in Idaho. The population 
has been monitored during the juvenile stage using 
electrofishing in established study sites following a 
spatially extensive and temporally intensive design 
for several years (Myrvold and Kennedy 2015). 
Our objectives were to 1) quantify the levels of 
variation in capture probability from three-pass 
depletion electrofishing; 2) identify the potential 
causes for the variation in capture probability 
(size-selectivity in the fishing methods, individual 
avoidance behavior due to previous handling, and 
effects of abundance and physical habitat factors); 
and 3) develop a regression relationship between 
first pass catch and the associated abundance 
estimate at the monitoring site level.

Methods

Study Area and Population

The study was conducted in the 694 km2 Lapwai 
Creek watershed in North-Central Idaho (Figure 
1). Lapwai Creek is a fourth order stream made 
up by four major tributaries, which drain the north 
slopes of Craig Mountain (1530 m). The predomi-
nant geology in the watershed is Columbia River 
basalt, and the watershed is characterized by steep 
canyon topography. Mean annual precipitation 
is 490 mm, with larger amounts falling at higher 
elevations, and primarily in the winter and spring 
as snow and rain. The streams have clear and well 
oxygenated water, pebble to cobble-sized substrate, 
and limited aquatic macrovegetation. Vegetation 
in the lower elevation portions of the watershed 
is dominated by grasslands, whereas coniferous 
forest dominates the higher elevation plateau. 

The Lapwai Creek population is part of the 
Snake River steelhead distinct population seg-
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ment, which has declined in numbers relative 
to historical levels due to hydropower develop-
ment, overharvest, ocean conditions, and habitat 
degradation (NMFS 2010). Two of the streams 
in the Lapwai watershed have altered streamflow 
due to water diversions for irrigation purposes. 
Following the listing of Snake River steelhead 
in 1997, the main mitigation effort is a minimum 
flow requirement for the juvenile life stage (NMFS 
2010). The data we use in this paper come from 
the consequent monitoring of 16 study sites in 
the watershed; three study reaches on each of the 
tributaries, one below the confluence of each pair, 
and two study reaches on the mainstem (Myr-
vold and Kennedy 2015). The study sites were 
selected in a stratified random manner with the 
intention to capture a gradient of physiographic 
(topography, geology, and land cover) and land 
use conditions within and across the four streams, 
and were approximately 100 m in length (Myrvold 
and Kennedy 2015). Within each study site we 
estimated the abundance of juvenile steelhead 
five times per season (see Fish Data). We scaled 
the number of sites back to nine in 2012 in a way 
that minimized the reduction in physiographic 
variation. No hatchery supplementation exists 
for steelhead in the watershed. 

Fish Data

Field data were collected once every 30 days 
for five months from early summer to late fall 
in each of 2010 and 2011, and once every 28 
days for five months in 2012, resulting in 198 
electrofishing days. We set block nets to ensure 
a closed population (Carle and Strub 1978) and 
conducted three-pass depletion electrofishing 
(Reynolds and Kolz 2012) using a Smith-Root 
LR-24 backpack electrofisher (Smith-Root Inc., 
Vancouver, WA). The sampling occurred during 
early morning hours when the water temperatures 
did not exceed 18 °C. The voltage, frequency, and 
duty cycle were set within 20% of their mean values 
of 350 V, 30 Hz, and 15%, respectively (Sharber 
et al. 1994). All fish > 40 mm were catchable by 
our methods and were consequently included in 
the abundance estimates. Fish were identified 
as subyearling (hatched in the same season) or 
yearling (hatched in a previous year) based on 
the size frequency histogram associated with each 
sampling event. Descriptive data for the range 
of average weights are given in Table S1 (avail-
able online). Abundances were calculated using 
Carle and Strub’s (1978) widely used maximum 
weighted likelihood estimator of multiple-pass 
removal data. The backpack electrofisher was 
always operated by the same individual and the 
crew size was identical for each sampling event 
(i.e. three passes). Three personnel conducted the 
electrofishing in this study. All fish sampling and 
handling procedures were permitted as part of the 
Section 7 consultation for the Lewiston Orchards 
Biological Opinion (NMFS 2010), and reviewed 
by the Idaho Department of Fish and Game and 
the University of Idaho Institutional Animal Care 
and Use Committee. 

Habitat Data

We collected data on the physical habitat at inter-
vals that reflected their rates of change across the 
sampling seasons. Habitat factors that fluctuate 
over short time periods (e.g. discharge) were 
collected during each sampling visit, whereas 
habitat factors that change as a function of channel 
reconfiguration following floods (e.g. substrate 
size) were collected once per sampling season. 

Figure 1. Study sites in the Lapwai Creek watershed, and its 
location in Idaho (inset).
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These data were used to derive variables used as 
covariates in the modeling of capture probability 
variation.

Discharge (m3s-1) was measured at each visit 
based on 15 to 25 readings across the stream chan-
nel (Fisher et al. 2012) using a Flo-Mate Velocity 
Meter (Marsh McBirney Inc., Loveland, CO). 
Water temperature (°C) was measured continuously 
at each site with HOBO TidbiT v2 temperature 
loggers (Onset Computer Corporation, Pocasset, 
MA), from which we used the average temperature 
on the day of sampling in the analyses. Finally, 
we calculated the average width of the study 
reach (based on 10 transects). Data on captures, 
abundance estimates, environmental covariates, 
and the level at which they were measured are 
given in Table 1.

Instream habitat conditions were measured once 
per year based on averages from approximately 
100 equidistant point measurements in each study 
reach (Myrvold and Kennedy 2015). We calculated 
the average depth (cm), flow velocity (ms-1), and 
substrate size (longest axis; mm); the number of 
large woody debris pieces per stream meter (> 
100 mm diameter and > 1.00 m length); and the 
proportion of the reach which had overhanging 
live vegetation less than 2.00 m above the surface 
and/or undercut banks. 

Objective 1: Levels of Variation in Capture 
Probability

The study design was clustered, i.e. with sampling 
visits to discrete study sites. Hence, there were two 
levels in the data. Capture probability could vary 
with both levels, and we therefore partitioned the 
variance in capture probability between sampling 
visits and study sites, respectively. The variance 
components model (also known as the uncondi-
tional model) for these two levels can be written as

where γ00 is the grand mean intercept (i.e. the 
weighted average capture probability of the en-
tire data set); v0j is the random site effect, i.e. the 
deviation of site j’s mean from the grand mean; 
and rij is the random visit effect, i.e. the deviation 
of the capture probability at visit i from the mean 
in site j (Raudenbush and Bryk 2002). Study sites 
were randomly chosen from a large population of 
potential sites at the beginning of the monitoring 
in 2010. Hence, we can assume that the sites were 
sampled at random, i.e. v0j  ̴ (0, τu) and rij  ̴ (0, σ2). 
The mean of the random effects is zero, which 
causes the unconditional model to effectively 
consist of its variance terms. We calculated the 
proportion of the total variance in capture ef-

Variable Level Mean SD Q25% Q75%
First pass capture visit 32 28 12 42
Abundance estimate visit 54 45 20 73
Capture probability visit 0.63 0.13 0.55 0.72
Density (100 m-2) visit 13.3 11.2 4.9 19.0
Discharge (m3s-1) visit 0.134 0.119 0.043 0.184
Stream width (m) visit 4.2 1.3 3.3 4.8
Temperature (°C) visit 14.1 4.0 11.6 17.1
Large woody debris (m-1) site 0.11 0.15 0.02 0.13
Depth (cm) site 16 6 11 20
Substrate size (mm) site 142 40 117 165
Flow velocity (ms-1) site 0.27 0.10 0.17 0.34
Overhanging vegetation (%) site 36 14 28 45
Undercut banks (%) site 6 8 0 10

TABLE 1. Summary data (mean, standard deviation, and quartiles) on first-pass captures, associated removal-based abundance 
estimates, and environmental covariates used in the analyses of capture probability.
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ficiency attributable to each level based on these 
variances (Table 2).

Objective 2: Potential Causes for the 
Variation in Capture Probability

To explain the variation in capture probability 
between sampling visits and study sites we a) 
evaluated the representation of steelhead age 
classes between electrofishing passes; b) tested 
the effect of handling individuals during previous 
sampling visits; and c) build models represent-
ing the physical and biological conditions which 
could potentially influence probability of capture. 
Effect of Age Class—Probability of capture 
can vary between ontogenetic stages and sizes 
in salmonids (Peterson et al. 2004, Meyer and 
High 2011). To evaluate whether modeling age 
classes separately was necessary, we compared 
the proportions of subyearling steelhead caught 
on the first pass to the proportion caught on the 
other two passes combined.

Effect of Previous Handling—As part of the 
monitoring of Lapwai Creek steelhead, individuals 
were tagged with 134.2 kHz Passive Integrated 
Transponders (PIT tags, Biomark Inc., Boise, 
ID). To test for potential behavioral changes 
due to previous handling we calculated separate 
capture probabilities based on previously tagged 
and untagged fish, respectively. In order to obtain 
reliable averages we truncated the dataset to in-
clude those visits with more than 15 untagged and 
15 previously tagged individuals (n = 27 visits). 
We calculated the capture probabilities for each 
group (Carle and Strub 1978) and compared the 
means using a two-sample t-test. 

Candidate Models and Statistical Analyses— 
Several factors and combinations of factors were 
hypothesized to potentially influence capture prob-
ability, either by directly affecting the electrofish-
ing crew’s ability to capture steelhead (e.g. water 
depth), or indirectly by affecting the behavior and 
activity of steelhead (e.g. water temperature and 
fish density). Further, because these factors can 
vary both within a study site over time and among 
study sites, we explicitly tested which levels were 
more influential on capture probability (the levels 
at which the variables were measured are given 
in Table 1). For a full description of the model-
ing approach and derivation of the models, see 
Supplementary Document S2 (available online). 

We fit linear mixed models using the habitat 
data (see section above) as predictors of capture 
probability variation. Models with predictors on a 
single level (visit or site) were specified as random 
intercept models, whereas models with predic-
tors on both levels (visit and site) were specified 
as hierarchical linear models. First, a random 
intercept model for capture probability at visit 
i in site j with visit-level covariates (discharge, 
temperature, stream width, steelhead abundance) 
can be written as

where u and r are random effects. rij is assumed 
N(0, σ2) for visit i in site j, and is the residual of 
visit i from the mean probability in site j after 
controlling for X. Secondly, when the predictors 
included only site-level covariates Z (flow velocity, 
depth, substrate size, woody debris, overhanging 
vegetation, and undercut banks), we modeled 
capture probability as a means-as-outcomes regres-
sion (Raudenbush and Bryk 2002). We can write

Level Variance *Estimate (SE) ρ (%) P
Mean γ00 0.63 (0.012) < 0.0001
Visit (residual) σ2 0.017 (0.0017) 94 < 0.0001
Site τu 0.00093 (0.00083) 6 0.14

TABLE 2. Variance decomposition of capture probability between study sites and visits.

*The estimates were obtained from the unconditional model of capture probability, which calculates the grand mean intercept 
(γ00) and the value of the variance terms for each hierarchical level (standard errors in parentheses) and the P-value of the test (H0: 
estimate = zero). ρ is the intraclass correlation coefficient, i.e. the proportion of the total variance which is attributable to each level.
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where u0j now is the residual. Finally, when includ-
ing both visit- and site-level covariates we modeled 
the relationship as a hierarchical linear model. 

The models are easily expanded with more 
covariates following the above structures, and the 
candidate models considered in this analysis are 
specified in Table 3. We used Akaike’s Information 
Criterion (AIC) to assess the relative plausibility 
of the candidate models (Akaike 1973, Burnham 
and Anderson 2002), and report on models that 
received substantial relative support (i.e. within 
2 AIC points of the model with the lowest score). 
The variance inflation factor was < 1.002 in the 
best approximating model, indicating no problem 
with multicollinearity. 

Objective 3: Estimating Abundance Based 
on Single Pass Electrofishing

In order to assess whether abundance could be in-
dexed based on single-pass electrofishing we built 
1. a random intercept model relating the first pass 

catch to its associated Carle and Strub (1978) 
maximum weighted likelihood abundance 
estimate; 

2. a hierarchical linear model with the predictors 
from the best approximating model of capture 
probability variation (the above section); and 

3. models using a subset of these predictors. 
First, the random intercept model with site as 

a random effect had the same structure as Eq. 3, 
where X is the first-pass capture at visit i in site 
j. Secondly, the best approximating model from 
the capture probability analysis was a hierarchical 
linear model (Table 3). We combined first pass 
catch with temperature as visit-level predictors 
as follows:

Adding the site-level predictor depth to the 
model, we obtain

which in combined notation becomes

Finally, we considered subsets of the above 
model, which took the structural forms of equations 
3, 4, and 5 (Table 4). The models relating first pass 
catch to the associated abundance estimate were 
then compared using AIC and their assumptions 
assessed as described above. To assess absolute 
fit we calculated (in lack of a general method for 
the equivalent in hierarchical models) the pseudo-
R2 of the models using SAS Proc REG, i.e. not 
accounting for the covariance structure.

Results

Objective 1: Levels of Variation in Capture 
Probability

Capture probability varied primarily at the level 
of the sampling visit, i.e. there was no consistent 
variation attributable to differences between study 
sites (Table 2). We could therefore expect that 
covariates that vary on the level of sampling 
visits would have a greater influence on capture 
probability variation in the conditional models. 

Objective 2: Potential Causes for Variation 
in Capture Probability

There was no significant difference in the capture 
probability of subyearlings and yearlings (Z = 
–1.52, P = 0.13) at the α = 0.05-level. Overall, 
the proportion of subyearlings caught on the first 
pass was 61.5% (SD = 32.8) whereas the propor-
tion on the second and third passes was 63.0% 
(SD = 35.3). 

There was no effect of previous handling on 
the capture probability of juvenile steelhead (t = 
0.93; df = 51; P = 0.36). The capture probabilities 
of untagged (0.665) and previously PIT-tagged 
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Model Level Equation Model Covariates K AIC
1 visit 2 first pass catch 4 –232.9
2 visit 2 discharge 4 –236.9
3 visit 2 temperature 4 –242.5
4 visit 2 stream width 4 –233.8
5 visit 2 first pass catch + discharge 5 –236.0
6 visit 2 stream width + temperature 5 –241.1
7 site 3 large woody debris 4 –233.1
8 site 3 depth 4 –241.2
9 site 3 substrate size 4 –234.9
10 site 3 flow velocity 4 –236.3
11 site 3 overhanging vegetation 4 –233.2
12 site 3 undercut banks 4 –234.8
13 site 3 large woody debris + substrate size 5 –233.2
14 site 3 overhanging vegetation + undercut banks 5 –233.3
15 site 3 flow velocity + depth 5 –239.2
16 site 3 large woody debris + undercut banks + depth 6 –237.8
17 visit, site 4 discharge + depth 5 –241.3
18 visit, site 4 flow velocity + temperature 5 –243.7
19 visit, site 4 flow velocity + width 5 –234.8
20 visit, site 4 discharge + temperature 5 –243.5
21 visit, site 4 discharge + temperature + depth 6 –248.4
22 visit, site 4 temperature + depth 5 –249.1

global visit, site 4 all of the above covariates 13 –236.5

TABLE 3. Candidate models* of capture probability variation across 198 sampling visits to 16 sites.

Shown are the covariates included in the models which could influence juvenile steelhead behavior or the success of the elec-
trofishing crew. The model structure corresponds to the indicated equations in the text. Capture probability was calculated using 
Carle and Strub’s (1978) maximum weighted likelihood estimator for three-pass removal data.

Model Level Model covariates K AIC Pseudo R2

1 visit, site first pass catch + temperature + discharge + depth 6 1602.0 0.914
2 visit, site first pass catch + temperature + discharge 5 1604.2 0.912
3 visit, site first pass catch + discharge + depth 5 1604.0 0.911
4 visit, site first pass catch + depth 4 1606.4 0.910
5 visit first pass catch + temperature 4 1604.8 0.910
6 visit first pass catch + discharge 4 1607.7 0.909
7 visit first pass catch 3 1609.5 0.908

TABLE 4. Results from the best approximating models of capture probability variation and their subsets when combined with 
first pass capture.

individuals (0.689) were within 3.5% of each 
other. It was therefore not necessary to account 
for potential behavioral changes by previously 
tagged individuals. 

The models that best described the variation in 
capture probability both included temperature and 
average water depth in the study sites (Table 3). 
Combined, these two models received 87% of the 

support as measured by the Akaike weights. The 
second best model (36% of total) also included 
discharge. This shows that temperature, depth, and 
discharge were the most important influences on 
capture probability among the models tested. These 
factors vary between sampling visits to each study 
site, which corroborates the finding in objective 
1 that visit-level variation was more important 
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than site-level variation in capture probability in 
the Lapwai Creek watershed.

Objective 3: Estimating Abundance Based 
on Single Pass Electrofishing 

To model the relationship between first-pass catch 
and its associated three-pass depletion abundance 
estimate, we included the habitat variables that 
were most influential on capture probability. 
Among these, the model containing temperature, 
discharge, and depth was the single best supported 
model (Table 4). However, the absolute fit did not 
improve greatly by the inclusion of these covariates 
relative to the base relationship between first pass 
capture and the abundance estimate (Table 5). The 
pseudo R2 in the full model was 0.914, and for 
the model containing only first pass capture the 
pseudo R2 was 0.908. In other words, including 
three environmental covariates only improved fit 
by 0.6%. This suggests that if the relatively poorer 
fit is acceptable given the lesser amount of ad-
ditional data to parameterize the model, the basic 
relationship (i.e. using only first pass catch) could 
be used to index abundance in a monitoring site.

Discussion
Our results showed that capture probability varied 
primarily at the level of sampling visits, i.e. there 
was no consistent differences between study sites 
in the watershed. There was no size bias, and 
no effect of previous capture and handling on 
the probability of capturing marked individuals. 
Temperature, water depth and, to a lesser degree, 
discharge best described the variation in capture 
probability. Lastly, we found that abundance can 
be satisfactorily indexed with a reduced effort in 
small, wadeable streams with ample monitoring 
data collected under the same sampling protocol.

One of the most fundamental problems in 
estimating wild populations is to account for the 
proportion of the population that we miss during 
sampling for reasons such as avoidance behavior 
or gear inefficiency (e.g. Zippin 1956, Morris and 
Doak 2002). The proportion can be measured in 
a number of ways, including removal methods 
and mark-recapture techniques (Carle and Strub 
1978, Seber 1973, Reynolds and Kolz 2012). By 

knowing the proportion which was missed, we 
can calculate the probability of capture, which 
in turn can be used to estimate the abundance. 
Three conditions are necessary to obtain valid 
estimates of capture probability and abundance: 1) 
the population is closed during the sampling effort 
(i.e. no births, deaths, emigration or immigration); 
2) the sampling effort is constant between passes; 
and 3) the probability of capture is the same in 
each pass (Zippin 1956, Seber 1973, Carle and 
Strub 1978). The first two conditions are relatively 
easy to control, but avoidance behavior could 
cause the capture probability to decrease with 
each pass, hence violating the third assumption. 
For example, Riley and Fausch (1992) found 
that capture probability decreased in small trout  
streams in Colorado, leading to an overall under-
estimation of abundance. However, because it is 
systematic, such bias does not preclude relative 
comparison of abundances over time and space, 
and could be accounted for by introducing a cor-
rection factor.

Across heterogeneous environments, a num-
ber of factors can influence the probability of 
capture (Dauwalter and Fisher 2007). Capture 
probability varied mostly on the level of sampling 
visits, which explains why factors which varied 
between sampling visits were better predictors 
of capture probability variation. Holding gear ef-
fects constant, capture probability can be affected 
both by fish behavior and by the efficiency of the 
electrofishing crew (Bohlin et al. 1989, Reynolds 
and Kolz 2012). We found the most important 
factors to be average water depth in the site, 
water temperature, and discharge. It is likely that 
depth and discharge reduces the efficiency of the 
crew rather than altering the behavior of the fish, 
whereas temperature can affect the fish’s activity 
level, behavior, and habitat choices (Brett 1971, 
Dauwalter and Fisher 2007). 

First, holding channel dimensions constant, 
the flow velocity and depth both increase during 
high discharge conditions. Although fish might be 
less vigilant during high discharge conditions, the 
likelihood of netting an electrotactile fish in swift 
currents likely also decreases. Similarly, channel 
depth could influence the crew’s ability to observe 
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fish and to maneuverer nets into position once 
the fish is observed (Dauwalter and Fisher 2007). 
Dauwalter and Fisher (2007) found that capture 
probability of smallmouth bass (Micropterus 
dolomieu) decreased as a function of depth in 
Oklahoma streams. Second, the overall activity 
level of fishes is largely dependent upon water 
temperature, with increased levels of activity as 
temperature is increasing, up to a certain point 
(Brett 1971). Our sampling took place when the 

water temperature did not exceed 18° C. In the 
summer months, the temperature in the Lapwai 
Creek watershed is typically close to this threshold 
during early morning hours. In the temperature 
range encountered in this study, it is therefore 
likely that the activity level in juvenile steelhead 
caused the negative relationship between capture 
probability and temperature. 

When we included channel depth, water tem-
perature, and discharge as covariates in the regres-

Model Variable Estimate (SE)

intercept γ00 0.82 (0.0458)
site-level slope γ01 –0.00554 (0.00183)
slope γ10 –0.00725 (0.00226)
variance τu 0.000545 (0.00064)
residual σ2 0.0154 (0.0016)

intercept γ00 0.82 (0.0455)
site-level slope γ01 –0.00497 (0.00188)
slope γ10 –0.00702 (0.00226)
slope γ20 –0.0935 (0.0820)
variance τu 0.00051 (0.00062)
residual σ2 0.0153 (0.0016)

intercept γ00 –13.5 (4.95)
site-level slope γ01 0.38 (0.19)
slope γ10 1.59 (0.0395)
slope γ20 0.60 (0.24)
slope γ30 11.1 (9.32)
variance τu 1.69 (6.33)
residual σ2 176 (18.6)

intercept γ00 3.55 (1.60)
slope γ10 1.56 (0.0375)
variance τu 3.28 (7.05)
residual σ2 188 (19.4)

TABLE 5. Parameter estimates for the best approximating models of capture probability and abundance estimates based on 
first-pass catch, with standard errors in parentheses.
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sion relationship between first pass catch and the 
associated removal-based abundance estimate, 
we found that although the best approximating 
model included all three covariates, they did not 
substantially improve its absolute fit relative to 
the base model. Hence, the number of fish caught 
on the first pass could be used to predict the three-
pass depletion estimate in the study system. Our 
results were very similar to those of Kruse et al. 
(1998) by means of base model fit, but the slope 
of their regression model was shallower (i.e. the 
β1 in the abundance = β0 + β1pass1 + error – re-
lationship was smaller), owing to slightly higher 
capture probabilities in their study. We note that it 
is imperative to use an analytical approach that is 
warranted by the data (Long 1997). If the capture 
probability is highly variable or skewed to either 
end of the spectrum, a linear model might not be 
appropriate. In such cases the assumptions of the 
normal distribution will be violated, and a beta 
distribution would be appropriate.

Biologists are often faced with the trade-off 
between precision of estimates and spatial repre-
sentation when monitoring populations when time 
and manpower are limited. The approach presented 
in previous studies, and in this study, could be 
a viable method for indexing abundance when 
the capture probability is consistently high, the 
data are collected within the same physiographic 
context, and under similar conditions, and when 

point estimates without confidence intervals suf-
fice. This describes a situation where the detec-
tion of major population trends is the focus and 
where some individual-level measurements are 
desired. Indexing also has potential application 
in conjunction with multiple-pass removal or 
mark-recapture studies. Here, the efforts could be 
stratified so that single-pass electrofishing could 
complement more costly monitoring aimed at 
estimating abundance, hence covering a larger 
area (Crozier and Kennedy 1994). In developing 
such relationships, it is imperative to carefully 
assess the potential for size bias and the overall 
variation in capture efficiency, and that the data 
come from a single sampling protocol. 
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