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Method for Estimating Detection Probabilities of
Nonmigrant Tagged Fish: Applications for Quantifying
Residualization Rates

Michael C. Melnychuk*1 and Stephen J. Hausch2

Fisheries Centre and Department of Zoology, University of British Columbia, 2202 Main Mall,
Vancouver, British Columbia V6T 1Z4, Canada

Abstract
Detection probabilities are commonly accounted for in spatial mark–recapture studies to estimate quantities of

biological interest such as survival, movement, or abundance, but they generally require large numbers of tagged
animals to be detected. In some studies, few tagged animals are present at a particular time; the ability to estimate
detection probability despite small sample sizes during some time periods would greatly improve inferences of ecolog-
ically relevant attributes. We developed a method for estimating time-varying detection probabilities of tagged fish at
acoustic or radio receiver stations during periods in which few tagged fish are present and mark–recapture methods
are thus prohibitive. We quantified how an index of detection probability varies with an environmental covariate,
and then calibrated this index against mark–recapture detection probability estimates derived from detection data
collected when tagged fish were abundant. With a known time series of the environmental covariate, the method
generates a time series of predicted detection probabilities for each receiver station in a study. We apply the method
to a case study involving steelhead Oncorhynchus mykiss smolts tagged with acoustic transmitters to estimate the
proportion of tagged fish residualizing in a river (i.e., remaining in freshwater instead of migrating seaward). Despite
few detections of tagged fish in the months after the primary downstream migration period, we were able to estimate
a residualization rate of 5% (95% confidence interval, 3–12%), which is comparable to residualization rate estimates
from studies employing sampling methods that do not allow the survival and movement patterns of tagged fish to also
be quantified. This method can be used in conjunction with mark–recapture survival estimation methods to better
isolate probabilities of residualization and survival, which are otherwise confounded.

Populations of migrating animals often include distinct be-
havioral or life history contingents, including some individu-
als that do not migrate. Freshwater residualization is a com-
mon life history strategy in some anadromous salmonid fishes,
whereby juveniles (smolts) fail to emigrate seawards during the
out-migration period and instead assume freshwater residency
for another year or until maturation (Ricker 1938; Viola and
Schuck 1995). Steelhead Oncorhynchus mykiss are particularly
prone to residualizing, but sockeye salmon O. nerka (Ricker
1938; Smirnov 1959), coho salmon O. kisutch (Foerster and
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Ricker 1953), and Chinook salmon O. tshawytscha (Rich 1920)
smolts may also display this behavior. Several factors related
to fish condition and, for hatchery-reared fish, to the release
method affect the probability of residualization (authors’ un-
published data). A high proportion of residuals is expected to
result in fewer adults returning from the ocean to fishing gear
or spawning grounds, so this behavior is of direct management
concern.

Several methods exist for estimating the rate of residualiza-
tion, the most common of which are electrofishing (Bumgarner
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1614 MELNYCHUK AND HAUSCH

and Dedloff 2009) and mass mark–recapture (Partridge 1986;
Viola and Schuck 1991; Martin et al. 1993) for hatchery-reared
fish. Sampling usually occurs a number of weeks after hatch-
ery release to estimate the density of residuals in specific river
reaches, from which the abundance of residuals in the river is
estimated. Telemetry studies that generally focus on quantifying
survival of migrating salmon smolts use coded radio or acoustic
transmitters to track the detection sequences of individual fish
passing receiver stations. Such studies have become increas-
ingly common (Lacroix 2008; Welch et al. 2008; McMichael
et al. 2010; Perry et al. 2010), but do not often consider the pos-
sibility of residualization when estimating survival during the
downstream migration (see Buchanan et al. 2008 for an excep-
tion). Mark–recapture methods are used to estimate “apparent
survival”, as actual survival is confounded with residualization.
Methods for quantifying residualization rates may therefore be
particularly useful for separating these components of apparent
survival.

For mark–recapture studies, estimates of detection proba-
bility are necessary for estimating biologically relevant prop-
erties like survival and movement probabilities or abundance.
For telemetry studies, it is straightforward to estimate detection
probabilities of a group of tagged fish migrating past a detection
station (Burnham et al. 1987; Skalski et al. 2001). However,
outside of the main migration period, detection probabilities are
not estimable with mark–recapture methods because there are
few detected fish on which to base these estimates. This prevents
estimating the number of individually tagged fish that may have
residualized after release, so long as detection probabilities are
based only on observed tagged fish.

We present a method to estimate a time-varying mark–
recapture-like detection probability for fish tagged with acoustic
or radio tags, which can be extrapolated beyond the main mi-
gration period to when relatively few fish are detected. The
method relies on estimating mark–recapture detection proba-
bilities of tagged fish during the migratory period, as well as
independently estimating an index of detection probability dur-
ing and outside of the main migratory period. The two measures
of detection probability are calibrated against an environmental
covariate, and the covariate is used to generate a time series of
predicted detection probabilities during and outside of the main
migratory period. This method allows for estimating the resid-
ualization rate of tagged fish over a period of several weeks or
months after the main migration period, provided that at least
a few residuals are detected sporadically. We outline a general
method and then show how it applies to a case study of tagged
steelhead smolts.

METHODS
General model.—Predicting a mark–recapture-like detection

probability during periods in which no tagged fish contribute
detection information requires multiple steps and sources of
information. First, a relationship between estimates of mark–

recapture detection probabilities (p̂mr) and any environmental
conditions must be established, even if p̂mr are evaluated only
over a narrow range of conditions. This provides a basis for
prediction of mark–recapture-like detection probabilities as a
function of the environmental condition. At the same time, a
relationship between an index of detection probability and the
same environmental variables must be established. The index of
detection probability will generally be evaluated over a wider
range of environmental conditions to better quantify the depen-
dence on one or more environmental variables. A relationship
between p̂mr at a given environmental condition and the index
of detection probability at the same environmental condition is
then established to calibrate these different measures. This gen-
erates a predicted mark–recapture-like detection probability at
any given value of the environmental variable. Finally, this can
be combined with a time series of environmental data to predict
a mark–recapture-like detection probability at any point in time,
even during periods or conditions in which tagged fish contribute
no detection information. Each of these steps is outlined below.

Environmental data.—Detection probabilities in acoustic
telemetry or radiotelemetry studies, whether in freshwater or
coastal waters, are often affected by noise-related environmental
conditions such as wind, tidal cycles, or soniferous invertebrates
(Heupel et al. 2006; Simpfendorfer et al. 2008; Melnychuk, in
press). In rivers, detection probabilities are often negatively cor-
related with water flow because of increased noise, turbulence,
or fish spending less time within range of receiver stations as
they move downriver (Melnychuk 2009a). Time series of envi-
ronmental data are often available through government monitor-
ing programs or else they can be collected regularly throughout
the tagging and monitoring study. Alternatively, an underwater
sound level meter can be used to directly measure background
noise within the study area.

Detection probabilities of migrating fish.—Mark–recapture
detection probabilities (pmr) of tagged fish can be estimated by
using models based on the Cormack–Jolly–Seber model (CJS;
Cormack 1964; Jolly 1965; Seber 1965). In cases of repeated
sampling occasions over time, pmr represents the probability
of recapturing an individual. In cases of spatial monitoring of
migrating animals (Burnham et al. 1987), pmr represents the
probability of detecting an individual as it passes a detection
station. In both cases, pmr can vary over sampling occasions or
locations, and can vary over time owing to changing environ-
mental conditions. By using time series of environmental data,
p̂mr estimates can be constrained to be a function of an environ-
mental variable (Pollock et al. 1984), which may result in more
parsimonious models than those that assume an independent
pmr for each recapture or detection occasion and release group
(Melnychuk 2009a). In the case of migrating fish, p̂mr might vary
across different detection stations or might vary over time at a
given station owing to variation in environmental conditions, or
both. Multiple environmental conditions can be considered and
compared by using model selection methods to assess which
predictors of pmr are the strongest. Since pmr is estimated from
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ESTIMATING DETECTION PROBABILITIES OF NONMIGRANT TAGGED FISH 1615

TABLE 1. Descriptions of symbols used throughout the text.

Symbol Definition

i Indicator to represent a particular telemetry receiver station.
ENV A continuous environmental variable. In the case study, river level (RL) was used.
pmr Probability of detecting a tagged fish passing a receiver station, typically assessed using mark–recapture models.
p̂mr An estimate of pmr. Subscripts indicate particular receiver stations, values of an environmental variable, or both

(i.e., p̂mr i,ENV).
ptest Index of detection probability, assessed independently of fish tag data. Subscripts indicate particular receiver

stations, values of an environmental variable, or both (i.e., ptest i,ENV). Indices evaluated in the case study are
listed in Table 3.

pmr* Predicted mark–recapture-like detection probability. Subscripts indicate particular receiver stations, values of an
environmental variable, or both (i.e., pmr* i,ENV).

di,tag A fish with a unique tag detected at receiver station i and suspected of residualizing.
D The estimated number of tagged fish residualizing within a river or study area.
αi, β Intercept and slope parameters, respectively, for regression 1 (equations 1 and 3).
a, b Intercept and slope parameters, respectively, for regression 2 (equations 2 and 4).

detection information of tagged fish, it is not estimable at loca-
tions or during periods in which fish are not detected.

Index of detection probability.—Although estimation of pmr

may be limited to times and locations in which tagged fish con-
tribute detection information, an index of detection probability
can be assessed over a wider range of times and locations. There
are several ways to measure such an index (which is assessed
independently of fish data). The proportion of test-tag trans-
missions successfully decoded at some specified distance from
stationary tag to stationary receiver can be quantified (Clements
et al. 2005; Hobday and Pincock, in press). A boat can be used
to tow a test tag past a receiver, mimicking fish movements to
quantify how frequently the tag is detected (Pecl et al. 2006;
Hedger et al. 2008). In rivers, swimmers holding test tags can
float downstream past receivers to quantify how frequently a tag
is detected or what proportion of tag transmissions are success-
fully decoded. Since indices of detection probability are likely
to be quantified by using a test tag, they will be hereafter re-
ferred to as ptest (all symbols used are listed in Table 1). Even
if the magnitudes of pmr and ptest differ, they are expected to be
correlated as long as environmental conditions affect detection
processes similarly between them. Detection probability indices
should be evaluated over as wide a range of environmental con-
ditions as possible (i.e., the same variable or variables used to
constrain p̂mr).

Mark–recapture-like detection probability for nonmigrating
fish.—To predict a mark–recapture-like detection probability
during times outside of the primary migration period, the index
of detection probability, ptest, is used as an intermediate step.
Assuming that some environmental factor (ENV) similarly af-
fects pmr and ptest, these measures are simply calibrated against
one another at the same receiver station and same environmen-
tal conditions. If the environmental factor is used as a covariate
in models for pmr, then each estimate of pmr at receiver sta-
tion i (p̂mr i) will be associated with a particular value of the

environmental variable (i.e., p̂mr i,ENV). Measuring ptest over
a wide range of known environmental conditions at each sta-
tion i (which bracket the conditions associated with p̂mr i,ENV)
provides a basis for converting ptest into a measure like pmr.

The first step involves a linear regression of ptest against
values of each environmental factor. If multiple receiver stations
are involved in the study, it may be reasonable to assume that the
environmental variable affects ptest similarly at different stations
i, even if the overall magnitudes of ptest may vary among stations.
In a linear model, this consists of a common slope (β) across
all stations between ptest i and the environmental factor, with
separate intercepts (α) for each station:

logit(ptest i,ENV) = αi + β · ENV + ε1, (1)

where ε1 ∼ N(0, σ1). Here, ptest i,ENV represents the detec-
tion probability index at station i measured during environ-
mental condition ENV. If ptest is on the 0–1 scale, it can be
logit-transformed before the regression to constrain the back-
transformed predictions to be within 0 and 1.

The second step involves a regression of p̂mr against ptest

at the same receiver station and value of the environmental
variable. It is unlikely that ptest i would be measured at the exact
value of ENV corresponding with p̂mr i,ENV. To ensure these
measures of p are evaluated at the same value of ENV, the
predicted values of ptest i,ENV from equation (1) (i.e., values
along the best-fit regression line) are used:

logit(p̂mr i,ENV) = a + b · logit(ptest i,ENV)predicted + ε2, (2)

where ε2 ∼ N(0, σ2). The regression intercept (a) and slope
(b) are both common across all receiver stations, as p̂mr i,ENV

is assumed to be proportional to ptest i,ENV. Variation among
stations is implicit, as some may have relatively low values of
both p̂mr and ptest, while others may have higher values.
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1616 MELNYCHUK AND HAUSCH

The final step for calculating point estimates of predicted pmr

(pmr*) across a range of values of the environmental covariate
simply involves combining the best-fit regression parameters
from equations (1) and (2). For a given value of ENV, αi and β

can be used to predict ptest i,ENV. This value of ptest i,ENV can be
treated as fixed and, in turn, used with a and b to predict pmr* i,ENV

at the corresponding covariate value. With a time series of ENV
values, this procedure generates a time series of pmr* at each
station i.

The uncertainty in pmr* can be quantified by using a boot-
strapping approach to account for three sources of variation: (1)
error in regression 1 (equation 1), (2) error in regression 2 (equa-
tion 2), and (3) uncertainty in p̂mr assessed from mark–recapture
models fit to fish detection data. Assuming these sources of er-
ror are independent and that each is normally distributed in logit
space, they are easily combined. At a particular value of ENV
and a given receiver station, a random draw from the distribu-
tion of logit(ptest i,ENV) is taken, based on the estimated SE of
regression 1 at that station and value of ENV. This value of
logit(ptest i,ENV) is then treated as fixed and used in regression 2
to take a random draw from the distribution of logit(p̂mr i,ENV)
at that value of logit(ptest i,ENV). A third random draw is taken
from the distribution of CJS model uncertainty, which is nor-
mally distributed with spread characterized by SÊ(pmr i,group)CJS

(i.e., in logit space, the estimate p̂mr i,groupCJS for a particular
station and fish release group is the mean of a normal distri-
bution). The difference between this draw and (p̂mr i,group)CJS

is added onto the second draw of logit(p̂mr i,ENV). The result
is then back-transformed to the probability scale, representing
a predicted value of pmr* i,ENV. Repeating this process multiple
times, the 5th and 95th percentiles of the final resulting distri-
bution represent 95% bootstrap confidence bands of pmr* i over
the range of the environmental variable considered.

Case study.—The primary objective of the case study was to
compare survival between groups of wild and hatchery-reared
steelhead smolts during the downstream and early ocean mi-
gration (Melnychuk et al. 2009). The possibility of freshwater
residualization was a major management concern and also a
possible confounding factor for estimating survival rates. In
May 2008, 198 steelhead smolts were implanted with VEMCO
V9–6L acoustic transmitters (69 kHz, with pulse rate intervals
of either 20–40 s or 20–60 s) and released into the Cheakamus
River in southern British Columbia. Tagged fish were released
in five groups (two wild and three hatchery-reared groups), with
sample sizes ranging from 18 to 72 in each group. Wild fish
were caught with rotary screw traps in the main-stem river or
side-channel traps, held for up to 7 d until they were tagged,
and then released 1–5 d later near the capture site (on May 6
or May 12). Hatchery-reared fish were tagged at one of two
hatcheries and held for at least 8 d before being released with
the production stock on May 5, May 8, or May 22.

A series of test-tag swims past acoustic receivers in the river
was conducted during May–August to predict mark–recapture-
like detection probabilities after the primary migration period

FIGURE 1. Study area in British Columbia showing the Cheakamus and
Squamish rivers and Howe Sound. Circles show acoustic receiver locations; the
seven Cheakamus River stations are labeled. Sites marked with an X indicate
locations of steelhead release groups and are labeled.

in May. These were used to estimate the proportion of tagged
steelhead residualizing in the Cheakamus River.

Before fish were released, seven acoustic receiver stations
were deployed in the Cheakamus River to detect tagged steel-
head that passed during their downstream migration (Figure 1).
At each station, one or two VEMCO VR-2 receivers were set
upright in a pool or calm run of the river and tethered to shore
with a steel cable. Release locations of tagged steelhead were
situated between these seven stations; downstream-migrating
fish could be potentially detected at three, four, or six of these
stations (Figure 1). Typically, tagged fish would only be detected
one to a few times as they passed a station moving downstream
(Melnychuk and Walters 2010). In addition to detecting fish mi-
grating seaward, the receivers also served to potentially detect
residual steelhead. Acoustic receivers were also deployed in the
lower Squamish River (into which the Cheakamus River drains)
and in the coastal inshore waters of Howe Sound and the Strait of
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ESTIMATING DETECTION PROBABILITIES OF NONMIGRANT TAGGED FISH 1617

FIGURE 2. Daily mean values of relative water level and discharge in the
Cheakamus River during the 2008 case study. Water level and discharge were
measured at the Environment Canada gauge station near the Chk 5 receiver
station. Release times of five tagging groups are indicated.

Georgia system under the Pacific Ocean Shelf Tracking Project
(POST, see www.postprogram.org). Test-tag swims were not
conducted at these later stations, however, so predictions of de-
tection probability were limited to Cheakamus River stations.
Occasional sampling trips by raft down the Cheakamus River
were also used to monitor for the presence of possible residuls
(see Appendix). For further details of the Cheakamus River
system see Melnychuk et al. (2007) and Melnychuk (2009b).

Cheakamus River water level.—An automated gauge station
operated by Environment Canada (located near receiver station
Chk 5; Figure 1) provided daily mean measurements of rela-
tive water level and discharge in the Cheakamus River. River
level and discharge were highly correlated (Figure 2). In 2008,
four groups of tagged fish were released before flow sharply
increased in mid-May, and the fifth group was released during
high flow conditions. River flow was variable until mid-July,
after which it remained constant and relatively low for the last
month of the study (Figure 2). It was expected that detection
probabilities, both pmr and ptest, would vary inversely with river
flow (Melnychuk 2009a).

Detection probabilities of migrating steelhead.—Mark–
recapture detection probabilities (pmr) of tagged fish were
estimable during the brief in-river migration period (from May
5 to early June), but not afterwards, since detection data were
absent. It was unlikely that pmr during the smolt migration was
the same for the remainder of the summer because river flows
changed over this period. Nor was it likely that the five release
groups would have had the same pmr because they were released
at times of differing flow conditions (Figure 2). Mark–recapture
p̂mr i,group represents a single (or average) estimate of a release
group at a station, even though the probability of detecting indi-
vidual fish within that group may have varied over the run-timing
span of the group owing to variation in flow or other factors.

To incorporate the expected effect of flow on pmr, detec-
tion probability models were considered in which pmr was con-

strained as a function of either river level (RL) or discharge
(DSCH). The river level or discharge corresponding with the
average arrival time of each release group at each station was
modeled as an additive covariate, i.e. p(stationi + RLi,group)
or p(stationi + DSCHi,group). Using formal model comparison
methods (Akaike’s Information Criterion corrected for small
sample size and overdispersion, QAICc), these models both
outperformed a simpler model, which did not involve an en-
vironmental covariate and instead pooled p̂mr i across release
groups, i.e. p(stationi) (results not shown). The model involving
river level was statistically preferable to the one involving flow.
A biologically reasonable (and statistically supported; results
not shown) model for survival was assumed that allowed for sep-
arate estimates of survival (φ) in each segment between receiver
stations, and an additive difference between wild and hatchery-
reared groups (HW) across all segments. The full model used
throughout this paper for estimating pmr was thus [φ(segment +
HW), p(stationi + RLi,group)].

Test-tag passes in the Cheakamus River.—To develop an
index of detection probability, we conducted a series of test-
tag passes past each of the seven stations of single or paired
receivers in the Cheakamus River (Figure 1). When river dis-
charge was less than 75 m3/s, multiple passes were conducted
by two swimmers, each with a test tag, drifting past a receiver.
Owing to safety concerns, single passes by raft were used when
discharge was 75–150 m3/s, and passes were not conducted with
either method when discharge exceeded 150 m3/s.

The two swimmers floating down the river attempted to stay
approximately one-third of the river’s width away from the left
and right banks, respectively. Each swimmer dangled a tethered
VEMCO V9–6L transmitter below them and varied the distance
at which the tag was held from their body depending on bottom
depth, attempting to maintain direct line of sight between the
tag and receiver at all times. Transmitters remained at least
5 cm above the substrate and 1 m or less below the swimmer. In
shallow areas, the transmitter was dangled beside the swimmer
such that the swimmer’s neoprene suit did not block the line
of sight to the receiver. Swims began and ended about 200 m
upstream and downstream from the receiver, respectively. Put-in
and pull-out locations were selected to meet at least one of three
criteria: (1) both banks were beyond the line of sight from the
receiver, (2) the pool or run in which the receiver was deployed
ended and moved into strong riffles or rapids, or (3) the location
reached farther than 300 m away from the receiver. Swimmers
entered the water together at the start site, from opposite banks
where possible, and the time was recorded. For consistency, one
particular transmitter was always on the river side closest to
the receiver. Owing to heterogeneous water velocity, swimmers
ended their passes at different times and the later pull-out time
was recorded.

Five swim passes at a receiver on a given test day were
typically conducted, though this number ranged from 1 to 10
(Table 2). Both test tags transmitted every 20 s and were acti-
vated 10 s apart before each swim pass so their transmissions
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1618 MELNYCHUK AND HAUSCH

TABLE 2. Date and number of test-tag passes conducted in 2008 at each
receiver station in the Cheakamus River, British Columbia. Swim passes are
indicated by bold text and passes by raft by italics.

Receiver station

Date Chk 1 Chk 2 Chk 3 Chk 4 Chk 5 Chk 6 Chk 7

May 8 4
May 9 5 5 5
May 13 5 5
May 14 5
May 15 5
May 30 1 1 1 1 1
Jun 4 1 1 1 1 1 1
Jun 6 1 1 1 1 1 1
Jun 9 10 10
Jun 10 5
Jun 11 5 5
Jun 12 5 5
Jun 17 5
Jul 3 1 1 1 1 1 1
Aug 6 1 1 1 1 1 1
Aug 14 1 1 1 1 8 1 1

would not overlap. Before passes, each receiver was checked
for proper positioning (when flow conditions permitted), and
detection data were downloaded. After a set of passes, the re-
ceiver was downloaded for test-tag data and then repositioned

to continue monitoring for steelhead tags. A set of swim passes
was conducted at each receiver on three or four separate days
during the study period (Table 2, including the single passes on
August 14). If the receiver had moved from where it was last
deployed owing to river flow, an initial swim was conducted at
the altered position to estimate its detection probability since
the last deployment. The receiver was then repositioned and the
regular set of test-tag passes was conducted.

Because of high water velocities during mid-study (Figure 2),
swim-based passes were not possible. Five raft trips were instead
conducted (Table 2), during which most of the Cheakamus River
receivers were each passed once. For safety reasons, receivers
were not downloaded or checked for upright positioning during
raft passes. The criteria for tag put-in and pull-out locations for
raft passes were the same as those for swim passes. Times at
put-in and pull-out were recorded. The two test tags were kept
together on a weighted line at least 5 cm off the substrate and
up to 2 m deep, again offset by 10 s so their signals would not
collide. The raft was kept near the center of the river moving at
the same velocity as the surface water.

Calculation of detection probability indices.—Detection data
from test-tag passes were summarized as a series of detection
indices that ranged from 0 to 1. We considered several different
indices and compared them according to their relationship with
river level and their predictive ability of p̂mr. Some indices were
based on single passes of test tags, while others were based on
a set of passes (generally five) that occurred on the same day.
Some were specific to each of the two test tags, while others

TABLE 3. Detection probability indices considered for test-tag passes at Cheakamus River receiver stations. The number of values for which the index could
be calculated across all stations is indicated by n. The two indices that performed best are in bold italics. P/A is an index that describes whether test tags were
detected during a pass, and %Det is an index that represents the proportion of signals transmitted that were detected during a pass (see text).

Index Description n

Presence or absence of any detections
P/Aper-tag Boolean value; equals 1 if the tag was detected at least once and 0 otherwise. 248
P/Aper-pass Boolean value; equals 1 if either tag was detected at least once and 0 otherwise. 131
P/Aper-set Average of the P/Aper-pass index values measured on the same day. 52

Proportion of transmissions detected
%Detper-tag Proportion of signals transmitted by a given tag between the put-in time and the pull-out time that

were detected.
248

%Detper-pass Proportion of signals transmitted by both tags between the put-in time and the pull-out time that were
detected.

131

%Detper-set Average of the %Detper-pass index values measured on the same day. 52

Ratio of temporal range of detections to the temporal range of transmissions
%Timeper-tag Time between the first and last detection of a given tag as a proportion of the time between the put-in

time and the pull-out time.
101

%Timeper-pass Time between the first and last detection of either tag as a proportion of the time between the put-in
time and the pull-out time.

66

%Timeper-set Average of the %Timeper-pass index values measured on the same day 16

Receiver metadata during a set of passes
Det:Sync Number of tag detections divided by the number of syncs during the period of the set of passes. 15
Det:Pulse Number of tag detections divided by the number of pulses/8 during the period of the set of passes. 19
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ESTIMATING DETECTION PROBABILITIES OF NONMIGRANT TAGGED FISH 1619

considered both tags together. Indices fell into four categories,
which are summarized in Table 3: (1) a binary outcome of a tag
detected or not as it passed a receiver station, (2) the proportion
of transmissions that were detected, (3) the ratio of time between
the first and last detections to the duration of the pass, and (4)
indices based on VR-2 receiver metadata logged during the test-
tag passes (detections, pulses, and syncs [the first part of a pulse
train] received).

The first three categories of detection indices each contained
three levels of aggregation (Table 3). Per-tag indices involved
calculating a separate index value for each test tag during each
pass. Per-pass indices involved pooling the two tags and calcu-
lating an index value for each pass. Per-set indices were assessed
by averaging these per-pass values across all passes in the set.
In the fourth category, two indices based on receiver metadata
were calculated over a set of passes only when receivers were
downloaded before and after a set of passes. The small number
of these occurrences (Table 3) limited their usefulness. The first
was a ratio of tag detections to syncs (the first part of a pulse
train, which is also counted by the acoustic receiver even if the
full tag signal was not decoded), and the second was a ratio
of tag detections to pulses, corrected by the number of pulses
in a pulse train (which was 8 for the tags we used). Since all
indices were on the 0–1 scale, values were logit-transformed
for regressions with river level and p̂mr. Index values of 0 and
1 were set to 0.01 and 0.99, respectively, before transformation
and regression, for numerical estimation purposes.

Mark–recapture-like detection probability for nonmigrating
fish.—To predict pmr*, we used detection indices derived from
test-tag passes as an intermediate measure of detection prob-
ability. Unlike mark–recapture estimates, test-tag passes were
conducted over a wide range of time and river levels. We related
ptest to river level measured the day of the passes, and then sub-
sequently related p̂mr to ptest at the same station (i) and river level
(RL). A time series of river level was used to generate a time
series of predicted pmr* i values while receivers were deployed,
a period that spanned several months after the brief steelhead
migration in May.

Two regressions were conducted, which mirrored the nature
of the index as an intermediate step between river level and p̂mr.
The first, based on equation (1), involved the transformed index,
logit(ptest i,day), regressed against river level (RL) measured on
the day of the passes:

logit(ptest i,day) = αi + β · RLday + ε. (3)

Assuming the effect of river level on ptest was consistent
across all stations and test-tag days, all stations shared the same
slope (β), but had separate intercepts (α1 to α7) corresponding
to stations Chk 1 to Chk 7. The second regression, based on
equation (2), accounted for variation among stations and river
levels in both pmr and ptest. Mark–recapture estimates p̂mr i,RL

were paired with the predicted ptest i,RL (from the first regression)
at the corresponding river level:

logit(p̂mr i,RL) = a + b · logit(ptest i,RL)predicted + ε. (4)

For each day during the period that receivers were deployed,
the point estimates and confidence intervals (CIs) of pmr* i,RL

corresponding to that day’s average measured river level were
calculated. We divided the range of river levels encountered
(0.9–1.9 m) into 100 equal bins and predicted pmr* i in each bin
by using the best-fit regression parameters from equations (3)
and (4). At each of the 100 river level values and seven receiver
stations, 10,000 sets of the three random draws were taken to
construct bootstrap confidence intervals as outlined above. For
the third component of uncertainty, the mean SÊ(pmr i,group)CJS

across all release groups was calculated for each of the six sta-
tions to give SÊ(pmr i)CJS, which was used to characterize a dis-
tribution centered on the second random draw of logit(p̂mr i,RL)
(CJS estimates were not possible for Chk 1 since fish migrat-
ing downstream did not pass this station; the largest average
SÊ(pmr i,group)CJS from the other six stations was assumed for
Chk 1 to be conservative). The resulting time series of pmr* i

represented the probability of detecting a residualized fish that
swam past a given station on a given day.

Detection probability indices shown in Table 3 were com-
pared in terms of fit with river level data and the ability to
predict p̂mr. Coefficients of determination (R2), slopes, and in-
tercept parameters were calculated for both regressions. Two
indices from Table 3 stood out as having relatively high R2 val-
ues in both regressions. We used each of these indices for the
basis of pmr predictions (pmr*) for the period that Cheakamus
River receivers were deployed and test-tag passes were con-
ducted. As these two indices gave similar pmr* predictions, we
present only one of them here.

Estimation of steelhead residualization rate.—We used the
calculated time series of pmr* i in conjunction with detection
data from possible steelhead residuals to estimate a likely range
for residualization probability. The times of fish detections at
each river receiver were inspected to assess any evidence of
fish residualizing after the initial downstream migration pulse.
If a fish was detected either (1) upstream of its release site
or (2) on any Cheakamus River receiver more than 4 weeks
after its release, and was not detected thereafter on Squamish
River or ocean receiver stations, we considered it to be a likely
residual. We inspected detection patterns to verify whether tag
detections were continual, perhaps suggestive of a tag laying on
the riverbed near a receiver rather than being in a residualized
smolt; these instances were excluded from the count of suspect
residuals. When patterns suggestive of possible residualization
were observed at station i, the pmr* i corresponding to the average
river level over all days when the tag was detected was used to
extrapolate the unknown number of residualized fish present in
the area. Typically, a number of fish present (D) is estimated as
the ratio of the number observed (d) to the detection probability,
i.e., D = d/p. In this case, pmr* varies by i and river level, so we
used a modified approach:

DChk =
∑
tag

(
di,tag

pmr∗ i,RL

)
, (5)
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1620 MELNYCHUK AND HAUSCH

where di,tag represents a possible residualized fish detected at i on
one or more days with an average river level RL over those days.
DChk represents the number of tagged steelhead residualizing in
the Cheakamus River and can be estimated for each release
group or aggregated over all groups. This number is divided by
the number of tagged fish released to estimate the proportion of
fish residualizing. Uncertainty around this estimate is derived by
replacing the lower and upper 95% confidence limits of pmr* i,RL

in place of pmr* i, RL in equation (5). These return the upper and
lower confidence limits of DChk, respectively, which account for
multiple error sources in pmr* i, RL.

This method of estimating DChk relies on two main assump-
tions. First, d observed fish are actually residualized steelhead,
and not any of the following: tags in predator stomachs, tags in
smolts delaying their migration, tags laying on the riverbed after
being extruded or having passed through a predator gut, or tags
inside dead smolts. Second, residualizing fish move sufficiently
within the river to pass at least one Cheakamus River receiver
station during the period from release to mid-August.

Violation of the first assumption would lead to overestimat-
ing the residualization rate, while violation of the second would
lead to underestimating it. Through use of the intercept pa-
rameter in equation (4), we assumed that p̂mr is only indirectly
proportional to ptest. Therefore, to predict pmr* it is not necessary
to assume the following: (1) fish detected at receivers (whether
moving upstream or downstream) traveled at a similar speed
past receivers as did test tags during passes, and (2) acoustic
output and tag delay intervals are the same for test tags as for
steelhead tags.

RESULTS

Test-Tag Passes and Detection Probability Indices
Over the course of the 4-month case study in 2008, each

receiver was the subject of 11–22 swim passes and 4–5 raft
passes, with the majority of passes occurring in May and the
first half of June (Table 2). The receiver at Chk 1 did not initially
detect tags during swim passes, so it was temporarily removed
for assessing its functionality. It was redeployed approximately
1 km downstream on June 17, near the release site for group
3 (RG3), into a seemingly quieter section of the river where
detections of possible residuals passing the station would be
more likely.

On the basis of R2 values for regressions between test-tag
pass indices and river level (equation 3), as well as between
mark–recapture detection probability estimates and test-tag pass
indices (equation 4), we selected two indices that outperformed
others (Table 4). Both indices involved aggregating the two test
tags together, but not aggregating passes within a set. These
indices described whether test tags were detected during a pass
[P/Aper-pass] and the proportion of signals transmitted that were
detected during a pass [%Detper-pass]. These were attractive com-
pared with other types of indices in that they had relatively high
sample sizes and high R2 values and provided more estimated

TABLE 4. Regression results for detection probability indices fit to river
level measurements (regression 1) and for mark–recapture p estimates fit to
detection indices (regression 2). Criteria for comparing indices include R2 values
for regressions, slope (β) of regression 1, and intercept (a) and slope (b) of
regression 2. The index selected for subsequent analyses is indicated in bold
italics. See Table 3 for an explanation of P/A and %Det.

Regression 1 Regression 2

Index n β R2 a b R2

Presence or absence of any detections
P/Aper-tag 248 –6.39 0.36 0.38 0.44 0.77
P/Aper-pass 131 –5.64 0.43 0.18 0.41 0.74
P/Aper-set 52 –2.78 0.33 0.66 0.49 0.56

Proportion of transmissions detected
%Detper-tag 248 –1.38 0.29 8.64 2.22 0.79
%Detper-pass 131 –1.78 0.37 5.63 1.57 0.78
%Detper-set 52 –1.07 0.31 6.65 1.79 0.60

Ratio of temporal range of detections to the temporal
range of transmissions

%Timeper-tag 101a –2.36 0.11 4.81 1.02 0.74
%Timeper-pass 66a –2.71 0.28 2.08 0.45 0.30
%Timeper-set 16a –2.28 0.47 2.04 0.57 0.43

Receiver metadata during a set of passes
Det:Sync 15 –0.68 –0.03 0.93 0.43 0.31
Det:Pulse 19 0.32 0.54 0.86 0.40 0.22

aAt Chk 7 station, no tags were detected during passes, so %Time indices could not be
calculated for this station.

values than just temporal range or receiver metadata indices (Ta-
ble 4). The use of these two indices resulted in similar predicted
pmr* time series, so we present only one of these, [%Detper-pass],
which we prefer because it provides more information than sim-
ply a binary outcome during each test-tag pass.

Predicted Mark–Recapture-Like Detection Probabilities
Mark–recapture estimates, p̂mr, were only possible during

the steelhead smolt migration, which for Cheakamus River re-
ceivers, occurred only in May and only at certain river levels
(Figure 3). The test-tag pass indices, ptest, were assessed over
wider ranges of time and river level (Figure 3). There was a
negative relationship between the test-tag index value and river
level during the passes (Figure 4; note the slope is constrained
to be common across all stations). Variation among stations
in the regression intercept was observed (Figure 4), similar to
that seen for p̂mr (Figure 3); the highest ptest values occurred at
Chk 4, while the lowest values occurred at Chk 7 (as well as at
Chk 1 for which p̂mr were not possible). There was a reasonably
strong relationship between p̂mr i,RL and the predicted ptest i,RL

at the corresponding river level (Figure 5; Table 4). Values of
predicted ptest tended to be lower than p̂mr values at the corre-
sponding river level (Figures 3 and 5), and the slope between
them was greater than 1 (b coefficient in Table 4).
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ESTIMATING DETECTION PROBABILITIES OF NONMIGRANT TAGGED FISH 1621

FIGURE 3. Mark–recapture detection probability estimates (�) (with 95% CI) and test-tag pass index values (•) under the index [%Detper-pass]. Estimates are
plotted for each station in the Cheakamus River at the mean arrival time of a release group at a station. Area of the index points is proportional to the number of
test-tag passes with the same index value during that set of passes. Water level is shown over the same period (gray line).

The established relationships between river level and ptest

(Figure 4; equation 3) and between p̂mr and ptest (Figure 5;
equation 4) allow pmr to be predicted (pmr*) for any given river
level at any Cheakamus River receiver station. These predictions
are shown by the lines in Figure 6, which were back-transformed
to the probability scale (slopes of the predicted lines are equal
among stations in logit-space). These predictions show a gen-
eral decrease in pmr* with increasing river level. Variation among
stations is predicted, in line with the observed variation among
stations in p̂mr estimated from steelhead detection data and in
ptest. Bootstrapped 95% confidence intervals around these best-
fit predictions are quite wide, as they take into account multiple
error sources involved with predicting pmr* through the interme-
diate step of ptest. In general, pmr* predictions fit p̂mr estimates
from steelhead detections reasonably well (as they should, since
they were partly based on these). In three cases, however, pmr*

was not very close to p̂mr (Chk 3 at low river level, Chk 6 at
low and high river levels, and Chk 7 at low river level; Figure
6). This is a result of the constraint on the slope β in equation
(3) being equal among stations; consequently, slopes (in logit-
space) are also equal in Figure 6. Predicted fits are not flexible
enough to “chase” all these estimates, but rather, the constrained
best fit is achieved over all stations together.

Predicted pmr* varied throughout the study from May to mid-
August, and was inversely related to river level (Figure 7). Two
main pulses of high river flow, in mid-May to mid-June and
in late June to early July, resulted in relatively low pmr* dur-
ing these times. Relatively low river level periods occurred in
early to mid-May, mid to late June, and early July to the end of
the study period in mid-August. During these periods, pmr* was
relatively high (Figure 7), so any steelhead potentially residual-
izing in the Cheakamus River would have been more likely to
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1622 MELNYCHUK AND HAUSCH

FIGURE 4. Regression of logit-transformed test-tag pass index values against river level on the day of the passes. Index values of 0 and 1 were set to 0.01 and
0.99, respectively, before transformation and regression. Slopes are constrained to be equal among the seven stations, but intercepts vary freely. Area of the index
points is proportional to the number of test-tag passes with the same index value and river level. Bands show the 95% CI of the best-fit regression line.

be detected at these times, aside from fish behavioral consider-
ations. There was also variation among stations in pmr*; it was
generally greater than 80% at Chk 4 at all but the highest river
levels, and was generally less than 30% at Chk 1 and Chk 7.

Residualization Rate Estimates
Most steelhead smolts migrated downstream soon after re-

lease. Few (five smolts) were detected at either (1) receivers up-
stream of their release site, or (2) any Cheakamus River receivers
more than 4 weeks past their release date and not thereafter at
Squamish River or ocean receivers (Table 5). We used these
detections that were suggestive of possible residuals to estimate
residualization rates. Because detected fish were so few, we ag-
gregated across release groups, but the method could also be

used for each release group independently. Tags were detected
at both high and low river levels (Table 5), so we assumed it
was possible for tagged fish to be detected throughout the May
to mid-August study period. The five fish that were detected as
possible residuals were detected on different days and at differ-
ent stations (Table 6). The average river level during the days
that fish were detected at a station was used to calculate the cor-
responding pmr* i,RL and its 95% confidence limits. These were
used to predict the number of fish that actually passed station
i based on the number detected there (di,tag); the sum of these
extrapolated numbers gave an aggregate estimate of the num-
ber of tagged fish residualizing in the Cheakamus River (DChk;
equation 5). Dividing this number by the number of tagged fish
released (198 smolts) resulted in an estimated residualization

D
ow

nl
oa

de
d 

by
 [

24
.8

7.
76

.3
2]

 a
t 1

6:
34

 1
8 

Ja
nu

ar
y 

20
13

 



ESTIMATING DETECTION PROBABILITIES OF NONMIGRANT TAGGED FISH 1623

FIGURE 5. Regression of logit-transformed mark–recapture estimates against
logit-transformed test-tag pass index predictions. Index predictions were taken
from the best-fit line from Figure 4 at the same river level and station corre-
sponding to the mark–recapture estimates. Bands show the 95% CI of the best-fit
regression line.

rate of 0.05 (95% CI, 0.03–0.12). The confidence limits for this
estimate were a direct inversion of the confidence limits for
pmr* i,RL, and therefore multiple sources of error associated with
test-tag passes and estimated p̂mr during the steelhead migration
were incorporated.

DISCUSSION
We described a new method for estimating probabilities of

detecting tagged fish at acoustic or radio receiver stations during
times when there are insufficient tagged fish present to estimate
detection probability with mark–recapture methods. Estimat-
ing variation over time in detection probability is important if
tagged fish are only abundant during some portion of a study
and one or more environmental conditions expected to affect de-
tection probability vary throughout the study. The method relies
on developing an environmentally varying index of detection
probability and calibrating it against mark–recapture estimates
of detection probability generated during times when sufficient
fish were actually present to estimate pmr. The method may
be particularly useful for estimating freshwater residualization
rates of tagged juvenile salmonids that fail to migrate seawards.

The use of an index of detection probability derived from
test-tag passes as an intermediate step allowed us to predict

FIGURE 6. Predicted detection probability (from best-fit lines of equation 1 and equation 2) and 95% bootstrap CI bands as a function of river level. Predictions
are shown for the seven Cheakamus River receiver stations. Mark–recapture detection probability estimates (�, with 95% CI) are overlaid for comparison.
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1624 MELNYCHUK AND HAUSCH

FIGURE 7. Predicted daily mark–recapture detection probability at seven Cheakamus River receiver stations from early May to mid-August. Thick black lines
show the best-fit predictions, with thin black lines as 95% bootstrap CIs. River level during this period is shown for comparison, overlaid as gray lines.

TABLE 5. Detections providing potential evidence of residualized steelhead in the Cheakamus River. The number of tagged fish released is indicated by n.
Listed in either detection category are the numbers of fish that were not detected thereafter at Squamish River or ocean stations. The range of dates during which
these suspect residuals were detected are given along with corresponding water levels.

Release group (n)
Number detected >4
weeks after release

Number detected
upstream of release site Dates detected (2008) Range of river level (m)

RG1 (40) 0 2a May 8 0.92
Jul 3 1.84

RG2 (72) 0 0
RG3 (40) 2b,c 1c Jun 6–Aug 14 0.93–1.58

Jun 17–27, Jul 1 0.96–1.84
RG4 (28) 1 0 Jul 2–5, 10–12, 14 1.05–1.85
RG5 (18) 1 0 Jul 28–29, Aug 2–3 1.04–1.08
Total (198) 3b,c 3c

aOne of the RG1 fish was detected by mobile sampling (see appendix) upstream of the release site.
bOne of the RG3 fish was detected nearly continuously from June 6 to August 14 during periods of river levels less than 1.6 m. This is suggestive of a stationary tag near the receiver

rather than in a live, residualized fish, so this fish was not considered a likely residual.
cThe other RG3 fish met both criteria and is listed under both columns.
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ESTIMATING DETECTION PROBABILITIES OF NONMIGRANT TAGGED FISH 1625

TABLE 6. Estimation of steelhead smolt residualization rate in the Cheakamus River. Detections of steelhead tags that were suggestive of possible residualization
behavior (see Table 5) were combined with detection probability estimates (pmr* i,RL) at the appropriate station and river level (RL) to predict the total number of
tagged fish that residualized in the river.

Release
group Station

Detection date
(2008)

Average RL during
days detected

Corresponding
pmr* i,RL (95% CI)

Extrapolated
number of fish

passing i (95% CI)

Estimated
residualization rate

(95% CI)

RG1 Chk 3 May 8 0.92 0.85 (0.61–0.96) 1.18 (1.05–1.65)
RG1 Mobilea July 3 1.84a 0.83 (0.62–0.94)a 1.21 (1.06–1.61)
RG3 Chk 1 June 17–27, July 1 1.11 0.22 (0.08–0.53) 4.55 (1.89–12.50)
RG4 Chk 5 July 2–5, 10–12, 14 1.40 0.47 (0.26–0.70) 2.14 (1.44–3.92)
RG5 Chk 6b July 28–29, August

2–3
1.06 0.58 (0.26–0.85) 1.73 (1.18–3.85)

Total
(DChk)

10.79 (6.62–23.53) 0.05 (0.03–0.12)

aDetection probabilities during mobile sampling raft trips (see appendix) were not estimated. The fish was detected 4 d after release at Chk 4, presumably moving downstream. Since
the mobile detection location was upstream of Chk 4, this implies that the fish moved upstream past Chk 4 sometime between May 9 and July 3 without being detected. The average
river level during this period was 1.35 m, so pmr* i,RL is calculated for Chk 4 at 1.35 m.

bThe fish passed Chk 5 undetected sometime between May 22 and July 28. The average river level during this period was 1.29 m, and an extrapolated number calculated from this
corresponding pmr* i,RL gives a similar result to that calculated for Chk 6 at 1.06 m.

mark–recapture-like detection probabilities during times when
pmr could not be estimated. It seemed reasonable that ptest could
serve as an index of pmr. Test-tag pass indices were on the 0–1
scale, like pmr, ptest and p̂mr both varied inversely with river level
but independently, and test tags were similar in acoustic power
to the tags from steelhead. Values of ptest tended to be lower
than p̂mr despite test-tag transmissions being more frequent than
steelhead tags. This did not present a problem since the second
regression (equation 4) allowed an intercept to be estimated,
but is interesting biologically as it might be explained by fish
behavior. Test tags drifted downstream at the speed of river
flow. Since p̂mr tended to be higher, this implied fish may have
traveled more slowly than the river’s speed past receivers, or
else traveled in short-distance increments, temporarily stopping
often enough that they would be likely to stop within range of a
receiver where detection would be more likely than if traveling
continuously at the speed of the water. Diurnal timing arguments
seemed unlikely to be an explanation for the higher p̂mr relative
to ptest. Smolts were observed traveling past river stations more
frequently during nighttime hours (data not shown, but patterns
were similar to those in Melnychuk et al. 2007), while test-tag
passes were conducted in daylight. River level and discharge
tended to be higher at night (following the day’s snowmelt from
the upper watershed), so a lower p would be expected at night
than during the day.

Changes in water level in the Cheakamus River during the
study caused variation in detection probabilities at Cheakamus
River stations over this period. This was evident in the variation
of test-tag pass index values, which tended to be higher during
periods of lower river levels. It was also evident from one tag
from RG3, which was detected at Chk 4 during several periods;
detection of this tag was fairly consistent during May 9–15, 4
June 4, June 6, sporadic in June 12–30, fairly consistent during
July 12–August 7, and sporadic in August 8–14. These peri-

ods coincide with relatively low water levels in the Cheakamus
River (Figure 2). During the period from May 9 to August 14,
there were no detections of this tag during the times when the
water level was higher than 1.6 m. It is possible this tag was
stationary and lying on the riverbed some distance from Chk 4
(either in a smolt that died after being defecated from a preda-
tor, or after being extruded from the smolt). During periods of
low water level and thus low acoustic background noise, the
tag was occasionally detected, but during periods of high water
level and noise, it was not. Sentinel transmitters could be de-
ployed within range of acoustic receivers for extensive periods
during a study to rigorously quantify the change of detection
probability over time owing to changing environmental condi-
tions like river level. Sentinel test tags should have a carefully
selected pulse rate to avoid potential signal collisions with tags
inside fish, whether fish are migrants or residuals (Melnychuk,
in press).

There were only five detected steelhead that provided evi-
dence of residualization behavior. The estimated residualization
rate of 5% is therefore very sensitive to this small number of
“suspected” residuals. The confidence intervals around this es-
timate, despite being conservative by accounting for multiple
sources of error independently, may not provide adequate cov-
erage as a result. We illustrate this with two examples: example
1 involves the possibility of detecting more or fewer residuals,
and example 2 involves the possibility that suspected residuals
might not actually be live, residualized steelhead smolts.

Example 1.—The suspected residual from RG3 was detected
during a low pmr* period (Table 6). If a single other fish had been
detected during a similar period of low pmr*, the residualization
estimate would have increased from 5.4% to 7.7%. Likewise,
two or three additional fish detected during this period would
have increased the residualization estimate to 10.0% and 12.3%,
respectively, the latter having been outside the current upper
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1626 MELNYCHUK AND HAUSCH

95% confidence limit of 11.9%. Conversely, if the fish from
RG3 had not been detected, the residualization estimate would
have decreased to 3.2%, which is outside the current lower 95%
confidence limit of 3.3%.

Example 2.—The same suspected residual from RG3 was
detected at Chk 1 beginning June 17 (when the receiver was re-
located to this position) and displayed consistent diurnal move-
ments. For several days during the period June 17–27, the tag
was detected several hundred times during the night, but not dur-
ing daylight hours. As river levels were typically higher during
the night than during the day, this suggests one of two possi-
bilities. (1) The tag was on a riverbank or bar, and submerged
during nighttime hours but exposed to the air during daylight
hours (when it would not be detected). This possibility seems
unlikely since the frequency of detections declined in early July
when river levels rose. (2) Alternatively, the tag was inside a
fish (either a tagged, residualized steelhead or a predator that
had previously eaten the steelhead) that exhibited diurnal move-
ments, often within detection range of Chk 1 at night but either
upstream or downstream out of range during the day. Case (2,
smolt) was assumed in the residualization rate estimation, but
if either case (1) or (2, predator) were instead true, then this tag
would not actually be in a live, residualized steelhead. The esti-
mated residualization rate would in this case decrease to 3.2%,
as in example 1 above.

Other studies have also found that residualization rate esti-
mates were possibly inaccurate when based on a small number
of recaptures (Viola and Schuck 1991; Cannamela 1993). De-
spite the residualization rate estimate being relatively imprecise
and sensitive to the small number of “suspected” residuals, it is
at least true that few tags were detected over a period of sev-
eral months while multiple receivers in the Cheakamus River
were operational, as verified by test-tag passes. A population
with higher residualization rates or use of greater sample sizes
should result in more “suspect” residuals detected. If in-river
receiver coverage within each segment is more comprehensive,
robust-design mark–recapture approaches can be used to esti-
mate the abundance of residuals in each segment (Buchanan
et al. 2008).

In our estimation method we assumed that residualizing fish
pass at least one Cheakamus River receiver station during the
period from release to mid-August, so that any fish that do resid-
ualize have the opportunity to be detected at a station. Whether
residualization estimates are accurate largely depend on the pos-
sible scale of movement associated with residualization. If the
possibility of residualization is associated with in-river move-
ment of several kilometers by smolts (as it was in other rivers;
McMichael and Pearsons 2001; Werlen 2003; Walters 2005),
then it is unlikely that many other tagged smolts would have
residualized in the Cheakamus River and not been detected dur-
ing this period. If the possibility of residualization is associated
with shorter distances of in-river movement or more localized
habitat use, then we cannot exclude the possibility that addi-
tional fish residualized in the river but did not move far enough

to be detected at receiver stations during the survey period. Of
the five suspected residuals, three were detected at the first up-
stream or first downstream receiver station encountered, so may
have only traveled short distances. The other two passed the first
station encountered without being detected. They were later de-
tected at a different station or with mobile tracking, so may have
traveled longer actual distances. Although the possibility of bias
in estimated residualization exists, the estimate of 5.4% is within
the expected range based on studies that quantified the residual-
ization rate of hatchery-reared steelhead in other systems using
other sampling methods. Using a meta-analysis approach, S. J.
Hausch and M. C. Melnychuk (unpublished data) found that
steelhead residualization averaged about 6% and that factors
related to release methodology (e.g., distance upstream from a
major confluence and number of fish released) were stronger
predictors of residualization than characteristics of the released
fish themselves (e.g., body size, condition, and broodstock ori-
gin). Based on their model, the predicted residualization rate
for these Cheakamus River steelhead is 6.2% (95% confidence
limits, 3.7–8.7%).

The use of acoustic telemetry or radiotelemetry to estimate
survival of juvenile salmon during the downstream or early mi-
gration has become increasingly common over the last decade
(Skalski et al. 2001; Welch et al. 2008, 2009; McMichael et al.
2010; Perry et al. 2010). Several stationary receivers are typ-
ically deployed along migration routes, and mark–recapture
models are used to simultaneously estimate detection proba-
bilities of fish at stations and survival probabilities in segments
between stations. Tag costs are often high, so researchers may
attempt to gain as much information as possible from limited
numbers of tagged fish. Sensors on tags allow for reporting en-
vironmental information like depth and temperature. Physiolog-
ical assays or genetic sampling at the time of tagging may allow
the eventual fate of tagged fish to be correlated with mechanis-
tic factors (Cooke et al. 2008). Mobile tracking can be used to
supplement detection data from stationary receivers (Appendix;
Melnychuk and Christensen 2009). Tags can be programmed
with “sleep periods” to conserve battery power and then reiniti-
ate transmissions during the adult return migration (Wood et al.,
in press). Finally, sampling in lakes (Welch et al. 2009) or rivers
for possible residuals after the main migration period may al-
low for accurately estimating the rate of residualization, which
in turn can be used towards isolating true survival from appar-
ent survival (other factors like tag loss and tag failure also bias
survival estimates). The methodology presented here intends
to further develop telemetry and mark–recapture studies to en-
rich the amount and quality of information gained from such
studies.
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APPENDIX: MOBILE TRACKING IN THE CHEAKAMUS
RIVER

Sampling trips for steelhead tags were periodically conducted
by raft down the Cheakamus River to monitor for tagged steel-
head that may have residualized between stationary acoustic
receivers where they would not be detected. A VEMCO VR-
100 acoustic receiver with an omnidirectional hydrophone was
operated by one crew member while the other steered the boat.
This receiver can decode tags and provides sound output through
headphones so the user can hear tag pulses even if the tag identi-
fication code cannot immediately be decoded. The hydrophone
was towed behind the raft as it traveled downstream, generally
0.25–0.5 m below the water surface, but raised while crossing
rapids or shallow areas. The raft speed was slowed in calm
pools to allow the crew member to spend more time listening
for tags; audible detection efficiency was assumed to be highest
in these areas. Mobile tracking trips were conducted on May 30,
June 4, July 3, and August 6, concurrently with raft-lowered,
test-tag passes past stationary receivers. Mobile sampling trips
began near the release site for release group 2 (RG2), approx-
imately 1 km downstream from Chk 1 (Figure 1) and ended
in the Squamish River downstream from the Cheakamus River
confluence.

Estimating sampling efficiency by raft was largely pro-
hibitive owing to swift flow conditions at the time when raft
trips were conducted. The raft with VR-100 receiver passed
a stationary test tag deployed along a river bank on only one

occasion, and the tag was neither decoded nor audibly detected.
Instead, maximum detection range during raft trips was esti-
mated by using the test tag. Measurements were taken from
shore in calm eddies or laminar runs, with one individual hold-
ing the hydrophone fully submersed in at least 0.25 m of water
while another individual submersed a tag in the water and pro-
gressively moved farther away from the hydrophone in 1–2-m
increments. Two distances were noted: (1) the farthest distance
at which the tag was decoded by the receiver on the first or
second transmission, and (2) the farthest distance at which the
technician could audibly detect the tag. Tags were reliably de-
coded and audibly detected no farther than 5 and 10 m away,
respectively, in typical river conditions. As sampling speed of
the raft averaged 2.9 m/s and most fish tags transmitted, on av-
erage, every 40 s, decoding and audible detection efficiencies
of mobile tracking were probably low. Absence of detections
during mobile monitoring trips was therefore not considered
evidence that tags were absent along sampling tracks.

Mobile sampling led to the detection of a single tag, from
release group 1, on July 3 (∼49.82642◦N, 123.15078◦W). This
tag was detected upstream from the release site. It had been de-
tected previously 4 d after release at the receiver station Chk 4,
but was not detected on stationary receivers thereafter. At the
time of detection, the raft was stationary, and technicians were
in the process of measuring the detection range to a test tag. No
fish were detected during sampling trips by raft when the raft
was moving.
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