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Estimating observer error and steelhead redd abundance using
a modified Gaussian area-under-the-curve framework
Andrew R. Murdoch, Chad J. Herring, Charles H. Frady, Kevin See, and Chris E. Jordan

Abstract: This study examined how a suite of habitat and environmental variables relate to the ability of a stream surveyor to
identify (observer efficiency) and distinguish (observer accuracy) steelhead (Oncorhynchus mykiss) redds from other stream fea-
tures. Two existing spawning survey protocols that included one or two redd observers were used to develop models to estimate
redd observer error. In most cases, steelhead redd abundances using raw redd counts were underestimated. Mean annual rates
of observer efficiency ranged from 0.44 to 0.57, and observer accuracy ranged from 0.67 to 0.83. Regardless of the observer error
model used, adjusted annual redd abundance estimates were generally unbiased (range 1.6–0.6 redds). A Gaussian area-under-
the-curve methodology that incorporates redd count data and observer error rates was used to generate unbiased estimates of
steelhead redd abundance in the Wenatchee (170 redds, coefficient of variation (CV) = 44%) and Methow (106 redds, CV = 41%)
rivers. Unbiased estimates of redd abundance will help inform new population viability analyses to better prioritize those
populations with the greatest conservation need.

Résumé : L’étude examine le lien entre un ensemble de variables reliées à l’habitat et au milieu et la capacité d’un agent
d’évaluation des cours d’eau de déceler (efficacité de l’observateur) et de distinguer (exactitude de l’observateur) les nids de frai
de truites arc-en-ciel (Oncorhynchus mykiss) d’autres éléments du cours d’eau. Deux protocoles existants d’inventaire de géniteurs
qui comprennent un ou deux observateurs des nids de frai ont été utilisés afin de développer des modèles pour estimer l’erreur
associée à l’observateur. Dans la plupart des cas, l’abondance des nids de frai de truites arc-en-ciel obtenue à partir des nombres
bruts de nids dénombrés est sous-estimée. Les taux annuels moyens d’efficacité de l’observateur vont de 0,44 à 0,57 et
l’exactitude de l’observateur va de 0,67 à 0,83. Peu importe le modèle d’erreur associée à l’observateur utilisé, les estimations
ajustées de l’abondance annuelle des nids de frai sont généralement non biaisées (fourchette : 1,6–0,6 nid de frai). Une méth-
odologie de surface sous la courbe gaussienne qui incorpore des données de dénombrement des nids de frai et les taux d’erreur
de l’observateur a été utilisée pour produire des estimations non biaisées de l’abondance de nids de frai de truites arc-en-ciel dans
les rivières Wenatchee (170 nids, le coefficient de variation (CV) = 44 %) et Methow (106 nids, CV = 41 %). Des estimations non
biaisées de l’abondance des nids de frai éclaireront de nouvelles analyses de la viabilité de populations pour permettre une
meilleure priorisation des populations ayant les plus grands besoins en matière de conservation. [Traduit par la Rédaction]

Introduction
Estimates of redd abundance are a common metric used to

monitor the status and trend of adult salmonid populations (Dauble
and Watson 1997; Jacobs et al. 2009; Howell and Sankovich 2012).
When used in conjunction with other population-specific data
(e.g., spawners per redd), redd abundance can be used to estimate
spawner abundance (Gallagher and Gallagher 2005; Murdoch et al.
2010). Raw counts of redd abundance are inherently inaccurate due
to a combination of observer experience, habitat, and environ-
mental conditions that influence a redd observer’s ability to accu-
rately detect and identify redds (Dunham et al. 2001; Muhlfeld
et al. 2006; Howell and Sankovich 2012). Nevertheless, redd sur-
veys are conducted in a wide range of habitats for many salmonid
species because redd counts are reported to be correlated with
spawner abundance (Dunham et al. 2001; Gallagher and Gallagher
2005; Gallagher et al. 2010; Murdoch et al. 2010) and can be con-
ducted at a relatively low cost (Chasco et al. 2014). Historically,
redd-based estimates of spawner abundance have adequately

served as an index of spawner abundance for most management
objectives, but growing conservation concerns (e.g., populations
listed under the United States Endangered Species Act) now re-
quire unbiased estimates of spawner abundance with known lev-
els of uncertainty (Crawford and Rumsey 2011).

Redd survey design and methodology are important consider-
ations that have changed through time in response to management
questions. For some populations, aerial surveys were abandoned for
more accurate ground-based surveys. Single-pass peak redd counts
were eventually replaced with multiple-pass index area redd
counts, which eventually lead to weekly redd counts of all avail-
able spawning habitat or census redds counts. At spatial scales
larger than the stream or population level, more complex survey
designs (e.g., generalized random tessellation stratified) have also
been successfully used (Stevens 2002; Boydstun and McDonald
2005). Chasco et al. (2014) retrospectively evaluated the accuracy
and precision of three common Chinook salmon (Oncorhynchus
tshawytscha) redd survey designs (i.e., single-pass aerial, multiple-
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pass index area, and multiple-pass census) in Johnson Creek,
Idaho, using a state-space model. Spawner abundance estimates
based on multiple-pass census redd counts were shown to be com-
parable to mark–recapture-based estimates in terms of both accu-
racy and precision, but implemented at a fraction of the cost.

Selecting the correct redd survey design minimizes sampling
error (Liermann et al. 2015), but estimating and adjusting for ob-
servation error in redd counts has only been recently investigated.
The accuracy of redds counts may be influenced by errors of omis-
sion (i.e., missed redds) or commission (i.e., false identification).
While these two sources of error can cancel each other, if the two
error rates are not identical, the redd count will be biased in the
direction of the largest source of error. Muhlfeld et al. (2006)
reported the bull trout (Salvelinus confluentus) redd abundance was
highly correlated with errors of omission, but unrelated to errors
of commission, suggesting the processes behind the two sources
of error are unrelated and unique. Surveyor experience was found
to be positively related to observer efficiency in all studies
(Dunham et al. 2001; Muhlfeld et al. 2006; Howell and Sankovich
2012) except one (Dunham et al. 2001). In that study, 82% of the
redd observers had little to no experience conducting bull trout
surveys. Hence, large variation in redd observer efficiency and the
limited range of surveyor experience may explain why no rela-
tionship was detected. Dunham et al. (2001) did report that several
redd and habitat characteristics were found to be significantly
correlated with error rates of both omission and commission.
Gallagher and Gallagher (2005) estimated mean redd observer
efficiency rates for steelhead (Oncorhynchus mykiss) in coastal North-
ern California streams based on the proportion of flagged redds ob-
served. Mean redd observer efficiency was negatively related to
weekly stream discharge and positively related to maximum visible
water depth, but errors of commission (false identification) or expe-
rience of the redd observers were not assessed. A comprehensive
evaluation of factors influencing redd observer error has not been
conducted for any anadromous salmonid species. Understanding the
factors driving observer error can be used to minimize (e.g., number
or experience of observers) or account for the error in the estimate
(e.g., area-under-the-curve (AUC)). These relationships among ob-
server experience, habitat characteristics, environmental conditions,
and observer error rates may be useful in developing models to pre-
dict observer error for each river or river segment of interest.

Estimates of observer error coupled with redd life and count
data are also required to use the AUC methodology to estimate
total redd abundance (Hilborn et al. 1999; Parken et al. 2003). The
AUC methodology, or more accurately the trapezoidal AUC (TAUC),
involves plotting a times series of count data (e.g., fish or redds) or
an escapement curve and dividing the AUC by the redd life or
residence time and observer efficiency (Parken et al 2003; Millar
et al. 2012). The TAUC approach has been successfully adopted to
various conditions, but incorporating the uncertainty of each pa-
rameter into the estimate has been challenging. Parken et al.
(2003) developed a method for incorporating uncertainty into the
escapement estimate using costly replicate surveys. Conversely,
Hilborn et al. (1999) developed a maximum likelihood estimator
with an estimate of standard error, but was computationally dif-
ficult to generate and has not been widely adopted. In addition,
the TAUC estimator generally outperformed the maximum likeli-
hood estimator when compared with weir counts (Hilborn et al.
1999). Millar et al. (2012) recently developed simpler analytical
methods to estimate escapement and variance using a Gaussian
AUC (GAUC) methodology. While the traditional TAUC estimator
performed slightly better than the GAUC estimator, the later has
an estimate of uncertainty that has been lacking for decades. The
GAUC methodology was adopted to fit with existing steelhead
redd survey protocols and redd count data sets, but estimates of
observer efficiency were still needed. The objectives of this study
were to (i) measure redd observer error under an existing steel-
head redd survey protocol using two different levels of effort (i.e.,

one observer and two observers), (ii) develop predictive models to
estimate observer error, (iii) use those predictions of observer
error to subsequently estimate the total number of steelhead redds
using a GAUC methodology, and (iv) compare results of both survey
protocols to inform the future direction of steelhead redd surveys.

Methods
Study area

The Wenatchee and Methow rivers are located in north central
Washington State and drain 3439 and 4727 km2 of the Cascade
Mountains eastern slope, respectively (Fig. 1). The Wenatchee
watershed contains 332 km of major streams with 207 km acces-
sible to anadromous salmonids (Mullan et al. 1992). The Wenatchee
River flows into the Columbia River at river kilometre (rkm) 754
and is located between Rock Island and Rocky Reach dams. The
Methow watershed contains 270 km of major streams with 239 km
accessible to anadromous salmonids (Mullan et al. 1992). The
Methow River flows into the Columbia River at rkm 843 and is
located between Wells Dam and the confluence of Okanogan
River. Steelhead in both rivers are classified as summer-run and
are listed as threatened under the Endangered Species Act (NMFS
2016) as part of the Upper Columbia Distinct Population Segment.
Summer-run steelhead enter fresh water the year prior to spawn-
ing, typically June through October, become sexually mature in
their natal watershed, and spawn the following spring between
March and May. Depending on the annual snowpack levels, stream
discharge in the Wenatchee and Methow rivers during the spawning
period may increase over 200% and 600%, respectively.

Study reach selection
Comprehensive steelhead redd surveys have been conducted in

all major spawning areas of both watersheds since 2004 (Hillman
et al. 2011; Snow et al. 2011). Steelhead spawn throughout the
entire length of the Wenatchee and Methow rivers and in at least
some reaches of all the major tributaries. Given the diverse habi-
tat and environmental conditions, study reaches were selected to
capture the maximum variability in habitat and environmental
conditions that surveyors experience while conducting redd sur-
veys. Four study reaches were selected in each watershed that
represented the range of survey conditions (Table 1). Korman et al.
(2002) reported that the variance of observer efficiency estimates
(coefficient of variation (CV) range 27%–100%) increased as the
proportion of steelhead observed (range 0.05–0.61) decreased. Hence,
study reaches were also selected to minimize the influence of the
interannual variability in redd abundance and the subsequent
variance in observer error rates to facilitate model development.

Redd surveys
Redd observer error was assessed by comparing intensive cen-

sus ground redd counts with naïve observer redd counts similar to
that described in Thurow and McGrath (2010). All redd observers
in the study received a similar, albeit limited, level of training that
included both a classroom and field portion. Census surveys were
conducted every 3 days in all study reaches by experienced sur-
veyors (mean = 6 years; range 4–10 years) and began prior to the
start of spawning and ended when no new redds were found.
Census surveyors did not change reaches throughout the spawn-
ing period. It was assumed that redds found during census surveys
were an accurate, unbiased count of the total number of redds in
each reach. Features that could be misinterpreted as steelhead
redds (e.g., old salmon redds or hydrologic features) or errors of
commission were marked, including a unique georeferenced way-
point, and numbered sequentially on aerial photographs. Aerial
photographs were laminated for use in the field. The mean reach
length per photograph was 445 m. Areas of localized high-density
spawning were also annotated on detailed hand-drawn maps. If
redd superimposition was observed, the proportion of the redd
disturbed by another female steelhead was estimated during each
survey. During census surveys, the date when redds became no
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longer visible due to superimposition or environmental condi-
tions was recorded (Gallagher et al. 2007). Flagging was not at-
tached to vegetation adjacent to steelhead redds within study
reaches to reduce potential bias during subsequent naïve surveys.
Surveys were conducted using one- or two-person catarafts de-
pending on the size of stream. When a two-person cataraft was
used, the redd observer provided verbal direction to the rower at
all times. Surveys were generally conducted during periods of
maximum potential sunlight (1000–1500 h). All surveyors wore
polarized sunglasses and a brimmed cap. If actively spawning fish
were observed, surveyors used caution to avoid disturbing fish.

Surveys were conducted near the peak of spawning by naïve
observers to estimate redd observer accuracy and efficiency. Con-
sistent with the methodology typically used in each respective
watershed, a single redd observer was used in the Wenatchee
watershed and two redd observers in two catarafts were used in
the Methow watershed. Naïve surveys were generally conducted

Fig. 1. Vicinity map of steelhead survey area and study reaches in the Wenatchee and Methow watersheds.

Table 1. Mean and standard deviation (SD) of reach characteristics
and covariates included in observer error model selection.

Wenatchee Methow

Variable Mean SD Mean SD

Reach length (km) 8.27 4.84 9.75 7.74
Stream width (m) 30.83 19.21 33.87 11.49
Gradient (%) 0.82 0.98 0.29 0.18
Redd density (no.·km–1) 22.99 38.08 1.90 1.80
Water visibility (m) 15.01 3.00 13.57 5.28
Discharge (CFS)* 1103.0 1257.0 1069.0 704.4
Water depth (m) 0.64 0.14 0.65 0.34
Thalweg CV (%) 40.33 11.99 37.45 13.47
Experience 27.91 17.24 41.48 31.44
Effort (min·m–1) 0.03 0.01 0.03 0.01

*1 ft3·s–1 = 28.317 L·s–1.
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on the same day as a census survey, at a typical level of effort.
However, because variation in survey effort does exist among
surveyors, the start and stop time of each survey was recorded to
assess the influence of effort on observer error. Naïve observers
had no prior knowledge of the number of redds present and used
methods identical to those for census surveys. All observers, both
census and naïve, were instructed not to discuss the results of any
survey during the study period. The variability in experience of the
naïve observers was maximized to the extent possible to understand
better the influence of experience on observer error. The number
of replicate naïve surveys conducted on each reach was dependent
on personnel availability and environmental conditions.

Redd observer error model covariates
Experience of the redd observer may be an important factor

influencing observer error (Muhlfeld et al. 2006; Howell and
Sankovich 2012). Observer experience was quantified based on the
species and frequency of surveys. Because all salmonids that
spawn in streams exhibit similar behavior during spawning (i.e.,
constructing a redd), experience was pooled across species. Expe-
rience was quantified based on the number of years or seasons an
individual had conducted redd surveys. For example, an individ-
ual that conducted Chinook salmon redd surveys 1 day a week
during the entire spawning season for 5 years received a value of
five. However, if the same observer also conducted steelhead redd
surveys 1 day a week throughout the spawning season for 3 years,
the surveyor would receive a value of eight for experience con-
ducting salmonid spawning ground surveys. Partial years or sin-
gle surveys, regardless of classification, were prorated based on a
maximum of ten surveys per season (i.e., one survey = 0.1 points).
Because we believed there was a saturating effect of experience,
the log of the experience value was used in error models. Survey
effort of the naïve surveyors was standardized by dividing survey
time by reach length. Observed redd density was calculated by
dividing the total length of each study reach by the total number
of redds or redd-like features identified by naïve surveyors.

Habitat variables describing the physical characteristics of
each reach were measured at the beginning of the spawning
season along ten equidistant transects established perpendicu-
lar to the flow or was summed across the entire reach (Bartley
and Rutherfurd 2005). Mean stream width and water depth for
each study reach were calculated from the width and depth re-
corded at each transect. Horizontal water visibility was estimated
for each survey using a standard Secchi disc. At the start and end
points of the study reach, a Secchi disc was placed in approxi-
mately 0.5 m of water with a laminar flow pattern. A depth of
0.5 m was selected to provide observers the ability to remain
standing in the stream channel throughout the spawning season,
as spring snow melt increases river discharge and water velocity.
The observer would walk upstream to a point when the white and
black sections of the disc were no longer discernible. The distance
between the observer and Secchi disc was measured on the stream
bank using a tape measure. The mean distance of the two mea-
surements was used as an index of horizontal water visibility for
that survey. River discharge measured at the nearest gauging sta-
tion was recorded at the beginning and end of the survey. The
mean discharge for that survey day was used in the model.

The influence of channel or habitat complexity was quantified
using the CV in the thalweg profile (Madej 1999; Bartley and
Rutherfurd 2005). Because the influence of channel complexity
associated with spawning sites was the metric of interest, steel-
head redd locations were used to select sample locations for the
thalweg profile. The redd location was used as the midpoint of
the sample to ensure representation of channel complexity at the
spawning site. A longitudinal profile of water depth was mea-
sured every 3 m along the thalweg, extending 150 m upstream and
150 m downstream from each of three randomly selected redds in
each study reach. The thalweg CV was calculated for each 300 m

sample location. The mean thalweg CV for each study reach was
used as an index of channel complexity. Data on possible covari-
ates collected during census surveys are summarized in Table 1.

Redd observer error rates
Individual redds identified during naïve surveys were compared

with redds identified in census surveys using georeferenced redd
locations, aerial photographs, and hand-drawn maps. Redd ob-
server error may occur when redds are falsely identified (commis-
sion) or when redds are missed (omission) and were based only on
redds that were still visible during the naïve surveys (Thurow and
McGrath 2010). Redd observer accuracy was defined as the propor-
tion of features identified by an observer that were steelhead
redds and not confused with other features created hydraulically
(i.e., scour and deposition) or redds from other species:

(1) Ai � Ri/Fi

where A is the accuracy of naïve redd survey i, Ri is the number of
correctly identified steelhead redds found by both the naïve and
census surveyors during naïve redd survey i, and Fi is the total
number of redd-like features found by the naïve redd observer i.
Redd observer efficiency was defined as the proportion of steel-
head redds correctly identified during a survey:

(2) Ei � Ri/VCen

where E is the efficiency of naïve survey i, Ri is the number of
correctly identified steelhead redds found by both the naïve and
census surveyors during naïve redd survey i, and VCen is the num-
ber of redds found by the census surveyor that were still visible on
the day of naïve survey i. Hence, modeling the error structure of
steelhead redd observers requires a two-stage process that in-
cludes (i) estimating the proportion of features identified during a
survey that were steelhead redds and (ii) estimating the propor-
tion of steelhead redds that were correctly identified during the
survey. Alternatively, when total redd abundance, not specific
redd locations or distribution, is the primary metric of interest,
the sum of both sources of error (i.e., net error rate) may be mod-
eled more simply in a single step. Net error rates were calculated
by dividing the number of redd-like features identified during
naïve survey i by the number of redds found by the census sur-
veyor that were still visible on the day of naïve survey i:

(3) NEi � Fi/VCen

where NE is the net error of naïve survey i. Net error rates may be
less than or greater than one, depending on which source of error
(i.e., omission or commission) was the greatest. Correlations among
error rates (commission, omission, and net error) were examined
using a Spearman correlation coefficient.

Model selection
Observer efficiency, observer accuracy, and net error rates were

modeled separately. All covariates were centered to have a mean
of zero. Separate models were also developed based on the num-
ber of observers (i.e., Wenatchee = 1; Methow = 2). Observer effi-
ciency and accuracy error rates were modeled with a logit link
using a binomial error structure, while net error was modeled as
a linear model with Gaussian error structure, with a list of possi-
ble covariates including habitat metrics, redd density, survey ef-
fort, and observer experience. The model selection process
involved fitting a series of models with all possible combinations
of covariates, including an intercept-only model, using Akaike
information criteria corrected for small sample size (AICc) to iden-
tify the most parsimonious model (Burnham and Anderson 2002).
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In addition, covariates with a correlation >0.5 were not included
in the same candidate model. The AICc score of each model was
recorded, and the model with the lowest AICc score was consid-
ered the most parsimonious model supported by the data (Akaike
1974). All models with a �AICc < 2 were equally supported by the
data (Burnham and Anderson 2002). Therefore, model averaging
was conducted with all models with a �AICc < 2 to make predic-
tions of error rates. All statistical analyses were conducted using
R software (R Core Team 2015).

Model performance
A leave-one-out cross-validation (LOOCV) approach was used to

assess the predictive performance of the different models (Hastie
et al. 2009). To perform a LOOCV, we took all the models with a
�AICc of less than 2 and refit them to the entire data set except for
a single data point. We then predicted the error rates for that
point using model-averaged coefficients and then predicted the
number of redds for that data point as well. We cycled through the
entire data set, leaving each point out once. Comparisons (i.e.,
mean bias, root mean squared error (RMSE), weighted correlation,
and coverage probability) between those predictions and the ob-
served values were made to assess model performance. Mean bias
describes the average difference between observed and predicted
values and can be used to assess whether a model’s predictions are
unbiased. The RMSE describes how far off in either direction the
predictions are from the truth, on average. For predicted redds, a
normalized RMSE value divides the RMSE by the mean number of
observed redds, providing the mean proportion of redds that the
prediction was off by. Weighted correlations describe the correla-
tion between observed and predicted values, weighted by the rel-
ative number of observed redds, so that predictions for surveys
that encountered a large number of redds are more heavily
weighted than surveys that encountered few redds. Because sur-
veys encountered many fewer redds in the Methow than in the
Wenatchee, the relative number of observed redds was calculated
by dividing the number of observed redds by the maximum num-
ber of redds observed in that watershed, so as to not overly dis-
count the Methow surveys. Coverage probabilities assess the rate
at which the 95% confidence interval encompasses the true value.
A good model should have a coverage probability near 95%,
whereas one with a low coverage probability is not capturing
enough of the uncertainty.

Application of GAUC to steelhead redd survey data
Millar et al. (2012) presented a less computationally demanding

analytical approach to estimating AUC abundance and variance.
As traditionally applied, AUC uses a time series plot of spawner
count data to estimate spawner-days, which is then divided by
mean spawner life and observer efficiency to estimate spawner
abundance. The key difference between spawner counts and redd
surveys is that it is impossible to determine which spawners were
counted in the previous survey, whereas redds can be georefer-
enced. This eliminates the need to account for redd life because a
time series of previously unseen redds or new redds can be used
instead of total visible redds, using survey number instead of date
as the point of reference. However, the GAUC methodology still
requires an estimate of observer error, with standard errors.
Based on the suite of covariates included in the top models, esti-
mates of redd observer error were generated for each survey, and
then reach means and standard deviations (SDs) were calculated
to be used in the GAUC calculations.

In 2014, steelhead redd observers conducted weekly surveys of
the major spawning reaches in both the Wenatchee and Methow
rivers. Selected model covariates were collected as previously de-
scribed. Because the steelhead spawning distribution is known to
be clumped (Hillman et al. 2011; Snow et al. 2011), presumably due
to heterogeneous spawning habitat quality, minor spawning
reaches were only surveyed at peak spawning, thereby substan-
tially decreasing costs of conducting redd surveys. For these mi-

nor spawning reaches, the number of visible redds at peak
spawning was adjusted for the predicted observer error of the
adjacent major spawning reach to generate an estimate of total
redd abundance. Estimates of redd abundance and variance were
summed across all major and minor spawning reaches to generate
a total redd estimate for each river.

Results

Single redd observer error rates (Wenatchee Basin)
During the study period, 52 naïve surveys were conducted to

estimate observer error (Table 2). The mean number of naïve sur-
veys conducted in a single day was 2.4 (SD = 1.0). On average, naïve
observers identified (i.e., efficiency) only 48% (SD = 23%) of the
steelhead redds visible on the day of the survey, indicating that a
majority of redds were missed. However, redd observers were
more accurate (mean = 79%; SD = 17%) than efficient, meaning that
while observers missed a large proportion of visible redds, it was
more likely that those redds identified were true steelhead redds
and not confused with redd-like features. Accuracy was not signif-
icantly correlated with observer efficiency (rs = 0.20, P = 0.16) or net
error rates (rs = –0.14, P = 0.33), but was higher than observer
efficiency in every study reach, resulting in intermediate rates of
net error. However, because efficiency was generally smaller than
accuracy, the mean net error (63%; SD = 31%) was less than one. As
expected, observer efficiency was correlated with net error rate
(rs = 0.86, P < 0.001), and a majority of naïve surveys (88%, N = 46)
underestimated the redd abundance regardless of observer effi-
ciency.

When modeling observer efficiency, stream depth, observed
redd density, and the mean thalweg CV were all included in the
top model (Table 3). The second-best model included the same
covariates except for observed redd density and had a difference
of over 3 AICc units. After that, no other model was within 10 AICc
units. The effects of these main covariates suggest that efficiency
improves when stream complexity or redd density increases,
while it declines when the stream depth increases (Table 4). For
observer accuracy, the only covariate included in the top model
was standardized effort (Table 3). As expected, accuracy improved
when effort increased, suggesting when surveyors spend more
time evaluating redd-like features, they are less likely to make
errors of commission (Table 4). The mean CV of thalweg depth and
observed redd density were also relatively important, but models
containing these covariates had a �AICc greater than 2, suggesting
most of the variation in observer accuracy is captured by effort.
The same three covariates (stream depth, the observed redd den-
sity, and the mean thalweg CV) most important in explaining
observer efficiency were also the most important for net error
(Tables 3 and 4). Given the correlation between observer efficiency
and net error rates, it was expected that the same covariates
would also be important in predicting net error rates.

Model-averaged predictions of error rates had moderate weighted
correlation coefficients with observed rates in a LOOCV analysis
(efficiency = 0.68, accuracy = 0.48, net error = 0.59). The RMSE of
the LOOCV exercise was 17% for observer efficiency, 15% for ob-
server accuracy, and 25% for net error.

Table 2. Mean observer error rates and standard deviation (in paren-
theses) of naïve surveys conducted in the selected reaches of major
steelhead spawning areas in the Wenatchee and Methow watersheds.

Watershed Year N Efficiency Accuracy Net error

Wenatchee 2011 38 0.493 (0.230) 0.827 (0.172) 0.609 (0.309)
2012 14 0.453 (0.270) 0.674 (0.245) 0.673 (0.319)
All 52 0.482 (0.230) 0.786 (0.172) 0.626 (0.309)

Methow 2012 20 0.441 (0.257) 0.772 (0.144) 0.596 (0.371)
2013 23 0.566 (0.267) 0.768 (0.135) 0.757 (0.377)
All 43 0.508 (0.267) 0.770 (0.137) 0.682 (0.378)
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Two redd observer error rates (Methow watershed)
During the study period, 43 naïve surveys were conducted to

estimate redd observer error (Table 2). The mean number of naïve
surveys conducted in a single day was 1.7 (SD = 0.5). On average,
naïve observers identified (i.e., efficiency) only 51% (SD = 27%) of
the steelhead redds visible on the day of the survey, or they found
only slightly more than they missed. As was the case under a
single observer protocol, a majority of the steelhead redds found
were not misidentified and were true steelhead redds (mean =
77%, SD = 14%). Observer accuracy was not significantly correlated
with observer efficiency (rs = –0.08, P = 0.62), but was modestly
correlated with net error (rs = –0.39, P = 0.01). Similar to the single
observer error rates in the Wenatchee watershed, rates of omis-
sion were generally larger than rates of commission resulting in a
mean net error (68%, SD = 38%) less than one. Similarly, observer
efficiency was also correlated with net error rate (rs = 0.92,

P < 0.0001), and a majority of naïve observers (95%, N = 41) under-
estimated the redd abundance regardless of observer efficiency.

When modeling observer efficiency, redd density and the mean
thalweg CV were the most important covariates, being included in
every model with �AICc < 2 (Table 3). Other covariates that also
contributed some information included experience, gradient,
mean depth, discharge, and effort. Under a two-observer model,
unlike the one-observer model, increases in thalweg CV had a
negative effect on efficiency, while increases in water depth had a
positive effect (Table 4). As expected, increase in surveyor experi-
ence had a positive influence on observer efficiency.

Observer accuracy was modeled best with gradient and mean
thalweg CV, as well as observer experience, as all models with
�AICc < 2 contained some combination of these three covariates
(Table 3). As gradient or mean thalweg CV increases, the predicted
accuracy improves, although it decreases slightly as experience

Table 3. Fixed effects variables from top candidate redd observer error models (only models
with �AICc < 2 are shown) when using a single redd observer in the Wenatchee Basin and
two redd observers in the Methow Basin.

Model N AICc �AICc AICc weight

Wenatchee Basin (single redd observer)
Efficiency � water depth + thalweg CV + redd density 4 487.2 0.00 0.87
Accuracy � effort 2 284.5 0.00 0.57
Net error � water depth + thalweg CV 4 8.1 0.00 0.51
Net error � water depth + thalweg CV + redd density 5 8.2 0.10 0.49

Methow Basin (two redd observers)
Efficiency � experience + thalweg CV + redd density 4 177.0 0.00 0.37
Efficiency � gradient + thalweg CV + redd density 4 178.6 1.61 0.16
Efficiency � thalweg CV + redd density 3 178.7 1.72 0.16
Efficiency � water depth + thalweg CV + redd density 4 178.8 1.82 0.15
Accuracy � gradient 2 120.8 0.00 0.18
Accuracy � thalweg CV 2 122.0 1.17 0.10
Accuracy � experience + thalweg CV 3 122.5 1.71 0.08
Accuracy � gradient + thalweg CV 3 122.7 1.92 0.07
Net error � experience + thalweg CV + redd density 5 16.6 0.00 0.62
Net error � discharge + thalweg CV + redd density 5 18.2 1.56 0.29

Note: N is the number of parameters estimated.

Table 4. Model parameters and statistical test results (standard error (SE) and P value) from
general linear regression models describing the relationship between observer error rates
in the Wenatchee Basin (single redd observer) and Methow Basin (two redd observers) and
variables from top models based on AIC scores (mean of all models < 2 �AICc).

Wenatchee Methow

Parameter Estimate SE P Estimate SE P

Efficiency
(Intercept) –0.115 0.043 0.007 –0.037 0.091 0.682
Experience — 0.099 0.134 0.463
Gradient — 0.193 0.482 0.688
Redd density 0.002 0.001 0.014 0.436 0.066 <0.001
Thalweg CV 0.045 0.004 <0.001 –0.036 0.009 <0.001
Water depth –0.045 0.004 <0.001 0.084 0.226 0.709

Accuracy
(Intercept) 1.355 0.063 <0.001 1.163 0.122 <0.001
Effort 50.891 6.759 <0.001 —
Experience — –0.036 0.101 0.724
Gradient — 0.661 0.741 0.372
Thalweg CV — 0.008 0.011 0.450

Net error
(Intercept) 0.626 0.035 0.001 0.682 0.043 <0.001
Discharge — 0.0001 0.0001 0.545
Experience — 0.097 0.079 0.218
Redd density 0.001 0.001 0.482 0.135 0.041 0.001
Thalweg CV 0.012 0.003 <0.001 –0.012 0.004 0.001
Water depth –0.014 0.003 <0.001 —

Note: Parameters with P < 0.05 are in bold.
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increases (Table 4). Numerous other covariates received some sup-
port, with �AICc in the 2–7 range. Although the RMSE was only
14%, the predictions were all nearly identical, regardless of which
data point was left out. The intercept-only model had a �AICc of
2.74, suggesting some support for just using the mean observer
accuracy rate without any covariates.

The most important covariates for modeling net error were
mean discharge, mean thalweg CV, redd density, and salmonid
redd survey experience. There was some support for a few other
covariates, but those four covariates dominated the Akaike
weights (Table 3). These covariates also had a similar direction of
influence on net error as was observed in modeling observer effi-
ciency (Table 4).

In the LOOCV, the weighted correlation coefficients were fairly
high for efficiency and net error, but low for accuracy (efficiency =
0.78, accuracy = 0.2, net error = 0.74). The RMSE of the LOOCV
exercise was 18% for observer efficiency, 14% for observer accu-
racy, and 27% for net error.

Comparison of redd observer error models using one or
two observers

Comparing model covariates and direction of influence on effi-
ciency or accuracy error rates may provide insights as to possible
mechanisms or causation. Redd density was the only covariate
that was consistent across all efficiency and net error models
(Table 4). Conversely, surveyor experience was included in all of
the two-observer error models and none of the single-observer
models. Naïve surveyors used in the development of the Wenatchee
or single-observer models had a significantly lower mean experi-
ence level (–32%) compared with the Methow or two-observer
models (t test, P < 0.01), and they also included a smaller range of
experience levels.

The index of channel complexity or thalweg CV also had incon-
sistent effects on model performance, but was not significantly
different between the two watersheds (t test, P = 0.27). A single
redd observer floating downstream must choose where to look for
redds within the stream channel. Hence, as channel complexity
increases and areas of gravel sorting (e.g., pool tailouts, log jams,
split channels) are more readily identified, a single observer may
make better decisions where to look for redds. Conversely, with
two redd observers, the decision of where to look for redds is less
important because each observer is only looking in half the chan-

nel. However, as potential redd locations increase with greater
channel complexity, the probability of identifying redds decreases.
Hence, the difference in the number of observers and how they
react to channel complexity during surveys best explains the dif-
ferent effects that channel complexity had on observer efficiency
and net error.

Gradient had a positive influence, but not significant, in both
the efficiency and accuracy models in the Methow watershed, but
no models in the Wenatchee watershed. Because reaches in the
Wenatchee watershed had a significantly greater mean gradient
than those in the Methow (t test, P < 0.001), inclusion in the
Methow models was likely attributed to the physical difference
between the watersheds, not related to the number of observers,
similar to the experience covariate.

While effort (min·m–1) was also not significantly different be-
tween the two watersheds (t test, P = 0.33), it was only included in
the accuracy model for the Wenatchee watershed and likely re-
lated to differences in the number of observers. Two redd observ-
ers provide sufficient coverage within the stream channel such
that any additional effort does not result in greater efficiency or
accuracy. Water depth was not significantly different between the
two watersheds (t test, P = 0.87), but had contrasting influence on
observer efficiency, potentially due to differences in how redd
observers navigate rivers and examine spawning habitat when
there are one versus two boats.

Model performance
The models all made unbiased predictions of error rates, based

on the LOOCV results (Table 5). Weighted R2 values were fairly
high for the efficiency and net error models, particularly the two-
observer model in the Methow, but were low for both accuracy
models. Across all six models, the RMSE ranged from 0.14 to 0.27.
Based on the weighted correlations, the Methow models using
two redd observers outperformed the Wenatchee models using a
single redd observer for efficiency and net error, but both accu-
racy models had low weighted R2 values.

When used to predict the true number of redds in a reach, the
mean bias of predicted redds compared with observed in the
LOOCV was generally less than one redd (Table 6). Other metrics of
performance were generally comparable between the efficiency–
accuracy predictions and the net error predictions, at least within
a basin. The normalized RMSE indicates that the predicted redds

Table 5. Summary statistics comparing observed and predicted values of various error rates.

Model
Mean
observed

Mean
bias RMSE Weighted R2

Mean
CV

95% coverage
probability

Wenatchee Basin (single redd observer)
Accuracy 0.79 0.00 0.15 0.23 0.02 0.17
Efficiency 0.48 –0.01 0.17 0.46 0.05 0.25
Net error 0.63 0.00 0.25 0.34 0.13 0.50

Methow Basin (two redd observers)
Accuracy 0.77 –0.01 0.14 0.04 0.05 0.45
Efficiency 0.55 –0.05 0.18 0.61 0.11 0.52
Net error 0.73 –0.04 0.27 0.55 0.23 0.65

Table 6. Summary statistics comparing observed and predicted values of redds.

Model
Mean no.
of redds

Mean no. of
redds observed

Mean
bias RMSE

Normalized
RMSE R2

Mean
CV

95% coverage
probability

Wenatchee Basin (single redd observer)
Efficiency–accuracy 54 34 0.19 20.32 0.37 0.60 0.05 0.25
Net error 54 34 –1.61 21.12 0.39 0.54 0.13 0.50

Methow Basin (two redd observers)
Efficiency–accuracy 15 11 0.50 4.49 0.30 0.46 0.12 0.62
Net error 15 11 0.61 5.56 0.37 0.27 0.23 0.70

Murdoch et al. 2155

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

N
O

A
A

 C
E

N
T

R
A

L
 o

n 
03

/2
6/

25
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



could be off by 30%–39%, but the unbiasedness means they were
equally likely to be an overestimate as an underestimate. In con-
trast, assuming that the observed redds were a census would lead
to an underestimate of redds by 27%–37%, a consistently negative
bias.

All four models failed to capture all the appropriate uncer-
tainty, as reflected in the 95% coverage probabilities. That is a
measure of how frequently the 95% confidence interval contained
the true value and should be close to 95%. The Wenatchee models
made predictions that were far too precise, so even though the CV
was low, the predictions were often inaccurate with inappropri-
ately small confidence intervals. The Methow models did better,
with the net error model having the highest coverage.

Application of GAUC to steelhead redd survey data
The two-observer net error model was selected because our

analysis indicted that it (i) had a high weighted correlation be-
tween observed and predicted redds, (ii) produced a reasonably
unbiased estimate of redds, (iii) provided the most appropriate
95% coverage interval, and (iv) involves only one model and so is
more parsimonious compared with using an efficiency and accu-
racy model. In 2014, two observers conducted steelhead redd sur-
veys in both the Wenatchee and Methow rivers, and likewise the
two-observer net error model was used to estimate observer error.
Because there were no data points with zero redds in the original
data set, we could not fit a two-stage or hurdle model to this data,
which leaves us with no way to adjust for observed zeros. There-
fore, the estimates of total redds will potentially be conservative,

but hopefully with minimal bias. The mean net error in the
Wenatchee (0.58) was larger than that of the Methow (0.48), and
the CVs for net error within a reach were generally larger in the
Wenatchee as well. Although there were some general differences
in several covariates between the two rivers (i.e., greater redd
density in the Wenatchee River and more experienced surveyors
in the Methow River), the difference in net error estimates was
mainly driven by larger discharge in the Wenatchee River (mean =
109 m3·s–1) compared with the Methow River (mean = 42 m3·s–1).

GAUC curves were fit to time series of counts of new redds for
all major spawning reaches (Fig. 2). Surveys conducted in minor
spawning areas were conducted near peak based on the GAUC
spawning curve of an adjacent major spawning reach. The ob-
served number of redds in the Methow (N = 41) and Wenatchee
(N = 97) rivers were 39% and 57% of the predicted number of redds,
respectively (Methow = 106, Wenatchee = 170). The estimated
number of steelhead redds in the Methow and Wenatchee rivers
had similar CVs of 41% and 44%, respectively.

Discussion
Using a two-observer net error model under a modified GAUC

framework, steelhead redd surveys conducted on a typical weekly
schedule underestimated redd abundance by 61% and 43% in the
Methow and Wenatchee rivers, respectively. Given the magnitude
of negative bias associated with steelhead redd counts, the status
of populations based solely on raw redd count data should be
reevaluated. The complex error structure associated with redd

Fig. 2. Plots of observed redd counts (dots) through time for each major spawning reach and the fitted curve from the Gaussian area-under-the-
curve (GAUC) model (line) with associated 95% confidence interval (gray shaded area).
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surveys (i.e., omission and commissions) did result in a small num-
ber of cases (12%) that resulted in overestimates in redd abun-
dance. It is also noteworthy that error rates as defined in this
study were based on redd counts from census surveys (i.e., every
3 days by experienced surveyors) assuming no error. The findings
of the study demonstrate redd observer error is present and prev-
alent. Therefore, it must be recognized that both census and naïve
surveyors could have missed redds (i.e., omission) and the false
identification of redds or errors of commission by census survey-
ors was also possible, as none of the redds found during census
surveys were physically disturbed to confirm the presence of eggs.
It was precisely because of these potential sources of process error
that census surveys were conducted every 3 days by highly expe-
rienced surveyors. Hence, process error was not eliminated, but
rather minimized such that the results of the study remain valid.

High variability in redd observer efficiency was attributed to
multiple factors, including river characteristics, habitat complex-
ity, redd density, and experience conducting salmonid redd sur-
veys. Predicting observer accuracy rates was generally more
difficult and less precise than predicting observer efficiency. An
intercept-only model was included in the model selection process,
and although it had a �AICc near 40 for the Wenatchee data, the
�AICc for the Methow data was only 2.74, suggesting the covari-
ates that were included may not provide much information about
observer accuracy. Variability in the accuracy of a redd observer
was mostly attributed to surveyor effort or channel gradient and
habitat complexity. It is interesting that greater effort by a single
redd observer improves their ability to correctly identify redds
(i.e., accuracy), but not find more redds (i.e., efficiency). Greater
surveyor effort may translate into how intensively each redd-like
feature was examined rather than how extensively the surveyor
examined possible spawning habitat. Increases in gradient and
channel complexity may simply reduce the probably of a redd-like
feature being present, thereby reducing the probability of making
errors of commission. There also may be human behavioral traits
(e.g., dependability, independence, or routine-oriented) that would
assist in predicating redd observer accuracy, but none were included
in this study.

The top net error models included similar covariates as ob-
server efficiency for each respective redd survey protocol. Both
observed redd density and thalweg CV were included regardless of
survey protocol. Additionally, a measure of stream condition on
the day of the survey was also included (i.e., mean water depth for
a single redd observer and mean discharge for two redd observ-
ers). As expected, the efficiency and net error of a single redd
observer decreased with an increase in water depth presumably
due to a greater difficulty in observing contrast in the substrate
within the redd. Conversely, greater water depth increased the
efficiency, although not significantly, when two observers were
used. Because steelhead redds are generally associated with edge
habitat, greater water depth may provide two observers greater
access to edge habitat via rafts, thereby allowing better identifi-
cation of redds. The positive effect of increasing discharge, albeit
small, in the net error models further supports the hypothesis
that greater access to edge habitat by each of the two observers
improves their ability to identify redds.

In general terms, a single steelhead redd observer’s ability to
correctly identify redds is a function of their ability to observe the
substrate (i.e., shallow water depth), identify probable redd loca-
tions (i.e., greater channel complexity or thalweg CV), and to a
lesser degree other redds (i.e., greater redd density). Conversely,
two redd observers identify more redds correctly as redd density
increases, habitat is more readily observed (i.e., decreases in chan-
nel complexity or thalweg CV), as experience increases, and to a
lesser extent as discharge increases.

Surveyor experience was included in the top net error models
under the two redd observer protocol. For reasons previously dis-
cussed, the top net error models under two redd observer protocol

was applied to redd data in 2014. The covariates included in the
top models included surveyor experience, an index of stream con-
dition on the day surveys were conducted (i.e., discharge), an in-
dex of habitat complexity of each reach (i.e., thalweg CV), and an
index of spawning habitat quality (i.e., observed redd density).
These covariates can be easily measured before, during, and after
the spawning season, thereby increasing the application of the
model to most river systems.

Between the two basins and methodologies, parameter esti-
mates sometimes showed discordant results. Determining whether
this is due to difference between the basins, the methodologies, or
other unknown factors is difficult to do with certainty. For exam-
ple, surveyor experience was not considered an important covari-
ate in any single observer models, but was included in the top two
observer models. This phenomenon is counterintuitive and may
be an artifact of the experience of the naïve observer used in each
watershed. As shown previously, the mean experience level of
naïve redd observers in the Wenatchee (27.91) was lower than that
in the Methow (41.48). Hence, if surveyors with a greater range of
experience were used in the Wenatchee watershed, we would
expect experience to be an important covariate. Ideally, a compar-
ison of protocols would have observers with a similar range of
experience. Once a two-observer protocol has been adopted in
the Wenatchee Basin, we recommend gathering additional
data points in that basin to include and update the observer error
models. This may lead to a larger difference in the performance of
the efficiency–accuracy models compared with the net error
model, making it more straightforward to choose between the
two approaches.

Currently, the use of either approach could be justified and
would be an improvement over raw redd counts, since the pre-
dicted number of redds from either protocol was only slightly
biased compared with census counts (Table 6). Although the cov-
erage probability was less than desired, the resulting estimates
are certainly more accurate than raw redd counts. Another bene-
fit of using the GAUC methodology was quantifying the uncer-
tainty associated with redd surveys. Millar and Jordan (2013)
extended the GAUC methodology to incorporate more complex
curves, but the underlying need for an estimate of observer error
remains. Unbiased, precise estimates of spawner escapement are
recommended for Endangered Species Act-listed salmon and
steelhead populations (Crawford and Rumsey 2011). While more
work is needed to better understand the relationship of steelhead
redds and spawner abundance, methods of estimating fish per
redd values have been suggested (see Murdoch et al. 2010).

This study was conducted in the Wenatchee and Methow rivers,
in part due to a 10-year history of successful implementation of
steelhead redd surveys. Successful steelhead redd surveys are de-
fined as being able to conduct weekly surveys throughout the
spawning period (10–12 weeks) by raft and observe all potential
steelhead spawning substrate. While spring freshets are common,
they are short in duration, and river conditions are acceptable
again in only a few days. If the magnitude and variability of steel-
head redd observer error reported in this study is representative
of other populations, the status of steelhead populations based on
redd counts are negatively biased. Trends in population status
could also be biased if spawner distribution (i.e., thalweg CV) or
spawn timing (i.e., water depth or discharge) has changed or the
abundance is highly variable (i.e., redd density).

Estimates of adult spawners is the most important metric in
assessing extinction risk (Crawford and Rumsey 2011). The results
of this study suggest that steelhead redd surveys conducted with
two experienced observers produced the least biased redd esti-
mates. Application of this methodology and models can assist
managers in generating unbiased and precise estimates of redd
abundance to better understand the risk to populations with high
conservation value. Training of redd surveyors can include sug-
gestions of how stream flow, complexity, and redd density may
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influence successful surveys. Managers can also take steps to re-
duce bias in steelhead redds surveys by using two experienced
observers and establish survey reaches that promote diligence or
thoroughness of the observers and not speed or constraint by time
(i.e., use as much effort as needed).

In addition, application of the GAUC methodology as described
with parameters derived from typical steelhead redd survey data
can be generated for little additional cost. A comparison of redd-
based spawner abundance estimates (i.e., number of redds multi-
plied by fish per redd value) with other independent methods of
estimation must be performed to better understand the useful-
ness of these data. However, unlike other potential methods of
estimation, redd surveys also provide critical data on spawn tim-
ing and location that are of value to managers for either restora-
tion or protection purposes.
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