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Abstract.—The bull trout Salvelinus confluentus is list-
ed as a federally threatened species in the Columbia and
Klamath river drainages. A priori establishment of levels
of decline or increase in bull trout redd numbers that
will be considered biologically significant and levels of
statistical significance that will be used to identify
changes in redd numbers is essential to the success of
future recovery plans. A prospective statistical power
analysis indicates that with standard significance levels
and two-tailed testing procedures the yearly variation in
redd numbers typifying many stocks of bull trout in
Montana limits the power of detecting less than 50% of
changes in population size per generation to less than
0.8 during the first 15 years of a monitoring program.
The limitations of monitoring bull trout stocks with redd
counts, coupled with the critical nature of identifying
future population changes, justifies the need to (1) iden-
tify and reduce the level of measurement error involved
in redd counts, (2) use levels of statistical significance
that adequately balance the risks of committing type I
and type II errors, (3) use one-tailed testing procedures
for identifying population declines during the initial and
other critical years of a monitoring program, and (4)
explore the use of other methods of monitoring.

In response to declines in stocks of bull trout
Salvelinus confluentus throughout their range the
U.S. Fish and Wildlife Service (USFWS) has listed
distinct population segments in both the Klamath
and Columbia river drainages as threatened under
the Endangered Species Act (ESA; USFWS 1998).
As required under section 4(f ) of the ESA, the
USFWS must now develop a recovery plan that
includes objective, measurable criteria that, when
met, would allow the species to be delisted (USC
1973a). Similarly, habitat conservation plans that
states, tribes, agencies, companies, or individuals
may effect must, to receive an incidental take per-
mit, include criteria to ensure the maintenance and
recovery of the species (USC 1973b; USFWS
1998).

The temporal and site-specific nature of spawn-
ing, the homing of adults to natal streams, and the
relative ease with which spawning redds can be
counted make redd counts a valuable index for
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evaluating trends in the size of local stocks and
regional populations of bull trout (Rieman and
McIntyre 1993; Rieman and McIntyre 1996; Rie-
man and Myers 1997). In addition, because redds
are a product of only the reproductive adults, they
provide a useful index of the effective population
size of a stock (Meffe 1986; Meffe and Carroll
1994). For these reasons the determination of the
status of bull trout stocks (stable, decreasing, or
increasing) and subsequent management policies
regarding those stocks are likely to be primarily
based on the number of spawning redds counted
each fall.

Despite the apparent utility and widespread use
of this method for evaluating population status, no
evaluation has been made of its ability to detect
changes in population size; that is, what are the
probabilities of detecting different magnitudes of
population declines or increases over different
time periods? Similarly, no clear evaluation has
been made of the degree of measurement error
associated with the counting of bull trout redds or
the effect this measurement error might have on
our ability to detect changes in population size
(Rieman and McIntyre 1996). Finally, no evalu-
ation has been made of our ability to detect bio-
logically significant changes in bull trout redds at
various levels of statistical significance; that is,
will we be able to detect increases or declines in
redd numbers that are accepted as biologically sig-
nificant at levels of statistical significance that are
commonly accepted and may be used in recovery
goals (e.g., a 5 0.05)?

I performed a prospective statistical power anal-
ysis on the monitoring of bull trout populations
using redd counts over a simulated 3–30 year mon-
itoring and recovery plan, such as that proposed
by the state of Montana (K. McDonald, Montana
Department of Fish, Wildlife and Parks, personal
communication). My analysis was done to: (1)
identify the time required to detect various changes
in redd numbers at standard levels of statistical
significance, based on yearly variations in redd
numbers typical of many bull trout stocks in Mon-
tana; (2) identify the effect of different levels of
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FIGURE 1.—Line graphs and linear regressions of the
natural log of redd numbers over time for individual
tributaries and drainage totals. Slopes of regression lines
for all tributaries and drainage totals in the North (A)
and Middle (B) forks of the Flathead River are signifi-
cantly negative (P # 0.05), except for Big Creek (P 5
0.4). Slopes of regression lines for tributaries and drain-
age totals in the Swan River (C) are significantly positive
(P # 0.05), except for Goat Creek (P 5 0.09).

TABLE 1.—Effect sizes used in the power analysis and
the resulting change in redd numbers over 15 years (three
generations of bull trout), based on an average minimum
generation time of 5 years and a constant annual finite
growth rate over 14 years of population change (15 years
of monitoring).

Percent change
in redd numbers
per generation

Annual finite
growth rate

(l)

Intrinsic rate
of growth

(r )

Percent change
in redd

numbers over
15 years

250
220
210

0
110
120
150

0.871
0.956
0.979
1.000
1.019
1.037
1.084

20.138
20.045
20.021

0.000
10.019
10.036
10.081

295
247
226

0
130
166

1209

measurement error on statistical power; and (3)
identify the effects of using one-tailed testing pro-
cedures and lower levels of statistical significance
(a 5 0.2) on statistical power.

Methods

Although several approaches are possible when
attempting to detect population trends, I used lin-
ear regression with sample year as the independent
variable and loge-transformations of redd number
as the dependent variable. This approach assumes

that the population increases or declines in an ex-
ponential manner and that the instantaneous rate
of change (r) is constant over the monitoring pe-
riod. The approach is convenient because the slope
of a regression line fit to the loge-transformed data
is equivalent to the intrinsic rate of change, r, for
the population, which can then be compared
against a null hypothesis that the slope is zero
(Gerrodette 1987). In addition, the exponential
model is appropriate because overall trends in redd
numbers in the Flathead and Swan river drainages
of Montana appear to have exponentially de-
creased and increased, respectively, over the last
18 years (Figure 1), and other bull trout stocks
may be expected to decline or increase in a similar
manner in the future.

To model different rates of change, I used three
increasing and three declining effect sizes: 50, 20
and 10% change in population size per generation
(Table 1). These effect sizes were modified from
the International Union for Conservation of Nature
(IUCN) criteria for assessing a species’ threat of
extinction (Mace and Lande 1991). Using these
effect sizes, I calculated the finite annual growth
rate (l), the associated intrinsic capacity for
growth (r) and total percent change in population
size that would result over a 15-year monitoring
program (Table 1). In these calculations I assumed
that the rate of change in population size was con-
stant (Gerrodette 1987, 1993; Hayes and Steidl
1997) and that the average generation time for bull
trout is 5 years (Rieman and McIntyre 1993).

To model the effect of measurement error on the
power of detecting population change over 3–30
years, I established bounds of 30, 40, 50, 60, 70,
and 80% variation around a model population of
100 redds. Although these levels of variation en-
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compass variation in redd numbers resulting from
a combination of measurement error and environ-
mental and demographic stochasticity, the effects
of reducing measurement error on statistical power
can be evaluated by comparisons between the dif-
ferent levels of variation considered. A random-
number generator was then used to select a number
of redds from a uniform distribution between the
upper and lower bounds of each level of variation
considered. This was repeated 1,000 times for each
level of variation, and the means and standard de-
viations were then used to calculate the coefficient
of variation (CV 5 SD/mean) associated with a
given level of variation in redd numbers:

Percent variation CV

30%
40%
50%
60%
70%
80%

0.178
0.236
0.291
0.351
0.414
0.472

The six effect sizes (Table 1) and six CV values
are largely representative of the average rates of
change per generation (243% to 161%) and CV
values (0.415–0.672) associated with stocks of
bull trout in the Flathead and Swan river systems
of Montana over the last 16–19 years (T. Weaver,
Montana Department of Fish, Wildlife and Parks,
unpublished data). The effect sizes and CV values
were then used to evaluate the statistical power
associated with 3–30 years of monitoring data. I
used the software package TRENDS (Gerrodette
1993) to perform the power analysis. This software
allows the user to input different rates of change
or effect sizes, different levels of statistical sig-
nificance (levels of a and b), initial coefficients of
variation (CV), and years of sample data (N ). The
user can input any four of these variables, and
TRENDS will calculate the value for the fifth. In
addition, the user can specify whether to model
population growth as linear or exponential, how
the CV varies with population abundance, whether
a z- or t-distribution should be used for the cal-
culations, and whether a one- or two-tailed test is
to be used (Gerrodette 1987, 1993). For this anal-
ysis, population growth was modeled as exponen-
tial (Figure 1) and CV was assumed not to vary
with different population sizes because there was
no significant relationship between CV and mean
number of redds for streams in the Flathead and
Swan river systems from 1979 or from 1982 to
1998 respectively (Weaver, unpublished data). A
t-distribution was specified because redd counts

currently do not provide an estimate of the vari-
ance associated with any given annual estimate of
population size (Gerrodette 1991, 1993). Finally,
a two-tailed test with a 5 0.05 was used for all
considerations of the power of detecting popula-
tion increases, whereas both a two-tailed test with
a 5 0.05 and a one-tailed test with a 5 0.2 were
used for the detection of population declines to
reflect the asymmetry of the importance of de-
tecting population declines over population in-
creases (Rice and Gaines 1994).

Results

For each of the three rates of population change,
the power of detecting a trend was greater for de-
clines because declining and increasing effect size
criteria do not result in the same absolute values
of r for each absolute percentage decline and in-
crease (Figures 2, 3; Table 1). Also, power in-
creases with increasing numbers of sampling pe-
riods, increasing rates of population change and
decreasing CVs (Figures 2, 3). For a 50% change
per generation, all simulations except those using
the largest CV value resulted in detecting a sta-
tistically significant change at or above a power
of 0.8 with 10 or fewer years of redd counts for
declines and 15 or fewer years of redd counts for
increases (Figures 2C, F). Power associated with
detecting 20% increases or declines in population
size per generation using a two-tailed test with a
5 0.05 remained below 0.8 throughout the first 15
years of monitoring for all but the lowest CV levels
(Figures 2B, E). Power for detecting a 10% change
in population size per generation, using a two-
tailed test with a 5 0.05, did not rise above 0.45
within the first 15 years of monitoring for any of
the CV levels examined, and 19 and 35 years of
redd counts were required before the power of de-
tecting a statistically significant decline would rise
to 0.8 at the lowest (0.178) and highest (0.472)
CV values, respectively (Figures 2A, D; power for
35-year period not shown graphically).

Increasing a to 0.2 and using a one-tailed test
raised the power of detecting 50% and 20% de-
clines in population size per generation associated
with all CV levels to 0.8 or higher with 7 (Figure
2C) and 15 (Figure 2B) years of redd counts, re-
spectively. Using a one-tailed test with a 5 0.2
also increased the power to detect a 10% decline
per generation (Figure 2A), but power still re-
mained below 0.8 during the first 15 years of mon-
itoring for all but the smallest CV level. At a CV
of 0.472 (characteristic of many bull trout popu-
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FIGURE 2.—Power of detection associated with six coefficient of variation (CV) values (0.178–0.472) for (A)
10%, (B) 20%, and (C) 50% declines in population size per generation, calculated with a two-tailed test and a 5
0.05 (dashed lines) and with a one-tailed test and a 5 0.2 (solid lines); also, power of detection for the same CV
values with a (D) 10%, (E) 20%, and (F) 50% increase in population size per generation, calculated with a two-
tailed test and a 5 0.05.

lations in Montana), at least 25 years of monitoring
were needed before power equaled 0.8 (Figure 3).

If one-tailed testing with a 5 0.2 was used and
reduction of measurement error reduced CV levels
from 0.472 to 0.291, time for detecting 10, 20 and
50% declines per generation could be reduced by
6, 4, and 2 years, respectively (Figure 3).

Discussion

Given the current status of bull trout populations
throughout their range, the need to ensure rapid
detection of further declines, and the need to eval-
uate the effects of recovery programs, it is critical

for managers to establish or continue monitoring
programs that will allow detection of trends in
local stocks and regional populations. Redd counts
are, and will probably continue to be, the best
available means of detecting population trends
(Rieman and McIntyre 1993; Rieman and Mc-
Intyre 1996; Rieman and Myers 1997). However,
this prospective power analysis shows the limits
of redd count data to detect changes in population
size. With CV values that currently characterize
many bull trout stocks in Montana and with tra-
ditional significance levels (a 5 0.05) and two-
tailed testing procedures, the power of detecting
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FIGURE 3.—Power of detecting three different declines in population size per generation (10, 20, and 50%) over
30 years of sampling as calculated with a one-tailed test, a 5 0.05, and coefficient of variation (CV) 5 0.291
(solid lines) and CV 5 0.472 (dashed lines); simulates the increases in power that might result from the identification
and subsequent elimination of measurement error.

changes in population size remains low throughout
the first 15 years of monitoring, unless the decline
or increase is as high as 50% per generation (Fig-
ures 2, 3). Unfortunately, if declines are small and
steady, populations could decline by more than
47% before the decline is detected (Figures 2, 3;
Table 1).

These limitations indicate that, when preparing
recovery plans, managers need to carefully con-
sider the level of change that will be considered
biologically significant, as well as the levels of
statistical significance and the statistical tests that
will be used to identify population trends. Low-
ering significance levels to a 5 0.2 and foregoing
the ability to detect population increases by using
a one-tailed test for only detecting population de-
clines causes a significant increase in the power
of detecting all levels of population decline as-
sociated with a variety of CV levels (Figures 2A–
C) (Rice and Gaines 1994). More importantly, this
allows population declines associated with a given
CV value to have an 80% probability of being
detected 2–10 years earlier. Increasing the power
of detection by raising the value of alpha will re-
quire that managers weigh the relative risks of
committing type I and type II errors (e.g., Map-
stone 1995). However, the current status of bull
trout stocks would seem to warrant lowering the
traditional significance levels (a 5 0.05) and ac-
cepting the greater risk of type I errors because of
the need to lower the risk of committing type II
errors (Peterman 1990). Similarly, increasing sta-
tistical power by foregoing the ability to detect
increases in population size when using one-tailed
tests that only detect population declines will have

to be carefully considered. For instance, without
the ability to detect population increases, man-
agers will only be able to evaluate the effective-
ness of habitat restoration measures by testing to
see if those measures did not result in population
declines; managers would not be able to test for
population increases. How will managers know
whether bull trout have met the criteria for de-
listing or have recovered to fishable levels if they
have given up the ability to detect population in-
creases? One solution would be to use one-tailed
testing procedures for a certain number of years
(possibly 15 years or 3 bull trout generations) dur-
ing the beginning of a monitoring program and
then subsequently switch to using two-tailed test-
ing procedures as long as no significant declines
have been detected and redd numbers actually in-
dicate an upward trend over time.

The only way to simultaneously reduce the risk
of type I and type II errors is to reduce CV levels.
Unfortunately, no extensive evaluation of the de-
gree of measurement error involved in redd counts
has been made to date (Rieman and McIntyre
1996). Thus, annual redd counts consist of only a
single point estimate without any associated con-
fidence intervals (Figure 1). This is of some con-
cern because a variety of factors could potentially
lead to measurement error. Redd numbers may be
overestimated if (1) enumerated redds were made
by other species, such as brown trout Salmo trutta;
(2) enumerated redds involved brook trout Sal-
velinus fontinalis 3 bull trout hybridization or in-
trogression; (3) spawning effort shifts from un-
monitored to monitored reaches; (4) normal stream
hydraulics create redd-like structures that are enu-
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merated as redds; (5) bull trout test digs, in which
eggs are not deposited, are enumerated as redds;
or (6) enumerated redds are made by resident life
history forms. On the other hand, redd numbers
may be underestimated if (1) spawning activity
occurs after an area has been surveyed; (2) redds
are obscured by vegetation, periphyton, or high
discharge; (3) spawning effort shifts from moni-
tored to unmonitored reaches; or (4) redds are su-
perimposed on one another. Evaluation of the ex-
tent of these measurement errors would identify
the degree of precision associated with redd counts
and enhance the ability of managers to make de-
cisions that may ultimately determine whether or
not the species will persist (Peterman and Bradford
1987; Peterman 1990; Reed and Blaustein 1997).

Finally, this power analysis shows that even if
lower levels of statistical significance and one-
tailed tests are used and the level of measurement
error is identified and subsequently reduced, the
time required for detecting declines in population
size is still considerable. For example, if all of the
above precautions are taken and measurement er-
ror was somehow reduced enough to lower the CV
value to the lowest value considered (CV 5 0.178),
it would still require 14 years of monitoring before
the power of detecting a steady 10% decline in
population size per generation would rise to 0.8
(Figure 2A). Three generations of bull trout would
have been produced during this period and the pop-
ulation could have declined to 73% of its original
size before a statistically significant decline was
detected. This lag suggests that alternative moni-
toring criteria should be explored, including: (1)
monitoring trends at multiple spatial scales in or-
der to identify underlying causes at the reach, trib-
utary, or system scale; (2) monitoring adult abun-
dance directly to increase the precision of popu-
lation estimates; (3) using habitat-based criteria to
ensure that habitat is being protected during the
years in which declines have a low power of being
detected; and (4) monitoring less-used and pos-
sibly lower-quality spawning reaches where de-
clines may be likely to first occur as fish switch,
because of less competition, to primary spawning
areas. Unfortunately, each of these methods may
be associated with a variety of assumptions, mea-
surement errors, and logistical constraints, which
may make their individual application no more
beneficial than counting redds (e.g., Poole et al.
1997).

Another approach, suggested by Steidl et al.
(1997), may also prove useful. They suggest that
hypothesis tests only assess statistical significance,

whereas biological significance may be better eval-
uated with confidence intervals. This approach
identifies whether the effect is statistically signif-
icant (i.e., when confidence intervals do not over-
lap with zero) versus biologically significant (i.e.,
when the entire confidence interval is greater than
the a priori established minimum biologically sig-
nificant effect). This approach would still require
that managers establish a priori levels of biological
significance and evaluate the degree of measure-
ment error in order to establish confidence inter-
vals, but it would properly focus attention on the
magnitude of the effect size and the precision of
population estimates.
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