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Summary

Effectiveness monitoring in the Columbia Basin has precipitated the need for power
analysis tools used to design monitoring programs that can detect important changes in
salmon survival. One design considered for effectiveness monitoring is the before-after-
control-impact (BACI) design in which there is a Before period of no treatment followed
by an After period where some populations are treated and others are not. An a priori
power analysis was developed for this design using idealized assumptions including
(among others) known variance-covariance matrix and measurement error variance and
no serial dependence of survival observations. The resulting power analysis yields an
estimate of the minimum survival change that can be reasonably detected in an
effectiveness monitoring program. The methods were applied using input parameters
based on 1992-2006 par-to-smolt survival data from 30 populations in the Snake River
Spring Summer chinook Evolutionarily Significant Unit. It was found that detecting a
survival change in the range of 1-5% was impossible even when 20 populations were
employed over 30 years (assuming equal numbers of treatment and control groups and
equal numbers of Before and After years). Survival changes of 30% or more were
detectable with one treatment and one control population over 20 years or more. As the
number of years and number of populations increase, power also increases and smaller
changes in survival may be detected. With the possible exception of a correlation near
zero, power to detect significant changes in survival will tend to be greater as correlation
between populations increases.
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Introduction

Currently there are many watershed projects underway in the Columbia Basin to
determine the effects of various management actions on salmon survival. For example,
there are a series of intensively monitored watersheds (IMWSs) established for the purpose
of better understanding how salmon respond to approaches to restore habitat. These
projects stand the best chance to identify the effectiveness of restoration and other
management actions if they are run as experiments with a planned design. To design
such an experiment, it is useful to conduct an a priori power analysis that will tell the
planners how long the experiment should run and how many populations should be used
to detect a significant survival change. The framework for the power analysis given here,
although developed with salmon in mind, fits into the framework of the Before-After-
Control-Impact (BACI) experiment. Such BACI-type experiments find application
beyond Columbia River salmon survival (Osenberg and Schmitt 1996).

The BACI-type experiment analyzed here is aimed at estimating a common
change in survival for several populations. The experiment includes a Before period
where all populations receive no treatment followed by an After period where only the
treatment populations receive treatment. This is a generalization of the BACI-type
experiment where the control population and impact population are sampled one time
before and one time after the treatment (Green 1979, Osenberg and Schmitt 1996). It is
assumed that the variance-covariance matrix is known, measurement error variance is
known, and, in the absence of treatment, all populations have a common mean log
survival (Table 1). These are idealized assumptions that may not hold in practice.
However, the analysis is useful because it will yield an estimate of the maximum power
one can reasonably expect from a BACI-type experiment, and the minimum changes in
survival that may be reliably detected.

The main goal of this work is to derive the power of a BACI experiment aimed at
estimating a treatment effect on survival and demonstrate its use in an application to
salmon survival. This goal is accomplished by describing the experiment in a statistically
rigorous way: setting up a likelihood function and using maximum likelihood theory to
derive an estimator of the treatment effect and its variance. From the asymptotic theory,
it is then possible to estimate power to detect a significant change in survival. Power is
the probability of rejecting the null hypothesis of “no treatment effect.” The website
www.onefishtwofish.net contains a web-based tool that implements this power analysis
with the added assumptions that the variances in log(survival) are equal for all
populations and the correlations in log(survival) are equal for each pair of populations,
resulting in an intraclass covariance matrix (Fisher 1925). The R code for implementing
this power analysis may be found in Appendix A (R Development Core Team 2009). The
use of this code is demonstrated in an application to salmon survival using a range of
assumptions about the design and the joint distribution of log(survival) for several
populations.
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Table 1. Assumptions used in power analysis.

Al | The observations of log(survival) follow a multivariate normal distribution.

A2 | There is no serial dependence.

A3 | All populations have a common mean log(survival) before treatment.

A4 | After treatment, the control populations continue to have the same common mean
as exhibited in the Before years, and the treatment populations also have a common
mean, but shifted by an amount (the effect size) that is the same for all treatment
populations.

A5 | The measurement errors in log(survival) follow a multivariate normal distribution
and the errors are independent of the error due to actual year-to-year environmental
variability.

A6 | The estimator of the treatment effect is a maximum likelihood estimate.

A7 | The variance-covariance matrix describing the year-to-year variability in
log(survival) is known.

I These are assumptions for an idealized experiment. For a specific application, a more accurate
experimental design may require changing these assumptions and the underlying equations. Therefore this
analysis should be treated as a rough guide to power.

Methods

To derive the estimator and its variance for the power analysis, maximum likelihood is
used (Mood et al. 1974). It is assumed that mean log(survival) before treatment, denoted
by 1, , is the same for each population. After treatment, the mean log(survival) of the

treatment populations shifts by the amount § to the value of ., , while the control
populations continue to have a mean log(survival) of x, . The goal is to obtain the

maximum likelihood estimator (MLE) of & and its variance. It is assumed that year-to-
year random fluctuations in log(survival) and measurement error follow multivariate

normal distributions. Thus the total variance matrix is X=X, +X , where X is the

variance-covariance matrix of true log(survival), and X  represents the variance-
covariance matrix of the measurement error of log(survival).

Under these assumptions, the log-likelihood function may be written as

n ) E, 0 . E, 0
W =C+-W2)2, (x -E 0z (x -[E o]u)—a/z)zm(xt{o E}u)’i (xt{O E}u) @

where I(p) is the log-likelihood function with vector argument p = [,ul ﬂz] with entries
representing the control and treatment means, respectively; C is a constant that does not
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depend on the parameters; n, is the number of years prior to treatment; n is the total
number of years of the experiment; x, is a k-vector of observed survivals in year t; k is the

number of populations (treatment + control) used in the experiment; E is a k-vector of 1s;
E, is a k;-vector of 1s, where k, represents the number of control populations; E, is a

k,-vector of 1s, where k, represents the number of treatment populations. The vector X,
is arranged so that the k; control populations precede the k,treatment populations.

To obtain the maximum likelihood estimate of the treatment effect, the first

partial derivatives are arranged in a vector called the gradient and set to zero. The
gradient vector is given by

, , ' (2)
w(u):{nl[e o[ O]+n{E1 O}zlfl OH;Hnl[E 0] 21x1+n2ﬁ; EO}lez

0 E, 0 E,

where X, represents the sample mean of log(survival) in the Before period, and X,

represents the sample mean of log(survival) observation in the After period. To estimate
the treatment effect, this equation is set to zero and solved for the maximum likelihood

estimate ji. The MLE of the treatment effectis 5 =[-1 1Ja, which yields

(E'ElEﬂonzlsz —HEOJFE](ETX) 3)
exel[o 2o

where X represents the vector of sample means over the entire duration of the experiment.

To determine the variance of the estimators, the information matrix is derived.
By maximum likelihood theory, the variance matrix of the estimators is the negative
inverse information matrix, which is the matrix of second partial derivatives of the log-
likelihood function. The information matrix is

|(u)=—[n1[E oz [e 0]+n{EO1 on,z-{? Eozﬂ @)



Hinrichsen Page 6 DRAFT

Notice that since the variance-covariance matrix is assumed known, the
information matrix does not depend on the parameters por the log(survival)

observations: it is a function of the variance-covariance matrix and the number of Before
and After years and the number of treatment and control populations. For convenience,

the matrix X"is expressed as a partitioned matrix containing four submatrices as
follows:

- {ZE 2;1 ®)
Xy Iz

where is X,; is a k, x k, matrix representing the upper left-hand corner entries of ™,
X is the k, x k, matrix representing the upper right-hand corner entries, £} isa k, xk,
matrix representing the lower left-hand corner entries, and X, is a k, x k, matrix
representing the lower right-hand entries of .

The variance matrix is calculated as the negative inverse of the information
matrix, which yields

an;EE;Ez - an'ZZEiEl (6)
-n,E!XE, nE'X'E +n,EZ]E,
(NE'ZTE+nE X E)nEXE, —n; (E1X,E,)’

var(p) =

Since the treatment effect is a simple function of the control and treatment means,
namely, 5 =[-1 1]ii, the following identity may be used:

B (n,+n,)E'L'E (7)
1| (nEE'E+nEX E)NE,Z,E, —nj(E:X,E,)?

var(d) =[-1 1] var(ﬁ){

This formula shows how the variance of the treatment effect estimate depends on
the values of k;,k,,n;,n, and the entries of the variance-covariance matrix X. Using

this formula, it is then simple to calculate the standard error of the treatment effect
estimate,

se(é) = w/var(é) (8)



Hinrichsen Page 7 DRAFT

The coefficient of variation is
CV(5) =se(8)/ S (9)

The standard error of the treatment effect is now used to derive power: the
probability of rejecting the null hypothesis of “no treatment” effect when the actual
treatment effect is 5 . Power is a function of the true treatment effect, the probability of a
type | error (usually called the significance level and denoted by « ), and the standard
error of the estimator. By maximum likelihood theory, the estimator of the treatment
effect is asymptotically normally distributed, but in this case, the estimator is normally
distributed regardless of the sample size. This occurs because the variance-covariance
matrix is assumed known and the estimator is a linear combination of random variables
x; that are known to follow a multivariate normal distribution. A linear combination of

normal random variables is also normally distributed. Therefore, 5 is normally
distributed. Thus, power is

1(S) = d(-2,,, - 5/ 5e(5)) +1-D(z,,,, — 5/ se(S)) (10)

where ®(z) is the cumulative distribution function of the standard normal random
variable, and z_,, is the critical value such that « /2 probability lies to the right of the
value z_,, in a standard normal distribution. For example, when « = 0.05, the critical

value is equal to 1.96. Experimenters often choose a design such that power of 0.8 is
achieved.

Application

To determine the size of treatment effects that may be detected using actual data, |
conducted an a priori power analysis that used a range of input parameters roughly equal
to those found in the parr-to-smolt survival analysis of Paulsen and Fisher (2005) updated
with data through 2006. For convenience, an intra-class covariance matrix was assumed.
In this structure, variances are equal for all populations under study and covariances
between all pairs of populations are also equal (Fisher 1925).

2 Although this is an unrealistic assumption in practice, the standard error of the treatment effect estimate is
the main quantity of interest and whatever the true variances and covariances, the assumed common
covariances and variances may always be chosen so that the true standard error is achieved.



Hinrichsen Page 8 DRAFT

The year-to-year variance term (excluding measurement error) was allowed to
change from 0.1 to 1.0, correlation was p =0.50, and the number of years of the

experiment ranged from 10 years to 30 with equal numbers of Before and After years.
The total number of populations ranged from 2 to 20 with half of the populations being
used as control populations and the other half as treatment populations. Log measurement
error followed a normal distribution with mean zero and variance that was equal for all
populations and measurement error correlation was assumed to be equal to zero for each
pair of populations. The standard deviation of log measurement error was assumed to be
l0og(1.10)=0.095. The correlation of 0.5, variance range of 0.1 to 1.0, and measurement
error standard deviation of log(1.10) based on parr-to-smolt survival data from 30
spring-summer chinook populations in the Snake River Basin. Figures 1 and 2 illustrate
the estimated variances and distribution of correlations for those populations,
respectively.
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Figure 1. Sample variances for log(survival) calculated from data used in Paulsen and
Fisher (2005) with data updates through 2006. Each vertical bar represents a sample
variance for a different population.

The results are focused on the percent change in survival that may be reliably
detected. When the type I error is & = 0.05, power of 0.80 is achieved when CV is about
0.357 (see Eqg. 10). Accordingly, the percent change in survival required to achieve power

of 0.80 was calculated according to the formula100x (exp(se(5)/0.357) —1).

In a sensitivity analysis, the effect of correlation on power was also considered.
Correlation was varied from 0.0 to 0.9 assuming a fixed variance at 0.1 and measurement
error standard deviation of log(1.10). Alternative numbers of populations (2 and 10)
were used and it was assumed that there were equal numbers of treatment and control
populations.
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Figure 2. Box and whiskers plot of correlations between the 30 Snake River
spring/summer chinook populations. In the plot, the horizontal line within the box
indicates the median; the box encompasses 75% sample correlations, and the whiskers
are drawn to the nearest value not beyond 1.5 xIQR from the quartiles, where IQR is the
interquartile range.

Results

The results of the application of the a priori analysis to parr-to-smolt survival are tabled
in Appendix B and Appendix C. Over the range of inputs used, power of 0.80 was not
achievable for survival changes in the range of 1% to 5%. Effect sizes of 30% or greater
may be detected within 20 years with 2 or more populations, but this result depends on
the variance (Figure 3). Power was also influenced by the value of the correlation. When
the number of populations was greater than two, there was a nonlinear relationship
between power and correlation (Figure 4). Despite this nonlinear relationship, when
correlation between populations was sufficiently high, higher correlation resulted in
higher power so that smaller effect sizes could be detected.
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Figure 3. Percent change in survival needed to achieve power of 0.8 varies with the
number of years and number of populations used in the experiment. Curves were
constructed using a year-to-year variance of 0.1 (diamonds), 0.5 (squares), and 1.0
(triangles). The top panel (A) used 2 populations, and the lower panel (B) used 10
populations. Equal numbers of treatment and control populations and equal numbers of
Before and After years were assumed. Measurement error standard deviation was set at
log(1.10). The bolded horizontal line represents a percent change of 30%.
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Figure 4. Percent change in survival needed to achieve power of 0.80 varies with the
correlation in survival between populations. Curves were constructed using a total
number of years of 10 (diamonds), 20 (squares), and 30 (triangles). The top panel (A)
used 2 populations, and the lower panel (B) used 10 populations. Equal numbers of
treatment and control populations and equal numbers of Before and After years were
assumed. Measurement error standard deviation was log(1.10) and year-to-year variance
was 0.1. Notice the nonlinear effect of correlation when 10 populations were used.
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Discussion

Despite its many simplifying assumptions, the power analysis of the BACI experiment
with several populations proved useful in providing estimates of the very smallest
changes in survival that could be reliably detected. Applying the power analysis to
salmon from the Snake River Spring/Summer Chinook ESU, it was found that detecting a
survival change in the range of 1-5% was impossible even when 20 populations were
employed over 30 years (assuming equal numbers of treatment and control groups and
equal numbers of Before and After years). Changes of 30% in survival or more were
found to be detectable with one treatment and one control population within 20 years. As
the number of years and number of populations increase power also increases and small
changes in survival may be detected. When correlation is sufficiently greater than zero,
population groups with higher correlations in survival will yield greater power (all else
being equal). Given these results, experiments on parr-to-smolt survival should be geared
toward looking at changes in survival that are 30% or greater. It is expected that similar
findings will result when applying the BACI power analysis on any survival data that
have variance, correlation, and measurement error values in the same neighborhood as
that of the Snake River Spring/Summer Chinook ESU parr-to-smolt data.

There are several future directions to take this power analysis approach that may
prove fruitful. Many of the assumptions may be relaxed to make the model applicable to
more situations. For example, the variance-covariance matrix may be estimated instead
of assumed known, and serial dependence in the survival estimates may be considered in
a multivariate time series approach. When these alternative assumptions are included, one
would expect power to decrease. Another possibility would be to use a density-dependent
survival process so that population abundance also plays a role in the estimate of the
treatment effect (Hinrichsen 2001; Bradford et al. 2005). As new tools incorporating
these updated assumptions are developed they will be made available for use at
www.onefishtwofish.net.
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Appendix A. R code used to calculate statistical power for the BACI-type experiment
described in this report.!

#Program to estimate standard errors and power in a BACI-type experiment
#s2 is year-to-year variance (assumed equal for all populations)

#rho is the correlation of survivals between each pair of populations

#n1 number of Before years

#n2 number of After years

#k1 number of control populations

#k2 number of treatment populations

#me measurement error

#alpha -- prob. type | error (Probability of rejecting null hypothesis when true.)
#delta -- true treatment effect representing difference in natural log survival In(Streatment/Scontrol)
baci<-function(s2=1,rh0=.9,n1=5,n2=5 k1=1,k2=1,me=log(1.10),alpha=0.05,delta=log(1.50)){
k<-k1+k2

SIG2<-matrix(s2*rho,ncol=k,nrow=k)

diag(SIG2)<-s2+me*me

INVSIG2<-solve(SIG2)

e<-rep(1,k)

se<-(n1+n2)*t(e)%*%INVSIG2%*%e

el<-c(rep(1,k1),rep(0,k2))

e2<-c(rep(0,k1),rep(1,k2))
det<-n1*t(e)%*%INVSIG2%*%e+n2*t(e1)%*%INVSIG2%*%el
det<-det*n2*t(e2)%*%INVSIG2%*%e2-n2*n2*(t(e2)%*%INVSIG2%*%e1)"2
se<-sqrt(se/det)

#rule--reject when estimate exceeds 1.96 ses in absolute value (two-sided)
g<-gnorm(1-alpha/2)
power<-(1-pnorm(q*se,mean=delta,sd=se))+pnorm(-q*se,mean=delta,sd=se)
return(list(s2=s2,rho=rho,n1=n1,n2=n2,k1=k1,k2=k2,me=me,
alpha=alpha,delta=delta,se=se,cv=se/delta,power=power))

¥

#outputs

#se -- standard error

#cv -- coefficient of variation

#power -- probability of rejecting the null hypothesis of no effect

This R code uses the added assumptions of a common variance and common correlation terms. This
assumption may be relaxed, however, simply by specifying SIG2 as an input to the function baci in place of
the input variables s2 and rho.
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Appendix B. The standard error of the estimate of the treatment effect size varies with the number of
years of the experiment and the year-to-year variance. Treatment effect size is defined as the change in
log(survival) for a BACI experiment. Equal numbers of treatment and control populations and equal
numbers of Before and After years were assumed. The column heading “nyears” represents the total
number of years of the experiment. Measurement error standard deviation was log(1.10) and correlation
of survival between populations was 0.50.

k=2 populations

Year-to-year variance (excluding measurement error)

nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.141 0.193 0.233 0.267 0.298 0.325 0.350 0.374 0396 0417
12 0129 0.176 0.213 0.244 0272 0297 0320 0.342 0362 0.381
14 0.119 0.163 0197 0226 0251 0275 0.296 0316 0.335 0.353
16 0.112 0.152 0184 0.211 0.235 0.257 0.277 0.296 0.313 0.330
18 0.105 0.144 0174 0199 0.222 0242 0.261 0.279 0295 0.311
20 0.100 0.136 0165 0189 0.210 0.230 0.248 0.265 0.280 0.295
22 0.095 0.130 0.157 0180 0.201 0219 0.236 0.252 0.267 0.281
24 0.091 0124 0150 0.172 0192 0210 0.226 0.241 0.256 0.269
26 0.088 0.119 0144 0166 0.185 0.202 0.217 0232 0.246 0.259
28 0.084 0115 0139 0160 0.178 0.194 0.209 0.224 0.237 0.249
30 0.082 0111 0134 0154 0172 0.188 0.202 0.216 0229 0.241

k=4 populations
Year-to-year variance (excluding measurement error)

nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.103 0.140 0170 0195 0.217 0237 0.255 0.273 0.289 0.304
12 0.094 0128 0155 0178 0.198 0216 0.233 0249 0.264 0.278
14 0.087 0119 0.143 0165 0.183 0200 0.216 0.230 0.244 0.257
16 0.081 0111 0134 0154 0.171 0.187 0.202 0.215 0.228 0.240
18 0.077 0105 0126 0145 0.162 0.177 0190 0.203 0.215 0.227
20 0.073 0099 0120 0138 0.153 0.167 0.181 0.193 0.204 0.215
22 0.069 0095 0114 0131 0.146 0.160 0.172 0.184 0.195 0.205
24 0.066 0091 0110 0.126 0.140 0.153 0.165 0.176 0.186 0.196
26 0.064 0087 0105 0121 0.134 0.147 0158 0.169 0.179  0.189
28 0.062 0084 0101 0116 0.130 0.142 0.153 0.163 0.173 0.182
30 0.059 0.081 0.098 0112 0.125 0.137 0.147 0157 0.167 0.176

k=6 populations
Year-to-year variance (excluding measurement error)

nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.085 0.116 0140 0161 0179 0.196 0.211 0.225 0.239 0.252
12 0.078 0.106 0.128 0.147 0.164 0.179 0193 0.206 0.218 0.230
14 0.072 0098 0119 0136 0.152 0.166 0.179 0191 0.202 0.213
16 0.067 0.092 0111 0127 0.142 0.155 0.167 0.178 0.189 0.199
18 0.064 0087 0105 0120 0.134 0.146 0.157 0.168 0.178 0.188
20 0.060 0.082 0.099 0114 0.127 0.139 0149 0159 0.169 0.178
22 0.058 0.078 0.095 0109 0.121 0.132 0.142 0.152 0.161 0.170
24 0.055 0.075 0.091 0104 0.116 0.126 0.136 0.146 0.154 0.162
26 0.053 0072 0.087 0100 0.111 0.122 0.131 0.140 0.148 0.156
28 0.051 0069 0.084 0.096 0.107 0.117 0126 0.135 0.143 0.150
30 0.049 0.067 0.081 0.093 0.104 0.113 0.122 0130 0.138 0.145
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Appendix B. CONTINUED
k=8 populations
Year-to-year variance (excluding measurement error)

nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.075 0.101 0.123 0.141 0.157 0.171 0.184 0.197 0.208 0.220
12 0.068 0.093 0.112 0.128 0.143 0.156 0.168 0.180 0.190 0.200
14 0.063 0.086 0.104 0.119 0.132 0.145 0.156 0.166 0.176 0.186
16 0.059 0.080 0.097 0.111 0.124 0.135 0.146 0156 0.165 0.174
18 0.056 0.076 0.091 0.105 0.117 0.127 0.137 0147 0.155 0.164
20 0.053 0.072 0.087 0.099 0.111 0.121 0.130 0.139 0.147 0.155
22 0.050 0.068 0.083 0.095 0.106 0.115 0.124 0133 0.141 0.148
24 0.048 0.065 0.079 0091 0101 0.110 0.119 0.127 0.135 0.142
26 0.046 0.063 0076 0.087 0.097 0106 0.114 0122 0129 0.136
28 0.045 0.061 0.073 0.084 0.094 0.102 0.110 0.118 0.125 0.131
30 0.043 0059 0071 0081 009 0.099 0106 0114 0.120 0.127

k=10 populations

Year-to-year variance (excluding measurement error)

nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.067 0.091 0.110 0.126 0.141 0.154 0.166 0.177 0.187 0.197
12 0.061 0.083 0101 0.115 0.128 0.140 0.151 0161 0.171 0.180
14 0.057 0.077 0.093 0.107 0.119 0.130 0.140 0.149 0.158 0.167
16 0.053 0.072 0087 0100 0.111 0.122 0.131 0.140 0.148 0.156
18 0.050 0.068 0.082 0.094 0.105 0.115 0.123 0.132 0.140 0.147
20 0.047 0.064 0078 0.089 0.09 0109 0.117 0125 0.132 0.140
22 0.045 0.061 0.074 0.08 0.09 0.104 0.112 0119 0.126 0.133
24 0.043 0.059 0.071 0.082 0091 0.099 0.107 0114 0.121 0.127
26 0.042 0.057 0.068 0078 0087 0.09 0103 0110 0.116 0.122
28 0.040 0.055 0.066 0.076 0.084 0.092 0.099 0106 0.112 0.118
30 0.039 0.053 0064 0073 0081 0.089 0.096 0102 0.108 0.114

k=12 populations

Year-to-year variance (excluding measurement error)

nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.061 0.084 0.101 0.116 0.129 0.141 0.152 0.162 0.172 0.181
12 0.056 0.076 0.092 0.106 0.118 0.129 0.139 0.148 0.157 0.165
14 0.052 0.071 0.08 0.098 0.109 0.119 0.128 0.137 0.145 0.153
16 0.049 0.066 0.080 0.092 0102 0111 0.120 0128 0.136 0.143
18 0.046 0.062 0.075 0.08 0.096 0.105 0.113 0121 0.128 0.135
20 0.043 0.059 0071 0082 0091 0100 0.107 0115 0121 0.128
22 0.041 0.056 0.068 0.078 0.087 0.095 0.102 0.109 0.116 0.122
24 0.040 0.054 0065 0075 0083 0.091 0.098 0105 0.111 0.117
26 0.038 0.052 0.063 0.072 0.080 0.087 0.094 0100 0.106 0.112
28 0.037 0.050 0.060 0.069 0.077 0.084 0.091 0.097 0.103 0.108
30 0.035 0.048 0.058 0.067 0.074 0.081 0.088 0.094 0.099 0.104
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k=14 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.057 0.078 0.094 0.107 0.120 0.131 0.141 0150 0.159 0.168
12 0.052 0.071 008 0098 0109 0.119 0.129 0137 0.145 0.153
14 0.048 0.066 0.079 0091 0101 0.110 0.119 0127 0.135 0.142
16 0.045 0.061 0.074 0.08 0.09 0.103 0.111 0119 0.126 0.133
18 0.042 0.058 0.070 0.080 0.089 0.097 0105 0112 0119 0.125
20 0.040 0.055 0.066 0.076 0.085 0.092 0.100 0.106 0.113 0.119
22 0.038 0.052 0.063 0072 0081 0.088 0.095 0101 0.107 0.113
24 0.037 0.050 0.060 0.069 0.077 0.084 0.091 0.097 0.103 0.108
26 0.035 0.048 0.058 0.067 0074 0.081 0.087 0.093 0.099 0.104
28 0.034 0.046 0.056 0.064 0.071 0.078 0.084 0.090 0.095 0.100
30 0.033 0.045 0.054 0062 0069 0.075 0.081 0.087 0.092 0.097
k=16 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.053 0.073 0.088 0.101 0.112 0.122 0.132 0141 0.149 0.157
12 0.049 0.066 0.080 0.092 0102 0112 0.121 0129 0136 0.144
14 0.045 0.061 0.074 0.08 0.09 0.104 0.112 0119 0.126 0.133
16 0.042 0.057 0.069 0.080 0.089 0.097 0104 0111 0118 0.124
18 0.040 0.054 0.065 0.075 0.084 0.091 0.098 0105 0.111 0.117
20 0.038 0.051 0062 0071 0079 0.087 0.093 0100 0.106 0.111
22 0.036 0.049 0.059 0.068 0.076 0.083 0.089 0.095 0.101 0.106
24 0.034 0.047 0.057 0.065 0.072 0.079 0.085 0.091 0.096 0.101
26 0.033 0.045 0054 0062 0070 0.076 0.082 0.087 0.093 0.097
28 0.032 0.043 0.052 0.060 0.067 0.073 0.079 0.084 0.089 0.094
30 0.031 0.042 0051 0058 0065 0.071 0.076 0.081 0.086 0.091
k=18 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.050 0.069 0.083 0.095 0.106 0.116 0.125 0.133 0.141 0.148
12 0.046 0.063 0076 0.087 0.097 0106 0.114 0121 0129 0.136
14 0.043 0.058 0.070 0.080 0.089 0.098 0.105 0.112 0.119 0.125
16 0.040 0.054 0066 0.075 0084 0.091 0.099 0105 0.111 0.117
18 0.038 0.051 0.062 0.071 0.079 0.086 0.093 0.099 0.105 0.111
20 0.036 0.049 0059 0067 0075 0.082 0.088 0.094 0.100 0.105
22 0.034 0.046 0.056 0.064 0.071 0.078 0.084 0.090 0.095 0.100
24 0.033 0.044 0054 0061 0.068 0.075 0.080 0.086 0.091 0.096
26 0.031 0.043 0.051 0.059 0066 0.072 0.077 0.083 0.087 0.092
28 0.030 0.041 0.050 0.057 0.063 0.069 0.074 0.080 0.084 0.089
30 0.029 0.040 0.048 0.055 0.061 0.067 0.072 0.077 0.081 0.086
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k=20 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 0.048 0.065 0.079 009 0101 0.110 0.118 0.126 0.134 0.141
12 0.044 0060 0.072 0082 0.092 0.100 0.108 0.115 0.122 0.129
14 0.041 0.055 0.067 0076 0.08 0.093 0.100 0.107 0.113 0.119
16 0.038 0.052 0.062 0071 0080 0.087 0.094 0100 0.106 0.111
18 0.036 0.049 0.059 0.067 0.075 0.082 0.088 0.094 0.100 0.105
20 0.034 0.046 0.056 0064 0071 0.078 0.084 0.089 0.095 0.100
22 0.032 0.044 0.053 0.061 0.068 0.074 0.080 0.085 0.090 0.095
24 0.031 0.042 0051 0058 0065 0.071 0.076 0.082 0.086 0.091
26 0.030 0.040 0.049 0056 0.062 0.068 0.073 0.078 0.083 0.087
28 0.029 0.039 0.047 0.054 0.060 0.066 0.071 0.076 0.080 0.084
30 0.028 0.038 0.045 0052 0.058 0.063 0.068 0.073 0.077 0.081
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Appendix C. Percent change in survival necessary to deliver a CV of 0.357 (power of 0.80). Equal

numbers of treatment and control populations and equal numbers of Before and After years were

assumed. The column heading “nyears” represents the total number of years of the experiment.
Measurement error standard deviation was log(1.10) and correlation of survival between populations

was 0.50.
k=2 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 4851 7151 92,00 111.36 130.12 14857 166.88 185.17 203.51 221.96
12 4348 63.63 8140 98.02 11400 129.61 145.01 160.29 175,53 190.78
14 39.69 57.76 7356 88.23 102.26 115.88 129.25 142.46 15557 168.64
16 36.70 53.18 6749 80.70 93.26 10541 117.29 128.98 140.54 152.03
18 3428 49.49 6262 7468 86.12 97.13 107.86 118.38 128.77 139.05
20 32.26 46.44 5861 69.76 80.28 90.38 100.20 109.80 119.25 128.60
22 3055 4386 5524 6563 7540 8476 93.83 102.69 111.39 119.97
24 29.08 4165 5236 6211 7125 80.00 8845 96.68 104.76 112.71
26 2780 39.73 4987 59.06 6768 7589 8382 9153 99.08 106.50
28 26.66 38.04 4768 56.40 6455 7232 7979 87.06 9416 101.13
30 2565 3654 4574 5405 61.80 69.17 7625 83.13 89.84 96.42
k=4 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 3344 4817 6086 7251 8352 9412 104.43 11454 12450 134.35
12 30.13 43.18 5433 6450 74.06 8322 92.08 100.73 109.22 117.59
14 2761 3942 4944 5854 67.05 7517 83.00 90.62 98.07 105.40
16 2562 36.46 4562 53.89 61.61 6894 76.00 8284 89.52 96.07
18 2399 3406 4252 50.14 5723 6395 7040 76.64 8272 88.66
20 2263 3205 3995 4704 5362 59.84 6580 7156 77.15 82.61
22 2147 3036 3778 4443 5058 5639 6195 67.30 7250 7757
24 2047 2889 3591 4219 4798 5344 5866 63.68 6854 73.28
26 1959 2762 3429 4024 4572 50.89 5581 60.54 65.12 69.58
28 18.82 26.49 3285 3852 4374 4865 5332 57.80 6214 66.36
30 18.12 2549 3158 37.00 4198 46.66 51.11 5538 5950 63.51
k=6 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 27.00 3848 4821 57.03 6528 73.13 80.70 88.06 95.26 102.32
12 2438 3460 4321 5097 5820 65.05 7162 77.99 8420 90.27
14 2238 3167 3945 46.43 5291 59.03 64.88 70.54 76.04 8140
16 20.80 29.35 36.49 4287 4877 5433 59.64 6476 69.72  74.56
18 1950 27.46 34.08 39.98 4543 5055 5543 60.12 64.67 69.09
20 1841 2588 32.08 3759 4266 4742 5195 56.30 60.50 64.59
22 17.48 2454 3038 3556 40.32 4478 49.02 53.09 57.01 60.82
24 16.68 2338 2891 3381 3831 4252 46,51 50.34 5402 57.60
26 1598 2237 2764 3229 3656 4055 4433 47.95 5143 5481
28 1535 2148 2651 3095 35.02 38.82 4242 4586 49.17 5237
30 1479 2068 2550 29.76 33.65 37.29 40.72 44.00 47.16 50.21
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k=8 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 23.21 3286 4097 4826 55.03 6144 6759 7352 7930 8495
12 2099 29.62 36.82 4326 4922 5484 6021 6539 7041 75.30
14 19.29 27.14 3367 3949 4486 4990 5471 5933 63.80 68.15
16 1794 2519 3119 36,53 4143 46.03 5041 5461 58.66 62.60
18 16.83 2359 29.17 3412 38.66 4291 46.94 50.80 5453 58.14
20 1590 2225 2748 3211 36.35 4031 44.07 47.66 51.12 54.46
22 1511 2112 26.05 3041 3440 3812 41.64 4500 4824 5137
24 1442 2013 2481 2894 3272 36.23 3956 42,73 4578  48.72
26 13.82 19.27 2373 2766 3125 3459 37.74 40.75 43.64 46.42
28 13.28 1851 2278 2654 2996 33.14 36.15 39.01 4176 44.41
30 1281 17.83 2193 2553 28.81 31.86 34.73 3747 40.09 42.62
k=10 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 2065 29.11 36.16 4247 4831 5381 59.06 6411 69.01 73.79
12 18.69 26.26 3255 3815 4330 4814 5275 5718 6146 65.62
14 1719 2410 29.81 3488 3953 4389 48.03 51.99 5582 59.53
16 16.00 2238 2764 3229 3656 4055 4432 47.94 5142 5479
18 15.02 2097 2587 3019 3415 37.84 4133 4466 4787 5097
20 1419 19.80 2439 2844 3214 3559 38.84 41.95 4493 47.82
22 13.49 1880 23.14 2696 3044 33.68 36.74 39.65 4245 4515
24 12.88 1793 22.05 25.67 28.97 3204 3493 37.68 40.32 4287
26 1234 1717 2110 2455 27.69 30.60 3335 3596 3847 40.88
28 11.87 1649 2026 2356 2656 29.34 31.96 3445 36.84 39.14
30 1144 1589 1951 2268 2555 2822 30.73 3311 3539 3759
k=12 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 18.77 2637 3268 3830 4348 4835 5298 5742 61.72 6590
12 17.00 23.82 2945 3445 39.04 4333 4741 51.32 5509 58.74
14 1565 2187 2700 3153 3568 3956 43.23 46.74 50.12 53.39
16 1456 2033 25.05 2922 33.03 3659 39.94 4315 46.23 49.21
18 13.68 19.06 23.46 27.34 30.88 3417 37.28 40.24 43.09 45.84
20 1293 18.00 22.14 2577 29.08 3216 35.07 37.83 40.48 43.04
22 1229 17.09 21.00 2444 2756 3046 3319 3579 38.28 40.68
24 11.74 1631 20.03 2328 2624 2899 3157 34.03 36.38 38.65
26 11.26 1562 19.17 2228 25,09 27.71 30.17 3250 3473 36.88
28 10.83 15.01 1841 2138 24.08 2658 28.92 31.15 3328 35.33
30 1044 1447 1774 2059 2318 2557 27.82 29.95 3199 33.95
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k=14 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 1731 2427 30.02 3512 39.81 4420 4837 5237 56.23 59.98
12 1569 2194 2708 3162 3579 39.68 43.36 46.88 50.28 53.56
14 14.45 20.16 24.84 2897 3274 36.26 3958 4275 4580 48.75
16 13.46 1874 23.06 26.87 30.33 3356 36.61 39.51 4230 44.98
18 1264 1758 2161 2515 2837 31.37 3419 36.88 3945 4194
20 1195 16.61 2040 2372 26.74 2954 3218 34.69 37.09 3941
22 1137 1577 1936 2250 2535 27.99 3048 3284 3510 37.27
24 10.86 15.06 18.46 2144 2415 26.65 29.01 31.24 3338 3543
26 1041 1442 1768 2052 2310 2548 27.72 29.85 31.88 33.83
28 10.01 13.86 16.98 19.71 2217 2445 26,59 28.62 3056 3242
30 966 1336 16.36 1898 2135 2353 2558 27,53 29.38 31.16
k=16 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 16.15 2259 2789 3259 36.90 4093 4474 4840 5192 5533
12 1464 2043 2518 2937 3320 36.78 40.16 43.38 46.48  49.48
14 13.49 1878 2311 2693 3040 33.64 36.69 39.60 4239 45.09
16 1256  17.47 2147 2499 2818 31.16 33.96 36.62 39.18 41.64
18 11.80 16.39 20.13 2340 2638 29.14 31.74 3421 36.57 38.85
20 11.17 1549 19.00 22.08 2487 2745 29.89 3220 3441 36.53
22 10.62 1472 18.04 2095 2358 26.02 2832 3049 3257 3457
24 10.15 14.05 1721 1997 2247 2479 26.96 29.02 30.99 32.88
26 973 1346 16.48 1912 2150 2371 2578 27.74 2961 3140
28 936 1294 1584 1836 20.65 2276 2473 26.60 28.39 30.10
30 9.03 1248 1526 1769 19.88 2191 23.80 25,60 27.31 28.95
k=18 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 1519 2120 26.15 3052 3452 3826 41.79 4517 4842 5156
12 13.78 19.19 23.62 2753 31.09 3441 3754 4053 4340 46.17
14 1269 1765 2170 2525 2849 3149 3433 37.03 39.61 4211
16 11.83 16.42 20.16 2344 2642 2919 31.79 3427 36.64 3892
18 11.11 1541 1891 2196 2474 2731 29.73 32.02 3422 36.33
20 1051 1457 1785 2073 2333 2574 28.01 30.15 3221 34.18
22 10.00 13.84 1696 19.67 2213 2441 2654 2857 3050 32.36
24 956 1322 16.18 1876 21.10 2326 25.28 27.20 29.03  30.79
26 9.16 12.67 1550 1796 20.19 2225 2418 26.01 27.75 29.42
28 8.82 12.18 14.89 1726 1939 2136 23.21 2495 26.61 28.21
30 850 11.74 1435 16.63 18.68 20,57 2234 24,01 2560 27.13
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k=20 populations
Year-to-year variance (excluding measurement error)
nyears 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10 1438 20.04 2469 2879 3254 36.03 39.33 4248 4551 4843
12 13.04 1815 2232 2599 29033 3243 3536 3815 4083 4341
14 12.02 16,70 2050 23.84 26.88 29.70 3236 3488 3730 39.63
16 1120 1554 19.06 2215 2495 2754 2998 3230 3452 36.65
18 1053 1459 1788 20.76 2336 2578 28.05 3020 3225 34.23
20 996 1379 16.89 1959 22.04 2431 2643 2845 3037 32.22
22 948 1311 1604 1860 2092 2305 2506 26.96 28.77 3051
24 9.06 1252 1531 1774 1994 2197 2387 25,68 27.39 29.04
26 869 1200 1467 1699 19.09 21.03 2284 2455 26.19 27.76
28 836 1154 1410 1633 1834 2019 2192 2356 2512 26.62
30 806 1112 1359 1573 1766 1944 2111 22,68 2418 2561




	Summary
	Introduction
	Methods
	Application
	Results
	References

