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Abstract: The consequences of accepting a false null bypoth- 
esis can be acute in conservation biologV because endan- 
gered populations Ieaw Iittle margin for  recovery from in- 
m c t  management decisions. The concept of statistical 
powr provides a metbod of estimating the probability of 
accepting a fake null bypotbesis. We illustrate bow to cal- 
culate and inteq.net statistical p o w  in a conservation con- 
text witb huo examples based on the vaquita (Phocoena si- 
nus], an endangemiporpoisf: and tbe Nortbem spotted Owl 
(Suix ocadentalis ca-]. Tbe v u i t a  example shows bow 
to estimate p o w  to detect negatiw Frozds in abundance 
Power to detect a decline in abundance decreases as popu- 
latias become smuller, 4 for the vaquit4 is unacceptably 
low witin the range of estimated population s u a  Come- 
quently, detection of a decline should not be a necessq 
criterion for enacting conservation measures for rare species 
For the Northern Spotted Owl, estimates of power allow a 
reintetpretation of results of ap+evious demograpbic anal- 
ysis tbat concluded tbe population was stable. We find tbat 
even if tbe owl population bad been &dining at 4% per 
m, the probability of detecting #e decline was at most 
0.64, andprobably closer to 0.13; bencf: concluding tbat tbe 
popuIation was stable was not jusrified Finally, we sbow 
bow calculations ofp- can be used to compare daifferolt 
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Los Usos del poder estadktico en consemcion biologica: la 
vaquita y el b&ho moteado del Norte 

Resumen: En conservaci6n biol6gicq las consecuencias de 
aceptarbipdtesis n u h  falurcpueden ser muyseveraspuesto 
que hpoblaciones enpeligro de extincidn dejanpoco mar- 

decisiones incorrectas de 
m e j o .  El concept0 de poder estadistico prowe un metodo 
para estimar la pmbabilidad de aceptar bipdtesis nulas fal- 
sas Nosotros ilustramos como calculare intetpretar elpoder 
estadistico en un context0 de consemacih condos ejemplos 
basados en la mquita (Phocoena sinus), una -opa en 
p e l i p  de extincidtl, y el btibo moteado del Norte (Suix oc- 
cidentalis caurina). El ejemplo de la wrquita muestra como 
estimar elpoderpara detectar tendencias negativas en abun- 
duncia Elpoderpara detectar una disminuci6n en la abun- 
dancia decrece a &I& que laspoblaciones se bacen mas 
p e w  y en el cas0 de la uuquitq es inaceptablemente 
tujopara el rango de i%mariospoblacionales estimados Por 
consiguientf: la detecci6n de una declinacih en el tammi0 
pobkuional no debe ser un criterio necesario para decretm 
medidas de cons-idn en especk raras En el uuo del 
b&o moteado del Norte, la estimaci6n delpoderpermite la 
reintetpretaci6n de resultudos de anhlisis demograficmpre- 
vios que umcluyemn que lapoblaci6n era estable Nosohos 
encontramos que aun si la poblrrci6n del btiho moteado a 
estado dedinando un 4% por atio; la probabilkiad de detec- 
tar esta declinaci3n fue  de a lo sumo 0.64%, y probable- 
mente mds cercana al 0.13%. Por consiguiente, nb se justi- 
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methods of monitoring changes in the sue of smallpopula- 
tions The optimal method of monitoring Northern Sported 
Owl populations muy depend botb on tbe size of the study 
area in relation to tbe effort erpended and on the density of 
animals At low densitie& a demographic approach can be 
more powerful fhan direct estimation of popuiation &e 
through surveys At bigber densities the demographic ap- 
proach may be more powerful for small populations but 
s u ~ e y s  are m o r e p o w - 1  forpopulations lhsger tban about 
100 owLC The tradmffpoint depetuis on density but apw 
ently not on rate of decline Power decreases at low popula- 
tion sizes for both methods because of demographic stocbas- 
ticity. 

Introduction 

Consider the following scenario: a species is declining in 
abundance, and we have gathered data that may show 
that a certain pollutant is responsible. We evaluate the 
data with an appropriate statistical test, but the null hy- 
pothesis (of no effect) is not rejected. The result? With- 
out statistically significant evidence that the pollutant is 
harmful, it is unlikely that any action will be taken to 
eliminate or reduce the pollutant. 

Now consider the following question: If the pollutant 
does have a harmful effect, what is the probability that 
we would have detected it? The answer is clearly of 
central importance, yet this probability, called statistical 
power, is rarely calculated. The reasons why power has 
been largely ignored lie partly in the historical develop- 
ment of hypothesis testing and partly in the extra effort 
required to make power calculations. We believe that a 
consideration of power is critical in many conservation 
issues, however, and that every conservation biologist 
should be familiar with the concept of statistical power. 
An awareness of statistical power is particularly impor- 
tant in conservation biology because the consequences 
of incorrect decisions can be severe: the extinction of a 
species. A medical analogy may be helpful. Consider a 
medical test that determines whether a patient has some 
deadly disease. Physicians are properly less concerned 
with a false positive (concluding that the patient has the 
disease when she does not) than with a false negative 
(concluding that the patient does not have the disease 
when she does). Conservation biologists deal with the 
health of species and ecosystems and should be similarly 
concerned with false negatives. 

The importance of statistical power is becoming more 
widely appreciated in many fields of biology. A number 

ficaba concluir que la pobkuidn era estable Finaimentc: 
demostramos como Ios Crilculos depoderpueden ser usados 
para comparar distintos mttodos de monitoreo de cambios 
en el tamano depoblacionespequeMs El metodo 6ptimo de 
monitoreo de [as poblaciones del biiho moteado del Norte 
&pen& quizas tunto del tamano del area de estudio en 
reIaci5n con el esfuerzo realuado corn de la densiaizd de 
Ios aminales A bjas densidadeq la apoximaci6n de- 
mografiupuede ser nuispodemra que la estimaci6n directa 
del tamaiiopoblacional apartir de evaluaciones A mayom 
densidads la a p i m a c i 6 n  dmwgraficapuede ser nuispo- 
derosa para poblaciones p e q m  pen, [as evaluaciones 
son mdspoderosasparapobliones de mas de 100 b&os El 
punto de rekui6n (Radmfn depmrie de la dens- per0 
aparantemente no depende de Ia tasa de declinaci6n Pam 
tamanos poblacionales b@s, el poder denwe para ambos 
mitodos debido a la estocasticidad demografica 

of papers in recent years have pointed out the impor- 
tance of considering power in ecological studies (Quinn 
& Dunham 1983; Toft & Shea 1983; Rotenberry & 
Wiens 1985; Peterman 1990~). Consideration of statis- 
tical power is an integral part of proper experimental 
and sampling design (see Eberhardt & Thomas [ 1991) 
and Andrew & Mapstone [ 19871 for recent examples). 
Explicit calculations of power are increasingly being uti- 
lized in applied ecology, for example in wildlife ecology 
(Skalski et al. 1983; Halverson & Teare 1989), insect 
demography (Solow & Steele 1990), toxicology (Hayes 
1987), fisheries (Peterman & Bradford 1987; Peterman 
1990b; Cyr et al. 1992) marine mammal studies (de la 
Mare 1984; Holt et al. 1987; Forney et al. 1991), and 
ecosystem and population monitoring ( S W k i  & Mc- 
Kenzie 1982; Hinds 1984; Gerrodette 1987, 1991; 
Green 1989). 

There are two main ways that power calculations can 
be applied in conservation biology. First, before collect- 
ing data, study designs can be evaluated in terms of their 
ability to yield significant results. How large must sam- 
ples be? How many years will it take? And (ultimately) 
how much money must we spend? Calculating power 
for study designs can help answer these questions. We 
illustrate this use of power by considering the ability of 
line-transect surveys to show a decline in abundance of 
a rare species the vaquita (Pbocoena sinus), a porpoise. 
We illustrate evaluation of two monitoring designs with 
the Northern Spotted Owl (Shiy occidental& caurina) 
by comparing demographic to survey methods for de- 
tecting declines in abundance. Second, after data have 
been collected, calculations of power can help interpret 
the results, particularly when the null hypothesis has 
not been rejected. We illustrate this use of power in our 
second example by evaluating the strength of Lande's 
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(1988) conclusion that the Northern Spotted Owl was 
not declining in abundance. 

Statistid Rypotaesis Testing 

The dominant paradigm for hypothesis testing, as de- 
scribed in most introductory textbooks, involves: 

( 1 ) choosing null and alternative hypotheses; 
(2) devising and camying out an experiment or sam- 

pling program designed to distinguish between 
the two alternatives; 

(3) computing an appropriate statistic that summa- 
rizes the property to be compared; 

(4) determining whether the observed value of the 
statistic has a probability of occurrence less than a 
pre-chosen level of significance a; and 

( 5 )  if it does, rejecting the null hypothesis in favor of 
the alternative, or if it does not, retaining the null 
hypothesis. 

The h a l  step involves a yes/no decision about the falsity 
of the null hypothesis, and the possible logical outcomes 
of this procedure are often displayed in the form of a 
simple table (Table 1). Two types of error are possible. 
If the null hypothesis is Vue but is rejected, a Type 1 
error occurs with probability a; a correct decision is 
made with probability 1 - a. If the null hypothesis is 
false but is not rejected, a Type 2 error occurs with 
probability p. Statistical power is the probability that the 
null hypothesis will be rejected when it is false. Hence, 
power is the probability that we reach a correct deci- 
sion when the null hypothesis is false, and is calculated 
as 1 - p (see Table 1). 

Before proceeding to our examples, two brief com- 
ments on this procedure are in order. First, the evalua- 
tion of data relative to a significance level a (commonly 
0.05) depends on naming a specific null hypothesis, but 
the alternative hypothesis may be nonspecific. For ex- 
ample, we might have as our null hypothesis H; mean of 

Table 1. 
when testing a null hypothesis 4. 

Possible logical outcomes and types of Mal error 

Result of statistical test 

Do not reject H ,  Reject H ,  
H ,  is true Correct decision Type 1 error (a) 

made with made with 
probability probability a 
1 - a  

H, is false Type 2 error (P) Correct decision 
made with made with 
probability p probability 1 - 

l k p o w e r  of a test is tbepobability tbat H, wiN be rg.ected when 
H, is false 

P (Power) 

population A = mean of population E, but the alterna- 
tive may be the non-specific HA, mean of A # mean of E. 
On the other hand, the calculation of p and power ( 1 - 
p) requires that a specific alternative be given-for ex- 
ample, Hk mean of A = '/2 (mean of E). Power has 
meaning only in relation to a specific alternative hypoth- 
esis, and different alternatives result in different values 
of power. 

Second, although the above procedure is well estab- 
lished and our discussion applies strictly within the 
framework of this procedure, there are other methods 
of testing statistical hypotheses. We may also decide 
between two hypotheses on the basis of likelihood ra- 
tios (Berger & Wolpen 1985) or Bayesian methods 
(Box & Tiao 1973; Berger 1988 Howson & Urbach 
1989). Bamett (1982) presents a general discussion of 
statistical inference. 

Example 1: Pbocoena Sinus 

The vaquita is a small porpoise that occupies a limited 
range in the northern Gulf of California, Mexico. The 
status of the porpoise is listed as endangered by the 
United States Endangered Species Act. Although very 
little is known about vaquita, one can unequivocally 
state that the species is rare. In the first dedicated survey 
in 1976, only two sightings were made in 1959 km of 
trackline (Wells et al. 1981). From 1986-1988 a total of 
3236 km of boat and aircraft surveys resulted in 51 
sightings of 96 individual porpoise (Silber 1990). The 
surveys were not random, but tended to concentrate in 
areas with highest sighting probability. Barlow (1986) 
estimated 50-100 individuals as a rough lower limit for 
the population, noting that available data could not be 
used for an upper limit. In September of 1991, experi- 
mental aerial surveys were conducted to assess the via- 
bility of this method for estimating abundance (Barlow 
et al. 1993). A single sighting of two animals was made 
in 1143 lon of random transect lines. While estimates 
from so few data are crude, it is likely that there are 
fewer than 1000 vaquita remaining. There is, mean- 
while, substantial mortality occurring due to gill net 
fisheries. A conservative estimate of the number of ani- 
mals killed in gill nets is 102 (Vidal 1990). Of these, 79 
have occurred since 1985 and 72 were in nets for To- 
toaba macdonaldi, a large sciaenid fish which is itself 
endangered. 

Are surveys able to tell us if the vaquita population is 
declining in abundance? To investigate this question we 
created a simple simulation of a line-transect survey 
(Appendix 1). The results showed that an intensive sur- 
vey covering virtually all known vaquita habitat could 
provide an accurate estimate of population size, but that 
the precision of that estimate strongly depended on 
population size (Table 2). On theoretical grounds the 
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 abl le a. Results of simukted Line-baosfft sweys for the 
vaquita, phocoena sinus. 

Coefficient of 
AcCual Mean variation of 
popuiation estimate of estimate of 
size abUndance abundance 

250 253 0.387 
5w 495 0.283 

1000 1015 0.209 
2000 2005 0.138 
4000 3999 0.100 
8000 8010 0.071 

16.000 16,020 0.050 

Mean andcoeflicent of ymintion u w e  computedfrom loo0 SimU- 
Wed nmxys ai each population size 

variance of a line-transect estimate was expected to be 
proportional to abundance (Burnham et al. 1980). This 
relationship was confirmed when we regressed the co- 
efficient of variation of our simulated abundance esti- 
mates (CV) (Table 2, column 3 )  against the inverse of 
the square root of population size (N) (Table 2, column 
1) to give 

The importance of Equation 1 lies in the fact that our 
abiiity to detect a decline in population size depends 
strongly an the precision of the estimate of population 
sue. As N decreases, CV increases, and the probability 
that a series of surveys will indicate a significant nega- 
tive trend decreases. This is a specific example of the 
more general relationship between power, the size of 
the “effect” we want to detect (ES, for effect size; see 
Cohen 1988), and the variability (V) in our data Very 
roughly, we can summarize the general relationship by 

In words, power is an increasing function of effect size 
(bigger dects are easier to detect), a decreasing func- 
tion of the test statistic T,,, which itself negatively de- 
pends om a (thus, higher a leads to higher power), and 
an inverse function of variability (more variable data 
mean lower power). In the specific case of a series of 
surveys, the probability of obtaining a significant nega- 
tive trend (that is, the power, or 1-p) can be approxi- 
mated by the following relationship (Gerrodette 1987) 

where z, = the x quantile of the standard normal 
distribution, 

a = the probability of Type 1 error, 
B = the probability of Type 2 error, 
A = the factor of decrease between surveys 

n = the number of surveys, and 
( O < h < l ) ,  

CV, = the coefficient of variation of the 
population estimate at the initial 
population size. 

Thus, the probability of obtaining a signtScant nega- 
tive trend depends on the precision of the surveys (CV), 
how rapidly the population is declining (A), the number 
of surveys (n), as well as the sigtuficance level of the test 
(a). Equation 2 assumes that the population is declining 
exponentially, that line-transect (or simii sighting per 
unit effort) data are used to estimate abundance, and 
that a one.taiJed test (for a decline) is used. Note that 
because the relationship between CV and N is included 
in the derivation of Equation 2, it is necessary only to 
give the initial CV for any particular power calculation. 
Also note that, if anything, the approximation repre- 
sented by Equation 2 omstimates power (Gerrodette 
1991); this makes the following pessimistic conclusions 
about our ability to detect trends all the stronger. As 
applied to the endangered vaquita, the results may be 
expressed in several ways: 

( 1 ) As population size decreases, so does our ability 
to detect the decrease (Fig. 1A). Five annual surveys are 
udikely to detect a 5%/year population decline for any 
population size less than 3000 vaquita. If we conduct 
five biennial surveys, the probability of detecting a 5%/  
year decline in the vaquita population (a 40% decline 
over the ten-year period) is 0.81 if the initial population 
is 3000 porpoise but only 0.45 if the initial population is 
1OOO. Even under the most intensive &ort shown in Fig. 
1A (10 annual surveys), the power of detecting a 5 % /  
year decline is acceptable (if we define acceptable as f3 
a) only if the vaquita population is larger than 2300 

animals. The actual vaquita population is almost cer- 
tainly less than that (Silber 1990). If the vaquita popu- 
lation size is in the low hundreds of animals, as the best 
available data indicate, the most likely outcome of any 
surveys will be a nonsignificant trend, even when the 
population actually is declining. 

(2) As population size decreases, the detectable rate 
of dedine (that is, the minimum rate of dedine that 
could be detected with a given amount of survey effort) 
increases (Fig. 1B). For example, if there were 300 va- 
quita, even the most intensive survey effort (10 annual 
surveys)  gives a minimum detectable rate of decline of 
18%/year (A = 0.82). This rate implies a reduction of 
86%. from 300 to 42 vaquita, during the ten-year study 
period, which is clearly unacceptable. Less frequent sur- 
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0 500 333 .50C 200C 2500 3000 
0 00 

POPULATION SIZE (N) 

B 

Figure I .  Results of a power analysis for a simulated 
uaquita SU+ULY (Appendix I). Values are computed 
fnm2 Equation 2 using a = 0.05 ( 1  -tuiled) for uari- 
ous numbers of suroeys (n), as a function of initial 
population size (Nj. (A) Power to detect a 5%lyear 
decline (A = 0.95). (Bj Minimum detectable annual 
rate of decline (1  - A) with high power (a = $ = 
0.05) 

veys (five biennial surveys) or a shorter study period 
(five years) result in minimum detectable rates of de- 
cline that are even higher (Fig. 1B). 

The management implications of this analysis are 
clear. While there may be important reasons for under- 
taking vaquita surveys (and we believe there are), de- 
termining whether the vaquita population is declining is 
not one of them. Even worse would be to predicate 
conservation &om on whether the surveys indicate a 
decline. Simply put, if we were to wait for a statistically 
significant dedine before instituting stronger protective 
measures, the vaquita would probably go extinct first. 

Example 2: W oreideotalls caurioa 

greatly reduced and fragmented by logging, and this 
habitat loss is expected to continue. Recent studies have 
demonstrated declines in several owl populations 
(Thomas et al. 1990). Northern Spotted Owls are long- 
lived, territorial animals. Because of their relatively sed- 
entary adult life, natural mortality in adults can be ac- 
curately assessed by banding studies. Most juveniles are 
forced to disperse some distance to claim a vacant ter- 
ritory. Estimating juvenile mortality, therefore, has 
proven difficult. Current estimates place lower and u p  
per bounds for Northern Spotted Owls at 2000 and 
6000 individuals (Thomas et al. 1990). Because logging 
of old-growth forest is continuing, determining the dy- 
namics of the owl population is complex. Current ef- 
forts to estimate population groyth rates target a SMP- 
shot estimate of whether populations are declining 
while habitat is being destroyed (Anderson et al. 1990). 
Here we address a simpler question: “Given a static hab- 
itat, can we detect a decline in owl abundance?” 

Power to Detect a Decline by 
Demographic Analysis 
Several studies have attempted to determine whether 
Northern Spotted Owl populations were declining by 
performing a demographic analysis (Lande, 1988; Noon 
& Biles 1990). As first laid out by Lande (1988), this 
approach models the population’s dynamics as 

Nr = Noh: (3)  

where Nr is population size at time t; and A is the geo- 
metric factor of change. We can estimate A by solving 
the characteristic equation using a simplified three- 
category age structure (Noon & Biles 1990; Thomas et 
al. 1990) (note that this equation and those used for 
variance differ from Lande [1988] and Caswell[1989]): 

A’ - SA - s&,b = 0, ( 4 )  

where 
so = survival rate from age zero to one, 
s, = annual survival rate of sub-adults, 
s = annual adult survival rate, and 
b = annual birth rate. 

Estimates of these vital rates are available (Table 3). As 
Lande notes, because A3h 3 0, the real positive solution 
of this equation must be such that A 3 q that is, the rate 
of dedine cannot be less than the adult survival rate. In 
other words, if all recruitment into the adult population 
were to cease and the survival rate of territory-holding 
adults were to remain constant. A would be 0.94. 

Northem Spotted Owls, found in western North Amer- 
ica, depend on old-growth forests (Thomas et al. 1990). 
Concern is prompted because their habitat has been 

Lande concludes: “The estimated value of A = 0.961 
is less than twice its srandard error from 1.0 and is there- 
fore not significantly different from that for a stable pop- 
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Tablo 3. 
osed by Lpnde (1988). 

Parameter ESh.mafe Sample sue 
SO 0.108 179 
51 0.710 7 
F 0.942 69 
b 0.240 438 
A 0.961 

Demographic pametem for the Northern Spotted Owl 

~ ~~~~ 

Sample sue i s  tbe number of inditdduals used to estimate tbe p@ 
nunem. We baue combined Lande’s so (tbe pmiispemal m h a l  
rate) and sd (survival rate of dispmm) into a single ienn for sw. 
vivotsaip through the first year of life (sa), m bas been done in 
subsequent anulyses (Amiemon et aL 19W; Thomns et a1 1990). 

ulation, supporting the contention that the population 
currently may be near a demographic equilibrium.” Al- 
though these data cannot reject the null hypothesis us- 
ing Iande’s equations, the data do not support the latter 
contention. A value for A of 1.000 cannot be rejected, 
but the same could be said for A = 0.920; it also cannot 
be rejected. In fact, given Lande’s own assumptions 
about the distribution of A, A = 0.920 is just as likely as 
A = 1.000, and the most likely value is the mean, A = 
0.961. Iande properly states that the confidence interval 
on the estimated A includes 1000, but the data hardly 
support the contention that A = 1,OOO. 

To conduct a power analysis, we consider the follow- 
ing question: If A = 0.961 (a decline of 4%/year), what 
is the probability of rejecting a conclusion of a stable 
population (A = 1.000)? We generated a distribution 
for A = 0.961 and A = 1.OOO (Fig. 2A). Details of the 
simulations are given in Appendix 2. The histograms in 
Fig. 2.4 represent the spread of values for A that we 
would expect to obtain if we were to repeat our mea- 
surement of Northem Spotted Owl demographic param- 
eters many times, under the assumption that the param- 
eters themselves were constant. Different values of A 
result from sampling error in the estimation of demo- 
graphic parameters. The histograms show that were the 
mie A = 0.961, we would reject the hypothesis that A 
= 1.OOO for 64% of aU estimates of A (with a = 0.05). 
Power, in other words, is 0.64. Power can be increased 
up to 0.84 at the cost of accepting an a level as high as 
0.25 (Table 4 column with “sampling error only”). In 
general, though, we have little power to distinguish be- 
tween these two distributions even though a decline of 
4% /year would lead to loss of a third of the population 
in ten years. Lande’s (1988) procedure of computing a 
confidence interval on the observed A has even lower 
power: 0.08 (Table 4). In other words, given a popula- 
tion actually declining at 4%/year, Iande’s procedure 
would conclude that A was not significantly different 
from 1.000 92% of the time. This makes weak indeed 
the claim that the data support A = 1.000. 

Even this analysis is optimistic, however, because it 
considers only the sampling error that arose in the es- 

MEC\!=0961 ~ 

MEA\ = ’ 000 I 

0 35 

k 0 3 0 :  

5 0 2 5 -  

g 0 2 0 -  

c 5 -  

0 1 0 -  

0 0 5  7 

0 00 
068 072 076 080 084 088-032 096 1 6 0 .  04 108 1 1 2  

h 

0 35 

6 0 3 3 -  
5 

E 5 2 0 -  

3 0 2 5 -  

0 1 5 -  

0 6 8 3 7 2 3 7 6 0 8 0 0 8 4 0 8 8 0 9 2 0 9 6 ’ 0 0 ‘ 0 4 ‘ 0 8 1 1 2  
I. 

Figure 2. (A) Histograms of lo00 simulations using 
Lande’s (1988) data Mean data rates are fire4 and 
variance is due to sampling error (binomial urn‘- 
ancej. The mean and variance of birth rates (Bar- 
rowclough 6 Coates 1985) ako remained fixed Tbe 
vertical line is the a = 0.05 mitical value below 
which lies the 5% of the unrhaded histogram with 
mean A = 1.0. Values less than those would be re- 
jected as not having come from the null distribution 
(Bj Histograms as in (Aj, with environmental urni- 
ance esrimated from variance in birth and death pa- 
rameters estimatedfrom t h  Tawny OWL 

timation of the demographic rates. The rates were esti- 
mated by pooling data over years to obtain a single es- 
timate with the variance in mortality calculated from 
the binomial distribution. It is most likely, however, that 
owl populations experience environmental variability 
that translates into year-to-year variability in the demo- 
graphic parametem and the population growth rate. For 
the Tawny Owl (Strix aluco), a closely related species, 
owls did not breed in years of low prey abundance, a 
harsh winter reduced the adult population by half, and 
there was a dear ceiling on the number of territories, 
which must Limit recruitment (Southern 1970). To gen- 
erate more realistic distributions of A for the Northern 
Spotted Owl, we used the variance of birth and death 
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Table 4. Power (1 - f3) estimated by Monte Carlo simulalion to 
detect a 4% /year decline under two different assumptioos abom 
variance: variance is due to sampling error only, and variance is 
due to environmeatal wiation in addition to sampl i  error. 

P O W  

Sampling Including 
mt environmental 
0nlv variation 

Simulations with [I = 0.05 0.644 0.116 
Simulationswith a = 0.10 0.726 0.211 
Simulationswith [I = 0.25 0.843 0.432 

Lande’s Criterion 0.084 0.049 

Tbelnndem’tical value is the -plus Iwice tbesfandmd -of 
A a~ &fined qV Lande (1988). Tbe distributions are &own in F i S 2 a  
ami Zh 

rates from the Tawny Owl study in the Same Monte 
Carlo simulations (Appendix 2). The resulting distribu- 
tions (Fig. 2B) are more similar to each other than when 
only sampling error is considered (Fig. 2A). This means 
that the null and alternative hypotheses will be even 
more difficult to distinguish from each other, and that 
the power to detect a 4%/year decline (A = 0.961) will 
be dramatically lower (Table 4, column “including en- 
vironmental variation”). Because of small sample sizes, 
the likely outcome of the comparison of data from any 
two yeats will be an inability to distinguish between 
estimated parameters, but this does not mean that no 
environmental variance exists. On the other hand, pool- 
ing data over years may lead to unrealistically small vari- 
ances that give a false picture of the precision of the 
data. Separation of Sampling and environmental variance 
can be a complicated statistical issue; replication and 
analysis of model fit can aid in their estimation (see 
Burnham et al. 1987 Part 4). 

Comparison of Two Metbods of Monitoring 
Population Size 

In this final section, we use a power analysis to compare 
two methods of monitomg Northern Spotted Owls for 
possible declines in population size. To determine 
whether a population is declining, we could attempt to 
determine if A = 1.0 from estimates of birth and death 
rates, as considered in the previous section, or we could 
attempt to estimate population size directly over several 
years and to determine whether the estimates indicated 
a decline over time. We will call the former approach 
the demographic method and the latter the survey 
method. The question is, given a fixed amount of effort, 
which method has the greatest probability of detecting 
a decline in population size? 

Although we use the Northem Spotted Owl as an ex- 

ample, we emphasize that the following comparison is 
presented as an heuristic example of using power anal- 
ysis to compare study designs. It shows how Merent 
study designs could, before time and money are in- 
vested, be evaluated for their ability to yield useful in- 
formation. It is not intended as a recommendation for 
the study of any particular owl population, or as a crit- 
icism of any past or present owl studies. In particular, 
our analysis does not consider the nonequilibrium con- 
ditions that currently exist due to timber harvest (Lam- 
berson et al., in press). 

The comparison of the two methods depends on sev- 
eral assumptions: the amount of time and money avail- 
able, the probability of detecting an owl from a given 
distance, and the relation between population size and 
capture rate. We have attempted to use reasonable val- 
ues based on past studies (Appendix 2). The details of 
our results depend on the specific values we have cho- 
sen for, say, the amount of banding effort, but this does 
not detract from the generality of the approach. Because 
Northern Spotted Owls are territorial, we assume that 
owls occur at some given density in a potential study 
area, and thus that the choice of a study area determines 
the size of the study population. 

First, for the demographic method, we simulated the 
estimation of A from banding studies and estimated the 
probability (power) of concluding that A < 1.0 for sev- 
eral merent m e  values of A (Appendix 2). The results 
show, as expected, that power increases as A decreases 
(solid curves, bottom to top in Fig. 3). Less obvious is 
that, for a given A, power generally declines as the size 
of the study population increases (solid curves in each 
graph in Fig. 3). If we have chosen to monitor a large 
population (area), the proportion of the population cap- 
tured for banding will be small, the variance of the es- 
timates of birth and death rates and hence, A will be 
high, and the ability to reject the null hypothesis that A 
= 1.0 (power) will be low. Thus, we do not want to 
choose too large a study population relative to the 
planned banding and capturing effort. However, we also 
do not want to choose too small a study population. At 
very small population sizes, power is aEected by vari- 
ability due to stochastic demographic effects. If we 
choose a very small study population, we may be able to 
monitor every individual owl, but power decreases be- 
cause the probability decreases that the actual number 
of owls suniving will exactly equal the survival proba- 
bility (left ends of solid lines in Fig. 3). For example, if 
the adult survival rate is 0.96 and our study population 
consists of 10 adult owls, it is impossible that 9.6 will 
survive. The power to detect A < 1.0 is therefore max- 
imized at some intermediate value of study population 
size. For the amount of effort assumed in these simula- 
tions, the optimum population size (study area) to 
choose for a banding study to estimate A is about 60 
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Figure 3. Comparison of power of two methods of monitoring declines in Nortbem Sponed Owl population 
size Solid lines plot power for the demographic approach, and broken lines plotpower of line-transect suntqys 
at four owl densitieq for the following population growtb rates (A): (A) 0.90, (Bj 0.92, (C) 0.94, and (0) 0.96 
Dots indicate power calculated from simulations. Connecting lines are linear intopolations Vertical dotted 
lines running through figures A 4  show that the tradeoffpoint where power from line-transect techniques ex- 
ceeds thepower from demographic techniques is not affkcted by the population growtb rate 

adult owls (Fig. 3). This is approximately the size of the 
population chosen for an intensive banding study in 
northern California (Franklin et al. 190). 

Second, for the survey method, we simulated the es- 
timation of population size from a line-transect survey 
and estimated the probability (power) of concluding 
that there was a downward trend in population size over 
a live-year period (Appendix 2). The results show that, 
as for the demographic method, power increases as A 
decreases, and that power declines at small population 
sizes due to stochastic demographic &ects (dashed 
lines, bottom to top in Fig. 3). In c o n a t  to the demo- 
graphic method, however, the power of the survey 
method does not decline with increasing size of the 
study population. Power increases with population size 
up to the point where stochastic demographic effects 
become negligible and is constant thereafter. AIS0 in 
contrast to the demographic method, power is an in- 
creasing function of owl density (dashed lines in each 
graph of Fig. 3). These differences occur because the 
precision of an abundance estimate from a survey de- 
pends primarily on the number of animals seen on the 
survey, and, other things being equal, on the density. 

Comparing the two methods in Fig. 3 shows several 
interesting features. First, for the lowest density of owls 
considered here (0.050 owls/lrm2), the demographic 
method is always the more powerful design. Thus, were 
we considering monitoring Northern Spotted Owl pop- 
ulations in a low density area, such as the Olympic pen- 
insula in Washington (Thomas et al. 190), we should 
choose the demographic method regardless of size of 
study area For higher densities, there is a tradeoff point 
where the survey method becomes more powerful than 
the demographic method as study population size in- 
creases. The tradeoff point is approximately 80 owls for 
the highest density (0.240 owlsflrmz), 90 owls for the 
nexthighestdensity(0.1660wWkm2),and2100wlsfor 
the third highest density (0.078 owWkmz). These trade- 
off points do not depend on the actual rate of decline 
(which is fortunate since this is the quantity we ulti- 
mately want to estimate!). Thus, if we were considering 
monitoring Northern Spotted Owl populations in areas 
of moderate to high density of owls and the study area 
was thought to contain at least 100 owls, we should 
choose the survey method as the more powerful design 
to detect a population decline. 
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Conclusion 

In conservation biology, as in any scientific research, 
experiments should be carefully designed to answer the 
most pressing questions. However, the need for careful 
experimental design is particularly important in conser- 
vation biology because (1) the crisis nature of many 
situations may not allow time for research to be re- 
peated, (2) money is always in short supply, so it is 
imperative to use it in a way that will yield the most 
information, (3) the research activity itself may have 
some deet on the population, which should be mini- 
mized, and (4) the precarious nature of many popula- 
tions allows little margin to recover from incorrect de- 
cisions. An analysis of power is an integral part of good 
experimental design (Winer 1971). The examples pro- 
vided here have been chosen to demonstrate how 
power analysis can allow us to (1) decide whether the 
proposed research can answer our question, (2) choose 
among alternate experimental designs, and (3) interpret 
the results in such a way that is is clear exactly what we 
can and cannot state given our data. 

Although awareness is increasing, statistical power is 
often ignored in ecological studies (Peterman 1990~). A 
recent review in the field of fisheries biology pointed 
out that of 408 fisheries papers that reported at least one 
failure to reject the null hypothesis, only one calculated 
the probability of making a Type 2 error (Peterman 
19906). Our informal survey of past issues of Comer- 
vution Biologlr indicate a similar lack of reporting 
power. We contend that a consideration of power is 
especially important in conservation biology. Both the 
vaquita and Northern Spotted Owl examples demon- 
strate why it is insufficient merely to state that the data 
failed to reject the null hypothesis. With small popula- 
tions, failure to reject the null hypothesis may often 
result from inadequacies in the data rather than from 
any evidence concerning the falsity of the hypothesis. 
Such inadequacies may be due to small sample sizes, 
stochastic demographic &ects, or both. In this paper 
we have particularly illustrated the use of power for 
detecting changes in population size. However, there 
are many other situations in conservation biology for 
which a power analysis is appropriate. For example, 
consider the problem of defining suitable habitat. This 
could arise in the context of designing wildlife reserves 
(what areas are most important?) or in altering habitat 
for the benefit of rare species (have restoration or mit- 
igation efforts been successful?). We might be compar- 
ing abundance, survival rates, behavior, or other char- 
acteristics of populations in several areas. In these 
situations a Type 2 error would lead to the designation 
of less suitable habitat in a reserve or to the false con- 
clusion that restoration was being successful. 

What level of power should we consider acceptable? 
There is no simple answer to this question. Although 

~ 

there is a generally accepted level of Type 1 error (a L 

0.05), there is no such generally accepted standard for 
Type 2 error. Furthermore, the relative importance at- 
tached to these two kinds of statistical error depends on 
one's perspective. Consider again the example of the 
putative pollutant given in the mtroduction. A manager 
of a factory producing the pollutant would be most con- 
cerned with minimizing Type 1 error-that is, with min- 
imizing the probability of deciding that the pollutant is 
responsible when it really is not. The result of this in- 
correct conclusion may be the unnecessary installation 
of costly equipment. A conservation biologist would 
also not want to make a Type 1 error, but for a different 
reason: loss of scientific credibility. However, biologists 
should be even more concerned about malting a Type 2 
error-that is, of deciding the pollutant is not responsi- 
ble when it is-because the result of this incorrect con- 
clusion may be the extinction of the species in question. 
Because Type 1 and 2 errors result in quite Merent 
consequences, weighing their relative costs can be a 
complex and contentious undertaking. We do not dis- 
parage its daculty. Our point here is that a discussion 
of the costs cannot proceed without a recognition and 
calculation of the probability of Type 2 error and its 
complement, power. 

Because of the critical nature of management deci- 
sions in conservation biology, we should also consider 
where the burden of proof should lie. Should scientists 
be required to show that a population is declining be- 
fore a negative impact (a direct kill or habitat destruc- 
tion) can be controlled? One altemative is to require 
that the party affecting the population show, with high 
power, that the impact will have no &ect before it is 
allowed (Peterman 1990~). A precedent for this ap- 
proach already exists. Before a new drug is approved, 
the U.S. Food and Drug Administration puts the burden 
of proof on the drug industry to show that the drug is 
not harmful (Belsky 1984). Another approach might be 
to take as our null hypothesis, on the basis of past ex- 
perience with this or a similar species, that there will be 
an effect, and that the impact cannot be allowed unless 
this null hypothesis can be rejected. For rare species, 
such as the vaquita, we have seen that it is inappropriate 
to require proof of a decline before reductions in the 
population are halted. An alternative approach may be 
to require proof that the population is not declining 
either through survey techniques or by demonstrating 
that recruitment exceeds removal. Consideration of 
power may thus cause us to rephrase our hypotheses so 
that they are appropriate for each conservation prob- 
lem. 
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Appendix 1 

Porpoise simulations 
Vaquita (Pbocoena sinus) are very similv in their sighting character- 
istics to the hvbor porpoise, P. pbocoenu We therefore used the 
sighting detection function for harbor porpoise in calm conditions 
(Beaufon 0 and 1) (Barlow 1988) in our simulations of a shipbased 
vaquita linerranwct survey. Sightability was not aiiected by group sue 
since vaquita are found only in small groups (Silber 1990); the distri- 
bution of group sire was taken from Silber’s work We assumed that 
groups of porpoise were randomly located within their range. The 
range of the species was considered to be approximately 4900 Ianz, 
which lies between the 20- and 40-meter depth contours in the north- 
ern Gulfof California: nevly all  sightings of vaquita have been made in 
this habitat (Silber 1990, Vidal 1990). For complete coverage we set 
mck lines 5 hn apart (see pan one of the simulation protocol). For 
the given area this would yield 980 km of survey, which at a survey 
speed of 15 hn hr - I would require approximately eight days of eight 
hours of survey under perfect conditions. Obtaining these hours 
would take w e n l  weeks, which seemed a likely amount of effort 

To generate statistics for a vaquita population estimate, we re- 
peated the foUowing procedure 1000 times: (1) a distance from the 
track line was chosen from a uniform distribution from zero to half the 
distance between transect lines (2500 m); ( 2 )  p u p  sue was c h o ~ n  
randomly from the group sue distribution; (3) simulation population 
size was inuemented: (4) the probabiliry of being sighted at that 
distance was determined from the sighting detection function (5) 

s u  J. R, and D, H. ~ d ( e n z i ~ ,  1982. A d e g n  for aquatic 
monitoring programs. of Enviromentll Management 
14:237-2S 1. 

Were added the abundance estimate; (6) Steps 1 10 5 
were repeated unril the simulation population size equaled N The 
procedure was repeated for N = 250,500,1000,2000,4000,8000, 
and 16.000. Number of animals seen was an index of oocmlation she. 

Skalski, J. R, D. S. Robson, and M. A Simmons. 1983. Compar- 
ative census procedures using single mark.recapture methods. 
Ecology 64:752-760. 

Solow, A. R, and J. H. Steele. 1990. On sample sue, statistical 
power, and the detection of density dependence. Journal of 
Animal Ecology 59:107+1076. 

South- H. N. 1970. The natural control of a population of 
T a ~ n y  Owls (S& u ~ w ) .  Journal Of Zoology~162:197-285. 

Thomas, J. W., E. D. Forsman, J. B. Lint, E. C. Meslow, B. R 
Noon, and J. Vemer. 1990. A conservation strategy for the 
Northern Spotted Owl. Report of the Interagency Scientific 
Comminee to address the conservation of the Northern Spot. 
ted Owl. Portland, Oregon. 

_ .  
Because sighting conditions were assumed to be constant, the line- 
transect estimate of porpoise abundance was directly proportional to 
the number of vaquita seea  The mean and coefficient of variation of 
abundance in Table 2 were computed from this index of abundance. 

The simulations for this example are intentionally simplistic and 
have not &en into account many sources of error that would be 
found in a real survey. For example, we aUow for no error in estima- 
tion of group size, use data only from the best sighting conditions and 
from a large ship that is likely to be a bmer sighting pluform than will 
be available for a survey of vaquira Each of these simplications have 
reduced variance. The result is a best-case scenario for power to de- 
tect a population dedine. 

Appendix 2 

owl simnlations 
The distribution of A with sampling error only (Fig. U) was generated 
by rcpcating the following steps loo0 times: ( 1) each s u M d  rate was 
calculated by doing n (sample size for that age category) repears of a 
uial wbere a randomly c b m  d u e  from a uniform distribution from 

Toft, C. A, and P. J. Shea 1983. Detecting community-wide 
patterns: estimating power strengthens statistical inference. 
American Naturalist 122:61&25. 
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zero to one determined the fate of the individual according to the 
survival probability for that age category; (2) the birth rate was de- 
termined by 6nding the mean of n ui?Ls (sample site for binh rate) 
where the binh number was chosen from a normal disuibution with 
the mean b and variance of 1.2b (Barrowdough & Coates 1985); (3) 
the A for this set of demographic parameters was computed by solving 
Equation 4. We followed this procedure using the demogmphic pa- 
rameters in Table 3 (mean A = 0.%1), anth all parameters multipled 
by l/O.%l (mean A = 1.OOO). 

The same Monte Cy10 techniques were uscd to generate the ds- 
tribution of A with environmental variation (Fig 2B), acept that, for 
each time-step demographic ntes were chosen from normal distribu- 
tions with the following means and standard deviafions: 5,: 0.112. 
0.615; SJ 0.739,0.265: ~r 0.980, 0.080. t 0.250,0.640. T h e  p m -  
eters were calculated from the Tawny Owl data (Southern 1970). 
Birth rates were constrained to be non-negative, and survival rates 
were constrained to lie between zero and one. 

Simulations for Fig. 3 produced distributions for both the demo- 
gnphic technique and the line-vanscct technique. Four possible adult 
survival rates ( 5 )  were chosen: 0.90, 0.92. 0.94, 0.96. Birth rate was 
held constant and juvenile s u M d  was adjusted to obtain A = 1.oOO. 
These parameters were used to obtain the distribution for the null 
hypothesis. The alternate hypthesis vsumed no rccruinnenL that is 
so = 0. Thus the rate of dedine was 1 - s The following assumptions 
were used for the line-a;msect portion: ( 1) probability of sighting (p) 
with distance is lL1oom,p = 1.00;101-2oom.p = 0.60; 2014Oom, 
p = 0.45; 401-5OOm,p = 0.25; 501400m,p = 0.15,601-7OOm,p 
= 0.05 (based on buteos) (Anderson et al. 1985); (2) densities arc 
estimated from home-range data from radio-tagged owls as presented 
in Thomas et al. (1990)-for the Olympic prninsula. Washington 
(0.050 owls/lon2), Washington Western ( j x a d e s  (0.078 owls!km2), 
Oregon Westem Cvcades (0.166 owwOn2), and norrhem California 
(0.240 owwhn2, Franklin et al 1990). Asnunptions for the demo- 
graphic portion were as follows: capture rate = 63.7/N or 1.0 for N < 
63 (based on capture data in Franklin et al. [ 19901); all owls are of 

equal ease of capture, and capme rate is nor dependent on density. 
Effort was held constant at the level reported in Fnnldin et al. (I%), 
which gave a capture probability of 0.91 for a population of approx- 
imately 70 owls. The average elfort of 400 h0Uryt.w was translated 
into line-trurxct elfon by assuming a s u ~ e y  speed of 1.6 -our. 
For both techniques, it was lrsumed that only females were counted. 
The following steps were reputed 10,oOO rima: (1) the number of 
owls for a five-year period is determined by allowing each individual 
to die &or give birth stochastically (as in previously daaibcd sim- 
ulations); (2) number of owls seen each year is determined stochas- 
ti- according to the detection function; (3) the log of the number 
seen each year is regrrsscd linearly against time to obtain the slope, 
which is the esrimated rate of dedine; (4) demographic parameters 
are computed for yurs 2-5 = ( I )  survival rate of adults = (adults 
captured time B)f(addts captured time A)  + (juveniles captured 
time A)); ( 2 )  survival m e  of juveniles = (juveniles capturtd time 
By(ncwbomscapcuredtimeA);(3)binhrate = (ncwbomsupnucd 
time By(adults captured -A);  (5) the mans ofthe four estimated 
death and binh rates (for y ~ n  2-5) are used to cal&tc A. 

For the case of a = 0.05, the critical value is the lower lifth per. 
centile of the null hypothesis d.istribution. Power was estimated for 
the alternate (deching) hypothesis by the fraction of statistics less 
than the critical value. For Fig 3 each point for the demogmphic 
metbod represents 80,000 sirnulatiom, 40,oOO ach for the null and 
alternate cases. Each line-u;msect point represents 20,OoO simula- 
tions. The demographic method has four times the number of line- 
transect simulations because density docs not atTect power for the 
demographic technique and therefore 20,ooO simulations were accu- 
mulated for ach of four densities used for line-pulsecf ntirmfes. 

As with the vaquita, the simulations are intentionally simplistic and 
dependent on vsumptiws about capture rate. sightability, cv. The 
aercisc is not intended as a managanent answer but is presented to 
demonstrate techniques useful for evaluation of experimentd design. 
The quality of the evaluation can oniy be u good as the quality of the 
prelimhry data used in the assessment 
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