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unpaired. The two paired Mallards might have been 
unpaired when they first returned in late March or early 
April and found mates before they were first observed 
in early May. 
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Most statistical test procedures require that a random 
sample-a set of independent observations-be used 
for analysis. Observations are independent if the prob- 
ability of observing one event does not affect the prob- 
ability of observing another event. A few forms of anal- 
ysis, such as the paired t-test, are designed specifically 
for correlated or dependent observations. Tests such 
as the two sample t-test, Pearson’s chi-square test, the 
likelihood ratio test or G-test, routine analysis of vari- 

’ Received 25 May 1989. Final acceptance 19 Sep- 
tember 1989. 

ante, and regression analysis are not valid, however, 
if the assumption of independent observations is vi- 
olated. The explanation of the importance of this as- 
sumption may be found in mathematical statistics texts 
(e.g., Hogg and Craig 1978). 

A series of behavioral responses from a given bird 
comprises a set of correlated or dependent observa- 
tions. Biologists who present data sets consisting of 20, 
30, or more observations of behavioral responses from 
only a few animals may have very little information 
about the response of the population as a whole. An 
examination of the 1987 issues of The Auk, The Con- 
dor, and The Wilson Bulletin revealed at least 15 in- 
stances in which Pearson’s chi-square analysis or the 
G-test (likelihood ratio test) was used for a data set in 
which the observations were clearly correlated (not in- 
dependent). This indicates that (1) misuse of Pearson’s 
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TABLE 1. Individual Louisiana and Northern waterthrush captures (and rates of capture, prey taken per hour) 
for five prey classes.” 

Louisiana 
Waterthrushes 

Total 

Northern 
Waterthrushes 

Total 

Diptera 

$7) 
(;1.4) 

(Z.4) 

13 

17 
(8.5) 

(Z7) 

(;.7) 
$8) 

13 
(6.9) 
66 

Trichoptera 

(i.0) 
10 
(3.5) 

(i.8) 

24 

(:.O) 

(f.2) 

(Y.3) 
(:.6) 

(i.0) 
13 

Ephemeroptera 

(h.3) 

(i.1) 

(A.4) 

8 

(i.0) 

(i.0) 

(i.0) 
11 
(6.0) 

(h.5) 
16 

Oligochaeta Impoda 

(i.0) (i.7) 

(i.8) (i.0) 

(g.0) (i.0) 

8 2 

(f.0) (f.5) 

(Z.4) (i.0) 

(i.0) (i.0) 

(t.0) (A.5) 

(i.0) (A.5) 
6 5 

Total 

11 

28 

16 

55 

32 

31 

6 

22 

15 

106 

a Data from Craig 1987 and unpubl. 

chi-square and G-test procedures is common, and (2) 
researchers, reviewers, and editors alike are not aware 
of the problem. 

Ornithologists often study small populations of birds 
or, if the population is large, are not able to gain access 
to large numbers of birds due to physical, budgetary, 
or time constraints. The problem of small sample size 
is addressed eloquently by Morrison (1988) and his 
recommendations concerning adequate sample size are 
supported. 

Our goal is to reanalyze a correlated data set for 
which the original analysis (Pearson’s chi-square anal- 
ysis) is not appropriate. We consider two alternative 
forms of analysis that are more appropriate for the 
data. 

Our example concerns observations of prey selection 
and foraging technique of Louisiana (Seiurus motacil- 
la) and Northern (S. noveboracensis) waterthrushes 
(Craig 1987). We choose this study because we feel it 
has features that are typical of many ornithological 
studies. Specifically, the species involved are found in 
small numbers, the field season is limited, and many 
observations can readily be made on each bird. 

The author reported that the 55 total prey items 
consumed by Louisiana Waterthrushes consisted of 13 
Diptera, 24_Trichoptera, 8 Ephemeroptera, 8 Oligo- 
chaeta, and 2 Isoooda. For Northern Waterthrushes 
the tally of 106 total prey items consisted of66 Diptera, 
13 Trichoptera, 16 Ephemeroptera, 6 Oligochaeta, and 
5 Isopoda. Three foraging methods were observed. 
Louisiana Waterthrushes were observed picking 435 
times, leaf pulling 419 times, and hovering 7 times. 
For Northern Waterthrushes. the counts were 945.8 12. , , 
and 12, respectively. 

Using Pearson’s chi-square test statistics, the author 

concluded that (1) Louisiana Waterthrushes ate Tri- 
choptera larvae more frequently than did Northern 
Waterthrushes, (2) Northern Waterthrushes ate more 
Diptera larvae than did Louisiana Waterthrushes, and 
(3) the two species did not differ in their use of three 
foraging methods. 

These conclusions, based on the Pearson’s chi-square 
test for homogeneity of proportions, would be valid if 
a total of 55 Louisiana Waterthrushes and 106 North- 
em Waterthrushes in the instance of prey selection, for 
example, had been observed. That is, the theory un- 
derlying the Pearson’s chi-square test is based on the 
assumption that the data in the contingency table rep- 
resent independent observations. However, this was 
not the case. The 55 observed prey selections by Lou- 
isiana Waterthrushes were generated by only three birds, 
and the 106 observations for Northern Waterthrushes 
by five birds. Because of the correlation among obser- 
vations (a single bird was observed repeatedly), the chi- 
square test is rendered invalid. Similar remarks can be 
made regarding the observations of foraging methods, 
for which only seven birds were involved. 

Table 1 is constructed from Craig’s raw data and 
identifies prey capture counts and rates for the eight 
birds involved in this study. Similarly, Table 2 contains 
the same information for use of the three foraging 
methods. We are still interested in determining wheth- 
er there is a significant difference in prey capture pref- 
erences and use of foraging methods between the two 
species of waterthrush. However, we must be careful 
in our analysis to take into account the correlational 
structure of the observations; i.e., we must be aware 
that each bird gives rise to more than one observation. 
Since the amount of time devoted to observing each 
bird varied, our analyses will be based on the rates of 
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TABLE 2. Individual Louisiana and Northern wa- 
terthrush use (and rates of use, behaviors per hour) of 
three foraging methods.” 

Louisiana 
Water- 
thrushes 

Pick Leaf pull 

,;‘:.9, (20.7) 

176 
(60.7) (Z.4) 
212 381 
(73.5) (132.1) 

Hawk 

(20.7) 

(;.4) 

(A.4) 

Total 

51 

216 

594 

Total 

Northern 
Water- 
thrushes 

435 

280 
(140.0) 

325 
(191.2) 
174 
(94.1) 
166 
(88.1) 

419 

$5) 

504 
(296.5) 

(Z4) 
220 

(116.8) 

7 

(:.5) 

$3) 

(Z.0) 

$0, 

861 

324 

838 

221 
386 

TABLE 3. Repeated measures ANOVA table and 
pertinent tests of hypotheses for use of three prey cat- 
egories by waterthrushes (format similar to Sokal and 
Rohlf 198 1). 

Source of variation df F P 

Species 
Bird within species 

:, 2.07 0.2000 
- 

Prey type 2 1.92 0.1890 
Prey type x species 2 3.53 0.0624 
Bird within species x 

nrev tvue 12 - - 

Hypotheses tested 
Significance 
probability 

Species and prey type interaction P = 0.0624 
(1) Mean rate of consumption of Dip- 

tera P = 0.0512 

Northern Waterthrushes: 7.3 1 per hr 
Louisiana Waterthrushes: 1.50 per hr 

(2) Mean rate of consumption of Tri- 
choptera P = 0.1098 

Total 945 ‘812 1’2 

* Data from Craig 1987 and unpubl. 

1,769 Northern Waterthrushes: 1.43 per hr 
Louisiana Waterthrushes: 2.75 per hr 

activities (behaviors per hour) rather than counts. Also, 
because the birds consumed few Ephemeroptera, Oli- 
gochaeta, and Isopoda we combined these prey items 
into one category, thereby reducing the number of prey 
categories from five to three. 

second repeated measure of interest is rate of foraging 
method use. A model representation and important 
statistical results are found in Tables 3 and 4. 

One possible method of statistical analysis is the 
Mann-Whitney U-test (see, e.g., Sokal and Rohlf 198 1). 
For example, to determine whether rates of consump- 
tion of Diptera differed for the two waterthrush species, 
we ranked the capture rate for each bird and proceeded 
with the test in the usual way. We discovered that the 
Louisiana Waterthrushes receive the lowest ranks and 
the Northern Waterthrushes the highest ranks. The test 
must be repeated for each prey category and foraging 
method of interest. We chose not to continue this anal- 
ysis because the multiple tests of the hypothesis in- 
volving the same eight waterthrushes are not indepen- 
dent and the experimentwise type I error rate (the 
likelihood of incorrectly rejecting the null hypothesis 
in at least one of the tests) inflates. One way to adjust 
for the inflation of the experimentwise type I error rate 
is to reduce the nominal level of significance (which is 
usually 0.05) by dividing it by the number of tests that 
are conducted (see a discussion of the Bonferroni meth- 
od, for example in Neter and Wasserman 1974). 

The first conclusion is that there tends to be an in- 
teraction between species and prey type (P = 0.0624). 
While the P-value is not less than 0.05, it is very close 
(marginally significant) and indicates that the inter- 
action effect warrants further study. The mean rate of 
consumption of Diptera was greater for Northern Wa- 
terthrushes (7.3 1 Diptera per hour) than for Louisiana 
Waterthrushes (1.50 Diptera per hour; P = 0.05 12). 
This result is consistent with the author’s original con- 
clusion. 

The second form of analysis we explored involved 
the SAS repeated measures ANOVA technique (SAS 
1985). A lucid explanation of repeated measures AN- 
OVA is contained in Milliken and Johnson (1984). 
This analysis takes into account the repeated mea- 
surements from a single bird in determining whether 
there is a significant difference between the two species 
in terms of prey capture rate and whether those dif- 
ferences depend upon the kind of prey (two-factor in- 
teraction effect). 

Our analysis allows us to conclude that the mean 
rates of consumption of Trichoptera for the two species 
do not differ significantly (P = 0.1098). This conclusion 
differs from that of the author’s original conclusion. 
Finally, our results suggest that there is no interaction 
between foraging method and species (P = 0.4499), 
and the use of the three foraging methods does not 
differ between the two species (P = 0.2444). This con- 
clusion is consistent with the original analysis. How- 
ever, we are able to conclude that waterthrushes in 
general favor the leaf pull and the pick, using hawking 
rarely. This is a predictable result given the energy costs 
of hawking, especially for species not proficient at hov- 
ering (Welty 1982, p. 539). 

The repeated measures ANOVA has several advan- 
tages over the author’s original analysis. It takes into 
account repeated observations from the same bird, it 
is based on the activity rate, so that it is not biased by 
varying behavioral observation time periods; because 
it is an ANOVA, it simultaneously tests for significance 
of effects; finally, it contains a test for the species by 
prey type and species by foraging method interactions. 

One repeated measure is the rate of prey capture; the Ornithological researchers may wish to consider re- 



SHORT COMMUNICATIONS 251 

TABLE 4. Repeated measures ANOVA table and 
pertinent tests of an hypothesis for use of three foraging 
methods by waterthrushes (format similar to Sokal and 
Rohlf 198 1). 

Source of variation df F P 

Species 
Bird within species 
Foraging method 
Foraging method x 

species 
Bird within species x 

foraging method 

1 1.74 0.2444 

: - 4.91 0.0;95 

2 0.87 0.4499 

10 - - 

Hypothesis tested 
Significance 
probability 

Foraging method P = 0.0327 
Mean rate of use of method 

Hawk: 1.31 oer hr 
Pick: 94.79 per hr 
Leaf pull: 86.35 per hr 

peated measures ANOVA when planning a study in- 
volving multiple observations on marked or identifi- 
able birds. This procedure requires the same 
assumptions as two- or three-way ANOVA, specifically 
that the samples are independent and random, that the 
underlying populations are normally distributed, and 
that the population variances are equal (see Sokal and 
Rohlf 198 1. chanter 13). That ANOVA is fairlv robust 
(i.e., valid given-minor’violations of the distr&utional 
assumptions) is another one of its merits. Repeated 
measures ANOVA is available on the most commonly 
used computer packages (SAS and SPSS-X) though 
care must be used in interpreting the ANOVA table, 
especially when the effects under consideration are ran- 
dom and not fixed (see Milliken and Johnson 1984). 

Our comments are directed toward the study in- 
volving identifiable individuals or periods of contin- 
uous observation of individuals. Researchers taking 
repeated samples from an area do not know if obser- 
vations of the same individuals recur. Researchers may 
take a number of precautions to avoid unwitting col- 
lection of such correlated data. By choosing a large 
population for study the observer reduces the proba- 
bility of multiple observations of a few individuals. 
Random sampling from various points in the study 
area decreases the likelihood that the observer inad- 
vertently concentrates efforts on a small part of the 
population. Collecting observations from various sites- 
ideally visiting each site once-or allowing an appro- 

priate amount of time to pass between visits to one 
site are additional considerations for the researcher. 
Finally, an estimate of population size provides a good 
indicator of whether or not repeated measures of the 
same individuals are likely. 

In our analyses we dealt with a correlated data set 
based on small sample size. We have demonstrated 
that treating a correlated data set as a set of independent 
observations may lead to incorrect conclusions. Re- 
peated measures analysis is a powerful and useful tool. 
However, it is most reliable-as are all statistical pro- 
cedures-when sample size is adequate. The researcher 
should make every effort to properly determine the 
optimal sample size. Khamis (1988) discusses the gen- 
eral sample size problem and provides sample size 
formulas for many of the elementarv statistical nro- 
cedures. Also see Sokal and Rohlf (i981), MO&on 
(1988). and Snedecor and Cochran (1989). If the re- ,, 
alized 

\ I  

sample size falls short of this ideal number then 
care should be exercised in choosing and interpreting 
statistical procedures. 

We are indebted to Robert Craig for sharing his orig- 
inal data set with us and for helpful suggestions from 
reviewer Michael L. Morrison. 
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