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ABSTRACT 

AN ANALYSIS OF THE FALL OCCURRENCF.s 

AND NOCTURNAL ORIENTATIONS OF 

VAGRANT WOOD WARBLERS (PARULIDAE) IN CALIFORNIA 

David Francis oesante, Ph.D. 
Stanford University, 1973 

Immatures ·of most species of wood warblers 

characteristic of eastern North America occur regularly, 

although in very small numbers, on the Pacific coast of 

California during fall migration. The purpose of this study 

is to present and test a mechanistic theory to account for 

this fall vagrancy in immature North American wood warblers. 

The first part of this study is theoretica.l in approach. 

Based upon what is known of both the migratory behavior of 

wood warblers and distance-and-direction nocturnal 

migration, a generalized theory of the first fall migration 

of an immature warbler is presented. The possible errors in 

such a migration system are outlined in detail. All of the 

fall and winter occurrences of vagrant warblers in 

California are then analyzed in terms of the various species 

abundances and in terms of the locations and timing of the 

occurrences within the state to determine which of the 

possible errors inherent in the migration system of the 

immature warbler is responsible for the vagrant phenomenon. 

The result of this analysis is a strong indication that the 

misoriented warblers that reach California have followed a 
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direction that is a mirror image, .across the North-South 

axis, of the correct direction. 

The second part of this study is experimental in 

approach. Over 500 nocturnal orientation experiments were 

conducted, by the "footprint" technique, on 24 California 

captured Blackpoll warblers, one of the most ·common vagrant 

species. The data from these experiments are analyzed, by 

several new techniques, to determine whether vagrant 

Black:poll warblers are capable of demonstrating preferred 

directions, and, if so, what directions are chosen. The 

results of this analysis indicate that these birds do show 

directed behavior when placed into orientation cages under 

the clear night sky and, furthermore, that the entire sample 

of Blackpoll warblers is directed in a consistant multimodal 

manner which appears to be symmetric to both the North-South 

and East-west axes. such symmetry in orientation behavior 

is compatible with the theory that vagrant Blackpoll 

~arblers, when placed in orientation cages, display both the 

correct migratory direction and the mirror image of that 

direction as well as the 180° reverse of each of these 

directions. This 180° reverse orientation is considered to 

be a generalized adaptive response to adverse stress 

conditions such as arriving over unsuitable habitat at the 

termination of a migratory flight, encountering adverse 

weather or being captured and prevented from migrating. 
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A working hypothesis for mirror image misorientation in 

immature wood warblers is presented that is consistant with 

all of the results of this investigation. Immature _warblers 

are assumed to learn the stationary point of the night sky 

(celestial North) as a reference point to which to relate 

their inherited migratory direction. This direction is 

defined in terms of (1) the angular deviation from the . 

reference point and (2) the sense (right or left, clockwise 

or counterclockwise) with which that angular deviation is 

measured. Mirror image misorientation is then due to left­

right confusion (mirror image equivalence) of that sense. 

The choice of the orientation (correct or mirror image) for 

the first actual migratory flight is either determined 

randomly or, more likely, is environmentally triggered by 

the wind direction. The orientation of this intial flight 

is reinforced so that the orientation of subsequent flights 

is determined by the orientation of the initial flight. 

When the warbler is captured, prevented from migrating and 

tested in an orientation cage over several nights,- it 

displays a stress-induced alternation between the correct 

and the mirror image orientations. 

Finally, several theoretical evolutionary implications 

of mirror image misorientation are discussed. It is 

concluded that mirror image misorientation is probably not 

unique to wood warblers but may be a potential 
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characteristic of all birds that utilize a distance-and­

direction migration system. 
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PROLOGUE 

On September 17, 1971, a gray overcast day with light 

SSE winds, I captured one Tennessee Warbler, one Black­

throated Blue Warbler, one Blackburnian Warbler, five 

Blackpoll Warblers and two American Redstarts. During the 

course of that day I saw an ovenbird, another Redstart and 

at least two other Blackpoll Warblers. I spent that day on 

Southeast Farallon Island, a small granitic outcropping of 

less than 100 acres, sporting two trees and lying some 28 

miles west of the Golden Gate Bridge, San Francisco, 

California. Those who are familiar with the ranges of these 

birds recognize them as being rather typical 11 eastern11 

warblers, species that could be expected in northeastern 

United States at that time of the year, some 2500 miles east 

of the Farallons. But those who have been searching the 

outer windbreaks of coastal Marin, Monterey or San Diego 

counties each fall, precisely looking for such birds, may 

realize that such a day was not exceptional -- a good, but 

not extraordinary "vagrant day" on the Farallons. 

occurrences of such accumulations of "lost birds" have 

been noted each fall for the last eleven years. They have, 

of course, stimulated much excitement and speculation on the 

part of many west coast "birders" and no little bit of 

skepticism among many museum ornithologists, particularly 
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during the early years of the discovery of the seemingly 

incredible numbers of such birds, 1962-1965. Arm chair 

biologists have appraised the situation and offered 

explanations for the occurrences of these birds. some of 

their theories are contradictory, most are incomplete and 

none are truly mechanistic in approach. It is the purpose 

of this dissertation to present a comprehensive theory for 

this phenomenon based upon the total accumulation of the 

occurrences of these birds in California, observations of 

these birds in the wild and the results of more than 500 

orientation cage experiments on 24 individuals captured 

during the falls of 1969-1971. 
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CHAPTER 1 

THE EXTENT OF THE PROBLEM - AN INTRODUCTION 

A vagrant bird in a given geographical area is defined 

as an individual of a populaticn of birds that neither 

regularly breeds nor winters in that area and whose normal 

migration route between its breeding and wintering grounds 

does not pass through (or over) that area. The term 11out­

of-range11 may be synonomous with vagrant. Thus, one may 

consider vagrant individuals but not, in the strictest 

sense, vagrant species. If, however, all of the individuals 

of a given species that occur in a given area must be 

vagrant individuals, then that species may be referred to as 

a vagrant species in the geographical area in question. For 

the purposes of this dissertation, the area in question is 

limited to the political area of the state of California. A 

map of California, showing areas referred to in this study, 

is presented in Figure 1-1. 

~~-§Eecies 

Fifty-four species of wood warblers (family Parulidae) 

are known to breed (or have bred) in North America north of 

Mexico and the West Indies (American Ornithologists• 

Union, 1957]. Only twelve of these fifty-four are known to 

breed or winter regularly in cismontane California in such 

numbers that they may be considered to comprise an integral 
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FIGURE 1-1 
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part of the avifauna of the state (Grinnell and 

Miller, 1944]. These species, along with their basic 

seasonal roles in California, are presented in Table 1-1. 

Five of these species, the Audubon's, Black-throated Gray, 

Townsend's, Hermit and MacGillivray's Warblers are unigue to 

the montane areas of the western cordilleras or to the 

Pacific Slope of North America and may properly be referred 

to as western species. All of these species, however, are 

represented by closely related species (or forms) in eastern 

North America and are thought tc have differentiated in 

western North America as a result of glacial isolation 

during the Pleistocene (Mengel, 1964]. The eastern 

counterpart of the Audubon's Warbler is the Myrtle Warbler 

and extensive studies (Hubbard 1969, 1970] indicate that it 

may deserve only subspecific rank. It is basically an 

eastern species, breeding entirely east or north of the 

western cordilleras but is unique among eastern species in 

that it winters extensively on the Pacific Slope of North 

America including California. The origin of this ·Pacific 

Slope wintering range will be the subject of a future 

investigation; for the present, the Myrtle Warbler is 

included as one of our regular California species. 

The remain_ing six species of western warblers breed (in 

one form or another) in both western and eastern North 

America. These species include the Orange-crowned, 

Nashville, Yellow and Wilson's ~arblers, the common 
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TABLE 1-1 

WARBLERS COMPRISING AN INTEGRPL PART OF 

THE CALIFORNIA AVIFAUNA 

I CISMONTANE SPECIE§ 

II 

ORANGE-CRCWNED WARBLER 

NASHVILLE WARBLER 

YELLOW WARBLER 

MYRTLE WARBLER 

AUDUBON'S WARBLER 

BLACK-THROATED GRAY WARBLER 

TOWNSEND'S WARBLER 

HERMIT WARBLER 

MACGILLIVRAY'S WARBLER 

YELLOWTHROAT 

YELLOW-BREASTED CHA'I· 

WILSON'S WARBLER 

BREEDS 

BREEDS 

BREEDS 

BREEDS 

BREEDS 

BREEDS 

BREEDS 

BREEDS 

BREEDS 

BREEDS 

DESERT og_DESIBT MOUNTAIN SPECIES 

VIRGINIA'S WARBLER BREEDS LOCALLY 

LUCY'S WARBLER BREEDS LOCALLY 

Page 1-4 

WINTERS 

* 
* 

WINTERS 

WINTERS 

* 
WINTERS 

* 
* 

WINTERS 

* 
* 

* 
* 

III PROBAB!!E NORMAL TR8NSIENT SPECIES IN SOUTHEASTER~ 
DESER!§ 

· NORTHERN WATERTHRUSH 

AMERICAN REDSTART ** 

* Winters rarely or in very small numbers 
** Has bred in the state 

* 
* 



PART I - BACKGROUND Page 1-5 

Yellowthroat and the Yellow-breasted Chat. It is to be 

expected that various eastern forms of all of these species 

have occurred in California in the fall as vagrant 

individuals. Since the racial identity of California 

occurring migrant (or vagrant) i~dividuals of these species 

is impossible to ascertain in the field (and· extremely 

difficult even in the hand), the number of vagrant 

occurrences of eastern representatives of these species in 

California cannot be determined. As a result, this 

dissertation will not be further concerned with these 

species. 

Potential YEg~ant Species 

Two additional species, the Virginia's and Lucy's 

Warblers, breed locally in the deserts or desert mountains 

of southeastern California (Table 1-1). The normal 

wintering areas of both species lie in western Mexico, some 

distance to the southeast of their breeding grounds. Thus, 

although they may be expected to cccur regularly as 

transients in extreme southeastern California, their 

occurrences in cismontane California may be due to vagrant 

individuals. These species therefore will be included in 

the present discussion. 

If one connects the westernmost normal breeding location 

and the westernmost normal wintering location of each of the 

remaining forty species of North American wood warblers with 
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a "straight" line (either a rhcmb line of constant angle 

with respect to true north, or a great-circle line), one 

finds that this line will fass through California for only 

two species, the Northern Waterthrush and the American 

Redstart (Table 1-1). Both of these species regularly breed 

west to the Pacific coast of British Columbia and regularly 

winter west to southern Baja California and northwestern 

Mexico. The line connecting these locations passes directly 

through the desert regions of southeastern California where 

these species may thus be expected to be normal transients. 

In addition, the Northern Waterthrush breeds west in Alaska 

to the Bering sea. If we accept the possibility of a direct 

trans-Pacific flight for this species from Alaska to Baja, 

we find that it could occur as a normal transient in 

cismontane California as well as on the deserts. 

Nevertheless, some discussion of-both of these species will 

be included in this dissertation with the hope of shedding 

some light as to the relative numbers of normal transients 

and vagrant individuals of these species in California. 

These species, along with the Virginia's and Lucy's 

Warblers, . will be referred to as potential vagrant species. 

A summary of all of their known California fall and winter 

occurrences is presented in Table 1~2. 
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TABLE 1-2 

SUMMARY OF THE FALL AND WINTER OCCURRENCES OF 
POTENTIAL VAGRANT WOOD WARBLERS IN CALIFORNIA 

Occurrences Occurrences 
NORTHERN CALIFORNIA SOUTHERN CALIFORNIA 

# of # Prior # of # Prior 
SPECIES Total# Winter to 1962 Total# Winter to 1962 

Virginia's 15 238 7 9 
Lucy's 6 1 1 27 · 2 2 
Northern Waterthrush 57 1 14 98 17 13 

· American Redstart 188 5 11 426 66 45 

Total Occurrences 266 7 26 789 92 69 

Total Species 4 3 3 4 4 4 

Occurrences 
ALL OF CALIFORNIA 

if. of if Prior 
Total# Winter to 1962 

253 7 9 
33 3 3 

155 18 27 
614 71 56 

1055 99 95 

4 4 4 

~ 
~ 
H 

~ 
(') 
::x: 
fil 
0 
§ 
C, 

~ 
\.Q 
Cl) 

... 
I 

-..J 
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Tiefinit§_y~grant Species 

All of the remaining thirty-eight species of North 

American wood warblers, according to the definition 

presented above, could only occur in California as definite 

vagrant species. Of these thirty-eight species, thirty have 

occurred in California in the fall and winter for a total of 

1776 occurrences. These data are summarized, species by 

species, in Table 1-3. 

Three important points regarding the sources of these 

' data must be discussed. First, the data have been obtained 

by an exhaustive search of the literature (all issues of 

Western BiW, formerly Califcrnia Bird§, 1970-present; all 

issues of American Birds, formerly 8udu£Q!! Field Notes and 

before that, the season of ~udu£2D Magazine, 1940-present; 

all issues of the £ond2£, 1899-present; all issues of the 

Auk and the ~on Bulletin 1940-present; Grinnell and 

Miller (1944]; Pyle (1961]; McCaskie and DeBenedictis 

(1966]), a search of the major ornithological collections of 

California, a search through the Daily Journal of the Point 

Reyes Bird Observatory; Farallon Island Station, and 

personal communication with most of the more active field 

ornithologists in California. As such, it is felt that the 

vast majority of the occurrences have been compiled and that 

any overlooked occurrences will not substantially alter the 

results of this discussion. A complete listing of the fall 
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TABLE l-3 ltj 

SUMMARY OF THE FALL AND WINTER OCCURRENCES OF ~ 
DEFINITE VAGRANT woqo WARBLERS IN CALIFORNIA 1-3 

H 
Occurrences Occurrences occurrences 

NORT!!EPN CALIFORNIA SOUTHERN CALIFORNIA ALL OF CALIFORNIA 
# of # Prior l/ of ii Prior # of # Prior tlj 

SPECIES Total# Winter to 1962 Total# Winter to 1962 Total# Winter to 1962 !J::,o 

~ 
Black-and-white 86 24 18 ' 124 14 33 210 38 51 ~ Prothonotary 2 7 9 0 
Wonn-eu.ting 3 2 l 5 1 ~ Golden-winged 2 l 2 l t:, 
Blue-winged l 2 3 
Tenncs!::ce 89 2 8 137 7 9 226 9 17 
Parula 7 10 4 17 4 
llagnolia 28 1 35 3 63 4 
Cape !lay 7 6 1 13 1 
Black-throated Blue 37 5 54 1 6 91 1 11 
Black-throated Green 5 24 2 29 2 
Golden-cheeked 1 l 
Cerulean 2 1 2 1 
Blackburnian 16 22 38 
Yellow-throated 1 2 3 
Grace's 2 2 
Chestnut-sided 25 2 18 2 1 43 2 3 
Bay-breasted 3 9 1 12 1 
nlackpoll 262 1 176 1 1 438 1 2 
Pine 1 3 4 
Prairie 17 24 1 41 1 
Palm 279 28 13 140 25 4 419 53 17 
Ovenbird 26 2_0 2 4 46 2 4 
Louisiana Waterthrush l 1 1 1 
Kentucky l l 

i. Connecticut 3 l 4 . Mourning l 1 tt, 
Hooded 4 5 9 Ill 
Canada 6 17 2 23 2 .0 

Painted Rcdstart 20 8 17 20 8 17 
CD 

-' 

Total Occurrences 910 54 48 866 65 88 1776 119 136 f 
1.0 

Total Species 24 3 7 28 10 17 30 10 17 

------~ 
' 
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and winter occurrences of these species in California is 

available from the author cy request. 

Secondly, these data xepresent the total number of 

occurrences of individual birds rather than the total number 

of records where a single record could pertain to multiple 

individuals. The reason for this procedure is that two or 

more individuals of the same species at the same location 

(even the same tree) at the same time may each have arrived 

independently and, therefore, must be considered 

independently. Finally, the vast majority of the 2831 

occurrences recorded in Tables 1-2 and 1-3 have been sight 

records. Nevertheless, at least one California taken fall 

specimen exists for all thirty-four species of vagrant 

warblers recorded in the fall or winter in California except 

for Yellow-throated (photograph on file at the San Diego 

Natural History Museum) and Blue-winged (description on file 

at the same place). The day in which all acceptable 

occurrences of vagrant birds must be accompanied by a 

specimen has, happily, disappeared in California. The vast 

majority of the records of these birds have been published 

in American Birds where it has been the policy of the 

Regional Editors (at least in California) to only publish 

records of vagrant birds if the record is accompanied by 

totally convincing details. ~he author, therefore, feels 

that the number of errors in identification in these 

records, if any, is negligibly small. 
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Number of Vaqrant_OC£1!ll!lli~§ 

Several important results are immediately apparent from 

Table 1-3. The sheer magnitude of the total number of 

definite vagrant occurrences (1776) strongly suggests that 

something other than mere accident or chance is responsible 

for this phenomenon. It is also important to note that the 

number of occurrences varies widely among the 30 definite 

vagrant species; some of the rarer (e.g., Golden-cheeked 

Warbler, Kentucky Warbler, etc.) are represented by only a 

single occurrence while some of the more common (e.g., 

Blackpoll Warbler, Palm Warbler) are represented by well 

over 400 occurrences. Definite vagrant species occur 

commonly in both Northern and Southern California. (The 

definition of these areas is as shown in Figure 1-1.) Table 

1-3 indicates that slightly more definite vagrant species 

have occurred in southern than in Northern California (28 

vs. 24) but with slightly fewer occurrences (866 vs. 910). 

These data, however, should not be construed to be absol~te 

in any sense but to be only relative with regard to the 

number of observers, the time spent by observers in the 

field and the number of concentration points for observing 

these birds. Northern California occurrences, for example, 

may be biased on the high side because of the continual 

daily observations since 1968 on southeast Farallon Island. 

Nevertheless, these data can be used to obtain relative 

species abundances in Northern a~d southern California. 
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Thus, when one looks at the four potential vagrant species 

(Table 1-2), one finds them to be relatively more common in 

Southern than in Northern California (789 vs. 266 

occurrences) than are the definite vagrant species. 

Tables 1-2 and 1-3 also indicate that a relatively small 

number of individuals (9.4% and 6.7% respectively} have 

remained into (or were discovered during) the winter period 

which is arbitrarily defined as extending from December 17 -

April 25. It is possible that some interpretive errors may 

be included here. as some of the late December birds could 

have been extremely late fall migrants while some of the 

April birds could have been unusually early spring migrants. 

For the most part, however, these winter records represent 

individuals that have remained in a suitable wintering 

location (usually riparian riverbottoms) for an extended 

period of time. Most of the single-date winter records 

occur either in late December or April, times of high 

observer bias due to Christmas Bird counts and the return of 

normal western spring migrants, both of which bring large 

numbers of observers out of hiding. It should be noted that 

all of the species that have cccurred in the winter have 

occurred much more commonly during the fall and that the 

species with the most winter records are species with more 

northern normal winter ranges such as the Palm and Black­

and-white Warblers and the American Redstart. In view of 

these facts it seems likely that all wintering individuals 
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of vagrant warblers in California arrived in California as 

fall vagrants rather than as winter wanderers. As would be 

expected, there are more winter occurrences for Southern 

than for Northern California. 

One of the most interesting facts shown in Tables 1-2 

and 1-3 is that the vast majority of the known occurrences 

of these birds in California have been subsequent to 1962. 

For example, only 7.7% of the total occurrences of definite 

vagrant species were recorded prior to 1962 and only 17 of 

the 30 species were involved. The potential vagrant species 

were not recorded much more frequently, only 9.0% of their 

total occurrences being prior to 1962. At first glance, 

such data may be interpreted to mean that the vagrant 

phenomenon in California is of extremely recent origin. 

However, an alternative interpretation is tenable and will 

be presented below. 

The number of vagrant warblers that have occurred in 

California since 1962 has shown a rather steady increase 

from year to year (Table 1-4). This may be interpreted as a 

result of the increased field efforts of the ever increasing 

number of observers specifically looking for these birds 

each fall. The rather abrupt increase noted in 1968 is a 

result of the establishment of a permanent censusing and 

banding operation by the Point Reyes Bird Observatory on 

Southeast Farallon Island. Nevertheless, some variation in 

the number of vagrant warblers does occur from year to year. 
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TABLE 1-4 

-VARIATION F·ROM YEAR TO YEAR IN THE 
NUMBER OF FALL AND WINTER OCCURRENCES 

OF VAGRANT WARBLERS IN CALIFORNIA 

PRIOR TO 
SPECIES 1962 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 TOTAL 

Black-and-white 51 4 13 13 7 15 14 9 23 9 18 34 210 
Pro tho notary l l 2 2 l l 1 9 
Worm-eating l 1 l l 1 5 

,... Golden-winged l l 2 
Blue-winged l 2 3 
Tennessee. 17 13 28 7 20 15 20 22 28 25 31 226 
Virginia's* 9 35 13 28 17 23 10 16 11 17 13 61 253 
Lucy's* 3 l l 2 2 5 2 6 5 3 3 33 
Parula l l l 2 l l 3 2 l 1 3 17 
Magnolia 4 l 3 2 3 2 7 6 9 5 7 14 63 
Cape May l 2 3 l .2 3 1 13 
Black-throated Blue 11 3 l 5 2 4 6 11 9 13 10 16 91 
Black-throated Green 2 5 3 4 3 2 2 2 6 29 
Golden-cheeked l l 
Cerulean l l 2 
Blackburnian l l l 3 3 2 6 8 5 8 38 
Yellow-throated 2 1 3 
Grace's l l 2 
Chestnut-sided 3 6 3 2 3 5 2 4 6 2 1 6 43 
Bay-breasted l 3 2 1 2 l 2 12 
Blackpoll 2 11 8 28 21 20 29 37 71 40 80 91 438 
Pine l l 1 l 4 
Prairie 4 3 5 l 5 6 4 2 3 8 41 
Palm 17 12 43 34 40 24 18 52 22 22 41 94 419 
ovenbird 4 4 2 2 2 6 4 7 3 12 46 
Northern Wate~thrush* 27 2 4 5 8 5 10 14 7 13 19 . 41 155 
Louisiana Waterthrush l 1 
Kentucky 1 l 
Connecticu:t l l 2 4 
Mourning l l 
Hooded 2 2 3 2 9 
Canada 2 l 2 3 3 4 8 23 
American Reds tart* 56 28 32 60 30 25 47 47 64 63 55 107 614 
Painted Reds tart 17 1 2 20 

TOTAL 231 124 137 222 147 166 188 245 278 241 302 550 2831 

* Potential vagrant species 
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For example, both 1964 and 1972 were apparently excellent 

falls for vagrant warblers in California while 1970 was a 

rather poor year. These yearly variations are even more 

apparent in the case of individual species. Thus, 1968 was 

an excellent year for Palm Warblers but only an average year 

. for Blackpol1s while 1969 was an excellent year for 

Blackpolls but only a mediocre er poor year for Palm 

Warblers. A discussion of these variations will be 

presented in Part IV of this dissertation. 

It is interesting at this time to list the eight species 

of North American wood warblers that have not been recorded 

in California during the fall er winter (Table 1-5). Six of 

these species are migratory in North America. They include 

three basically Mexican species that have a very limited 

breeding range in southwestern United States: the Colima, 

Olive and Red-faced Warblers. Also included are the 

extremely rare and local Bachman•s and Kirtland's Warblers 

and the quite uncommon southeastern Swainson•s Warbler. 

When these few species are contrasted to the 30 definite 

vagrant species that have been recorded in California in the 

fall, it is apparent that the vagrant phenomenon is 

extremely widespread among migratory wood warblers. There 

are only two non-migratory species of wood warblers in North 

America, the Olive-backed Warbler and the Ground-chat, and 

both are limited to the lower Rio Grande Valley of Texas. 
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TABLE 1-5 

THE NORTH AMERICAN WOOD WARBLERS THAT HAVE NOT BEEN RECORDED 

IN CALIFORNIA IN THE FALL OR WINTER 

MIGRATORY SPECIES 

SWAINSON I S WARBLER 

BACHNAN'S WARBLER 

COLIMA WARBLER 

OLIVE WARBLER 

KIRTLAND'S WARBLER 

RED-FACED WARBLER 

NON-MIGRATORY SPECIES 

OLIVE-BACKED WARBLER 

GROUND-CHAT 
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As would be expected, neither cf them have been recorded in 

California. 

Localized Nature of VaSIEI~!l'£_Q££!df£§~ 

From the data presented in Tables 1-2 and 1-3 one might 

surmise that since definite or potential vagrant species of 

warblers occur rather uniformly in both Northern and 

Southern California, they might also occur rather uniformly 

across California from east to west. This, however, is not 

the case. Rather, they are extremely localized, being 

concentrated along the immediate coast of the state. In 

Figure 1-1, California is divid€d into three major 

longitudinal areas: 1) the Outer Coast, 2) the Interior and 

3) the East Side. The Outer Coast includes the open waters 

of the Pacific, the varicus offshore islands and the 

immediate coast which is defined ·as all areas of the state 

on or west of the coastal slope of the outermost range 0£ 

coastal mountains 2 nd less than ten miles inland from the 

actual coast. The Outer coast, therefore, always extends 

inland for less than or equal to ten miles and, in some 

cases, for as little as two miles. The Interior includes 

all areas of California east of the Outer Coast and west of 

the easternmost crest of the cascade, Sierra Nevada and 

higher southern California mountain axis. Finally, the East 

Side includes all of the remaining area of California, 

including all of the Great Basin and Great Basin mountain 
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ranges, all of the deserts of southeastern California and 

the desert ranges, and the easternmost slopes of the 

cascade, Sierra Nevada and higher southern California 

mountain axis. 

The distribution of all of the occurrences of both 

definite and potential vagrant species among these areas is 

presented for Northern California in Table 1•6 and for 

southern California in Table 1-7. The outer coast 

occurrences for Northern California are further divided to 

indicate the number of occurrences on the continuously 

censused southeast Farallon Island. Presumably because of 

the unacceptable habitat and lack of food, no vagrant 

warbler has yet attempted to winter on the Farallons. 

Tables 1-6 and 1-7 are primarily presented for the sake of 

completeness. The mcst interesting data contained in these 

tables can be expressed in terms of the percentages of the 

total number of occurrences for each area (Table 1-8). The 

most outstanding feature of these data is, of course, the 

extremely localized nature of the "vagrant" occurrences. 

Over 91% of the Northern California occurrences of definite 

vagrant species are on the Outer coast, that is, within ten 

miles of the ocean. Even this breakdown does not do full 

justice to the localized nature of these occurrences. The 

majority of the Northern California Outer coast occurrences 

that are not on the Farallons are on Point Reyes, Marin 

county, or Point Pines, Monterey county, only a few hundred 



PART I - BACKGROUND Page 1-19 

TABLE 1-6 

SUMMARY OF THE OCCURRENCES OF VAGRANT WARBLERS 
IN NORTHERN CALIFORNIA ACCORDING TO LOCATION 

TOTAL FALL AND WINTER OCCURIL"'NCES WINTER OCCURRENCES ONLY 
OUTER COAST 

S,E, EAST OUTER EAST 
FARALLON OTHER TOTAL INTERIOR SIDE TOTAL COAST INTERIOR SIDE TOTAL ----I DEFINITE VAGRANT SPECIES 

Black-and-white . 8 53 6L 25 86 9 15 24 
Prothonotary 2 2 2 
Worm-eating 3 3 3 
Blue-winged 1 1 1 
Tennessee 26 50 76 13 89 2 2 
Parula 2 5 7 7 
Magnolia 14 12 26 2 28 
Cape May 4 3 7 7 
Black-throated Blue 11 21 32 5 37 
Black-throated Green 2 3 5 5 
Golden-cheeked l 1 l 
Blackburnian 9 6 15 l 16 
Yellow-throated 1 1 1 
Chestnut-sided 9 6 15 10 25 
Bay-breasted 1 2 3 3 
Blackpoll 101 156 257 4 1 262 
Pine 1 1 1 
Prairie 8 9 17 17 
Palm 93 171 264 15 279 24 4 28 
Ovenbird 20 6 · 26 26 
Kentucky 1 1 1 
Connecticut 2 1 3 3 
Hooded 1 2 3 1 4 
Canada 3 3 6 6 

TOTAL 315 518 833 76 1 910 35 19 54 

II POTENTIAL VAGRANT SPECIES 

Virginia's 5 6 11 1 3 15 
Lucy's 5 5 l 6 1 1 
Northern Waterthrush 12 37 49 8 57 1 1 
American Redstart 62 108 170 17 1 188 4 1 5 

TOTAL 79 156 235 27 " 4 266 5 ·2 7 

GRAND TOTAL 394 674 1068 103 5 1176 40 21 61 

l 
i 
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r 
TABLE l-7 

SUMMARY OF THE OCCURRENCES OF VAGRANT WARBLERS 
·IN SOUTHERN CALIFORNIA ACCORDING TO LOCATION 

TOTAL FALL 
· AND WINTER OCCURRENCES WINTER OCCURRENCES ONLY 

OUTER EAST OUTER EAST 
COAST INTERIOR SIDE TOTAL COAST INTERIOR SIDE TOTAL -- ---

I DEFINITE VAGRANT SPECIES 

r Black-and-white 85 24 15 124 8 2 4 14 
Pro tho notary 5 2 7 
Worm-eating 2 2 
Golden-winged l l 2 
Blue-winged 2 2 
Tennessee 115 13 9 137 4 2 l 7 

r Panlla 4 6 10 . 2 2 4 
Magnolia 27 4 4 35 
Cape May 5 l 6 
Black-throated Blue 39 4 ll 54 l 1 
Black-throated Green 20 l 3 24 
Cerulean 1 l 2 
Blackburnian 20 2 22 
Yellow-throated 2 2 
Grace's 2 2 
Chestnut-sided 14 4 18 2 2 
Bay-breasted 7 2 9 
Blackpoll 169 2 5 176 l 1 
Pine 3 3 
Prairie 24 24 1 l 
Palm 123 5 12 140 16 4 5 25 
Ovenbird ll 5 4 20 l l 2 
Louisiana Waterthrush l l 
Connecticut l l 
Mourning 1 l 
Hooded 1 1 3 5 
Canada 15 2 17 
Painted Redstart 8 10 2 20 1 7 8 

TOTAL 707 72 87 866 34 16 15 65 

II POTENTIAL VAGRANT SPECIES 

Virginia's 214 13 ll 238 3 4 7 
Lucy's 23 l 3 27 l 1 2 
Northern Waterthrush 32 9 57 98 10 4 3 17 
American Redstart 203 32 191 426 9 3 54 66 

TOTAL 472 55 262 789 23 12 57 92 

GRAND TOTAL 1179 127 349 1655 57 28 72 157 

·, 
I 
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SUMMARY OF THE PERCENTAGES OF VAGRANT WARBLER 8 
OCCURRENCES IN CALIFORNIA ACCORDING TO LOCATION H 

I 

TOTAL FALL AND WINTER OCCURRENCES WINTER OCCURRENCES ONLY g; 
OUTER COAST n 

~ 
S.E. EAST OUTER EAST C) 

FARALLON OTHER TOTAL INTERIOR SIDE TOTAL COAST INTERIOR SIDE TOTAL 
,:, 
0 
C z 

I DEFINITE VAGRANT SPECIES t::, 

Northern California 34.7 56.8 91.5 8.4 0.1 100.0 64.8 35.2 o.o 100.0 

Southern California 81.6 8.3 10.0 100.0 52.3 24.6 23.1 100.0 

TOTAL 86. 7. 8.3 5.0 100.0 58.0 29.4 12.6 100.0 

II POTENTIAL VAGRANT SPECIES 

Northern California 29.7 58.6 88.3 10.2 1.5 100.0 71.4 28.6 o.o 100.0 

Southern California 59.8 7.0 33.2 100.0 25.0 13.0 62.0 100.0 

TOTAL 67.0 7.8 25.2 100.0 28.3 14.1 57.6 100.0 

ALL VAGRANT SPECIES 

Northern California 33.6 57.2 90.8 8.8 0.4 100.0 65.6 34.4 o .. o 100.0 
ttj 
SlJ 

Southern California 71.2 7.7 21.1 100.0 36.3 17.8 45.9 100.0 1.0 
ct) 

TOTAL ·79.4 8.1 12.5 100.0 44.5 22.5 33.0 100.0 
.... 
I 

N _. 
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yards from the ocean in the isolated outer windbreaks of 

Monterey Cypresses! Table 1-8 indicates that the percentages 

of Southern California Cuter coast occurrences of definite 

vagrant species is somewhat lower than that for Northern 

California, about 82%. This is due to two reasons: (1) the 

absence of a ~ontinuously manned island observatory and (2) 

the presence of many carefully watched East Side desert 

oases which, like islands in an ocean, are extremely 

effective in concentrating migrant passerines in basically 

unsuitable habitat. It is interesting to note that the 

percentage of occurrences in the Interior is nearly 

identical in both Northern and Southern California, about 

8.3% .. 

Table 1-8 further indicat€S that the percentage of 

winter definite vagrant occurrences on the Outer coast of 

both Northern and Southern California is nearly 30% less 

than the total of fall and winter occurrences. The majority 

of the percentage increase occurs in Interior areas. This 

indicates that wintering vagrant warblers may tend to seek 

more sheltered, food rich areas removed some distance from 

the typically windy outer coast. 

The potential vagrant species, also shown in Table 1-8 

present an interesting contrast between Northern and 

Southern California. ~he percentages of Northern California 

occurrences in the various areas for these species are very 

similar to the percentages for definite vagrant species. 
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This would be expected if these cirds are really vagrants in 

Northern California. In Southern California, however, the 

percentage of Outer coast occurrences for potential vagrant 

species is reduced by about 20% compared to the definite 

vagrant species. The percentage increase is made up 

entirely by East Side occurrences, a result that would be 

expected if some of these birds are normal transients in the 

desert areas. To ascertain whether this effect occurs in 

each of the four potential vagrant species, the percentage 

of southern California East Side occurrences for each of 

these species may be compared with the percentage for 

various definite vagrant species. These data are presented 

in Table 1-9. The species are arranged according to the 

percentage of Southern California East Side occurrences. To 

remove possible sam~le size errors, only species with over 

ten Southern California occurrences are included. The 

result is clear; only the Northern Waterthrush and American 

Redstart have a significantly high percentage of East Side 

occurrences in Southern California. The Virginia~s and 

Lucy's Warblers, on the other hand, have a percentage of 

East Side occurrences that is comparable to such far-eastern 

definite vagrant species as Black-throated Blue, 

Blackburnian and Prairie Warblers. Thus, it appears that 

the occurrences of Northern Waterthrushes and American 

Redstarts on the East Side are augmented by numbers of 

normal transients through these areas but that the 
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TABLE 1-9 

PERCENTAGES OF FALL AND WINTER SOUTHERN CALIFORNIA 
VAGRANT WARBLER OCCURRENCES THAT ARE ON THE EAST SIDE 
OF THE SIERRA AND HIGHER SOUTHERN CALIFORNIA MOUNTAINS 

NO. OF OCCURRENCES NO. OF OCCURRENCES % OF OCCURRENCES 
INS. CALIF. ON EAST SIDE ON EAST SIDE 

Northern Waterthrush* 98 57 58.2) 
Some normal 
transients on A.~erican Redstart* 426 191 44.8 . east side 

Chestnut-sided 18 4 22.2 
Black-throated Blue 54 11 20.4 
Ovenbird 20 4 20.0 
Black-throated Green 24 3 12.5 
Black-and-white 124 15 12 .. 1 
Magnolia 35 4 11.4 
Lucy's* 27 3 11.1 ;>- Only vagrants Painted Redstart 20 2 10.0 
Blackburnian 22 2 9.1 

on east side 

Palm 140 12 8.6 
Tennessee 137 9 6.6 
Virginia's* 238 11 4.6 
Blackpoll 176 5 2.8 
Prairie 24 0 o.o 
Canada 17 0 o.o 

* Potential vagrant species 
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occurrences of Virginia's and Lucy•s Warbler are not. (Nor 

are the occurrences of Black-and-white and Tennessee 

warblers, species that need an angle of misorientation of 

less than 10° to reach southeastern California.) However, 

this in itself does not indicate that all Northern 

Waterthrushes and Arrerican Redstarts on the Outer coast of 

southern California are vagrant individuals. This will be 

further discussed below. 

Ysqrant Occurrences -_A Recent Phenomenon? 

The extreme paucity of occurrences of vagrant warblers 

prior to 1962 may be interpreted in light of the extremely 

localized nature of the occurrences of these birds, with 

fully 80% of all occurrences being on the outer Coast. 

Personal communication with many observers who were active 

in California during the fifties and early sixties indicates 

that the Outer coast was ornithologically neglected until 

the 1962 discovery of the large numbers of vagrants present 

in coastal San Diego and Marin counties. Where were the 

observers ~ooking during these years? Observations 

published in Audubon Fi§lQ ~ct~§ during these years 

indicates that observers were looking in Interior areas such 

as the Berkeley Hills, the Los Angeles Basin and the Central 

Valley, areas where vagrant warblers are extremely scarce 

(only 8% of the occurrences are in Interior areas). If this 

is indeed the case, then the number of occurrences for any 
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given species prior to 1962 should be proportional to the 

abundance of that species in Interior areas. This 

relationship is shown for all definite vagrant species for 

both Northern and Southern California in Figure 1-2. The 

result is clear; the more common a species is in the 

Interior the more often it was recorded prior to 1962. The 

larger slope for Southern California simply indicates a 

greater amount of observation there. The Pearson product­

moment coefficients of correlation for these relationships 

are 0.946 for Northern California and 0.951 for southern 

California. 

On the other hand, if ornithological observations were 

not biased prior to 1962, then the number of occurrences of 

a given species prior to 1962 should be proportional to the 

total number of occurrences of that species in the state. 

This relationship is shown for all definite vagrant species 

for both Northern and Southern California in Figure 1-3. 

The correlation, if any, is very poor. The Pearson product­

moment coefficients of correlation are 0.571 for Northern 

California and 0.472 for southern California. Thus, it 

appears that the paucity of vagrant occurrences prior to 

1962 was not due to a paucity of vagrants, but rather was 

due to a paucity of observers in localities favored by 

vagrants. Whether or not the actual number of vagrants is 

changing in California can only be determined by long-term 
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systematic censusing of a good vagrant location. Southeast 

Farallon Island may be ideal for this purpose. 

Age_2,Ly~gnt2 

Age data has been obtained on 339 individual vagrant 

warblers examined in the hand on the outer coast of 

California and on 31 individuals examined in the hand in 

Interior or East Side areas (Table 1-10). Much of the 

coastal data have been obtained at Southeast Farallon Island 

and Palomarin Ranch near Bolinas, Marin county (both 

courtesy Of the Point Reyes Bird Observatory) and at Point 

Lorna and near Imperial Beach, San Diego county (courtesy of 

Alan and Jean Craig and Virginia Cochran). Interior and 

East Side data are meager and have come from a variety of 

sources. All data have been obtained by the standard method 

of skull ossification (Stewart, 1972). The percentage of 

immatures is very high among coastally captured individuals, 

between 86 and 91%. The uncertainty is due to the 

uncertainty of the skull ossification process during October 

and November (Stewart, 1972). Of those species having a 

reasonable sample size, only the American Redstart (and 

possibly the Chestnut-sided Warbler) has a comparatively low 

percentage of immatures, about 75%. This indicates that 

some of the American Redstarts occuring along the coast may, 

like some of those occurring on the East Side, be normal 

transients. Note, however, that the Northern Watertbrush as 
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TABLE 1-10 

"ti 
AGES OF VAGRA.~T WARBLERS EXAMINED ~ IN CALIFORNIA DURING THE FALL 

1-3 
H 

OUTER COAST INTERIOR AND EAST SIDE TOTAL 
NUMBER NUMBER OF % NUMBER NUHBER OF % NUMBER NUMBER OF % 

SPECIES EXAMINED IMMATURES IMMATURE EXAMINED U!HATURES IMMATURE EXAMINED IMMATURES IMMATURE tI! 
:?,I 

Black-and-white 10 9 90.0 2 2 100.0 12 11 91.7 () 
~ Prothonotary l 1 100.0 1 1 100.0 G) 

Worm-eating l l 100.0 l 1 100.0 ,:, . 
Golden-winged 1 l 100.0 1 1 100.0 0 
Blue-winged C z 
Tennessee 28 25-27 89.3-96.4 1 1 100.0 29 26-28 89.7-96.6 0 
Virginia's* 9 8 88.9 3 2 66.7 12 10 83.3 
Lucy's* 2 1-2 50.0-100.0 2 1-2 50.0-100.0 
Parula l 0 o.o l 0 0.0 
Magnolia 12 9-11 75.0-91. 7 2 2 100.0 14 11-13 78.6-92.9 
Cape May 4 4 100.0 l 1 100.0 5 5 100.0 
Black-throated Blue 12 10 83.3 12 10 83.3 
Black-throated Green 5 4-5 00.0-100.0 5 4-5 00.0-100.0 
Golden-cheeked 1 1 100.0 1 1 100.0 
Cerulean 1 1 100.0 1 1 100.0 
Blackburnian 9 8 88.9 9 8 88.9 
Yellow-throated 1 1 100.0 1 1 100.0 
Grace's 
Chestnut-sided 14 10-11 71.4-78.6 2 2 100.0 16 12-13 75.0-81. 3 
Bay-breasted 2 2 100.0 2 2 100.0 
Blackpoll 85 79-83 92.9-97.6 85 79-83 92.9-97.6 
Pine 
Prairie 5 5 100.0 5 5 100.0 
Palm 44 39-44 88.6-100.0 44 39-44 88.6-100.0 
Ovenbird 11 10 90.9 1 1 100.0 12 11 91.. 7 
Northern Waterthrush* 10 10 100.0 3 J 100.0 13 13 100.0 
Louisiana Waterthrush 1 0 o.o 1 0 o.o 
Kentucky 1 0-1 Q.0-100.0 1 0-1 0.0-100.0 
Connecticut 2 2 100.0 2 2 100.0 
Mourning 1 1 100.0 1 1 100.0 
Hooded 1 1 100.0 1 1 100.0 

"ti Canada 2 2 100.0 1 1 100.0 3 3 100.0 p, 
American Redstart* 65 48-49 73.8-75.4 12 8 66.7 77 56-57 72.7-74.0 I.Cl 
Painted Redstart Cl) 

TOTAL 339 291-309 85.8-91.2 31 25 
..a 

80.6 370 316-334 85.4-90.3 I 
w 

TOTAL IF AMERICAN 0 

REDSTART IS ELIMINATED 274 .243-260 88.7-94.9 19 17 89.5 293 260-277- 88. 7-94.5 

* Potential vagrant species 
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well as the Virginia's warbler have high percentages of 

immatures on the outer coast, ccmparable to other vagrant 

species. This suggests that coastal occurrences of these 

species are most likely to be due to vagrant individuals. 

When the American Redstart data are eliminated because of 

the uncertainty of their vagrant status, the vagrant 

phenomenon on the outer coast of California is most 

certainly (89-95%) an immature phenomenon. 

A very high percentage of immatures among normal 

transients, however, has been indicated for coastal 

California (Ralph, 1971; Stewart €t al., in press] as well 

as for coastal locations in eastern North American (Robbins 

et al., 1959; Drury and Keith, 1962; Murray, 1966a; Phillips 

et al., 1966]. some of these sources and others (Nisbet et 

al., 1963; Clench, 1969; Leberman and Clench, 1969], 

however, indicate that the percentage of immatures drops 

considerably as one moves more than ten miles inland. Table 

1-10 indicates that this is the case for the American 

Redstart but not for most of the other species. When the 

American Redstart data are eliminated, the percentage of 

immatures occurring in Interior and East Side areas remains 

very high (89%). This supflies strong evidence that the 

vagrant phenomenon throughout California is primarily 

attributable to immature birds. Nevertheless, a few adult 

birds do occur. 
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Summary 

The major characteristics of the fall vagrant warbler 

phenomenon in California may now be summarized. (1) It is a 

regularly occurring phenomenon that is very widespread among 

most species of migrant wood warblers. (2) Different 

species occur in widely varying numbers. (3) The number of 

occurrences of each species varies somewhat from year to 

year. (4) Most of the cccurrences are concentrated along 

the Outer coast of California tut occurrences are frequent 

in both Northern and Southern California. (5) Most of the 

individuals involved are immature birds. (6) There is no 

positive indication that it is a very recently evolved 

phenomenon. 
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CHAPTER 2 

PREVIOUS SUGGESTIONS ON THE OCCURRENCES OF 
VAGRANT WARBLERS IN CALIFORNIA - A REVIEW 

Page 2-1 

Grinnell (1922] was among the first to speak of vagrant 

birds in California. He claimed that, because of the great 

mobility of birds, the occurrence of the "accidental" was to 

be expected. He postulated that the role of the 

"accidental" was one of pioneering, that is, of keeping the 

species aware of the possibilities for range expansion while 

simultaneously serving to relieve population pressures. 

While he thus attempted to explain the effect of the 

"accidental", he presented no mechanism as to the cause of 

the "accidental". 

In the fall of 1962, field ornithologists discovered 

that the outer coast of California was a concentrating 

location for vagrant birds (Mans, 1963; Small, 1963). 

Observations over the next few years verified the regular 

nature of these occurrences. several characteristics of the 

vagrant phenomenon were soon established: that certain 

species, often those with more westerly breeding grounds, 

were more .common in California than others; that the bulk of 

the occurrences were attributable to immature birds; and 

that the occurrences were concentrated along the outer Coast 

of California (Chase and DeBenedictis, 1965; McCaskie and 

Pugh, 1965]. The idea then became pr~valent that some of 

the more westerly breeding species (including among others, 
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the Blackpoll Warbler, Northern Waterthrush and American 

Redstart) were establishing or utilizing a limited west 

Coast migration route. These birds were then referred to as 

rare migrants rather than as vagrants (McCaskie, 1967, 1968, 

1969, 1970a; Chandik and Baldridge, 1968, 1969]. The 

remainder of the species were still classified as vagrants, 

or, in the case where they_ occurred annually, as regular 

vagrants. No explanation, however, was yet put forth as to 

the mechanism of these vagrant occurrences. 

More detailed analyses of the vagrant phenomenon in 

California were made by Paxton (1965, 1967]. He left the 

question of any particular mechanism of vagrancy open but 

discussed the "oasis" effect of the outer coast and 

indicated a possible correlation between coastal vagrant 

occurrences and the presence of a high pressure area over 

the Great Basin or northern Rocky Mountains which would 

produce easterly winds. He did not, however, feel that the 

correlation was perfect. Mccaskie (1966, 1967], on the 

other hand, claimed no correlation between the occurrence of 

vagrants and any local weather conditions in southern 

California. 

In the fall of 1967, Point Reyes Bird Observatory 

personnel found that the Farallon Islands, twenty-eight 

miles west of San Francisco, was an excellent location for 

concentrating vagrant warblers. Ralph (1968] discussed the 

Farallon and other Northern California occurrences of 
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vagrant warblers through 1967 and concluded that all of 

these species, even the more regular ones, were most likely 

composed of vagrant individuals. He accounted for their 

occurrences by genetic or physiological aberrations in 

individual birds that resulted in the complete misdirection 

of the individual's migration. He further postulated that a 

random scattering of these_ birds was the most likely 

explanation for their occurrences and considered weather 

effects to be minimal. 

The first comprehensive theory for California vagrant 

warbler occurrences was a theory of drift migration advanced 

by Bagg [1970]. Using Able 1 s unpublished data on nocturnal 

passerine migration over Lake Charles, Louisiana, during the 

fall of 1969, and using daily weather maps for the same 

period, Bagg hypothesized that an easterly or southeasterly 

wind flow displaced birds from their normal migration route 

in Texas or Louisiana and carried them hundreds of miles 

westward or northwestward to interior points of California 

or Nevada. He then claimed that subsequent northeasterly 

winds drifted them to the California coast thereby 

accounting for the timing of the fall 1969 vagrant 

occurrences. In the following year Bagg (1971] reiterated 

this same claim, namely that vagrants reached the California 

coast by flying downwind. Objections were raised to this 

theory of drift migration by Chandik et al. (1971] and by 

McCaskie (1972], primarily on the grounds that many of 
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California's more common vagrant species (Blackpoll, Palm 

and Black-throated Blue Warblers) are very rare or casual in 

Texas to begin with. However, Able [1972] showed a good 

correlation between some of the fall 1971 California vagrant 

occurrences and easterly winds and again claimed that a 

major part of the California vagrant warbler occurrences 

were due to wind drifted migrants. This wind drift 

hypothesis was seemingly strengthened by evidence that local 

wind conditions were paramount in causing good landfalls of 

vagrant warblers on the Farallon Islands and the coast of 

Northern California (Chandik et al., 1971; Desante and 

Remsen, 1973]. Nevertheless, wind drift alone fails to 

account for the very different abundances of the various 

vagrant species in California as were shown in Table 1-3. 

Why, for example, are there over 400 occurrences of the Palm 

Warbler as opposed to only 12 for the Bay-breasted Warbler 

when both species have rather similar ranges and would be 

expected to be influenced by wind drift in similar ways? Or 

why are there 91 occurrences of the Black-throated Blue 

Warbler and only 38 for the Blackburnian Warbler, again 

species with rather similar ranges? Why has the Prairie 

Warbler occurred 41 times while all other southeastern 

species have occurred less than 15 times? such disparities 

strongly indicate that something other than wind drift is 

involved in the vagrant phenomenon. 
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A different approach to the vagrant phenomenon was 

attempted by Austin (1971]. He analyzed the timing of the 

California occurrences of fall (and spring) vagrant warblers 

and compared this timing to the timing of these species at 

comparable latitudes on the East Coast of North America. He 

divided the various vagrant species into four groups based 

upon their breeding ranges: Group 1 - species breeding east 

of 100° longitude and south of Canada; Group 2 - species 

breeding east of 100° but into Canada; Group 3 - species 

breeding west to the Rocky Mountains; Group 4 - species 

breeding west of the Rocky Mountains. The comparison of the 

arrival dates indicated that the birds of Group 1 averaged 

36 days later in California than on the East Coast, Group 2 

averaged 22 days later in California, Group 3 averaged 15 

days later and Group 4 averaged only 5 days later in 

California than on the East Coast. Based on these data he 

concluded that the species of Group 4 are regular migrants 

in California. He thus reiterated the old claim that these 

birds are establishing or utilizing established migration 

routes down the west coast. He applied this same result to 

several o~ the more common species of Group 3 but considered 

the remainder of the birds, because of the later nature of 

their occurrences in California than on the East coast, to 

be truly vagrants. However, he provided no mechanism for 

this vagrancy except to quote the wind drift theories 

discussed above. What is incredible in all of this, is that 
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he totally neglected to consider the fact that an eastern 

bird of Group 3 or 4 has at least three times as far iQ fly 

to reach the California coast than to reach the East coast. 

Since hE: .1de no compensation for this increased distance in 

determining whether a bird was late, all of his conclusions 

based on timing must be considered to be invalid. Other 

criticism of this work can be found in DeBenedictis (1971] 

and Mccaskie (1972]. 

Several analyses have been undertaken on individual 

species of the more common vagrant warblers in California. 

Pulich and Phillips (1953] hypothesized a desert flight line 

for the American Redstart based on the rather large number 

of occurrences in the lower Colorado River Valley. Root 

[1962) doubted a west coast migration route for this 

species. McCaskie [1970b], however, indicated that this 

species is a regular transient both on the deserts and along 

the coast of California. Data presented in Chapter 1 of 

this dissertation indicates that this may be true for some 

individuals, but I believe that many of the coastal (at 

least) American Redstarts are vagrants. 

An excellent analysis of the California occurrences of 

the Northern Waterthrush was presented by Binford (1971]. 

He considered all of the coastal individuals of this species 

to be vagrants but indicated that many. of the East Side 

occurrences were due to regular transients. These 

conclusions agree well with the data presented in Chapter 1. 
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In addition, he hypothesized that the Sierra Nevada serves 

as an effective barrier to westward migrating vagrants 

tending to concentrate them on its eastern flank. 

Subsequent flights tend to carry the birds across the Sierra 

and Central Valley so that they concentrate next on the 

outer Coast. such a hypothesis can explain the extreme 

paucity of vagrant occurrences in the Sierra and Central 

Valley. Unfortunately he supplies no mechanism for this 

westward vagrancy. 

Mccaskie [1970c] has analyzed the California occurrences 

of the Blackpoll warbler. He discusses and rejects the 

hypotheses of random scattering, the establishment of a West 

coast ·migration route, a direct line flight from Alaska to 

California and wind drift. He favors the hypothesis of a 

"mirror-image" reversed migration based primarily upon radar 

data showing the occurrences of 180° reversed migrations. 

Under his hypothesis, the vagrant Blackpoll warbler, instead 

of migrating first eastward and then southward, migrates 

"first westward and then southward", a hypothesis analogous 

to that proposed by Rab~l [1969a] in explaining the westward 

vagrancy of several Old World warblers (Sylvidae). However, 

neither McCaskie nor Rab~l present any mechanism to account 

for such a reversed migration except to quote possible 

correlations between reversed migration and high 

temperatures during the fall (Baird et al., 1959; Nisbet, 

1962]. It will become apparent from Part II of this study 
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that McCaskie has confused 180° reversed migration and true 

mirror image migration. 

The most recent comprehensive analysis of vagrant 

warblers in California is provided by DeBenedictis [1971] 

who has made several valuable contributions to this subject. 

First, he has shown that the pattern of species abundance in 

California can be largely explained by the size of the 

source populations. This result indicates that the vagrant 

phenomenon may be common to all species of warblers and not 

a special characteristic of certain species. He has also 

shown that the next most likely factor determining the 

relative species abundances in California is the amount of 

deviation from the normal migration route necessary to get 

each species to California. He notes, however, that this 

does not explain the relative abundance of certain 

exceptionally numerous species in California -- the Palm, 

Black-throated Blue and Prairie warblers. He further claims 

that the pattern of abundance of these vagrants is "the 

result of passive phenomenon -- the failure of organisms to 

be perfect navigators". Unfortunately, he does not provide 

any insight into the cause of this failure. Finally he 

presents valid criticism of Grinnell 1 s (1922] claim that 

vagrant birds are in some sense "pioneers". This aspect of 

the problem will be further discussed in Part IV of this 

dissertation. 
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CHAPTER 3 

THE PRESENT STUDY - AN INTRODUCTION 

It is clear from the preceding chapter that none of the 

previous "explanations" of the vagrant warbler phenomenon in 

California are completely satisfactory. Several of the 

preceding theories are inconsistant within themselves, most 

are contradictory to one another and, more importantly, none 

are truly mechanistic in their approach. The -purpose of the 

present study is to present and test a comprehensive, 

mechanistic theory of vagrancy in immature North American 

wood warblers. 

The present study is basically divided into two major 

parts. The first is theoretical in its approach. Based 

upon what is known of the migratory behavior of wood 

warblers and upon what is known of nocturnal migration in 

general and "distance-and-direction" nocturnal migration in 

particular, a generalized theory of the first fall migration 

of an immature warbler is presented. Next, all of the 

possible errors in such a system are outlined in detail. 

Finally, all of the fall and winter occurrences of vagrant 

wood warblers in California are analyzed in terms of the 

various species abundances and in terms of the locations and 

timing of the occurrences within the state to determine 

which of the possible errors inherent in the migratory 
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system of the immature warbler is responsible for the 

vagrant phenomenon. 

The second part of this study is experimental in its 

approach. Over 500 nocturnal orientation experiments, using 

the "footprint" technique [ Emlen and Emlen, 1966 ), were 

conducted on 24 individual California captured Blackpoll 

Warblers, one of the most common vagrant species. The data 

from these experiments are analyzed to determine whether 

Blackpoll Warblers are capable of demonstrating preferred 

directions, and, if so, to determine what directions are 

chosen. These results are then used to test the 

theoretically proposed mechanism of vagrancy. 

During the early stages of this experimental program, it 

became apparent that many of the Blackpoll warblers showed 

multimodal behavior, either during a single night's 

experiment, or, more often, over several night's tests. 

Mathematical and statistical techniques for handling such 

multimodal circular data are not available in the 

literature. Therefore several new techniques are presented. 

The concluding part of this study is a discussion of the 

mechanism of vagrancy in immature wood warblers in terms of 

its evolutionary implications. The possibility of its 

general applicability to other groups of birds is discussed. 

Finally, a brief discussion of fall vagrancy in adult birds 

is presented. 
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CHAPTER 4 

THE WOOD WARBLER - A REVIEW 

The wood warblers,, with very few exceptions, form a 

compact, easily recognized group of small, brightly-colored,, 

active, insectivorous birds of the family Parulidae. This 

family, which also includes the nectar-eating bananaquits 

and conebills ( Peters, 19 68 ], forms a single group in the 

broad assembledge of New World nine-primaried oscines 

(Austin, 1961]. This assembledge is indeed a large one, 

andv in addition to the Parulidae, includes the various 

icterids (Icteridae), tanagers (Thraupidae) and New world 

finches (Fringillidae) as well as several small, rather 

obscure, neotropical groups. The closely related nature of 

all of these birds is attested to by the difficulty of 

classifying many of the "borderline" genera. Some 

systematists have suggested lumping all New World nine­

primaried oscines into one or a few great "families", a 

scheme apparently based on the assumption that they are all 

of common ancestry, an unprovable proposition at best 

(Griscom and Sprunt, 1957]. Regardless of the overall 

details of classification, it is generally recognized that 

the complex of New world nine-primaried oscines is of 

relatively recent neotropical origin (Mayr, 1946]. The wood 

warblers themselves have received extensive treatment by 

Chapman [1917], Bent (1953] and Griscom and Sprunt (1957]. 
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About half of the approximately 109 species of wood 

warblers are migratory, breeding in temperate areas of North 

America and wintering, for the most part, in the neotropics. 

This migratory assembledge is characterized by a relatively 

high degree of sexual dimorphism, and, in many species, by 

the presence of a rather distinct alternate or breeding 

plumage, especially in males. In contrast, the sedentary 

tropical members of the family are generally sexually 

monomorphic and never exhibit a specialized breeding 

plumage. These differences are presumably a direct effect 

of migratory behavior and the resulting annual necessity of 

establishing a temporary breeding territory. 

The large number of closely related species among these 

migratory warblers may be considered to be indicative of a 

high degree of adaptive radiation within the group and may 

attest to a very recent origin of many of the forms. In 

fact, several writers (Mengel, 1964; Hubbard, 1969] have 

proposed theories of speciation in certain of these forms as · 

a result of glaciation during the latter part of the 

Pleistocene. While such theories of speciation are, no 

doubt, wel~ founded, they neglect to consider the role of 

migration and the effect of selection on the winter grounds 

and, thus, are incomplete. It is hoped that some of the 

ideas presented in this dissertation will be considered by 

future investigators of speciation in North American wood 

warblers. 
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Some characteristics of the migratory behavior of North 

American wood warblers are important for the development of 

this discussion. It is well known that all wood warblers 

are predominantly or exclusively nocturnal migrants. The 

advantage of nocturnal migration in passerines is apparently 

due to the immediate necessity for food rather than sleep at 

the culmination of a migratory flight [Lincoln, 1950]. A 

vast amount of data from banding operations and radio and TV 

tower kills indicates that wartlers are capable of storing 

large quantities of subcutaneous fat during their migratory 

period. This fat serves as fuel for the long migratory 

flights [Odum et al., 1961] and it is this fat that must be 

replenished during the stopovers in migration. These 

stopovers have been estimated for various passerines to 

range from about 1.5 to 5.5 days (Stack and Harned, 1944; 

Borror, 1948; Wolfson, 1954; West and Peyton, 1972; Dewolfe 

et al., 1973]. Apparently the length of the stopover time 

is less during the latter part of a bird's spring flight 

than at other times [Lincoln, 1950] a result that may be 

correlated with the relative day length available for 

feeding anp resting. An average stopover time for wood 

warblers during the course of a fall overland migration may 

be estimated to be about four days. 

As pointed out by Mengel (1964], warblers are 

considerably more abundant, widespread and diversified in 

eastern deciduous forest or northern coniferous forest 
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habitats (eastern species) than in western montane forest 

habitats (western species). 'I'be migration routes of western 

species generally follow the NW-SE axis of the major western 

cordilleras from montane breeding grounds in western North 

America to montane wintering grounds in Mexico or northern 

Central America. None of the western species need to 

habitually make an overwater crossing during the course of 

their migration (although some may cross the Gulf of 

California from southern Baja to western Mexico 

(Desante, MS]). The use of landmarks, such as mountain 

masses, as an aid to navigation may therefore be important 

in western species. In marked contrast most individuals of 

virtually all eastern species make an extensive overwater 

crossing. Only the Pine Warbler which winters entirely in 

southeastern U.S. and the Orange-crowned Warbler (basically 

a western species) are the exceptions. Thus, a navigation 

system that can operate without the use of landmarks (such 

as a celestial or geophysical system) is of paramount 

importance for eastern species. 

The location of this overwater crossing can be 

convenient-ly used to divide the eastern warblers into three 

groups (Table 4-1). The first group includes species that 

tend to migrate southward to the Gulf coast of United 

States, and then make an overwater crossing to eastern or 

southern Mexico, Central America or northwestern South 

America. These species tend to avoid the south Atlantic 
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TABLE 4-1 

PRIMARY FALL MIGPATION ROUTES* OF 

EASTERN WOOD WARBLERS 

TRANS-GULF 
(SOUTHWARD} 

TRANS-A'ILANTIC 
(SOUTHEASTWARD) 

TO CENTRAL AMERICA OR TO WEST INDIES OR 
NW SOUTH AMERICA NE SOUTH AMERICA 

PR OTHON OT ARY 
WORM-EATING 
GOLDEN-WINGED 
BLUE-WINGED 
TENNESSEE 
NASHVILLE 
YELLOW 
MAGNOLIA 
BLACK-THROATED GREEN 
CERULEAN 
BLACKBURNIAN 
CHESTNUT-SIDED 
BAY-BREASTED 
KENTUCKY 
MOURNING 
YELLOW-BREASTED CHAT 
HOODED 
WILSON'S 
CANADA 

BACHMAN'S 
ORANGE-CROWNED** 
CAPE MAY 
BLACK-THROATED BLUE 
BLACK POLL 
KIRTLAND'S 
PALM 
CONNECTICUT 

BOTH TRANS-GULF 
AND 
TRfil:!§::ATLAN'l'IC 

BLACK-AND-WHITE 
SWAINSON'S 
PARULA 
MYRTLE 
YELLOW-THROATED 
PINE** 
OVENBIRD 
NORTHERN WATERTHRUSH 
LOUISIANA WATERTHRUSH 
YELLOWTHROAT 
Ai"lERICAN REDSTART 

* Data obtained from Chapman (1917], Bent (1953], American 
Ornithologists' Union (1957], Griscom and Sprunt [1957], 
Bond [1961] and Robbins et al. [1966]. 

** Does not make an overwater crossing. 
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coast of the United States and the West Indies and include 

the majority of the eastern warblers. Evidence for such a 

trans-Gulf migration route has been supplied by Lowery 

(1945] and Stevenson [1957]. I will refer to species that 

primarily use this route as "Gulf coast" specieso 

A second group includes species that tend to migrate 

southeastward to the Atlantic Coast of eastern or 

southeastern United States or Florida and then make an 

overwater crossing to the West Indies or northeastern south 

America. These species tend to avoid the Gulf coast of the 

United States as well as mainland Mexico and Central 

America. Strong evidence for such a route in the Blackpoll 

Warbler has been put forth by Nisbet (1970] over prior 

objection to such a route by Murray (1965]. I will refer to 

species primarily using this route as "Atlantic coast" 

species. A third group may be defined which includes 

several, often widely-distributed, species of eastern 

warblers which appear to regularly use both the trans-Gulf 

and the trans-Atlantic route, although different populations 

are most likely involved (Taylor, 1972]. 

Displacement experiments on wintering Northern 

Waterthrushes in Venezuela showed that 100% (of 4) adults 

returned from displacements of 10-65 kilometers while 100% 

(of 14) immatures did not return (Schwartz, 1963]. If, as 

is likely, such behavior is typical of wood warblers, then 

it can be assumed that immature warblers on their first fall 
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migration do not navigate in the strictest sense of the word 

(i.e., bicoordinate navigation} but follow a 11 distance-and­

direction" or "simple orientation" type of migratory system. 

The details of such a migratory system will be outlined in 

the following chapter. A summary of the important 

characteristics of wood warblers that were discussed in the 

present chapter is presented in Table 4-2. 
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TABLE 4-2 

A SUMMARY OF SCME IMPORTANT 

CHARACTERISTICS OF WOOD WARBLERS 

NEW WORLD, NINE-PRIMARIED OSCINES OF RELATIVELY RECENT NEO­
TROPICAL ORIGIN 

MORE WIDESPREAD, COMMON AND DIVERSE IN EASTERN NORTH AMERICA 

NOCTURNAL MIGRANTS CAPABLE OF STORING LARGE QUANTITIES OF 
SUBCUTANEOUS FAT 

MOST INDIVIDUALS OF ALL EASTERN SPECIES (EXCEPT PINE AND 
ORANGE-CROWNED WARBLERS) MAKE AN OVERWATER CROSSING: 

or 

A] "TRANS-GULF" TO CENTRAL AMERICA OR NORTHWESTERN 
SOUTH AMERICA 

B] "TRANS-ATLANTIC" TO TEE WEST INDIES OR NORTHEASTERN 
SOUTH AMERICA 

IMMATURES APPARENTLY USE A "DISTANCE-AND-DIRECTION" TYPE OF 
ORIENTATION ON THEIR FIRST FALL MIGRATION 
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CHAPTER 5 

A GENERALIZED THEORY OF DISTANCE-AND-DIRECT'ION MIGRATION 
APPLICABLE TO THE IMMATURE WOOD . WARBLER 

The differences between true bicoordinate or goal 

navigation and simple distance-and-direction or compass 

orientation have been outlined by many authors and 

succinctly summarized by Matthews [1968]. The fundamental 

difference lies in the fact that a bird using true 

navigation is capable of correcting for displacement from 

either its migration route or its "home", whereas a bird 

using simple orientation is not. True navigation, 

therefore, involves some "knowledge" of the coordinates of 

its "home" or goal location, some "knowledge" of the 

coordinates of its present or "release" location, and the 

ability to determine and follow a route between the two 

locations. on the other hand, simple orientation involves 

only the ability to successfully follow a given compass 

direction for a given distance. 

Experiments designed to show true navigation incl-ude a 

multitude of work on homing pigeons summarized by Wallraff 

(1967] as well as a formidable array of experiments 

involving the displacement of adult birds from their 

breeding or wintering grounds summarized by Matthews [1968]. 

Despite the success of these experiments in indicating an 

amazing ability to return to the "home" location in a 

relatively short period of time, no single mechanism or even 
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the use of any single cue accounting for bicoordinate 

navigation can be considered to be unambiguously proven 

[Griffin, 1969; Bellrose, 1972; Schmidt-Koenig, 1972; 

Wagner, 1972; Walcott, 1972]. 

Evidence that migrating birds use a true bicoordinate 

navigation system in passing between their breeding and 

wintering grounds is likewise circumstantial. It is based 

primarily upon the we:l:-1 known ability of adult birds to 

faithfully breed in the exact same location (even the same 

tree!) and to return to the exact same wintering location 

year after year [Dorst, 1962]. Supplementary evidence has 

been supplied by experiments showing that adult birds have 

the ability to return to their proper breeding or wintering 

grounds after being artificially displaced from their normal 

migration route [Rupple, 1944; Bellrose, 1958; 

Perdeck, 1958, 1967; Wolff, 1970]. These experiments have 

also shown the inabili!Y of immature birds to correct for 

these displacements. As clearly discussed by Matthews 

[1968), these experiments indicate that the immature bird 

maintains its original direction and proceeds for roughly 

the appropriate distance before terminating its migration. 

Thus has come the generally accepted hypothesis that 

immature birds, at least in their first fall migration, use 

a distance-and-direction type of simple orientation while 

adults make use of some (as yet unknown) mechanism of true 

navigation. The displacement experiments on Northern 
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Waterthrushes, quoted in the preceding chapter 

[Schwartz, 1963], indicate that this hypothesis may quite 

accurately apply to North American wood warblers. In 

contrast to the above widely accepted idea, Evans (1968] and 

Rab¢1 (1969b, 1970] have indicated that certain immature 

passerines, primarily Old World warblers (Sylvidae), may be 

capable of correcting for artificial or wind displacements. 

I do not feel, however, that their techniques or sample 

sizes provide conclusive evidence to support their claims. 

Fortunately, a great deal more is known about the 

possible mechanism and cues used by birds utilizing a 

distance-and-direction migration system than is known about 

true navigation. In distance-and-direction migration, the 

distance that a bird migrates is fundamentally dictated by 

the length of time that the bird is "physiologically ready" 

to migrate. This "physiological readiness" is expressed in 

a nocturnal passerine migrant in two ways: (1) by the timing 

and duration of a nocturnal migratory urge which may be 

expressed in a captive individual by nocturnal restlessness 

or Zugunruhe and (2) by the timing and duration of the 

ability to store subcutaneous fat, the fuel for migratory 

flights. Gwinner (1972] has conclusively shown that the 

timing and duration of this "physiological readiness" is 

based, at least in long distance migrants, on an endogenous 

circannual rhythm. He has further indicated that the 

duration of this physiological readiness roughly corresponds 
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to the length of time necessary for the bird to complete its 

migration to its winter range. Emlen (1969a] has indicated 

that in the Indigo Bunting, a nine-primaried New World 

oscine, this physiological rEadiness may be controlled by 

the experimental manipulation of the bird's photoperiod. 

There is, therefore, every reason to believe that the 

distance of the first fall migration of the immature wood 

warbler may likewise be controlled by an endogenous temporal 

rhythm. 

The direction that a distance-and-direction migrant 

chooses for its first fall migration is apparently 

genetically inherited. However, the bird must be able to 

relate this inherited direction to its external environment 

(the surface of the earth) by means of some reference point 

or external cue. considerable evidence is available to show 

that diurnal migrants can use the time-compensated position 

of the sun as an effective solar compass, even if they 

cannot use it as a means of true navigation [Matthews, 1968; 

Griffin, 1969; Bellrose, 1972; Schmidt-Koenig, 1972; 

Walcott, 1972]. The ability of nocturnal migrants to 

determine their appropriate migration direction by means of 

celestial cues has been indicated in a variety of species 

[Kramer, 1949; Sauer and Sauer, 1960; Hamilton, 1962a, b; 

Sauer, 1963; Mswaldt et al., 1964; Emlen, 1967a]. It was 

conclusively proven, however, when Emlen [1967b] showed that 

Indigo Buntings that demonstrated directional preferences 
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under the night sky, continued to orient correctly under an 

artificial planetarium sky set for local conditions, 

reversed their directions when the north-south axis of the 

planetarium sky was reversed 180°, and lost their ability to 

orient when the planetarium stars were turned off and the 

dome was diffusely illuminated. 

Emlen then devised experiments to isolate the cues used 

in celestial orientation. His early experiments along these 

lines met with little success but did show the important 

result that Indigo Buntings were not relying upon a 

bicoordinate navigation system (as claimed by Sauer and 

Sauer [ 1960] for three Old world warblers) nor were they 

employing a time-compensated star compass such as required 

for simple sun compass orientation (Emlen 1967c]. Instead 

they seemed to be responding to Gestalt stimuli provided by 

the star pattern alone. In a more recent series of very 

elegant experiments, Emlen ( 1969b, 1970a, 1972] has provided 

strong evidence that the stationary point of the rotating 

star sphere (celestial north) serves as the reference point 

or external cue to which an Indigo Bunting relates its 

migratory direction, and that this reference point is 

learned during the first month or two of the young bunting's 

life. Emlen has hypothesized (1972] that the immature 

buntings are predisposed to respond to the apparent 

rotational motion of the night sky but come to concentrate 

th e ir attention on areas of relatively slow rotation, 
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thereby coming to rely upon the circumpolar sky area. I 

prefer to state this hypothesis in an alternate way, namely, 

that the immature bunting's sightings of the night sky, at 

various times during a single night and at various times 

over several nights, tend to be imprinted upon the bird's 

memory but that consistant reinforcement of this imprinting 

only occurs over that area of the sky where the amount of 

movement is small, that is, over the circumpolar area. 

The fact that various New World, nine-prirnaried, 

nocturnally migrating oscines have been shown to be able to 

orient their migratory activity according to celestial cues 
I 

does not prove that these birds are incapable of using other 

cues. Griffin [1969] has pointed out that the occurrence of 

migratory orientation under and, in some circumstances, 

inside of an opaque overcast has been conclusively shown by 

many adequate radar studies. In the same paper, he 

discusses various non-celestial cues that could be useful 

for simple orientation including visual cues from the 

earth's surface, inertial navigation, acoustic cues, air 

currents and a sensitivity to the earth's magnetic field. 

Of these various possibilities, only the last has received 

considerable experimental attention. Recent data provide 

strong evidence that at least some birds, including Ring­

billed Gulls (Southern, 1969, 1972], pigeons (Keeton, 1971, 

1972] and European Robins (Wiltschko, 1972], are capable of 

directional response with respect to the earth's magnetic 
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field. Wiltschko (1972) has, in addition, provided an 

intriguing hypothesis that these birds can use the angle 

between the gravity vector and the magnetic field direction 

as a reference point for north. Whether North American 

nine-primaried oscines are capable of using geomagnetic 

information has not been proven, and, in the case of the 

Indigo Bunting, has been doubted by Emlen[1970b]. 

Nevertheless, the question should not be considered to be 

settled. 

It may be reasonable to assume that, if magnetic cues 

are used by an immature warbler to determine a reference 

point, these cues may be learned in a way analogous to the 

way in which the immature bunting learns the celestial 

reference point. With ei the.r celestial or magnetic cues, 

therefore, the orientation of migration for an immature 

warbler may be a combination of an inherited direction and a 

learned reference point to which the inherited direction is 

related. Whether celestial north or magnetic north may be 

the reference point for the immature warbler does not 

substantially effect the arguments I wish to pursue. 

Therefore·, for the time being, let us concentrate on 

celestial cues. 

Emlen [1969a] has pointed out that since migration is a 

two way journey, we must expect the seasonal reversal of the 

preferred migratory direction. The migratory direction may, 

therefore, be considered as a line on a compass having both 
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positive and negative vector directions. The positive 

direction, n+, may be considered to be the forward or fall 

migratory direction while the negative direction, n-, may be 

considered to be the reverse or spring migratory direction. 

The relationship between the two directions for some birds 

(but certainly not for all species) may be approximately 

D-=O++180°. Emlen [1969a] showed that, for the Indigo 

Bunting, the choice of the sign of the preferred direction 

is solely dependent upon the physiological state of the bird 

and is not a function of environmental factors such as the 

particular sky pattern. While we may accept this as 

applying to the overall seasonal direction of migration 

(that is south or north, +or-); a wealth of radar and 

observational data clearly shows the existence of occasional 

and, at times, substantial reversed migration [Nisbet and 

Drury, 1968; Eriksson, 1970; Richardson 1970, 1971, 1972]. 

These must be considered to be relatively short-term effects 

and are most likely correlated with the wind direction, an 

environmental factor. A growing body of evidence [Lowery 

and Newmanr 1966; Gauthreaux and Able 1970; Richardson 

1970, 1971, 1972] indicates that most passerines· 

consistantly tend to fly downwind. That such behavior may 

be energetically, if not evolutionarilyr advantageous can be 

surmised if one imagines the energy expenditure vs. progress 

curve of an eight gram warbler flying into a thirty knot 

headwind. It is important to realize that the acceptance of 
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downwind migration does not necessarily imply that the 

birds' migrations are entirely controlled by the wind 

directions but rather could imply that winds not align·ed 

with the inherited migratory direction tend to inhibit 

migration while winds aligned with the proper migratory 

direction tend to stimulate migration. Thus, while the 

ultimate timing of the bird's migration depends on the 

timing of its physiological readiness, the proximate timing 

of individual flights depends upon environmental factors. 

The wind or other weather factors may not be the only 

environmental factors influencing the proximate timing of 

migration. It is also likely that the actual fat 

accumulation of an individual bird must reach some theshold 

level to be sufficient to initiate a night's flight. This 

threshold is very likely to be variable throughout the 

migratory period. Since the actual fat accumulation is 

dependent to some extent upon the quantity and availability 

of food, it can also be considered to be an environmental 

variable. 

In summary, the following conditions may be necessary 

for the successful distance-and-direction migration of an 

immature wood warbler. If the nature, timing and duration 

of the warbler's physiological migratory readiness is 

correct and if it has inherited the correct direction and 

has correctly learned the external reference point to which 

to relate its direction, and furthermore if it has been able 
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to find sufficient food to store fat and has been exposed to 

and chosen the correct windsr then the warbler will complete 

its migration at some point within the winter range of the 

species and, therefore, will have completed a successful 

migration. A summary of these factors, physiological, 

inherited, learned and environmental, necessary for a 

successful distance-and-direction migration for an immature 

wood warbler is presented in Table 5-1. 
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TABLE 5-1 

FACTORS NECESSARY FOR A SUCCESSFUL 

DISTANCE-AND-DIRECTION MIGRATION 

FOR AN IMMATURE v~OD WARBLER 

FACTOR 

CORRECTLY TIMED "MIGRATORY READINESS" 
OF THE PROPER DURATION 

CORRECT MIGRATORY DIREC'rION 

CORRECT SIGN (FORWARD OR REVE~SE, SPRING 
OR FALL) TO THE MIGRATORY DIRECTION 

CORRECT REFERENCE POINT FROM WHICH TO 
RELATE THE MIGRATORY DIRECTION 

WINDS IN ROUGHLY THE CORRECT DIRECTION 

SUFFICIENT FOOD TO ACCUMULATE THE 
NECESSARY QUANTITIES OF SUBCUTANEOUS 
FAT 

!XfE 

PHYSIOLOGICAL 

INHERITED 

PHYSIOLOGICAL 

LEARNED 

ENVIRONMENTAL 

ENVIRONMENTAL 
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CHAPTER 6 

POSSIBLE ERRORS INHERENT IN A DISTANCE-AND-DIRECTION 
MIGRATION OF AN IMMA'fURE WOOD WARBLER 

The fundamental factors controlling the distance-and­

direction migration of an immature wood warbler were 

outlined in the previous chapter. The various possible 

errors that could arise in such a migratory system may now 

be investigated. First of all, it is important to note that 

since the distance-and-direction type of migratory system is 

not a time-compensated system, errors in the timing or 

duration of the physiological readiness for migration will 

not directly affect the orientation of the warbler's first 

migration. They will, however, directly affect the location 

where the bird will attempt to winter since such errors 

directly affect the distance flown. For example, errors in 

the duration of the warbler's migratory readiness could 

cause the bird to winter either north or south of its normal 

winter range depending upon whether the duration is too 

short or too long. 

A summary of the possible direction or orientation 

errors inherent in the first fall migration of an immature 

warbler is presented in Table 6-1. As shown in this Table, 

erro~s in orientation may be classified into two main types: 

(1) errors producinq disorientation and (2) errors producing 

misori e nta.tion. These two types of errors are fundamentally 

different in both mechanism and result but, unfortunately, 
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TABLE 6-l 

SUMMARY OF POSSIBLE ORIENTATION ERRORS IN THE 

DISTANCE-rum-DIRECTION MIGRATION OF AN IMMATURE WOOD WARBLER 

I ERRORS PRODUCING DISORIENTATION 

MECHANISM RESULT TIMING 

FAILURE TO INHERIT ANY DIRECTION 

FAILURE TO LEARN ANY REFERENCE POINT 
TO \•:BICII TO RELATE THE INHERITED 
MIGRATORY DIRECTION 

II ERRORS PRODUCING MISORIENTATION 

MECHANISM 

FAILURE TO INHERIT THE CORRECT 
MIGRATORY DIRECTION• 

FAILURE TO EXllIDIT THE CORRECT SIGN 
(FORWARD OR REVERSE, fALL OR 
SPRING) TO TllE lHGRATORY DIRBCTION 

FAILUTTE TO RELATE TIIE !UGRJ\TORY 
DIRECTION TO THE REFERENCE POINT 
BY Tl!E CORRECT SEtlSE (POSITIVE OR 
NEGl\TIVE, CLOCIJHSE OR COUtlTER­
CLOCKHISE, RIGHT OR LEFT) 

FAILURE TO LEARN THE CORRECT 
REFERENCE POINT 'l'O WHICH TO 

RELATE THE INHERITED MIGRATORY 
DIRECTION 

FLIES IN RANDOM DIRECTIONS OR 
DRIFTS DOWNWIND 

FLIES IN RANDOM DIRECTIONS OR 
DRIFTS DOWNWIND 

RESULT 

SIMPLE t-lISORIENTATION: FLIES IN 
INCORRECT DIRECTION (ALL 
DIRECTIONS ARE POSSIBLE) 

180°. REVERSE MISORIENTATION: FLIES 
IN REVERSE (180°) DIRECTION 
FRO!! COR!{ECT DinEC'l'IOtl 

HIRROR HIAGE MISORIEt-lTATION: FLIES 
IN ?!IRR.OR I/.ll\GE (\HTII RESPECT TO 
THE AXIS OF THE REPERE!JCE POINT, 
TIIE N-S AXIS) OF COI1RECT DIRECTION. 

LATE 

LATE 

TIMING 

ON TH!E 

00 TIME 

ON TIME 

SIMPLE .MISORIENTATION IF INCORRECT 
REFERENCE POINT IS STATIONARY: 

ON TIME 
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have often been used interchangeably in many of the previous 

studies discussed in both Chapters 2 and 5. In order to 

alleviate this confusion, I now define disorientatiog to be 

the inability of an individual to consistantly follow QQY 

g:Lr§.ctiQ!l• As such, disorientation may be considered to be 

the opposite or lack of orientation. I then define 

misor:ientation to be the inability of fill oriented .Qird to 

fQllQ.!£ the correct direction. Misorientation, therefore, 

simply implies an incorrect orientation. 

Disorientation errors may arise by one or both of two 

mechanisms: (1) the failure of the individual warbler to 

have inherited any direction or (2) the failure of the bird 

to have learned a reference point to which to relate its 

inherited direction. A warbler that has no inherited 

direction but has learned a reference point will be capable 

of following a given direction .for an entire night's flight 

(or more) but will have no predisposition to choose any 

particular direction. It is likely that such a bird would 

fly for a given night in a certain randomly chosen direction 

and then fly, on subsequent nights, in other independent 

randomly chosen directions. The path of such a bird may be 

likened to a diffusion process with a jump distance of a 

single night's flight, perhaps 200 miles. Such a bird would 

apoear to be oriented on a given night's flight but will be 

disoriented over several night's flights. If, however, the 

bird imprints on and reinforces the directions randomly 
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chosen on the first few flights, its behavior would change 

from disorientation to orientation (or misorientation). 

If a warbler fails to learn a reference point to which 

to relate its inherited direction, it will always be 

disoriented. It will be able to follow a given randomly 

chosen direction only as long as its inertial guidance 

system (if any) allows it to maintain its course. It is 

likely that each night's flight will begin in some randomly 

chosen direction and soon decay into some kind of arc or 

spiral-like curve. In the absence of any inertial guidance 

system, each night's flight will appear totally erratic and 

haphazard. 

•rhe path of a disoriented warbler, as just presented, 

may be oversimplified due to the lack of consideration of 

the wind. As summarized in Chapter Sr most passerine 

migrants tend to fly downwind. It, therefore, seems likely 

that a disoriented warbler, either one that has no inherited 

direction or one that is unable to relate its direction to a 

reference point, will simply drift downwind at whatever 

direction the wind takes on each night of its flight. 

Statistically, the distribution of such birds, during and 

after their fall migration, will be determined entirely by 

the distribution of wind directions on their breeding ranges 

and over their subsequent wind drifted migration routes. 

Another important rEsult of disorientation concerns the 

timing of a disoriented bird along its wind drifted route. 
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Since the bird's migration path over many night's flights 

will not approximate a straight line (unless the wind is 

consistantly in the same direction) it will take the bird 

longer to reach any randomly chosen point away from its 

starting point than if it had flown there in a straight 

line. Thus, the timing of arrival at any location away from 

the starting point will average later for a disoriented than 

for an oriented bird. 

Table 6-1 indicates that misorientation errors can arise 

by any one of four mechanisms. The first is 

straightforward: the failure of the individual warbler to 

inherit the correct migratory direction. The result is 

equally straightforward, the bird simply follows an 

incorrect orientation. It should be noted that any and all 

directions are possible for any given individual warbler, 

although as pointed out by DeBenedictis [1971], smaller 

angles of misorientation may be more likely than larger 

angles. Errors of this type will be referred to as simple 

misorientation. 

A second mechanism of misorientation is the failure of 

an individual warbler to exhibit the correct sign (that is 

forward or reverse, fall or spring) to its migratory 

direction. such an error will cause the bird to follow the 

reverse or spring migratory direction on its first fall 

flight. Many species of birds, including most warblers, 

have nearly identical spring and fall migratory routes. In 
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these species, the spring direction is roughly 180° reversed 

from the fall direction. Errors of this type will, 

therefore, be referred to as 180° reversed misorientation. 

The third mechanism of misorientation is more subtle. 

Two pieces of information are necessary in order to relate 

an inherited direction to an external compass reference 

point: (1) a certain angle and (2) a sense to that angle, 

either positive (clockwise or right) or negative 

(counterclockwise or left). A wrong angle gives rise to the 

simple misorientation discussf'd above. The wrong sense, 

however, gives rise to a special kind of misorientation that 

causes the bird to follow a direction that is a mirror image 

(across the axis of the compass containing the reference 

point) of the correct direction. If the reference point is 

assumed to be celestial north, this error will cause the 

immature warbler to follow the mirror image, across the N-S 

axis, of the correct direction. Thus, an immature warbler 

that should fly SE (135° measured clockwise from true north) 

will fly SW (135° measured counterclockwise from true 

north). Errors of tbis type will be referred to as mirrQf. 

image misorientat.ion. Two important boundary conditions 

concerning mirror image misorientation should be pointed 

out. First, if the correct direction of an individual 

warbler is due north or south (actually any multiple of 180° 

or pi radians away from the reference point) mirror image 

misorientation decays into correct orientation. Second, if 
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the correct direction lies due east or west (actually any 

odd multiple of 90° or pi/2 radians away from the reference 

point) mirror image misorientation becomes identical to 180° 

reversed misorientation. 

one final characteristic is common to all three of these 

types of misorientation, the timing of the·rnisoriented bird. 

Since the migration route of such a bird will roughly 

approximate a straight line, it will arrive at any point a 

given distance from its starting point at the same time that 

an oriented bird on the correct route would arrive at this 

same distance from its starting point, provided they both 

started at the sam2 time. These types of misoriented birds, 

therefore, arrive QD ti!!!§, a basic characteristic by which 

they can be distinguished from disoriented birds. 

A fourth mechanism of misorientation is the failure of 

an individual warbler to learn the correct reference point 

to which to relate its inherited direction. If the 

incorrect reference point is non-celestial and stationary 

with respect to the correct reference point, the result will 

be 2 im2L~ rnisorientation, identical and undistinguishable 

from the simple misorientation caused by inheriting an 

incorrect migratory direction. However, any celestial 

reference point other than the correct one (celestial north) 

will be non-stationary and will move, both during the course 

of a single niqht and over the course of several nights. 

The path of such a misoriented warbler will, therefore, be a 
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series of arcs, the curvature of which will be proportional 

to the distance that the incorrect celestial reference point 

is remove.ct from celestial north. The behavior of such a 

warbler will, therefore, resemble disorientation in that it 

will tend to arrive somewhat late at any given distance from 

its starting point. This type of misorientation will be 

referred to as reference ,PQint ~igorientaticn. 



PART II - A THEORETICAL APPROACH 

CHAPTER 7 

AN ANALYSIS OF THE FALL OCCURRENCES OF 
VAGRANT WOOD WARBLERS INCALIFORN.IA 

Page 7-1 

As was shown in the preceding chapter, the timing of the 

occurrences of vagrant warblers can provide a basic test to 

distinguish between disoriented and most kinds of 

misoriented birds. I now propose to carry out this test by 

comparing the actual average arrival dates of the various 

vagrant species in California with predicted average arrival 

dates in California based upon the migration schedule of 

these birds on their normal migration routes. 

To facilitate this analysis, I have grouped the various 

vagrant species according to their breeding ranges. The 

birds fall naturally into three groups: ( 1) Nox:thern Species 

breeding extensively or entirely in Canada, (2) southeastern 

Species breeding in eastern United States but only 

marginally or not at all into Canada and (3} Southwestern 

Species breeding in southwestern United States or northern 

Mexico. 

The actual average arrival dates of vagrant warblers in 

California. was simply calculated as the mean of all dated 

occurrences of each species in California. Winter records 

were not included in this calculation because it was assumed 

that these birds arrived during the fall and had been 

present for some time. When a fall occurrence extended over 

several days, the first day the bird was found was used as 
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the arrival date~ The actual average arrival dates for 

Northern Species are presented in Table 7-1 along with the 

number of dated occurrences (sample size) for each species. 

The species are further divided into potential and definite 

vagrant species as defined in Chapter 1. 

The predicted average arrival dates of Northern Species 

were calculated by the . following method. The average 

arrival date for each species on its normal migration route 

was calculated as the mean of banding data obtained at 

Island Beach, New Jersey [Murrayr 1966a] or, for the two 

species where this data was unavailable (American Redstart 

and Blackburnian Warbler)" as the median of observational 

data at Baton Rouge, Louisiana (Lowery, 1960]. Each species 

was then assumed to be uniformly distributed over its entire 

breeding range and the geografhical center of mass of the 

breeding range was determined by graphical means. This 

determination was made from breeding ranges as defined by 

Bent [1953], American Ornithologists' Union (1957], Griscom 

and Sprunt (1957] and Robbins et al. (1966]; the last proved 

most useful in this regard. The location of the 

geographi~al center of the breeding range was then 

transferred to a large globe and the shortest distances 

(great circle distances) between the geographical center of 

the breeding range and Island Beach, New Jersey (or Baton 

Rouge, Louisiana) and Morro Bay, California were measured 

for each species. Morro Bay was chosen for this calculation 
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TABLE 7-1 

AVERAGE ARRIVAL DATES OF' NORTHERN SPECIES 
OF VAGRANT WARBLERS IN CALIFORNIA 

ACTUAL ARRIVAL DATE 
Sl.l·lPLE 

Page 7•3 

PREDICTED 
ARRIVAL DATE* DATE SIZE DIFFERENCE (DAYS) 

POTEHTIAL VAGRANT SPECIES 

Northern Waterthrush 
American Redstart 

DEFINITE VAGRANT SPECIES 

Black-and-White 
Tennessee 
Magnolia 
Cape Hay 
Black-throated Blue 
Black-throated Green 
Blackburnian 
Chestnut-sided 
Bay-brea.s ted 
Blackpoll 
Palm 
Ovenbird 
Connecticut 
Mourning 
Canada 

UNWEIGHTED SPECIES AVERAGE 

WEIGHTED SPECIES AVERAGE 

SEP 12 
SEP 20 

SEP 28 
SEP 29 
OCT 7 
OCT 9 
OCT 23 
OCT 10 
OCT 10 
OCT 6 
OCT 11 
SEP 28 
OCT 25 
OCT 3 
SEP 29 
SEP 30 
SEP 29 

SEP 16 
SEP 20 

OCT 3 
OCf 2 
SEP 30 
OCT 3 
OCT 15 
OCT 21 
OCT 4 
SEP 28 
OCT 13 
SEP 29 
OCT 21 
OCT 2 
SEP 25 
OCT 3 
OCT 5 

131 
486 

163 
211 

63 
13 
87 
29 
38 
41 
12 

398 
348 
43 

4 
l 

23 

2091 

+4 
0 

+5 
+3 
-7 
-6 
-8 

+11 
-6 
-8 
+2 
+l 
-4 
-1 
-4 
+3 
+6 

-0.53 

-0.18 

*Based on the timing of normal migrants in New Jersey (Murray, 1966 al or Louisiana 
(Lowery, 1960), di s tances calculated from the geographical center of the breeding 
range, _and a rate of migration of 50 miles per day. 

f J 
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because it is roughly central to all of the California 

vagrant warbler occurrences. These distances can be assumed 

to represent the average distances that each species of 

warbler must fly to reach Island Beach (or Baton Rouge) and 

Morro Bay. 

In terms of the above mentioned parameters, the 

predicted average arrival date for a vagrant warbler in 

California. tv, can be calculated by 

tv = tN + (dv - dN)•R (7-1) 

where t is the average arrival date for that species at a 
N 

point on its normal migration route (Island Beach or Baton 

Rouge), dv and dN are the distances between the geographical 

center of the species breeding range and Morro Bay and 

Island Beach (or Baton Rouge) respectively, and R is the 

average rate of migration for oriented (or misoriented) 

individuals of that species. For the purposes of this 

calculation, R has been chosen to be 50 miles/day. This 

value is based upon the assumption that an individual 

warbler makes a full night's flight of 200 miles (8 hours at 

25 MPH) every fourth night. This estimate is in agreement 

with stopQver times discussed in Chapter 4 and known flight 

speeds for migration (Lincoln, 1950; Eastwood, 1967]. It 

also agrees well with the differences in arrival dates for 

fall migrating warblers between St. Louis, Missouri 

(Anderson and Bauer, 1968] and Baton Rouge, Louisiana 
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[Lowery, 1960). These data, when used in formula (7-1) 

above, predict an R between 44.2 and 55.3 miles/day. 

The data used in the calculation of the predicted 

average arrival date for vagrant species are presented in 

Appendix I, while the predicted average arrival dates 

themselves are shown in Table 7-1 for Northern Species. The 

differences between the predicted and actual average arrival 

dates (+ means the species is latev - means the species is 

early) are seen to be very small for both potential and 

definite vagrant species. In fact, the unweighted species 

average difference is only -0.53 days while the weighted (by 

sample size) species average difference is -0.18 days. If 

the potential vagrant species are eliminated because of 

possible contamination of the data by normal transients in 

California,. the unweighted species average difference 

becomes -0.87 days while the weighted species average 

difference becomes -0.61 days, still within a single day. 

The obvious conclusion, therefore, is that Northern Species 

of fall vagrant warblers occur 2D tirr!§ in California and are 

primarily comprised of misoriented rather than disoriented 

individualsa This is in direct opposition to at least one 

published account that fall vagrant warblers in California 

are late (Austin, 1971]. Of course a Black-throated Blue 

Warbler arriving in California in mid-October seems late 

compared to western warblers migrating through California in 

August and S12ptember, and also seems late compared to mid-
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September arrival dates of Black-throated Blue Warblers on 

the East coast. However, when one remembers that it has 

flown some 1700 miles further to rea.ch California, it turns 

out not to be late but to be on time. 

The analysis just presented cannot unambiguously prove 

that 211 individuals of Northern Species are misoriented. A 

very few inordinately late occurrences are on record for 

nearly all species of vagrants that have reached California. 

Such records can only be attributed to disoriented birds. 

However, considering the relatively large sample sizes for 

most species, a few very late records do not materially 

change the average arrival date, nor, negate the conclusion 

that most of the occurrences are caused by misoriented 

birds. 

Average arrival dates for Southeastern Species on their 

normal migration routes are difficult to obtain since most 

species breed throughout eastern United States, making it 

impossible to distinguish locally breeding or hatched 

individuals from true migrants arriving from further north. 

As a result, accurate predicted arrival dates in California 

cannot be obtained for Southeastern Species by the method 

outlined above. 

However, an indication of the timing of these species 

can be obtained by comparing their average arrival dates in 

California (Table 7-2) and distance flown to reach 

California with the average arrival dates and distance flown 
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TABLE 7-2 

AVERAGE ARRIVAL DATES FOR SOUTHERN SPECIES 
OP VAGRANT WARBLERS IN Cl\LIFORNIA 

Page 7-7 

AVERAGE ARRIVAL DATE SAJlPLE SIZE 

I SOUTHEASTERN SPECIES 

Prothonotary OCT 6 9 

Worm-eating OCT 19 5 

Golden-winged NOV 15 2 

Blue-winged SEP 19 3 

Parula OCT 9 14 

Cerulean OCT 13 2 

Yellow-throated OCT 9 3 

Pine OCT 11 4 

Prairie OCT 3 40 

Louisiana Waterthrush AUG 17 1 

Kentucky NOV 21 1 

Hooded OCT 2 9 

II SOUTlTI'lESTERN SPECIES 

Virginia's SEP 19 126 

Lucy's OCT 1 30 

Golden-cheeked SEP 9 1 

Grace's oc·r 3 2 

Painted Redstart SEP 27 15 
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for Northern Species which have already been shown to be on 

time. This comparison is presented in Table 7-3. The 

values sho\rm in this table are the averages over all 

species, weighted by the sample size of each species. Based 

on the sample of Northern Species, the predicted average 

arrival date for the sample of Southeastern Species is 

October 4. The actual arrival date of this sample is 

October 6, only two days later. Implicit in this analysis, 

however, is the assumption that both groups of species begin 

migrating at the same time, an assumption open to some 

criticism since Southeastern Species are known to begin 

breeding before Northern Species. Bent (1953], however, 

supplies considerable egg date data to indicate that this 

difference is only 7.,.. 10 days between the latitudes in 

question. Even if this difference in breeding schedules is 

carried over into differences in the timing of the 

initiation of migration, the average arrival dates of 

southeastern Sp~cies in California (maximum 9-12 days late} 

are not as late as would be expected if the sample were 

entirely comprised of disoriented individuals. It, 

therefore,. seems likely that the sample of Southeastern 

Species is primarily comprised of misoriented individuals 

but contains a few very late, disoriented individuals (for 

example,. the Golden-winged Warblers and Kentucky Warbler 

shown in Table 7-2 as well as one each Northern California 

December Prothonotary and Worm-eating Warbler). Furthermore 
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NORTHERN SPECIES 

SOUTHEASTERN SPECIES 

TABLE 7-3 

COMPARISON OF AVERAGE ARRIVAL DATES AND DISTANCES FLOWN 
FOR NORTHERN AND SOUTHEASTERN VAGRl\NT WARBLERS IN CALIFOR.~IA 

AVERAGE 
ARRIVAL DATE* 

OCT. 2 

OCT. 6 

AVERAGE PREDICTED 
DISTANCE FLOWN(MILES)* ARRIVAL DATE•* 

1878 

1982 OCT. 4 

* Average over all species weighted by the sample size of each species 

** Based on Northern ·'Species and assuming both groups begin migrating at the same time 
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it is likely that the later average arriv·al date for 

southeastern Species than for Northern Species is 

attributable to fewer misoriented birds in the southeastern 

sample rathe r than more disori£nted birds. 

Very little is known of the migration schedules of the 

southwestern Species. Their average arrival dates are 

presented in Table 7-2 primaril:y for the sake of 

completeness. However .. the dates shown do not suggest the 

occurrence of substantial numbers of late birds. In 

summary, it can be concluded that the vast majority of the 

occurrences of vagrant warblers in California are due to. 

misoriented rather than disoriented individuals. 

The next step of this anal :ysis is to determine which of 

the various mechanisms of misorientation is responsible for 

the large number of vagrant occurrences in California. 

First, consider 180° reversed misorientation. Simple 

inspection of the breeding ranges of the various species of 

vagrant warblers that have occurred in California indicates 

that very few (if any} of the records of Northern or 

Southeastern Species could even remotely be attributable to 

this mechanism of misorientation. For example, six species 

of Northern warblers, the Tennessee, Cape May, Bay-breasted, 

Blackpoll, Palm and Connecticut ~Jarblers, have breeding 

ranges that lie entirely north of the latitudes of 

California. It is, therefore, impossible for 180° reversed 

migration to cause any individuals of these species to reach 
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California in the fall and yet some of our commonest vagrant 

species are included among them .. An additional ten species 

of Northern warblers brE:ed within the latitudes of 

California only in an extension of their ranges down the 

Appalachian Plateau. Any individuals of these species to 

reach California by 180° reversed misorientation must have a 

nearly due east normal migration route. While such a route 

cannot be disproven for Atlantic Coast migrants (See Table 

4-1), it can be argued against in the case of the Black­

throated Blue Warbler, the most likely candidate for such a 

route. If Black-throated Blue warblers reached California 

by 180° reversed misorientation from the Appalachians, these 

Black-throated Blues would be of the well marked race 

"cairnsii 11 ; none of these have yet been detected in 

California. 180° reversed misorientation cannot be ruled 

out for Atlantic Coast migrant individuals of species 

breeding south to the Gulf of Mexico, although, again, it · 

seems highly unlikely. Among Southwestern species, only the 

Painted Redstart is a reasonable possiblity. In summary, 

while 180° reversed migration could possibly accom1t for a 

very few c.ases of vagrant warbler occurrences in California, 

it cannot be responsible for the vast majority of the 

occurrences and, in particular, cannot account for fil!Y. 

occurrences of several of the most common vagrant species. 

It thus app~ars that the vast majority of the 

occurrences of vagrant warblers in California are due to 
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forward misorientation errors in individual birds. As shoi•m 

in chapter 6, these errors could either Le due to the bird's 

inheriting a wrong direction for its first fall migration or 

learning a wrong stationary reference point to which to 

relate its inherited direction (simple rnisorientation}, or 

by thQ bird 1 s relating its direction to the reference point 

with the wrong sense (mirror image misorientation). In the 

former case an individual warbler could have any direction 

(although some may be more likely than others), while in the 

latter case the bird is constrained to a single 

misorientation direction, namely the mirror image across the 

N-S axis of the correct direction. If one knew exactly the 

correct directions for all individuals of a given species, 

then it would be a simple matter to determine whether the 

mirror images of these directions could produce vagrant 

individuals in California. Unfortunately these correct 

directions are not well known even when the breeding and 

winter ranges are well defined. This uncertainty regarding 

the correct directions stems from two sources. First, the 

basic migration routes of many species, surprisingly, are 

not entirely determined. For ex~mple, recall the debate 

over the existence of a trans-Atlantic route originating 

from New England for the Blacki;:oll Warbler [Murray, 1965; 

Nisbet, 1970]. Secondly, even in those cc1.ses where the 

basic migration route is well defined, correct directions 

for individual birds remain unknown because, in the absence 



PA.RT II - A THEORETICl1L APPROl1CI.i Page 7-13 

of considerable capture-recapture data on monotypic species, 

there is no it.lay of knowing how the individuals assort on 

their wintering grounds. Three of the many possible kinds 

of assortment are illustrated in Figure 7-1: (a) positive 

assortment, in which individuals from the western part of 

the breeding range winter in the western part of the winter 

range; (b) negative assortmentF in which individuals from 

the western part of the breeding range winter in the eastern 

part of wintering range; (c) random assortment, in which 

birds from the western part of the breeding range winter 

randomly throughout the winter range. Because of these 

uncertainties, any exact calculation of the correct 

direction, the mirror image direction or the angle of 

misorientation must be equally uncertain. 

Despite the drawbacks just mentioned, there does exist 

an analysis of California vagrant warbler occurrences that 

will provide strong evidence for the type of misorientation 

involved. The basis of the analysis is the comparison of 

the relative species abundances, the locations of occurrence 

and the local timing between Atlantic Coast and Gulf coast 

eastern v~grant species. The various species are grouped 

into these catagories according to their migration routes as 

shown in Table 4-1. To eliminate possible contamination of 

the data by the occurrences of som~ normal transients, the 

Northern Waterthrush and American Redstart are not included 

in this analysis. 
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Figure 7-2 shows an E-W line drawn across part of the 

breeding ranges of two hypoth0tical species of Northern 

warblers. 'l'he line is drawn to scale on a Mercator 

Projection of part of North America. The only parts of the 

Mercator Projection shown in the figure are the California 

coast between Sonoma and San Diego Counties, the Gulf coast 

between Texas and F'lorida and the Atlantic coast between 

Maryland and Nova Scotia. Morro Bay, New Orleans and New 

York are as indicated. The brEeding ranges are assumed to 

extend across Canada from central British Columbia to 

central Quebec at 55° N latitude. Now assume that the two 

species have identical breeding rangesr identical total 

population sizes, uniform population densities across the 

breeding range and equal tendencies to be misoriented either 

by a simple or a mirror image mechanism. Next assume that 

one species is of the Atlantic Coast type of migrant and 

that individuals of this species positively assort along the 

migration front between Maryland and Nova Scotia. The 

correct migration routes for individuals of this species are 

shown in bold lines. such a migration pattern may fairly 

accurately_ represent the Blackpoll Warbler. Finally assume 

that the other species is of the Gulf Coast type of migrant 

and that individuals of this species also positively assort 

along a migration front between Texas and Florida. The 

correct migration routes for individuals of this species are 

shown in fine lines. This migration pattern may represent 
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the Tennessee Warbler. Mirror image routes for individuals 

from part of the ranges of each species are shown in dotted 

lines, bold ·for the Atlantic Coast species and fine £or the 

Gulf Coast species. 

Two impor~ant points become apparent from this figure 

from qeometrical considerations alonem First" mirror image __ .,,_________ ...---,,.------
vagrants of the Atlantic Coast species that could occur in 

California originate from further east in the breeding range 

than do California mirror image vagrants of the Gulf Coast 

species. Second, mirror image vagrants of the Atlantic 

Coast species that could reach California are drawn from a 

distance that is 1.56 times as long as the distance from 

which Gulf coast vagrants could be drawn. If we define this 

distance as D, we can state that D =1.56D This indicates 
A G 

that 1.56 times as many Atlantic coast vagrants as Gulf 

coast vagrants should occur in California for species having 

identical breeding ranges and identical total population 

sizes. 

In actuality, the ratio of occurrences of Atlantic Coast 

species to Gulf coast species, TA/TG, may be greater than 

1. 56 for s.everal reasons. First, the actual population 

density of most species of Northern warblers tends to 

decrease from east to west across their Canadian breeding 

grounds. This is probably due to a more eastern evolution 

and adaptation of these species and a subsequent spread 

westward (Mengel, 1964]. As a result, potential mirror 
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image vagrants of Atlantic coast species will tend to be 

drawn f:torn higher density breeding grounds than Gulf Coast 

mirror image vagrants. Second, there is likely to be a 

distribution of correct directions having some standard 

deviation or spread, s, from each point along the line 

across the breeding range rather than just a single correct 

direction as shown in Figure 7-2. This spread of correct 

directions will have the effect of increasing the distance 

across the breeding range from which mirror image vagrants 

could be drawn to reach California, that is of increasing D. 

It can be shown by graphical means that, for a given spread 

of correct directions from each point across the breeding 

range, ·che increase in DA is greater than the increase in 

DG. This is because the rate of change of the correct 

directions, as one moves across the breeding range~ is 

greater for Gulf Coast species than for Atlantic Coast 

species. or, stated another way, the correct directions of 

the Atlantic Coast species are more nearly parallel than are 

the correct directions of Gulf coast species. This is also 

the basic reason why D >D with only a single correct 
A G 

direction ~teach location. stated mathematically, the 

geometry of the situation is such that 

and, ass increases, DA and DG both increase but 



PART 'II - A 'fHEORETICAL APPROACH Page 1- ·19 

A final reason why T / T may be greater than 1.56 
A G 

concerns species with more eastern breeding ranges. As the 

western limit of a species breeding range moves further 

east, the probability that the species will be unable to 

supply mirror ·' , • ?e vagrants to California increases. 

However, since 

east, this pro, 

~ntic coast species originate from further 

::. lity increases faster for Gulf coast than 

Atlantic Coast species. The effect of these various factors 

is probably multiplicative. Thus, actual ratios of T /T 
A G 

may be expected to vary anywhere between 2 and 8, but will 

always be greater than 1, if mirror image misorientation is 

the operative mechanism causing vagrant warblers to reach 

California. 

If, on the other hand, simple misorientation is the 

predominant mechanism causing vagrant warblers to reach 

California, it can be shown that TA/TG will be less than or 

equal to 1, that is, there will always be as many or more 

occurrences of Gulf Coast species than of Atlantic Coast 

species. If simple misorientation is operativ•e and all 

angles of misorientation are equally probable, then T /T =1 
A G 

provided that the total number of birds in the source 

population is the same for both Atlantic coast and Gulf 

Coast species. As pointed out by DeBenedictis [1971], 

however, the number of misoriented birds could decrease as 

the angle of misorientation increases simply because, with 

greater angles of misorientation, a bird will arrive at 
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arEas further removed from its normal range, that is, areas 

in which it is rnore likely to be ill adapted for survival. 

Thus, selection should be stronger against large angles of 

misorientation than against small angles. If this is indeed 

the case, then simple misorientation should produce more 

occurrences of Gulf coast species than Atlantic coast 

species simply because the angles of misorientation 

necessary to produce vagrants in California are 

substantially less for Gulf Coast than for Atlantic Coast 

species having identical breedi.ng ranges (See Figure 7-2). 

In this case, therefore, TA/TG<1. In summary~ the ratio of 

the total number of fall vagrant occurrences between 

Atlantic coast a.nd Gulf Coast species provides a powerful 

test to isolate the mechanism of rnisorientation. It must be 

stressed, however, that this test can only be used to 

compare Atlantic and Gulf coast species that have similar 

breeding ranges and population iizes. 

Three additional tests can be derived from Figure 7-2 

that have the desirable propE:rty of being independent of the 

total population sizes. These tests deal with the location 

and timing_ of the vagrant occurrences within the state and, 

like the above test, basically involve a comparison of 

Atlantic Coast and Gulf coast species. The first test 

considers the occurrences along a roughly N-S line through 

California and utilizes the percentage of the vagrant 

occurrences that have bef;:,n in Northern California. The test 
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statistic is the percentage of Northern Cali fornia 

occurrences for Atlantic coast species divided by the 

percentage of Northern California occurrences for Gulf coast 

species: %NA/%NG. 

'I'he logic behind this test is as follows. Let us assume 

that the distributicn of birds across the normal migration 

front of either an Atlantic coast or Gulf Coast species is 

not uniform, as shown in Figure 7-2., but is a unimodal 

distribution having a mean located somewhere near the 

midpoint of the migration front. Such a distribution will 

result if the individuals located at any given point along 

the line through the breeding range of the species exhibit a 

unimodal distribution of correct directions having a 

reasonably large angular deviation from the mean. (An 

angular deviation of 1:10° is perfectly adequate and 

completely realistic in this regard.} If this is indeed the 

case, then the distribution of mirror image vagrants along a 

Pacific Coast migration front will likewise be unimodal and 

will also have its mean located somewhere near the midpoint 

of the migration front. The migration front will, of 

coursef be much wider for the mirror image distribution than 

for the correct distribution since the mirror image 

directions are di verging \--1hile the correct directions are 

converging. It is furthermore obvious from Figure 7-2 that 

the mean of the mirror image distribution for Atlantic coast 

specie s will inte rsect the Pacific Coast at a point further 



Pl\RT 'II - A THEORETICAL A:FPROACH Page 7-22 

north th~n will th<=.:! mean of the Gulf coast speciE:s • mirror 

image distribution. It follows, therefore, that ,:.he 

percentage of occurrences in Northern California for an 

Atlantic coa st mirror irnag2 vagrant will be greater than 

that for a Gulf Coast mirror image vagrant provided that 

both species have similar breeding ranges. Thus, if mirror 

image misorientation is the controlling mechanismr 

%NA/%NG>1.. This ratio is seen to be indc!pendent of the 

total population sizes. 

If, on the other hand, simple misorientation is the 

controlling mechanism for vagrancy, the result will be 

different. If all angles of misorientation are equally 

probable, then the vagrant distributions will be uniform for 

both Atlantic Coast and Gulf coast species so that 

%NA/%NG=i. or, if smaller angles of misorientation are 

preferredv %N /%N <1 since Gulf coast species need a smaller 
A G 

angle of rnisorientation to reach any point in California 

than do Atlantic Coast species. Again these ratios are 

independent of the total population sizes. 

A second test that is independent of population sizes is 

provided by the location of vagrant occurrences along an E-W 

line across California. It is obvious from Figure 7~2 that 

the directions taken by Gulf Coast mirror image vagrants 

that reach California are more nearly N-S than are the 

directions taken by Atlantic coast mirror image vagrants 

that reach California. Therefore, the probability of a 
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mirror image v2,grant stopping in the Interior of California 

will be greater for Gulf coast than for Atlantic Coast 

species since the long axis of California is closer to N-S 

tha.n to E-W. If the test statistic is defined to be the 

percentage of Interior occurrences for Atlantic Coast 

species divided by the pe rcentage of Interior occurrences 

for Gulf coast species, we find that %IA/%IG<1 if mirror 

image misorientation is the operative mechanism. 

If, on the other hand" simple misorientation is the 

controlling mechanism and all angles of misorientation are 

equally probable, %IA/%Ic=1. If smaller angles of 

misorientation are preferred, %IA/7,IG>1. 'I'his results from 

the fact that, for equal angles of misorientation, Gulf 

Coast species must originate from further east in their 

breeding range, than Atlantic coast species. As such, the 

Gulf coast species will have a route that is more 

perpendicular to the long axis of the state and will, 

therefore, have a smaller pro£ability of occurring in the 

Interior. 

The final test, also independent of the total population 

size, is also based on the protable direction that Gulf 

coast and Atlantic Coast species must fly to reach 

California for each mechanism of rnisorientation. As shown 

above, if mirror image vagrancy is operative, the flight 

path of Gulf coa.st vagrants will be more nearly parallel to 

the lon~; axis of California than the flight path of Atlantic 
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coast vagrants. This indicates that the difference in 

timing between Northern and southern California should be 

greater for Gulf coast vagrants than for Atlantic coast 

vagrants. 'fhe test statistic here is litl-'
1
-LitG where lit is 

the difference (in days} in the average arrival dates 

between southern and Northern California. If mirror image 

vagrancy is operative Lit -Lit should be negative. On the 
A G 

other hand, if simple misorientation is operative and all 

angles of misorientation are equally probably, Lit -Lit 
A G 

should equal o. Or, if smaller angles of misoriE:ntation are 

preferred LitA-LitG will be positive. This is because, in 

this case, the average Atlantic coast vagrant will originate 

from further west than the average Gulf coast vagrant, just 

the opposit{"' from the case for mirror image rnisorientation. 

A surmnary o.f the predicted results of all four of the tests 

just described is presented in Table 7-4. 

Now each of these tests can be applied to the actual 

data. For the purposes of these tests I have asswned that 

species utilizing both the Gulf coast and Atlantic coast 

migration rorrtes (Table 4-1} are more likely to behave as 

Gulf Coast species than as Atlantic coast species although 

they should perhaps be somewhat intermediate in character~ 

This would be expected if positive assortment occurs across 

the migration front, a reasonable assumption. These species 

are indicated by an asterisk (*) in the Tables that follow 

so that the validity of this assumption can be ascertained. 
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Table 7-5 presents the analysis of the total number of 

occurrences of eastern species in California. In order to 

compare species having similar breeding ranges, the species 

are divided into four groups: {I} North2rn Specie$ breE.:ding 

west of the western cordilleras, (II) Northern Sp,2cies 

breeding west to the eastern tase of the western 

cordilleras, (III} Northern Species breeding west to south­

central Canada and (IV) SouthGastern Species. Accurate data 

on the total population sizes of these various species are, 

unfortunately, unavailable. As a rough approximation, I 

have divided the species into two groups: (1) fairly common 

to abundant species and (2) uncommon to rare species. These 

classifications were takenr unaltered, from Robbins et al. 

(1966]. Within each groupr the species are arranged 

according to an increasing angle of misorientation which is 

defined as the minimum angle necessary to bring the 

westernmost individual of each species to Morro Bay, 

California. The results of this analysis are 

straightforward. vJithin each group, the Atlantic coast 

species are always more common as vagrants in California 

than are t_he Gulf coast specie:s, even though they usually 

have a greater angle of misorientation. The ratio TA/TG 

varies from 1.94 in the case of Blackpoll/Tennessee warblers 

to 41.00 in the case of Prairie/I<entucky warblers .. The 

average TA/'l'G for the five groups in which comparisons can 

be made varies from 2.25 to 8.50. The total group average 
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'CI\BLE 7-5 

AN ANALYSIS OF TUE TOTAL l !lil!BER OF CCCURREt!CES OF 
EASTERN l·/J\RilU:RS IN C/1.LIFORilIA lsCCOPLING TO DrtEEDIHG RA:JGE, 

POPULl\Tio:J SIZI: A,lD IlOR:•l,\L !lIGRATIOtl ROUTE 

FAIRLY COHf.!Ol l TO i\BU,lDJ\,l'l' 
SPCCIJ:S 

Ul lC0/.1,·lOH ro RARE 
SPECIES 

ANGLE OF 
IUSORICNTAT ION 

TOTAL C'2•::URRENCES (T) . RATIO 

ATLANTIC GT; I..F TA/TG 

TOTi,L OCCURRENCES (T) RATIO 

Arc'Lhli1'IC GULF TA/TG 

I noRTHERll SPECIES BREEDWG llEST OF lffiSTERH COFDILLERAS 

Tr:llllESSEE 10° 226 1.94 
l-lAG!!OLIA 19° 63 6.95 
BLACKPOLL 23° 438 

AVERAGE 438 144.5 3.03 

II NORTHERN SPECIES BREEDIHG 1-/EST TO EASTERH BASE OF WESTERN CORDILLER,\S 

BLACK-1\l./D-lnIITE* 11° 210 2.00 
OVE!lDIRD* 22° 46 9.11 
BLACK-THROATED GREEN 26° 29 14.45 

B/1.Y-CRE/\STED 31° 12 34.92 

PAIJ-1 34° 419 
l-lOURlHNG 35° l 4.0-13.0 
CAPE MAY ·31° 13 
CAlmDA 41° 23 18.22 
CONtlEC'rICUT 58° 4 

AVERAGE 419 64.0 .§.:22. 8.5 l a.so 

III llOR'l'HERN SPECIES BREEDIHG WEST TO . SOUT!l-CEN'.i'RAI CAHADA 

CHESTNUT-SIDED 52° 43 2.12 
BLACl:nURNIA!l 56° 38 2.39 
BLACK-THROATED BLUE 78° 91 

AVERAGE 91 40.5 2.25 

IV SOUT!lCASTEilN SPECICS 

LOUISIANA W/\TERTHRUSII* 31° 1 
P!,RUL'\* 47° 17 2,41 
PINE* 53° 4 10.25 
BLUE-\/I,iGED 57° 3 
GOLDSt,-HINGED 60° 2 
HOODI:D 64° 9 4.56 
YELLOW-THROATED* 65° 3 13.67 
P ROTI !O:lOTI\RY 68° 9 4.56 
1-WRll-EATING 71° 5 
IXHTLlCKY 74° l 41.00 
CERULI:f,N 79° 2 20,50 
PRAIRIE 93° 41 

i\VERAGE 41 6.4 6.38 2.7 
* Gulf Coast and Atlantic Coast migrant 
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is found to be 5.34. These results a9ree very well with the 

predicted TA/TG for mirror image misorientation: TA/TG>1, 

probably between 2 and 8. This analysis, therefore, 

supplies a strong indication that mirror image 

misorientation rather than simfle misorientation is the 

operative mechanism accoun~ing for eastern vagrant warblers 

in California. It also supplies an immediate explanation 

for DeBenedictis' [1971] "Exceptionally numerous" species 

(Palm,. Black-throated Blue and Prairie Warblers). It should 

also be noted that species utilizing both the Gulf Coast and 

Atlantic Coast migration routes do indeed behave similarly 

to the remainder of the Gulf coast species although the 

•r A/TG ratios may average slightly less than the average for 

all Gulf coast species. 'I'his is also in agreement with the 

previous prediction. 

Objections could be raised against the preceding 

analysis on the basis that the resulting TA/TG ratios could 

be accounted for by differences in the total population size 

of the various species. For example, Robbins et al. [1966] 

considers the Blackpoll Warbler (438 occurrences) to be an 

abundant species while the Tennessee (226 occurrences) and 

Magnolia (63 occurrences) Warblers are only rated as common, 

suggesting that population size rather than migration 

direction could account for the number of vagrant 

occurrences. And yet the Palm warbler (419 occurrences} is 

only considered by Rol::hins to be fairly common while the 
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Black-and-white Warbler (210 occurrences}, Ovenbird (46 

occurrences) , B1aclc-throat'3d Green (29 occurrences) and 

Canada (23 occurrences} Warblers are a.11 conside red to be 

common, indicating that population size is not the 

controlling factor in this group of species. In order to 

overcome any uncertainty due to population sizes, the other 

proposed tP.sts must now be consideredc 

Table 7-6 presents the analysis of the percentage of 

occurrences of eastern warblers in Northern California as a 

function of breeding rang0 and migration route. In three 

out of the four groups with similar breeding ranges, as well 

as in the grand total for all species, the ratio %N /IN is 
A G 

greater than 1, as predicted for mirror image 

misorientation. This ratio may be expected to decrease as 

the breeding range is moved further east or south since all 

such birds should be considerabl:y more common in Southern 

than in Northern California. However, it should always 

remain above 1. such a decrease is noticeable in Groups III 

and IV. The discrepancy in Group III is primarily due to an 

inordinately l arge number of Northern California occurrences 

for the Ch_estnut.-sided Warbler. No explanation is available 

for this discrepancy at this time but we should remember 

that the percentage of adult Chestnut-sided Warblers was 

also inordinately high rrable 1-9) • Regardless of this one 

e:xception~ the results presented in Table 7-6 supply further 
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Tl\BLE 7-6 

All 1'.!lALYSIS OF' THE PERCI:!iTAGE OF OCCURRF.NCES 
OF EAST..:fll l·ll.Ri:.LL;RS Ill t:O;-;.TJE:n:l CALIFOR!Hl\ 

1\CCOHDillG ?O DRLJ:DI!;G Rl1!!GC l\l,D IHGRI,TIO:J ROUTE 

OCCURRENCES . 

1\TLA:ITIC CO,\ST SPECIES GULF COAST SPECIES 

TOTAL ll.C,,L. '" .J.C'\L. (%HG) 

I llOR'.i:'l!EI\;I SPl:CIES nru::nn;G lll.'.ST O!:' 1:r;sn:P.n CORDILLERAS 

TEllNESSI:E 226 89 39.4 

li:"1.Gl!OLIA 63 28 44.S 

f;Ll\CKPOLL 438 262 59.8 

TOTAL 438 262 59.8 289 117 40.S 

II noRTl!ERH SPr:CI:CS BIU:,:011:G h'I:ST TO Ei'\STER!l BASE OF llI:STERJr CORDILLERAS 

BLACK-l1JJD-rn!ITE* 210 86 41.0 
OVE!lBIRD* 46 26 56.S 
BLl\CK-TllfcOATED GREEN 29 5 17.2 
B1\Y-BREASTI:D 12 3 25.0 
PALM 419 279 66.6 
l·IOUPJIING 1 0 o.o 
Cl\PE HAY 13 7 53.8 
CA!ll\DA 23 6 26.l 

cotmr:CTICUT 4 3 75.0 

TOTAL 436 289 66.3 321 126 39.3 

III NORTHEf..;J SPECII:S DREI:DIJJG UES? TO SOIJ':'ll-CI:tl':'R'!\L CAl-lADA 

Cl!EST~i'lJT-SIDED 43 25 58.l 
BLA.C Kmm:; Il>l• 38 16 42.l 
BLl\CK-Tl!ROATED BLUE 91 37 40. 7 

TOTAL 91 37 40. 7 81 41 50.6 

IV SOUT!!CASTJ:R:l SPECIES 

LOUISIA!IA WATERT!JR!JSll* l 0 o.o 
Pl-.RUI~V 17 7 41.2 
PlilE* 4 l 25.0 
BLUE-ml;GED 3 1 33.3 
GOLDe::-m:uGED 2 0 b.o 
HOODED 9 4 44.4 
YI:LLQ;-1-Tl!ROi,TED* 3 1 33.3 
PROT!lO:lOTARY 9 2 22.2 

\·:OR:1-r::ATI!iG 5 3 60.0 

KEt,TUCh"Y 1 l 100.0 

CERULEA!l ·2 0 o.o 
PRAIRIE 41 17 41.5 

TO'l'AL 41 17 41.5 56 20 35.7 

GRNJD TOTl,L l00G 605 60.l 747 304 40.7 

* Gulf Co:1st .ind i\tl,mUc Co.:1st nigro.nt 

Rt"\TIO 

%_NA/%HG 

1.4~ 

1.69 

0.80 

1.16 

1.48 
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evid.0nce that mirro1: image minorientation is tl1e controlling 

mechanism ot vagrancy in eastern warblers. 

The results of the third test are presented in 

Table 7-7 .. It should be noted tbat the test statistic used, 

the percentage of Interior occurrences, includes only 

occurrences in the Interior of California as defined in 

Chapter 1. It does not includ~ records on the East Side of 

the Sierra and higher southern California mountains .. The 

reason for this is that these mountain masses tend to 

concentrate westward flying migrants in the desert oases 

lying along their eastern flank, in a manner similar to the 

way the ocean concentrates westward flying migrants at 

"oases" of trees along the Outer coast. Occurrences on the 

East Side, there.fore, will not necE:ssarily be representative 

of birds having a more N-S orientation. Interior 

occurrences, however, will be representative of a more N-S 

orientation since westward flying vagrants will tend to 

mre rfly this area [ Binford, 1971 ]. Again, the results are 

straightforward; the ratio %I
1
/%IG is found to be less than 

1 for all four groups of species, Exactly as predicted for 

mirror image misorientation. 

The results of the final test are presented in 

Table 7-8. As would be expected in fall migration, the vast 

majority of the species occur later in southern t.han in 

Northern California. However, Gulf coast species generally 

!:::how a greater difference in t;his timing than do Atlantic 
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TABLE 7-7 

AN AW\LYSIS O::' Tl!C PER::::Et!Tl\(;E OF OCCURRJ:ncr;s 
OP 1.:..7\.STEr..:J Ui\RDL!:r'5 I?J 'r'l!L I!~TERIO~** OF' Ci\LIFOl~JIA 

;,ccor.DrnG TO BPLSDING RA~;Gr: Alm !UGPATION ROUTE 

CCCURREnCES 

1',TIJ,l:TIC C07iST SPECISS GULF COAST SPECIES 
TOTAL r:;T. ·..,rr;T. ( %I ) 

-- A 
TOTAL r; :T . 0.,1;;::, ( 0.r ) 

- G 

I NOR':l!!:P.'.1 SPECII'.S DRCT:DI!:G t;t:S'11 OF l'irSTEP~l CORDILLERAS 

TEmlFSSEE 226 26 11.5 
M.,\GtJO!.IA 63 6 9.5 
BL.'\CKPOLL 438 6 1.4 

TOTAL 438 6 1.4 289 32 ll.l 

II llORT!iER!l SPCCICS rmr:r::nrnc 1·:Es'r 70 E/\STEP.!; BASE OF i:·rr::sn:rui CORDILLEP.,\S 

BLACK-l,:-ID-W!IITE* 210 49 23.3 
ovr:trnIRD* 46 5 10.9 
J3L,--,CK-Tl!R01\TI:D GREEN 29 1 3.4 
I3l1Y-BREASTED 12 0 o.o 
P.i\Ll1 419 20 4.8 
MOURNl!JG 1 0 o.o 
cr~PE HAY 13 0 o.o 
CANADA 23 2 8.7 
co1mr::c'.l'ICUT 4 0 o.o 

TOTAL 436 20 4.6 321 57 17.B 

III llOR':.:'l!ER;! SPECIES nm:r:DI::G rn-:sT ·ro SC/'JTE-Ci::t;TR,u. CAl!l,DA 

CIIEST,,IJT-SIDED 43 10 23.3 
BLACKBURtHAN 38 1 2.6 
BLl\.CK-TliP..OA TED BLUE 91 9 9.9 

TOTAL 91 9 9.9 81 11 13.6 

IV SOUTJ !F.1\STEF:1 SPECIES 

LOUISIAliA Wi\TERT!!RUSH* 1 0 o.o 
PARULA* 17 0 o.o 
Pnm* 4 0 o.o 
ELUE-WillGED 3 0 o.o 
GOLDr:17-\/I!lGI::D 2 l 50.0 
HOODr:D 9 2 22.2 
YI::LL0',1-Tl !ROATI:D* 3 0 o.o 
PRO'.:.'l!O,:ow,RY 9 0 o.o 
t-:OR!j-J::,"\TI!lG 5 0 o.o 
KE!l?t:CKY 1 0 o.o 
CI::RULr~A!J 2 0 o.o 
PHhlP.lE 41 0 o.o 

TOT,\L 41 0 o.o 56 3 5.4 

GM!lD TOTl\L 1006 35 3.5 747 103 13.8 

* Gulf Coast and J\tl<1ntic Co;:i.st r.iisrnnt 
** l\s defined in CC!ai_1tcr l. 

RATIO 

%I;/%IG 

0.12 

0.26 

0.73 

o.oo 

0.25 
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lt.!l J\Nl\LYSI!J OF Tt!t orrrt:r.r·r:Ci: IN 1'.VER}\(Z 
1\RR!Vl\L D!\TI:S nr:-:-t:r;n: sco1·uc:-:1 A:iD ::o~Ti:r:r::1 Cl\t.IFORllIA 

ACCURDII;G W })jJ~i:OJ!~G RtJ;GE At~:) lilGI~\TlOiJ ROUT£ 

ATIJ\~~·Ic COAST S?EClES 
SJ\"1PLL Si\HPLE 

5IZC 

GULF COAST SPECIES 

SJ7.?:: ~ ~ ~~(6tA) 

Tetnn.:ssr:E 211 
f\;.G!;OLIA 63 
llt.ACKPOLL 397 OCT 4 SEP 27 +7 

11!:IGHTED AVERAGE 397 +7.00 274 

II llORTHI:!1:1 !SPECIES Fll'I'.F.DING m::sT TO C.1\STI:Fli BASE O!' WI:ST?.:P!l CORDTLLCAAS 

BLACK-:-,'\JID-WHITE* 

ovc1:nrP-D* 
BLl,Ci:-THROl\TED GFJ:Ell 
BAY-lJRl:ASTEI) 

PAL!! 248 OCT 24 OCT 20 +4 
MOURl!I!IG 
C,\PC 1-l;,y 13 OCT 5 OCT 2 +3 
cr.:1;-n;,, 

co:im:CTICUT 4 SEP 27 SEI' 25 +2 

WEIGHTED AVERAGE 265 -+3. 92 

III IlORTl!I:P.:J SPECI!:S BREEDING NEST ':'O SCUTH-Ct:!ITR-\L Cl\~V\DA 

CIII:S'J·NtlT-SIDED 
IIIJICJ-2U!CIII\JI 
IilJ\Ci~-TJ!R0~3..TED BLUE 

WEIGHTED AVERAGE 

IV 50UTllEl\ST.I:RN SPECIES 

LOUI$Ilo.!1A WATER1'HPllSII" 
PAHULA* 
PI?:E* 
BLUE-\IIllGED 
GOLDttl-WIUCED 
l!OCDr:D 
YELI,(>;/-TliROAIT.D* 
PHOTIIO'.!OTARY 
WOI·H-C..-\TiriG 
1a::!lTUC>.-Y 
cz::1:uu;;m 
PRAIRIE 

Wl:IG!ITJ:D 1\VCAAGE 

TOTAL Wr:!GIITI:D AVERAGE 

87 

87 

40 

40 

789 

OCT 17 

SEP 29 

Gulf Coast and Atlantic Coast migrant 

OCT 13 +4 

+4.00 

OCT 9 -10 

-10.00 

+4. 77 

163 
43 
29 
12 

l 

23 

270 

41 
38 

79 

l 
14 

4 
3 
2 
9 
3 
9 
s 
1 
2 

47 

670 

~ ~ £2.!!.:.(6tG) 

OCT 6 SE? 27 +9 
OCT 3 SE:? 25 +8 

+8.77-

OCT 3 OCT 3 0 
OCT 13 SEP 24 +19 
OCT 23 OCT ll +12 
OCT 19 SEP 26 +23 

OCT 3 

OCT 12 SEP 13 +29 

+7.81 

OCT 6 SEP 22 +14 
OCT 6 OCT 3 +3 

+8.71 

AUG 17 
OCT 20 SEP 29 +21 
OCT 13 OCT 5 +a 
SEP 22 SEP 13 +9 
NOV 15 
OCT 16 SEP 14 +32 
OCT 17 SEP 21 +26 
OCT 3 OCT 16 -13 
SEP 15 NOV 10 -56 

NOV 21 
OCT 13 

+6.85 

+8.24 

~ 

~ 

.:.!:21 

~ 

=1:.£ 
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Coast species. 'i'be test statistic !-,t;..-!-,tG is seen to be 

negative for each group, again exactly as predicted for 

mirror image misorientaticn and not as predicted for simple 

misorientation. The total weighted average differences, 

8.24 days for Gulf coast species and 4.77 days for Atlantic 

coast species represent differences in distance travelled of 

412 and 239 mile s respectively, assuming a rate of migration 

of 50 miles/day. considering that the straight line 

distance between Northern California (Southeast Farallon 

Island) and southern California (San Diego) is 440 miles, 

the above differences in di.stance travelled an'; quite 

reasonable. 

In summaryv the relative species abundances in 

California, the relative locations of occurrences of vagrant 

warblers in California, both along a N-S and an E-W axis, 

and the relative timing in Northern and Southern California 

all supply very strong evidence that mirror image 

misor5.entation rather than simple misorientation is the 

operative mechanism causing eastern warblers to occur in 

Californiac 

Finall_y we may consider th€ occun:ences of the 

Southwestern Species of ·warblers in California. The nu.rnbers 

of occurrences for both Northern and southern California are 

shown in 'l'able 7-9 for the f iv€ species· that have occurred 

in the state. If simple misorientation were operative and 

all angles of misorientation were egnally probable, then we 



) 

TABLE 7-9 

AN ANALYSIS OF TrlE OCCURP..ENCES 
OF SOUTHWESTERN VAGRANT WARBLERS 

IN CALIFORNIA 

SPECIES 

Virginia's 
Lucy's 
Golden-cheeked 
Grace's 

NORTHERN CALIFORNIA 
ANGLE OF 

MISORIENTATION* FROM 
NUMBER OF AVE. COR.t\.EC'I' AVE. MIRROR 

OCCURRENCES DIRECTION IMAGE DIRECT. 

15 127° 61° 
6 136° 74° 
1 141° 77° 
0 152° 76° 

Painted Redstart 0 161° 77° 

* To San Francisco 
** To San Diego 

SOUTF.ERN CALIFORNIA 
ANGLE OF 

.MISORIENTATION** FROM 
NUMBER OF AVE. CORRECT AVE. MIRROR 

OCCURRENCES DIRECTION I~~1GE DIFSCT • 

238 69° 30 

27 92° 30° 
0 126° 62° 
2 126° 50° 

20 136° 52° 

to 
~ 

~ 
H 
H 

:;:,, 

1--3 ..... ..... 
t=:l 
0 
~ 
t=:l 
t-3 
H 
0 

~ 
:> 
to 
'1:l 

E5 
:> 
0 
~ 

"'C1 
pi 

I.Q 
(I) 

....., 
I 
w 
u, 
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would expect rocghly similar numbers of occurrences for all 

species except the Gold-;::n-cheeked Warbler since the other 

four species are all regarded as common by Robbins et al. 

[ 1966 ]o ".i.'his however is not the case. Table 7-9 indicates 

that the Virginia's Warbler is e}.-tremely frequE:nt in 

Southern California~ in factf about 10 times as frequ(~nt as 

either the Lucy's Warbler or the Painted Redstart, ths next 

most frequent species. Table 7-9 does indicate, however, 

that some correlation exists between the number of 

occurrences in Northern or Southern California and the 

average angle of simple misorientation necessary for each 

species to reach Northern or Southern California. (For the 

purposes of this calculation, Northern California 

occurrences were assumed to be at San Francisco while 

Southern California occurrences were assumed to be at San 

Diegoo The angles of misorientation were then calculated 

from the line joining the geographical centers of the 

breeding and winter ranges.} such a correlation would be 

expected if simple misorientation were operative and smaller 

angles of rnisorientation were preferred. Nevertheless, the 

correlation presents some serious problems, the outstanding 

one being that a large difference in the frequency of 

occurrences exists between a 6 9° angle of misorientation 

(238 occurrences) and a 92° angle of misorientation (only 27 

occurrences). This would indicate a very inexact migration 

behavior for the Virginia's Warbler. If this is typical of 



,... 

PAR'I' 'II - A 'THEORETICAL APPROACH Page 7-37 

other species of warblers, then we would expect far more 

occurrences of Northern species than there actually are 

since most of these species need angles of misorientation 

that are considerably less than 60° (See Table 7-5) • •rhus, 

the simple rnisorientation model is not very satisfying in 

explaining the occurrences of southwestern Species. 

A far better correlation can be obtained if we compare 

the number of occurrences at each location to the necessary 

angle of misorientation from the average mirr2r im~~ 

direction of each species. For example, Table 7-9 sbows 

that the average mirror image direction of the Virginia's 

Warbler passes within 3° of San Diego but is removed by 61° 

from San Francisco. There is little~ wonder that i:he species 

is so frequent in southern California! Only the Painted 

Redstart appears to be more common than it should be if 

mirror image misorientati.on is the operative mechanism of 

vagrancy in this group. Yet only three of -':he 20 

occurrences of this species have been subsequent to 1962, 

the time during v1hich nearly all of the occurr€nces ot the 

remaining species were recorded. It is likely, therefore, 

that the rather large number of occurrences of this species 

prior to '1962 is an artifa.ct of the extrem,:,J.y obvious nature 

of this bird. Any casual observer of birds could easily 

overlook hund:t:eds of Grace; s, Lucy• s or Virginia's warblers 

without once missing a Painted Redstart. 
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In summary, it appears that mirror image misorientation 

can account for the California fall occurrences of the 

Southwestern as well as the eastern species of warblersc It 

can, th\c!refore., be concluded that. mirror image 

misorientation is a widespread phenomenon among all 

migratory species of wood warblers. 
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CHAPTER 8 

THE ORIENTATION CAGE - AN INTRODUCTION 

For a long time, the only methods available to 

researchers studying migratory orientation were either 

marking and displacing migrants and awaiting recoveries of 

these ·birds or releasing captured birds and recording their 

vanishing directions. The· first method was cumbersome and 

very slow in producing results; the second method had the 

disadvantage that a given individual could only be tested 

once. It was, therefore, a significant advance when Kramer 

(1949] discovered that certain caged passerines manifested 

directional tendencies in their cages that were appropriate 

for the particular migratory season. In particular, Kramer 

discovered that certain nocturnal migrants were capable of 

orienting their nocturnal migratory restlessness or 

Zugunruhe when placed in circular cages exposed to the night 

sky. such cages have come to be known - as orientation cages. 

The requirements for the design of an orientation cage 

and just what such a device attempts to measure must now be 

examined. First of all, the orientation cage must be placed 

in a known direction with respect to the external 

environment. Secondly, the cage must be designed so that 

all potential directional tendencies that the birds might 

show are equally probable. Thus, an orientation cage should 

be circular. Next, the bird must be exposed to some 
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consistant set of potential directional cues. Placing the 

cage under the clear night sky or in a planetarium 

accomplishes this purpose. Finally some means must be 

available for recording the directional choices made by the 

birds. Several techniques have been developed to accomplish 

this task. 

Kramer ( 194 9 J original_ly designed _a drum-shaped cage, 

less than one meter in diameter, with a transparent bottom. 

The experimenter would lie below this "Kramer" cage and 

observe the general headings of a bird over short periods of 

time. This method, however, is extremely time consuming. 

Only one bird can be tested at a time, and many of the 

decisions as to heading are unduly subjective. Refinements 

of this technique utilizing automatic recording devices such 

as microswitch perches, electronic counters or continuous 

chart recorders have been developed by numerous workers 

(Farner and Mewaldt, 1953; Merkel and Fromme, 1958; Mewaldt 

and Rose, 1960; Sauer, 1963). All of these methods, 

however, basically utilize the same principle: a bird is 

placed in the center of a circular series of perches or 

pedals each connected to a counter. Each time the bird 

moves from the center of the cage to one of the peripheral 

perches it activates a recording. In order for these 

recordings to be truly representative of a directional 

choice, it is necessary that the bird return to the center 

of the cage after each jump. workers who have appreciated 
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this last point have attempted to separate the peripheral 

perches by dividers or have even enclosed them in separate 

small cages open only to the central perch [Aagaard and 

Wolfson, 1962]. The continual chart recording of such 

orientation data has the distinct advantage that directional 

responses may be obtained as a function of time. The basic 

disadvantage of all of these methods of automatic recording 

is the expense of such units. This severely limits the 

number of birds that can be tested simultaneously and 

thereby limits the statistical significance of the results. 

In addition, the number of recording perches have usually 

been few: 8, 12 or 16. This severely limits the resolution 

of the preferred direction, particularly if a bird's 

response is multimodal. 

An ingenious method of recording orientation data has 

more recently been developed by Emlen and Emlen [1966]. The 

bird is placed on a pad impregnated with black indelible ink 

in the center of an inverted cone of white absorbent paper. 

Each time the bird jumps or flutters up the side of the 

cone, it leaves a permanent footprint record of its 

direction~l response. The slope of the cone is 45°, a slope 

that effectively prevents the bird from remaining on the 

cone. After each jump, the bird slides back to the ink pad 

in the center of the cage. Thus consistant directional 

responses are assured. The advantages of this technique are 

many: simplicity, low cost, portability and the independence 
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from cumbersome electrical or mechanical gear. In addition, 

many birds can be tested simultaneously thereby increasing 

the probability of obtaining statistically significant 

results. Two disadvantages of this method are that the data 

cannot be analyzed as a function of time except by replacing 

blotters at certain intervals, and that the resulting 

"footprint" data must be d_igitized, a laborious, time­

consuming and somewhat subjective task. 

Vagrant warblers in California may be most readily 

captured on southeast Farallon Island. Transporting oneself 

to the island, however, is an uncertain proposition at best 

and landing equipment on the island is a difficult, 

hazardous task. Thus, simplicity and portability of 

orientation equipment was a primary concern in this study. 

For these reasons, the Emlen "footprint" technique was 

chosen as the sole method of obtaining orientation data. 

The questions that may be answered by orientation data 

collected by the "footprint" technique may now be examined. 

The most basic question is whether vagrant warblers in 

California are comprised of disoriented or misoriented 

individua~s. This question can be answered by showing 

whether or not California captured vagrant warblers are 

capable of displaying directional behavior when placed into 

an orientation cage and tested under the clear night sky. 

However, even if an individual shows significantly directed 

behavior on a single night's test, it cannot be assumed that 
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this individual will not be disoriented in the wild. A bird 

that has learned the correct reference point to which to 

relate an inherited migratory direction, but that has failed 

to inherit any direction may still be a disoriented 

individual. It will be capable of following a given 

direction for an entire night's flight but will have no 

predisposition to choose the same direction night after 

night. If such a bird is placed in an orientation cage on 

several successive nights, it should show significantly 

directed behavior on each night, but no significantly 

directed behavior over all of the nights. .It is, therefore, 

necessary to test a given individual over many nights in 

order to eliminate the possibility that disorientation is 

responsible for the occurrences of vagrant warblers in 

California. 

If it is found that each bird tested is significantly 

directed over many nights, then it can be assumed that these 

birds are misoriented individuals. It would then be 

desirable to determine whether the mechanism involved is 

simple misorientation or mirror image rnisorientation. To 

answer this question, a . good estimate of the mean directions 

shown by several different individuals of the same species 

must be obtained. If simple misorientation is operative and 

all angles of misorientation are equally probable, then a 

wide range of mean directions would be expected among 

different individuals of the same species. If, on the other 
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hand, simple misorientation is operative and certain angles 

of misorientation are preferred, then the mean directions of 

various individuals would be expected to be similar. This 

same result, however, will also occur if mirror image 

misorientation is the operative mechanism. To differentiate 

between the last two hypotheses, the preferred direction of 

the entire sample of a . given species must be examined. If 

this direction is not a reasonable mirror image direction, 

simple misorientation may be assumed to be operative. If, 

however, this direction is a reasonable mirror image 

direction, then a strong indication, although not a 

conclusive proof, that mirror image misorientation is the 

controlling mechanism will have been obtained. It is thus 

apparent that a reasonably large sample size of a single 

species is needed in order to determine the mechanism of 

misorientation. Three years of effort produced such a 

sample size for only the Blackpoll warbler (Dendroica 

striata). As a result, only the Blackpoll warbler 

orientation data is included in the experimental part of 

this dissertation. 

There .are several additional reasons why the Blackpoll 

Warbler is an excellent experimental species with which to 

test various hypotheses regarding the mechanism of fall 

vagrant warbler occurrences. First, the correct fall 

migration route of the Blackpoll Warbler is probably better 

known than that of any other North American wood warbler. 
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Based on an analysis of 140,000 warblers killed during 

nocturnal migration at 135 locations in eastern North 

America, a systematic sample of migrant warblers obtained 

over six or more years at 14 eastern banding stations, .and 

the results of extensive radar tracking along the Atlantic 

coast, Nisbet (1970] has detailed the fall migration route 

of the Blackpoll warbler. A representation of Nisbet•s 

proposed route is presented in Figure 8-1. second, the 

correct ESE transcontinental migration route of this 

species, as shown in Figure 8-1, appears to be a fairly 

uniform characteristic of the entire population of Blackpoll 

Warblers. This suggests the important result that a single 

mirror image misorientation direction (WSW) will also be 

characteristic of all populations of this species. This 

characteristic, therefore, will considerably simplify the 

interpretation of orientation data gathered on vagrant 

individuals of this species. 
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FIGURE 8-1 

DISTRIBUTION AND FALL MIGRATION ROUTE 
OF THE BLACKPOLL WARBLER 

(AFTER NISBET, 1970} 
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CHAPTER 9 

EXPERIMENTAL METHODS 

£~p~~-QLExperimental Birds 

Page 9-1 

Although the Blackpoll Warbler is the most abundant 

definite vagrant warbler in California, the bird is by no 

means common. one or more Blackpoll Warblers can usually be 

found on about half of the days during their peak migratory 

period, September 15-0ctober 15, if one diligently searches 

certain favored coastal "oases" such as are present at Point 

Reyes, Marin County, Point Pines, Monterey county, or 

Point Loma,. Imperial Beach or Otay, San Diego County. The 

capture of these birds, however, is another matter. They 

usually occur in isolated windbreaks of very dense cypress 

or tamerisk trees and generally remain high enough in the 

foliage that normal mist netting operations fail to capture 

them. In addition, most of the vagrant locations are on 

private lands where an extensive mist netting operation is 

impractical. 

Fortunately, Blackpoll warblers occur most abundantly on 

southeast- Farallon Island where, since 1968, the Point Reyes 

Bird Observatory has established a continuously manned field 

station. The island has three trees, two Monterey Cypress 

(Cupressus macrocarpa) with overlapping canopies growing on 

the leeward side of one of the coast Guard houses and a 

nearly prostrate Monterey Pine {Pinus radiata) growing along 
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the windward side of a small hill. Needless to say, the 

majority of the arboreal landbirds that arrive on the island 

soon gravitate to one of these trees. The first arrival 

location on the island, however, is, as often as not, around 

the lighthouse located atop the 343 foot hill that occupies 

the majority of the island area. Accordingly, these 

preferred locations are all well supplied with the tools to 

capture landbirds. The two cypress trees are surrounded by 

two 12-meter and two 6-meter, 36-mesh mist nets. Beneath 

the trees sits a water-baited house trap, 8' x 8 1 x 4 1 • The 

prostrate pine is completely enclosed by a large Heligoland 

trap while a variable number of mist nets and another house 

trap are present near the light atop the hill. Five years 

of records indicate that fully 75% of the vagrant warblers 

found on the island can be captured. Accordingly, I based 

my operations on Southeast Farallon and was present there 

between October 1-15, 1969, September 1 - October 14, 1970 

and September 15 - October 29, 1971. 

Twenty-four Blackpoll Warblers were used in the course 

of this investigation. Twenty-two of them were captured on 

Southeast Farallon. The remaining two were captured, quite 

fortuitously, at Palomarin Ranch, Bolinas, Marin county 

(only 18 miles from southeast Farallon), and at Point Loma, 

San Diego county. The following data were taKen on all 

captured birds: date, time and location of capture, age (by 

skull ossification), weight, fat, wing length and any 
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presence of molt. The amount of fat and the degree of skull 

ossification were subjective measurements based on the 

generally used increasing scale of O, trace, 1, 2, 3. In 

the case of skull ossification, a 3 class represents 

complete ossification. I often modified the basic classes 

with+ and - modifiers. In addition, I often took tail, 

culmen and tarsus measurements, recorded plumage 

characteristics and attempted to sex the individuals by 

means of a combination of wing length and plumage 

characteristics. I do not, however, believe that the sex 

data are completely reliable. Finally, to facilitate the 

identification of individual birds, each bird was banded 

with a small numbered plastic color band. A summary of the 

capture data for all 24 Blackpoll Warblers is presented in 

Table 9-1. It is important to note that this sample of 24 

Blackpoll Warblers was entirely comprised of immature birds. 

Maintenance of Ex2erimental Birds 

Because of their very small sizes, extremely active and 

ne:rvous behavior and insectivorous diet, wood warblers are 

notoriously difficult to keep in captivity. The· problems 

are even more acute when full grown warblers are taken from 

the wild. The most critical time in keeping such a bird is 

the breaking in period, generally about the first 48 hours 

of captivity. If the bird survives this time it can usually 

be kept indefinitely although subsequent periods of molt 



ttl 
TABLE 9-1 ;l>I 

,:1 
1-3 

CAPTURE DATA ON ALL BLACKPOLL 1-t 
WARBLERS USED IN THIS STUDY H 

H 

I 

BIRD SKULL WEIGHT WING ::t:-
NU:-~ER LOCATION DATE TIME AGE OSSIFICATION (grams) FAT LENGTH(mrn) MOLT SEX 

z 
t?j 
X 

21 Bolinas Sep. 9,1969 1000 Imm. 2 10.8 0 73.0 0 M "Cl 
t?j 

22 S.E. Farallon Oct. 5 9 1969 1800 II 3- 11.0 1- 72.5 0 u ~ 

23 II Oct. 6,1969 1600 II 1 12.0 l 73.5 0 M H 
3: 

24 II Sep.21,1970 1010 II l+ 12.3 T- 74.5 0 M tx:! z 
25 II Oct. 1,1970 1300 ' 2 14.8 2- 76.0 0 M 1--3 

26 II Oct. 3,1970 0815 l+ 11.8 0 75.5 0 M ~ 
27 II Oct. 3,1970 1230 l+ 11.7 1 70.5 0 F ::t:-
28 II Oct. 4,1970 1845 2 14.1 2- 71.0 0 F I'd 

29 II Oct.12,1970 0900 2 11.2 T- 69.0 0 F "Cl 
~ 

30 Point Loma Oct.27,1970 1145 2 17.3 3- 75.5 0 M 0 
::t:-

31 S.E. Farallon Sep.17,1971 1300 l+ 13.l 1 75.5 0 M () 

32 II Sep.17,1971 1500 T+ 11.8 T 72.0 0 F 
:::n 

33 " Sep.17,1971 1700 1 10.9 T 74.5 0 M 
34 Sep.17 ,1971 1800 II T+ 11.1 T- 70.0 0 F 
35 Sep.21,1971 0830 II l+ 10.2 T 69.0 0 F 
36 Sep.21,1971 0900 ' l 11.4 1- 69.0 0 F 
37 Sep.21,1971 0900 1+ 11.3 T- 74.0 0 M 

38 Sep. 21,1971 1530 1 12.3 1 75.0 0 M 
39 Sep.21,1971 1630 T 12.3 1 75.0 0 M 

40 Sep.22,1971 1130 1 10.9 T 68.0 0 F 
41 Sep.22,1971 1130 1 12.1 1- 69.5 0 F 
42 Sep.22,1971 1200 1 10.3 0 71.5 0 F 

l'lj 
p, 

43 Oct. 4, 1971 1830 2+ 10.6 0 74.0 0 M '° Cl) 
44 Oct.11,1971 0915 2 13.0 l+ 75.0 0 u 

"° I 
+" 
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present additional difficulties. During the course of this 

investigation, I developed a technique of housing and 

feeding that resulted in a better than 90% survival rate in 

wild captured wood warblers of all species. Fortunately, 

Blackpoll warblers are comparatively robust and sluggish 

warblers and, as such, are easier to keep than smaller more 

active species such as Wilson's Warblers or American 

Redstarts. Only three Blackpoll Warblers were lost during 

the breaking in period, two that were never tested and bird 

number 22 of the present study. 

A summary of the successful technique for keeping wood 

warblers in captivity is as follows. The birds were placed, 

immediately after the capture data were recorded, into small 

holding cages, the dimensions of which were between 

8 11 x 8" x 8" and 1211 x 12" x 811 • A freshly captured bird 

was always placed alone into a holding cage or into a cage 

containing an already well broken in bird. Two freshly 

captured birds were never placed into the same cage. 

Furthermore, it was found inadvisable to keep more than two 

birds in a single cage. Each cage was supplied with two 

perches so that the birds could jump from one to the other 

without having to flutter against the walls or bottom of the 

cage. All parts of the cage that were open to light, except 

the back side, were kept covered with a white bedsheet to 

prevent frantic activity when a person was working around 

the cages. The back side of the cage which was open to 
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light faced a blank wall. The birds were not allowed a view 

of trees or bushes or they would continually beat themselves 

against the back side of the cage in an attempt to reach 

them. The cages were kept out of the wind, and, when 

possible, in a heated room. 

Warblers, especially during migration, have voracious 

appetites. It was quite common for a recently captured 11 

gram Blackpoll warbler to eat over 100 "large" mealworms in 

a single day! A freshly captured bird was placed into a cage 

already supplied with food. Water, however, was not added 

until the second day in captivity since open containers for 

water were used. Otherwise the birds would become soaked in 

a matter of minutes as a result of their initial escape 

efforts. Food was placed against the back side of the cage 

since that was the direction the birds generally faced. The 

following diet was found to be adequate to keep warblers in 

good health for extended periods of time: an abundance of 

"large" mealworms, strained yolk of hard-boiled eggs, a 

commercially available soft-billed bird food mixture, small 

quantities of moist ripe fruit (e.g., oranges), water and 

commercially available liquid vitamins. Of course the 

mealworms made up the bulk of the diet. Fresh food was 

placed in the cages daily. During the breaking in period, I 

found it desirable to place the mealworrns in a shallow dish 

and also to place a few on top of the egg and soft-billed 

bird food mixture . The birds seemed to respond more quickly 
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to freely crawling mealworms than to a mass of worms 

contained in a deeper feeding dish. They also learned to 

pick up the strained egg as they picked up mealworms out of 

it. Once the birds were broken in, however, the mealworms 

were placed in a deeper dish from which they could not 

escape. 

All birds in the course of this study were maintained 

under the natural photoperiod at the particular locality 

where they were kept. On Southeast Farallon, the birds .were 

maintained in a heated room with a large west-facing window. 

At Stanford University, the birds were kept in a west-facing 

greenhouse having an opaque east side. In San Diego, the 

birds were kept on a west-facing outdoor patio, well 

sheltered from the wind. The weight and subjective fat 

content of each bird were monitored about every second day 

that the birds were kept in captivity. These measurements 

were taken, as often as was possible, during the middle or 

late afternoon. This was done, not only to obtain data on 

the timing of the physiological readiness for migration, but 

also to monitor the health of the captive birds. 

Qri~niation Tests on Experimental Birds 

orientation data were obtained by the "footprint" 

technique as developed by Emlen and Emlen [1966]. The 

orientation cage rested on the rim of a two quart aluminum 

pudding pan, in the center of which was placed a thin piece 
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of sponge cloth moistened with black printer's ink. The 

walls of the cage were made from a white desk blotter which 

was cut, formed and stapled into a funnel of slope 45°. The 

top diameter of this funnel was about 37 cm. while the 

bottom diameter was 10.7 cm. This shape was obtained by 

cutting out of the flat desk blotter a disk with an outer 

radius of 25.7 cm. and an inner radius of 7.6 cm. For the 

purposes of cutting, the blotters were held between two 

pieces of plywood and cut, 125 at a time, by means of a band 

saw. Staple lines were markea on the flat blotters at an 

angular distance of about 256°. The actual assembly 

(stapling) was done at the location of testing. A blotter 

paper weight of 240 pounds per 1000 sheets was found to be 

sufficient to maintain the shape of the funnel on 

exceedingly humid nights (as are common on southeast 

Farallon). The top of the cage was formed by a square piece 

of one-half inch mesh hardware cloth to which was attached a 

circular shield of sheet metal, 37 cm. in diameter and 

8.6 cm. high. The inside of this shield was painted flat 

black. The purpose of this shield was to effectively block 

out of the bird's view all objects on the horizon and to 

eliminate any horizon glow caused, for example, by the 

lights of a distant city. In accomplishing this purpose, 

the lower 45° of the sky is, of course, blocked from the 

view of the bird when it is standing on the sponge cloth in 

the center of the cage . This angle decreases to 30° when 
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the bird jumps up the side of the cage. An example of an 

assembled orientation cage is shown in Figure 9-1. 

Winds on Southeast Farallon during orientation tests 

usually averaged 10 knots and occasionally reached 24 knots 

with gusts of over 30 knots. In order to keep the 

orientation cages from blowing away, each one was 

individually set up inside of a strong corrugated cardboard 

produce box, the bottom of which was opened and weighted 

with rocks. 

Orientation tests were conducted at three locations: 

(1) Southeast Farallon Island, 37°45 1 N, 123°0 1 w, 

(2) Stanford University campus 37°23 1 N, 122°12 1 w and 

(3) Point Loma 32°39 1 N, 117°17 1 W. The exact location of 

testing on Southeast Farallon was on a concrete foundation 

of a destroyed Coast Guard installation on the south sea 

terrace near East Landing. This location was favorable for 

two reasons. First, it was far enough removed from the 

lighthouse atop the hill that tbe birds could not directly 

see the light and yet close enough to the light ·so that the 

diverging beam did not brighten the vicinity of the 

orientation cage. This situation is schematically shown in 

Figure 9-2. second, this location was on the leeward side 

of the island and allowed more ease in setting up the 

orientation tests on nights of extremely high winds. The 

location of the tests at Stanford University was on a remote 

area of the campus removed as far as possible from the 
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FIGURE 9-1 

EXAMPLE OF ASSEMBLED "FOOTPRINT" ORIENTATION 
CAGE USED IN THIS STUDY 

(SEE TEXT FOR DETAILS) 

TOP VIEW 

SIDE VIEW 

Page 9-10 
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lights of Stanford and Palo Alto. The location on 

Point Loma was at the Cabrillo National Monument removed as 

far as possible from the lights of San Diego. 

In order to reduce the number of variables present in 

the test data, all tests were conducted on clear, or at 

least mostly clear, nights. Because of the possibility of a 

disruptive phototactic response by birds toward the moonlit 

part of the orientation funnel, all tests were conducted on 

moonless nights or before the moon had risen or after it had 

set. During the course of the experiments in 1969, it was 

discovered (on Blackpoll Warblers as well as on many other 

species of warblers) that the vast majority (often 100%) of 

the total activity of a given bird on a given night was 

produced within the first hour of testing. Accordingly, all 

of the 1970 and 1971 data as well as 2 of the 16 1969 data 

were based on tests of exactly _one hour duration. Thus a 

total of 507 of the 521 Blackpoll warbler tests presented in 

this dissertation are one hour tests. In an attempt for 

consistancy I tried to begin each test between 90 and 105 

minutes after local sunset, a time by which all of the 

sunset glow has disappeared from the west and the stars are 

in full brightness. However, because of the influence of 

the moon, there are only 12 consecutive nights during each 

lunar cycle in which a one hour test at this time of the 

night can be run. Since several of the nights during these 

12 day cycles were liable to be overcast, especially on 
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southeast Farallon where low overcast or coastal fog 

actually predominates, and I desired to obtain a reasonable 

sample size for each test period, I often had no choice but 

to begin tests later in the night, after the moon had set. 

The procedure used in conducting a "footprint" 

orientation test was simple and straightforward. The 

blotting paper funnels were stapled, an ID number was marked 

on each one along with the date of the test and a small mark 

was made for north. The position of the test apparatus 

{staple line and seam line of the shield) with respect to 

north was continuously varied so that it would not 

influence, in a consistant manner, any directional choices 

the birds might make. The sponge cloths were then inked 

with a qualitatively constant amount of printer's ink. This 

inking was faithfully repeated every night for every 

orientation cage to insure that the amount of ink and its 

viscosity were consistant for all birds and for all tests. 

The cages were then set up. The birds were then removed 

from their holding cages by the light of a very dim head 

lantern (two layers of masking tape were placed over the 

light), placed in holding bags and transported ih the dark 

to the orientation cages. The birds were then quickly 

placed into the orientation cages and the cages were aligned 

by eye with Polaris, true north. The exact location of the 

particular orientation cage, within the array of cages, into 

which a given bird was placed was varied in a nearly random 
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manner from night to night. The species and band number 

were recorded for each bird to correspond to the ID number 

of the particular orientation funnel into which each bird 

was placed. The birds were then left for exactly one hour. 

While the birds were in the orientation cage, the 

following environmental data were recorded: date, time of 

test, wind direction and velocity, percentage and location 

of any cloud cover and ambient temperature. Any unusual 

environmental effects were also noted such as the presence 

of searchlights, any excessive horizon glow or an 

inordinately hazy or smog-filled sky. A summary of these 

environmental data for each test night is presented in 

Appendix II. When the hour was up, the birds were taken 

from their orientation cages in the same order that they 

were put in and returned in the dark to their specific 

holding cages. The orientation funnels were then picked up 

and spread out in a safe place to dry overnight. The pans 

with the inked sponge cloths were stacked and stored in a 

shaded location to prevent the ink from drying out. On the 

following day, when the orientation funnels had dried, the 

staple lines were marked with light pencil, the species name 

and band number were recorded on each funnel, and the 

funnels were unstapled. They were then ready for analysis. 
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CHAPTER 10 

THE DIGITIZATION OF THE FOOTPRINT DATA 

A visual inspection of the completed orientation traces 

usually supplies a good indication of the amount and 

directionality of a given bird's activity on a single night. 

Examples of completed orientation traces for Blackpoll 

Warblers are shown in Figure 10-1a-c. Figure 10-1a, for 

example, shows a nearly uniform distribution of medium 

activity. Figure 10-1b shows an apparently unimodally 

directed distribution of high activity. Figure 10-1c shows 

an apparently bimodal distribution of medium activity 

directed in approximately 180° opposite directions. For 

statistical purposes, however, it is necessary to digitize 

the footprint data, thereby translating them into numerical 

form. Emlen and Emlen (1966] accomplish this digitization 

as follows: first, the trace is subdivided into 24 equal 15° 

sectors; next, the amount of activity in each sector is 

evaluated by directly comparing the density of the 

footprints (blackness) with densities on a reference scale 

that has been designed to depict 20 equally increasing 

increments of activity. Thus, each 15° sector is given a 

numerical value from 1 to 20 that defines the amount of 

activity in arbitrary activity units. Such a method is 

entirely subjective and could introduce subjective bias into 

the statistical analysis. I, therefore, expended 
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FIGURE 10-1 

EXAMPLES OF COMPLETED "FOOTPRINT" ORIENTATION TRACES 
MADE BY CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

UNDER THE CLEAR NIGHT SKY 

a. NEARLY UNIFORM DISTRIBUTION 
OF MEDIUM ACTIVITY; BIRD 40; 
TRACE 629; 9/26/71 

b. APPARENTLY UNIMODAL DISTRI­
BUTION OF HIGH ACTIVITY; 
BIRD 32; TRACE 414; 10/20/71 

c. APPARENTLY BIMODAL DISTRIBU­
TION OF MEDIUM ACTIVITY; 
BIRD 40; TRACE 630; 9/27/71 
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considerable effort in an attempt to digitize the footprint 

data by non-subjective means. 

The first approach that I tried involved the use of a 

specially designed optical densitometer to scan the 

footprint data. The procedure used was as follows. First, 

each trace was photographed with High contrast Copy Film in 

a standard manner under uniform illumination. The negatives 

were then placed in a high quality enlarger and the image 

was projected downward onto a specially designed disk that 

rotated at a constant angular velocity. A series of five 

photocells were arranged along the radius of the rotating 

disk and were masked in such a manner that they responded to 

a small (5.5°) sector of the projected trace. The output of 

the photocells as they scanned the projected trace was then 

automatically plotted on a constant velocity X-Y recorder. 

The speed of the recorder was coordinated with the angular 

velocity of the rotating disk so that a constant distance 

along the · X-axis corresponded to 360° around the projected 

trace. Average values of blackness at any point on the 

trace could then be read directly off of the Y-axis of the 

chart recording. To avoid the effects of external lighting, 

the entire apparatus was housed in a black box. 

Unfortunately, this method did not supply the accuracy 

needed to correctly digitize the data. Errors stemmed from 

two sources. First, the illumination supplied by the 

enlarger was not uniform over the entire field and more 
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importantly, was not uniform over time. Second, the 

photocells were not sensitive enough to resolve traces that 

displayed few but well directed footprints. High 

sensitivity photocells were available but unfortunately had 

very slow response times. This necessitated a very slow 

rate of angular velocity for the disk making the 

digitization of a large number of traces impractical. The 

method, however, has considerable feasibility but requires 

inordinately expensive equipment. 

The second approach that was attempted involved fully 

seven months of concentrated effort. Through the kindness 

of the personnel at Stanford University's Artificial 

Intelligence Project (A.I.), I was given access to the 

computerized Hand-Eye facilities. The ."Eye" of the Hand-Eye 

facility consisted of a specially designed television camera 

that was connected to an analog-digital converter in such a 

way that the voltage output of the television camera was 

digitized to 6-bit information at 320 points along each of 

240 TV scan lines. This array of 76,800 6-bit data points 

was then inputted directly into a PDP-10 computer located in 

the same room. This digitization therefore produced one out 

of 64 potential darkness levels for each of the 76,800 

points in the TV image. 

The method whereby the TV "Eye" digitized the data 

contained on an orientation trace was as follows. First, a 

rnappina program was constructed that mapped each of the 
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76,800 TV scan data points into one of 1440 bins; if the 

data fell outside of the trace, it was ignored. These bins 

corresponded to 180 two degree divisions around the 

orientation trace times 8 radial divisions of 3/4 11 each 

within every two degree sector. Thus, the footprint data 

could be digitized with respect to how high the bird jumps 

up the funnel as well as with respect to the direction the 

bird jumps. The 6-bit TV data was then averaged over each 

bin and over all 8 radial bins in each two degree interval 

to produce an average blackne~s for each interval. 

Reference values of "white" and "black" were obtained for 

each bin by allowing the TV "Eye" to see first a clean white 

blotter and then a flat black blotter. The difference 

between the average "white" and average "black" values for 

each bin were then set equal to 63 and the actual value of 

blackness was interpolated between these extremes. This 

method effectively compensated for the shading that is 

inherent in a TV image. This shading results from the fact 

that electrons hit the outer edges of the TV image at a more 

oblique angle than at the center thereby losing energy and 

producing an apparent darkening of the image near the 

periphery. This effect is most noticeable when the TV is 

looking at a uniformly white piece of blotter paper. 

Since the white blotter paper upon which the orientation 

traces were made tends to discolor with age, a method was 

developed to compPnsate for this effect. The blackness of 
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six small squares arour.d the outer periphery of the trace 

(where the bird had left no marks) were averaged to get an 

average value of "white" for that trace. All of the values 

of "white" for the individual bins were then adjusted by the 

average value of "white11 for that particular trace. All of 

these refinements were incorporated into a rather 

complicated series of computer programs that I wrote. 

When the method was perfected, it was found to be 

capable of producing an extremely accurate digitized 

representation of the footprint data. However, a series of 

hardware problems continually plagued the technique and 

defied correction by software methods. The first was an 

unpredictable but anomolously high noise to sensitivity 

ratio at certain areas in the TV scan where the shading 

underwent fairly rapid change. This had the effect of 

producing unreliable data over _these small areas. The 

second problem was also concerned with the shading which did 

not remain constant over time but rather fluctuated 

unpredictably. This instability was so great, at times, 

that reproducible values of "white" could not be obtained 

even one minute apart. In the end, the entire method had to 

be discarded. However, the effort was not entirely wasted. 

Enough good data was obtained on a fairly large sample of 

different traces to allow the construction of a series of 

standard 15° sectors each having an accurately determined 

value of blackness. The digitization of all of the 
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Blackpoll warbler data presented in this dissertation was 

then accomplished by a subjective comparison of the 

blackness of a given 15° sector to the blackness of the non­

subjectively determined standards. 

The scale of standard blackness values was, like the 

scale used by Emlen, composed of increasing increments of 

blackness. Unlike Emlen's scale, however, it was not 

composed of ~ill:!211.Y increasing increments of blackness. It 

was felt that Emlen's method loses critical resolution, 

especially at lower end of th~ scale, since it has been 

suggested that the human eye detects differences in 

intensity acccording to the logarithm of the intensity 

rather than according to the intensity itself. It was 

therefore decided to create experimentally a scale of 

standards that most closely fitted the limits of resolution 

of my own eyes since I was to be doing all of the 

digitization. To accomplish this, a linear scale of values, 

V, was produced in which the range of blackness 

corresponding to any particular V value was proportional to 

some constant percentage of the mean blackness for that V 

value. Such a scale was then laid out by finding 15° 

sectors on actual traces that had been digitized by the TV 

"Eye" that had these mean blacknesses. Inspection of this 

scale by eye quickly indicated whether it was too coarse, 

that is, my eyes were capable of perceiving smaller 

differ e nces in blackness than those indicated by the scale, 
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or too fine, that is, my eyes could not readily distinguish 

the differences in blackness between adjacent V values. The 

scale finally chosen was one in which the range of blackness 

for any V value corresponded to 15% of the mean blackness 

for that V value. This scale fitted my eyes very nicely, 

that is, I could readily perceive the difference in 

blackness between adjacent V values but the differences were 

relatively small. This method, of course, could not be 

extended to very small blacknesses because it would produce 

an infinite number of V values as the blackness approached 

zero. The bottom end of the scale (V values below 10) was, 

therefore, based on an actual count of the number of dots 

present in the particular 15° sector. This scale produced 

34 V values ranging in blackness from 0.040 at V=1 to 58.605 

at V=34. Pure white, that is no marks, corresponded to a 

blackness of 0.0 while pure uniform black corresponded to 

63.0. These represent, of course, the limits of the 64 

possible 6-bit numbers produced by the TV "Eye". During the 

course of this investigation, no single 15° sector was ever 

found to have a blackness value greater than 37.3. As a 

result, only 31 V values were actually used. A plot of the 

mean blackness for each of the 31 V values is presented in 

Figure 10-2. At this point, I was curious to see how 

closely the v values corresponded to the logarithm of the 

mean blacknesses. Figure 10-3 shows these same data plotted 

on a log scale. The values clearly fall on a straight line 
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down to V=10 supplying experimental evidence that my eyes, 

at least, . do perceive differences in blackness according to 

the logarithm of the blackness rather than according to the 

blackness itself. 

To facilitate the comparison of the 15° sectors of a 

real trace with the standards, two blackness wheels were 

constructed. These wheels consisted of a circular array of 

alternating 15° spaces and 15° spokes. (Note that 15° 

sectors on the conical trace correspond to 10.625° sectors 

on the flattened trace.) Fifteen degree sectors were then 

cut from actual orientation traces in such a manner that the 

average blackness of each 15° sector, as determined by the 

TV "Eye", very closely approximated the mean value of 

blackness for each V value. These 31 sectors were then 

glued onto the spokes of the blackness wheels in order of 

increasing V. The actual blackness wheels used in the 

digitization of all of the data presented in this 

dissertation are shown in Figure 10-4. 

A special vacuum easel, designed to facilitate the 

actual digitization of the traces, was constructed out of 

plywood and plexiglass (Figure 10-5a)~ An orientation trace 

was held firmly in place by the easel after being carefully 

aligned by means of the starting line and alignment circles 

that were drawn on the easel (Figure 10-5b). The angular 

position of the end point of the flattened trace (staple 

line), AC, was then recorded ty means of the scale drawn on 
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FIGURE 10-4 

BLACKNESS WHEELS DESIGNED TO DIGITIZE 
"FOOTPRINT" ORIENTATION DATA 

(SEE TEXT FOR DETAILS) 

a. WHEEL #1: V VALUES FROM 1 TO 17 

b. WHEEL #2: V VALUES FROM 18 TO 31 

Page 10-12 



PART III - AN EXPERIMENTAL APPROACH Page 10-13 

FIGURE 10-5 

EXAMPLE OF EQUIPMENT AND METHOD FOR 
DIGITIZING "FOOTPRINT" ORIENTATION DATA 

(SEE TEXT FOR DETAILS) 

• 

• . . . . . . . . • . . . . . . 
• • . . 
• . 

. 

a. SPECIALLY CONSTRUCTED 
VACUUM EASEL FOR HOLDING 
ORIENTATION TRACES 
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c. VACUUM EASEL WITH TRACE 

AND APPROPRIATE BLACKNESS 
WHEEL IN PLACE 
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b. VACUUM EASEL WITH TRACE 
ALIGNED AND HELD IN PLACE 
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I 

d. DIGITIZATION OF 23rd 15° 
SECTOR. A COMPARISON IS 
SHOWN WITH V=26 and V=27 
ON BLACKNESS WHEEL. 
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the easel. Similarly the angular position of true north, 

AN, was also recorded by means of the scale on the easel. 

The exact position of true north, NOR, relative to the start 

of each actual trace could then be computed as 

NOR= 360.0 • AN/AC (10-1) 

The appropriate blackness wheel was then placed over the 

trace (Figure 10-Sc) and rotated until the V value was found 

that best corresponded to the blackness of the first 150 

sector of the trace. This procedure was continued until all 

twenty-four 15° sectors were Eatisfactorily digitized 

{Figure 10-Sd}. 

The method outlined above was laborious and time­

consuming, especially considering that over 500 traces had 

to be digitized. Nevertheless, I felt that the effort was 

worth the trouble since I felt that an extremely accurate 

digitization was being obtained for each trace. To test the 

reproducibility of the digitization, about 4% of the 

digitized traces were set aside and redigitized after about 

a week had passed. The Pearson product-moment coefficient 

of correlation, r, was then computed for each of the 21 

traces that were digitized twice. These data are presented 

in Table 10-1 and indicate a very high degree of correlation 

between the two digitizations. 

This method of digitization produces a series of 24 

inte~er values for v, one for each 15° sector. These V 

values can be converted to the arbitrary blackne~s values 
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TABLE 10-1 

PEARSON PRODUCT.;..MOMENT COEFFICIENT OF 
CORRELATION, r, FOR TWO INDEPENDENT 

DIGITIZATIONS OF THE SAME 21 ORIENTATION 
TRACES OF CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

TRACE NUMBER r 

225 0.971 
250 0.974 
275 0.982 
300 0.985 
325 0.989 
350 0.979 
375 0.997 
400 0.922 
425 0.935 
450 0.927 
475 0.972 
498 0.983 
523 0.984 
550 0.981 
575 0.987 
600 0.969 
625 0.925 
650 0.979 
675 0.977 
700 0.994 
724 Q.993 

AVERAGE 0.972 

Page 10-15 
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according to the curve shown in Figure 10-2. It would be 

desirable, however, if the arbitrary blackness values 

corresponded to some estimate of the activity that had a 

more real physical basis. To accomplish this, the number of 

jumps that 21 different individual warblers of 6 species 

made on single night tests was determined by listening to 

the activity of each bird during an entire one hour test. 

The 21 traces produced by these birds were then digitized by 

the method outlined above and the total blackness was 

calculated for each trace. The Pearson product-moment 

coefficient of correlation, r, was determined for this 

sample and found to be r=0.853 which indicates that the 

amount of blackness produced during a single night's test is 

significantly correlated with the total number of jumps made 

by the individual warbler during that test (P<.01). The 

conversion factor, F, defined as the amount of blackness 

produced/jump, was then calculated for all 21 individual 

birds and the mean of this value was obtained: F=0.28635 

blackness units/jump. This conversion factor was then used 

to convert the V value for each 15° sector into an activity 

value, A, equal to the estimated number of jumps in that 15° 

sector. The digitized footprint data were then ready for 

statistical analysis. A computer listing of all of the 

digitized raw data used in this dissertation is presented in 

Appendix III. 
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CHAPTER 11 

THE CHARACTERIZATION OF DIGITIZED DATA 

Once the footprint data had been digitized into 24 Vi 

values corresponding to the 15° sectors, these Vi values 

were entered into the Stanford Computation Center's IBM 360 

computero These data were then converted, by the method 

described in Chapter 10, into 24 activity values, A., which 
1 

corresponded to the number of jumps in each 15° sector. At 

this point, an empirical circular distribution of the 

activity had essentially been created. To facilitate the 

understanding of these data, it is necessary to characterize 

each empirical circular distribution by a small number of 

parameters that, as completely as possible, describe the 

bird's behavior during a given test. If it is suspected 

that the empirical distributions are unimodal, that is have 

a single preferred direction, three parameters are of 

interest: (1) a parameter, AT, that is a measure of the 

total amount of activity that the bird has produced during 

the test; (2) a parameter,~, that is a measure of the 

preferred direction in which the bird has oriented its 

activity; (3) a parameter, r, that is a measure of the 

concentration of activity about the preferred direction. 

The total amount of activity, AT, that the bird has 

produced on a given night, may be unambiguously represented 
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by the total number of jumps that the bird made during that 

test: 

24 
AT= L 

i=1 
A. 

l. 
(11-1) 

The calculation of the preferred direction of the empirical 

circular distribution, however, is not as unambiguous. Two 

different measures of the preferred direction may be 

considered. The first is called the empirical mean 

direction, ~, which is defined as the direction that points 

toward the center of mass of the circular distribution. It 

is calculated as the direction of the mean . vector or vector 

sum of the distribution by the following familiar equations: 

24 
X = i I: A.• sin a. 

ATi= 1 1 l. 
(11-2) 

24 
y = .1- I: A. •COS a. 

ATi=1 1 l. 
( 11-3) 

~ = tan-1 (X/Y) (11-4) 

where ai is the midpoint of each 15° sector. The second 

measure of preferred direction may be called the mode 

direction, M, and is defined as that direction where Ai is a 

maximum: 

M = a. (11-5) 
1 

for that i where A. is a maximum. If A. reaches its maximum 
1 1 

value in two or more 15° sectors, M may be estimated as the 

mean of these various ai. It should be noted that if the 
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empirical circular distribution displays axial symmetry, 

w=M. If the empirical circular distribution is not axially 

symmetric, the difference ~-M may be used as a measure of 

the skew in the distribution. 

Corresponding to each of these measures of the preferred 

direction of the empirical distribution, a measure of the 

concentration about that preferred direction can be 

calculated. corresponding to the mean direction,~. the 

mean vector length, r, is given by: 

r = ✓x2 + Y2 (11-6) 

It should be noted that if the distribution is perfectly 

uniform, that is, all sectors have equal activities, r=0 and 

~ does not exist. On the other hand, if the distribution is 

perfectly concentrated, that is, all of the activity lies in 

a single 15° sector, r=1 and ~=a. of that sector. Thus, for 
1 

all cases: 

(11-7) 

Corresponding to the mode direction, M, the mode intensity, 

I, is given by: 

I= A./AT 
l. 

(11-8) 

for that i where A. is a maximum. In this case, it should 
J. 

be noted that if the distribution is perfectly uniform, 

I= 1/24 = 0.0417, while if the distribution is perfectly 

concentrated, I=1. Thus, for all cases: 

0.0417 ~I~ 1 (11-9) 
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It is logical to ask which is the better estimate of the 

preferred direction, the mean direction or the mode 

direction. · Both have interesting physical meanings. The 

mode direction is the direction that the bird chooses most 

often. On the other hand, the mean direction is the 

direction defined by the location, with respect to the 

starting point, at which the bird would end up if it were 

allowed to jump, unconstrained by a cage, A. times in each 
1 

direction a .• This last characteristic is exactly what 
1 

should be measured in order to determine what direction 

Blackpoll Warblers have followed to reach California. Thus, 

like most other researchers in the field of bird 

orientation, I have chosen the mean direction as the best 

estimate of the preferred direction shown by an individual 

bird when tested in an orientation cage. 

As mentioned previously, however, visual inspection of 

the footprint data indicated that many of the birds appeared 

to prefer two or more directions during a single night's 

test. At present, no statistical methods are available for 

dealing with empirical multimodal circular distributions. I 

have developed an approximate method which may be of 

interest to workers in this field. This method. therefore, 

is outlined in detail. 

It is first necessary to ask what constitutes a mode in 

an empirical circular distribution. Theoretically any 

sector, i, located at a .• 
1 

could be considered to represent a 
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mode if its activity, A., is greater than the activity of 
i 

each of the sectors on either side, that is, if 

Ai> Ai+l and 

A. > A. 1 i i-

For an empirical circular distribution with i=24, one could 

expect a maximum of 12 modes. It seems likely, however, 

that such a distribution could be due to chance 

fluctuations, noise, in the measurements of A .• It is, 
i 

therefore, necessary to develop a method of mode finding 

that produces modes that are more likely to be real 

manifestations of the behavior of the birds rather than 

manifestations of noise in the measurements. considering 

the size of the orientation funnel and the size of a 

Blackpoll warbler, it seems likely that a single jump by 

such a bird could produce marks in at least two 15° sectors. 

Such behavior was confirmed by directly observing birds in 

orientation cages from beneath the cage. It was felt, 

therefore, that the least stringent mode finding algorithm 

should be that the activities of each of three adjacent 15° 

sectors, the peakf should be greater than the activities of 

each of two adjacent 15° sectors, the valleys, on each side 

of the peak. Such a mode finding algorithm was referred to 

as the three peak - two valley criterion, abreviated 3P-2V. 

Other more stringent mode finding algorithms that were 

derived included 3P-3V, 4P-2V, 4P-3V and a combination of 

either 3P-3V or 4P-2V. 
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It was decided to test these various mode finding 

algorithms on randomly produced circular distributions of 

data. It was felt that if the particular mode finding 

algorithm indicated a high percentage of multimodal 

distributions on randomly produced data, it was too weako 

On the other hand, if the algorithm indicated a very small 

percentage of multimodal distributions, it was too strong. 

Each algorithm, therefore, was tested on 200 empirical 

circular distributions produced by the Stanford University's 

random number generator. These results, along with the 

characteristics of each mode finding algorithm, are 

presented in Table 11-1. An intuitive interpretation of 

these results suggested that algorithm number 5, the 

combination of the 3P-3V and 4P-2V algorithm, was the best 

candidate. Therefore, this mode finding algorithm was used 

on all of the data presented in this dissertation. 

This mode finding algorithm was then programmed and 

applied by computer to all of the 508 active Blackpoll 

Warbler traces. It calculated the number of modes present 

on each trace as well as the extent and location (in terms 

of 15° sectors) of the peak of each mode when two or more 

modes were found on a single trace. The peak of a given 

mode was defined as the entire extent of the trace between 

the minimum sized valleys necessary to satisfy the 

particular mode finding algorithm. Of these 508 traces, 3 

(0.6%) were found to have 3 modes, 183 (36.0%) were found to 



1 

2 

3 

·4 

5 

TABLE 11-1 

CHARACTERISTICS OF VARIOUS MODE FINDING 
ALGORITHMS TESTED ON 200 RANDOMLY 

PRODUCED CIRCULAR DISTRIBUTIONS 

MINIMUM EXTENT NO. OF POSSIBLE % % % % 

ALGORITHM* OF A MODE MODES PER TRACE TRIMODAL BIMODAL UNIMODAL NO MODES 

3P - 2V 75° 4 10.0 30.5 46.5 13.0 

3P - ·3V goo 4 0.5 8.0 51.0 40.5 

4P - 2V 90° 4 2.0 16.0 53.0 29.0 

4P - 3V 105° 3 o.o 2.5 28.5 69.0 

Either 2 or 3 90° 4 3.0 24.5 54.5 18.0 

* See text for explanation 
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have 2 modes, 322 (63.4%) were found to have 1 mode and none 

were found that contained no modes. If the trace was found 

to be unimodal, the unimodal analysis described above was 

used; however, if the trace was found to be multimodal, the 

approximate multimodal analysis, described below, was used. 

This entire procedure, incorporated into a single computer 

program, is referred to as the Single Trace Analysis. 

The approximate multimodal analysis is now reduced to 

the problem of finding suitable estimates for the parameters 

of each mode. For example, if the distribution is fonnd to 

be bimodal, five parameters are unknown: the total activity, 

AT1 , the mean direction, ~
1

, and the concentration about the 

mean direction, r 1 , of the first mode and the mean 

direction, ~
2

, and the concentration about the mean 

direction, r
2

, of the second mode. The total activity of 

the second mode, AT
2

, can be easily obtained since 

AT2=AT-AT
1

• A rigorous solution to this problem can be 

obtained by choosing the correct underlying theoretical 

circular distribution for each mode, creating a theoretical 

mixture of the two distributions and iterating for the five 

unknowns. · Since there exists no a priori knowledge of the 

form of the underlying theoretical distribution for the 

orientation behavior of a Blackpoll Warbler, and since each 

distribution is composed of only 24 data points it is felt 

that such an approach is hopeless. 



PART III - AN EXPERIMENTAL APPROACH Page 11-9 

An approximate solution to this problem, therefore, was 

obtained by means of the following two simplifying 

assumptions: (1) that all of the activity contained in the 

peak of each mode, that is in the extent between the 

valleys, belongs exclusively to that mode and (2) that the 

measure of concentration of activity about the mean, r, for 

each mode is related to the mode intensity, I, of that mode 

as if each mode fitted a circular normal or von Mises 

distribution. The density function of such a distribution 

is given as 
1 

f(a) = ---,.....,.. 
21r,I (K) 

0 

. e K•COS(a-0) 
(11-10) 

where 0 is the angle where f(a) takes its maximum value, K 

is a parameter of concentration and I 0 (K) represents the 

"Bessel function of purely imaginary argument of order zero" 

[Batchelet, 1965]. 

Based upon the above assumptions, the parameters of each 

mode, k, were calculated as follows. The proportion of the 

activity in each mode, PAk, was determined as the activity 

in the peak of mode k divided by the sum of the activities 

in the peaks of all modes. The activity of each mode, ATk, 

was then given by 

(11-11) 

This method effectively considers all of the activity in the 

peak of a given mode to belong exclusively to that mode but 

proportions the activities of the valleys according to the 
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activities of the adjacent peaks. The mean direction of 

each mode, ~k' was simply calculated as the vector sum of 

all of the activity contained in the peak of that mode. 

Thus, the valleys were effectively ignored as far as the 

calculation of the mean direction of each mode was 

concerned. The measure of concentration of activity about 

the mean for each mode, rk, was determined from the mode 

intensity of that mode, Ik, by means of the table presented 

in Appendix IV. The value of Ik· was calculated as 

(11-12) 

where i represents the particular 15° sector in the peak of 

the mode in question that contains the maximum activity. 

The many assumptions involved in the approximate 

multimodal analysis just described do not lend much 

confidence that the method is capable of producing reliable 

results. It was therefore decided to test the method on 

bimodal mixtures of theoretical circular normal 

distributions having known parameters. It was felt that if 

the approximate multimodal analysis produced good results on 

circular normal distributions, it should produce reasonably 

meaningful results on empirical circular distributions. 

The procedure for carrying out this test was as follows. 

Equation (11-10) was solved for f(a.) for 24 values of a. 
1 1 

beginning at a.=7.5° and increasing by 15° intervals. This 
1 

produced a discreet distribution of 4ata similar in format 

to that obtained from digitized orientation traces. This 

- ------
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procedure was repeated for all combinations of 0=0°, 100°, 

120°, 140°, 160°, 180° and K=0.40828, 1,159832, 2.87129. 

These K values correspond to values of p for the theoretical 

circular normal distribution (which are perfectly analagous 

tor for empirical circular distributions) of p=0.20 (weak 

concentration about the mean), 0.50 (medium concentration), 

0.80 (strong concentration) respectively [Batchelet, 1965]. 

The mixtures of circular normal distributions were obtained 

by adding, at each a., the appropriate value of f(a.) 
i i 

according to each of the combinations shown in Table 11-2. 

In addition, each f(a.) was weighted, before adding, 
i 

according to one of five combinations of the activities of 

each component of the mixture, A1
1

:A•
2

• These five 

combination were A1
1

:A•
2

=50:50, 60:40, 70:30, 80:20 and 

90:10. This method, therefore, produced a total of 225 

(45x5} mixtures of circular normal distributions, each 

having known values of A1
1

, 0
1

, p
1 

and A• 2 , 0
2

, p
2 

with the 

restriction that A1
1

+A• 2=100. The Single Trace Analysis 

program was then run on all 225 of these mixtures and 

produced experimental ATk, ~k' rk values which could be 

directly compared to the known A'k, 0k, pk values for each 

mode, k, of each mixture. This comparison, however, was 

extremely complicated because of the large number of 

variables involved. 

To make the comparison simple and meaningful, the 

following procedure was employed. The experimental values 
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TABLE 11-2 

COMBINATIONS OF THEORETICAL.CIRCULAR NORMAL 
DISTRIBUTIONS USED IN TESTING THE APPROXIMATE MULTI.MODAL ANALYSIS 

COMBINATION 01 co) P1 0 2 (0) · P2 
1 0 0.2 100 0.2 
2 0 0.2 100 0.5 
3 0 0.2 100 0.8 
4 0 0.2 120 0.2 
5 0 0.2 120 0.5 
6 0 0.2 120 0.8 
7 0 0.2 140 0.2 
8 0 0.2 140 0.5 
9 0 0.2 140 0.8 

10 0 0.2 160 0.2 
11 0 0.2 160 0.5 
12 0 0.2 160 0.8 
13 0 0.2 180 0.2 
14 0 0.2 180 0.5 
15 0 0.2 180 0.8 
16 0 0.5 100 0.2 
17 0 0.5 100 0.5 
18 0 0.5 100 0.8 
19 0 0.5 120 0.2 
20 0 0.5 120 0.5 
21 0 0.5 120 0.8 
22 0 0.5 140 0.2 
23 0 0.5 140 0.5 
24 0 0.5 140 0.8 
25 0 0.5 160 0.2 
26 0 0.5 160 0.5 
27 0 0.5 160 0.8 
28 0 0.5 180 0.2 
29 0 0.5 180 0.5 
30 0 0.5 180 0.8 
31 0 0.8 100 0.2 
32 0 0.8 100 0.5 
33 0 0.8 100 0.8 
34 0 0.8 120 0.2 
35 0 0.8 120 0.5 
36 0 0.8 120 0.8 
37 0 0.8 140 0.2 
38 0 0.8 140 0.5 
39 0 0.8 140 0.8 
40 0 0.8 160 0.2 
41 0 0.8 160 o.s 
42 0 0.8 160 0.8 
43 0 0.8 180 0.2 
44 0 0.8 180 0.5 
45 0 0.8 180 0.8 
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of ATk, ~k' rk for each mode, k, were converted to the 

parameters of theoretical circular normal distributions, 

A'k' 0, K • The discreet distribution of the mixture of 
k k 

these circular normal distributions was then obtained by the 

method outlined above. This distribution was then plotted 

by computer along with the discreet distribution of the 

original mixture of theoretical circular normal 

distributions. A simple visual comparison of the two curves 

was then made. If the approximate multimodal solution in 

the Single Trace Analysis was exact, the two curves would be 

identical. If the approximate solution was inexact, the 

differences between the curves would show the type and 

magnitude of the error. A few representative plots from the 

225 that were produced are shown in Figure 11-1a-h. 

It was found that, on the whole, the approximate 

multimodal solution produced surprisingly accurate results 

on mixtures of circular normal distributions. A surr~ary of 

the errors obtained for each of the parameters are shown for 

various conditions in Table 11-3. In general, the 

calculated mean directions were quite accurate, especially 

as the difference between the actual mean directions of the 

modes approached 180° where the solution was exact. In all 

other cases, the difference between mean directions was 

somewhat overestimated. If the two modes had approximately 

equal concentrations, the approximate multimodal solution 

produced excellent results with respect to both the activity 
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TABLE 11-3 

SUMl'ARY OF ERRORS PRODUCED BY THE 
APPROXIMATE MULTIMODAL ANALYSIS ON 

MIXTURES OF CIRCULAR NORMAL DISTRIBUTIONS 

PARAMETER CONDITION 

MEAN DIRECTION,~k 01 - 02 = 180° 

01 - 02 :::: 140° 

01 - 02 :::: 100° 

ERROR 

NONE 

SMALL,< 10° 

MEDIUM, :::: 12° 

) 

01 - 02 < 90° MODE FINDER GENERALLY FAILS TO DISTINGUISH MODES 

ACTIVITY, Ak P1 :::: P2 

P1 < P2 

P1 > P2 

CONCENTRATION, rk P1 :::: P2 

Pl < P2 

P1 > P2 

VERY SMALL, < 4% 

Al UNDERESTIIv'..ATED, GENERALLY < 14% 

Al OVERESTIMATED, GENERALLY< 14% 

VERY SMALL; < 4% 

r1 RATHER BADLY OVERESTIMATED BUT r2 GOOD 

r1 GOOD BUT r2 RATHER BADLY OVERESTIMATED 
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and concentration of each mode. The activity of relatively 

flat modes, however, was generally underestimated while the 

activity of sharp modes was generally overestimated. In 

contrast, the concentration of flat modes was quite 

seriously overestimated but the concentration of sharp modes 

was generally quite good. Therefore, it was decided that 

the approximate multirnodal solution could not necessarily 

produce a reliable estimate for the parameter of 

concentration, rk. It was furthermore decided that the 

activities, ATk, could generally be used, at least to 

determine which was the primary mode, while the mean 

directions, ~k' could always be trusted to be reasonably 

good estimates of the actual mean directions. 

One final important result became apparent while 

creating the mixtures of theoretical circular normal 

distributions used to test the approximate rnultimoda1 

analysis. This was the fact that all mixtures of two 

circular normal distributions whose mean directions differed 

by less than 90° produced unimodal distributions even when 

the concentration around each mean direction was very high, 

r=0.80. This finding effectively placed a lower limit on 

the resolution of any approximate multirnodal analysis based 

on a mode finding technique. 
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CHAPTER 12 

EXPERIMENTAL RESULTS 

Page 12-1 

Ih~We~ghts of Blac]moll_Warbler~ Ca£!~g in Californi~ 

Weight and fat data were taken about every other day 

during the period of captivity on all California captured 

Blackpoll Warblers. An inspection of these data indicated 

that weight and fat were very well correlated with each 

other, increases in weight being accounted for by increases 

in the fat level. Because these fat levels were 

subjectively determined, weight data alone are used in the 

remainder of this discussion. 

A summary of the maximum weight attained by each 

Blackpoll Warbler, the date this maximum weight was first 

attained, and the average weight of each individual during 

the entire time that it was kept in captivity is presented 

in Table 12-1. These data indicate that birds that attained 

higher maximum weights generally averaged fatter than birds 

that attained lower maximum weights. All individuals except 

five, the three 1969 birds and birds number 27 and 29 

(1970), attained 3-fat levels (bulging). Both the average 

weight and the maximum weight attained averaged higher in 

both 1970 and 1971 than in 1969. These results are highly 

significant (P>.98). Similarly, both the average weight and 

the maximum weight attained averaged higher in 1971 than in 

1970. These results, however, are not as significant 



PART III - AN ·EXPERIMENTAL APPROACH Page 12-2 

TABLE 12-1 

SUMMARY OF 'l'HE WEIGHTS OF ALL CALIFORNIA 
CAPTURED BLACKPOLL · WARBLERS USED IN THIS STUDY 

WEIGHT MAXIMUM DATE OF 
BIRD DATES OF AT WEIGHT .MAXIMUM AVERAGE NUMBER OF 

NUMBER CAPTIVITY CAPTURE OBTAINED WEIGHT WEIGHT WEIGHINGS 

I 1969 
21 Sep. 9-Sep.23 10.8 12.7 Sep.14 11.87 7 
22 Oct. 5-0ct. 6 11.1 11.1 Oct. 5 11.10 1 
23 Oct. 6-0ct.12 12.0 12.8 Oct. 9 12.30 6 

Mean 11.30 12.20 Sep.29 11.76 
Std. dev. 0.62 0.95 0.61 

II 1970 
24 Sep.21-Nov. 7 12.3 25.5 Oct.22 * 20.04 25 ** 
25 Oct. 1-Nov. 7 14.8 25.2 Oct.22 * 21.42 17 ** 
26 Oct. 3-Nov.ll 11.8 25.3 Oct.22 * 19.76 19 ** 
27 Oct. 3-Nov. 3 11.7 14.6 Oct.16 12.85 15 
28 Oct. 4-Nov. 7 14.1 22.7 Oct.27 * 16.84 17 
29 Oct.12-Nov. 7 11.2 14.5 Oct.27 13.86 12 
30 Oct.27-Nov. 8 17.3 17.3 Oct.27 13.94 7 

Mean 13.31 20.73 Oct.23 16.96 
Std. dev. 2.04 5.09 3.48 

III 1971 
31 Sep.17-Nov. 9 13.l 23.6 Oct.23 17.22 19 
32 Sep.17-Nov.19 11.8 28.8 Oct. 7 * 24.81 29 ** 
33 Sep.17-0ct.28 10.9 28.3 Oct.24 * 20.65 19 ** 
34 Sep.17-Nov.19 11.1 23.8 Nov.13 18.31 24 
35 Sep.21-Nov.ll 10.2 22.5 Oct.26 17.65 23 
36 Sep.21-Nov.19 11.4 25.5 Oct.28 * 18.42 28 
37 Sep.21-Nov.19 11.3 24.6 Oct. 8 21.69 27 ** 
38 Sep.21-Nov.17 12.3 29.8 Oct.11 * 22.52 21 ** 
39 Sep.21-Nov.19 12.3 21.6 Nov.16 15.92 25 
40 Sep.22-Nov.19 10.9 28.0 Oct.26 * 22.80 27 ** 
41 Sep.22-Nov.19 12.1 28.8 Oct.26 * 21.66 27 ** 
42 Sep.22-Nov.15 10.3 18.5 Nov. 7 15.13 20 
43 Oct. 4-Nov.13 10.6 25.0 Oct.26 17.22 19 
44 Oct.11-Nov.ll 13.0 23.0 Oct.28 16.85 13 

Mean 11.52 25.13 Oct.26 19.35 
Std. dev. 0.90 3.28 2.96 

* Fat birds based on criterion that maximum weight attained is greater than mean 
maximum weight for that year 

** Fat birds based on criterion that average weight is greater than mean average 
weight for t11at year 
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(P=.942, P=.707 respectively). These differences can be 

attributed to improvements in the experimental maintenance 

of captive warblers over the three years. 

An attempt was made to classify individuals as either 

"fat" or "thin" on the basis of the mean weight of each 

year. All of the 1969 birds were classified as "thin". Of 

the 1970 and 1971 birds, the classification "fat" was based 

on the criterion that the maximum weight attained was 

greater than the mean maximum weight for that year. Another 

classification was based on the criterion that the average 

weight was greater than the mean average weight for that 

year. These "fat" birds are indicated in Table 12-1 for 

each criterion by"*" or"**"· 

As indicated in Table 12-1, 12 Blackpoll warblers were 

captured between September 17 and 22, 1971. All of these 

individuals, birds 31-42, were captured on southeast 

Farallon and probably represent the single most homogenous 

group of birds obtained. The mean weight of these 12 birds 

is plotted in Figure 12-1 as a function of time. The 

capture dates and weights were averaged to obtain the 

starting point of the curve. A rather smooth curve was 

obtained that apparently resulted in a peak weight of about 

23.7 grams around November 1. The sharp drop in weight that 

occurred October 26-November 1 was apparently due to the 

stress of transporting these birds from Southeast Farallon 

to Stanford University. Although this actual journey 
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occurred on October 29, the birds were readied for this 

journey by being placed in a few crowded cages on 

October 25. The boat to the island, however, was delayed by 

three days because of heavy seas and inclement weather. 

Murray (1966b] indicated that the maximum weights 

attained by fall migrant immature Blackpoll Warblers on the 

Atlantic coast are 21.9 grams (New Jersey) and 21.5 grams 

(Massachusetts). The higher maximum weights attained by 

captive Blackpoll Warblers in this study are probably due to 

the lack of energy expenditure in obtaining food and the 

inability to initiate migratory flights. The sample of 

experimental birds reached a weight of 20-22 grams between 

October 9-17 indicating that they were potentially capable 

of initiating a long overwater flight at approximately the 

same time that wild individuals on the Atlantic Coast 

initiate their overwater flight. There is, therefore, no 

indication that the sample of California captured 

experimental birds are in any way abnormal with respect to 

the physiology that controls weight and fat production. 

!hg_Nocturnal Activities of Black2oll warblers Captured 
irr California 

The nocturnal activities of experimental birds were 

recorded as jumps/test according to the method outlined in 

Chapter 10. A summary of these data for all 24 California 

captured Blackpoll Warblers is presented in Table 12-2. It 
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TABLE 12-2 

SUMMARY OF ACTIVITIES OF CALIFORNIA CAPTURED 
BLACKPOLL WARBLERS TESTED IN "FOOTPRINT" ORIENTATION CAGES 

TOTAL MEAN 
NO. OF ACTIVITY ACTIVITY STANDARD 

BIRD TESTS - (jumps/test) (jumps/test) DEVIATION 

21 7 569.69 81.38 65.66 
22 1 53.71 53.71 
23 8 459.39 57.42 55.36 

MEAN OF 1969 BIRDS 64.17 15.02 

24 28 2112.02 75.43 55.53 
25 21 741.28 35.30 35.75 
26 23 5304.71 230.64 202.36 
27 18 754.66 41.93 34.93 
28 20 1319.73 65.99 86.01 
29 15 1709. 96 114.00 70.37 
30 9 911.15 101.24 60.56 

MEAN OF 1970 BIRDS 94.93 66.34 

31 24 2126.25 88.59 83.66 
32 31 7040.89 227.13 208.43 
33 22 501.65 22.80 24.53 
34 31 6204.61 200.15 135.74 
35 25 2752.15 110.09 152.30 
36 31 412.02 13.29 16.65 
37 31 654.35 21.11 23.13 
38 29 1375.49 47.43 28.94 
39 30 626.96 20.90 18 • . 84 
40 30 5413. 53 180.45 160.00 
41 30 1552.64 51.75 67.42 
42. 27 2451.35 90.79 125.34 
43 16 395.81 24.74 31.84 
44 14 438.66 31.33 23.00 

MEAN OF 1971 BIRDS 80.75 72.97 

MEAN OF ALL 24 BIRDS 82.82 65.34 

MEAN OF 23 BIRDS TESTED ON 
SEVERAL NIGHTS 84.10 66.51 
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is apparent from these data that the average activity varies 

widely among the 24 individuals tested, ranging from a low 

of about 13 jumps/test for bird 36 to a high of about 231 

jumps/test for bird 26. The mean average activity for all 

24 birds was found to be 82.82±65.34 jumps/test. This 

represents an average rate of jumping of about 1.4 

jumps/minute for one hour .tests. The mean average 

activities for individuals tested during each of the three 

years of the duration of this study is also presented in 

Table 12-2. None of the differences between various years 

are found to be statistically significant (P<.77 for all 

differences). 

What accounts for the wide variation in average activity 

among the various individuals? It was felt that the average 

activity of a given individual might be correlated with the 

individual's weight, with fatter birds showing more 

activity. To test this hypothesis, the mean average 

activity of "fat" birds was compared to the mean average 

activity of "thin" birds, these classifications having been 

defined above. A summary of the results of this test are 

presented. in Table 12-3. While there is a tendency for 

"fat" birds to have higher average activities than 11 thin" 

birds, the differences obtained by any of the criteria used 

are not found to be highly significant (P<.924 for all three 

criteria). 



CRITERION* N 

1 10 

2 9 

3 8 

TABLE 12-3 

DIFFERENCES IN MEAN ACTIVITIES BETWEEN "FAT" AND "THIN" 
CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

"FAT" BIRDS "THIN" BIRDS 
MEAN AVE. MEAN AVE. 
ACTIVITY ACTIVITY 
(jumps/ STANDARD (jumps/ STANDARD DIFFERENCE "t" 

night) DEVIATIO~ N ni~ DEVIATION (j umps/ night) STATISTIC 

95.02 84.31 14 74.10 49.37 20.92 0.766 

99.12 87.86 15 73.04 48.27 26.08 0.944 

108.87 88.57 16 69.79 48.08 39.08 1.483 

SIGNIFICANCE 
p 

.774 

.822 

.924 

* CRITERION 1: "Fat" birds are those whose maximum weight attained was greater than the mean 
maximum weight attained for all birds tested that year.** 

CRITERION 2: "Fat" birds are those whose average weight is greater than the mean average 
weight for all birds tested that year.** 

CRITERION 3: "Fat" birds are those that satisfy both Criteria 1 and 2. 

** All 1969 birds are considered thin.· 
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Table 12-2 also indicates that the standard deviation of 

the average activity of a given bird tested over many nights 

is very high. It is interesting to inquire into possible 

reasons for this high variability in the activity of a 

single individual. It is reasonable to assume that the 

nocturnal activity of captive Blackpoll warblers may vary 

during the migration period, increasing to a peak at the 

height of the season and then decreasing as the 

physiological readiness for migration wanes. To test this 

hypothesis, the activities of single night tests can be 

examined as a function of season for each of the 

experimental birds. The fact that many of the birds were 

only tested over. part of the migratory season, coupled with 

the fact that the activities of different individuals varied 

widely, makes the analysis of this entire collection of data 

uncertain. A consistant sample of seven individuals can be 

found, however, that were all captured on Southeast Farallon 

between September 17-22, 1971 and that were all tested on 

the same 30 nights. A plot of the mean activity of these 7 

birds as a function of the date of testing is presented in 

Figure 12~2. The dates of testing can be arranged into 

three groups: (1) September (September 22-October 1), 

(2) October (October 10-24) and (3) November 

(November 5-18). The means of each of these three periods 

for all seven birds are shown in Figure 12-2 and indicate 

that this sample does indeed show peak activity during the 
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October period. To test whether the differences between the 

three periods are significant, a matched pairs t-test was 

run on the mean of the differences between test periods for 

the individual birds. These data are presented in 

Table 12-4a. Only the difference between October and 

November activities was found to be highly significant 

(P=.972). 

It should be pointed out that four of the 30 tests on 

each birdr because of constraints caused by moonlit nights 

and temporary fog, were initiated very late at night (well 

after midnight). These four nights occurred September 28-

0ctober 1, all in the first test period. All of these 

nights appeared to produce mean activities well below the 

mean activity of that test period (Figure 12-2). It is, 

therefore, interesting to determine whether this apparent 

difference is significant. Accordingly, the matched pairs 

t-test was run on these seven birds as well as on the entire 

sample of 12 birds (which included the sample of 7) tested 

on these nine September nights. The mean of the differences 

in the mean activities of individual birds between the 5 

tests run - before midnight (early) and the 4 tests run after 

midnight (late) was determined. These data are presented in 

Table 12-5. A real difference between early and late night 

tests is indicated but the difference is not highly 

significant for either sample (.91<P<.94). 



TABLE 12-4 

MEAN DIFFERENCES IN ACTIVITIES BETWEEN THREE TEST PERIODS 
FOR SEVEN 1971 CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

MEAN DIFFERENCE 
SAMPLE PERIODS OF IN ACTIVITY STANDARD "t" 

SIZE COMPARISON (j umps/night) DEVIATION STATISTIC 

a. ALL 9 SEPTEMBER TESTS USED 

7 Oct. vs. Sep. 1971 37.37 169.55 0.583 

7 Oct. vs. Nov. 1971 94.81 105.64 2.374 

7 Sep. vs. Nov. 1971 54.65 129.58 1.116 

b. ONLY 5 EARLY NIGHT SEPTEMBER TESTS USED 

7 Oct. vs. Sep. 1971 19.22 188.42 0.270 

7 Oct. vs. Nov. 1971 94.81 105.64 2.374 

7 Sep. vs. Nov. 1971 75.45 156.45 1.276 

SIGNIFICANCE 
p 

• 709 

.972 

.846 

.602 

.972 

.875 
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SAMPLE 
SIZE 

12 

7 

COMPARISON 

TABLE 12-5 

MEAN DIFFERENCES IN ACTIVITIES BETWEEN 
EARLY AND LATE NIGHT SEPTEMBER, 1971, TESTS 
FOR CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

MEAN DIFFERENCE 
IN ACTIVITY STANDARD "t" 

( j umps/night) DEVIATION STATISTIC 

Early vs. late nights 24.46 58.01 1.460 

Early vs. late nights 43.40 .66. 44 1. 728 

SIGNIFICANCE 
p 

.914 

.933 
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In view of this finding, it is desirable to recalculate 

the matched pairs t-test for the three test periods using 

only the 5 early September nights (since all October and 

November tests were run well before midnight}. These data 

are presented in Table 12-4b. It is apparent that the 

difference in activity between September and October is 

decreased but the difference between September and November 

is increased. However, the October-November difference 

still remains the only significant one. 

The average activity of all birds tested during all 

three years is plotted as a function of the time of year in 

Figure 12-3. Nights on which tests were conducted after 

midnight are indicated by filled circles. It should be 

pointed out that conclusions based on these data must be 

made with caution since the number of birds tested on each 

night was not constant. Nevertheless, there appears to be a 

trend toward a peak of activity occurring about October 6 

followed by a fairly smooth decline. This corresponds 

extremely well with the time at which Blackpoll Warblers on 

the Atlantic coast initiate their long overwater flight, a 

time when·they should exhibit their peak migratory activity. 

Thus, there appears to be nothing abnormal about the timing 

of the migratory readiness in this sample of vagrant 

California captured Blackpoll warblers. 

One final point concerning the nocturnal activities of 

captive individuals placed in "footprint" orientation cages 
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seemed worth investigating. It was felt that the activities 

of freshly caught birds might not be truly representative of 

Zugunruhe behavior but might simply represent frantic 

efforts to escape from the orientation cage. If such were 

the case, the activities of birds tested for the first night 

might be significantly higher than their activities on 

subsequent nights. On the other hand, it was felt that a 

bird placed in an orientation cage for the first time might 

be in a state of shock and produce very little or no 

activitya Accordingly, the mean differences in activity for 

individual birds between the first and second night of 

testing, and between the first plus second and third plus 

fourth nights of testing were tested for significance by the 

matched pairs t-test. The results of this analysis are 

shown in Table 12-6. These data indicate that no 

significant difference in activity exists between the first 

and second night's test (P=.746) nor between the first plus 

second and third plus fourth night's tests (P=.684). It is 

therefore likely that the nocturnal activity of freshly 

captured birds is truly representative of Zugunruhe and, as 

such, can. confidently be included in an analysis of the 

directionality of this behavior. 



SAMPLE 
SIZE 

23 

23 

COMPARISON 

TABLE 12-6 

MEAN DIFFERENCE IN ACTIVITIES BETWEEN 
THE FIRST AND SECOND NIGHT TESTED AND BETWEEN 

THE FIRST+ SECOND AND THIRD+ FOURTH NIGHTS TESTED 
FOR CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

MEAN DIFFERENCE 
IN ACTIVITY STANDARD "t" 

(lumps/night) DEVIATION STATISTIC 

1st vs. 2nd night -20.67 146.91 -0.675 

1st+ 2nd vs. 3rd+ 4th nights -22.99 227.41 -0.485 

SIGNIFICANCE 
p 

.746 

.684 
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The Directional~~y of Bla£1s.Qoll Warblers ca2tured 
!n._ca1_!fornia 

Page 12-18 

It is now appropriate to inquire into the heart of this 

investigation, that is, to pose the question: Do California 

captured Blackpoll Warblers exhibit preferred directions 

when tested in orientation cages under the clear night sky, 

and, if so, what are those directions? This is the basic 

question that prompted the initiation of the experimental 

part of this dissertation. If this question can be answered 

then this investigation will have been successful. 

Visual inspection of the orientation traces produced by 

Blackpoll Warblers, such as were shown in Figure 10-1a-c, 

during the three years of field work associated with this 

investigation, led me to believe that the birds were indeed 

capable of exhibiting directionality on a given night. 

However, as the investigation proceeded, the consistancy of 

the directionality expressed by a given individual, and by 

different individuals, became an increasingly elusive 

problem. The basic difficulty arose when it became apparent 

that a given bird, even during a single test, seemingly 

indicated.the expression of more than one direction. A 

method of resolving the problem of multimodal behavior, at 

least as far as the directions are concerned, was presented 

in Chapter 11. This method, which included a mode finding 

algorithm and both a unimodal and an approximate multimodal 

analysis, has been called the Single Trace Analysis. 
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As a starting point, therefore, the number of modes 

chosen on single night's tests by the various Blackpoll 

Warblers can be examined. A summary of these data, for all 

24 individuals, is presented in Table 12-7. Of the 508 

tests displaying some activity, 186 or 36.6% were found to 

show multimodal behavior according to the mode finding 

algorithm used in the Single Trace Analysis. Multimodality, 

therefore, does appear to be a relatively frequent 

phenomenon in orientation tests on California captured 

Blackpoll warblers. Multimodality is also found to be a 

relatively regular phenomenon among all of the individuals 

tested. For example, the mean of the percentage of 

multimodality shown by individual birds tested on several 

nights (23 birds), was found to be 35.5±13.7%. The standard 

deviation is, therefore, only 38.7% of the mean value. On 

the other hand, the average activity of these same 23 

individuals can be seen from Table 12-2 to be 84.1!66.5 

jumps/test. In this case, the standard deviation turns out 

to be 79.1% of the mean value. Thus it appears that this 

sample of Blackpoll Warblers shows only half as much 

variability in their multimodality than they show in their 

total activity. 

The preceding discussion, therefore, indicates that 

multimodal behavior is a relatively common and consistant 

phenomenon among California captured Blackpoll Warblers 

tested in "footprint" orientation cages. However, the 
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TABLE 12-7 

PERCENTAGE OF MULTIMODAL BEHAVIOR 
DISPLAYED BY CALIFORNIA CAPTURED 

BLACKPOLL WARBLERS 

NUMBER 
NUMBER PRODUCING 

OF. ACTIVE MULTIMODAL % 

BIRD TESTS DATA MULTIMODALITY 

21 7 0 o.oo 
22 1 1 100.00 
23 7 2 28.57 
24 28 8 28.57 
25 20 7 35.00 
26 23 7 30.43 
27 17 11 64.71 
28 20 6 30.00 
29 15 8 53.33 
30 9 3 33.33 
31 23 7 30.43 
32 31 10 32.26 
33 21 5 23.81 
34 31 7 22.58 
35 23 7 30.43 
36 29 10 34.48 
37 30 13 43.33 
38 29 8 27.59 
39 30 14 46.67 
40 30 18 60.00 
41 30 14 46.67 
42 24 8 33.33 
43 16 5 31.25 
44 14 7 50.00 

TOTAL 508 186 36.61 

AVERAGE/BIRD 

1) ALL BIRDS 38.20 ± 18.82% 

2) ELIMINATING BIRD 22 35.51 ± 13.75% 
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question remains: Is it a real phenomenon attributable to 

the behavior of the birds, or is it merely an artifact of 

the test procedure or subsequent analysis? To answer this 

question, the relationship between the various modes 

exhibited in each one hour test can be examined. Of the 186 

tests that produced multimodality, 183 (98.4%) were found to 

be bimodal, while only 3 (1.6%) were trimodal. The angular 

relationship between the primary and secondary modes in each 

of these 183 bimodal traces can, therefore, be examined. 

Primary modes are defined as those modes that contain over 

50% of the total activity of the trace (as determined by the 

approximate multimodal solution). Thus, the statistic~~. 

which is defined as the difference (in degrees) between the 

mean direction of the primary mode and the mean direction of 

the secondary mode measured clockwise from the primary mode, 

can be calculated. Because of the characteristics of the 

mode finding algorithm used in the Single Trace Analysis, 

the value of~~ cannot be much less than 90° nor much 

greater than 270° since the mode finder is unable to 

differentiate between modes that are much less than 90° 

apart. 

The distribution of~~ at ten degree intervals between 

70° and 240° is shown in Figure 12-4. An obvious peak is 

seen to occur in the neighborhood of 170-180°. The mean 

value of 6~ for all 183 bimodal traces is found to be 

179.2!_27.0°. A one sided t-test shows that this value does 
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does not differ significantly from 180° (P=.662). 

Similarly, the mean value oft~ for all of the 131 bimodal 

traces obtained during 1971 is found to be 178.5~26.7°, 

while the 6~ for the 52 bimodal traces obtained in 1969 and 

1970 is 180.8!28.0°. Again, one sided t-tests show that 

these values do not differ significantly from 180° (P=.737 

and P=.581 iespectively). These results, therefore, supply 

very strong evidence that the bimodality exhibited by 

California captured Blackpoll Warblers in "footprint" 

orientation cages is an expression of a given direction and 

the 180° opposite direction. Such behavior has been 

occasionally indicated by previous studies on bird 

orientation (Sauer and Sauer, 1960] and has been referred to 

as conflict orientation. However, the present study is the 

first to show that conflict orientation indeed represents 

two modes of behavior that are exactly 180° apart. 

It is important to note, however, that the fact that 

bimodal behavior is oriented in 180° opposite directions 

does not eliminate the possibility that such behavior is an 

artifact of the test apparatus itself. Furthermore, the 

fact that · birds can distinguish 180° opposite directions 

while inside of a circular orientation cage does not 

indicate in any way that the birds are capable of utilizing 

directional cues from outside of the cage. In fact, the 

ability of a bird to produce a unimodally directed trace 

during a one hour test does not prove that the bird is a 
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well oriented individual, capable of directional behavior 

based on external cues. The bird could simply begin jumping 

in a given randomly chosen direction and continue jwnping in 

that direction for the duration of the hour. It could 

maintain the given direction (or its 180° reverse) by means 

of an inertial guidance system or, simply by the internal 

characteristics of the cage itself. Stated in statistical 

terms, an active bird jumping in an orientation cage is 

making a series of directional choices (each jump may be 

considered to represent a choice on the part of the bird), 

but we have no a priori knowledge of the independence of any 

of the choices (or jumps). Any valid statistical treatment 

necessitates some knowledge of the number of independent 

events, N, which is not necessarily equal to the number of 

jumps or to the amount of activity, A. This is a very 

important point that far too few researchers in the field of 

bird orientation fully appreciate. 

Emlen (1969b] proposed a procedure for determining a 

relative measure of the independence of consecutive jumps 

made by Indigo Buntings in "footprint" orientation cages. 

This procedure was to place a translucent glass lid over the 

orientation cage and to record, by direct visual observation 

from below the cage, the directions of sequential jumps made 

by the bird. Independence of jumps was indicated when the 

mean directional distance between pairs of jumps for various 

orders of pairs approximated 90° or when the auto-



PART III - AN EXPERIMENTAL APPROACH Page 12-25 

correlation coefficient approached zero. This method 

presupposed that the individual was behaving in a uniform 

manner with respec~ to directionality. Emlen claimed that 

this was a reasonable assumption since the bird was 

prevented from seeing any directional cues external to the 

cage. This method was attempted with various species of 

warblers in the present study but was found to be 

unsuccessful for two reasons: (1} the activity of the birds 

dropped drastically if it did not cease entirely when the 

translucent lid was placed on the cage and (2) with such a 

small amount of activity there was no indication that the 

birds were behaving uniformly~ It was, therefore, my 

opinion that the question of the independence of jumps could 

not be rigorously resolved and that the only way of 

demonstrating significantly oriented behavior was by 

considering the results of many independent tests on the 

same individual (or a few tests on many individuals if it is 

suspected that all individuals would have identical 

orientations). Nevertheless, the fact that a given bird is 

capable of producing a directed trace on a single night does 

supply an · indication that the bird is at least predisposed 

to directionality. With the above considerations in mind, 

the directionality of single night's tests may now be 

examined. 

As shown in Chapter 11, a good measure of the 

concentration of activity around the preferred direction of 
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a unimodal circular distribution is given by the length of 

the resultant vector, r, of the vector sum. When a 

distribution is multimodal, an estimate of r can be obtained 

for each mode based upon the mode intensity, I, of that 

mode. This estimation of r is based on the assumption that 

all of the activity in the peak (eliminating the valleys) of 

each mode belongs entirely to that mode and that the 

distribution around the peak approximates a circular normal 

distribution. This method, therefore, does not allow . 

extensive overlapping of the various modes. As was shown in 

Chapter 11, such a method of multimodal analysis usually 

resulted in an overestimation of r especially if the modes 

were weakly concentrated about the preferred direction. To 

avoid conclusions based on such overestimations of r, this 

discussion will be limited at this time to the values of r 

obtained on unimodal traces, r. 
u 

The number of traces indicating unimodal behavior is 

presented, for each of the 24 California captured Blackpoll 

Warblers, in Table 12-8 along with the mean value, r, for . u 
the unimodal traces produced by each of these birds. The 

average value of r0 over all 322 of these tests was found to 

be ru=0.554 while the average value of r
0 

over the 23 

individuals that produced unimodal data was ru=0.547. These 

values of r
0 

are certainly indicative of well directed 

behavior. For example, the series of traces shown in 

Figure 12-5a-d (all produced by Blackpoll warbler #32) 
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TABLE 12-8 

MEAN CONCENTRATION ABOUT THE MEAN VECTOR 
FOR ALL UNIMODAL DATA PRODUCED BY 

CALIFORNIA CAPTURED BLACK.POLL WARBLERS 

Page 12-27 

NUMBER OF MEAN CONCENTRATION 
TESTS PRODUCING ABOUT THE MEAN VECTOR 

BIRD UNIMODAL BEHAVIOR ru 

21 7 .394 
22 0 
23 5 .350 
24 20 .519 
25 13 .733 
26 16 .494 
27 6 .614 
28 14 .628 
29 7 .506 
30 6 .503 
31 16 .493 
32 21 .505 
33 16 .722 
34 24 .357 
35 16 .473 
36 19 .720 
37 17 • 657 
38 21 .491 
39 16 .653 
40 12 .623 
41 16 .663 
42 16 .416 
43 11 .693 
44 ..L .382 

TOTAL 322 .554 

AVERAGE/BIRD .547 ± .123 



PART III - AN EXPERIMENTAL APPROACH Page 12-28 

FIGURE 12-5 

EXAMPLES OF UNIMODAL ORIENTATION DATA PRODUCED 
BY A CALIFORNIA CAPTURED BLACKPOLL WARBLER, BIRD 32, 

UNDER THE CLEAR NIGHT SKY AND ILLUSTRATING 
VARIOUS CONCENTRATIONS, ru, ABOUT THE MEAN UNIMODAL VECTOR 

a. r = 0.767 u 
TRACE 415; 10/21/71 

c. r = 0.490 u 
TRACE 413; 10/18/71 

b. r = 0.681 u 
TRACE 412; 10/17/71 

d. r = 0.334 u 
TRACE 417; 10/24/71 
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display r
0 

values of 0.767, 0.681, 0.490 and 0.334 

respectively. However, whether or not such values of r 0 

indicate statistically significant directionality depends, 

of course. on the number of independent choices, N, made by 

the bird. The Rayleigh test provides a simple and powerful 

method of statistically distinguishing between unimodally 

directed behavior and uniform behavior if the number of 

independent choices involved is known. The test statistic 

for the Rayleigh test is 

Z = N•r
2 (12-1) 

The null hypothesis of the uniform distribution (PRAY) can 

then be tested by examination of a table of critical values 

of z as presented in Batschelet (1965, 1972]. These tables 

indicate that the average unimodal Blackpoll Warbler trace, 

having r
0
=0.547. will be significantly directed (PRAY<.05} 

if the number of independent choices, N, is at least 9.75. 

The average number of jumps per unimodal .test for the sample 

of California captured Blackpoll Warblers was found to be 

99.05. This result indicates that if, on the average, only 

one out of every 10 jumps represents an independent choice, 

the average unimodal trace would be significantly directed 

(P <.OS). Emlen [ 1969b) indicated that, for Indigo 
RAY 

Buntings, independence of jumps was approached, on the 

average, by every fourth jump and assured by every eighth 

jump. If Blackpoll Warblers behave similarly when placed 

into orientation cages, then there exists a very strong 
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indication that they are capable of significantly directed 

behavior over the course of a single night's test, at least 

when their behavior is unimodally directed. As pointed out 

in Chapter 8, however, the fact that a bird is capable of 

significantly directed behavior on a single night's test, 

does not prove that the bird is not disoriented. To 

demonstrate truly oriented behavior it is still necessary to 

examine the results of several nights• tests on a given 

individual. 

There are two basic methods of presenting the results of 

several orientation experiments on a given individual. The 

first · is to sum all of the activities in each 15° sector 

over all of the tests on that individual thereby producing a 

single composite distribution. Since the location of true 

north was varied with respect to the 15° sectors from night 

to night, it is first necessary to transform the raw data so 

that the first 15° sector extends from true north to 15°,· 

the second from 15° to 30°, etc. Then the indicated 

summation can be acomplished. It should be noted that this 

method, in effect, weights each night's test according to 

the total- activity produced that night. The resulting 

composite distributions for each of the 24 individual 

Blackpoll warblers are shown as vector diagrams in 

Figures 12-6a to 12-29a. The radius of each diagram 

represents the maximum number of jumps in any single 15° 
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FIGURE 12-6 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IMMATURE DLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

N 

~ ,,, 
~ ---~ A .. ,,, -

s 
a. VECTOR DI11CAAM OF THE SUl'J-IATION OF 11CTIVITIES OF 

ALL TESTS. THE P.AtlWS, R; REPRESE!-.'TS THE MAXIMUM 

NUMBER OI' JUMPS IN I\N'i ONE 15° SECTOR. R• 32.1 

BIRD NUMBER 21 

E w-

---

N 

+ 

s 

I I; 
/ 

\ 

b. DISTRIBUTION OP NIGHTLY MEA.~ DIRECTIONS. UNIJI.OO!U, 

AND PRIMARY MULTIMODI\L ~IE/\N DIRECTIONS 11.~ SHOWN 

AS SOLID LINES. SECONDARY MOLTIHODAL MEAN DIREC­

TIONS I\RE SIIOWN AS OASHCD LINES. 

) 

--=:E 

l"lj 
;J:,I 

~ 
H 
H 
H 

I 

~ 
tr:l 
X 
tu 
tr:l 
:::0 
H 
~ 
tr:l z 
~ 
t◄ 

!t" 
l"lj 
l"lj 
?j 
0 
:;:,, 
() 
::r: 

l"lj 
p; 

I.Q 
(D 

~ 

N 
I 
w 
~ 



FIGURE 12- 7 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTUllED IMMATURE BLi'\CKPOLL 

WARBLER TESTED UNDER TUE CLEAR NIGHT SKY 
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a. V"..cTOR DIAGRAM OF THE SUM:'J\1ION OF ACTIVITIES OF 
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FIGURE 12-8 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IM.MATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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FIGURE 12-9 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFOR.'IIA CAPTURED IM!-ll\TURE BLACKPOLL 

WARBLER TESTX:D UNDER THE CLEAR NIGHT SKY 

N 
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a. VECTOR DIJ\GR/\M OF THE SU!'.MATION OF ACTIVITIES OF 

ALL TESTS. TJtE RADIUS, R; REPRESENTS THE MAXIMUM 

NUMBER OF JUMPS IH rulY ONE lSo SECTOR. R• 115. 7 
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FIGURE 12-10 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED I:-L'1J\TURE BLACKPOLL 

WAPJlL.ER ':.'ESTED UNDER 'l'HE CLEAR NIGHT SKY 
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FIGURE 12:-11 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IMHATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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FIGURE 12-12 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED Il'-'.:•IJITURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SK'l 
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b. DISTRIBUTION OF NIGHTLY MEl\11 DIRECTIONS. UNIMODI\L 
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FIGURE 12-13 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IH.'!ATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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a, VEC!'OR OI,.GRAM OF 'n!E SUMMATION OF ACTIVITIES OF 

1,LL TESTS, 'I1!E Rl\DIUS, R, REPRESENTS THE MAXIMUM 

tlUMBER OF JVMPS IN l\N'l ONE 15° SECTOR. R• 72,3 
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FIGURE 12-14 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED rn.M,\TUM BLJ\CKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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AS SOLID LINES. SECONDARY MULTIMODAL MEAN DIREC­
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FIGURE 12-15 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED nt,•lATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NUl'.BER 30 

-.......... 

-----
~", , 

---~· E 1'1::, ___ _ 

~ 

N 

I , 
I 

I 
I 

~ 

--+ -E --
/ 

/ " 
s 

a. Vl:CTOR D!AGP./1.H 01' T!lt SCM/-ll\TlON OF ACTIVITIES 0!' 

ALL TESTS. THE PJ\DlUS, R1 REPRESENTS THE Ml\XlMUM 
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b. DISTRIBUTION OF NIGHTLY ~ DIRECTIONS. 1.lllIMOOAL 
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FIGURE 12-16 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IK'IATURE BLACl<POLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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a. VECTOR DIAGRAM OF THE SUMMATION OF ACTIVITIES OF 

ALL TESTS. THE RADIUS, R; ttEPRESENTS TH'!: MAXIMUM 

J.'UXDER OF JUMPS IN AIIY ONE 15° SECTOR. R•l48.l 
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h. DISTRIBUTION OF NIGHTLY MEAN DIRECTIONS. UNIMODAL 
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FIGURE 12-,,17 

ORIENTATION OF ZUGUNRUHE OP A 
CALIFORNIA CAPTURED IMMATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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a. vtcroR DIAGRAM OF THE SU!-1.'IATION OF ACTIVITIES OF 

1J.L TESTS. THE RADIUS, R, REPRESENTS THE MAXIMUM 

Nm'J!ER OF JUMPS IN AN'l ONE 15° SECTOR. R• 637,l 
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b, DISTRIBUTION OF NIGHTLY MEAN DIRECTIONS, UNIMODAL 

AND PRIMARY MtlLTIMODIIL MEAN DIRECTIONS ARE SHOWN 

AS SOLID LINES, SECONDARY MULTU!ODAL MEAN DIREC­
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FIGURE 12-:-18 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFOR.-.Il\ CAPTURED IMMATUI\E BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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a. VtC'roR OIP.GRJ\M O? TllE SUMMJ>.TION OF ACTr/ITIES OF 

ALL TESTS, THE RI\DIUS, R, REPRESENTS THE MAXIMUM 

l,"\,'K!lER Ol" J\,1-:PS IN ANY ONE lSo SECTOR. R• 38,2. 
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b. DISTRIBUTION OF NIGHTLY MEA.'1 DIRECTIONS. UNIMOOl\L 

AND PRIMARY MULTIMODIIL HEI\N DIRECTIONS ARE SH~\'N 

AS SOLID LINES, SECONDARY MULTIMODAL MEAN DIREC­
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FIGURE 12-19 

ORIENTATION OF ZUGUNRUHE OF 11, 
CALIFORNIA CAPTURED I K'lJ\TUP.E BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NUMBER 34 
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a. \11:CTOR OIAGMI-I O'f THE SU!'.".ATION OF ACTIVITIES OP' 

ALL TESTS. nrz RADIUS, R1 REPRESE!,'TS THE MAXIMUM 

NUMBER or JUMl'S IN NN ONE 1s0 SECTOR. R•338.6 
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b. DISTRIBUTION OF NIGHTLY MEAN t>IRECTIO~. UND'.OOAL 

ANO PRIM!\RY MULTIMOO/\L HEAN DIRECTIONS ARE S!!OliN 

AS SOLID LINES. SECONDARY M!JLTIMODAL MEAN DIREC­

TIONS ARE SHOWN AS D/\SHED LINES. 
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FIGURE 12.,.20 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORN!J\ CAPTURED n'.H,'\TORE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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a. VECTOR DIAGRAM 0!" T!!E SUMXATION OF ACTIVITIES OF 

W. TESTS. THE R,'\DIUS, R, REPRESEtlTS THE MAXIMUM 

eru>IDER OY JUMPS IN ANY ONE 15° SECTOR. l\•212.8 
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b. DISTRIBUTION OF NIGHTLY MEAN DIRECTIONS. VNIMOOAL 
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FIGURE 12,-21 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IMNATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NUMBER 36 
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a. VECTOR DIAGAA.~ OF T'r!E SU~.ATION OF ACTIVITIES OF 

ALL TESTS. THE RADIUS, R, REPRESENTS THE MAXIMUM 

111Jl'.DER OF JUMPS IN AN'/ ONE 15o SECTOR. R• 30. 7 

E 

' ~ --W.:r----- + -E 

= ----- -------~ ... , .... ,, , , 

\~ 
,, 

' \ \\\\ 
s 

b. DISTRIBUTION OF NIGHTLY MEAN DIRECTIONS. UNIMODAL 

ANO P!UMJ\Rl.' MULTIMODJ\L MEAN DIRECTIONS ARE SllCWN 

AS SOLID LINES, SECOND/\Rl.' MULTIMODAL MEAN DIREC­

TIONS ARE SHOWN AS 01\SltEO LINES, 
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FIGURE 12-22 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFOR.'UA CAPTURED IMHATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 
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a. VECTOR llIAGPAM 01" THE SUMMATION OF ACTIVITIES OP' 

1,LL TESTS. THE RADIUS, Ri REPRESENTS THE MAXIMUM 

Nl.,"Ml!ER OF JUMPS lN Afl'i ONE 15o SECTOR. R• 37. 7 
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b. DISTRIBUTION 01" NIGHTLY MEAN DIRECTIOHS. UNWODI\L 

AND PRIMARY MULTIMODAL HEAN DIRECTIONS ARE Sl!CliN 

l\S SOLID LIIIES. SECONDARY MULTIMOOAL MEAN DIREC­

TIONS ARE SIIOWN AS Dl\SHEO LINES. 
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FIGURE 12-.23 

ORIENTATION OF ZUGUNRUl!E OF A 
CALIFORNil\ CAPTURED Il'"'lATURE BL,\CK?OLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NU¥JlER 38 
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AND PRIM/\RY MULTIMODAL MEAN DIRECTIONS ARE SHO!ffl 

AS SOLID LINES. SECONDARY MULTIMODAL MEAN DIREC­

TIONS ARE SllOWll /IS D/\SllED LINES. 
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FIGURE 12- 24 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED I~~'!l\TURE BLACKPOLL 

WJ\RBLER TESTED UNDER THE CLEI\R NIGHT SKY 

BIRD NUMBER 39 
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FIGURE 12- 25 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA Cl\l'TURED Il-'.MATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NU}:.!JER 40 
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FIGURE 12.., 26 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IM.'IATURE BLACltPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NlWJ3ER 41 
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FIGURE 12-. 27 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFOIUHA CAPTURED IV.NATURE BLACKPOLL 

W.i\RBLER TESTED UNDER THE CLE,'\.R NIGHT SKY 

BIRD NUl-iBER 42 
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FIGURE 12- 28 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNIA CAPTURED IM.MATURE BLACKPOLL 

WARBLER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NUMBER 4 3 
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FIGURE 12- 29 

ORIENTATION OF ZUGUNRUHE OF A 
CALIFORNI1\ CAPTURED IN!·:J\TURS BLACKPOLL 

WAru3LER TESTED UNDER THE CLEAR NIGHT SKY 

BIRD NUMBER 44 
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sector. 

The second method of presenting the results of several 

orientation experiments on a given individual is to subject 

each night's data to the Single Trace Analysis and plotg on 

a circular diagram, the resulting mean directions. This 

method, in contrast to the summation of activities method, 

weights each direction equally, regardless of the activity 

or the concentration about the mean. The resulting circular 

diagrams for all 24 Blackpoll Warblers are presented in 

Figures 12-6b to 12-29b. The ~ean directions for unimodal 

data as well as the primary mean directions for multimodal 

data are shown as solid lines while the secondary mean 

directions for multimodal data are shown as dashed lines. 

Inspection of the com:i;osite distributions obtained by 

the summation of activities method and shown in 

Figures 12-6a to 12-29a indicates that the majority of the 

California captured Blackpoll ,.1arblers show some consistant 

directionality when tested over several nights. Some of the 

individuals show apparent bimodal behavior. Birds number 29 

(Figure 12-14a), 39 (Figure 12-24a) and 40 (Figure 12-25a) 

are particularly well marked examples of this phenomenon. 

As perhaps expected. these bimodal directions appear to be 

approximately 180° apart from each other. 

To obtain numerical data as to the preferred directions 

chosen by each bird and the amount of directionality shown 

by each bird, the composite distribution for each bird can 
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be subjected to the Single Trace Analysis. These results 

are presented in Table 12-9. The first finding is that 10 

of the 24 birds (41.7%) display multimodal behavior in their 

composite distributions. This value is in close agreement 

~~th the percentage of rnultimodal traces obtained on single 

night's tests (36.6%) but. as would be expected, is somewhat 

higher. Furthermore, all of the 10 multimodal individuals 

are bimodal and~~, the mean difference between the primary 

and secondary mean directions (measured clockwise) is 

175.7~23.2°. A one sided t-test, furthermore, indicates 

that this value does not differ significantly from 180° 

(P=.718}. 

As an estimate of the concentration around the preferred 

direction that is displayed by Blackpoll Warblers tested 

over several nights, the 14 unimodally directed birds can be 

examined. The mean ru for these individuals is found to be 

r 0 =0.226, a value indicative of some degree of 

directionality. The minimum number of independent choices 

necessary for the mean unimodal bird to be significantly 

directed (PRAY<.05) may be obtained from equation (12-1) for 

r=0.226 and is found to be N=58.6. Since the mean 

unimodally directed bird produced about 1854 jumps over all 

of its tests. PRAY<.05 can be obtained if independence of 

jumps is achieved, on the average, once in every 32 jumps. 

Furthermore, since the average unimodal individual produced 

90.10 jumps/night, significant (P <.05) unimodal behavior 
Rl,Y 
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BIRD 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

TABLE 12-9 

RESULTS OF THE SINGLE TRACE ANALYS.IS RUN 
ON THE SUl-!Ml\TION OF ACTIVITIES OF EACH 

CALIFORNIA CAPTURED BLACKPOLL WARBLER 

CONCENTRATION DIFFERENCE BETWEEN 
MEAN ABOUT THE MEAN PRIMARY AND SECOND.'\RY 

. NUMBER MODE TOTAL 'II ACTIVITY DIRECTION 1.JNntODAL VECTOR DIRECTI0:-1s FOR BIMODAL 
OF MODES NtJ:1EER ACTIVITY IN EACH ~!ODE 

l 

2 

l 

2 

l 

l 

l 

2 

2 

1 

1 

1 

2 

2 

1 

1 

1 

1 

2 

2 

2 

1 

1 

2 

l 

l 
2 

l 

l 
2 

l 

l 

l 

l 
2 

l 
2 

1 

l 

1 

1 
2 

1 
2 

l 

l 

1 

l 

l 
2 

1 
2 

1 
2 

1 

1 

l 
2 

569.69 

53.71 

459.39 

2112.02 

741.28 

5304.71 

754.66 

1319.73 

1709.96 

911.15 

2126.25 

7040.89 

501.65 

6204.61 

2752.15 

412.02 

654.35 

1375.49 

626.96 

5413.53 

1552.64 

2451.35 

395.81 

43S,G6 

100.00 

60.44 
39.56 

100.00 

52.87 
47.13 

100.00 

100.00 

100.00 

59.86 
40.14 

so. 77 
49.23 

100.00 

100.00 

100.00 

88.26 
11.74 

66.85 
33.15 

100.00 

100.00 

100.00 

100.00 

59.97 
40.03 

57.00 
43.00 

58.45 
41.55 

100.00 

100.00 

51.28 
48. 72 

if> ( O) . ru INDIVIDUALS ll<I> ( 0 ) 

60.0 

292.8 
83.7 

53.7 

75.S 
241.4 

146.9 

48.1 

281.2 

252.0 
26.9 

274.6 
84.6 

180.4 

243.7 

91.9 

319.3 
149.6 

58.8 
234.3 

300.2 

121.9 

38.9 

10.8 

307.3 
126.2 

309.2 
125.S 

303.5 
139.7 

123.4 

70.8 

10.4 
228.3 

.160 

.270 

.272 

.265 

.131 

.104 

.234 

.408 

.338 

.211 

.os8 

.147 

.293 

.272 

150.9 

165.9 

134.9 

170.0 

190.3 

175.5 

178.9 

176.3 

196.2 

217.9 

HEAN ru FOR Sl\:!?LE OF 14 u:;r;.:)DALLY DI R::CTED DIHDS .226 

175.7 ± 23.2 
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is· indicated if each bird made, on the average, only 3 

independent choices each night! There is, therefore, a 

strong indication that Blackpoll Warblers captured in 

California are capable of consistantly directed behavior 

over many successive nights of testing in "footprint" 

orientation cages. Hence, Blackpoll Warblers captured in 

California are not disoriented individuals. 

The next step of this analysis is to inquire whether the 

sample of 24 Blackpoll Warblers captured in California 

displays a common misorientation direction. Considering the 

widely scattered directions indicated in Table 12-9, this 

hypothesis seems doubtful. Nevertheless, all of the 

activities in each 15° sector for all of the tests on all of 

the birds can be summed to produce a single composite 

distribution representative of the combined activities of 

all 24 California captured Blackpoll Warblers. These data 

are sho~m in the vector diagram in Figure 12-30 and appear 

to indicate some small degree of directionality. If this 

distribution is subjected to the Single Trace Analysis, it 

is found that the distribution is indeed unimodal with a 

mean direction of 67.3° and a concentration about the mean, 

r =0.084. If the single San Diego captured individual, bird 
u 

number 30r is eliminated from this summation and the 

remaining 23 Northern California birds (all but one of which 

were captured on Southeast Farallon, _the single exception, 

bird number 21, having been captured at Bolinas, only 18 
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w 

FIGURE 12-30 

VECTOR DIAGRAM OF THE SUHM.Z\TION OF ACTIVITIES OF ALL 
TESTS ON ALL CALIFORNIA CAPTURED BLACKPOLL WARBLERS. 

THE Ri\DIUS, R, REPRESENTS THE 1'LZ\XD1UH NUMBER OF 
JUMPS IN ANY ONE 15° SECTOR. R=2416.5 
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miles from southeast Farallon, virtually the closest 

mainland point to the island) are included, a more uniform 

sample may result. Nevertheless, there is little difference 

in the result: the Single Trace Analysis still indicates a 

unimodal distribution, now with a mean direction of 66.0° 

and a concentration about the mean, ru=0.086. The Rayleigh 

test, with N=24 or 23, indicates that the resulting 

distribution is not, in either case, significantly different 

from a uniform distribution (P >>.10). It therefore 
RAY 

appears that this sample of Blackpoll warblers does not have 

a statistically significant common unimodal misorientation 

direction. 

Nevertheless, it may be interesting to examine the mean 

direction obtained by this summation of all of the 

California captured Blackpoll Warbler traces, 67.3° or ENE. 

It is obvious that Blackpoll Warblers could not reach 

California by following an ENE direction from their breeding 

range. However, they could reach California by following 

the 180° reverse of this direction, 21+7.3° or WSW. If this 

direction is followed back to the breeding grounds of the 

Blackpoll · Warbler it is found that the California captured 

individuals should, on the average, originate in central 

Ontario or even Quebec. More interestingly, it is found 

that the mirror image, with respect to the N-S axis, of this 

WSW direction is 112.7° or ESE. Such a direction may be the 

approximately correct migratory direction for the passage of 
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the Blackpoll Warbler across continental North America 

[Nisbet, 1970]. This intriguing coincidence prompts us to 

examine the data in more detail. 

The summation of activities method of analysis just 

presented, while simple and straightforward, may represent 

an oversimplification of the data. First of all, this 

technique weights the data according to the total activity 

of each bird on each night. Thus, the behavior of extremely 

active birds on more active nights may effectively mask any 

underlying behavior of less active birds on less active 

nights. secondly, the fact that the summation of all 

Blackpoll Warbler data is not significantly unimodally 

directed according to the Rayleigh test does not eliminate 

the possibility that it is significantly multimodally 

directed. This is because the Rayleigh test cannot 

distinguish multimodal behavior from uniform behavior. 

Furthermore, if the resulting distribution is multimodal and 

the mean directions of the modes lie much closer than 90° 

from each other. the mode finding algorithm used in the 

Single Trace Analysis will fail to differentiate them. In 

view of these shortcomings in the summation of activities 

method, it is worthwhile to attempt a second method of 

analysis of the data. 

The mean directions obtained by the Single Trace 

Analysis for the summation of data for each individual 

Blackpoll Warbler were presented in Table 12-9. The mean 
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directions of all 23 Northern California individuals can be 

plotted on a circular diagram in the manner that 

Figures 12-6b to 12-29b were created. These data are shown 

in Figure 12-31. The first glance at these data indicates 

that this sample of birds produces mean directions spread 

nearly entirely around the compass. However, closer 

inspection reveals the presence of concentrated clumps of 

mean directions and large gaps where no mean directions are 

found. It is, therefore, desirable to test whether this 

distribution of mean directions differs significantly from a 

uniform distribution. The Rayleigh test, however, is likely 

to be inadequate for this purpose since it is only powerful 

when the alternative to the uniform distribution is a 

unimodal one. The distribution shown in Figure 12-31, 

however, appears to be multimodal. 

A powerful statistical test to ascertain the presence of 

directionality in a circular distribution of points (or the 

location of mean vectors) regardless of whether the 

distribution is unimodal or multimodal has been derived by 

Rao [1969] and summarized by Batchelet (1972] and will be 

referred to as the Rao test. The theory behind this test is 

very simple. If a circular distribution of N points is 

perfectly uniform, the difference (in degrees) between 

adjacent points, T., will be constant, 360/N. If, on the 
l. 

other hand, the distribution of N points is not uniform but 

exhibits distinct clusters of points, then T. will be quite 
l. 
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FIGURE 12-31 
DISTRIBUTION OF MEAN DIRECTIONS OBTAINED BY THE SUMMATION OF 
ACTIVITIES OF ALL TESTS OF EACH NORTHERN CALIFORNIA CAPTURED 
BLACKPOLL l'iARBLER (23 BIRDS). UNHlODAL AND PRH1ARY MULTI­
MODAL NEAN DIRECTIONS ARE SHO\'lN AS SOLID LINES. SECONDARY 
MULTU10DAL DIRECTIONS ARE SHOWN AS DASHED LINES. LONG ARROWS 
REPRESE~~T THE HE.i\N DIRECTIONS OF EACH OF THE FOUR MAJOR 
CLUMPS OF DIRECTIONS. s:,1ALL NUMBERS REFER TO THE YEAR IN 
WHICH THE BIRD WAS TESTED. 
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variable, some Ti being very small and other Ti being quite 

large. In all cases however: 

N 
LT. = 360 

i=l 1 
( 12-2) 

The Rao test, in effect, compares the real distribution with 

the uniform distribution by using, as a test statistic, the 

absolute value of the difference between the real Ti and 

360/N. If the sum of this statistic over all N is 

sufficiently large, then the null hypothesis of the uniform 

distribution can be rejected. Specifically, the test 

statistic used in the Rao test is: 

In using the Rao test, it must be remembered that while 

there are 33 mean directions represented in the 

distribution, 10 of them are secondary directions. These 

have already been shown to be significantly correlated to 

the corresponding primary directions by being, on the 

average, 180° opposite to them. As a result, there are only 

23 independent directions, corresponding to the number of 

individual birds involved. When the Rao test is performed 

on the data illustrated in Figure 12-31, it is found that 

U=158.93 for N=23 which results in a .strong indication that 

the distribution of mean directions for the sample of 
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Northern California Blackpoll Warblers is not a uniform 

distribution (P=.058). Furthermore, when the Rayleigh test 

is performed on these data, it is found that r
0

=0.289 for 

N=23 and PRAY>.10. The combined results of these two tests, 

therefore, provide strong evidence that the distribution is 

indeed multimodally directed. 

There now exists the problem of deciding how the various 

mean directions shown in Figure 12-31 are clustered. Since 

there exists no a priori method for solving this problem 

some subjective guesses must be made. If the distribution 

is bimodal, then there should be two major gaps in the 

distribution that effectively isolate the modes. 

Figure 12-31 indicates that there are indeed two large gaps, 

one located near south and the other near north. These gaps 

effectively divide the distribution into an eastward and a 

westward mode. If all of the mean directions are weighted 

equally and the vector sum of each mode is computed, it is 

found that the mean directions for each mode are 82.4° and 

276.0° respectively. It is now logical to inquire whether 

these two mean directions bear any interesting relation to 

each other, in particular, whether they could be mirror 

image directions. It is found that indeed they are and, 

furthermore, that the calculated mirror image ax.is lies at 

359.2°, within 1° of true north! 

It is also interesting to note that the two next largest 

gaps in the distribution shown in Figure 12-31 lie near east 
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and west. If these gaps are considered to be real, they 

would effectively partition the distribution into four 

modes, NW and SW and NE and SE. When clustered in this 

manner, the four modes have an interesting property. The NW 

and NE modes are composed of 100% and 76.9% primary or 

unimodal mean directions respectively, while the SW and SE 

modes are composed of only 40.0% and 42.9% primary or 

unimodal mean directions respectively. The mean direction 

of each of these four resulting modes may be computed by 

vector summation. The results are presented in Table 12-10 

and illustrated on Figure 12-31 by the long arrows. As 

perhaps expected, the opposite modes are found to be 

approximately 180° removed from each other and are therefore 

considered to represent 180° reversed directions. As such, 

all of the SE mean direction can be transformed into the NW 

mode by adding 180° to each of them, and all of the SW mean 

directions can be transformed into the NE mode by the same 

method. The mean NE and NW' directions can then be 

calculated. They are found to be 56.3° and 305.4° 

respectively. The calculated mirror image axis for this 

case turns out to be 0.9°, again within 1° of true north! 

These results are also presented in Table 12-10. 

Such symmetry displayed by the mean directions of the 

four quadrants wouldr of course, be expected if the 

distribution were uniform. However, .there would be no 

reason to expect such symmetry from a multimodal 
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TABLE 12-10 
;i:,, 

~ 
RESULTS OF SUBJECTIVE CLUSTERING ANALYSIS 1-1 . 

ON THE DISTRIBUTION OF MEAN DIRECTIONS OF ALL 1-1 

23 NORTHERN CALIFORNIA CAPTURED BLACKPOLL WARBLERS 1-1 

I 

ALL BIRDS (23) 1969-70 BIRDS (9) 1971 BIRDS (14) ~ 
NUMBER NUMBER NUMBER 

J.'1:1 OF MEl\N OF MEl\N OF MEAN :>< 
VECTORS DIRECTION DIFFERENCE VECTORS DIRECTION DIFFERENCE VECTORS DIRECTION DIFFERENCE to 

J.'1:l 
!:(:I 

NE CLUSTER 13 54.9° 7 61.8° 6 46.9° H 
3: 

SW CLUSTER 5 239.9° 2 246.7° 3 235.4° 
t::l 
!Z 

DIFFERENCE NE+SW (clockwise) 185.0° 184.9° 188.5° ~ 
t-1 

NE CLUSTER (TRANSFORMING SW) 18 56.JO 9 62.9° 9 49.8° ::i:,, 
It, 
It, 
!:d 

NW CLUSTER 8 298.5° 3 282.9° 5 307.9° 
0 
~ n 

SE CLUSTER 7 l3J.JO l 146.9° 6 131.1° :d 

DIFFERENCE NW-+-SE (clockwise) 194.8° 224.0° 183.2° 

~"W CLUSTER (TRANSFORMING SE) 15 305.4° 4 293.9° 11 309.6° 

MIRROR IMAGE AXIS 0.9° 358.4° 359.7° -
CORRECT DIRECTION 15 125.4° 4 113.9° ll 129.6° l'tl 

p,, 
I.Q 

VAGRANT DIRECTION 18 236.3° 9 242.9° 9 229.8° (1) 

..,. 
I\.) 
I 

O'I 

" 
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distribution unless it were an underlying characteristic of 

the distribution. And it has already been shown that the 

distribution is very likely multimodal. In addition, the 

fact that the same basic mirror image symmetry of the 

distribution can be obtained by considering either the two 

largest or the four largest gaps supplies further evidence 

that the symmetry is real. 

A physical meaning can now be suggested for each of the 

four modes. The SE mode may be considered to be the correct 

direction of migration for the Blackpoll warbler, the 

direction the bird follows in crossing continental North 

America to reach the Atlantic coast. The experimentally 

determined value of 125.4° (Table 12-10) may be a good 

approximation to this correct direction. The NW mode is the 

180° reverse of the correct direction. The SW mode is the 

mirror image across the N-S axis of the correct direction 

and is the direction followed by vagrant individuals that 

reach California. This direction is called the vagrant 

direction. The NE mode is. of course. the 180° reverse of 

the vagrant direction. It is interesting to note that 

Northern California Blackpoll warblers tend to prefer the 

180° reverse directions rather than the forward directions. 

This phenomenon will be further discussed in Part IV of this 

dissertation. 

Table 12-10 also includes separate analyses of the 1971 

sample of 14 Northern California Blackpoll Warblers along 
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with the combined 1969-1970 sample of 9 birds. In both of 

these cases the results produced are entirely consistant 

with the hypothesis just presented. The calculated mirror 

image axes are found to lie at 359.7° (1971) and 358.9° 

(1969-1970). The correct directions are found to be 129.6° 

(1971) and 113.9° (1969-1970). Again, these are very likely 

to be good approximations to the actual correct directions 

flown by wild Blackpoll warblers. 

It is now be apparent from Figure 12-31 why the 

summation of activities method produced a unimodal vector 

sum lying in the NE quadrant. The eight NW directions very 

nearly cancel the seven SE directions since they are 

approximately 180° apart, leaving 13 NE directions and 5 SW 

directions. Thus, the unimodal direction of 66° may indeed 

be a valid, but highly oversimplified, estimate of the 

average direction of the sample of 23 Northern California 

Blackpoll warblers. 

There is one serious problem with the above hypothesis. 

If all vagrant Blackpoll Warblers reach California by 

following the mirror image vagrant direction, why are 11 out 

of 23 individuals (47.8%) oriented on the correct direction 

(or its 180° reverse) when placed in "footprint" orientation 

cages? The answer lies, I believe, in the hypothesis that 

all vagrant Blackpoll Warblers actually display both the 

correct and the vagrant directions as well as the 180° 

reverses of each. If the directional preferences of the 
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various birds on any given night are distributed randomly 

between the correct and vagrant directionsr and the 

activities on any given night are allowed to vary widely but 

randomly with respect to the correct and vagrant directionsr 

then it would be expected that the summation of activities 

method on individual birds would produce the result that 

about 50% of the birds would favor the correct direction 

while 50% of the birds would favor the vagrant direction. 

This is exactly the result described above. 

If this hypothesis is correctr then the distribution of 

mean nightly directions for each individual bird should be 

multimodal and all four preferred modes should appear. 

Simple visual inspection of the distribution of mean nightly 

directions for each of the 24 birds (Figures 12-6b to 

12-29b) supplies strong evidence that they are not 

unimodally distributed. In all cases the mean directions 

appear to be scattered nearly entirely around the compass. 

The Rao test may then te applied to each distribution in 

order to determine if the distributions are significantly 

(multimodally) directed. The results of this test are 

presented· for each individual in Table 12-11. To insure 

independencer of courser only the primary and unimodal mean 

directions were used. Table 12-11 indicates that 10 of the 

23 birds tested over several nights (43.5%) show significant 

directionality (P<e05). Interestingly, of the 17 birds that 

were tested on 17 or more nights, 10 (58.8%) are found to be 
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TABLE 12-:11 

RESULTS OF THE RAO TEST ON THE DISTRIBUTION OF 
PRIMARY AND UNIMODAL MEAN DIRECTIONS CHOSEN BY 

EACH CALIFORNIA CAPTURED BLACK.POLL WARBLER 
TESTED OVER MANY NIGHTS 

BIRD N U* 

21 7 119.01 
22 l 
23 7 136.61 
24 28 147.78 
25 20 207.10 
26 23 105.30 
27 17 165.91 
28 20 131. 60 
29 15 117.30 
30 9 129.40 
31 23 167.73 
32 31 170.49 
33 21 168.67 
34 31 166.67 
35 23 180.63 
36 29 150.66 
37 30 153.90 
38 29 166.25 
39 30 140.60 
40 30 112.30 
41 30 165.00 
42 24 172.60 
43 16 160.70 
44 14 132.83 

TOTAL 

TOTAL IF ELIMINATE ALL BIRDS WITH N<l7 

* RAO STATISTIC 
** SIGNIFICANCE 

P** 

>>.10 

>>.10 
>.10 

<<.01 
>>.10 

<.OS 
>.10 

>>.10 
>>.10 

<.OS 
<.01 
<.05 
<.OS 
<.01 

>.10 
>.05 

<.OS 
>.10 

>>.10 
<.OS 
"'-01 

>.OS 
>.10 

13 10 

7 10 

Page 12-71 
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significantly directed (P<.05) while none of the 6 birds 

tested on less than 17 nights are significantly directed. 

It therefore appears that if multimodal behavior is 

suspected, relatively large sample sizes (at least 17 tests) 

must be available in order to obtain significant results 

from the Rao test. Sample sizes of this order have rarely 

been reported in the literature of orientation cage 

experiments. 

This analysis of the distribution of mean directions of 

single night tests for a given individual supplies strong 

evidence that California captured Blackpoll Warblers do 

exhibit several well directed modes of acitivity. 

Unfortunately, simple visual inspection of the data is 

incapable of determining the preferred direction of these 

modes since there is no straightforward method to isolate 

them. In some cases, bird 42 (Figure 12-27b) for example, 

the modes appear to be represented by fairly distinct 

clusters of mean directions. In most cases, however, it is 

difficult to decide what constitutes a cluster. 

There is, however, an unambiguous piece of useful 

information available from the distribution of mean nightly 

directions for each individual bird: the largest gap between 

any two adjacent mean directions. This gap may be 

considered to be largest area, in angular coordinates, 

consistantly avoided by each individual bird over all of its 

tests. As such, the midpoint of this gap may be considered 
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to be a measure of the primary avoided direction of that 

bird. If the preferred modes of all of the California 

captured Blackpoll Warblers display a common directionality, 

then we would expect that the distribution of the primary 

avoided direction for all birds would be directed. For 

example, if the sample of Blackpoll Warblers were all 

unimodally directed in the same direction, then the sample 

would be expected to show a single primary avoided direction 

that wouldr in general, be 180° removed from the preferred 

unimodal direction. If, for another example, a sample of 

Blackpoll Warblers were all bimodally directed in identical 

180° opposite directions, then that sample could be expected 

to display two primary avoided directions. They would be 

180° removed from each other and orthogonal to the axis of 

the preferred bimodal direction. 

The distribution of the actual, experimentally 

determined, primary avoided directions for the sample of 23 

Blackpoll warblers that were tested on several nights is 

shown in Figure 12-32a. It is obvious from these data that 

the birds very clearly avoid both north and south. There is 

also an indication that east and west are avoided, although 

to a lesser degree than north and south. If this is indeed 

the case then the sample must show four preferred modes and 

they must lie generally near NE, SW, NW and SE. This is 

essentially the same result that was obtained previously on 

the entire sample. For this conclusion to be valid, the 
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distribution of these primary avoided directions must be 

non-uniform. This distribution was therefore subjected to a 

Rao test with the result, given in Table 12-12, that the 

distribution of primary avoided directions for all birds is 

significantly directed (P<.01). 

Continuing the same line of reasoning, it is clear that 

if all individuals in the -sample of Blackpoll Warblers are 

bimodally directed in a consistant manner, then the 

distribution of secondary avoided directions (the second 

largest gap on the distribution of mean directions for a 

given individual tested over many nights) for these 

individuals will also tend to be directed. These data are 

shown in Figure 12-32b which indicates that this 

distribution may indeed be directed and perhaps in the same 

manner that primary avoided directions are directed, that 

is, at N, s, E, and w. The results of the Rao test on the 

secondary avoided directions, shown in Table 12-12, does 

indeed indicate that they are significantly directed 

(P<<.01). Furthermore, the results of the Rao test on the 

combination of primary and secondary avoided directions 

indicates·that this ccmbination is significantly directed 

(P<<.01). This supplies conclusive evidence that the 

primary and secondary avoided directions are indeed directed 

in the same way. At this point there exists a strong 

indication that each individual of the sample of Blackpoll 

Warblers is at least bimodally directed in two of the 
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TABLE 12-12 

RESULTS OF THE RAO TEST ON THE DISTRIBUTIONS OF DIRECTIONS 
AVOIDED BY CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

PRIMARY 

SECONDARY 

TERTIARY 

QUATERNARY 

PRIMARY & SECONDARY 

PRIMARY, SECONDARY & TERTIARY 

PRIMARY, SECONDARY & QUATERNARY 

PRIMARY, SECONDARY, TERTIARY & QUATERNARY 

* RAO STATISTIC 
** SIGNIFICANCE 

N U* 

23 184.37 

23 188.27 

23 124. 77 >>.10 

23 153.88 <.10 

46 194.11 

69 150.80 

69 141.47 >.10 

92 138.36 >.10 

P** 

<<.01 

<<.01 

«.01 

<.05 
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possible four modes and that these four modes tend to be the 

same for all birds in the sample. 

continuing the analysis it is found that the 

distributions of tertiary and quaternary avoided directions 

are not significantly directed by themselves but that the 

distribution of the combination of the primary, secondary 

and tertiary avoided directions is significantly directed 

(P<.05). Finally, it is found that the distributions of the 

combinations of the primary, secondary and quaternary, and 

the primary, secondary, tertiary and quaternary avoided 

directions are not significantly directed. These data are 

also presented in Table 12-12. The distribution of the 

tertiary and quaternary avoided directions are presented in 

Figures 12-32c and d. 

What does all this mean? The simplest explanation for 

these results is that each Blackpoll warbler is usually 

directed in three of four possible modes and that the four 

modes are the same for all Blackpoll Warblers in the sample. 

It is reasonable to ask why each bird usually shows only 

three of the four possible modes rather than all four. The 

answer lies, I believe, in the assumption that each bird 

displays considerable angular deviation, from night to 

night, in the mean direction of each mode. If the two most 

preferred modes for each bird, that is, the modes that occur 

the greatest number of times over many night's tests, happen 

to be two adjacent modes (as is likely to happen 2/3 of the 
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time if the number of times each mode is chosen is randomly 

distributed), then it is likely that the angular deviation 

in the mean directions obtained for each mode from night to 

night will cause the modes to coalesce. If this happens, 

then the largest gap between these two modes is likely to be 

smaller than gaps found within the least well directed mode. 

Thus, only three avoided directions will tend to be 

consistantly directed in the sample since the fourth will 

occur more or less at random somewhere in the least well 

directed mode for each bird. This is exactly the effect 

indicated in the data in Table 12-12. In addition, it is 

very important to note that Figures 12-32c, d unambiguously 

show that the vagrant modes are the least well directed 

modes! 

This problem of the coalescence of adjacent heavily 

preferred modes will become more severe as the two modes 

approach each other. It will be least severe if the modes 

are all 90° apart. Since there exist empirical data to 

indicate that N ands are avoided more often than E and W 

(Figure 12-32a, b), it can be assumed that the modes are 

located closer to E and W than to N ands. Again, this is 

qualitatively consistant with the results shown for the 

entire sample in Figure 12-31. 

A working hypothesis for the orientation of California 

captured Blackpoll Warblers, consistant with all of the 

results obtained thus far can now be formulated. Assume 
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that vagrant Blackpoll Warblers reach California by 

following a misorientation direction that is a mirror image, 

across the N-S axis, of the correct direction. Assume 

further that the correct direction is approximately ESE or 

somewhere around 110° or 120°. Finally assume that when 

such a Blackpoll warbler is captured on the Outer coast of 

California and tested over many clear nights in a 

"footprint" orientation cage, it is capable of consistantly 

displaying not only the mirror image vagrant direction but 

also the correct direction as well as the 180° reverse 

directions of both the mirror image vagrant direction and 

the correct direction. While the activity of a given 

night's test on such a bird may be unimodally directed or 

bimodally directed in 180° opposite directions, the activity 

over many nights will be distributed according to an "X" 

pattern that will be axially symmetric with respect to both 

the N-S and E-W axes. 

Dr. Lincoln Moses, of the Statistics Department, 

Stanford University, has developed a method to directly test 

this hypothesis [Moses and DeSante, MS]. Assume that there 

exists a distribution of four preferred directions, 

~n(n=1,4), as illustrated in Figure 12-33 and described in 

the above hypothesis. Let 0 be the angular location (in 

radians) of the correct direction, ~1 , measured 

counterclockwise from south. ~ (n=1,4), measured clockwise n 

from north, will therefore be given by 
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FIGURE 12-33 

DISTRIBUTION OF PREFERRED DIRECTIONS, tn (n=l,4), 
ACCORDING TO THE MIRROR IMAGE HYPOTHESIS 

(SEE TEXT FOR FULL EXPLANATION) 
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4>1 = 1T - 0 , 

4> 2 = 21T - 0 ( 12-4) 

ifJ3 = 1T + 0 , 

4> 4 = 0, 

1T Let a. be defined as the midpoint of the ith or 15° 
i 12 

sector measured (in radians) clockwise from north. Let 

P(ai} be the proportion of the total activity contained in 

the i:th sector, 

P(a,•) = 
J. 

A. 
J. 

24 
LA, 

. 1 J. J.= 

(12-5) 

Now let S be defined as the minimum angular distance (in 

radians} that any given point, a, on the circumference of 

the circle is removed from the nearest preferred direction 

ifin· In order to make S compatible with the discreet 

circular data of a digitized orientation trace, we can 

define 

s (i) = min I ex. -
1 

ifJ(n=1,4)I n 
(12-6) 

Now a function must be defined that will be a measure of 

how well the digitized "footprint" data is concentrated 

around the four preferred directions, in. The most 

straightforward function is the mean distance, S, that the 

total activity of the bird is removed from the preferred 

directions. This function may be designated as F(0) and 

defined as 
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where 

and 

24 
F(0) = ~ fi (0) 

i=l 

f:(e) = S(i) • P(a.) 
l. l. 

for f3(J.') 1T 
~ 24 

( 12-7) 

(12-8a) 

fi(0) = (48,r + 12(f3;i))2)•P(,...i ·) f (') 1T 1 -... or f3 1. < 24 .( 2-8b) 

Equation 12-8b defines the case where the nearest preferred 

direction, ~, falls within the ith 15° sector. The means n 

by which F{0) measures the concentration of activity about 

the four preferred directions is obvious. If the activity 

is highly concentrated about the preferred directions, large 

values of P(ai) will correspond to small values of s(i) so 

that the product f3(i)• P(ai) will be small. If the acitivity 

is concentrated away from the preferred directions P(a.) 
1 

will be large when f3(i) is large and the product will be 

large. Thus, increasingly smaller values of F(0) indicate 

increasingly more concentration about the preferred 

directions. If the activity is perfectly concentrated about 

any or all of the preferred directions, all of the non-zero 

values of P (a.) will correspond to zero values of f3 (i) and 
1 

F(0) will be zero. Nevertheless, for the test to be 

meaningful, another reference value of F(e) is needed. The 
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uniform distribution may be defined as the null distribution 

and can serve as this reference value, F
0 

(0). 

It can also be shown that the probability density 

function P{B), for the uniform distribution, is given as 

illustrated in Figure 12-34. The area under the curve from 

s=O to B=B represents the probability, for the uniform 

distribution, that any randomly chosen point, a, lies closer 

than B to the nearest preferred direction. It can easily be 

seen that the area under the entire curve is always equal to 

unity. It is also obvious that the mean of this probability 

density function, S, is identical to the desired value of 

F (8) since 
0 

24 
F (0) = LB(i)•P(cx.) = 

o i=l i 

1 24 
24 LB(i) = S(i) 

i=l 
. (12-9) 

The value of the mean of the probability density function 

for the uniform distribution is 

(12-10) 

In addition, the standard deviation of the mean of the 

probability density function for the uniform distribution is 

00(0) ( 12-11) 
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Now a useful test statistic, X(0), can be defined which 

will provide an index of how well the digitized data on a 

single night's are concentrated about the preferred 

directions: 

X(0) = 
F(0) - F (0) 

0 
o ( 0) 

0 

(12-12) 

The operation of this statistic is obvious. If the data are 

distributed according to the null distribution, then 

F(0)=F (0) and X(e)=O. If the data are distributed with a 
0 

high degree of concentration of activity around the 

preferred directions, F(0)<F
0

(0) and X(e)<O. On the other 

hand, if the data are distributed with a high degree of 

concentration of activity away from the preferred 

directions, F(0)>F
0

(0) and X(e)>O. The beauty of the test 

is that the mirror image hypothesis can directly be tested 

without ever having to consider the question of independence 

of jumps, or having to determine a value of the 

concentration about the mean, in fact, without ever having 

to be concerned with the mean direction of a distribution at 

all. Thus the operation of a mode finding algorithm and an 

approximate multimodal solution are of no concern. 

The real power in the test, however, becomes evident 

when it is discovered that the probability density function 

shown in Figure 12-34 for the uniform distribution is 

identical to the probability density function for a certain 
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two parameter family of distributions that have the pro~erty 

that the sum of the ordinates at points exactly n apart is 

constant. A few of the distributions that are included in 

the null hypothesis are shown in Figure 12-35. 

Finally, this test can not only be used to indicate 

support (or lack of support} for the mirror image 

hypothesis, but can effectively be used to determine the 

probable correct direction (and thus the vagrant direction 

as well) of the sample of birds tested. To accomplish this, 

0 can be allowed to vary between o0 and 90° and the angle 

where the maximum negative value of X(0} occurs can be 

determined. To obtain a more useful notation, the correct 

migratory direction, 'i', can be defined as 

'¥ = 180° - 0 (12-13) 

This correct direction will, therefore, vary between 90° (E} 

and 180° (S). 

Accordingly, therefore, this test was run on all 508 

active Blackpoll Warbler traces allowing 'i' to vary by 10° 

intervals between '¥=90° and '£'=180°. This mass of data was 

reduced by finding the mean value, X('l'), for each individual 

over all,.N, of the nights it was tested as well as the 

standard deviation SD('i') of that mean. These data were, of 

course, obtained for each of the ten values of the potential 

correct direction. The value of the correct direction that 

produced the maximum negative value of X('i') was then 

determined and this value of X('i'), along with the associated 
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FIGURE 12-35 

SOME OF THE .MEMBERS OF THE FAMILY OF DIAMETER CONSTANT 
DISTRIBUTIONS, P(a), FOR WHICH P(B) IS IDENTICAL TO 

P(~) FOR THE UNIFORM DISTRIBUTION 
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SD(o/), was recorded. The significance of each of these 

maximum negative values of X(o/) was then determined by the 

t-test. 

The results of this analysis are summarized in 

Table 12-13. First, 12 of of the 23 birds tested on several 

nights (52.2%) displayed maximum negative values of X(f) 

that were highly significant (P<LOS). considering how 

rigorous the test is, this result supplies a strong 

indication that the entire sample of Blackpoll Warblers may 

actually show orientation behavior that is consistant with 

the mirror image hypothesis. Next, the number of 

individuals that attained their maximum negative value of 

X(f) at each correct direction was determined. These data 

are presented in Table 12-14 along with the number of 

individuals for which this maximum negative X(f) was highly 

significant (P< • . 05). It is immediately apparent that a very 

large proportion of the individuals attained their maximum 

negative X(o/) in the three adjacent correct directions 90°, 

100° and 110°. In fact 17 out of the 24 birds have picked 

one of these three directions. The probability, P, that 17 

or more out of 24 possible cases should accumulate entirely 

by chance in three or fewer adjacent cells out of a possible 

10 cells can be determined by 

P= 8 · P ( 17 I 2 4 , • 3) + 9 · P ( 17 I 2 4 l' • 2) + 1 O · P ( 17 I 2 4 , • 1 ) ( 12- 14) 

where P(xfn,p} is defined as the probability that n binomial 

trials; each with a probability p of success, should result 
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TABLE 12-13 

MAXIMUM NEGATIVE MEAN VALUES OF THE TEST 

STATISTIC X('i') = F {'¥) -Fo ('¥) AND SIGNIFICANCE LEVELS 
. cro ('¥) 

FOR CALIFORNIA CAPTURED BLACKPOLL WARBLERS 

.·_ ... _·•. 

SAMPLE CORRECT YiAXIMUM STANDARD "t" 
SIZE DIRECTION NEGATIVE DEVIATION STATISTIC SIGNIFICANCE 

BIRD N I!' ( 0) X('l!) SD('¥) tN-1 ('f') p 

21 7 90 -0.047 0.315 -0.397 .352 
22 1 110 -0.339 
23 7 180 -0.017 0.126 -0.363 .365 
24 28 90 -0.064 0.198 -1.710 .049 
25 20 90 -0.175 0.519 -1.510 .074 
26 23 130 -0.081 0.195 -1.993 .029 
27 17 110 -0.107 0.245 -1.795 .046 
28 20 140 -0.104 0.228 -2.030 .028 
29 15 100 -0.130 0.193 -2.623 .010 
30 9 110 -0.155 0.355 -1.312 .113 
31 23 110 -0.180 0.306 -2.816 .005 
32 31 100 -0.101 0.222 -2.541 .008 
33 21 110 -0.104 0.415 -1.152 .131 
34 31 110 -0.057 0.121 -2.636 .007 
35 23 150 -0.057 0.363 -0.752 .230 
36 29 90 -0.185 0.576 -1.731 .048 
37 30 180 -0.084 0.464 -0.986 .166 
38 29 120 -0.045 0.191 -1.261 .109 
39 30 110 -0.034 0.409 -0.456 .326 
40 30 90 -0.009 0.283 -0.178 .430 
41 30 90 -0.191 0.498 -2.098 .022 
42 24 110 -0.074 0.160 -2.259 .017 
43 16 90 -0.181 0.309 -2.347 .017 
44 14 160 -0.044 0.153 -1. 074 .151 



TABLE 12-14 

DISTRIBUTION OF INDIVIDUAL CALIFORNIA CAPTURED 
BLACKPOLL WARBLERS OVER TEN POTENTIAL CORRECT DIRECTIONS 

AS DETERMINED BY THE TEST STATISTIC X(':I!) 

POTENTIAL CORRECT 
DIRECTION 'i' 90° 100° llOo 120° 130° 140° 150° 160° 

!li1.JNBER OF INDIVIDUALS 
INDICATING THIS ':I! (7) 2 8 1 1 1 1 1 

NUMBER OF INDIVIDUALS 
FOR WHICH THIS CHOICE 
IS SIGNIFICANT P<.05 (4) 2 4/7 0 1 1 0 0 

1) IF ALL DATA USED: 

PROBABILITY OF DIST~BUTION OCCURRING BY CHANCE= 0.0003 

2) IF 90° AND 180° DATA ELIMINATED: 

PROBABILITY OF DISTRIBUTION OCCURRING BY CHANCE= 0.00001 

) 

170° 180° TOTAL 

0 (2) 24 

0 (0) 12/23 
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in x or more successes. Evaluation of P from probability 

tables is found to produce the result, P=.0003, indicating 

an extremely consistant choice of correct direction among 

these 24 birds. 

The comparatively large number of individuals that 

exhibited their maximum negative X{ly} at 90°., however., was 

the cause for much concern, especially since a mirror image 

Blackpoll warbler cannot reach California by following a 

270° direction from the breeding range. It was puzzling why 

90° would be so favored when 100° was not. The fact that 

two individuals were apparently directed at 180° was also 

puzzling since 170° was avoided. It, therefore, appeared 

that some kind of spurious effect was occuring at these two 

locations where the four preferred directions decomposed 

into two opposite directions. 

To get a feeling for how the function X('i') was behaving, 

I compared the results of this test on individual traces 

with the raw data itself. A pattern soon emerged. It 

appeared that certain unimodal traces that displayed a mean 

direction between about 90° and 135° often showed their 

maximum negative value of X('l') at '!'=90° rather than at a 

value of 'l' closer to their actual mean direction. To 

understand why this occurred, the graphs of F('i') for two 

such traces were examined along with F ('!') as a function of 
0 

~- These data are presented in Figure 12-36. It is 

apparent that the curve of F(~) as a function of~ for these 
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unimodally directed traces is nearly identical to the curve 

of F0 (~}, the uniform distribution. This is not surprising 

since it has already been shown that triangular 

distributions of period 2~ or~ are identical to the 
3 

uniform distribution with respect to the function F(~)- All 

curves are concave upward with constantly increasing first 

derivatives as they move away from their minimum inflexion 

point. Therefore, if the inflexion point of the unimodal 

curve is displaced to the left of the inflexion point of the 

uniform curve, the slope of the unimodal curve will always 

be less, at any angle to the left of its inflexion point, 

than the slope of the uniform curve. As a result, the 

greatest negative difference between the two curves will 

alway occur at ,=90°. Therefore, a unimodal trace that 

approximates a triangular distribution will tend to exhibit 

its maximum negative value of X(,) at either 90° or 180° 

depending upon whether the mean direction of the trace is 

less than or greater than 135°. In this regard, it is 

significant that 7 individuals showed a correct direction at 

90° while only 2 showed a correct direction at 180°. The 

interpretation of the results of this test on these 9 

individuals, therefore, is that they do display an 

underlying "X" distribution in their total nocturnal 

activities, but that the correct direction of this "X" 

distribution is only kn~Nn to lie somewhere between 90° and 

135°. 
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The fact that certain unimodal data behaves similarly to 

the uniform distribution with respect to the function F('¥) 

is not entirely undesirable. In effect, it makes the result 

that a given individual prefers a correct direction that is 

neither 90° nor 180° an even more powerful indication that 

the individual does display an underlying "X" distribution 

in its orientation behavior. Therefore, now consider those 

15 individual birds that produced predicted'¥ values that 

were not 90° or 180°. Table 12-14 shows that 8 of these 15 

birds display their maximum negative X('¥) in a single 

correct direction, '¥=110°. The probability, P, that 8 or 

more out of 15 possible cases should accumulate, by chance, 

in a single cell out of a possible 8 cells can be computed 

as 

P = 8•P (8 I 15, .125) (12-15) 

and is found to be P=0Q00001. The results of this test, 

therefore, supply very strong evidence that California 

captured Blackpoll Warblers do display orientation behavior 

that is consistant with the mirror image hypothesis proposed 

above. In addition, the birds strongly indicate the choice 

of a single correct (and mirror image) direction. 

An accurate estimate of this correct direction, however, 

is difficult to obtain because of the effect of certain 

unimodal traces described above. Each unimodal trace that 

approximates a triangular distribution and displays a mean 

direction between 45° and 135° or between 225° and 315° will 
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have the effect of slightly decreasing the value of X('l') for 

values of 'l' that are less than the unimodal mean direction 

of that trace, while simultaneously increasing the value of 

X('l') for values of 'l' that are greater than the mean 

direction of that trace. The net result of this effect, 

therefore, is a lcwering of the cbserved correct direction 

for any individual that displays an "X" distribution in its 

nocturnal activity but that has produced a few approximately 

triangular unimodal traces. Thus, it can only be concluded 

that the correct direction of California captured Blackpoll 

warblers lies somewhere between 110° and 135° and that the 

mirror image direction, therefore, lies, between 225° and 

An alternative but completely analagous method of 

directly testing the mirror image hypothesis is available. 

This method involves the use of the distribution of mean 

nightly directions obtained, for each Blackpoll Warbler, by 

the Single Trace Analysis, rather· than the use of the actual 

distributions cf footprint ac~ivity. This method has the 

distinct advantage that spurious effects, caused by 

approximately triangular unimodal distributions of activity, 

are eliminated. The disadvantage of this method, however, 

is that the accuracy of the test is dependent upon the 
< .. 

accuracy of the a:i::;proximate multimodal analysis and mode 

finding algorithm. Nevertheless, this method can be used to 

determine an unamtiguous estimate of the orientation of any 
. ,. ~··. 
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"X" distribution that exists in the distribution of mean 

nightly directions for each Blackpoll warbler. 

The distributions of mean nightly directions over all N 

nights that each Elackpoll warbler was tested were presented 

in figures 12-6b to 12-29b. Let the unimodal or pri~ary 

mean direction obtained on each night for each Blackpoll 

Warbler be represe:nted as D. (j= 1, N). 
J 

'!hen let wj be 

defined as the minimum angular distance that each Dj is 

removed from the nearest preferred direction ~n(n=1,4). 

These preferred directions are, cf course, as defined in 

Figure 12-33, the mirror image hypothesis. Thus, 

w ; = mi·n t D . - ~ (n=l, 4) I ( 12-16) 
.J J n 

The function w. is, therefore, analagous to the functions . 
. J 1 

defined previously. Now let the distribution P(B) for 
i 

diameter constant distributions of mean directions (which 

includes the uniform districution) serve as the null 

hypothesis. This distribution P(S) is, cf course, as shown 

in Figure 12"'"'.34. 

'Iwo different test statistics may new be defined to 

provide an index of how well the actual distribution of 

unimodal or primary mean nightly vectors, for each Blackpoll 

warbler, is concentrated about the preferred directions of 

the mirror image hypothesis. The first statistic may be 

calculated as follows. Let gj(0) be defined as the area 

under the probability distribution P(s) for the uniform 

distribution from. S=O to S=w .• Thus 
I J 
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Ul • 

g. ( 0) = f J P ( f3; 0) df3 
J O . 

( 12-17) 

This represents the ~robability, on the diameter constant 

(uniform) distribution, that the angular distance to the 

nearest preferred direction should be as small as the 

angular .distance tetween the observed mean direction and the 

nearest preferred direction. Thus, a very small value of 

g. (0) indicates that the observed mean direction is 
J 

"significantly close" to the nearest preferred direction. 

The significance of this statistic can be determined since, 

for each Blackpoll Warbler, there exist several values of wj 

and thus g. (0), one for each night the bird was tested. The 
J 

question can therefore be stated: As a group, are the w.•s 
J 

obtained on several nights on the same bird "small"? The 

answer can be obtained by examining the ~roduct of the 

probabilities of these w.•s, that is, by loo~ing at 
J 

Equivalently, L ln g. (0) can be 
J 

examined. This is, in fact, Fisher's Method for combining 

independent tests. Thus, the test statistic z
1 

(0) may be 

defined as N 
Z 1 ( 0) = - 2 L ln g . ( 0) 

j=l J 
(12-18) 

where N is the total number of active test nights. The 

better the mean directions are concentrated about the 

preferred direction, the greater will be the statistic 
- " 

The statistical significance of z (0) can, 
1 

therefore, be directly obtained from Chi-square tables for 

2N degrees cf freedom. ,. .,~ 
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The second test statistic is perfectly analagous to the 

test statistic X( 0) previously used to determine how well 

the digitized footprint activity is concentrated about the 

preferred directions. Thus, z2 (0) may ce defined as 

(12-19) 

where N is again the total number of active test nights and 

F (0) and a (0) are respectively the mean and standard 
0 0 

deviation of the ~rocability distributicn P(8) for the 

diameter constant (uniform) distribution and are given by 

(12-10) and (12-11) above. The operaticn of the statistic 

z2 (_0) is also -straightforward; the better the unimodal or 

primary nightly mean directions are concentrated about the 
I 

preferred directions, the greater will be the negative value 

of z
2

(0). The statistical significance of z2 (0) can be 

determined by the t-test exactly as the statistical 

significance of X(0) was obtained. 

Each of the test statistics just defined can be used to 

obtain an ,estimate of the probable correct direction of the 

sample of Blackpoll warblers by allowing 0 to vary by 10° 

intervals between 0=0° and 0=90°. Again this corresponds to 

letting f=18O°-0, the correct migratory direction, vary 
~ .~ 

between f=9O° (E) and f=18O° (S). 

The results of this analysis for both test statistics 

are summarized in Table 12-15. 
" r· · 

The maximum z1 (~} was found 



TABLE 12-15 
ltj 

?; 
M,1\XIMUM VALUES AND SIGNIFICANCE LEVEL$ FOR 'IWO TEST STATISTICS, 

1--'.f 

H 
..:11~·!),I, Z1 (ll') AND z2 ('¥) , FOR CALIFORNIA CAPTURED B:t:.ACKPOLI., WARBLERS H 

H 
(See text for full explanation) 

FIRST TEST STATISTIC SECOND TEST STATISTIC b;:, 
!2: 

SAMPLE CORRECT CORRECT MAXIMUM "t" 
trl 

SIZE DIRECTION MAXIMUM SIGNIFICANCE DIRECTION NEGATIVE STATISTIC SIGNIFICANCE ::x: 
BIRD N '¥ ( 0) Z1 (IJI) p: '¥(_~_ Z;z_ ( '¥) tN-1('¥) p ltj 

tr1 --- -- - -~-- - - - -
!:o 

21 7 90 16.734 .271 140 -0.079 -0.134 .449 
H 
:s: 

22 1 110 5.522 .063 110 -1.278 - - trj 
!2: 

23 7 130 24.110 .045 130 -0.724 -18.266 <<.001 8 

24 28 110 89.737 .003 120 -0.563 "'."l. 766 .044 ~ 
25 20 90 55.401 .054 100 -0.365 -1.678 .055 b;:, 
26 23 110 56.378 .141 120 -0.213 -0.880 .194 l,::J 

l,::J 
27 17 120 56.654 .009 120 -0.572 -2.951 .005 !:o 
28 20 150 59.444 .025 110 -0.287 -1.416 .087 0 

:t:i 
29 15 110 45.544 .035 110 -0.444 -11.507 <<.001 0 

IJ:l 
30 9 110 36.945 .005 110 -o. 725 -3.145 .007 
31 23 90 71.416 .010 90 -0.517 -1.332 .098 
32 31 llO 82.706 .041 100 -0.386 -19.788 <<.001 
33 23 120 70.888 .011 120 -0.497 -5.121 <.001 
34 31 llO 89.524 .013 120 -0.445 -2.402 .012 
35 23 150 62.642 .058 140 -0.364 -2.492 .010 ....... 
36 29 110 77. 092 • 048 100 -0.245 -1.184 .123 
37 30 150 68.167 .220 140 -0.088 -2.050 .025 
38 29 130 84.127 .014 130 -0.251 -1.954 .030 
39 30 140 87.037 .013 140 -0.435 -2.592 .007 l,::J 

40 30 120 66.854 .254 130 -0.091 -0.446 .330 
Pl 

I.Q 

41 30 120 72.488 .130 100 -0.254 -6.560 <.001 (\) 

42 24 140 68.860 .026 140 -0.526 -2.427 .012 ~ 

43 16 130 39.272 .177 140 -0.437 
!',J 

-2.389 .015 I 
44 14 110 49.491 .008 130 -0.434 -1.255 .116 ~ 

0 - 0 
MEAN 119.2° 120.4° 
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to be highly significant (P<.05) for 15 of the 24 birds 

tested (62.5%), while the maximum negative z2 (~) was found 

to be highly significant (P<.05) for 15 of the 23 birds 

tested over several nights (65.2%). These results supply a 

very strong indication that the entire sample of Blackpoll 

warblers may be oriented in a manner consistant with the 

mirror image hypothesis. The mean of the correct directions 

chosen by the 24 individual Blackpoll Warblers was found to 

be nearly identical for both of the test statistics, 119.2° 

and 120.4° respectively. It is also important to note that 

this direction, 120°, is very likely to be an excellent 

estimate of the ccrrect transcontinental migratory direction 

flown by Elackpoll Warblers on their ncrmal fall migration. 

The actual distribution of the correct directions chosen 
i . 

by the sample of California captured Elackpoll warblers is 

presented in Table 12-16 for both test statistics. In each 

case the distribution of correct directions chosen does not 

appear to be unifcrm over the ten potential correct 

directions but rather appears to be concentrated around the 

correct directions 110°-140°. For example, the use of the 

statistic z1 (~) indicates that 16 out of the 24 birds prefer 

the three adjacent correct directions 110°, 120° and 130° 

while . t ~he use of z2 (~) indicates that 15 out of the · 24 birds 

prefer the three adjacent correct directions 120°, 130° and 

140°. The probabilities of these concentrations given the 

model of equidistribution of correct directions can be ,. 
t ·· 
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TABLE 12-16 H 
H 

I 
DISTRIBUTION OF INDIVIDUAL CALIFORNIA CAPTURED 

BLACKPOLL WARBLERS OVER TEN POTENTIAL CORRECT DIRECTIONS tJ:::l 
z 

AS DETERMINED BY THE TEST STATISTICS Z1('¥) AND Z2('¥) 
tr1 

(See text for full explanation) >:: 
I'd 

~ 
H 

POTENTIAL CORRECT ~ 

DIRECTION'¥ 90° 100° 110° 120° 130° 140° 150° 160° 170° 180° TOTAL tr! 
z 
1-3 

TEST I z1 ( '¥) ~ 
NUMBER OF INDIVIDUALS ~ 
INDICATING THIS'¥ 3 0 9 4 3 2 3 0 0 0 24 I'd 

I'd 
~ 

NUMBER OF INDIVIDUALS 0 
tJ:::l 

FOR WHICH THIS CHOICE (; 
ttl 

IS SIGNIFICANT P<.05 1 0 7 2 2 2 1 0 0 0 15/24 

PROBABILITY OF THIS DISTRIBUTION OCCURRING BY CHANCE= 0.002 

TEST II Z2('¥) 

NUMBER OF INDIVIDUALS 
INDICATING THIS'¥ 1 4 4 5 4 6 0 0 0 0 24 

NUMBER OF INDIVIDUALS 
FOR WHICH THIS CHOICE l"(j 

IS SIGNIFICANT P<.05 0 2 2/3. 4 2 5 0 0 0 0 15/23 P.l 
\.Q 
(T) 

PROBABILITY OF THIS DISTRIBUTION OCCURRING BY CHANCE= 0.008 _,, 
N 
I _,, 

0 
N 
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evaluated frcm probability tables according to the manner 

previously described in (12..-14); they are found to be P==.002 

and P==.008 respectively for the two tests. These results, 

therefore, sup~ly very strong evidence that the sample of 

California captured Blackpoll Warblers is indeed oriented in 

a consistant manner compatible with the mirror image 

hypothesis. 

In closing, it should be noted that all five methods of 

analysis of the nccturnal orientation of California captured 

Blackpoll_ warblers produced results that are completely 

consistant with one another. The summation of activities 

method, o~ all tests of all individuals, produced a unimodal 

preferred direction of 6 7 •. 3°, corresponding to a correct 

direction of 112.7°. The gap analysis cf the distribution 

of directions ~rocuced by each of the 23 Northern California 

captured Blackpoll warblers indicated the existence of a 

mirror image axis lying along the true N-S axis and a 

correct direction of 125.4°. The analysis of the avoided 

directions of each Blackpoll Warbler indicated the existence 

of an uxn distribution symmetric to both the N-S and E-W 

axes and a correct direction lying closer to east than to 

south. The analysis of the mean distance that the activity 

of each Elackpoll warbler is removed frcm the preferred 

directions of the "X" distribution supported the existence 

of this distribution and indicated a correct direction lying 

between 110° and 135°. Finally, the analysis of the mean 
l. :;·-· 
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distance that the distributicn of nightly mean directions of 

each Blackpoll warbler is removed from the preferred 

directions of the "X" or mirror image distribution also 

supported the existence of this distribution and indicated a 

correct direction of 120°. Better agreement between these 

five methods of analysis could hardly be expected. 
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CHAPTER 13 

180° REVERSE ORIENTATION - A DISCUSSION 

The results presented in Chapter 12 have indicated that 

California captured immature Blackpoll Warblers generally 

display more activity in north or reverse directions than in 

south or forward directions. For example, the mean unimodal 

vector for the summation of activities of all tests on all 

24 individual Blackpoll Warblers (Figure 12-30) was found to 

lie at 67.3°, the 180° reverse of the mirror image 

direction. As perhaps expected, this result was found to 

apply not only to the entire sample of Blackpoll Warblers 

considered as a whole, but also to most of the individuals 

comprising the sample. Thus, it was found that the mean 

unimodal or primary vector for the summation of activities 

for individual Blackpoll Warblers occurred in north or 

reverse directions for 18 of the 23 Northern California 

captured individuals (Figure 12-31). Although this result 

is, therefore, fairly consistant for most of the individuals 

tested, there is no overwhelming tendency for any of the 

birds to always choose the reverse directions. For example, 

if the results of single night's tests for all 24 birds are 

examined (Figures 12-6b to 12-29b), it is found that the 508 

mean unimodal or primary directions divide fairly equally 

between directions lying in the north hemicircle and 

directions in the south hemicircle; 273 or 53.8% are in the 
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north. In fact, of the 183 bimodal distributions produced 

by individual birds on single night's tests, only 92 or 

50.3% displayed a primary mode lying in the north 

hemicircle. The orientation cage behavior of immature 

California captured Blackpoll Warblers may therefore be 

described as conflict orientation between the forward and 

reverse directions with a slight, but rather consistant, 

tendency among most individuals to show more activity in the 

reverse directions. 

One may wonder why reverse directions appear at all in 

orientation cage experiments since it is obvious that freely 

migrating individuals must pick the forward direction for 

most flights in order to complete their long migrations in 

the observed amount of time. Nevertheless, the occurrence 

of reverse directionality is not unprecedented, either in 

orientation cage experiments or in freely migrating birds. 

Thus, Dolnik and Shumakov [1967] observed a high percentage 

of reverse orientation in two species of artifically 

displaced passerine migrants tested in Russia while Evans 

[1968] found that reverse orientation occurred in about 23% 

of the pa~serine migrants that he tested in Great Britain. 

Similarly, the occasional occurrence of extensive reverse 

migrations during the fall have been well documented by both 

radar and visual means [Hailman, 1961; Nisbet and Drury, 

1968; Eriksson, 1970; Richardson, 1970, 1972]. These 

reverse migrations in freely migrating birds have generally 
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been associated with reversed wind directions and abnormally 

high temperatures. Reverse orientations in experimental 

birds have generally been attributed to the stress of 

captivity. 

The occurrence of reverse orientation in immature 

California captured Blackpoll Warblers may be attributed to 

yet another phenomenon. Recall that 22 of the 24 

individuals tested were captured on southeast Farallon 

Island, some 18 miles removed from the nearest point of the 

mainland. It is logical, therefore, to ask where these 

individuals were just prior to their arrival on the island. 

During the 15 weeks that I spent on the island in the falls 

of 1969, 1970 and 1971 it became apparent that all of the 

land birds present on any given day were not all present at 

the dawn of that day. Rather, arrivals of landbirds 

occurred throughout the day, although the vast majority did 

arrive within the first three hours of the morning. There 

seems to be no reason why a nocturnally migrating landbird, 

finding itself at dawn over the California mainland, would 

continue to fly out over the Pacific Ocean during the early 

morning hours. It is, therefore, logical to assume that 

dawn found all of the birds somewhere over the ocean. Since 

the island lies no more than 1 or 1-1/2 flying hours from 

the mainland along any south or west course, it would appear 

that at least some of the birds must have arrived from 

points beyond the island. 
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Direct observational data indicate that this is indeed 

the case. The actual arrival directions of many birds could 

be determined during the early morning hours from atop the 

hill next to the lighthouse. All observations that were 

made in this manner showed virtually all arrivals to be from 

the southwest quadrant, that is from beyond the island. 

Furthermore, many of the arriving birds did not stop on the 

island but continued on course toward the mainland. While 

this was especially true on days when the mainland was 

clearly visible, many birds maintained their heading and 

flew. over the island toward the mainland on days when the 

mainland was totally obscured. In addition, some birds 

stopped atop the island only briefly before departing again 

toward the mainland. The vanishing directions of many of 

the birds seen flying over or leaving the island were 

recorded. These data are presented in Table 13-1 which 

shows that the mean vanishing direction for all birds 

observed in this manner was 36.1°, indicating that most, if 

not all, of these birds were following a reverse orientation 

back toward the mainland. Many of the birds recorded were 

warblers ~nd, by a fortuitous occurrence, one Blackpoll 

Warbler was included in these data. It may be no mere 

coincidence that the vanishing direction of this individual 

was 70°. 

The phenomenon just described is not unique to the 

Pacific Coast. Similar reverse diurnal migrations have been 
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TABLE 13-1 

VANISHING DIRECTIONS OF FALL MIGRANTS DURING 
EARLY MORNING HOURS ON SOUTHEAST FARALLON ISLAND 

NUMBER OF 
INDIVIDUALS MAINLAND VANISHING 

SPECIES INVOLVED DATE VISIBLE? DIRECTION 

Water Pipit 3 Oct. 3,1969 Yes 40° 
Audubon's Warbler 1 If II 60° 
Red-winged Blackbird 1 II II 70° 
Audubon's Warbler 2 If II 30° 
House Finch 1 II II 30° 
Pine Sisken 2 II II 40° 
Audubon's Warbler 1 Oct. 4,1969 Yes 10° 

II " 3 ti 30° 
II II 1 60° 

Brewer's Blackbird 6 40° 
Audubon's Warbler 3 40° 

II " 1 60° 
Myrtle Warbler 1 60° 
House Finch 1 30° 
Audubon's Warbler 2 60° 

II " 1 30° 
II " 1 ti 50° 

Blackpoll Warbler 1 ti 70° 
Myrtle Warbler 1 II 80° 
Red-winged Blackbird 2 If II 40° 
Audubon's Warbler 3 ti II 30° 

II II 1 II 40° 
" II 1 50° 
II " 1 oo 

Pine Sisken 2 80° 
Audubon's Warbler 2 oo 

" " 1 40° 
Tanager (species) 1 50° 
Audubon's Warbler 3 20° 
Brewer's Blackbird 6 30° 
Cooper's Hawk 1 10° 
Audubon's Warbler 2 If 20° 
Yellow Warbler 1 Sep.24,1970 No 10° 
Yellow Warbler l Sep.28,1970 No 30° 
Audubon's Warbler 1 Oct. 3,1970 No 40° 
Water Pipit 3 " II 30° 
Audubon's Warbler 2 II II 40° 

II " 1 " II oo 
II " 1 " If 340° 

Savannah Sparrow 4 II " 10° 
_ Audubon.' s Warbler 1 ti " 350° 
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TABLE 13-1 (CONT) 

NUMBER OF 
INDIVIDUALS MAINLAND VANISHING 

SPECIES INVOLVED DATE VISIBLE? DIRECTION 
(cont) (cont) 

Cedar Waxwing 1 Oct. 3,1970 No 30° 
Audubon's Warbler 2 II " 30° 
Orange-crowned Warbler l II II 60° 
Myrtle Warbler 1 II II 50° 
Audubon's Warbler 1 II " 350° 
Yellow Warbler 1 Oct. 8,1970 Yes 40° 
Black-throated Gray Warbler l II II 40° 
Audubon's Warbler 6 Oct. 4,1970 No 160° 

7 II II 170° 
6 II II 80° 
4 Oct. 5,1970 No 290° 
2 II " 350° 
2 Oct. 7,1970 Barely 270° 
3 II II 350° 
3 II II 340° 
1 II If 40° 

Myrtle Warbler 2 Oct.12,1970 No 30° 
II II 1 II II 60° 
If II l II II 40° 

Audubon's Warbler 2 II " oo 
II II 1 II II 30° 
II II 2 Oct.25,1971 Barely 40° 
II II 2 II II 10° 
II II 2 II It 10° 

Myrtle Warbler 2 II II 70° 
II II 2 II II 80° 

Audubon's Warbler 8 II II 10° 
Starling 16 II II 40° 
Cedar Waxwing 1 II II 10° 

MEAN OF ALL DEPARTURES 36.l° 
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recorded during the fall on Nantucket Island and Block 

Island, off the coast of New England, and elsewhere on the 

Atlantic coast (Baird and Nisbet, 1960]. As would be 

expected, the direction of these movements was NW, again 

back toward the mainland. It may be reasonable, therefore, 

to hypothesize that when a nocturnally migrating landbird 

finds itself·at dawn over unsuitable habitat such as an 

ocean, it reverses its orientation and returns along the 

same course that it flew. All Farallon captured Blackpoll 

Warblers could, therefore, be considered to have been in a 

reverse orientation mode when captured. It is not 

surprising that such individuals display some reverse 

orientation behavior when tested in nocturnal orientation 

cages. It is surprising, however, that this reverse 

orientation generally predominates (although not by much) 

throughout the period of time these birds are held in 

captivity. This may indicate that captivity itself provides 

a stress situation for the individual, similar, in effect, 

to that produced by arriving over unsuitable habitat at the 

end of a night's flight. 

The experimental finding that the sample of California 

captured immature Blackpoll Warblers displays a consistant 

reverse direction in orientation cage experiments and that 

this reverse direction is 180° removed from the forward 

direction has interesting theoretical _ implications. The 

ability of individuals of a single species to consistantly 



PART IV - SYNTHESIS Page 13-8 

choose a particular reverse direction indicates that there 

may be considerable adaptive value for that reverse 

direction. ·This adaptive value is straightforward if one 

considers the possibilities available to a landbird that 

finds itself at dawn over the ocean: it could continue on 

course to a virtually certain death; it could initiate a 

random search pattern; it could initiate a non-random search 

pattern such as flying in circles of ever increasing 

diameter; or it could follow a preprogrammed reverse 

direction back toward the mainland. The last will clearly 

be the most successful alternative. Whether such an 

alternative can be selected for will, of course, depend upon 

the frequency of encountering such a situation. In this 

regard, it seems likely that virtually all immature 

individuals of a species of landbird that regularly makes a 

long overwater crossing will encounter this situation the 

first time that they reach the coast. It seems unlikely 

that an immature landbird, having no prior experience with 

an ocean, will halt a nocturnal flight upon crossing a 

shoreline at night at an elevation of 1000+ feet. Rather, 

it probably will continue its flight until dawn, at which 

time it will be located some distance out over the ocean. 

Thus there will exist a strong selective pressure for some 

preprogrammed reverse orientation. 

This same situation could also serve as the necessary 

stimulus to indicate to the young bird that it has indeed 
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reached the coast and that it now must store the very large 

quantity of subcutaneous fat necessary for the impending 

overwater flight and, in some species, that it must initiate 

its next forward flight in a somewhat different direction. 

Recall that Nisbet (1970] has proposed that the transoceanic 

flight of the Blackpoll Warbler has a different orientation 

from the preceding transcontinental flight. Furthermore, 

this situation could be partially responsible for the high 

percentage of immature landbirds found along the immediate 

coast (Robbins et al. 1959; Drury and Keith, 1962; Nisbet et 

al., 1963; Murray, 1966a; Phillips et al., 1966]. Adults, 

having prior experience with transoceanic flight, might be 

expected to recognize the coast immediately upon reaching 

the shoreline, reverse their direction at that point, and 

alight at dawn some distance inland. 

The implications of the experimental finding that the 

reverse direction, at least in California captured immature 

Blackpoll Warblers, is identically 180° removed from the 

forward direction may now be considered. First, this 

reverse direction will always be successful in returning the 

warbler to the mainland, provided that it has stored enough 

fat to complete the return flight. The distance of this 

return flight can, of course, never be greater than the 

distance of that night's forward flight. If a warbler were 

to choose any direction other than the 180° reverse 

direction, the distance of the return flight could either be 
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shortened or lengthened depending upon the angle that the 

warbler's forward flight direction intersected the coast and 

the vagaries of the immediate coastline. If the bird's 

flight intersected the coast at 90°, of course, the 180° 

reverse direction would produce the shortest distance back 

to the mainland. Considering the variability in the 

preferred direction that is likely to exist in a population 

of warblers as well as the high local variations in the 

orientation of typical coastlines, the choice of any reverse 

direction other than 180° is likely to be risky business 

and, in the long run, may produce fewer successful returns 

than the 180° reverse direction. 

It is also important to note that, in many species, the 

existence of a 180° reverse direction may not necessitate 

the inheritance of any additional information, but may 

simply represent an expression of the spring orientation 

which the bird may have already inherited. on the other 

hand, even if the 180° reverse direction does necessitate 

the inheritance of additional information, the bird need 

only inherit the angular relationship 180° and need not be 

concerned _with the sense of that angle since ~+180° is an 

identical direction to ~-180°. Thus, the possibility of 

mirror image or left-right errors in the reverse direction 

is effectively eliminated. 

Finally, the existence of a 180° reverse orientation may 

not be unique to landbird species that tend to find 



PART IV - SYNTHESIS Page 13-11 

themselves over an ocean. Rather, 180° reverse orientation 

could be the response of any bird that finds itself, at the 

termination .of a migratory flight, over unsuitable habitat, 

such as a forest adapted species over the desert. Nor must 

it even be limited to a response to adverse topography or 

habitat. It could also be triggered by adverse weather, 

thus accounting for the visual and radar observations of 

reverse migrations. Indeed, it could be a generalized 

response of a migrating bird to many kinds of adverse stress 

situations. Along these lines, it is difficult to imagine a 

more adverse situation for a migrating bird than being 

captured, held in captivity, effectively prevented from 

migrating and placed into an orientation cage. There is 

little wonder, therefore, that 180° reverse orientation is 

at least an occasional feature of the behavior of freshly 

captured migratory birds in orientation cages. 
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CHAPTER 14 

MIRROR IMAGE MISORIENTATION - A DISCUSSION 

The results of both the theoretical (Part II} and 

experimental (Part III) sections of this dissertation agree 

in indicating that left-right or mirror image errors are 

responsible for the fall occurrences of immature vagrant 

wood warblers in California. such errors may not be an 

unlikely or unusual possibility in birds. In fact, as 

pointed out by corballis and Beale (1971], mirror image or 

left-right confusion is a very common phenomenon in many 

diverse kinds of animals including pigeons. They suggest 

that such mirror image equivalence is a necessary result of 

the bilateral symmetry that is common to virtually all 

members of the animal kingdom and, furthermore, that any 

mirror image discrimination necessarily implies some 

bilateral asymmetry in the nervous system of an animal. 

They also claim that there is an "advantage for maintaining 

bilateral symmetry even in the face of asymmetrical 

experience". The advantage stems from the ability to 

symmetrically generalize pattern recognition (for predator, 

prey or prospective mate) as well as to symmetrically 

generalize prey capture or predator avoidance responses from 

asyrmnetric experiences. In summary they conclude that "in 

the natural environment there is more to be gained from 
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mirror image equivalence than from mirror image 

discrimination". 

Page 14-2 

Corballis and Beale also point out that there are two 

basic tests that can indicate whether a given animal is 

capable of differentiating between left and right. The 

first test is called mirror image stimulus discrimination. 

In such a test an animal is asked to respond in two 

different ways that are not mirror images of each other when 

presented with two stimuli that are mirror images of each 

other. In other words, the ex2erimenter demonstrates left 

and right and the ~nim~1 is asked to n~g which is which. 

The second test may be even more rigorous and is generally 

more difficult for an animal to perform. It is called left­

right response differentiation. In this test an animal is 

required to perform in two different ways that are mirror 

images of each other when presented with two stimuli that 

are not mirror images of each other. A simpler version of 

this test is to require an animal to make a consistant left 

or right response to a situation where no left or right 

information is provided. In these tests, the ex2erimenter 

n~m§E lef~ or right and the ~D1!!@1 is asked to demonstrate 

each one. 

corballis and Beale present examples of the results of 

many mirror image stimulus discrimination tests that have 

been reported in the literature. They include Pavlov's 

result that it was impossible to condition a dog to salivate 
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when touched on one side of its body and not to salivate 

when touched at the mirror image point on the other side, 

and Lashley•s result that it was difficult, although not 

impossible, to teach a rat to discriminate between two 

visually presented mirror image patterns. Similar results 

have been reported for octopuses, goldfish, pigeons, cats, 

monkeys, chimpanzees, and children. A hypothesis presented 

to explain these results is that when a memory "trace" for a 

given stimulus pattern is being established during learning, 

a second "trace" is simultaneously being established for the 

mirror image of the pattern even though the mirror image of 

the pattern has not been presented. 

A striking example that supplies evidence for such a 

hypothesis is taken from Corballis and Beale (1971] and is 

represented in Figure 14-1. Two groups of pigeons were 

trained to peck a key for a food reward wheh the key 

displayed a line at an angle of 60° to the horizontal but 

not to peck at a key that displayed no line. One group of 

birds had the interhemispheric connections in their brains 

surgically severed before they were trained. The second 

group (controls) had unaltered brains. Both groups of 

pigeons were then presented with keys that had lines ranging 

from 45° to 135° at 15° intervals. As shown in the 

histogram in Figure 14-1, both groups of birds tended to 

peck most frequently at the key with the "correct" 60° line. 

The control birds, however, also tended to peck frequently 
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RESULTS OF A VISUAL MIRROR IMAGE STIMULUS 
DISCRIMINATION TEST ON PIGEONS. 
SEE TEXT FOR FULL EXPLANATION. 
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at the 120° or mirror image line. The experimental birds 

showed no tendency to peck preferentially at the mirror 

image line. These results suggest that when a memory 

"trace" for a given pattern is established in one hemisphere 

of an animal's brain, the mirror image of that "trace" may 

be established in the other hemisphere. 

The histogram for the control pigeons presented in 

Figure 14-1 bears a striking resemblance to orientation cage 

data obtained on immature fall vagrant Blackpoll Warblers in 

California. In each case there appear to be two modes of 

activity, one having a peak centered on the "correct" 

orientation and the other having a peak centered on the 

mirror image of the "correct" orientation. By analogy, 

therefore, it may not be unreasonable to suggest that when 

the correct migratory direction is imprinted on the memory 

of an immature vagrant Blackpoll warbler (by the process of 

learning the correct reference point to which to relate that 

direction), the mirror image duplication of that direction 

is simultaneously created. This is equivalent to suggesting 

that the correct migratory angle (declination from north) is 

imprinted ·on the memory of an immature vagrant Blackpoll 

warbler with both the right (clockwise) and left 

(counterclockwise) sense. 

The orientation cage experiment can then be viewed as a 

test of left-right response differentiation. The warbler is 

presented with a consistant visual stimulus pattern that 
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contains either no left-right information (the location of 

celestial north) or, if the warbler perceives the rotation 

of the sky, only consistant left or consistant right 

information. The warbler is then asked to demonstrate 

either left or right but not both. The results of the 

orientation cage experiments presented in Part III of this 

dissertation supply .evidence that the immature vagrant 

Blackpoll Warbler, when placed in an orientation cage, fails 

to consistantly differentiate between left and right, 

sometimes choosing right and sometimes choosing left. That 

the number of choices of left and right are virtually equal 

is indicated by the data shown in Table 14-1: the sample of 

vagrant Blackpoll Warblers is seen to choose right, the 

correct direction (NW or SE quadrants), 53.0% of the time. 

In view of the above model, these data indicate that the 

imprinting of the mirror image direction is virtually 

complete~ Again, these results are analagous to the results 

of the mirror image stimulus discrimination test on the 

control pigeons shown in Figure 14-1: they chose the correct 

(entrained) direction 54.5% of the time. 

At this time it is essential to point out a major 

dichotomy between the results of Parts II and III of this 

dissertation. Although the orientation cage results on 

immature vagrant Blackpoll Warblers captured in California 

suggest a high degree of mirror image or left-right 

equivalence, the timing of the arrival of these birds in 
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r, 

TABLE 14-1 

DISTRIBUTION OF UNIMODAL OR PRIMARY MEAN DIRECTIONS DISPLAYED BY 
CALIFORNIA CAPTURED VAGRANT BLACK.POLL WARBLERS 

% OF TESTS 
NUMBER OF CORRECT DIRECTIONS VAGRANT DIRECTIONS SHOWING CORRECT 

BIRD ACTIVE TESTS NW SE TOTAL NE SW TOTAL DIRECTIONS 

21 7 0 2 2 4 l 5 28.6 
22 l l 0 l 0 0 0 100.0 
23 7 l 2 3 3 l 4 42.9 
24 28 3 9 12 7 9 16 42.9 
25 20 0 14 14 1 5 6 70.0 
26 23 3 5 8 10 5 15 34.8 
27 17 6 2 8 3 6 9 47.1 
28 20 4 4 8 6 6 12 40.0 
29 15 5 5 10 4 1 5 66.7 
30 9 1 2 3 2 4 6 33.3 
31 23 5 3 8 4 11 15 34.8 
32 31 1 10 11 16 4 20 35.5 
33 21 11 3 14 3 4 7 66.7 
34 31 9 4 13 13 5 18 41.9 
35 23 15 4 19 2 2 4 82.6 
36 29 5 14 19 10 0 10 65.5 
37 30 10 5 15 13 2 15 50.0 
38 29 12 2 14 13 2 15 48.3 
39 30 11 7 18 7 5 12 60.0 
40 30 12 7 19 6 5 11 63.3 
41 30 7 13 20 1 9 10 66.7 
42 24 2 13 15 4 5 9 62.5 
43 16 3 6 9 7 0 7 56.3 
44 14 4 2 6 3 5 8 42.9 

TOTAL 508 131 138 269 142 97 239 53.0 

TOTAL IN NORTH HEMICIRCLE = 273 
TOTAL IN SOUTH HEMICIRCLE = 235 
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California indicates a high degree of mirror image 

discrimination, that is, the warbler must have consistantly 

chosen left .in order to arrive in California on time. 

Furthermore, if mirror image vagrant Blackpoll Warblers in 

the wild showed the high level of mirror image equivalence 

that they appear to demonstrate in orientation cages, then 

their flight . path would be a zig-zag down the center of the 

continent. They would, therefore, be expected to occur more 

frequently in Texas than in California. The fact is, 

however, that Blackpoll Warblers are virtually unknown in 

Texas in the fall; none have been recorded there during the 

last eleven years even though observers regularly check 

coastal points such as Galveston and High Island (data from 

Audubon Field Notes and American Birds, Vol. 17-27]! This 

dichotomy indicates that the behavior of a bird in an 

orientation cage may not be truly representative of the 

behavior of that individual in the wild. It cannot be 

overemphasized that the results of an orientation cage 

experiment only represent the manner in which a bird directs 

its ~llglln~h~; they do not necessarily represent .the manner 

in which ~he bird directs its actual rniSJ!:ation since, very 

simply, the bird is not migrating in an orientation cage. 

There is only circumstantial evidence, summarized in Chapter 

5, that the direction of Zugunruhe is, very often, similar 

to the migratory direction appropriate for the particular 

season. 
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In view of this fact, the above dichotomy may be 

resolved by the following argument which I present as a 

working hypothesis. Assume that the immature vagrant {or 

potentially vagrant) Blackpoll warbler has imprinted the 

correct angular declination for its first fall migration 

with both the right and left sense. Now assume that the 

actual migration route . flown by the bird is entirely 

determined by its initial choice of the sense (right or 

left) for its first actual nocturnal migratory flight. If, 

for example, the bird's choice for its first flight was 

left, the mirror image direction, then that direction is 

maintained on subsequent flights. This pattern of migration 

will cause the bird to arrive in coastal California on time, 

a result consistant with the data presented in Part II of 

this dissertation. This hypothesis, therefore, presupposes 

mirror image equivalence for the vagrant warbler's first 

nocturnal flight but mirror image discrimination for 

subsequent flights. Such a supposition is not unreasonable. 

Corballis and Beale (1971] have pointed out that the 

necessary asymmetry that makes possible the solution of 

mirror image problems might reside in a motor function 

rather than in a sensory or perceptual one. They refer to 

observations that mirror image confusion in children tends 

to occur less commonly in writing than in reading, perhaps 

indicating that handedness could provide the asymmetry 

necessary for mirror image discrimination. The situation 
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with the vagrant warbler is analogous. The vagrant imprints 

the correct migratory direction and the mirror image of that 

direction by means of -visual or perceptual stimuli and, for 

its first flight, may not be capable of distinguishing 

between the two directions. However, once the bird has 

completed its first migratory flight, the motor response 

involved could serve as an asymmetric cue for subsequent 

left-right determinations. 

Now let us turn again to the behavior of the 

experimental bird captured in California. The results of 

Part III of this dissertation have shown the extremely 

important fact that the immature vagrant Blackpoll Warbler, 

when placed into the artificial environment of the 

orientation cage, is capable of demonstrating both the 

correct and mirror image directions, that is, both the right 

and left sense. This fact was previously interpreted as 

evidence that the warbler displays mirror image equivalence 

in its orientation behavior. However, it is important to 

note that, on a given night, such a warbler usually displays 

only a single choice of the sense, that is, chooses only a 

single direction or a single direction and its 180° reverse. 

Very rarely does such a bird display both a correct and a 

vagrant direction on a single night. When it is recalled 

that the captive experimental bird is held in an extremely 

high stress situation and effectively prevented from 

migrating, its orientation cage behavior may be interpreted 
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as a stress induced alternation between two responses rather 

than as an indication of the inability of distinguishing 

between the two responses. Thus, the warbler orients its 

Zugunruhe first with one sense, then with the other sense. 

Such behavior is typical of the behavior of animals that are 

prevented from satisfying a particular urge, in this case, 

the urge to complete a migratory flight. In this rggard, 

gri~ntation £.§9:.§ behavior of a captive bif:Q _ghoulg ~!:b.fil?§ 

be considered as indicative of all of the possible modes of 

migratou behavior available to that bird rather than as 

indicative of thg Qfil:~i.£1!1~!: mode chosen by 1b~i indiyidu~1 

during: the course of its actual migration. This 

consideration has extremely important consequences for 

researchers in this field and all hypotheses of migratory 

behavior based on interpretations of orientation cage 

behavior should be made with great caution. 

One important question remains. Is the initial choice 

of the sense for the first actual migratory flight of an 

immature vagrant Blackpoll Warbler randomly determined or, 

is there some factor, perhaps environmental, that determines 

that choice? I propose that the wind direction is the 

environmental factor that determines that choice. As 

discussed in Part II, a growing amount of radar data shows 

that passerines normally fly more or less downwind. 

Richardson [1972], using the data from a radar study of fall 

migration and weather in eastern Canada, has concluded that 
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different populations of passerines each have a "preferred" 

direction of flight and that each population normally 

migrates only when favorable weather (following winds} for 

their "preferred" direction occurs. Stated alternatively, 

winds aligned with the "preferred" direction are stimulatory 

for the initiation of migration while winds not aligned with 

the "preferred" direction ~re inhibitory. Under such a 

system, the mechanism for the initial choice of the sense of 

the direction of a potentially vagrant warbler is 

straightforward. such a bird may be considered to have, at 

the onset of migration, two "preferred" directions, the 

correct direction and the mirror image direction. The 

initial choice is then determined by which of the two 

"preferred" directions the wind first aligns with when the 

bird's physiological readiness for migration and immediate 

fat accumulation have both first reached some critical 

threshold level. This "preferred" direction is then 

reinforced on subsequent flights. 

At this point, it is logical to ask what happens to 

mirror image vagrant Blackpoll Warblers after they arrive on 

the Pacific coast of California. They certainly do not turn 

and follow the coast south. If they did they would be 

expected to occur in large numbers at the southern tip of 

Baja California. However, DeSante (MS] did not observe a 

single Blackpoll warbler in the Cape Region of Baja 

California between September 26, 1968 and January 2, 1969 
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even though daily censuses were conducted expressly for the 

purpose of locating vagrant birds. Parenthetically, these 

data also refute Austin's [1971] claim that Blackpoll 

warblers regularly use the west coast as a migration route. 

What then do they do? Since all successful migrant 

Blackpoll Warblers, after arriving on the Atlantic Coast and 

accumulating a large quant_ity of subcutaneous fat, 

unhesitatingly set out on a long overwater flight 

[Nisbet, 1970], we can only assume that mirror image vagrant 

Blackpolls do the same. While successful migrant Blackpolls 

will reach the Lesser Antilles or the northern coast of 

South America after a flight of some 2000-2500 miles, the 

mirror image vagrant Blackpoll Warblers, flying SW from the 

Pacific Coast of California, are doomed to perish in the 

ocean. With such a virtually certain selection against 

mirror image vagrants, the question naturally arises, why 

hasn't mirror image misorientation been selectively 

eliminated from this species? 

The answer is provided by the results of the 

experimental part of this dissertation, in particular by the 

fact that .an individual California captured Blackpoll 

Warbler is capable of displaying both the correct and the 

mirror image directions when tested in an orientation cage 

under clear night skies. This result supplies conclusive 

evidence that the individual has not unambiguously inherited 

the wrong sense by which it relates its migratory direction 
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to the reference point but rather that this sense is subject 

to some degree of mirror image or right-left confusion. 

This implies that any given individual Blackpoll Warbler 

that displays some degree of mirror image confusion 

regarding this sense is capable of initiating its migration 

in either the correct direction (in which case it can become 

a successful migrant and not be selected against) or in the 

mirror image direction (in which case it will become an 

unsuccessful vagrant and be selected against). As long as a 

few of such potentially vagrant individuals choose the 

correct direction, at least a small amount of mirror image 

misorientation can persist in the population for a 

comparatively long time. 

If the choice of the sense of the first actual migratory 

flight is environmentally determined by the wind direction, 

as hypothesized above, then the rate of selection against 

mirror image confusion will be proportional to the fraction 

of the time that the wind lies in the mirror image direction 

(during the period when immature Blackpoll Warblers initiate 

their fall migration) divided by the fraction of the time 

that the wind lies in the correct direction (during this 

same time period). Similarly, the number of vagrant 

Blackpoll Warblers arriving in California during any given 

fall should be proportional to this same quotient calculated 

over the geographical area from which mirror image Blackpoll 

Warblers that reach California could originate. Variations 
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from year to year in the average wind directions over 

central Canada would, therefore, produce the variations in 

the number of Blackpoll Warblers that arrive in California 

each year. Unfortunately, the detailed weather data 

necessary to support or refute this hypothesis are not 

presently available. However, an examination of gross wind 

directions over central Canada during the early fall, as 

obtained from daily weather maps, indicates that mirror 

image winds are more or less the exception; the prevailing 

winds lie between north and west. Thus, the rate of 

selection against mirror image confusion should be 

considerably less than 50%. 

Another important consideration of the wind-triggered 

mirror image hypothesis is that the same wind directions 

that determined the initial migratory flight of the 

potentially vagrant warbler will also be stimulatory for the 

subsequent migratory flights of this same individual. This 

situation will cause vagrant warblers to arrive in 

California (or for that matter, correctly migrating warblers 

to arrive on the Atlantic Coast) in rather well defined 

waves that will be associated with favorable winds. For 

vagrant warblers, such winds will lie in the mirror image of 

the correct migratory direction. The existence of such 

waves was first suggested by Paxton [1965, 1967] and later 

confirmed, at least for Northern California vagrant 

arrivals, by Chandik et al. [1971 ], DeSante et al. (1972] 
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and DeSante and Remsen [1973). This same correlation, well 

demonstrated by daily weather maps, prompted Bagg [1970, 

1971] and Able (1972] to suggest that wind drift was the 

cause of westward vagrancy in wood warblers and other 

passerine migrants. The results of this dissertation, 

however, necessitate a somewhat different interpretation. 

Wind direction may now be considered as a stimulatory, 

perhaps necessary, factor for vagrancy but can not be 

considered as a sufficient causal factor by itself. The 

existence, in an individual bird, of some degree of mirror 

image confusion or, at least, the imprinting of the 

migratory direction with both the right and left sense is 

also a necessary factor. As such, mirror image 

misorientation must be considered to be an aberrant 

phenomenon in individual birds. 

It is also important to note that the selection against 

mirror image misorientation will not be the same for all 

populations of warblers. Rather, it will depend upon the 

actual migratory direction of a given population. For 

example, mirror image vagrants of a population of warblers 

that migr~tes directly south will not be selected against 

since the mirror image of the correct direction is 

identically the correct direction. Therefore, only ~h§ll ~ 

given population of warblers evolves a migration Q!I§£tiog 

that contains a §trong E or W component, does it Q§£Q~§ 
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necessary for individuals of !hat E22ulati2u ~ disti[!guish 

between left and riSihi• 

Mirror image misorientation, as here presented, is 

probably not unique to wood warblers. Instead, it may be a 

potential characteristic of all birds that make use of a 

distance-and-direction type of migration system. It is, 

therefore, likely that many of the fall vagrant occurrences 

of immatures of most species of eastern birds, particularly 

passerines, may be attributable to this phenomenon. All 

that is necessary to produce California occurrences of 

vagrants of any given eastern species is that the correct 

migration route of the more western populations of such 

species be southeastward. A glance at the range maps 

presented in Robbins et al. (1966] indicates that such a 

situation is typical of a great number of eastern species, 

particularly those whose breeding range extends 

northwestward north of the Great Plains or east of the 

northwestward curving base of the Rocky Mountains. 

Furthermore, it is generally believed that such 

northwestward extensions of the breeding range of eastern 

species may be relatively recent phenomena, certainly 

subsequent to the last major glaciation, only some 20,000 

years ago. Thus, time may not have permitted (if it ever 

will) the complete selection for perfect right-left 

discrimination in these recently expanding populations. 

Wood warblers, in particular, may be experimenting with one 
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of the most recently evolved avian migratory systems on the 

face of the earth. As such, there still may be some "bugs" 

in it, not the least of which is the inherent difficulty of 

telling left from right. 

The above discussion is in agreement with DeBenedictis 

[1971] in interpreting the occurrences of vagrant warblers 

to be the result of .a passive phenomenon -- the failure of 

some individuals of a population to be correctly oriented. 

Although there is no positive evidence to show that the 

number of vagrant warblers has increased in recent years, 

the extremely large number of records since 1962 tempts one 

to ask whether vagrant occurrences could also be the result 

of some recent active phenomenon. Along these lines, Able 

( 1972] has asked the perhaps timely question, 11 ••• who knows 

what effect persistent pesticides (which accumulate in 

birds• brains) might have on their ability to orient 

properly?" The results of this dissertation point out one 

possible line in which to initiate an investigation to 

answer Able•s question. In particular, one may ask the 

specific question, "Does the accumulation of persistent 

pesticidGs facilitate the interhemispheric transfer of 

memory traces in birds?" Further pursuit of such questions, 

however, is beyond the scope of this investigation. 

Thus far we have considered only aspects of negative 

selection against mirror image misorientation. Are there 

any conditions under which positive selection for mirror 
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image misorientation could occur? Certainly, all Pacific 

coast vagrants of species in which all individuals normally 

make an overwater crossing will be selected against since 

all such birds will perish in the Pacific Ocean. However, 

there exist species in which some individuals do not 

normally make an overwater crossing but remain to winter in 

southeastern United States. we would expect that a few 

vagrant individuals of such species should remain to winter 

on the Pacific Coast of California. Data presented in Part 

I of this dissertation indicate that this is exactly the 

case. Each year, a few Black-and-white and Palm Warblers 

and an occasional individual of other species are found 

successfully wintering in California. Data are available to 

indicate that a successfully wintering vagrant warbler will 

return to winter at the exact same location in subsequent 

years. For example, one or more Palm Warblers were recorded 

at the exact same location in the Carmel Rivermouth, 

Monterey County, for four consecutive winters, 1962-63 

through 1966-67. Unfortunately, none of these individuals 

were banded so some uncertainty exists as to whether they 

were inde~d the same individuals each year. However, no 

uncertainty exists in the case of a Painted Redstart that 

was banded in Altadena, Los Angeles County, in the winter of 

1941-42 and returned to the same location the next two 

winters, nor in the case of a Virginia's Warbler that was 

first found at Eagle Rock, Los Angeles County, in the winter 
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of 1954-55, banded at the same spot in the winter of 1955-56 

and found again in the winter of 1956-57. The possibility, 

therefore, does exist, at least in some species, that mirror 

image vagrants could be instrumental in establishing new 

winter ranges. 

The simple survival of a few vagrant individuals in such 

areas, however, is not the_ only necessary requirement for 

the establishment of a new winter range. As pointed out by 

DeBenedictis [1971], the new wintering area must be 

ecologically similar to the normal winter range so that all 

of the arriving individuals will, in general, be well 

adapted to the environment. A possible additional 

requirement is that the new wintering area should not be 

already occupied by a potentially competing specieso These 

requirements probably make the establishment of a new winter 

range by long distance vagrancy a rare event indeed. 

Nevertheless it is most interesting to note that both the 

Myrtle and Townsend's Warblers have Pacific coast winter 

ranges that are isolated from their main wintering ranges 

further east and south. The location of these Pacific Coast 

wintering .areas are consistant with a mirror image migration 

route although they are also consistant with a Pacific Coast 

migration route. It would, therefore, be most desirable to 

determine where Pacific coast wintering individuals of each 

of these species breed. Pacific Coast wintering Myrtle 

Warblers are presently thought to breed in Alaska and 
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northwestern Canada ("hooveri" race), in which case the 

establishment of the Pacific Coast wintering range by mirror 

image vagrancy is ruled out. However, Hubbard [1970) has 

recently supplied strong evidence to indicate that "hooveri" 

is not a valid race. The question, therefore, still remains 

open. 

This entire investigation, up to this point, has been 

limited to considerations of mirror image misorientation in 

immature warblers, that is, in birds that presumably make 

their first fall migration according to a distance-and­

direction migratory system. A brief discussion of the 

implication of vagrant occurrences of adult birds is perhaps 

appropos. As pointed out in Part I of this dissertation, a 

few adult warblers do occur as fall vagrants in California. 

Moreover, the occurrences of some of these adult birds (such 

as those on southeast Farallon Island) cannot easily be 

attributed to the return of a previous year's immature 

vagrant. Thus, there must exist some mechanism to cause an 

adult bird, which presumably made a correct migration during 

its first autumn, to make an error on its second or 

subsequen~ fall migration and arrive on the Pacific coast. 

Since we know virtually nothing of the actual cues or 

mechanism by which an adult bird homes, presumably by true 

bicoordinate navigation, to the exact same wintering 

location year after year, we are hard pressed to isolate a 



PART IV - SYNTHESIS 

particular error which could be responsible for 

misorientation in such a bird. 

Page 14-22 

There exists some circumstantial evidence to indicate 

that mirror image or left-right confusion may UQ! be 

involved in adult misorientation. As previously discussed 

in this chapter, Corballis and Beale ( 1971] have 

demonstrated . that pigeons display a high level of mirror 

image confusion, at least in regard to their behavior in 

visual mirror image stimulus discrimination tests. And yet 

pigeons are well known to be excellent navigators. This 

situation suggests one or both of the following 

possibilities: (1) visual mirror image or left-right 

discrimination is not necessary for successful bicoordinate 

navigation by visual cues, or (2) the cues used for 

bicoordinate navigation are not visual and, therefore, are 

not affected by visual mirror image or left-right confusion. 

Further discussion of this matter, however, is beyond the· 

scope of this investigation and must await a more complete 

understanding of the mechanism of true bicoordinate 

navigation. 
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CHAPTER 15 

SUMMARY AND CONCLUSIONS 

Page 15-1 

1. The phenomenon of the fall occurrences of vagrant 

wood warblers in California may be characterized as follows: 

(a) It is a regularly occurring phenomenon that is 

widespread among virtually all species of migrant North 

American wood warblers. (b) Different species occur in 

California in widely varying abundances. (c) The number of 

occurrences of any given species or all species combined 

varies somewhat froITP year to year. (d) Most of the 

occurrences are concentrated along the immediate coast but 

occurrences are frequent in both northern and southern 

California. (e) Most of the individuals involved are 

immature birds on their first fall migration. (f) There is 

no positive indication that the phenomenon is of very recent 

origin. 

2. Immature wood warblers are assumed to utilize a 

distance-and-direction migration system for their first fall 

migration. The various errors, inherent in such .a system, 

that could be responsible for occurrences of vagrant 

warblers are found to fall into two types: disorientation, 

the inability of an individual to consistantly follow any 

direction, and misorientation, the inability of an oriented 

individual to follow the correct direction. Errors 

producing disorientation could arise by the failure of the 



PART IV - SYNTHESIS Page 15-2 

individual to (a) inherit any direction or (b) learn any 

environmental reference point to which to relate its 

inherited direction. Errors producing misorientation could 

arise by the £ailure of the individual to (a) inherit the 

correct direction or learn the correct stationary reference 

point -- simple misorientation or reference point 

misorientation, (b) exhibit the cor~ect sign (forward or 

reverse, fall or spring} to its migratory direction -- 180° 

reverse misorientation or (c) relate the migratory direction 

to the reference point with the correct sense (right or 

left, clockwise or counterclockwise) -- mirror image 

misorientation. 

3. A comparison of the actual average arrival dates in 

California with the predicted average arrival dates for 

vagrant individuals of all species of eastern warblers shows 

that they arrive exactly on time thus providing conclusive 

evidence that the vast majority of vagrant occurrences are 

due to misoriented rather than disoriented individuals. 

4. An analysis of the relative species abundances, the 

locations of the occurrences within the state, both along a 

N-S and an E-W axis, and the relative timing of the 

occurrences within the state provides a strong and unanimous 

indication that mirror image misorientation, rather than 

either simple or 180° reverse misorientation, is the 

operative mechanism causing most vagrant individuals of all 

species of wood warblers to occur in California. 
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5. Twenty-four immature Blackpoll warblers were 

captured in California during the fall migrations of 1969-

1971. Twenty-three of these birds were captured in northern 

California, 22 of them on Southeast Farallon Island. A 

total of 521 "footprint" nocturnal orientation experiments 

were conducted on these individuals under clear, moonless 

California night skies. 

6. The raw "footprint" orientation data was digitized 

by eye by comparing the amount of blackness in a given 15° 

sector of the trace with a logarithmic scale of 32 standard 

blackness values ranging from pure white (no marks) to the 

darkest 15° sector ever found on any trace. This scale of 

standard blackness values was constructed from 15° sectors 

cut out of actual traces. The amount of blackness on the 

standards was objectively determined by the use of a TV 

camera connected directly to a computer and programmed to 

perform as an optical densitometer. The reproducibility of 

this method of digitization was found to be extremely high; 

the Pearson product-moment coefficient of correlation for 

two independent digitizations of the same trace was found to 

average o •. 97. 

7. Both the body weights and the amounts of nocturnal 

activity displayed by captive Blackpoll Warblers indicated 

that there is nothing abnormal about the physiology that 

controls fat deposition and migratory. readiness in vagrant 

individuals. 
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8. Visual inspection of the "footprint" data indicated 

that many of the traces produced by vagrant Blackpoll 

warblers appeared to be bimodally directed. Since no 

statistical methods were available to handle such data, an 

approximate multimodal method of analysis was developed. 

This method consisted of (a) a mode finding algorithm 

designed to determine the number of "valid" modes on each 

trace and (b) an approximate solution to a multimodal 

mixture of circular distributions which produced, for each 

mode k present on each trace, estimates of the amount of 

activity, ATk, the mean direction, ~k' and the concentration 

about the mean direction, rk. If the trace was found to be 

unimodal, these parameters were determined by simple vector 

summation. This approximate multimodal analysis was tested 

on 225 combinations of bimodal mixtures of theoretical 

circular normal distributions having known parameters. It 

was always found to produce sufficiently accurate estimates 

of ~k and ATk but occasionally produced spurious values of 

rk. 

9. The multimodal analysis indicated that multimodal 

behavior qccurred in 186 out of 508 active tests. Of these, 

183 were bimodal and only 3 were trimodal. The mean 

difference between the primary and secondary modes (measured 

clockwise) of the 183 bimodal traces was found to be 

179.2!27.0° and was not significantly different from 180°. 

This indicates that bimodal orientation represents conflict 
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behavior between the choice of a given direction and its 

180° opposite direction. 

10. This 180° reverse orientation is considered to be a 

generalized adaptive response to adverse stress conditions 

such as arriving over unsuitable habitat at the termination 

of a migratory flight, encountering adverse weather or being 

captured and prevented from migrating. It is suggested that 

180° reverse orientat~on may be common, not only to wood 

warblers, but to most nocturnal migrant passerines. 

Furthermore, it is suggested that some 180° reverse 

orientation will probably be characteristic of most 

orientation cage experiments on freshly captured nocturnal 

migrants, whether such birds are vagrant individuals or not. 

11. The mean value of the concentration about the mean 

direction, r, for all 322 unimodal traces was found to be 

0.554. This provides a strong (but not statistically 

testable) indication that vagrant Blackpoll Warblers are 

capable of directed behavior over the course of single 

night's orientation cage tests. 

12. The distribution of nightly mean directions were 

analyzed for each of the 23 birds that were tested over 

several nights. Significantly directed behavior (P<.05), in 

one or more directions, was found in 43.5% of these birds, 

providing a strong indication that California captured 

vagrant Blackpoll Warblers are misoriented rather than 

disoriented individuals. 
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13. An analysis of the distribution of mean directions 

for the summation of activities of the 23 Northern 

California captured Blackpoll warblers provided a strong 

indication (P=.058) that this sample of vagrant warblers, 

considered as a unit, displayed directed multirnodal 

behavior. This indicates that all Northern California 

captured Blackpoll Warblers are indeed misoriented and, 

furthermore, that they are misoriented in a similar manner. 

Further analysis of this distribution indicated that this 

sample of birds preferred four directions, one in each 

quadrant. The SE direction was found to be 125° and 

represents a good approximation of the correct 

transcontinental migration route of the Blackpoll Warbler. 

The NW direction was found to be approximately the 180° 

reverse of the SE direction while the NE direction was found 

to be approximately the 180° reverse of the SW direction. 

The SW direction was then considered to be the mirror image 

of the correct direction. The mirror image axis was 

experimentally determined and found to lie at 0.9°, within 

1° of true north. This supplies strong experimental 

evidence that mirror image misorientation is the operative 

mechanism causing immature Blackpoll Warblers to arrive in 

(at least Northern) California. 

14. An analysis of the distribution of directions that 

are avoided by each of the 23 Blackpoll warblers tested over 

several nights supported the above finding and supplied 
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evidence that each individual significantly avoids (P<.05) 

at least three of the four Cardinal directions, north and 

south being avoided more consistantly that east and west. 

The hypothesis was then stated that the orientation cage 

behavior of California captured Blackpoll Warblers can be 

described as the preference for a pair of diameters, 

symmetrically crossed with both the N-S and E-W axes, and 

represents oriented behavior in both the correct direction 

and the mirror image of the correct direction as well as in 

the 180° reverse direction of both of them. 

15. This hypothesis was directly tested against the 

null hypothesis of a diameter constant distribution (which 

includes the uniform distribution). The test statistic used 

was the mean value, for each individual, of the mean 

distance over which its activity is removed from the nearest 

of the four preferred directions. The results of this test 

indicated that the activities of 12 of the 23 birds tested 

over several nights were significantly directed (P<.05) 

according to the crossed diameters or mirror image 

hypothesis. Moreover, the entire sample of 24 Blackpoll 

Warblers showed an extremely high preference (P=. 0_003) for a 

single orientation of the crossed diameters, that is, a 

single correct direction. This correct direction was 

experimentally found to lie between 110° and 135°, again in 

close agreement with tht actual correct transcontinental 

migration route of the Blackpoll Warbler. 
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16. The mirror image hypothesis was directly tested 

against the null hypothesis of the diameter constant 

distribution by an alternative method which involved the use 

of the mean distance that the distribution of mean nightly 

vectors, for each Blackpoll warbler, was removed from the 

preferred directions of the mirror image distribution. The 

results of this test indicated that the distribution of mean 

nightly directions was significantly directed (P<. 05) 

according to the crossed diameters or mirror image 

hypothesis for at least 15 of the 24 birds. Again, the 

entire sample of Blackpoll Warblers was found to show an 

extremely high preference (P<.008) for a consistant 

orientation of the crossed diameters, that is, a single 

correct direction. Two different test statistics showed 

this correct direction to be approximately 120°, again in 

excellent agreement with the correct trancontinental route 

of the Blackpoll warbler. These results, therefore, provide 

very strong evidence that California captured Blackpoll 

Warblers, when tested in "footprint" orientation cages, are 

capable of displaying beth the correct direction and the 

mirror image of the correct direction. 

17. A working hypothesis for mirror image 

misorientation is presented that is consistant with both the 

theoretical and experimental results of this investigation. 

Mirror image misorientation in individual immature warblers 

is consid2red to be caused by the imprinting of the 
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migratory direction with both the right (clockwise) and left 

(counterclockwise) sense, that is, in both the correct and 

mirror image orientations. The choice of the orientation 

(correct or mirror image) for the first actual migratory 

flight of the immature warbler is either determined randomly 

or, more likely, is environmentally triggered by the wind 

direction. In either case, - the warbler displays mirror 

image equivalence regarding this initial choice. The 

orientation of this initial flight is reinforced so that the 

orientation of subsequent flights is determined by the 

orientation of the initial flight. The warbler, therefore, 

displays mirror image discrimination regarding these 

subsequent flights. When the warbler is captured, prevented 

from migrating and tested in an orientation cage over 

several nights, it disflays a stress-induced alternation 

between the two orientations. 

18. There are several ramifications of the wind 

triggered, mirror image misorientation hypothesis. (a) 'l'he 

selection against mirror image rnisorientation will be a 

function of the correct migratory direction of a population; 

negative se-lection will tend to increase as the component of 

the migratory direction that lies in the east or west 

direction increases. (b) The rate of selection against 

mirror image misorientation, for any given population, will 

be proportional to q, the fraction of the time that tne wind 

lies in the mirror image direction divided by the fraction 
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of the time that the wind lies in the correct direction 

(during the period when immature warblers initiate their 

fall migration). (c) The number of mirror image vagrants 

that will occur each year will also be proportional to the 

value of q for that year. (d) The arrival of mirror image 

vagrant individuals will occur in rather well defined waves 

that will be associated with winds lying in the mirror image 

direction. 

19. Mirror image misorientation is probably not unique 

to wood warblers but is likely to be a potential 

characteristic of all birds that utilize a distance-and­

direction migration system. In addition, it could be 

responsible for the establishment of the isolated Pacific 

Coast winter ranges that are characteristic of several 

species of birds including both Myrtle and Townsend's 

Warblers. 
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APPENDICES 

APPENDIX I 

Page 17-1 

DATA USED FOR THE CALCULATION OF PREDICTED 
AVERAGE ARRIVAL DATES FOR EASTERN WOOD WARBLERS 

AVERAGE DISTANCE FROM CENTER 
ARRIVAL DATE OF BREEDING RANGE 

AT ISLAND BEACH, TO ISLAND BEACH TO MORRO BAY, 
SPECIES NEW JERSEY* (miles) CALIF. (miles) 

Black-and-white Sep. 8 825 1815 
Prothonotary 1848 
Worm-eating 2046 
Golden-winged 2046 
Blue-winged 1914 
Tennessee Sep.23 1518 1815 
Parula 1947 
Magnolia Sep.18 990 1947 
Cape May Sep.22 1023 1881 
Black-throated Blue Sep.18 528 2277 
Black-throated Green Sep.25 1254 1980 
Cerulean 1815 
Blackburnian Sep.19** 1188*** 2244 
Yellow-throated 1848 
Chestnut-sided Sep. 7 627 2079 
Bay-breasted Sep.21 924 1947 
Blackpoll Sep. 25 1683 1848 
Pine 1881 
Prairie 2046 
Palm Oct. 5 990 2013 
Ovenbird Sep.13 792 1815 
Northern Waterthrush Sep. 8 1551 1749 
Louisiana Waterthrush 1881 
Kentucky 1881 
Connecticut Sep.20 1353 1782 
Mourning Sep. 6 858 2079 
Hooded 2013 
Canada Sep. 1 759 2178 
American Redstart Sep. 9** 1188*** 1749 

* From Murray [1966a] 
** Average arrival date at Baton Rouge, Louisiana. From Lowery [1960] 
*** Distance to Baton Rouge, Louisiana 
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APPENDIX II 

ENVIRONMENTAL DATA FOR ALL NIGHTS ON WHIOI 
CALIFORNIA CAPTURED BLACKPOLL WARBLERS WERE TESTED 

WIND CLARITY 
NIGHT STARTING TIME \ CLOUD DIRECTION VELOCITY TEMP. OF 

~ NUMBER LOCATION OF TEST (PDT) COVER (•) (knots) ~ NIGHT** 

Sep. 9, 1969 36 Stanford 2250 0 170 l 65 
Sep.lo 37 n 2205 0 360 1 67 
Sep.;1.2 38 " 2205 0 0 65 
Sep.14 39 " 2055 0 270 1 61 
Sep.15 40 • 2315 0 315 1 49 
Sep.17 41 " 2205 30 
Sep.23 42 " 2005 0 250 0 62 
Oct. 5 45 s.E. Farallon 2100 0 345 10 
Oct. 6 46 • 2020 0 330 9 
oct. 7 47 " 2000 20 330 7 
Oct. · 8 48 • 2230 20 320 12 
Oct. 9 49 • 2050 0 330 12 
Oct. 9(10) 50 • 0540 so 290 10 
Oct.lo 51 • 2035 0 340 15 
Oct.11 52 • 2145 0 330 12 
Oct.11(12) 53 • 0530 0 330 12 

Sep.21, 1970 103 S.E. Farallon 2114 0 320 9 4 
Sep.22 104 • 2108 0 330 10 4 
Sep.23 105 " 2103 0 330 10 4 
Sep.24 106 " 2140 0 ' 350 11 3 
Sep.25 107 .. 2200 0 90 4 3 
Sep.26 108 • 2105 0 360 10 3 
Sep.27 109 • 2032 0 320 10 3 
Sep.30 110 " 2016 0 330 12 1 
Oct. 1 111 • 2027 0 320 12 2 
Oct. 5 112 • 2217 5 310 9 3 
oct. 6 116 • 2153 0 330 26 4 
OCt. 6 117 " 2140 0 330 26 4 
Oct. 7 120 " 2343 0 350 11 3 
oct. 8(9) 124 • 0033 0 330 6 2 
Oct. 8(9) 125 N 0022 0 330 6 2 
Oct. 9(10) 127 n 0434 55 335 8 3 
Oct.16 134 Stanford 2020 60 135 4 2 
Oct.17 135 n 1942 50 135 3 l 
Oct.18 136 " 1948 2 0 3 
Oct.19 137 • 2022 5 160 2 2 
Oct.22 138 " 1938 10 225 3 3 
Oct.23 139 " 2053 10 270 5 3 
Oct.26 140 Point Loma 1842* 0 325 7 3 
Oct.27 141 N 1904* 20 315 1 3 
Oct.28 142 " 2052* 0 270 3 4 
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APPENDIX II (CONT) 

WIND CLARIT'i 
NIGHT STARTING TIME \ CLOUD DI RE CTI~ VELOCITY TEMP. OF 

~ NUMBER LOCATION OF TEST (PDT) COVER ( 0) (knots) J.'.'.!.L NIGHT** 

oct.29, 1970 143 Point Loma 2002* 35 315 2 3 
Oct.31 144 " 1857* 2 360 6 3 
Nov. l 145 • 2215* 35 290 2 3 
Nov. 3 146 • 1938* 0 130 5 2 
Nov, 4 147· . 2102* 0 0 3 
Nov. 7(8) 148 • 0100* 20 80 4 3 
Nov, 8(9) 149 • 0145* 0 90 5 3 
Nov, 9(10) 150 • 0315* 15 90 l 4 
Nov. 10(11) 151 • 0430* 25 0 4 

Sep.21, 1971 186 S.E. Farallon 2038 50 100 6 63 3 
Sep,22 187 ff 2037 0 360 7 56 2 
Sep.22 188 • 2213 0 360 7 55 2 
Sep,23 189 " 2037 0 320 8 57 2 
Sep,25 191 " 2143 0 340 15 56 4 
Sep.26 193 • 2241 0 335 9 56 4 
Sep,27 195 " 2345 0 320 10 56 3 
Sep.28(29} 197 • 0241 0 320 8 55 3 
Sep.29(30) 199 • 0237 50 340 14 54 3 
Sep,30(0ct. l) 201 • 0328 0 290 5 52 4 
Oct. 1(2) 202 " 0431 0 340 9 53 3 
act.lo 203 • 2021 5 335 19 55 3 
oct.11 205 n 2308 0 335 9 53 l 
oct.12 207 " 2020 2 340 10 55 2 
Oct . 13 209 .. 2018 0 340 16 55 3 
oct. 1s 211 .. 2019 5 330 21 49 3 
Oct.16 213 .. 2018 5 270 4 47 2 
Oct.17 215 " 2017 5 340 9 47 3 
Oct.18 217 .. 2014 5 245 4 47 3 
Oct,20 219 .. 2010 0 340 17 52 4 
Oct.21 221 n 2010 0 330 9 51 4 
Oct.23 223 .. 2042 2 330 17 50 4 
Oct,24 225 " 2142 0 330 11 49 3 
Nov. 5 228 Stanford 1850* 0 200 1 51 1 
Nov. 6 229 " 1856* 0 255 4 50 3 
Nov. 7 230 " 1838* 2 250 4 45 4 
Nov.13 231 .. 1905* 2 305 12 44 3 
Nov,14 232 " 1846* 0 270 6 41 4 
Nov,15 233 " 1853* 0 340 13 51 4 
Nov.16 234 .. 1851* 0 270 2 44 4 
Nov.17 235 " 1849* 20 250 5 49 2 
Nov.18 236 .. 1855* 0 260 9 49 4 

• PST 
•• 4,. Very clear. 3 .. Clear. 2 a somewhat hazy . l • Hazy 
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APPENDIX III 

DIGITIZED RAW DATA FOR ALL ORIENTATION TESTS 
ON ALL CALIFOR.i.'UA CAPTURED BLACKPOLL WARBLERS 

LEGEND: Computer printout of card input 

CHARACTERS DEFINITION 

l - 4 Trace number 
5 - 7 Bird number 

8 Test period number 
9 - 11 Test night number 

12 - 16 AC (end of trace) 
17 - 21 AN (loc. of north) 
22 - 23 Vl 
24 - 25 v2 
26 - 27 

~3 
. . . . . . 

66 - 67 v23 
68 - 69 v24 

Page 17-4 
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.. 
APPENDIX III (CONT) 
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26? 2:2120254. 7160.2 5 0 4 2 :, -, 1 2 2 l 1 1 ;) l 2 2 2 2 4 8 <; 7 6 5 <-

26Fs ;,';2125254.8 -J. a 4 2 2 2 2 3 2 2 1 5 812131310 8 6 7 6 8 8 5 4 4 
269 252127255.3 o.c A 9 8 3 7 7 6 2 l 5 4 6 8 910 g 0 8 7 6 0 5 5 6 
270 2~~134255.1 12. 8 l 5 2 2 4 4 7 8 6 5 5 4 5 4 l 2 l 1 0 0 1 1 1 l 
271 2~:l?,5255.61 (5.6 7 ) ~ J l 2 3 2 1 ') 0 0 J 0 ') 0 :) -J 0 -) :) 0 2 6 
27 2 2~?13t255.4 o.c l 2 3 4 2 2 2 2 l 5 8 b l " 0 0 0 . :> 0 0 0 0 i) 0 v 

2 73 25?137?55.tlfl.5 6 7 4 2 4 3 1 1 0 l 0 0 l 2 2 1 3 4 4 7 7 1 7 8 
'?74 2~3 J 3f:2 54.<; ~ I). 5 0 () 0 ,) J 0 C 0 0 0 ·1 5 5 4 6101112'1112 8 5 3 2 
275 25~]2<;255.? '). 0 '.) .:) 0 J .) J 1 1 5 c; 4 l l l J Ci .) (i 0 0 C () 0 () 

276 2_5'1 l 1iC255.2 o.o 6 7 6 7 9 8 0 91,'.) l 0 9 9 8 6 3 3 3 2 5 6 91 Cl 9 b 
277- 2~41',12~5.1177.9 5 6 3 l l 5 7 3 0 0 0 0 1 3 2 0 0 0 C 0 0 3 2 l 

1 
I . 
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278 2!.:4142254,.9 <;9. 9 0 .. ') 0 J 0 ,) 0 J I) 0 0 J J 2 2 2 3 1 0 0 0 0 0 0 
279 2~4143?55.5 '}. 0 8 6 6 7 91'.)10 7 91110 8 8 9 7 b 4 3 3 3 6 6 810 
?.PO 754144256.6 <:l. 0 6 6 2 3 2 0 C 0 0 l 5 3 2 2 l () -J C 0 0 C 0 0 0 
231 ?~4145?.56.llSn.O J .) () 0 0 J IJ ,) ,') 0 0 () 0 0 0 0 0 0 C, 0 l l 2 l 
?A2 2~ 41 1te:2 56. C c. ') 0 0 C J J ·J 0 0 0 J 0 J \) 0 () 0 I) 0 0 0 C 0 0 0 
?83 2':41472'55.8 <;3,. ~ 0 ) J 1) 0 'J •) :J 1 C C J 0 0 l 3 2 0 0 0 C 0 0 0 
284 2 ~ 4 14 e2 s 5. f.l to. 3 0 J C 0 0 J 0 C 0 t) C 0 0 0 0 0 C 0 0 0 1 2 2 1 
2 n~ .?llll2255.5 ). Jl31) 9 3 91Jlll01~111213141515l~l413121112101213 
286 2clll6255.7 <:0.0121~1621222J242424242323232222212J19181614141312 
? fl7 26112C255.31~3.315151~1211 9111ClJ12141617~S20212324252524222Jl8 
28R 261124255.2 o.n232122212J2JlClQ181716151515141415181S2123242423 
2P.9 261127255.7 0.0232120192J2J21202J2019lbl41312111Jl2151719202223 
290 2621342'.:4.q 12. P. 4 1 2 2 l 0 1 0 J C 0 0 0 0 1 1 2 4 3 4 4 3 4 4 
291 26213:255.71C4.81512131212111Gl~l1121110 9 c 7 8 910 9 8 (: 8 912 
292 262136255.-'.) o.o 6 7 9 Bl'.) 12 ti 91Jlll0 8 q 7 9 8 6 6 6 7 7 8 8 6 
293 2f?lJ7255.ll6E.7151312101J 7 7 8 9 91111162ClS2019181Bl715171816 
294 262138?55.3 E9. 8 8 •) 7 Bl01&1~2J21232423181615131210 9 7 5 3 5 8 
295 262139255.C .). CJ 0 3 s 5 1 .) 0 j 0 2 3 2 5 81 Cl 6 D 6 7 7 6 2 2 1 
296 26~14025'>.l u. 'J2324?. 52 7 2B 27f. 6232 l l Sl 3 9 d 7 6 3 7 7 8 91C131822 
2 c;7 26?141255.2ll5.32Jlhl3 c; 8 a 9 9 7 3 5 6 6 Rl2131112152022202120 
298 ?0142255.7 <;9.1 6 qlO 9 e & J 3 7 6 7 8111518161312 a 7 7 8 9 6 
299 263143255.5 1.0 5 011111511182)191612 9 9 6 3 .3 2 3 2 l J :) l 3 
300 20144255.4 <; .J • G 6 2 2 2 3 b 7 7 7 81314 6 6131413121314 8 8 6 7 
301 263145255.3155.bl2111Jl2 7 4 5 6 6 6 7 9111213171616171511151715 
3C2 2t314t255.l o.o 2 ?. 2 6 ~111213121213131414141310 5 4 4 3 6 <; 5 
303 2(:~147254.9 <;4. 01511 9 i"\ 5 6 5 5 5 4 4 7 610 9101211111415182019 
3 C4 263148255.2lt6.l 6 5 (, 8 8111S1922211817181510 7 5 4 2 l 3 5 6 7 
305 U31 1,S255.l o.n 5 5 2 2 3 4 2 2 4 6 4 6 4 5 5 6 5 5 8 8 910 9 1 
3C6 203150254.8 EG. 8 0 i) a 0 0 0 C 0 0 0 0 0 0 0 0 0 l 2 0 0 C 0 0 1 
3C7 2f4151255.7 c.o 0 ·") 1 1 l 0 0 0 0 0 0 0 0 0 l 2 l 1 1 0 C 0 0 0 
310 271112255.7 0.0 9 5 4 3 2 l l 1 2 2 5 9 9 7 8 8 6 3 2 4 5 8 9 9 
311 271116255.7 <1.2 9 <JI -:Jl ,:: 9 7 7 6 7 3 4 2 2 2 3 4 6 7 3 3 3 2 5 7 
312 £71120255.2157.? 7 5 5 9 8 6 6 7 8 8 8 7 8 8 6 5 6 7 7 4 4 3 3 4 
313 ;:71124255.3 0.0 9 3 7 t3 ,, 5 5 8 9 B 7 6 6 6 3101010 91012131311 
314 £71121255.l 0.010 9 8 7 '}1')1111 9 8 7 7 6 b 6 7 7 7 7 P, ~ 9 9 9 
315 £721?.4255.4 12.8 8 7 5 5 !t 5 7 7 6 4 5 5 911121111131212121110 8 
316 272]35254.71(5.3 2 5 2 3 6 3 2 3 3 2 0 J 0 1 l l 2 2 2 l 0 1 2 4 
317 ~7;}36255.C .., ,... 

4 6 5 7 a 9 f, 2 5 4 5 7 6 8 9 7 6 5 5 3 2 2 4 2 -.Jo V 

318 272137255.lll5.0 l l l 2 2 3 2 l 2 3 1 0 0 0 0 0 0 0 0 0 0 2 2 2 
319 772131!254.6 <:l. 6 3 (, 6 6 6 6 5 5 7 9 9 n 5 1 6 6 6 6 3 4 4 b 3 3 
320 27213S256.C C.J ') i) 0 ,) .) J 0 ') Q 0 0 ') 0 0 0 0 0 0 0 0 0 0 i) 0 
321 ?7314(255.3 '). 0 3 l 0 1 1 1 3 7 6 4 2 5 2 1 1 1 1 2 5 6 6 2 1 2 
322 273141255.1176.0 0 .) () :J .J J a 0 ') 0 () 0 0 Q 0 v 0 1 1 2 2 1 l 1 
323 27~142255.61(3.3 l 2 3 2 5 5 5 2 3 3 1 1 0 C 1 l 2 1 2 3 3 3 3 1 
324 27314325.8.0 o. J 1 2 1 0 1 3 1 2 2 2 1 2 4 6 6 6 6 4 5 (-, 3 1 1 1 
':\?5 ?73144255.R SI. 8 9 1 B 7 6 s 7 4 3 4 2 2 3 4 5 3 6 5 .5 6 6 7 7 q 
326 27;1452:5.5156.7 2 1 l l 0 0 1 l 1 1 1 1 1 2 5 9 91110 6 5 7 6 2 
"l2 7 273146255.6 '1. 0 1 1 2 4 4 2 2 1 l '.) 0 J 0 a ,1 0 ') 0 0 0 C 0 :) 1 
3 26 .?f1112255.3 C.01414 ; d 7 '.> i3 9lJ13l215i61716lbl71514:415131214 
329 :::11116255. 5 SC.615172Jl917ld171616l71613121112111213131312141517 
330 71::1120254,. 71 ~6.0 6 'i 7 8 a 7 6 Q 13 s 5 7 7 s 'Jl) S'll q 6 s 5 4 I+ 

331 2B 11242 55. 8 J.OlR1Yl917161414131111 9 9 7 6 8 7 7 7 91314151617 
332 ;i\1127255.1 ). 0 4 3 5 5 2 1 2 2 1 0 J C J 0 1 2 3 4 4 3 5 

.., 7 7 I 

333 2E2134254.7 12. 7 7 5 3 1 J J C 0 0 2 0 1 2 3 4 81111121215161310 
3 34 2~2135?54.41(6.0 7 2 •) 1 2 2 1 2 3 3 3 2 3 6 5 5 4 5 6 7 5 2 2 3 
33~ 2E2136255.C O.J 0 I) 0 2 6 6 3 3 7 6 4 2 2 0 0 0 0 0 0 0 0 0 1 0 
336 2A2137255.lltl.R 1 1 2 2 2 5 6 6 5 0 3 3 0 0 0 0 0 ,J 0 0 0 0 l l 
331 2-<2133255.4 S).7 5 6 Rll 9 7 4 5 7 6 6 '7 6 7 6 5 6 5 J ,, 

2 3 4 5 '-

33;1 2E213S255.1 ,). CJ 4 4 7 4 l 0 :J 0 0 2 2 0 0 0 0 0 u 0 0 0 0 0 3 2 
33<) -2231 11C254.7 J. 0 0 J 1 0 0 1 1 0 0 0 0 1 4 4 6 3 1 2 4 2 C J 0 0 



PART V - REFERENCE MATTER Page 17-7 

-' 
APPENDIX III (CONT) · 

34:') 233141256.Cl 74.R 1) ) ,) .) I) !) 0 0 .) ,) 0 J 0 1 3 6 <,lJ 8 4 1 3 2 l 
341 2 •J 3 14 2 2 5 6. fl Cl. 0 ) () ,) 0 0 0 0 0 v 0 1 2 1 4 5 6 7 6 3 l !. 0 0 0 
342 283143257.6 o. 0 l ~ 611 9 6 a 4 3 2 1 C J 0 0 v 0 0 0 Q 0 0 1 1 
343 2f!3144255.5 <;3. 1 3 ·) C J J ) c; 1 .J 3 2 1 0 0 J 0 :) 2 1 0 2 6 7 3 
344 283145255.915~.9 1 ·) l 2 5 2 C C J l C J 0 l 2 1 3 3 1 1 1 0 'J J 
345 2e314(:255.6 G.C 5 6 b 5 't 3 3 2 2 3 3 1 3 8 9 9 6 5 3 2 2 1 3 5 
346 283147254.9 c4.4 0 ) 0 ·'.) ) J 2 2 1 

.., 
4 3 2 1 l 

., 5 7 8 5 4 2 i) 0 £. £. 

347 2H3148?55. 7lc6.5 b 911121211131415121313121110 q 9 9 f:J 6 5 6 8 8 
348 291134255.4 12.Rl51616lql817121J 3 4 't 5 7 913141718i917:3111010 
349 ;en 135255.11 {5.J 6 5 2 1 l l 2 1 3 5 6 3 1 912111113151413 9 6 7 
35C 291136255.2 0.1 B 2 2 6 9 d 91.:J •) 8 6 6 6 6 5 5 7 91012 8 91 ➔ 12 

351 29!137255.4lt7.5lll0 c;11 -) 9 d 7 5 5 1 7 9 8 8 6 6 6 7 7 9101113 
152 2<;11B25'>.2 c;i .4 2 2 5 4 5 6 7 9 6 8 7 5 4 4 3 2 2 2 2 2 2 2 3 4 
353 2CJ113<;255.7 o.o 5 7 9108 6 l 9 9 8 7 6 7 7 6 5 3 0 0 I) 0 2 2 l 
354 29214J?55.3 O.Jl61 ll615161914lll0121113lll213151414131515141615 
355 2q2141?.55.Sl 78.l 3 1 ,'.) ) l ,) u 0 ) 

,., 41110121211 9 7 2 2 6 6 4 3 ,J 

356 ?92H2254.l 4:8. l 3 <J b 6 2 2 4 7 8 c 9 910121412 9 8 6 B 7 6 2 1 
357 292143254.4 o.o 5 9131=17161~1411 q 7 7 8 7 6 6 6 6 5 7 3 7 6 5 
358 2,;2144?55.2 <; l. 3 1 l 2 3 4 4 6 7 6 711141517191410 5 1 1 0 0 0 0 
359 292145255.71~7.l 5 6 2 3 3 5 6 7 0 9 Bll 9 6 6 6 6 5 3 3 2 4 4 5 
HO 2<;214(:?55.6 ,). !) 2 J 0 1 l 1 0 1 0 1 2 3 5 9101216181819201917 9 
3(;1 2S2147255.0 <;3. 4 7 ~ 5 2 3 2 1 0 1 7 s 9 8 7 9 9 8 7 9 8 5 b 6 4 
3t:2 292148255.7166.41414131JlJ15ldl719191715131210 8 6 3 1 2 2 2 712 
363 ~C·lllcl?55.El i4.212111C 6 4 2 l 1 1 2 2 3 5 9 910 9 9 9 ti 91'Jl012 
364 3~lllc2256.71C0.4 4 5 8 '3 9 7 7 7 a <; 91 )1113151312 9 8 ~ 8 a 5 3 
3f5 ;~1143256.C G.0121312111() 9101211121313131415151514131314131213 
366 30114 1,255.8 S0.4 7 A g B 3 6 7 s 9 9101211111312141~1210 9 8 8 6 
3f.7 3Cll45256.21~4.51115171614111214 c; E 9 8 7 6 8121110 7 7 SlOl'J 9 
3f.8 301146255.il o. 0 6 7 5 6 5 6 6 5 6 9 c; 7 91316171514131211 6 4 4 
169 3Cll47255.0 <;3.3i31-J 9 13 7 8 6 5 3 5 6 4 3 1 1 3 4 7 ?.10 9 91012 
37.) 3Cll48255.4167.l fl f, 5 6 5 4 3 5 3 0 1 1 l 0 0 0 2 3 4 5 6 6 8 8 
371 3Clllc9255.l o.o 0 0 0 ) 0 0 0 0 () 0 0 0 0 0 0.0 0 0 2 3 1 0 0 0 
372 31110256.7 o.o 1 2 1 J ,) 2 3 6 4 4 3 2 2 1 2 2 1 2 3 3 4 3 1 0 
373 ?lllP.9256.8 c;3. 9 1 2 2 1 2 '.) 0 l 1 3 3 2 2 l l 1 2 l l 0 0 1 l 2 
374 :lll'?l256.Sl56.6 0 '.) 1 3 5 4 3 5 6 5 6 7 5 2 0 1 0 u 0 0 C 0 0 0 
375 311193256. 7 o. 0 J 0 0 0 0 0 ') 2 2 1 1 0 0 0 0 1 2 6 6 7 7 6 4 2 
376 :?111S5256.3 o.o 0 0 0 " :) J ,) 0 1 0 2 2 2 3 3 3 2 2 l l C 1 0 0 V 

377 '.:l l1S725(,.6158. l 4 4 3 3 3 4 4 5 5 6 6 6 7 4 2 0 0 1 3 2 2 l 2 2 
378 311199255.<, c.o .') l 2 2 4 5 3 ,) 1 1 1 CJ 0 C J ,) 0 0 0 0 C 0 0 0 
379 '.!ll2Cl?56.ClC0.9 1 J 1 0 J 0 J 0 0 0 C ,) 0 0 0 0 0 0 0 0 2 1 2 3 
380 ;l!20225b.2ltl.l 2 2 3 '• 3 3 4 3 1 0 0 0 0 0 0 0 J J 0 0 C 1 0 2 
1e1 ::12.;;:::3256.8 o.o ql)llJ 91)1112111312111211131415171816151310 910 
~82 :::12.;;os256.C 0.0 0 0 () J J •) 0 J 0 0 0 0 u 0 () 0 0 0 0 0 0 J 0 0 
383 ~122(7256.6164.71810 9 8 :l 5 <; 9 91:) 911101010111112121212121211 
334 3122CS256. 7 o.o fl 7 8 8 7 <; c; 91J 9lll)lll21416lll715131210 9 6 
385 :1?211255.3 fl'l. l 1415lil615131110 9 7 7 7 8 7 d 7 7 6 3 R q 81012 
3 E(: ?12213255.C1~5.5121J ~1112141414141414131312 9 6 9 fl 8 1 c; a 910 
387 '.!12215256.0 o.o 0 0 1 l 1 0 0 0 0 0 0 () 0 0 0 0 0 G 0 0 0 I) 0 0 
3Ml 31.~.el7?.5c:.1 f5.c;1511 9 ~ ') l ·1 q 9 fl (' 

' 7 9 9 A1Jl01012111211131514 
3S9 312219255.7157.Cl41\l515161716l~l51~1513141310 7 5 5 4 6 8101113 
390 3122212':"i.8 0.010 910lllll2131213131415l6171Sl~l91Bl716l5141\12 
391 ::12223256.5 ~3.316151~14171310 9 7 7 9 c; 8 91•)121010 9 9 '7101012. 
39 2 :?l~L2525c.~ltl.9 2 2 1 2 2 '>1Cl3:.2l4131210 6 2 l ' 1 3 4 f:: G 3 2 .I. 

3<:3 313226257.Cl65.6 6 7 8 9 91010 8101110 7 4 2 3 5 4 7 b 7 a 8 6 5 
394 ?13229256.21Cl.flll 9 q1-:1J1010 P, 6 2 2 6 8 8 7 71012121111111111 
395 ;13L30256.? o.o 8 q 9 q1Jl0lll21212131213131313131211101C 9 q 7 
)C:6 ;211El6256.4 0.0 6 7 8 3 7 8 6 6 7 !) 91•)10 9 '310 9 7 6 7 7 7 6 6 
3<;7 ;221P.7~5 1,.3 ,) . ,) ,, 3 4 6 6 '.) ::. 3 5 7 e 7 5 4 a 9 b 3 :-:S - ,, 2 2 1 
3c;3 ;221119256.5 <:3. 9 6 6 5 J 2 l 1 2 2 4 7 5 3 7 4 2 4 3 4 3 3 2 2 4 
3 99. ~ 2 2 19 l 2 5 6 • c; l 5 6 • '• 9 6 6 5 5 5 5 811 8 8 7 8 7 6 510111312101') 9 9 
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400 ~2L19?256.5 o.o 9 9llt0lllll0 9 8 E 9 910111010 q e 7 7 7 7 910 
401 ,:;21<;5256.5 fo. 2 6 5 5 :; 3 2 2 3 6 4 3 3 5 5 6 2 2 2 4 4 4 4 4 6 
40 2 '.:221<;7256.6158.9 9 9 8 4 5 5 4 2 3 3 2 3 5 5 6 9121213141413!.0 9 
403 3 2 2 1 <: ~ 2 5 t, • 4 :) • J 1 1 l 1 l 2 t!.. 4 7 d 7 4 3 2 2 3 j 1 2 l C J 0 .') 

4C4 322201255.5 <:7.311 '1 8 7 ':3 9 91011111?14151412131415161513121110 
405 :22202256.21 ~9.8 5 2 1 l 1 l 1 l 1 0 0 1 1 1 1 2 3 3 4 4 2 4 3 6 
4C6 3232.J3256.7 J.J 6 7 9l21419l223222Jl511 7 c 4 2 2 2 3 2 3 6 5 7 
4C7 :2?205256.5 0.2 7 q 8 7 6 7 elll41920212q262725252422191310 8 6 
4C!l 3217C7256.3lc2.910 9 7 7 7 6 7 8 7 c; 11 llJ 9101Jl0lll0lll213141513 
4C9 323;09256.6 1.017132J212l2Jl3161412 8 8 7 6 5 d 9 9101212131416 
410 323211255.l n.2 5 • 4 3 5 6 3 9lJ1112l4l61716!613iJ 9 7 6 5 4 3 
411 323~13254.1156.11513l4131213l415151515171Bl92J20212l22232322lql7 
412 ~23;15250.3 0.0121417202324252422111712 ') 7 6 4 7 7 (:, '• 3 6 710 
413 ~23'17254.7 E4.Sl7171qt~l9212022232~25262524232122l~lbl71~161516 
414 ]23,19255.?157.01614 9 n 3 ") l 2 ,J J 1 3 7121Gl92324252526272422 '-

415 323221255.9 1.C1620242623292~2~2725201511 9 6. 3 2 1 l. 1 2 3 6 9 
416 ~n£23255.9 <;2. f.! C) .. 4 2 2 2 1 2 3 7 6 9141324252726?41916141211 
417 3 n 2 2 52 56. 11 c1. 4 26?. 5 24 23 211 n s1 1151412 9l01J1315171E202324252627 
418 324£28256.2lt4.Rll a 91,) '} 910111-') 9 9lll2llltl0lll01~1212131413 
419 32422925c. 11 rJ. s 2 3 l 71114192'232320191715161411 9 6 4 3 4 4 3 
1t 21) 32l2~,J?55.5 J.0161716!4151617121714 9 4 2 2 4 3 ~ 4 1 1 2 71013 
421 32.t.,31256.81 ';9.0 5 7 3 7 5 a 7 6 5 6 5 3 2 2 1 2 2 3 4 5 5 3 2 l 
422 3?4232?.5!.Cl (5.5 1 9 9 9 9lll1111211121111111Jl~ 910 9 5 7 7 7 6 
423 324,33257.0 o.o b 5 4 6 6 7 81317232424232016151310 9 .~ 6 4 5 5 
424 324234257.1157.13 5 4 5 4 7 d 7 6 0 6 7 B 8 8 8 9 9 9 9 9 8 9 7 6 
425 :2l235256.S S6. 9 7 4 5 3 5 5 5 6 6 6 6 6 6 3 6 6 6 4 4 5 5 7 7 6 
426 :24236256.9 o. 011 9 9 91:) 9 a 8 7 7 9 9 91011101010111011121111 
427 ~ 3 1 1 e6 2 56. s J. 0 4 5 5 5 6 5 4 3 4 l 1 4 5 6 1 1 l 2 6 7 e 8 8 8 
428 ;32187256.6 c.o 2 I) ) 0 J 0 0 0 0 0 0 0 0 0 0 1 1 0 2 0 0 2 5 4 
429 :32189?56.5 <;6. 2 0 l l) l ) ,) C 1 0 0 0 I) 0 1 2 3 2 2 4 3 l l 0 0 
430 332!<;1257.Cl 56.0 8 6 6 4 6 9 9lC 8 9 9 13 6 5 2 2 2 1 1 1 2 2 3 2 
431 '.:32lS3256.6 ,'). 0 6 3 2 1 1 2 l 1 l 1 0 0 0 0 O· 0 0 2 4 6 9 9 7 3 
43? 3321S525f:>.7 es. 9 2 2 8 8 6 7 7 9 a 9 9 5 2 1 l l 2 1 1 1J 0 I) 1 l 
433 '.:?2197256.Sltl.l 7 6 6 6 5 6 tllOll 12 9 6 3 3 4 3 3 2 2 2 4 6 5 6 
434 232199256.2 o.o J 2 1 2 2 2 0 ,:: J 

,, 
1 0 0 0 0 0 u 0 0 0 0 I) u 0 

435 3?2201756.61C3.9 5 4 4 4 3 7 8 9 91010 9 8 7 5 5 4 3 2 2 3 2 3 4 
436 .:32202256.21:4.2 7 s 5 4 3 3 7 7 9 6 511 8 3 2 1 0 2 3 5 3 4 7 8 
437 '.:33203256.o ,). J 3 1 /) J .) 0 1 2 2 1 0 -, 0 ~ 1 2 1 2 1 2 1 1 1 2 .., 
43:3 :??3205256.5 E7.4 6 7 >l 9111113 7 a 9111212 8 7 6 :} 4 1 0 2 2 3 4 
439 333207?5A. 3 lc5. l 0 ·) J ,J i) ,J C ') :) J 0 1 2 2 3 6 8 8 3 2 1 1 C 0 
440 3 3:? 2•19 2 '; 7. l o. i) l ,) J J 0 J J 0 0 ,J 0 0 ,J J 0 1 3 5 7 9 8 6 4 2 
441 ~33;112:'i.2 E1 .1 9 6 i3 7 1 5 3 2 1 1 C, " 1 0 l 0 1 2 4 4 3 4 5 8 ·.J 

442 333213255.41':3.a 3 1 0 0 ') ·) 0 0 J 0 Q 0 0 0 0 0 0 0 l l 2 3 2 l 
'• '13 '.:33a5256.l 0. J 1 0 •'.) C ') ') J 0 0 ') 0 0 0 '.) 0 1 3 1 2 l 1 2 3 2 
444 ;3?'17256.0 o.o 0 ·) 0 ,') J 0 J () 0 0 0 0 J ;'.) 0 0 a 0 0 0 C 0 0 0 
445 '.!;3;19256. l t ':8.0 l 1 .) ) ) J 1 3 2 ,) ·) ·J 0 0 ·) 0 0 1 2 ( 1 ') ·J :) 

Li 4 f:. .:33221256. l o.o J l) ,) l 2 l J 0 0 0 0 •) J CJ J 0 0 0 0 l 2 1 J 0 
447 ~~3223255.8 e9. o l l 2 2 2 1 1 1 1 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
,, L, fl ;;32?.5256. 2159.5 5 4 j l .) .) ., (l 0 .) 0 ,) v ;J 0 0 0 C, 0 l 0 1 2 4 ·.J 

449 3411E6256.8 c.o BlJ1212l~lllllC1JlJ s 6 6 5 blC 911!2131211) 9 8 
45C 34.2187256e5 0.0111) 910 9 910 91'.)1;)101010 9 7 6 7 7 8 910101111 
451 '.:4Ll!3S256.4 <;3. 5 9 81 )10 1 91Jl011121415171514121110101G c; l •J 910 
45? 342191256.tl54.6lllJl~illllll1111214161716171~2J22232Jl715l41312 
'• 53 3421S3256.<; 0.0151719171617151411101011111111121313141313121213 
4"' ;'f '.' 4 2 ) S 5 2 5 (1 • 6 Fh.513171Bl715121111111Jlllil2121ll!l:llll!l~3151BlB 
455 3421972%.6159.7 9 a 7 7 ~101112l415151413131313131212111Cll 9 9 
'• 56 3421SS?56.3 J.0111013131312 9 ? 7 7 6 8 9 9 8 8 910111415151514 
'• 5 7 3 4 2 ~ J 1 2 S 1+ • 3 1 C I • 5 '1 =tl ,11112131211 0 3 6 ·7 4 ,, 3 2 4 ? ? 4 r: 5 5 1 
4 5fl 3~;;Q225S.Sl63.G 5 4 5 -:. 5 5 7 g 8 91012121:J 8 8 5 4 3 3 ,, 3 2 4 
45'1- 343203256.9 C.Cl9191617151514141314131214l414l61719l9lS2J212120 

l 
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460 3432C52 56.6 E2.2 6 5 5 3 4 6 6 6 1 6 8 9 7101010 9 7 6 2 3 2 0 1 
461 3432C72'56.6H4.l 5 6 4 3 6 1 6 6 7 8 9 9131414111110 9 6 7 7 6 5 
462 :?43209257~0 Q.0141514161513121313111112131212111212111212121314 
40 343211255.C ER.ll616151312121213171Sl92J202122232:2322212~1Sl317 
464 343213?:4.ll:4.51617lflS202J?l211917161&1517lS:92u2Gl9181818l717 
465 34321525S.i3 0.0212l20191Bldl7lbl212101Jlllll0101112131415161718 
466 343;112:5.1 E6.3lllllGlllllJ 9 9 911101Jlll31415lul311121110 9 9 
4 67 343219255.01:7.915131111:) t; 8 9l01ll2131416171820Zl22222l20lgl7 
11-63 343221256.C 0.0171Hl92123?~21212017161413141312111Jl21213141615 
46Q 343223255.b S2.9?01117151311121314141517201918192120201Q20212020 
470 34322~256.91El.7!015171Bl92Jl91Ql8161311 6 5 5 5 3 4 3 6 5 6 5 7 
4 71 3442?3252.81:7.31311 'J '--J 9101JllllD10 <; 9 910111214171614151513 
472 34422S255.9 ~2.91416:716!6171615141210 ,3 7 6 5 2 l l 2 7 c:;111513 
473 34423')256.2 n.o ? 2 3 4 4 :; 5 6 3 3 5 6 4 6 8 7 7 7 6 5 2 3 5 4 
474 344231257.:Jltl.3 'J 1 1 :) i) 0 l 3 3 3 5 7 7 8 6 4 1 0 0 1 1 0 0 0 
475 3 4 4 2 3 n 5 7. 1 l C6. 8 5 4 2 4 4 3 3 3 3 2 2 2 l 3 5 4 4 r: 6 7 8 6 5 4 ., 
476 344:033257.0 o.o 6 2 0 ) Q :) ? 3 4 5 6 8111113141514121011 9 6 6 
477 344234256.915B.21313l~llllllll1010!)!2131415l6!4lll81'::i1514141313 
478 344235257.0 ~8.6 611141?.1311 9 5 3 4 5 5 3 5 5 5 6 8 9 7 5 4 7 5 
47<; 344236257.0 J. ,) 9 9 9 8 8 9 8 8 7 7 7 7 6 5 7 7 7 7 8 8 7 8 8 8 
480 35llE6256.6 o.o 8 8 8 u 7 (, 6 5 7 B c; 8 7 9 8 7 7 7 7 g 7 1 8 1 
481 252187256.R o.o 1 2 2 2 4 3 4 5 5 4 5 5 5 5 5 4 3 2 2 2 3 3 4 3 
482 3521F9251,.7 ~3.3141312l~lllllllllll2131213141516171F.181817161615 
4B3 3 5 2 1912 56. 81 :6. l 5 2 l 2 2 3 4 3 4 3 3 6 9 8 7 6 ? 5 3 3 2 1 3 4 
4e4 3521S3256.7 0.0 6 6 4 J 3 4 4 6 6 6 8 6 5 4 3 3 3 5 t, 8 7 1 6 6 
4?.5 352195256.3 f 5. 1 1 2 3 4 3 2 3 5 3 l 0 1 1 3 2 1 2 l 2 1 0 1 3 3 
486 3521S7256.3160.7 l 0 0 :J 1 1 5 6 4 4 5 6 8 7 t, 6 6 4 5 5 3 3 2 2 
487 352199256.4 o.o 5 5 2 3 2 0 G Q 0 1 1 1 1 1 0 0 2 0 0 2 1 5 6 5 
488 ;:22Jl25f:>. l S2. 6 7 7 5 4 5 5 t, 6 6 8 8 7 6 5 4 3 3 3 3 3 4 6 6 6 
489 3522J2256.ll:6.6 1 ,) 3 2 3 't 5 5 5 4 5 5 5 3 5 3 5 3 -:, 2 4 4 3 2 .., 
490 3~32·'.;3?.57.1 o.0111 I) CJ 91llll2l2lll0 9 8 4 6 5 5 6 710111:!.121312 
491 353205256.8 E3.52021222325242322211Sl51211111J 9 9 8 7 812141719 
492 3532)7256.1164.2 910111213151821232423242322211917151413121110 9 
493 353209256. 5 o.o 7 4 2 l l 1 l l 3 ::, 4 7 91113172U2122212Cl91612 
494 353211255.l fl.9 7 s 8 ~ 8 d 7 7 5 .;. 4 4 3 2 l l 1 l 3 3 3 3 5 6 
495 35~213254.Cl57.110121415lol9212223222221212C201Sl7lbl7l615:!.41310 
496 ~53?152'36.C Q.01513 9 5 2 2 2 2 0 l l 2 3 5 8111214171819201817 
,.en 353el7255.4 f6.ll415141312131210lllllllllllllll21212111212131413 
1t <; 8 35'.:21S256.515i1.6 Q ) J ) 0 0 2. 2 4 3 4 7 6 5 3 2 1 1 l.i 0 0 1 

, 
0 J. 

49q 35~22125S.8 o.o 2 3 l l l ') 1 ·J 1 0 0 C 0 0 1 0 l 0 ,) 0 I) 0 0 0 
5CO 353,;;z::256.s <:5. 5 0 0 J 0 ,) ,) 2 1 l ,) 0 ;) ') ') J 0 0 1 2 ?. 0 J 0 0 
501 35; 2252 :6. Cl 60. ~ ) J 0 ') () 0 0 r) 1 1 l l 1 l 0 0 0 :i 0 l 2 3 1 1 
502 354228256.61!5.2 ) J 0 , .. ., Q ) 0 0 0 0 0 1 2 3 l 0 0 0 0 I) 0 0 1 0 
503 354229256.C ·). ,J 0 \) 'J 'J 0 0 C J 0 0 0 a 0 0 0 0 0 0 0 0 ,) ,) 0 Q 

504 35l.230?.%.0 u.o J 0 ·O J 0 0 0 0 0 0 0 0 0 0 0 0 l) 0 0 0 0 0 0 0 
5J_S 3tllf~?5h.3 0.J 4 l 1 3 2 2 0 ,) ., 1 0 ) 0 J ) 0 '.) 0·1 5 'j 3 3 l .j 

506 :{2187256.~ o. 0 0 :J J 0 3 4 6 6 5 3 2 1 2 C J 0 (i 0 iJ l .. 1 l 0 
SC7 362189256.0 o.o 0 () J u 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ') ,) I) 0 0 0 
5Cf' 3l:2lt;t257.Cl57.3 5 1 3 4 1 2 1 () 3 3 2 1 2 3 b 5 3 2 3 4 4 3 4 3 
'109 .36;;}93256.R o.o 0 ,) 1 l a 0 0 l 3 2 0 1 1 () 0 l o) 0 0 0 ,"\ a ,'.) 0 V 

510 .3t21S5256.3 €6 .2 0 0 1 2 3 3 .:; 1 2 C 0 Q 2 2 1 1 l 1 2 2 C 0 0 0 
511 '.!c; 1-::;12 ':6. ci1 n. 1 l :) J ) J :J o) 0 J " 0 l 1 0 ! 0 !. 0 1 3 4 3 0 2 . ., 
'j 12 :c:1.:;s:::;;t..5 ,J • .J ·, ) 

. 
' l ~ .? l J :i .- ) 'J •J ·"1 ,) ::, J 1 J -"I ,: 0 

,.. 
0 . .., ·- ., 

513 3U2:1256.C < r.:;. -~ 3 "> 4 6 '5 0 7 i, 2 ? 3 1. .) 1 1 0 (I ;) 0 1 1 1 l 0 
514 ! 6? ~ J 2 2 'j !, • 1 1 ';1_,. ;) .J l J .J ) ) ~ 0 u J 0 0 0 2 l 1 1 0 0 0 C 0 0 0 ~ 

515 1l32C3257.l o. ,) 2 2 2 2 5 6 6 5 7 5 4 3 2 2 2 l 1 0 0 0 0 1 2 4 
516 3c32J:256.4 f2.9 3 ? 2 2 1 0 0 0 0 1 2 2 4 4 6 9 7 5 6 f, 4 2 3 3 
517 3£:32')72'56.5163.2 ,, 2 ? 1 1 2 1 l 1 1 l) D 0 G 0 J 0 0 0 l 4 7 5 3 
s1a Jo2:::c;2s1.1 0.0 () J 4 3 4 ? 2 5 4 5 6 6 4 3 3 7 7 5 4 6 5 4 1 0 
519· 363Hl2:5.0 f.6.7 0 0 0 1 1 0 G 0 0 1 0 5 710 8 5 l 2 l 0 0 1 0 0 

··1 · 
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520 363213255.3157.7 4 j 4 J 1 1 2 1 1 1 l 5 6 5 4 4 4 5 3 2 1 0 l · 1° 
521 30;15256.0 o.o 6 3 1 2 3 5 7 C) 8!.0 9 d 6 5 4 6 5 4 4 3 . 1 4 6 
522 30217255.4 n. s 10 9 9 1 f.> 5 5 9 8 9 8 7 3 8 8 7 1 9 1 4 3 3 5 6 
523 363219255.1157.llJ 9 7 6 0 6 6 3 2 3 3 l 2 1 l 1 2 4 5 2 2 3 8 8 
524 3c32212.55.CJ ,) • 1) 0 ,) ,) ,) l) l 3 1 1 0 0 ') 0 0 0 0 0 1 l l l l l ') 

525 363223256.J 0. 0 0 ) 0 ) u -:) 0 0 0 0 0 0 0 0 0 0 0 u 0 0 C 0 0 0 
':i2t 3l3;25255.4159.9 !) 0 J ::i 0 ;J C C 0 0 a 0 0 ,.) 1 l 3 3 2 0 .... 0 J 0 u 

527 3c4228256.Jlc8.l 0 .J ,) 0 0 (J 1 1 l 2 3 2 l (: 0 0 l 2 v 0 0 0 ::) 0 
52d 1 c 4 c2 'J2 56 • ? l C2 • 7 

.., 
') Q •) 0 () 0 0 0 0 1 1 3 0 0 \) Cl 0 C, 0 1 0 0 0 V 

52<) 3c42302':5.s J. '.) 0 0 J 
.., 

2 5 2 3 2 l 0 0 0 0 J 0 0 0 0 \) C 0 0 I) . ., 
530 :-!tt.231256.9156.5 3 2 :) J ') 2 3 1 I) 0 0 0 0 0 ). () 0 0 {J 0 ,:; I) 0 l 
531 3c4L32257.JlC6.2 I) .) Cl "' J 0 0 0 l 0 C 0 0 0 ') l 2 1 0 0 C 0 ') 0 lJ 

~ 3~ 364233257.) ,). 0 1 l 1 l 3 2 1 3 4 t: 9 6 3 2 l l 1 2 3 3 2 2 0 l 
533 Jt4234256.9157.8 l 1 () 0 ) ,) C :) a ;) 0 l 0 l 3 2 2 2 l 2 3 l 5 2 
5 34 :f4235257.l <;6 .6 l l I) .) () 1 2 l 0 C 0 0 0 0 0 0 l 1. :; 3 3 2 3 1 
5 35 3H2362'.:7.l o. ,) l l ,1 ,) 0 1 3 2 1 1 0 C 0 0 0 0 ""' 0 0 0 J 0 J () ..., 

5 36 3711U:?56.5 ).0 •J .) ,J ·) 0 ,j (I ') !J 0 C ·) ;) () 0 0 0 1 l 1 1 1 1 0 
537 :72187256.<; ').I) 5 l 2 J 0 J 0 1 2 1 l J C 0 0 0 0 0 0 1 2 2 4 5 
538 372139256.6 <;3. 9 4 b 6 5 4 1 2 3 3 4 5 4 5 6 5 4 6 5 3 2 4 6 5 4 
539 3721Sl257.Cl ':6. 5 ') J 0 {) 0 0 0 :') 1 2 l 2 4 4 3 1 0 0 0 0 C l 0 0 
540 372193256.B o.o 6 r; 8 91Jllll 5 6 5 5 4 3 3 3 2 3 2 2 2 3 2 1 5 
541 ;72195256.5 c;,1. 2 :) J 0 J ;) l 0 3 2 0 C 0 0 l 3 2 2 0 0 0 - .) 0 0 
5-42 :7~1S7256.6lc8.3 0 ') ) :) 0 0 0 0 0 0 0 .) 0 0 0 Q !. 0 0 2 2 l 1 0 
543 3721SS256.0 o.,J ,) 0 ,) 0 J 0 C 0 C C C u 0 0 J 0 0 J 0 0 C 0 0 0 
544 3722~1256.11(2.0 1 1 l l 0 l 1 1 1 C 1 5 4 1 2 4 4 2 1 1 l 1 1 0 
545 3722C2257.0lfJ.9 ?. 4 3 3 3 l 0 1 (} 0 0 0 0 0 0 0 0 1 1 2 2 l 1 l 
546 3 73 2 •B 2 56. 9 o.o 2 3 It 3 1 2 0 0 .) 0 0 0 0 l 2 0 ·:> 0 0 0 J 0 0 0 
547 3732C5256.fl f5.6 3 3 4 6 6 3 4 4 5 f; 1 l l 2 2 1 l l 5 6 4 5 6 6 
54f! 373207256.5164.7 0 .) 0 J 0 0 C 0 0 ) l l 2 2 1 2 l l 0 0 a 0 0 0 
549 3712CS2 56. 7 o. 0 2 2 4 4 3 3 3 2 2 2 0 l 1 0 2 2 3 4 2 1 l 2 2 2 
550 "373211255.3 n.n ) 1 3 l 2 4 5 5 3 4 3 l 0 0 0 0 l 2 2 3 6 3 l 0 
5 51 37.:213255. P.l '.:4. 5 6 5 5 0 7 4 4 3 2 4 5 6 7 8 9, 8 6 6 4 2 2 3 4 4 
552 373;15256.l o. i) 0 ) 0 '.) 0 0 0 l 2 2 1 1 0 0 D 0 0 0 u I) 1 1 2 1 
553 37;L!7255.5 <;2.4 6 6 6 4 4 6 7 ?. 9 8 CJ 9 CJ 8 5 7 6 4 3 3 3 3 3 5 
554 373~19256.31 ';13.S 8 g 1 6 6 4 5 6 7 6 7101111 9 8 6 3 3 4 7 7 7 6 
555 373221256.0 o.o 1 J 1 5 5 2 l 0 0 1 1 0 0 C 0 0 0 0 0 0 0 0 1 2 
556 373223255.S f-9. 4 7 a 91) 8 6 6 7 7 6 6 5 5 9 7 8 3 8 9 9 9 8 8 7 
557 373 225256.11 :9.2 4 2 0 ') 1 J J J 0 C 0 J 1 0 1 3 4 4 5 5 4 3 4 3 
558 374228254.Sltl.1 4 3 l l 4 5 3 2 1 0 1 1 2 3 4 4 't 6 5 3 3 4 2 2 
559 3 7 4 2 2 9 2 5 6 • 3 1 C2 • 8 7 :, 5 4 2 1 2 1 3 4 5 2 3 2 2 2 l 3 6 4 3 3 5 3 
560 3it,23C?.55.6 o.o 3 4 j :) ;) 0 0 0 0 ) 0 0 0 () l 2 2 3 4 3 3 3 5 4 
561 ;74231256.9152.J 0 J 3 2 ') l 2 5 4 6 5 7 7 7 '7 5 2 l 1 2 3 l 2 1 
562 3742'.=2257.21 (4.5 6 6 5 2 2 3 4 3 1 0 6 8 8 7 7 8 8 5 & 8 7 3 4 3 
50 37 11233257.0 O.} 4 3 2 ·) 0 J C :) Cl 0 (I 0 J 0 0 0 1 l 0 l 0 1 1 3 
564 374234257.1155.l 1 •) ,) •) 0 0 0 1 2 2 1 0 C 0 0 0 0 0 0 0 l 2 1 1 
565 37'42352'.:7.0 c7.4 5 5 3 1 ) J 3 (, 5 5 1 5 7 6 6 7 6 7 6 5 6 6 4 4 
5t6 37'4236256.9 .'.). ,) 0 ;) 1) l 1 l 0 ,) 1 1 3 4 2 0 0 0 0 0 0 0 2 3 1 1 
567 ~311H2%.5 o.o 4 2 l 2 3 5 3 5 5 3 4 3 2 2 3 4 5 6 6 6 4 3 3 4 
5l1:' 3°2187256.7 o.o 2 1 2 3 4 5 3 3 3 3 2 1 "J ') J 0 () :) C ,) J ') 0 1 
569 '.:E21ES?56.R C:4. 8 3 1 2 3 1 r) C l 2 2 4 5 3 3 1 2 3 3 4 4 5 3 1 3 
570 382191256.8155.2 9 7 4 6 6 4 5 4 6 8 6 5 6 8 8 1 8 1 8 910 q 8 9 
5 71 ~ t 21 S 32 56. 3 .1. 0 91,)1'1 7 4 4 4 4 4 3 4 3 3 2 2 4 5 7 3 4 5 6 6 5 
5 7? 3E2H'J25f,.4 E6.l 3 5 + 7 a 4 6 8 9 9 7 6 5 7 8 8 u 4 2 3 3 3 3 2 
513 ;32197256.Sl';.3. 3 8 6 5 5 3 5 4 3 2 2 710 8 8 7 6 5 8 9 7 7 6 5 7 
5 74 2821S925A.2 o.o 3 l l :) ::, ) 0 0 0 0 0 0 0 I) 0 l 2 :; 4 5 6 6 4 3 
5 7S 332;c12<:5.21C'.J.l 7 8 7 I) ,'3 =1!.Ll.2121211!.ClO 9 7 4 3 6 5 5 6 6 8 7 
576 J.32;:02256.::lt:4.7 2 2 4 4 5 5 6 71Jl010 910101() 8 1 5 3 2 3 5 4 3 
5 77 3~::2,13?':(,.1 o.c 91 0 7 7 8 t3 7 1 7 7 6 7 7 (., 5 6 1 810 8 9101211 
573 ;H3205256.7 0.9 2 l 3 3 4 5 5 2 3 6 5 3 0 0 0 0 0 0 0 v C 0 0 l 
57~ · 3832072~6.4lt3.8 2 4 j 3 5 5 5 3 5 6 6 6 6 6 4 5 4 4 '~ 4 3 3 2 1 

.l 
' I 
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58J 3832C<JZ":6.!3 o.o 2 1 C ,J J i) " 0 ,) 0 0 1 0 0 1 2 4 6 6 7 7 5 3 1 \,/ 

581 31'3211255.l f6. 8 5 'l 7 91:) 9 a 5 5 6 4 5 3 3 1 2 3 l l 2 2 2 4 4 
5 82 383£13255.01%.0 5 6 7 " a 7 5 4 2 2 2 3 3 4 6 6 7 8 8 7 7-6 6 4 
5 P.3 )f:;215255.5 0.0 6 A 12 lit ~ 6 4 5 4 3 4 3 5 7 6 6 6 6 3 1 l 2 3 5 
5 84 333,17255.l rn. 6 r, 91J 91•) 9 91) 11 9 91010111011121110 7 7 810 e 
5F.5 383~19255.6156.310 9 7 7 3 2 

, 
l 0 0 l 2 2101) 61 ,')ll iJ 5 8 1 8 8 ... 

5E6 383221255.<; o.o 6 2 2 61.)141612 9 e 6 4 3 3 5 5 7 9 8 3 l 0 l 4 
5E7 3£3221256.6 <;3.4 3 4 4 6 9 3 6 t\121314 7101J 7 8 7 B 4 1 1 1 1 1 
'i 88 38;225255.Slcl.7 4 5 6 3 3 4 4 3 4 2 3 2 3 4 3 5 7 8 5 3 2 3 3 2 
589 384228?.':3.81 ':f-,.4 () ') C ,) J J 0 0 0 0 0 2 6 6 5 4 4 5 6 4 5 6 6 2 
590 3f422S256.0 <;2.810 9 7 6 9 7 7 a 9 7 13 7 6 6 5 1 l 2 3 4 4 4 3 6 
591 ~:1423C255.4 o.J 6 l 0 .1 0 0 a 0 0 0 1 J 2 4 6 6 !:> 5 5 6 '-t 3 4 9 
592 3BG231?56.Sl6l.5 4 .. , 3 2 4 6 B 4 2 3 4 3 2 1 3 5 3 5 7 91114 8 6 
593 3P.42322":7.11 (6.0 ol 1tl4 7 1 ) 0 C 0 0 0 0 0 0 3 3 l J 0 2 2 6 7 4 
594 3E42332 56 .9 o.o 7 4 1 1 0 2 5 6 6 7 6 3 3 3 2 5 4 6 5 6 '• 4 5 8 
595 :3L234?.':6.Sl56.6 0 1 J ) 1 J ) J 0 G C 0 0 :) ,'.) 0 2 3 1 0 C 0 .'.) 0 
5% 391!88256.fl u.o 7 7 5 n 6 'j 3 2 3 3 2 i') 2 0 2 3 3 2 4 3 5 5 5 4 
~<; 7 ::Sll8G256.6 <;4.o J l 0 l 2 2 2 3 't 3 2 5 4 2 1 lj l 1 1 0 u 1 1 0 
5<if! 3911'112':6.F.155.8 J .1 a l i) J 0 J 1 2 5 5 4 4 4 3 1 0 0 0 0 0 0 0 
599 391193?.56.9 o.o 2 4 2 ) 0 2 3 1 0 C 0 0 l 1 1 2 4 4 2 3 2 l 2 l 
6CO 3911<;5256.5 f 6. 8 1 2 2 2 3 4 2 l l 2 1 1 1 a 0 0 0 0 l 0 0 0 0 0 
601 3911'17256.,161.7 7 7 6 6 2 3 3 1 0 l 1 4 5 2 3 3 l J 1 l 2 3 2 4 
6 3?. 3 c; 11 9 S 2 56. 2 c.1 0 (J 0 0 -J J C 0 0 J :') I) 0 I) ,) ,J 1 1 1 2 1 0 0 0 
603 3912Cl256.l G6.5 0 2 :.3 ;, l 

, 
l 3 2 0 l 0 0 0 0 0 0 0 0 0 a 0 0 0 .. 

604 3 ~ l 2 .:: 22 5~. C 1 5o. 3 I) -) 2 2 l 0 C 1 2 C 0 0 0 0 0 0 0 •j 0 0 C 0 0 0 
6•J5 3922·132 56. 6 '). '.) l } 5 3 5 i., 6 1 7 9 9 6 3 2 2 2 2 1 1 1 2 1 1 2 
606 ~")2205?56. <; E2. 7 4 2 3 4 4 3 5 3 3 4 5 6 3121010 9 5 3 2 5 6 7 5 
6C7 1922C72:6.5lt5.2 a 0 I) a J 0 1 I) 0 0 l 3 3 1 2 3 l 0 0 () 0 0 0 0 
h ·)tl .3'>22C9257.l J.J 5 5 5 6 6 6 7 7 8 9 9 8 5 4 3 6 4 2 l 3 6 6 6 5 
609 ::92;112':5.l E6. 6 0 0 0 ! · ,) 1 2 3 6 6 5 2 0 0 1 ,'.) 0 i) 0 l 2 1 1 0 
6 1n 3q221325'5.41:8.0 3 3 4 5 5 5 ::; 5 4 1 2 3 2 2 5 7 7 5 6 5 4 3 4 4 
611 3S??l5?56. C J.O 0 2 3 3 l 2 911 6 l 0 0 0 J 0 0 2 3 5 2 l 0 0 0 
612 392(17255.1 n.o f1 fl B s 7 3 4 4 4 5 3 2 3 4 5 7111310 8 6 3 5 5 
613 3-;;2as255o8l 56.3 8 3 3 1 2 2 4 7 6 7 8 7 8 8 5 3 l 2 2 2 5 1 2 3 
614 3<;2221255.8 o.o 5 2 3 3 3 2 4 5 6 5 4 5 6 3 3 2 l 4 6 7 9 7 8 6 
615 3 S22232 55. 9 q4.6 2 2 3 l 2 2 G 0 C 0 C 0 0 0 0 0 0 u 0 0 1 1 3 3 
616 3.:;2;2:2:6.2ltl.O 3 l 0 0 0 1 1 2 1 0 C C 0 0 0 0 0 0 0 0 0 0 0 l 
617 3 93 2 2 82 5 6. 0 1 c 5. 2 0 0 0 t) l 2 1 0 0 l 0 J 1 0 0 I) 0 0 0 0 0 0 0 0 
618 3 C:? 2 2 S2 55. Sl C?.. 8 7 7 4 2 3 3 4 5 7 7 6 9 9 3 2 l 2 2 2 3 6 3 6 5 
61(} :9? ;::302 ':6. C ,). 0 4 4 3 4 3 8 8 7 5 5 4 2 2 2 4 3 4 3 5 8 8 5 7 8 
t.2C 3~3231256.915~.5 3 3 2 2 4 2. 4 4 3 2 4 5 5 4 2 4 5 5 1 6 6 4 3 4 
621 :.S3?32256.SlCS.O 3 ... 6 5 1 ;) 1 ') 0 0 0 ·.) 0 1 1 0 1 2 3 l 2 2 3 6 ,_ 
622 ;93233256.9 J.O 0 0 0 1 2 2 l 1 2 1 2 4 2 2 2 2 2 2 1 2 1 l l 0 
623 ?<;32342"i7. ll 57.9 ') ') l l l 1 ') ') () () 0 ') I.) 1 0 0 0 0 6 7 2 2 J 0 
624 3S32352:7.l ~7.8 4 3 2 It 3 2 5 n 7 5 6 4 l 1 1 1 l 0 1 1 2 3 1 3 
625 '.! S 3 ;> 3 (:) 2 5·7 • 0 o.o •1 J 0 ') :) 0 1 l 1 2 C 0 !) 0 2 l 1 2 l 0 2 3 2 0 
626 4Cl1~725ti.8 J. 0 2 l 1 2 4 3 1 .j 0 0 0 ,J 0 1 0 0 0 ~ ·o 0 ,J 0 ·1 1 
627 4011~9256.5 <;4.3?0l13l7161517181819202!2Jl81715161615161615161819 
(, 2? 401191257.11:5.921171515151718192019191816171617171~212223222120 
t',29 4Gl1S3257.l u. fl 191 ·I l 7 l c, 212 2 2 2 2 3 2 3 2 2 21 2:) 1919192 0 212 12222 2 2 21 2 ': 19 
631 '-011<;5?.56.5 ~O.Ol516lel92021211Sl7l61Gl&l82022232322191715151413 
631 4~11S725"i~ 41 to.111 fl f, il :n:,1J1111121212121110 9 9 7 6 912111110 
A~2 4 -~ 11 cc,z5 r,. 2 1). 1) L\ 11 9 ~1114lfl8l91 2 161514ll r. 9 5 l •) 11111 31 '> l 716 
t,33 40I;~l2~S.71C4.417lhl71D2J212Jl9l71411 9 7 7 8 qlll2101213131~14 
63'• 4Cl;C225 6 .4151.4?.5?. 3 21191~13ll 7 4 5 5 4 6 810121213141618212324 
635 4),2;:Q325b.5 •).0191410 5 2 2 5 5 7 6 6 5 4 4 3 6 910111317212121 
636 4222C5?.56. 5 f S. 2 qll 1515131312l2ll 1D101".> s 8 7 7 911111') c; 9 q 6 
637 4 J 2 L C 7 2 ~ IJ • t. 1 t 4 • :, (; ) ) l 1 '• 7 6 91 6 ?.C•:Sl 71410 t, '• f. :? h 5 2 1 1 
6 38 402209257. l O.J1Bl411 7 g 7 9 (; 2 2 2 2 l 3 3 51014192123222120 
639 .402211255.l f7. l 0 1 5 81)111114151513 3 4 4 3 2 .) 1 0 0 C 0 0 0 
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640 '<0L&l32:5.El :7.6 6 7 6 7 7 8 ;; 7 6 6 7 8 9 c; 9101110111111 6 3 3 
641 402Ll5?56.l 0.0121314111)111) 9 8 8 8 R 8 9 SlG1011101112llllll 
61.2 '4Q2Ll7?:5.3 ':?.210H 9 R 9121.JlO 9 6 6 6 6 1 6 8 9 8 8 7 e 7 6 6 
643 40,2192:'.i.51~1.8 5 3 5 7 atu Cj 9 ~ 81212131314131~1715121C 7 6 5 
644 4:)2221?:6.2 '.).01.5 5 2 5 6 7 7 6 6 6 6 5 5 f, 710 91212111'1172016 
645 4C2223255.5 fQ.31211111') C) 7 13 910lllll4:5l413131212lllJlG:Ollll 
646 4C2225255.716J.OlllllC 9D1J10 9 910lulll312lll·) 9 9 l u 1 l) '1101111 
647 4~:; 22e2 :s. 6159. s 91Jl01111 8 7 6 5 3 2 3 3 2 4 7 7 E, 6 7 6 5 3 6 
64<3 4.13229256.4 <;2.01517 1 2 J 0 G C 0 0 0 0 0 1 3 4 6 710lll'Jl414 9 
649 '4 C'3 2 3 ,) 2 5 6 • 2 o. 0 h Rl2 9 7 5 6 91211 9 6 6 4 71:)1314181.311 9 5 4 
650 t.C3,31256'.9lfl.3 H l 1) 1111 7 6 7 7 6 6 7 0 5 7 813121212142Cl61~ e 
651 t.C32322'56.91C5.6 9 I\ 8 7 q 9 9 4 1 1 2 3 5 3 41110 2 2 4 4 5 ~ 8 
6:2 "<:3233256.9 l). 0 1 l 1 0 1 2 7 7 912 8 6 6 6 7 c 7 0 8 8 7 6 4 1 
653 4!:3234256.8158.6 ') 4 6 5 7 7 7 8 <) 3 1 1 1 1 l 1 0 0 0 0 C 0 0 0 
654 t.'.'.32352';6.<; q.5 4 1 ) J i) •J 0 0 0 , .. C 0 0 C J. 0 0 1 3 7 8 91210 .., 
655 4C~;3S2';6.S <1. 'J 4 ~ 3 3 4 4 5 7 fl 6 l 7 7 5 5 4 5 l 7 6 5 7 6 4 
656 411187256.8 0.017171614111J1Jlllll11211121312121&16171617171616 
657 411199256.7 <;6.217lh15lil617121715111Cl0lllllll01215171&17171~16 
659 411191257.01%. l 8 6 6 2 4 2 4 3 2 3 3 3 2 2 3 2 1 l l 5 6 6 5 4 
65q 4 111 <; 32 56. 8 O.Q 1 ,) 0 ') 0 J 0 l l 2 7 7 7 3 2 1 2 2 3 3 4 4 2 1 
66() '4111S5?.56.7 <;Cl.O 4 4 4 6 4 3 4 ? 4 3 1 0 0 0 ') 1 2 3 6 2 C 0 l 2 
661 4111S72 56. l: 1 5 9. 5 7 6 8 6 5 6 6 6 6 6 7 8 5 6 5 6 5 3 2 1 2 5 6 7 
662 411J<J9256.h '). 0 6 q 9 6 2 5 3 5 6 7 9 713121513131210 5 3 2 4 4 
663 t.112 C 12: 5. 51 C2. 7 0 2 3 4 5 5 6 2 2 3 4 5 s 4 4 4 4 3 9 9 B 7 2 0 
664 41J;C?25h.3J :3.8 810 8 7 7 6 4 5 71) 8 2 3 4 1 l 4 5 4 2 2 3 4 5 
665 4122·J3256. 7 o.o 4 1 6 5 2 4 4 c,1211 9 5 2 1 0 1 0 0 0 0 l 3 2 l 
666 4122052';6.4 fl',. 1 9 91J 5 3 2 0 0 0 1 2 4 6 6 6 5 6 2 3 4 4 7 7 6 
667 412207257.0ll:3.911 6 fl 9 31)1110111110111312 6 5 6 9 8 1 8101315 
6(;3 4122C<;257.C o.o 1 4 2 2 2 2 2 2 4 8 8 9 81CJ1316141110 7 4 6 5 3 
66 9 412211255.2 c9. 9 4 4 7 8 7 7 9 7 3 2 2 0 l 2 2 2 5 71Cl21110 7 6 
67C '41?2132';5.8154.9 6 7 6 5 7 6 0 6 810101010 5 6 6 6 5 4 3 3 6 6 5 
671 412as256.o 0.0 7 6 6 61)1111121311 9 9 8 7 8 6 (:; 710 9 910 9 7 
672 41~;17255.2 <;t. 8 0 .') C 0 J J 0 () 0 J 1 2 2 3 3 · ? 4 l 0 0 () 0 0 0 
673 '•12219256.1153.4 5 5 4 4 4 3 3 3 2 1 1 2 3 4 2 l 0 0 0 0 l 1. 

., 
3 .... 

674 4122.?1256.0 0.0 ?. 2 0 1 2 6 (; 6 9 7 6 6 5 3 3 4 3 1 l 0 C 0 0 0 
675 412L23255.4 E8.3 0 1 l ') l J 0 l 2 3 -:i 4 3 2 2 2 3 5 5 2 2 2 1 .0 ., 
676 412225255.<;1 ';9. 7 0 ,) 0 0 J J 0 0 0 0 C 0 0 0 0 0 0 0 l 2 4 6 8 3 
677 413nB253.61 ~?..9 4 5 h fl 3 l 1 2 1 3 4 6 5 7 4 7 6 4 8 7 4 2 3 4 
l, 78 £1322C,256.3 q. 7 6 7 6 6 7 lJ 7 4 4 3 4 4 5 5 6 9 9 6 5 4 -:i 2 3 4 
679 l.!32302:5.9 o.o 0 J 1 2 2 810 7 2 0 0 ,) 0 0 :) 1 1 0 C, 0 () •) 0 0 
680 Ll3L'3125 6 .8l6l.8 0 J 0 J J 1 2 7 4 " 1 0 a 0 i) 0 u 0 0 0 C 0 0 0 u 
681 '4 L; ~ 3 2 2 5c,. 8 1 C 6. 4 1 1 1 2 5 6 l :) 0 J 0 u ') C 0 0 l 0 1 0 0 0 0 1 
662 41323325h.9 ). ,J 0 J 1 lj 0 G 0 0 :) 0 1 1 2 1 1 1 2 1 0 1 1 0 0 0 
t,83 413L342~A.c;l 5~.3 :) ·) 0 () ;) .) ;) 0 '.) !') 0 0 0 ') 0 0 0 J 1 0 2 2 1 0 
6 84 413235256.8 ':8. 3 l 1 1 3 3 l i.; 0 1 1 0 0 0 C 0 0 0 0 0 0 0 0 0 0 
6D5 4l~L3$25-'>.7 '). 0 '.) ) n ,) ·J ) I) 0 J J 

,.. :) '.) 1 3 3 1 () o· o ~ 'J J 0 V 

686 '•21187256.0 o.o :) J 0 ,) ..) ·J 0 C J J ;J ) ,) 0 0 0 0 0 0 ,J v 0 0 0 
687 '<211119256.C o.c 0 0 'J ') ;) 0 C 0 0 0 0 0 0 0 0 0 0 0 0 0 C 0 0 0 
6 f fl 4211',1256.0 0. 0 'J /) 0 ~ 0 ·J 0 .~ J ~ 

0 J 0 0 0 0 •J ') J ;) Q 0 (l 0 J ~ 

689 421193256.7 o.c 0 0 1 l 2 1 1 0 0 .J 0 1 1 2 2 2 3 2 2 3 1 0 0 0 
69C 4,l1S525&.7 f5.8 6 1 5 6 5 5 5 5 4 3 1 1 0 0 0 0 4 5 5 2 1 1 1 4 
691 42 l 1<;725f>. Sl 58.4 8 8 8 8 7 6 5 5 5 5 5 4 6 8 9 {: 5 5 6 7 7 8 8 8 . 
oS? 4tll:,9256.3 ).0 4 4 3 4 3 5 6 8 8 7 4 5 4 4 4 3 3 3 3 3 '+ 5 6 6 
693 421201255. 71 C?. 0 6 5 4 6 5 4 4 5 4 3 4 3 3 4 3 4 4 5 5 6 5 5 5 6 
.694 4;;1;;02256.31f3.110 9 9 i) 7 7 € 7 6 5 4 3 3 3 3 2 2 3 5 7 7 8 9 9 
695 422;:,')3257.1 O.CldlB192 □ 212122222322222~212J19JSlglB171615151617 
6S6 '• 2;; L·.J52 :6. fl rn. s 9 d 8 6 7 7 8 91Jl518?.)21232323222Ul712121010 9 
{, CJ7 1, 2 2 LC 7 2 5 6. : 1 t 1, • ~ 1 :, 14 12 l 2 11 l ·) l 2 l 2 11 fl 7 6 7 '.> 4 ,, (, 91Sl7le171817 
(, 98 4 2 2 2 ::; 9 2 5 (, • R ) • ('I (., 7 fll.Jl2l31.5171 91'1 16141210 3 7 7 6 7 7 Sl0 9 7 
099. 422211255.4 f8. 2131,J 8 5 4 3 3 5 81Ql3141618192J2120191716151412 

l 
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APPENDIX III (CONT) . / 

700 4z,a321;4.c;1~s.B 6 5 4 3 2 2 l 2 2 l l l 3 4 6 1 5 7 91110 8 7 5 
701 4;;n1s2s5.9 J.() 4 5 5 4 61-J 91010 9 9 9 9 a 7 1 9 8 6 5 3 3 3 2 
702 qz211255.6 f5.9 2 2 3 l 4 4 3 2 4 3 3 3 3 4 5 5 4 3 3 2 1 2 l 1 
703 4;;;19254.i'll 56.3 7 6 6 6 6 5 3 4 4 4 3 2 2 1 1 3 3 3 4 5 5 6 7 8 
704 422t212'56.l 1j. 0 4 ?. 2 4 I> -~ 3 5 6 5 5 6 1 71010 c 8 7 6 4 4 4 3 
1c,s 4.c2223?-56.6 C,3. 0 6 1 ;> 4 3 J 3 ?. I 1 2 3 4 (; 6 (; 7 8 9 9 8 7 6 5 
7C6 4;,;;; 2 5 2 56. C 1 cl. 0 7 910 CJ 9 a d 7 6 5 5 2. 1 8 8 5 3 4 6 (l 8 7 6 7 
707 42'.:.c28256.5lf5.4 2 1 0 1) .) J 0 0 0 0 0 0 0 0 1 2 3 2 3 4 3 2 2 0 
7'l8 423,29256.~lC~.6 2 1 2 l 1 2 4 5 6 6 6 6 7 8 1 7 6 5 4 3 4 3 1 1 
7C9 42323(255.7 v.O !l 1 8 8 7 6 5 4 3 3 2 1 2 3 3 5 5 6 6 7 B 8 9 9 
710 423231256.3159.3 7 7 8 :3 13 7 7 6 7 6 5 5 4 5 6 . 6 7 7 6 6 6 6 5 5 
711 423232257.llC?.4 6 5 4 -+ 4 5 f> 6 7 6 5 5 5 6 6 7 7 8101111) 6 7 7 
712 423233257.C 0.010 ' I 9 9 8 7 6 6 6 7 1 8 8 8 91110 9 9 s 3 8 7 9 
713 431;032':fl.9 o.o 91JlC 911111.) 7 6 5 5 1 4 3 3 l l 4 5 6 6 910 8 
714 t, 3 l 2 0 ':? 56. 5 E6. 410 7 2 2 3 2 6 5 5 8111;)11)11 8 6 7 9 9 6 6 6 910 
715 4312C7256.clc4.4 l l 
716 4312C9256.5 o.o ·1 ,) 

717 4]1211256.6 ~!. 7 l 2 
7lr 4 312132 55. 81 59. 3 1 l 
719 431215250.2 :J. 0 l 0 
720 43l.cl7255.2 <;3. 0 '.) :) 

721 43121925-s.:,U:2.2 1 l 
172 431221256.2 '). :j 5 6 
723 431223255.l E9.0 0 ) 

7 24 4 312 2 52 56. 71 59. 3 3 1 
7 25 432228253.11:f,.9 J ,1 
726 432229256.6 C,R. 6 2 3 
727 4~2230?.56 .• l o.o 2 2 
742 432231257.'.)lcJ.7 2 1 
728 4412 ·) 5256.6 79 . 9 8 6 
729 4 t, Vi J 725 6 .01 U. 9 2 2 
730 4412J9?56.6 0.0 4 6 
731 '141211256.9 <;?.. 0 2 4 
7 32 441213255.5156. •J 4 2 
733 441215256.3 I).,') 1 1. 
734 lo4ltl7255.2 <;2. 8 1 1 
735 t.4l.:19?~6.~lf2.4 l l 
736 t.41221256.2 I). I) 5 :l 
737 441.:232':5.2 f H.l 9 7 
738 t, 4 l 2 2 5 2 56. 51 f: '.). 0 6 7 
7 39 4 t. z; 2 e2 s 3. 41 ss . 3 0 .) 

740 4422292'56.!> <;2. 4 3 3 
741 '-4223C256.5 0.0 4 4 

'* 

RALPH J(B STATISTICS 

C j 1) ) 0 0 0 0 3 2 4 4 3 2 1 0 0 0 2 5 5 1 
,J 0 J ,1 ,; .) 0 0 J 0 0 0 0 0 0 1 1 1 2 2 :) 0 
C 1 0 () 0 2 2 3 1 3 6 7 9 8 8 7 6 . 5 3 2 l 0 
2 .) 2 1 I) 0 1 a 0 0 J 0 0 (I l 2 l 1 2 4 2 0 
1 3 4 5 6 7 8 9 8 7 6 5 4 3 2 2 l 1 0 1 0 0 
0 ) J 0 l 1 1 l 2 

, 0 1 J 0 0 0 0 1) ,J 0 0 0 .. 
1 ) 0 .) J 0 l 2 2 2 1 C .) 0 :) 0 0 t) 0 0 ,J 0 
4 4 4, 4 2 0 0 0 0 I) 0 1 1 . 1 l 0 0 a 0 0 2 ~ 

j 0 l 2 2 1 l ... C 1 0 1 3 1 0 0 0 0 C 0 0 0 u 

1 I) J .) C 0 0 0 0 0 0 0 0 0 0 0 l 1 2 4 9 8 
0 '.) 0 0 C 0 0 C 0 J 0 0 l 0 0 l l 2 l 0 0 0 
3 't 6 6 l 2 1 l 2 2 2 2 3 3 4 4 3 5 6 4 2 l 
2 3 3 3 3 3 4 2 5 2 4 l 0 0 0 0 0 0 0 0 0 0 
3 4 5 4 5 6 7 q 91011111210121~121211 9 8 6 
b 

2 
6 
4 
3 
l 
l 
l 
9 
a 
6 
l 
7 
3 

6 4 4 5 5 6 5 6 7 7 
3 3 3 4 4 5 4 2 1 4 
6 5 2 3 4 l 4 2 5 6 
l 2 3 3 3 4 2 1 0 2 
4 3 4 7 5 3 5 4 3 3 
2 l l 1 l l l l 2 0 
0 1 1 l l 1 1 1 0 l 
2 3 ,, 3 5 4 4 2 2 5 
8 5 5 0 6 5 6 5 6 6 
6 EJlO 9 l·) 9 7 5 4 
3 8 9 e f-, 3 5 8 7 6 
1 1 l 3 2 4 n 5 7 8 
6 3 2 2 2 2 4 5 5 3 
2 3 2 2 3 4 3 1 2 1 

525 CA~DS ~EAD -­
u.O~ MJNUT~S CPU TIME 

6 
5 
5 
0 
4 
l 
l 
4 
6 
3 
6 
5 
2 
0 

5 5 4 4 4 5 5 6 6 !:3 
3 3 6 3 2 3 3 3 4 2 
5. 3 4 5 6 3 3 3 4 5 
l 
3 
l 
l 
3 
5 

'• 
4 
7 
2 
0 

0 1 l 1 l 1 1 1 1 
2 3 3 3 2 3 2 2 3 
1 1 1 l l l 2 5 2 
3 2 2 3 2 1 1 0 l 
3 2 1 0 0 0 1 l 1 
5 2 2 3 4 4 6 7 6 
5 3 3 5 4 7 91!10 
4 7 7 6 7 3 7 5 9 
8 5 2 2 2 1 2 2 1 
2 2 3 5 4 4 3 4 3 
1 0 2 3 4 4 3 3 2 

525 LINES PRINTEn --
0.00 MINUTES WAIT TIME 

-----
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PARAMETER OF 
~ONCENTRATION 

K 

o.o 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
l. 7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
3.0 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 

APPENDIX IV 

CONVERSION TABLE FOR PARAMETERS OF 
THEORETICAL CIRCULAR NORMAL DISTRIBUTIONS 

BESSEL FUNCTION OF 
CONCENTRATION MODE PURELY IMAGINARY 
ABOUT THE MEAN INTENSITY ARGUMENT OF ORDER ZERO 

p(or r)* I** Io{K)*** 

.00000 .04167 1.00000 

.04994 .04601 1.00250 

.09950 .05035 1.01003 

.14834 .05501 1.02263 

.19610 .05966 1.04040 

.24250 .06452 1.06348 

.28726 .06937 1.09205 

.33018 .07431 1.12630 

.37108 .07925 1.16651 

.40984 .08419 1.21299 

.44639 .08912 1.26607 

.48070 .09397 1.32616 

.51278 .09881 1.39373 

.54267 .10350 1.46928 

.57042 .10819 1.55340 

.59613 .11271 1.64672 

.61990 .11722 1. 74998 

.64183 .12153 1.86396 

.66204 .12584 1.98956 

.68065 .12994 2.12774 

.69777 .13404 2.27959 

.71355 .13794 2.44628 

.72803 .14184 2.62914 

.74138 .14556 2.82961 

.75367 .14927 3.04926 

.76500 .15280 3.28984 

.77545 .15633 3.55327 

.78511 .15971 3.84165 

.79404 .16308 4.15730 

.80231 .16631 4.50275 

.80999 .16954 4.88079 

.81711 .17264 5.29449 

.82375 .17573 5.74721 

.82993 .17870 6.24263 

.83570 .18166 6.78481 

.84110 .18453 7.37820 

.84616 .18740 8.02768 

.85091 .19016 8.73862 
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APPENDIX IV (CONT) 

BESSEL FUNCTION OF 
PARAMETER OF CONCENTRATION MODE PURELY IMAGINARY 
CONCENTRATION ABOUT THE MEAN INTENSITY ARGUMENT OF ORDER ZERO 

K p(or r)* I** I 0 (K) *** 

3.8 .85537 .19292 9.51689 
3.9 .85956 .19560 10.3690 
4.0 .86352 .19828 11.3019 
4.1 .86726 .20087 12.3236 
4.2 .87079 .20346 13.4425 
4.3 .87414 .20598 14.6680 
4.4 .87732 .20850 16.0104 
4.5 .88033 .21094 17.4812 
4.6 .88320 .21338 19.0926 
4.7 .88593 .21576 20.8585 
4.8 .88853 .21814 22.7937 
4.9 .89101 .22046 24.9148 
5.0 .89338 .22278 27.2399 
5.1 .89565 .22505 29.7889 
5.2 .89782 .22732 32.5836 
5.3 .89990 .22953 35.6481 
5.4 .90190 .23174 39.0088 
5.5 .90382 .23391 42.6946 
5.6 .90566 .23607 46.7376 
5.7 .90743 .23819 51.1725 
5.8 • 90913 · .24031 56.0381 
5.9 • 91078 .24238 61.3766 
6.0 .91236 .24445 67.2344 
6.1 .91389 .24648 73.6628 
6.2 .91536 .24851 80.7179 
6.3 .91678 .25050 88.4616 
6.4 .91816 .25249 96.9616 
6.5 .91949 .25445 106.293 
6.6 .92078 .25641 116.537 
6.7 • 92202 .25833 127.785 
6.8 .92323 .26024 140.136 
6.9 .92440 .26213 153.699 
7.0 .92553 .26402 168.594 
7.1 .92663 .26588 184.953 
7.2 • 92770 .26773 202.921 
7.3 .92874 .26955 222.659 
7.4 • 92975 .27137 244.341 
7.5 • 93072 .27316 268.161 
7.6 .93168 .27495 294.332 
7.7 .93260 .27671 323.088 
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APPENDIX IV (CONT) 

BESSEL FUNCTION OF 
PARAMETER OF CONCENTRATION MODE PURELY IMAGINARY 
CONCENTRATION ABOUT THE MEAN INTENSITY ARGUMENT OF)~WER ZERO 

K p (or r)* I** I
0

(K 

7.8 .93350 .27847 354.685 
7.9 .93438 .28021 389.406 
a.a .93524 .28195 427.564 
8.1 • 93607 .28366 469.501 
8.2 .93688 .28537 515.593 
8.3 .93767 .28706 566.255 
8.4 .93844 .28874 621.944 
8.5 • 93919 .28990 683.162 
8.6 .93993 .29106 750.461 
8.7 .94064 .29320 824.450 
8.8 .94134 .29533 905.797 
8.9 .94202 .29695 995.240 
9.0 .94269 .29856 1093.59 
9.1 .94334 .30015 1201.73 
9.2 .94398 .30173 1320.61 
9.3 .94460 .30330 1451.45 
9.4 .94521 .30487 1595.28 
9.5 .94581 .30643 1753.48 
9.6 • 94639 .30798 1927.48 
9.7 • 94696 .30951 2118.86 
9.8 .94752 .31103 2329.39 
9.9 .94806 .31255 2560.96 

10.0 .94860 .31406 2815.72 

* From Table C, Batschelet [1965) 
** Calculated from Table A, Batschelet (1965) 
*** From Pettis and Caslin [1969] 






