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ABSTRACT 

Est imates are developed of the s i z e  o f  several  populat ions of do lph ins o f  
t h ree  species o f  Stenel la ,  Delphinus de lph i s  and Lagenodelphis hosei i n  the  
eastern t r o p i c a l  P a c i f i c  Ocean, b a s e d m p h i n  s i g h t i n g  s u r v e y s o n d u c t e d  
from January t o  May 1979. S i g h t i n g  surveys were made us ing  two research 
vessels and a PBY a i r c r a f t ,  a l l  operated seaward from the  coas t  o f  Mexico and 
Central  and South America. Data c o l l e c t e d  by s c i e n t i f i c  observers aboard 
U. S. tuna purse seine vessels were a lso used. Populat ion s i z e  i s  est imated 
as the product  o f  s i x  parameters: dens i t y  o f  schools o f  do lph ins,  mean school 
s ize,  p r o p o r t i o n  o f  animals o f  t h e  " t a r g e t "  species, p r o p o r t i o n  of each 
species i n  the " t a r g e t "  group, area i n h a b i t e d  by each popu la t i on  o f  each 
species and the  p r o p o r t i o n  of area occupied by each stock of each t a r g e t  
species. Est imates o f  each o f  these parameters i n c l u d i n g  sampling v a r i a b i l i t y  
are developed, us ing  data a v a i l a b l e  through e a r l y  1979. The r e p o r t  represents  
a re ference p o i n t  t o  which f u t u r e  est imates o f  popu la t i on  s i zes  may be 
compared. 

The est imated dens i t y  o f  do lph in  schools i n  the nearshore area i s  
approximate1 12 schools per 1000 nm2, w i t h  a standard d e v i a t i o n  o f  2 schools 

schools per  1000 nm2, w i t h  a standard d e v i a t i o n  of 3. The est imated mean 
school s i z e  o f  do lph ins o f  these species i s  approximately 200 animals, w i t h  a 
standard d e v i a t i o n  o f  27. The est imated p r o p o r t i o n  o f  t h e  do lph in  schools 
which conta ined these species i s  approximately 0.72, w i t h  a standard d e v i a t i o n  
of 0.04. The p r o p o r t i o n  o f  t a r g e t  schools o f  each species d i f f e r e d  among data 
sets  and among areas and years, w i t h  S. a t tenuata and S. coeru leoalba being 
most common. The composite range o f  a l T  o f  these s p e c i e s c o v e r s  approximately 
5.6 m i l l i o n  nm2. 

per 1000 nm i! . The dens i t y  est imate i n  the o f f s h o r e  area i s  approximately 6 

Combining these parameter est imates y i e l d s  est imates o f  the s i zes  o f  t he  
populat ions o f  each species. The d i f f e r e n t  est imates o f  species p r o p o r t i o n s  
from the research vessels and the tuna vessel survey data were used separate ly  
t o  explore the  v a r i a b i l i t y  o f  t he  est imates.  The ranges o f  est imates o f  s izes 
o f  a l l  populat ions o f  each species us ing the va r ious  data se ts  are 2 m i l l i o n  
t o  3 m i l l i o n  f o r  S .  attenuata,  700,000 t o  900,000 f o r  S. l o n g i r o s t r i s ,  600,000 
t o  2 m i l l i o n  for-S. coeruleoalba, 900,000 t o  1 m i l l s n  f o r  - D. de lph is ,  and 
20,000 t o  120,000 5r  L. hosei. 

The est imates o f  dol ph i  n popul a t i o n  s i zes  presented are more re1 i a b l  e 
than e a r l i e r  est imates (Smith 1981, and references t h e r e i n )  because we used 
more ex tens i ve  and b e t t e r  survey data and g r e a t l y  improved a n a l y t i c a l  
techniques. P r i n c i p a l  improvements which have been made i n  these est imates 
are:  increased re1 iance on research vessel s i g h t i n g  survey data over f i s h i n g  
vessel s i g h t i n g  data, increased survey coverage o f  d o l p h i n  ranges, use o f  more 
robus t  l i n e  t r a n s e c t  models f o r  es t ima t ing  dens i t y  o f  schools, and a d j u s t i n g  
f o r  t he  e f f e c t  o f  do lph in  school s i z e  on the  p r o b a b i l i t y  of d e t e c t i n g  schools 
d u r i n g  surveys. 

- -  

However, t h e r e  a r e  a number o f  u n c e r t a i n t i e s  i n  these popu la t i on  
est imates,  i n c l u d i n g :  1) the a b i l i t y  o f  the a e r i a l  observers t o  est imate t h e  
s i z e  o f  schools and t o  est imate school s i z e  i n  l e s s  than i d e a l  sea s ta te ,  2)  

v i  



the e f f e c t  of sea s t a t e  and sun posit ion on the a b i l i t y  of aer ia l  observers t o  
detect  a l l  schools on the t rackl ine and 3 )  on the general shipboard sighting 
process, the differences i n  species propor t ions  i n  s i g h t i n g  data collected on 
research and tuna vessels and the degree t o  which the en t i r e  h i s tor ica l  range 
of each of the populations i s  occupied a t  any point i n  time. Some of  these 
sources of uncertainty may be contributing biases i n  the estimates we present 
and are  discussed. 

v i i  



I. INTRODUCTION 

The purse seine f i s h e r y  i n  the Eastern T rop ica l  P a c i f i c  (ETP) Ocean uses 
several species o f  do lph in  as a guide t o  l o c a t i n g  and e n c i r c l i n g  schools o f  
tuna, p r i n c i p a l l y  the y e l l o w f i n  tuna (Thunnus albacares) ( P e r r i n  1968, 
1969). However, i n  the f i s h i n g  process m a n y i n s  become entrapped i n  the 
n e t  and drown. Under p r o v i s i o n s  o f  the Marine Mammal P r o t e c t i o n  Act  o f  1972, 
the Nat ional  Marine F i s h e r i e s  Service (NMFS) was given the r e s p o n s i b i l i t y  f o r  
(1) assessing the  impact o f  t he  take o f  marine mammals i n c i d e n t a l  t o  
commercial f i s h i n g ,  and (2) i s s u i n g  permi ts  and r e g u l a t i o n s  governing t h a t  
take. A r u l i n g  by the Uni ted States D i s t r i c t  Court, D i s t r i c t  o f  Columbia, 
f u r t h e r  def ined NMFS' r e s p o n s i b i l i t y  by s t a t i n g  t h a t  NMFS must, among o the r  
th ings,  make reasonable est imates o f  

' I . .  . the e x i  s t i  ng popul a t i  on 1 eve1 o f  each 
species of porpoise a f f e c t e d  by the  proposed 
regu la t i ons ,  . . . I '  (Richey 1976)l 

NMFS i n  1973 es tab l i shed  a research program t o  assess t h e  impact o f  
i n c i d e n t a l  take o f  do lph ins by tuna purse se iners i n  the ETP. Two techniques 
f o r  o b t a i n i n g  data t o  meet the  research o b j e c t i v e s  were developed. One was 
the placement o f  s c i e n t i f i c  observers aboard Uni ted States purse seine vessels 
t o  gather i n f o r m a t i o n  on t h e  b i o l o g y  o f  t he  do lph in  stocks, t h e  magnitude and 
causes o f  i n c i d e n t a l  m o r t a l i t y ,  and the r a t e  o f  encounters w i t h  do lph in  
aggregations. The second technique was d o l p h i n  s i g h t i n g  surveys us ing  
research vessels and a i r c r a f t  t o  gather i n f o r m a t i o n  on l o c a t i o n ,  s ize,  and 
dens i t y  o f  dol  ph in  school s .  

Data from a f e a s i b i l i t y  study of a e r i a l  do lph in  s i g h t i n g  surveys and from 
tuna vessel observers and research vessel s i g h t i n g  surveys i n  1974 were 
combined t o  est imate the do lph in  popu la t i on  s i zes  (Smith 1975', 1981). These 
est imates were mod i f i ed  d u r i n g  a workshop on stock assessment o f  do lph ins 
i nvo l ved  i n  the y e l l o w f i n  tuna f i s h e r y  (SWFC 197613 i n  1976, and formed the 
bas i s  o f  a stock assessment and subsequent r e g u l a t o r y  and quota regime f o r  the 
1977 f i s h i n g  season (NMFS 1977)4. There were a number o f  weaknesses i n  the 

lRichey, C. R. 1976. Memorandum o f  op in ion.  CA NO. 74-1465 and CA NO. 75- 
0227. U. S. D i s t r i c t  Court, D i s t r i c t  o f  Columbia, May 11, 1976. 

( S t e n e l l a )  i n  the  Eastern T rop ica l  P a c i f i c  Ocean. Southwest --- Fish. Cent. Adm. 
- Rep. No. LJ-75-67. 

3SWFC (Southwest F i s h e r i e s  Center, N a t ' l  Mar. Fish.  Serv., NOAA, La J o l l a ,  CA 
92038). 1976. 
i nvo l ved  i n  the  eastern t r o p i c a l  P a c i f i c  y e l l o w f i n  tuna f i s h e r y .  Southwest 
F ish.  Cent. Adm. Rep. No. LJ-76-29, La J o l l a ,  CA 60 pp. 

2 
Smith, T. D. 1975. Est imates o f  s izes o f  two populat ions o f  porpoise 

La J o l l a ,  CA. 88 pp. 

Report o f  the workshop on stock assessment o f  porpoises 

---- 
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data on which these popu la t i on  s i ze  est imates were based as discussed i n  SWFC 
(197613, i n c l u d i n g  l i m i t e d  a e r i a l  coverage, l a c k  o f  v a l i d a t i o n  o f  school s i z e  
estimates, nonrandomness i n  tuna vessel search pat terns,  and re1 iance on 
untested a n a l y t i c  methods developed f o r  w i l d 1  i f e  s tud ies.  

A second a e r i a l  and research vessel s i g h t i n g  survey was conducted i n  
1977. The survey design d i d  n o t  i n c l u d e  tuna vessel observer s i g h t i n g  data 
because of t he  poss ib le  e f f e c t  o f  nonrandom search, and inc luded  two research 
vessels ope ra t i ng  i n  areas n o t  access ib le  t o  the  a i r c r a f t .  

A f t e r  complet ion o f  t h i s  survey, an ad hoc committee o f  exper t s  on 
popu la t i on  e s t i m a t i o n  and l i n e  t r a n s e c t  theory met i n  a s e r i e s  o f  f o u r  
workshops a t  the Southwest F i s h e r i e s  Center; t he  f i r s t  was h e l d  August 30- 
September 1, 1977, w i t h  subsequent workshops d u r i n g  December 8-9, 1977, 
October 5-6, 1978, and June 25-26, 1979 (Appendix 1). This  committee 
developed new methods o f  e s t i m a t i n g  do lph in  popu la t i on  s i z e  from a e r i a l  and 
research vessel s i g h t i n g  surveys. However, p rob l  ems w i t h  the  1977 survey data 
such as changes i n  a i r c r a f t  and i n  a i r c r a f t  speed cou ld  n o t  be resolved 
w i t h o u t  f u r t h e r  f i e l d  work. 

A t h i r d  a e r i a l  and research vessel survey was t h e r e f o r e  conducted from 
January through A p r i l  1979. A slower a i r p l a n e  was used, and again two 
research vessels surveyed areas n o t  access ib le  t o  the a i rp lane .  The survey 
i nc luded  an area o f  over lap between the 3 p la t fo rms  t o  a l l o w  f o r  c a l i b r a t i o n  
o f  p la t forms.  A d d i t i o n a l l y ,  l a r g e  format a e r i a l  photographs were taken o f  
some d o l p h i n  schools t o  a l l o w  v a l i d a t i o n  o f  v i s u a l  est imates o f  school s ize.  

A f t e r  complet ion o f  t h i s  survey, t he  committee met f o r  the l a s t  t ime t o  
consider  t h e  r e s u l t s ,  and t o  advise on approp r ia te  a n a l y t i c  procedures f o r  
o b t a i n i n g  do lph in  popu la t i on  s i z e  estimates. 

This  r e p o r t  con ta ins  recommendations o f  t h e  commi tee, and inc ludes:  (1) 
t h e o r e t i c a l  developments i n  es t ima t ing  dens i t y  o f  do lph in  schools and i n  
a d j u s t i n g  f o r  b iases in t roduced by d i f f e r e n t i a l  d e t e c t a b i l i t y  o f  schools o f  
d i f f e r e n t  s izes,  ( 2 )  d e s c r i p t i o n  o f  the s e l e c t i o n  o f  a mathematical model f o r  
e s t i m a t i n g  d e n s i t y  o f  do lph in  schools, ( 3 )  d e s c r i p t i o n  o f  t he  s e l e c t i o n  o f  
app rop r ia te  data se ts  f o r  es t ima t ing  school s ize,  species propor t ions,  and 
area i nhab i ted ,  and ( 4 )  est imates of t he  popu la t i on  s i z e  o f  each d o l p h i n  
stock. 

The do lph in  popu la t i on  s i ze  est imates presented i n  t h i s  r e p o r t  should be 
considered as t h e  b e s t  a v a i l a b l e  from data a v a i l a b l e  through e a r l y  1979. 
Since then, a d d i t i o n a l  data have been c o l l e c t e d  and f u r t h e r  advances have been 
made i n  understanding procedures f o r  coping w i t h  u n c e r t a i n t i e s  i n  the  data. 
I n  t h i s  r e p o r t  we do n o t  present  these recen t  data o r  f i n d i n g s  b u t  discuss 
those t h a t  might  have a s i g n i f i c a n t  e f f e c t  on our est imates.  This  r e p o r t  

‘+NMFS. 1977. F i  na l  Environmental Impact Statement. Promul g a t i  on o f  
r e g u l a t i o n s  and proposed issuance o f  permi ts  t o  commerci a1 f i  shermen a1 1 owing 
the t a k i n g  o f  marine mammals i n  the course o f  y e l l o w f i n  tuna purse se in ing  
operat ions f rom 1978 through 1980. NMFS, NOAA, Department o f  Commerce, 
November. 99 pp. 
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should be considered a foundat ion upon which subsequent r e v i s e d  popu la t i on  
s i z e  est imates should be referenced; i t  should n o t  be viewed as t h e  f i n a l  word 
on the  subject .  

The d o l p h i n  popu la t i on  s i z e  est imates presented i n  t h i s  r e p o r t  a r e  
est imated as the  product  o f  s i x  f a c t o r s :  (1)  average dens i t y  o f  schools i n  
the ETP ( D ) ,  ( 2 )  mean school s i z e  (SI, ( 3 )  p r o p o r t i o n  o f  a l l  species o f  
i n t e r e s t  ( i .e. ,  species on which f i s h i n g  i s  t a rge ted  (Pt)) ,  ( 4 n r o p o r t i o n  o f  
each species o f  i n t e r e s t  w i t h i n  t h i s  " t a r g e t "  group ( P i ) ,  (5) t o t a l  area 
occupied by any species (A),6) p r o p o r t i o n  o f  area occupied by each stock 
o f  each t a r g e t  species. This  l a t t e r  p r o p o r t i o n  i s  c a l c u l a t e d  as the  r a t i o  o f  
t he  area occupied by stock j o f  'species i ( A * . )  and the area occupied by 
species i ( A i ) .  Mathematical ly,  t h e  number o f  dd lph ins o f  stock j o f  species 
i i n h a b i t i n g  area A i j  can be represented as 

Est imates o f  each o f  
seauenti  a1 l v  and then combi 

these s i x  f a c t o r s  a r e  developed and presented 
ed t o  produce popu la t i on  s i z e  est imate f o r  each 

dol'phin s t i c k .  The dens i t y  o f  schools and t h e  mean school s i z e  are discussed 
i n  sect ions I 1  and 111, respec t i ve l y ,  w h i l e  the p ropor t i ons  o f  t a r g e t  schools 
and the  p ropor t i ons  o f  i n d i v i d u a l s  o f  t a r g e t  species are discussed i n  Sect ion 
I V Y  and the  t o t a l  area i n h a b i t e d  and the p r o p o r t i o n  i n h a b i t e d  by each stock 
are discussed i n  s e c t i o n  V. Populat ion s i z e  est imates were c a l c u l a t e d  
separate ly  f o r  the inshore area and the no r the rn  and southern o f f s h o r e  areas, 
which are descr ibed i n  sec t i on  V I .  These est imates by area were summed t o  
y i e l d  est imates f o r  do lph in  stocks i n  the ETP, g iven i n  s e c t i o n  V I .  

Because o f  t h e  management s i g n i f i c a n c e  o f  t h e  m a t e r i a l  presented and 
because o f  the new methods used, the paper has undergone ex tens i ve  peer rev iew 
bo th  w i t h i n  NMFS and by non-government s c i e n t i s t s .  A b r i e f  chronologica l  
h i s t o r y  o f  t h i s  rev iew fo l l ows :  

1. A p r i l  1979 - Fie1 dwork completed; a n a l y s i s  undertaken. 

2. June 1979 - Populat ion Est imat ion Workshop reviewed ana lys i s  
and o f f e r e d  advice. 

3. August 1979 - F i r s t  d r a f t  completed as a Status o f  Porpoise 
Stocks Workshop document (SOPS/79/29). 

4. September 1979 - SOPS 29 sent t o  Populat ion Es t ima t ion  Workshop 
menbers f o r  rev iew i n c l u d i n g  Drs. K. Burnham, 
D Chapman, L. Eberhardt, D. Burdick, T. Quinn, 
R. Al len,  and K. Pol lock.  
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5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

October 

May 1980 

1979 

November 1980 

January 1981 

J u l y  1981 

August 1981 

Oc t o  b e r 1 98 1 

October 1981 

February 1982 

A p r i l  1982 

June 1982 

June 1982 

J u l y  1982 

August 1982 

There a l s o  has 

- Received w r i t t e n  reviews from Burnham 
( i n c o r p o r a t i n g  Anderson ' s views),  Qu i  nn (a1 so 
rev iewing  p r e l i m i n a r y  d r a f t  o f  sec t i on  o f  SOPS 
r e p o r t  concerning c o r r e c t i  ng species 
p ropor t i ons ) ,  and Burdick.  Verbal comments 
rece ived from Eberhardt. 

- Revised SOPS 29 submit ted t o  SWFC personnel 
i n c l u d i n g  D r .  Smith, L t .  T. Jackson, 
LCDR W. Perryman, and NMFS Technical E d i t o r  
S Si tko ,  f o r  review. 

- Comments incorpora ted  and manuscr ipt  rev ised.  

- Manuscr ipt  t o  D r .  Smith f o r  Review. 

- Comments incorporated.  

- Revis ion t o  D r .  Smith f o r  review. 

- Revised. 

- D r a f t  t o  Ms. S i t k o  and Drs. Smith, R e i l l y ,  
DeMaster, Burnham, Eberhardt, and Chapman. A1 so 
t o  M r .  G. Broadhead ( L i v i n g  Marine Resources). 

- Comments rece ived from Smith, R e i l l y ,  DeMaster, 
Eberhardt, Burnham, and S i tko .  

- Revised. 

- Revis ion t o  Drs. Smith and Sakagawa. 

- Received comments from Broadhead. 

- Revised. 

- Revised. 

been much usefu l  d iscussion, bo th  verbal  and w r i t t e n ,  
among the  Popu la t ion  Es t imat ion  Workshop members concerning the  appropr ia te  
ana lys is .  The reviews, e s p e c i a l l y  those o f  Drs. Burd ick and Burnham, were 
thorough and very cons t ruc t i ve .  The i r  comments were very use fu l  i n  developing 
the  manuscr ipt .  

The o r i g i n a l  document was s c r u t i n i z e d  du r ing  the  1980 ALJ Hearings. 
Several a l t e r n a t e  and o f t e n  opposing views were o f f e r e d  i n  the  form o f  
test imony. Al though test imony was use fu l ,  the  p o i n t s  must be reconc i l ed  i n  a 
s c i e n t i f i c  form, which may r e q u i r e  f u r t h e r  f i e l d  work, be fore  they can be 
incorpora ted  i n t o  the  popu la t ion  est imates.  

We apprec ia te  the  e f f o r t s  o f  t he  many rev iewers and have at tempted t o  
i nco rpo ra te  t h e i r  suggestions where, i n  our op in ion,  they are  appropr ia te.  
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We would l i k e  t o  express our app rec ia t i on  t o  the  several  observers aboard 
the  a i r p l a n e  and research sh ips who u n s e l f i s h l y  gathered the  data du r ing  t h e  
survey. LCDR Wayne Perryman and D r .  Jay Barlow are  thanked f o r  t h e i r  i n p u t  
du r ing  the  ana lys i s  o f  t he  data. D r .  T i m  Smith prov ided many suggest ions f o r  
improv ing t h i s  repo r t .  Gra t i t ude  i s  a l so  extended t o  the  members o f  the  ad 
hoc committee (see Appendix 1)  and the  Marine Mammal Mon i to r i ng  and Assessment 
Program o f  the  Southwest F i she r ies  Center f o r  t h e i r  ass is tance.  The several  
d r a f t s  o f  t h i s  manuscr ipt  were typed by Helen Becker and Cheryl Harless, t o  
whom we express our  most s incere  thanks. Th is  research was funded by the  
Southwest F i she r ies  Center, La J o l l  a, Cal i fo rn ia .  

11. DENSITY OF DOLPHIN SCHOOLS 

Survey Design and Execut ion 

S igh t i ngs  o f  do lph ins  used t o  c a l c u l a t e  the  dens i t y  o f  do lph in  schools 
were made by observers on board an a i r p l a n e  and two research ships. S p e c i f i c  
i n - f l i g h t  o r  onboard opera t ing  procedures are  descr ibed by Au (1979)5 and 
Jackson (197916. Only those aspects o f  t he  opera t i ng  procedures p e r t i n e n t  t o  
the  ana lys i s  o f  these data w i l l  be discussed. 

A mod i f i ed  f o u r  engine PBY, s i m i l a r  t o  the  two engine PBY used i n  the  
l a t t e r  phase o f  t he  1977 survey (SWFC 197817, was used t o  survey an inshore  
area (F igu re  1 )  which extended from Manzani l lo,  Mexico, t o  Lima, P e m  
o f f s h o r e  approximately 600 nm. Nineteen f l i g h t s  were completed i n  the  inshore 
area w i t h  one a d d i t i o n a l  f l i g h t  ( F l i g h t  1 )  i n  the  Gu l f  o f  C a l i f o r n i a .  Th is  
l a t t e r  f l i g h t  was a f e r r y  and t r a i n i n g  f l i g h t ,  which genera l l y  occurred 
ou ts ide  the  t a r g e t  do lph in  stock range; i t  was no t  inc luded i n  t h e  dens i t y  
ana lys i  s. 

The two sh ips t rave rsed  an o f f s h o r e  area n o t  access ib le  by a i r c r a f t  
(F igu re  1) .  The R/V Townsend Cromwell, staged from Hawaii, covered the  
western extreme o f  the  do lph in  hab i ta t ,  w h i l e  the  R/V  David S t a r r  Jordan, 
o r i g i n a t e d  from San Diego, searched t r a c k l i n e s  i n  the  c - 7 s - n  
o f f s h o r e  reg ions.  

A c a l i b r a t i o n  area was s p e c i f i e d  p r i o r  t o  the  survey. It extended from 
Manzani l lo,  Mexico, t o  Puntarenas, Costa Rica, and extended o f f s h o r e  f o r  
550 nm (F igu re  1 ) ;  i t  i s  a subset o f  the  inshore area. Th is  reg ion  was used 

5 A ~ ,  D. 1979. Cru ise Report. Cru ises DS-79-01 and TC-79-01, porpoise c r u i s e  
No. 5. 463 and 464. Southwest Fish.  Cent., La J o l l a ,  CA 24 pp. 

6Jackson, T. D. 1979. T r i p  Report: Porpoise popu la t i on  a e r i a l  survey o f  the  
eastern t r o p i c a l  P a c i f i c  Ocean, January 22-Apr i l  25, 1979, Southwest F ish.  
Cent. Admin. Rep. No. LJ-80-1, La J o l l a ,  CA 74 pp. 

7SWFC (Southwest F i s h e r i e s  Center, N a t ' l  Mar. Fish.  Serv., NOAA, La J o l l a ,  CA 
92038). 1978. A e r i a l  survey t r i p  repo r t ,  January-June. 1977. Southwest 
F ish.  Cent. Adm. Rep. No. LJ-78-01. 

-- 

--- 

---- 
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t o  c a l i b r a t e  est imates made from ships w i t h  those made from the a i rp lane .  It 
was se lec ted  because, h i s t o r i c a l l y ,  h i g h  d e n s i t i e s  o f  do lph ins occurred i n  
t h i s  area. There were a l so  several  aerodromes adjacent  t o  the c o a s t l i n e  from 
which t o  stage t h e  a i r c r a f t .  

The sh ips spent approximately 50% o f  t h e i r  60-day c r u i s e  i n  t h e  
c a l i b r a t i o n  area. The PBY was t o  complete 11 f l i g h t s  i n  t h i s  area, b u t  o n l y  
10 f l i g h t s  were f lown, l e a v i n g  an area i n  the cen te r  o f  the c a l i b r a t i o n  area 
between F l i g h t s  6 and 7 n o t  covered by the  a i rp lane .  I n  order  t o  approximate 
coverage o f  a common area as c l o s e l y  as poss ib le ,  t r a c k s  i n  t h i s  area n o t  
covered by bo th  the  a i r p l a n e  and ships were excluded from the  c a l i b r a t i o n  
data, as were segments o f  p lane t r a c k l i n e s  extending ou ts ide  the c a l i b r a t i o n  
area. F i n a l l y ,  because o f  l o g i s t i c a l  delays, f l i g h t s  were n o t  completed u n t i l  
one month a f t e r  the sh ip surveys. 

The surveys from the ships and from the a i r p l a n e  were designed t o  a l l o w  
use o f  l i n e  t r a n s e c t  theory i n  e s t i m a t i n g  the  dens i t y  o f  schools. Searching 
was conducted along preselected t r a c k l  ines,  w i t h  l egs  o f  searching e f f o r t  
def ined by changes i n  s i g h t i n g  cond i t i ons .  A t  each s i g h t i n g ,  both b i o l o g i c a l  
and phys i ca l  data i tems were c o l l e c t e d ,  i n c l u d i n g  species i d e n t i f i c a t i o n ,  
school s i z e  est imates,  species composi t ion w i t h i n  a school, sea s ta te ,  sea 
sur face water temperature, sun p o s i t i o n ,  Greenwich mean time, and geographic 
p o s i t i o n .  The perpendicu lar  d i s tance  o f  each school from the t r a c k l i n e  was 
recorded f o r  a e r i a l  s igh t i ngs .  S i g h t i n g  angle and r a d i a l  d i s tance  were 
recorded f o r  each shipboard s igh t i ng ,  and the  perpendicu lar  d i s tance  was then 
c a l  c u l  a ted  from these data. 

Assumptions f o r  L ine  Transect Est imat ion o f  Densi ty 

L ine  t r a n s e c t  methods have been used t o  est imate d e n s i t i e s  o f  many 
t e r r e s t r i a l  species (Gates e t  a l .  1968; Robinet te  e t  a l .  1954, 1956) and were 
used i n  e a r l y  est imates o f  do lph in  abundance (Smith 1975*, 1981). Burnham, 
Anderson and Laake a l l  p a r t i c i p a t e d  i n  the ad hoc committee descr ibed above, 
and t h e i r  monograph (1980) i s  r e l i e d  on here. Fo l l ow ing  t h e i r  presentat ion,  
f i v e  assumptions must be made i n  order  t o  est imate the  dens i t y  o f  do lph in  
schools us ing  t h e  1 i n e  t r a n s e c t  method. 

1. A t r a c k l i n e  o f  known l e n g t h  was placed randomly i n  the ETP. 

I n  p r a c t i c e ,  a i r p l a n e  t r a c k l  i nes  were placed sys temat i ca l l y ,  s u b j e c t  
t o  the l o c a t i o n  o f  s u i t a b l e  aerodromes. Ship t r a c k s  were p l o t t e d  t o  
s y s t e m a t i c a l l y  t rave rse  t h e  c a l i b r a t i o n  area and, f o r  t h e  remaining 
30 days o f  t h e i r  c ru i se ,  t o  search the o f f s h o r e  area w h i l e  enroute 
t o  home p o r t .  I n s i d e  t h e  c a l i b r a t i o n  area, ships fo l l owed  indepen- 
dent  courses (F igu re  1) .  In  a l l  cases, l i n e  l eng ths  were considered 
f i x e d  (known, n o t  random). W i t h i n  s t r a t a  they were p laced 
independent ly o f  i n f o r m a t i o n  on areas o f  l o c a l  concentrat ions.  

2. Schools d i r e c t l y  on t he  t r a c k l i n e  were never missed. 

The nose o f  the a i r c r a f t  used i n  1979 was mod i f i ed  w i t h  a p l e x i g l a s s  
bubble which al lowed an observer e x c e l l e n t  downward and forward 

I 
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v i s i b i l i t y  (Jackson 1979)6. The bow observer was i n s t r u c t e d  t o  h a l t  
t h e  searching e f f o r t  if he d i d  n o t  f e e l  t h a t  he cou ld  d e t e c t  a l l  
such schools due t o  reduced v i s i b i l i t y .  A l l  animals o f  a small 
school cou ld  conceivably be submerged as a plane passed; however, 
t h e  p r o b a b i l i t y  o f  a l l  animals o f  l a r g e r  schools be ing submerged 
decreases, and i t  was f e l t  t h a t  a l l  schools o f  a t  l e a s t  15 animals 
would always be detected. I n  a d d i t i o n ,  school s i zes  o f  species 
which are o f  i n t e r e s t ,  i.e., t a r g e t  species, seldom occur i n  schools 
w i t h  l e s s  than 15 animals. Therefore, on l y  schools w i t h  a t  l e a s t  15 
animals were i nc luded  i n  the  ana lys i s .  These schools i nc luded  those 
whose composi t ion cons is ted  o f  two o r  more species i f  a t  l e a s t  one 
o f  t he  species was a "do lph in"  species. 

3. Schools d i d  n o t  move i n  response t o  the s i g h t i n g  p l a t f o r m  and 
none were courlted tw ice  on the  same t r a c k l i n e .  

For a l l  p r a c t i c a l  purposes, do lph in  schools do n o t  move i n  response 
t o  an approaching plane due t o  t h e  d i f f e r e n c e  i n  t h e i r  speeds. I n  
f a c t ,  do lph ins do n o t  appear t o  be aware o f  t he  plane s i n i t i a l  
approach, b u t  they may e x h i b i t  an avoidance behavior towards 
approaching ships (Au and Perryman i n  press) .  Some species o f  
do lph ins appear t o  be a t t r a c t e d  t o  sh ips and may r i d e  the  bow 
waves. The response o f  animals t o  the  ships i s  d i f f i c u l t  t o  
q u a n t i f y  and, t o  date, a s u i t a b l e  
does n o t  e x i s t .  The p r o b a b i l i t y  
school on the  same t r a c k l i n e  i s  be 
t h e  low dens i t y  and slow sustained 
survey p la t forms,  and because o f  
compared t o  the narrow d e t e c t i o n  w 

theory t o  account f o r  t h i s  f a c t o r  
o f  m u l t i p l e  coun t ing  o f  the same 
ieved t o  be very small because o f  
speeds o f  schools r e l a t i v e  t o  the 
t h e  magnitude o f  t he  ocean area 
d t h  o f  t he  survey path. 

4. There were no systemat ic measurement e r r o r s  and no rounding e r r o r s  
i n  reco rd ing  perpendicu lar  and/or r a d i a l  d is tances o r  s i g h t i n g  
angles. 

Perpendicular d is tances fo r  schools s igh ted  from the a i r p l a n e  were 
e i t h e r  computed t o  t h e  nearest  0.1 nm employing a Global Navigat ion 
System (Jackson 1979)6, o r  est imated v i s u a l l y  t o  the nearest  0.1 
nm. General ly,  d is tances were est imated v i  sual l y  when e i t h e r  the 
plane d i d  n o t  d i v e r t  from the t r a c k l i n e  t o  i n v e s t i g a t e  a s i g h t i n g  o r  
t he  school was observed c lose  t o  the t r a c k l i n e .  Perpendicular 
d i  stances f o r  the shi  p ' s s i  g h t i  ngs were c a l  c u l  a ted from the v i  sual 
est imates o f  r a d i a l  d is tances and s i g h t i n g  angles. Perpendicular 
d is tances were then grouped i n t o  0.1 nm i n t e r v a l s .  

I n  the  1977 and e a r l i e r  sh ip  s i g h t i n g  surveys, t he re  has been a 
tendency f o r  s i g h t i n g  angles and d is tances t o  be est imated i n  
m u l t i p l e s  o f  5 degrees and 0.5 nm, r e s p e c t i v e l y .  Attempts were made 
t o  improve the accuracy o f  these est imates du r ing  the 1979 survey, 
b u t  these were n o t  successful .  Therefore, l i n e  t r a n s e c t  methods 
were n o t  used t o  analyze sh ip data. 

I 
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5. S igh t i ngs  were independent events. 

S i g h t i n g s  would n o t  be independent i f  the  p r o b a b i l i t y  o f  making a 
s i g h t i n g  was increased o r  decreased as the  r e s u l t  of making a p r i o r  
s i g h t i n g .  To i n s u r e  independence, the searching mode was 
immediately discont inued, and any associated s i g h t i n g s  were n o t  
i n c l u d e d  i n  the dens i t y  analys is ,  once the survey p l a t f o r m  d i v e r t e d  
from the  t r a c k l i n e  t o  i nspec t  a school. 

L i n e  Transect Densi ty Est imat ion Theory for A e r i a l  Data 

I f  t h e  assumptions f o r  l i n e  t r a n s e c t  theory are met, t h e  dens i t y  o f  
do lph in  schools can be est imated as (Gates e t  a1 . 1968; Seber 1973; Burnham 
and Anderson 1976) 

11 D = -  
2La 

where D i s  t h e  dens i t y  o f  do lph in  schools per nm2, n i s  t h e  number o f  
schools s ighted,  L i s  the t o t a l  t rack  m i l e s  searched (nm), and a i s  an unknown 
parameter r e l a t e d  t o  the p r o b a b i l i t y  o f  d e t e c t i n g  a school. 

The e s t i m a t i o n  o f  t he  parameter a has taken many forms (Hayne 1949; Gates 
1969; Anderson e t  a l .  1978; and Eberhardt 1978). L ine  t r a n s e c t  theory i s  
based upon the  assumption t h a t  the p r o b a b i l i t y  o f  a school being detected 
decreases w i t h  d i s tance  from the  t rack1  ine.  Mathematical ly,  t h i s  " d e t e c t i o n  
f u n c t i o n "  g ( x )  can be descr ibed (Burnham and Anderson 1976) as the p r o b a b i l i t y  
o f  observing a do lph in  school, g iven t h a t  i t  i s  perpendicu lar  d i s tance  x from 
the l i n e  o f  t r a v e l  o f  the p la t fo rm.  

For  any cont inuous d e t e c t i o n  f u n c t i o n  g (x ) ,  one can d e f i n e  a p r o b a b i l i t y  
dens i t y  f u n c t i o n  ( p d f ) ,  say f ( x ) .  Burnham and Anderson (1976) show t h a t  

where 

a =  0 g (x )  dx. 
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Eva lua t i ng  t h i s  expression a t  x=O, and n o t i n g  from assumption 3 t h a t  g ( 0 )  = 1, 
one ob ta ins  f ( 0 )  = l / a .  Rewr i t i ng  equat ion (1 )  y i e l d s  

Hence, t h e  c r i t i c a  
the  detecs ion f u n c t i o n  
est imate f ( 0 )  o f  t h i s  q 

problem i s  one o f  es t ima t ing  f (O) ,  t he  va lue taken by 
i n  pd f  form a t  zero perpendicu lar  d is tance.  Given an 
a n t i t y  as discussed below, the  dens i t y  i s  est imated as 

The sampling var iance o f  6 can be est imated us ing  the  d e l t a  method (Burnham e t  
a l .  1980) as 

where i a r ( f ( 0 ) )  i s  d iscussed subsequently. 
e m p i r i c a l l y  us ing  f l i g h t s  o r  days as r e p l i c a t e s  f o r  p lane o r  sh ip  data, 
r e s p e c t i v e l y  , as 

The i a r (  n)  i s  determined 

w i t h  r = number o f  l i n e  r e p l i c a t e s ,  

R = nm searched on i t h  r e p l i c a t e ,  

n i  

L = t o t a l  m i l e s  searched on a l l  r e p l i c a t e s ,  and = c R 

n = t o t a l  number schools observed, and = c n 
i=l i 

= number o f  schools observed on i t h  r e p l i c a t e ,  
r 

i=l  i r 
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Detect ion Funct ion S e l e c t i o n  

Densi ty  est imates based on a v a r i e t y  o f  d e t e c t i o n  f u n c t i o n s  have been 
published, many o f  which have been adapted t o  use w i t h  grouped data by Burnham 
e t  a l .  (1980). The models considered here i nc lude :  

1. 
2. 
3. 

4. 
5. 

6. 
7. 

8. 
9. 

Kel k e r  ( Kel ke r  1945 

Cox model (Eberhardt  1978) 

nontruncated negat ive exponent ia l  (Burnham e t  a1 . 1980) 

t runca ted  negat ive exponent ia l  (Burnham e t  a l .  1980) 

t runca ted  exponent ia l  polynomial (Burnham e t  a1 . 1980) 
nontruncated half-normal (Burnham e t  a1 . 1980) 
t runca ted  ha1 f-normal (Burnham e t  a1 . 1980) 

exponent ia l  power se r ies  (Pol l o c k  1978) 

F o u r i e r  s e r i e s  (Cra in  e t  a l .  1978) 

The F o u r i e r  s e r i e s  (FS) model was se lected as the  most s u i t a b l e  as 
descr ibed below, f o l l o w i n g  the  f o u r  c r i t e r i a  suggested by Burnham e t  a l .  
(1979): ( a )  model robustness, (b )  poo l i ng  robustness, ( c )  shape c r i t e r i o n  
(i.e., f ' (O)=O),  and ( d )  r e l a t i v e  e f f i c i e n c y .  

( a )  model robustness - The ' ' t rue"  d e t e c t i o n  curve, g ( x ) ,  i s  never 
known. I n f a c t ,  the shape o f  g (x )  probably v a r i e s  w i t h  d o l p h i n  species, sea 
s tates,  and o the r  f a c t o r s .  Hence, one must s e l e c t  a model which can c l o s e l y  
f i t  a wide a r r a y  of t r u e  f ( x )  shapes. I n  general,  a f l e x i b l e  model w i l l  n o t  
requ i re ,  - a p r i o r i ,  a s p e c i f i c  form o f  f ( x ) .  

The simple parametr ic negat ive exponent ia l  and ha1 f-normal es t ima to rs  
r e q u i r e  a s p e c i f i c  shape o f  f ( x ) .  The negat ive exponent ia l  model assumes a 
very sharp, r a p i d  f a l l - o f f  near x=O (i .e.,  i t  has f ' (O)<O). I f, i n  f a c t ,  t h e  
unknown t r u e  p d f  does n o t  meet t h i s  assumption, a severe upward b i a s  o f  f ( 0 )  
can occur. The hal f -normal est imator ,  as i t s  name imp l i es ,  r e q u i r e s  t h a t  a 
p d f  model the r i g h t  h a l f  o f  a normal curve. Use o f  t h i s  model may r e s u l t  i n  
b iases i n  e s t i m a t i o n  o f  f ( O )  i f  the t r u e  pdf does n o t  meet t h i s  c o n s t r a i n t .  

The ' 'parnmeterless" Cox and Kelker  models a re  model robus t  i n  the sense 
t h a t  they can be f i t  t o  any data. The Ke lke r  model uses on ly  those 
observat ions i n  a s t r i p  where i t  i s  assumed g ( x ) = l .  The Cox model uses 
observat ions i n  two i n t e r v a l s  o u t  t o  a d is tance where t h e  d e t e c t i o n  f u n c t i o n  
drops "sharp ly" .  
f ( x )  and approximates i t s  area w i t h i n  the  two i n t e r v a l s  by a l i n e a r  
func t i on .  Both models a re  l e s s  p rec i se  than the F o u r i e r  s e r i e s  (FS) model, 
b u t  cou ld  be used as a " y a r d s t i c k "  f o r  o the r  est imators .  

It assumes t h e r e  i s  some p robab i l  i ty dens i t y  f u n c t i o n  ( p d f  

Therefore o n l y  the  exponent ia l  polynomial (EP), exponent ia l  power s e r i e s  
(EPS), and t h e  FS models are considered f u r t h e r .  
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( b )  p o o l i n  robustness - The shape o f  g (x )  i s  i n f l u e n c e d  bo th  by phys i ca l  
f ac to rs ,  --I+ SUC as sun p o s i t i o n ,  Beaufor t  (sea s t a t e )  cond i t i on ,  p la t fo rm,  etc., 
and by spec ies -spec i f i c  b i o l o g i c a l  f a c t o r s ,  i n c l u d i n g  animal s ize,  c o l o r a t i o n ,  
school s ize,  animal behavior, e t c .  I n s u f f i c i e n t  sample s i z e  p r o h i b i t s  
s t r a t i f y i n g  data by each o f  these f a c t o r s ,  Consequently, a s u i t a b l e  model 
must be robus t  t o  v a r i a t i o n s  i n  d e t e c t i o n  p r o b a b i l i t y  f o r  f i x e d  x. Burnham e t  
a l .  (1979) show t h a t  an es t ima to r  i s  p o o l i n g  robus t  i f ,  g iven s s t r a t a  o f  
f a c t o r  p, 

prov ided t h a t  a f i x e d  t r u n c a t i o n  p o i n t  (w) and, f o r  t he  FS model, a f i x e d  
number o f  terms (m) are used f o r  a l l  s t r a t a .  I n  p r a c t i c e ,  w and m may n o t  be 
cons tan t  among s t r a t a  b u t  are o f t e n  determined e m p i r i c a l l y  f o r  each d e t e c t i o n  
f u n c t i o n  i n  each stratum. 

School s i z e  ca tegor ies  were used t o  examine p o o l i n g  robustness o f  t he  
t h r e e  model robus t  est imators .  S p e c i f i c a l l y ,  t he  1979 PBY do lph in  s i g h t i n g s  
were p a r t i t i o n e d  i n t o  two s t r a t a :  ( 1 )  s i g h t i n g s  w i t h  est imated school s i ze  o f  
a t  l e a s t  15 b u t  no more than 50 animals and ( 2 )  those w i t h  school s i z e  g rea te r  
than 50 animals. For  each model, an est imate o f  f ( 0 )  was obta ined f o r  each 
stratum, and f o r  a l l  o f  t he  data together  (Table 1) .  Pool ing robustness cou ld  
n o t  be t e s t e d  f o r  the EP es t ima to r  because i t  d i d  n o t  f i t  the  data w e l l  f o r  
t he  schools o f  g rea te r  than 50 animals, and the  maximum l i k e l i h o o d  est imate 
cou ld  n o t  be obtained. EPS and FS models e x h i b i t e d  s i m i l a r  p o o l i n g  
c h a r a c t e r i s t i c s  (Table 1 ) .  The est imates obta ined by summing the  two s t r a t a  
i n  both models were w i t h i n  20% o f  the u n s t r a t i f i e d  est imate.  U n s t r a t i f i e d  and 
pooled est imates were o n l y  approximately equal because m and w were n o t  
constant  among s t r a t a ,  as s i g h t i n g  d i s t r i b u t i o n s  were t runca ted  dependent upon 
each s p e c i f i c  d e t e c t i o n  func t i on .  I n  add i t i on ,  model s e l e c t i o n  c r i t e r i a ,  
discussed subsequently, i n d i c a t e d  t h a t  a 3-term FS model f o r  s t r a t a  (2) data, 
and 4-term models f o r  s t r a t a  (1 )  and u n s t r a t i f i e d  d i s t r i b u t i o n s ,  were 
appropr ia te.  S imu la t i on  s tud ies  (Burnham e t  a l .  1980) w i t h  w and rn constant  
show t h a t  t he  EPS and FS models are p o o l i n g  robust.  

( c )  shape c r i t e r i o n  - I n t u i t i v e l y ,  t he  shape o f  the t r u e  d e t e c t i o n  curve 
g (x )  s h o u m v e  a "shoulder" near x=O (Eberhardt  1968). Th is  i m p l i e s  t h a t  a t  
some, perhaps smal l ,  r eg ion  near the t rack1 ine,  t he  p r o b a b i l i t y  o f  d e t e c t i o n  
i s  very near l ( i . e . ,  g ( x ) = l )  and hence, t h e  d e r i v a t i v e s  o f  g (x )  and f ( x )  
should be n e a r l y  0 a t  x=O. 

S p e c i f i c a l l y ,  t h i s  appears r e a l i s t i c  f o r  the a e r i a l  data. The a b i l i t y  o f  
observers t o  d e t e c t  "1 argell school s a t  i nc reas ing  perpendicu lar  d i s tance  
c e r t a i n l y  d i d  n o t  decrease sharp ly  near the t r a c k l i n e  (Table 2 ) .  In a d d i t i o n ,  
Burnham e t  a l .  (1980) have shown t h a t  both the FS and the  EPS es t ima to rs  can 
model data which have the shoulder e f f e c t .  



1 2  

A 2 
a = -  
k nw 

( d )  e f f i c i e n c y  of t h e  es t ima to r  - I f  a group o f  es t ima to rs  i s  model 
robust,  p o o l i n g  robust ,  and meet the shape requirement, then t h e i r  r e l a t i v e  
e f f i c i e n c i e s  should be ComDared. The most e f f i c i e n t  model, as measured by i t s  

, should then be selected. 

k nx 
n i c cos (-1 k=1,2,3, ... 
i =1 W 

c o e f f i c i e n t  o f  v a r i a t i o n  (kv  
Comparisons o f  t he  C V  

p o o l i n g  t e s t s  (Table 1 )  were 
C V  f o r  t he  EPS es t ima to rs  
corresponding FS model. 

o f  t he  EPS and FS models f o r  t he  school s i z e  
used t o  s e l e c t  the most e f f i c i e n t  est imator .  The 
n every s t ra tum was a t  l e a s t  tw ice  t h a t  o f  t he  

I n  summary, t he  FS model i s  model and poo l i ng  robust,  has the  necessary 
shape, and possesses the  smal e s t  sampling var iance o f  any model tested.  The 
p a r t i c i p a n t s  a t  t he  October 1978 and June 1979 ad hoc committee meetings 
agreed t h a t  t h e  FS model was a s u i t a b l e  model and should be used t o  est imate 
dens i t y  o f  d o l p h i n  schools. The committee members recognized t h a t  o t h e r  
s u i t a b l e  models e x i s t ;  f o r  example, a model developed by Burd ick (1979)* 
y i e l d s  r e s u l t s  very s i m i l a r  t o  the FS. 

F o u r i e r  Ser ies Est imator  

The FS expansion was f i r s t  a p p l i e d  t o  l i n e  t r a n s e c t  theory by Cra in 
e t  a l .  (1978). The reader i s  r e f e r r e d  t o  t h e i r  e x c e l l e n t  d e t a i l e d  development 
o f  t h e  FS model. I n  general f o r  ungrouped data, t he  unknown p d f  i s  modeled as 

W 

1 

L J 

where w = t h e  perpendicu lar  d is tance such t h a t  a l l  s i g h t i n g s  a t  g rea te r  
d i  stances are omit ted,  

m = the number o f  terms i n  the model, 
ak = parameters which must be estimated, where k= l ,  ..., m, and 
n = t o t a l  o b j e c t s  observed w i t h  corresponding d i s tance  xi, 

i=l, ..., n. 

The c o e f f i c i e n t s  ak a r e  est imated as 

*Burdick, D. L. 1979. On es t ima t ing  the number o f  porpoise schools. U. S .  
Tuna Foundation Tech. B u l l .  124 pp. 
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Upon eva lua t i ng  f ( x )  a t  x=O, (5) can be w r i t t e n  as 

A m h  1 
f ( 0 )  = - + c a . 

w k = l  k 
( 7 )  

Cra in e t  a l .  (1978) show t h a t  the sampling var iance o f  f ( 0 )  i s  s lmply the 
sum o f  a l l  the var iances and covar iances of t he  c o e f f i c i e n t s  o f  ak. The 
sampling var iances o f  t he  c o e f f i c i e n t s  a re  est imated by 

L 

and the sampling covariances (c^OV) of the & I s  are est imated by 

A A h  m m A A  

V a r ( f ( 0 ) )  = c c COV(a ,a ) . 
j = l  k = l  j k  

Equ iva len t l y ,  equat ion 10 simply expresses the v ^ a r ( f ( o ) )  as the  sum o f  a l l  the 
elements i n  the  m x m m a t r i x  o f  the sampling var iances and covar iances ( f rom 8 
and 9) .  

For grouped data, such as the  do lph in  survey dgta, no s imple e x p l i c i t  
formula corresponding t o  (6) i s  a v a i l a b l e  f o r  t he  a . Instead, i t e r a t i v e  

a l ,  ..., a and t h e i r  sampling var iances and covar iances f o r  any number o f  
terms (m) burnham e t  a1 1980). A computer program (Laake e t  a l .  1979) was 
u t i l i z e d  t o  c a l c u l a t e  these est imators .  

r ymer i ca l  pethods were used t o  c a l c u l a t e  maximum l i k e  4 ihood (ML) es t ima to rs  

The number o f  terms, in, i n  the  FS model must be se lec ted  i n  a 
n o n a r b i t r a r y  manner. Two measure -o f - f i t  t e s t s  were used. The pr imary t e s t  
was the l o g  l i k e l i h o o d  r a t i o  (LLR) t e s t  which compares l o g - l i k e l i h o o d  values 
between t h e  m and m+l term models (Burnham e t  a l .  1980). The ML est imates,  
a l ,  ..., a a re  obta ined as above. Then, i f  i n  L, represents  the  l og -  
1 i k e l  i hood ?unct ion eval uated a t  the ML est imates,  t h e  log-> i k e l  i hood r a t i o  
i n (  Lm/ Lm+l) can be used t o  t e s t  the n u l l  hypothesis t h a t  E(am+l)=O, versus 



1 4  

2 
the a l t e r n a t i v e  E(a,,i) #O. I n  p r a c t i c e  the t e s t  assumes the form o f  X = 
-2(nn Lm - An Lm 11, w i t h  the  n u l l  hypothesis be ing d i s t r i b u t e d  as a c h i -  
square v a r i a b l e  t~ 2 ,  w i t h  1 degree o f  freedom. 

I f  the  n u l l  hypothesis i s  re jec ted ,  then &+l i s  a s i g n i f i c a n t  term and 
should be i nc luded  i n  t h e  model. By f a i l i n g  t o  r e j e c t  t h e  n u l l  hypothesis, 
t he  m-term model i s  accepted as an adequate model. 

I f  r e s u l t s  o f  t h e  LLR t e s t  are inconclus ive,  i .e. , i f  the  LLR value i s  
very c lose  t o  the  c r i t i c a l  X 2  value o f  3.84 (1 degree o f  freedom, a: = .05), 
then the  f i t  o f  each model t o  t h e  data i s  examined us ing  t h e  chi-square 
goodness-of-f i  t t e s t .  A general o v e r a l l  f i  t i s desi  r a b l  e; however , more 
s p e c i f i c a l l y ,  t h e  data i n  the  f i r s t  i n t e r v a l  (x=O) must be modeled c l o s e l y .  
The model i s  chosen which prov ides the bes t  f i t  i n  the f i r s t  few i n t e r v a l s ,  
prov ided the re  i s  a l so  a good o v e r a l l  f i t .  

A e r i a l  Data Charac te r i za t i on  

P r i o r  t o  data be ing f i t t e d  t o  any model , i t  i s  necessary t o  make several 
dec is ions rega rd ing  the  s t r u c t u r e  o f  t he  i n p u t  data. Some o f  these f a c t o r s  
have a l ready been addressed. S p e c i f i c a l l y ,  we used on ly  those s i g h t i n g s  which 
were observed w h i l e  t h e  p l a t f o r m  was i n  a search mode (assumption 5, 
independence o f  s i g h t i n g s ) ;  had an est imated average school s i z e  o f  g rea te r  
than 14 animals (assumption 2, p r o b a b i l i t y  o f  s i g h t i n g  equal 1); and were made 
i n  the area under i n v e s t i g a t i o n .  Other more s u b j e c t i v e  dec i s ions  i n c l u d e  
species composi t ion o f  t he  sample, s e l e c t i o n  o f  i n t e r v a l  c u t p o i n t s  and 
t r u n c a t i o n  p o i n t  f o r  the perpendicu lar  s i g h t i n g  d i s t r i b u t i o n s .  

( a )  species s e l e c t i o n  - I n  order  t o  o b t a i n  t h e  maximum sample s i z e  and t o  
ensure i m n  o f  a l l  5 species o f  i n t e r e s t ,  a l l  s i g h t i n g s  which were 
i d e n t i f i e d  as being do lph in  species were inc luded i n  the school d e n s i t y  
ana lys i s .  These i n c l  uded stocks o f  spot ted dol ph in  (Stenel  1 a at tenuata) ,  
sp inner  d o l p h i n  (S. l o n  i r o s t r i s ) ,  s t r i p e d  d o l p h i n  (S.  coeru leoalba) ,  rough- 

R i  ssol s dol fii n (Gramws a r i  seus ) .  toothed dol  Dhi n TSteno -+a- r e  anensi s ) ,  
F r a z i  e r '  s do l  p h i  n (Lagenode1 p h i  s hosei  , common dol  p h i  n ( D m s  m j  
bot t lenosed d o l p h i n  (Turs iops trun*), and " u n i d e n t i f i e r  dolphins.  

( b )  i n t e r v a l  s e l e c t i o n  - Perpendicular s i g h t i n g  d is tances f o r  schools 
observed from the  PBY, as i n d i c a t e d  e a r l i e r ,  were e i t h e r  measured o r  est imated 
t o  the  nearest  0.1 nm. Therefore, data can be considered as grouped i n t o  0.1 
nm i n t e r v a l s .  Mid-points  between the  0.1 nm measurements were used as 
i n t e r v a l  c u t  po in ts .  Dependent upon t h e  t r u n c a t i o n  p o i n t  chosen, c u t  p o i n t s  
used were 0.0, 0.05, 0.15, 0.25, ..., w nm. (Note t h a t  schools were observed 
on e i t h e r  s i d e  o f  t h e  plane b u t  data were " f o l d e d  over" i n t o  t h e  0.1 nm 
i n t e r v a l s . )  

Observers f e l t  t h a t  l a r g e  schools (>14 animals) cou ld  be observed w i t h  a 
p r o b a b i l i t y  equal t o  1.0 i n  a path d i r e c t l y  below and forward o f  t he  plane 0.1 
nm wide ( i .e.,  0.05 nm t o  e i t h e r  s ide o f  t he  p lane) .  Therefore, due t o  the 
grouped na tu re  o f  t h e  data, on l y  those schools recorded w i t h  perpendicu lar  
d is tance o f  0 (i.e., rounded t o  0 nm) were considered asabeing on the path 
l i n e  and observed w i t h  p r o b a b i l i t y  o f  1. This  i n t e r v a l ,  0-0.05 nm, i nc ludes  
only  h a l f  t h e  area searched i n  each o f  the o the r  " fo lded-over" i n t e r v a l s .  
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( c )  data t r u n c a t i o n  - A e r i a l  surveys may employ a p r e s e t  maximum 
o b s e r v a t i o n s t a n c e  ( w )  perpendicu lar  t o  the t rack1  i n e  (Leatherwood e t  a1 . . .  
1978). However, i t  i s  more d e s i r a b l e  t o  reco rd  a l l  s i g h t i n g s  and then 
t r u n c a t e  data d u r i n g  the ana lys i s  stage. No schools need be omi t ted  s ince w 
may be s p e c i f i e d  as t h e  l a r g e s t  observed perpendicu lar  d is tance.  However, 
observat ions noted a t  extreme perpendicu lar  d is tances may be considered 
" o u t l i e r s "  and a t r u n c a t i o n  p o i n t  se lected which w i l l  om i t  these from 
analys is .  Because i t  i s  f ( x )  a t  x=O t h a t  must be est imated, observat ions t h a t  
occur a t  small perpendicu lar  d is tances should have t h e  g r e a t e s t  e f f e c t ;  those 
a t  g r e a t  d is tances should have minimal i npu t .  The June 1979 ad hoc committee 
suggested t h a t  no more than 10% o f  t he  observat ions should be truncated. A 
minimum t r u n c a t i o n  d i s tance  o f  0.85 nm i s  r e q u i r e d  t o  i n c l u d e  90% o f  the PBY 
observat ions.  

The choice o f  a t r u n c a t i o n  p o i n t  i s  somewhat s u b j e c t i v e  and i t s  e f f e c t  on 
t h e  model i s  o f  i n t e r e s t .  The a e r i a l  data were t runca ted  a t  successive O.? nm 
increments and subjected t o  ana lys i s  by the  FS es t ima to r .  Est imates o f  n f ( 0 )  
c a l c u l a t e d  a t  each t r u n c a t i o n  p o i n t  d i d  n o t  d i f f e r  s u b s t a n t i a l l y  (Table 2 ) .  
R e l a t i v e  e f f i G i e n c i e s ,  determined by r e l a t i v e  s i zes  o f  t he  c o e f f i c i e n t  o f  
v a r i a t i o n  o f  f ( 0 )  a t  each p o i n t ,  were very s i m i l a r  f o r  a l l  t r u n c a t i o n  p o i n t s  
i n c l u d i n g  a t  l e a s t  90% o f  the observat ions,  and cou ld  n o t  be used t o  s e l e c t  a 
t r u n c a t i o n  p o i n t .  

It i s  d e s i r a b l e  t o  i n c l u d e  the l a r g e s t  sample s i z e  p o s s i b l e  w h i l e  
s e l e c t i n g  a model which inc ludes the  smal lest  number o f  parameters. For 
example, i f  a t r u n c a t i o n  p o i n t  o f  2.05 nm i s  chosen, s i x  terms a re  necessary 
t o  f i t  t h e  model t o  t h e  data. Conversely, i f  1.05 nm i s  chosen as t h e  
t r u n c a t i o n  p o i n t ,  a 3-term model would f i t .  The l o s s  i n  sample s i z e  a t  1.05 
nm i s  l e s s  than 7% o f  the t o t a l  observat ions.  

I n  summary, the aeri 'al inshore perpendicu lar  s i g h t i n g  d i s t r i b u t i o n  was 
t runca ted  a t  1.05 nm because i t  inc luded  t h e  minimum 90% o f  t h e  s i g h t i n g s  
(93%) and because a 3-term model i s  appropr ia te,  whereas a 4-term model would 
be r e q u i r e d  i f  a t r u n c a t i o n  p o i n t  o f  1.25 nm were selected. For s i m i l a r  
reasons, t he  a e r i  a1 ca l  i b r a t i  on perpendicul  a r  s i  gh;i ng d i  s t r i  b u t i o n  was 
t runca ted  a t  0.95 nm. Again, i t  should be noted t h a t  n f ( 0 )  est imates are very 
s i m i l a r  regard less o f  t he  t r u n c a t i o n  p o i n t  chosen. 

Densi ty Est imat ion Theory f o r  Research Ship Data 

Radial d is tances and s i g h t i n g  angles were recorded f o r  observat ions taken 
aboard the  ships. Cal c u l  a ted perpendicul  a r  d i  stances were grouped u s i  ng t h e  
same i n t e r v a l s  as f o r  a e r i a l  s igh t i ngs .  As al ready i nd i ca ted ,  these data 
conta ined ser ious biases. 

S i g h t i n g  d i s t r i b u t i o n s  f o r  do lph in  schools observed from research ships 
bo th  i n  t h e  c a l i b r a t i o n  area and i n  t h e  o f f s h o r e  area i n d i c a t e  t h a t  an 
i n o r d i n a t e l y  h i g h  number o f  schools were recorded as being d i r e c t l y  on the 
t r a c k l i n e  (Table 3) .  This was most pronounced f o r  t he  Jordan data, where 20% 
o f  a l l  " l a r g e "  school s i g h t i n g s  were recorded bet- and 0.05 nm 
perpendicu lar  distance; on ly  4% o f  t he  s i g h t i n g s  were recorded i n  t h e  nex t  
i n t e r v a l  10.06 through 0.15 nm). Again, note t h a t  the second i n t e r v a l  
inc luded t w i c e  the  amount o f  area searched as t h e  on-track i n t e r v a l .  The 
percentage o f  t he  observat ions f o r  the Cromwell data recorded i n  the f i r s t  and 
second i n t e r v a l s  were 12 and 6%, r e s p e c t i v e l y .  
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S i g h t i n g  d i s t r i b u t i o n s  which e x h i b i t  a pronounced shoulder very c lose  o r  
d i r e c t l y  on the  l i n e ,  w i t h  a sharp decrease i n  the adjacent  i n t e r v a l ,  would be 
expected t o  have a very s h o r t  " t a i l " ;  i.e., v i s i b i l i t y  should decrease r a p i d l y  
and few s i g h t i n g s  should be observed a t  g rea t  d is tances from the t r a c k l i n e .  
But s i g h t i n g  d i s t r i b u t i o n s  f o r  both ships had very l o n g  t a i l s  (Table 3 ) .  
Schools a c t u a l l y  l o c a t e d  adjacent  to, b u t  n o t  on, t he  t r a c k l i n e  very p o s s i b l y  
cou ld  have been recorded as being on t rack .  This  "heaping e f f e c t " ,  i f  i t  
occurs, may be due t o  an i n a b i l i t y  f o r  the unaided eye t o  accu ra te l y  d i sce rn  
small angles (say 0' t o  10') a t  l a r g e  distances; mean r a d i a l  d is tance f o r  t h e  
35 schools was 2.4 nm. 

This  problem i s  very complex and n o t  we l l  understood. It may p o s s i b l y  be 
r e l a t e d  t o  movement o f  t h e  do lph in  schools (assumption 3, above). Avoidance 
t r a j e c t o r i e s  o f  do lph ins observed from h e l i c o p t e r s  have been s tud ied  by Au and 
Perryman ( i n  press) ,  b u t  s u f f i c i e n t  data do n o t  e x i s t  t o  q u a n t i f y  t h i s .  I n  
a d d i t i o n ,  t h e  s p e c i f i c  mot ion o f  a sh ip w i l l  a f f e c t  s i g h t i n g  a b i l i t i e s .  Th is  
i nc ludes  t h e  degree o f  a s h i p ' s  r o l l ,  p i t c h ,  and yaw. Even i n  r e l a t i v e l y  calm 
waters, one o r  more o f  these f a c t o r s  may occur and can a f f e c t  accurate data 
acqui s i  ti on. 

Regardless o f  causal f a c t o r s ,  n e i t h e r  the FS model nor any o the r  model 
t es ted  f i t  the  s h i p - s i g h t i n g  d i s t r i b u t i o n s .  A marginal f i t  by the  FS model 
cou ld  be obta ined f o r  bo th  sh ips '  data by grouping the data i n t o  9 o r  fewer 
broad e q u a l - i n t e r v a l s  [F igures 2 and 3 ) .  However, t he  smoothing e f f e c t  (and 
thus t h e  es t ima te  o f  f ( 0 ) )  i s  h i g h l y  dependent on the i n t e r v a l  w id th  chosen 
when abnorma l i t i es  i n  the  d i s t r i b u t i o n  occur c lose  t o  the  o r i g i n .  

The 1979 survey was designed t o  determine a c o r r e c t i o n  f a c t o r  (K) f o r  the 
avoidance phenomenon and f o r  o the r  unknown biases f o r  each o f  the two sh ips 
separately,  by r e l a t i n g  sh ip data t o  plane data i n  a common area such t h a t  

= est imated dens i t y  of schools i n  the  c a l i b r a t i o n  area 
based on 1979 a e r i a l  l i n e  t r a n s e c t  data, and 

ssc = est imated dens i t y  of schools i n  the  c a l i b r a t i o n  
area based on 1979 sh ip l i n e  t r a n s e c t  data ( e i t h e r  
s h i p ) .  

where: 6pc 

However, f ( 0 )  f o r  sh ip  data cou ld  n o t  be est imated because o f  the f a i l u r e  o f  
the models t o  f i t  t h e  data. Therefore, a l t e r n a t e  analyses were completed. 

Let :  9 = r a t i o  o f  the number o f  s i g h t i n g s  ( n )  per t r a c k  m i l e  

h = r a t i o  of the number of s i g h t i n g s  ( n )  per  t r a c k  m i l e  

'so = 

searched (L)  from a sh ip i n  t h e  c a l i b r a t i o n  area, 

searched ( L )  from a sh ip  i n  t h e  of fshore area, 

est imated dens i t y  of schools i n  the o f f s h o r e  area based on 
sh ip data. 

I 
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Then f o r  some constant  C, 

A 

h D c = -pc- . (11) 

Azsuming t h e  r a t i o  i s  independent o f  area, t he  dens i t y  i n  t h e  o f f sho re  area 
(Dso) can be c a l c u l a t e d  by 

A I 

= C h  
SO 

o r  

A h i  
= *c-. 

9 
so (12)  

The sampl i ng var iance 
(Seber 1973) as 

of is0 i s  approximated us ing  t h e  d e l t a  method 

The asymptot ic sampling var iance o f  6 i s  g iven  by ( 3 )  wh i le  t h e  
var iance f o r  the  terms g and h can be expresseicas 

where n i s  t h e  number o f  s igh t ings ,  i a r ( n )  i s  g iven  by ( 4 ) ,  and L i s  l i n e  
1 ength searched. 
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Est imated d e n s i t y  f o r  t h e  o f f s h o r e  area was c a l c u l a t e d  by weight ing t h e  
Jordan and Cromwell dens i t y  est imates by t h e i r  r e s p e c t i v e  t r a c k  m i l e s  searched 
as 

A A 

A D L + D  L = J o 4 ~ r o - C o -  
LJo + LCo 

t o  

where: ita = est imated dens i t y  i n  the  o f f s h o r e  area based 

= est imated dens i t y  i n  t h e  o f f s h o r e  area based 'J o 

on weighted sh ip estimates, 

on Jordan data and equat ion (121, 

GCo = est imated dens i t y  i n  t h e  o f f s h o r e  area based 
on Cromwell data and equat ion (12),  

number o f  t r a c k  m i l e s  searched from t h e  Jordan LJo = i n  the o f f s h o r e  area, and 

Lco = number o f  t r a c k  m i l e s  seached from t h e  Cromwell 
i n  the  o f f s h o r e  area. 

Sampl i n g  var iance i s  g iven by 

(15) 

As al ready noted, (12) i s  based upon t h e  assumption t h a t  s i g h t i n g  
e f f i c i e n c i e s  ( i  .e., d e t e c t i o n  f u n c t i o n s )  are cons tan t  over area and a re  
t h e r e f o r e  independent of densi ty .  Two f a c t o r s  which may in t roduce  b iases are 
r e l a t i v e  sea s t a t e  c o n d i t i o n s  (measured by the Beaufor t  sca le)  and s i g h t i n g  
cue d i f f e rences .  These f a c t o r s  were examined by the  1979 Status o f  Porpoise 
Stocks (SOPS) Workshop (Smith 197919. 

For  comparative purposes, research sh ip e f f o r t  data were recorded by 
u t i l i z i n g  techniques employed by tuna vessel observers (Au 197912. This  
approach d i d  n o t  a l l o w  s t r a t i f i c a t i o n  o f  e f f o r t  by Beaufort .  S p e c i f i c a l l y ,  
Beaufor t  number was recorded a t  t he  beginning o f  each searching leg,  which 

gSmith, T. D. 
27-31, 1979) Southwest Fish. Cent. Adm. Rep. No. LJ-79-41, La J o l l a ,  CA 

1979. Report o f  t he  s ta tus  o f  porpoise stocks workshop (Aug. 
---- 

120 pp. 



19  

represents  a constant  u n i t  o f  e f f o r t ,  b u t  searching l e g s  were n o t  changed when 
Beaufor t  changed. 

The SOPS Workshop members (Smith 1979) suggested t h a t  Beaufor t  numbers 
recorded a t  t he  t ime o f  s i g h t i n g s  be averaged f o r  inshore and o f f s h o r e  areas 
t o  determine i f  sea s t a t e  c o n d i t i o n s  were comparable. The average Beaufor ts  
a t  which schools were observed were very s i m i l a r  i n  the  two areas (Table 4) .  
The SOPS Workshop p a r t i c i p a n t s  t h e r e f o r e  concluded t h a t  weather was n o t  a 
s i g n i f i c a n t  f a c t o r .  Th is  assumption i s  a l so  used herein.  However, i t  should 
be noted t h a t  the average Beaufor t  a t  t ime o f  s i g h t i n g  does n o t  i nco rpo ra te  
the  amount o f  searching e f f o r t  and thus i t  i s  s imply the  average Beaufor t  when 
a s i g h t i n g  was observed. 

B i r d s  associated w i t h  porpoise schools a re  used by observers as s i g h t i n g  
cues. It was noted t h a t  t he  p r o p o r t i o n  o f  s i g h t i n g s  associated w i t h  b i r d s  was 
g rea te r  i n  the inshore area than the o f f s h o r e  areas (Table 4).  Th is  would 
i n t roduce  b i a s  because b i rd -assoc ia ted  schools a r e  observed a t  g rea te r  
perpendicu lar  d is tances than a re  schools which a re  n o t  assoc iated w i t h  
b i r d s .  Examination o f  t he  average perpendicu lar  d is tances f o r  schools on the  
inshore versus o f f s h o r e  areas i n d i c a t e d  t h a t  s i g h t i n g  d is tances o f  b i r d -  
associated school s and school s w i t h o u t  b i r d s  were d i f f e r e n t  (Table 4) .  
However, i t  should be noted t h a t  the number o f  b i rd -assoc ia ted  schools 
observed from both vessels i n  the  o f f s h o r e  area was smal l .  Large sample s izes 
i n  the  o f f s h o r e  area are o n l y  p resen t  f o r  schools n o t  assoc iated w i t h  b i r d s  
observed from the  Jordan; the average perpendicu lar  d i s tance  f o r  these schools 
i s  equal t o  t h a t  o m i n s h o r e  schools. The SOPS Workshop suggested t h a t  a l l  
sh ip  s i g h t i n g s  observed a t  a perpendicu lar  d i s tance  g rea te r  than 1.15 nm be 
omi t ted  from the analys is .  Th is  " c o r r e c t i o n "  i s  used i n  t h i s  r e p o r t .  

Densi ty Estimates 

Inshore Area 

A t o t a l  o f  15,195 nm was searched w h i l e  complet ing 19 f l i g h t s  i n  the 
PBY. Dolphins were observed i n  
every 0.1 nm i n t e r v a l  ou t  t o  1.0 nm; on l y  e i g h t  schools were repo r ted  beyond 
t h i s  p o i n t  (Table 5). The maximum perpendicu lar  d i s tance  recorded f o r  any 
school was 3.8 nm. As i nd i ca ted ,  schools observed a t  a g rea te r  d i s tance  than 
1.05 nm were omi t ted from a n a l y s i s  (w=1.05 nm). 

Observers recorded 118 l a r g e  do lph in  schools. 

A 3-term FS model was se lected as the approp r ia te  model based upon 
r e s u l t s  o f  the L L R  t e s t  and the X 2  goodness-of - f i t  t e s t  (Table 6 ) .  
prov ided an e x c e l l e n t  f i t  t o  the data (F igu re  4).  

The model 

Equation (7 )  t h e r e f o r e  was 

1.2890 + 0.7489 + 0.3299 = 3.32 1 
1.05 

i ( 0 )  = - + 

The dens i t y  o f  schools i n  the inshore area us ing  equat ion ( 2 )  was 0.01202 
schools per nm2. The standard d e v i a t i o n  o f  n from Table 7 and equat ion ( 4 )  
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was 17.197. 
c o e f f i c i e n t  o f  v a r i a t i o n  o f  D i s  16.8%. 

The standard d e y i a t i o n  f o r  6 from equat ion (3 )  was 0.00202. The 

For comparat ive purposes, the  Cox and Kelker  models prov ided very s i m i l a r  
est imates t o  t h e  FS model. The i r  standard dev ia t ions ,  however, were l a r g e r  
than those o f  t h e  FS. The dens i t y  o f  schools determined by the  Cox and Ke lker  
models were 0.01397 and 0.01316 schools per nm2, respec t i ve l y .  Associated 
standard d e v i a t i o n s  were 0.002779 and 0.002895, respec t i ve l y .  

C a l i b r a t i o n  Area 

Observers aboard the  Jordan, Cromwell , and PBY recorded 77, 37, and 42 
l a r g e  schools o f  do lph ins  i m c a l i b r a t i o n  area w h i l e  searching 2718, 2157, 
and 6240 nm, r e s p e c t i v e l y  (Table 8 ) .  Both vessels  surveyed approximately the  
same number o f  t r a c k  m i l e s  i n  the  o f f sho re  area as i n  t h e  c a l i b r a t i o n  area; 
however, s u b s t a n t i a l l y  fewer schools were observed i n  the o f f s h o r e  area. 

A 4-term FS model (Table 9)  was used t o  determine school dens i t y  f o r  t he  
a e r i a l  data i n  the  c a l i b r a t i o n  area. The l o g - l i k e l i h o o d  r a t i o  t e s t  f o r  
s e l e c t i o n  between a 3- o r  4-term model was inconc lus ive ;  t h e  r a t i o  va lue was 
3.36 versus a c r i t i c a l  X 2  value o f  3.84 ( d f = l ,  a =.05). The X 2  goodness-of- 
f i t  t e s t s  were then examined; t h e  4-term model was se lec ted  because i t  
genera l l y  p rov ided a b e t t e r  o v e r a l l  f i t  and s p e c i f i c a l l y  f i t  b e t t e r  i n  the 
f i r s t  i n t e r v a l  (F igu re  5 ) .  

h 

S u b s t i t u t i n g  the  ML est imates,  a, (m=1, ..., 41, i n t o  equat ion ( 7 )  

1 
0.95 

t ( 0 )  = - + 1.322 + 0.890 + 0.661 + 0.366 = 4.29 

The dens i t y  o f  d o l j h i n  schools determined from a e r i a l  s i g h t i n g s  i n  the  
c a l i b r a t i o n  area (D from equat ion  (2 )  was 0.01444 schools per nm2. 
The sampling var ianc8Cqf  n from Table 10 and equat ion ( 4 )  was 81.55. The 
standard d e v i a t i o n  f o r  Dpc from equat ion (3 )  was 0.0035. 

O f f  shore Area 

The t o t a l  number o f  observed do lph in  schools and n a u t i c a l  m i l e s  searched 
by t h e  sh ips  i n  t h e  c a l i b r a t i o n  and o f f sho re  areas are g iven i n  Table 8 as are 
the  associated standard dev ia t i ons  f o r  each n/L r a t i o ,  c a l c u l a t e d  us ing  Tables 
11-14 and equat ion  (14).  

and Cromwell (ice) data i n  the  
o f f s h o r e  area from equat ion (12) were 0.0&24 and 0.00335 4 schools per nm2, 
respec t i ve l y .  Respect ive associated standard d e v i a t i o p  us ing  equat ion (13)  
were 0.00496 and 0.00101. The t o t a l  o f f s h o r e  dens i t y  (D and i t s  assoc iated 
standard d e v i a t i o n  from equat ions (15)  and (16)  were 0.686458 schools per nm2 
and 0.00262, r e s p e c t i v e l y .  

Densi ty  est imates f o r  the  Jordan ( 6  
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111. MEAN S I Z E  OF DOLPHIN SCHOOLS 

I n  the n e x t  step o f  the ana lys i s  est imates f o r  the dens i t y  o f  do lph in  
schools ( c a l c u l a t e d  i n  the  prev ious sect ions)  were expanded by est imates o f  
mean school s i z e  t o  o b t a i n  dens i t y  o f  i n d i v i d u a l s .  I n  t h i s  sect ion,  
techniques f o r  determining t h e  mean school s i z e  est imate are presented. 

Data Sources and Possib le  Biases 

School s i z e  est imates are a v a i l a b l e  from data se ts  c o l l e c t e d  by (1) 
s c i e n t i f i c  observers aboard the a e r i a l  survey a i r c r a f t ,  ( 2 )  s c i e n t i f i c  
observers aboard t h e  research vessels, ( 3 )  observers placed aboard tuna purse 
seiners,  ( 4 )  crew members of observed tuna purse seiners,  and ( 5 )  a e r i a l  
observers us ing  photography du r ing  the  a e r i a l  survey. With t h e  except ion o f  
the a e r i a l  photography, t he  school s i z e  est imates a r e  s imply  v i s u a l  
assessments o f  t h e  number o f  do lph in  present  and are s u b j e c t  t o  unknown 
e r r o r s .  

Each o f  t h e  above data se ts  i s  sub jec t  t o  two forms o f  p o s s i b l e  b ias :  i n  
the  est imate o f  an i n d i v i d u a l  schoo l ' s  s i z e  (measurement b i a s ) ,  and i n  t h e  
sample o f  schools measured ( s i z e  biased sampling). Very few data e x i s t  t o  
t e s t  t he  f i r s t  form o f  b i a s  d i r e c t l y  because on ly  two ac tua l  counts o f  t h e  
t o t a l  number o f  do lph ins w i t h i n  a school have ever been done i n  the ETP purse 
seine f i s h e r y ,  n e i t h e r  o f  which were i n  con junc t i on  w i t h  a research vessel o r  
a i r c r a f t  (DeBeer 198Ol1O. Reasons f o r  p o s s i b l e  measurement b i a s  i n  the data 
are (1) n o t  a l l  o f  t h e  dolph ins are seen a t  one time, ( 2 )  a vague m u l t i p l y i n g  
f a c t o r  i s  o f t e n  used on tuna vessels t o  a d j u s t  f o r  animals n o t  seen 
underwater, (3 )  a e r i a l  photography may n o t  r e c o r d  a l l  o f  t h e  dolph ins 
underwater, ( 4 )  adverse s i g h t i n g  cond i t i ons ,  such as heavy seas, may reduce 
t h e  view o f  t h e  school, and (5 )  observers aboard tuna vessels may c o n s i s t e n t l y  
a l t e r  t h e i r  est imates i n  r e l a t i o n  t o  the crew, assuming the crew's  est imates 
a re  b iased and t h e  crew may be a l t e r i n g  t h e i r  est imates i n  t h e  opposi te  
d i r e c t i o n .  These p o s s i b l e  b iases a re  most ly  unknown and may l e a d  t o  downward 
o r  upward e r r o r s  i n  est imat ion.  

Sampling b i a s  can take many forms. F i r s t ,  i t  i s  l i k e l y  t h a t  the 
p r o b a b i l i t y  o f  s i g h t i n g  a school i s  increased w i t h  l a r g e  schools. Therefore, 
t he  sample o f  observed schools i s  biased toward l a r g e  schools. Second, tuna 
vessels are concen t ra t i ng  t h e i r  e f f o r t  on do lph in  schools which aggregate w i t h  
tuna. These schools a re  l i k e l y  t o  be l a r g e  r e l a t i v e  t o  schools w i t h o u t  tuna, 
even w i t h i n  t h e  same do lph in  species. Thi rd ,  s ince the  main course o f  
business aboard the tuna se ine r  i s  ca tch ing  f i s h ,  t h e  presence o f  smal ler  
schools which do n o t  a f f e c t  t he  f i s h i n g  opera t i on  may n o t  be communicated t o  
the  observer. 

l0DeBeer, John. 1980. Cooperative dedicated vessel research program on the 
tuna porpoise problem: overview and f i n a l  r e p o r t .  F i n a l  Report t o  the  U. S .  
Mar. Mammal Comm. 43 pp. 
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Another s e t  o f  sampling b iases may occur f o r  t h e  research p la t fo rms  
(vessels  and a i r c r a f t ) .  The a i r c r a f t  can on ly  search the i nsho re  waters t o  
approximately 750 nm from t h e  coast.  I f  the re  are d i f f e r e n c e s  i n  school s i z e  
between the i nsho re  and o f f s h o r e  areas, the a i r c r a f t  sample ex t rapo la ted  t o  
o f f s h o r e  areas may be biased. S i m i l a r l y ,  t h e  research vessels cover 
r e l a t i v e l y  small  areas o f  t he  ocean. The i r  sample may n o t  be r e p r e s e n t a t i v e  
o f  the t o t a l  area. F i n a l l y ,  the schools photographed may be considered t o  be 
a sample f o r  c a l c u l a t i o n  o f  t he  mean. However, choice o f  schools t o  be 
photographed may be made on t h e  bas i s  o f  s ize.  Smaller schools o f  l e s s  than 
30 o r  40 i n d i v i d u a l s  may have a lower chance o f  being photographed. 

The a n a l y s i s  o f  school s i z e  was d i v i d e d  i n t o  " t a r g e t ' l  and "non-target ' '  
species groupings. As p rev ious l y  i nd i ca ted ,  t he  " ta rge t ' '  species a re  those on 
which f i s h i n g  e f f o r t  i s  d i rec ted ;  i.e., i t  i s  known t h a t  y e l l o w f i n  tuna 
aggregate w i t h  these species from t ime t o  t ime. These t a r g e t  species i n c l u d e  
spot ted do lph in ,  sp inner  do lph in,  common dolph in,  s t r i p e d  dolph in,  and 
F r a s e r ' s  do lph in.  By i n c l u d i n g  F r a s e r ' s  do lph in  i n  t h i s  group, t he  more 
general i d e n t i f i c a t i o n  o f  " u n i d e n t i f i e d  w h i t e b e l l y "  c o u l d  a1 so be i nc luded  
w i t h  the t a r g e t  species, r a i s i n g  the sample s ize.  U n i d e n t i f i e d  w h i t e b e l l i e s  
i n  the  ETP can be Fraser 's ,  common, s t r i ped ,  o r  sp inner  dolphin.  Therefore, a 
school o f  animals o f  the t a r g e t  species was one i n  which s t r i p e d ,  spotted, 
common, s p i  nner, Fraser '  s ,  o r  un i  d e n t i  f i ed whi t ebe l  l y  occurred. The o the r  
group (non - ta rge t  species) i nc ludes  a1 1 o the r  do lph in  school s. The school 
s i z e  ana lys i s  was based upon these two groups. 

Cor rec t i on  f o r  S i  g h t i  ng B i  as 

The ad hoc committee p a r t i c i p a n t s  po in ted  o u t  t h a t  school s i z e  and t h e  
probabi  1 i ty  o f  s i g h t i n g  were posi  ti v e l y  c o r r e l  ated. A1 though the es t ima to r  o f  
school d e n s i t y  i s  robus t  t o  p o o l i n g  over school s i z e  c lasses, t h e  e s t i m a t i o n  
o f  t he  mean school s i z e  i s  not.  The school s i z e  must be weighted i n v e r s e l y  t o  
the  p r o b a b i l i t y  o f  i t  being sighted. Several committee p a r t i c i p a n t s  addressed 
t h e  quest ion o f  an approp r ia te  c o r r e c t i o n  f a c t o r  by n o t i n g  t h a t  

n 
c f ( 0 l S . )  s 
i =1 i i  

E(S) = 9 ( 1 7 )  
n 
c f ( O l S . 1  
i =1 1 

where S i s  t h e  school s i z e  and f ( 0 l S i )  i s  t he  p r o b a b i l i t y  d e n s i t y  f o r  the 
s i g h t i n g  f u n c t i o n ,  g iven a p a r t i c u l a r  school s i z e  S -  and evaluated a t  t h e  
perpendicul  a r  s i  g h t i  ng d i  stance equal t o  zero. The empi r i c a l  weight ing 
formulae were developed us ing an exponent ia l  power s e r i e s  model f o r  f ( X l S ) .  
The choice o f  t h i s  model i s  one o f  convenience i n  order  t o  o b t a i n  the weights, 
b u t  i t  has s u f f i c i e n t  g e n e r a l i t y  t o  model many school s i z e  d i s t r i b u t i o n s ,  
i .e., i t  inc ludes  curves w i t h  both negat ive exponent ia l  and ha1 f-normal 
shapes. Therefore, l e t  f ( X l S )  be equal t o  an exponent ia l  power se r ies .  
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Then 

where the  sca le  parameter h ( S )  i s  an appropr ia te  f u n c t i o n  o f  school 
s ize,  r i s  t h e  gama func t ion ,  and p i s  a shape parameter (Po l lock  1978). 
Thus, 

1 

where C '  i s  a constant.  
d is tance g iven a p a r t i c u l a r  school s i ze  i s  

The expected va lue o f  t he  perpend icu la r  

Assuming curve shape ( p )  i s  r e l a t i v e l y  cons tan t  and o n l y  the  sca le  
parameter (A) i s  a f f e c t e d  by school s ize,  then h i s  modeled as a f u n c t i o n  o f  
school s i z e  ( S )  b u t  p i s  independent o f  S. The above equat ion then reduces t o  

where C i s  a cons tan t  equal t o  
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Using equat ions (17) and (18) 

n S 

A t  t h i s  p o i n t  an approp r ia te  c h a r a c t e r i z a t i o n  f o r  
The l o g - l i n e a r  f u n c t i o n  was postu la ted,  i.e., 

h(Si) had t o  be chosen. 

E ( X I S )  = C h ( S )  = a+b l n ( S ) .  (20) 

I f  i t  i s  assumed t h a t  parameter a i s  equal t o  zero i n  equat ion (201, then 
the  co r rec ted  e s t i m a t o r  becomes 

an es t ima to r  which i s  independent o f  t he  value o f  the parameter b. 

Equation (20)  was f i t t e d  t o  school s i z e  i n t e r v a l  data (Table 15) us ing  
weighted 1 i n e a r  reg ress ion  separate ly  f o r  a e r i a l  and research vessel data, and 
t h e  est imate o f  t h e  parameter a was n o t  s i g n i f i c a n t l y  d i f f e r e n t  from zero. 
The p r o p o r t i o n a l  model was f i t t e d ,  y i e l d i n g  est imates o f  t he  parameter b o f  
0.08, 0.24, and 0.25 f o r  the a e r i a l  , Jordan, and Cromwell data, 
r e s p e c t i v e l y .  The model f i t  the  data we l l ,  w i t h c o r r e l a t i o n  c o e f f i c i e n t s  
ranging from 0.81 t o  0.95 f o r  the three p la t forms.  Note t h a t  t h i s  c o r r e l a t i o n  
i s  between t h e  expected value o f  x g iven S and t h e  c o r r e l a t i o n  o f  x w i t h  
Ins .  Thus, t h e r e  are o n l y  6 degrees o f  freedom f o r  the f i t .  The e f f e c t  o f  
u t i l i z i n g  t h e  c o r r e c t e d  mean i s  t o  reduce the  mean school s i z e  t o  about 80 
percent  o f  t h e  uncorrected value (Table 16). 

School Size Estimates from A e r i a l  Photographs 

The a e r i a l  photographs were taken w i t h  2-1/4" x 2-1/4" and 9" x 9" 
formats. A t  t he  t ime the  photographs were taken t h e  observer a t  t h e  camera 
s t a t i o n  recorded the  a i r c r a f t ' s  speed and a l t i t u d e .  He a l so  made notes on the 
shape o f  t he  school, t he  p r o b a b i l i t y  t h a t  t h e  e n t i r e  school was photographed, 
and whether any p o r t i o n  of the school was seen t o  d i v e  o u t  o f  s i g h t  as the  
photographic o v e r - f l i g h t  was i n  progress. 
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A f t e r  t he  t ransparencies were processed, they were reviewed on a l i g h t  
t a b l e  w i t h  a hand-held magni fy ing lens;  photographs t h a t  d i d  n o t  i n c l u d e  the 
e n t i r e  school o r  were judged t o  be o f  i n f e r i o r  q u a l i t y  were e l im ina ted .  The 
2-1/4" square s l i d e s  were then p ro jec ted  aga ins t  a l a r g e  sheet o f  paper where 
i n d i v i d u a l  animals were marked. The 9" t ransparencies were taken t o  the  NASA 
t e s t  f a c i l i t y  a t  Bay S t .  Louis, M iss i ss ipp i ,  where they were enlarged and 
analyzed on Var iscan Mark I 1  p ro jec to rs .  A sheet o f  c l e a r  p l a s t i c  was 
at tached t o  the  p r o j e c t o r  screen, and i n d i v i d u a l  animals were marked as 
descr ibed above. 

Three exper ienced a e r i a l  observers w i t h  know1 edge o f  a e r i a l  photography 
o f  porpoise schools made independent counts and est imates from each o f  t he  
se lec ted  photographs. They were i n s t r u c t e d  t o  mark a l l  the animals t h a t  they 
cou ld  see i n  t h e  photographs and t o  use t h i s  count, t h e i r  impress ion o f  t h e  
q u a l i t y  o f  t h e  photograph, notes taken by the  photographer, and in fo rma t ion  
a v a i l a b l e  from any o the r  t ransparency o f  the same format  o f  t he  same school , 
t o  d e r i v e  t h e i r  est imate o f  t he  school s ize.  Since the  two formats were 
analyzed separate ly ,  on l y  photographs o f  the  same format would be used f o r  
comparison i n  making an est imate.  

Each observer devel oped h i  s own technique f o r  marking and es t imat ing .  
One technique was t o  mark every poss ib le  image as an animal and then a l l o w  
very few animals as missed when generat ing the  est imate.  Another was t o  mark 
more conserva t i ve l y  and t o  a l l o w  a l a r g e r  percentage as poss ib l y  missed. For 
each transparency the  observer made notes as t o  the  q u a l i t y  o f  t he  s l i d e ,  h i s  
es t ima t ion  technique, and h i s  conf idence i n  h i s  est imate.  A f t e r  a l l  t h e  
acceptable photographs were analyzed, t h e  2-1/4" and 9" r e s u l t s  were compared, 
and t h e  photograph w i t h  t h e  l a r g e s t  es t imate  was se lec ted  as t h e  bes t  
photograph o f  t h a t  school. The l a r g e s t  es t imate  was se lec ted  because 
photographs can on ly  p rov ide  minimum counts. The average es t imate  from t h e  
th ree  observers was used as the  bes t  school s i z e  es t imate  f o r  t h a t  school. 

The sample o f  usable photographs i nc luded  15 from the  1979 a e r i a l  survey 
(11 t a r g e t  schools, 4 nontarge t ) ,  4 from the 1977 a e r i a l  survey, and 4 taken 
from he1 i c o p t e r  photography and observat ion assoc ia ted  w i t h  a research vessel 
i n  1976 aboard the  R/V Surveyor. The c o n t r o l  o f  t he  photographic ana lys i s  o f  
t he  l a t t e r  two groups was n o t  as r e f i n e d  as t h a t  o f  1979; there fore ,  more 
weight was p laced on the  1979 sample. 

The mean school s i z e  est imates generated from the  photographs c o r r e l a t e d  
q u i t e  c l o s e l y  w i t h  the  mean o f  t he  a e r i a l  observer est imates f o r  t h a t  s i g h t i n g  
(F igu re  6 ) .  For  a l l  o f  the  photographed schools ( n  = 231, t he  c o r r e l a t i o n  
c o e f f i c i e n t  between observer and photographic est imates was 0.96. The 
c o r r e l a t i o n  c o e f f i c i e n t  was 0.97 f o r  the t a r g e t  species ( n  = 11) i n  1979. The 
photographs a l s o  a l lowed es t ima t ion  t o  become more prec ise.  The range o f  
est imates from the  photographs was always smal le r  than the  range from a e r i a l  
observers (F igu re  7) .  

The sample o f  11 t a r g e t  schools y i e l d e d  a weighted mean o f  343.91 and 
306.95 animals from the  a e r i a l  observer and photographic est imates,  
respec t i ve l y .  Th is  does n o t  d i f f e r  s i g n i f i c a n t l y  f rom the weighted mean from 
a l l  t a r g e t  species i n  the  1979 a e r i a l  survey (Table 16).  The small sample o f  
photographs r e s u l t e d  i n  a very l a r g e  standard e r r o r .  I n  add i t i on ,  a f t e r  
d iscuss ions w i t h  t h e  a e r i a l  survey personnel, i t  was concluded t h a t  a e r i a l  
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photographs were probably a b iased sample i n  t h a t  schools o f  l e s s  than 40 
animal s were examined b u t  n o t  photographed. Therefore, t he  photographic 
est imates were used f o r  comparison and n o t  as a random sample. 

The p o s s i b i l i t y  a l s o  e x i s t s  t h a t  t he  a e r i a l  observer est imates o f  schools 
no t  photographed were biased downward due t o  s i g h t i n g  cond i t i ons .  Using the  
Beaufor t  number as an index o f  sea s ta te ,  the photographed t a r g e t  schools had 
a mean Beau fo r t  number o f  1.73 (s tandard e r r o r  = 0.271, w h i l e  t h e  
unphotographed t a r g e t  schools had a mean o f  2.81 (standard e r r o r  = 0.10). 

As expected, t h i s  shows t h a t  the photographs were e i t h e r  n o t  taken o r  d i d  
n o t  process w e l l  when the re  was a h igher  sea s ta te .  However, t h i s  comparison 
does n o t  i n d i c a t e  t h a t  t he  est imates by a e r i a l  observers become biased 
downward d u r i n g  choppy sea cond i t i ons :  t he re  are n o t  data from which t o  
conclude t h a t  such a b i a s  e x i s t s .  But i f  heavy seas do cause such a b ias,  t h e  
est imate o f  s i z e  from the sample o f  unphotographed schools would accord ing ly  
be b iased downward. 

The e f f e c t  upon the school s i z e  est imate o f  i n c r e a s i n g  the l e n g t h  o f  t ime 
d u r i n g  which a school i s  viewed was s tud ied  i n  a c o n t r o l l e d  experiment d u r i n g  
a f l i g h t  o f  t h e  1977 a e r i a l  survey i n  the Gu l f  o f  C a l i f o r n i a .  Th is  study 
showed t h a t  observat ion t imes o f  3, 7, and 9 minutes d i d  n o t  r e s u l t  i n  
s i g n i f i c a n t  increases o r  decreases i n  t h e  school s i ze  est imate ( B r a z i e r  
1978) ll. 

I n  summary, t h e  mean school s i z e  est imated from photographs c o r r e l  a ted 
c l o s e l y  w i t h  t h e  mean o f  a e r i a l  observer est imates f o r  each p a r t i c u l a r  
s i g h t i n g .  I n  a d d i t i o n ,  photographs y i e l d e d  a mean est imate which d i d  n o t  
d i f f e r  s i g n i f i c a n t l y  from t h e  mean school s i ze  f o r  a l l  t a r g e t  schools. 
However, we conclude t h a t  a e r i a l  photographs a re  probably a biased sample and 
should n o t  be used as an independent est imate o f  average school s ize,  b u t  
r a t h e r  as c o r r o b o r a t i o n  f o r  the v i s u a l  est imates.  

School Size Estimates from Tuna Vessels 

Examination o f  school s i z e  est imates of t a r g e t  species by EIMFS observers 
and crew members on tuna vessels produced some i n t e r e s t i n g  r e s u l t s .  F i r s t ,  t o  
avo id  p o s s i b l e  sampling b i a s  i n t roduced  by concen t ra t i ons  o f  f i s h i n g  e f f o r t  
(and s i g h t i n g s )  i n  areas o f  l a r g e r  schools, t he  sample was reduced t o  o n l y  
those t a r g e t  schools which were s igh ted  w h i l e  the observer was on marine 
mammal watch, i.e., when he was i n  a search mode and the  vessel was searching 
or running t o  new grounds. The data were f u r t h e r  grouped i n t o  schools where 
(1)  t he  observer made est imates o f  size, (2)  t he  crew made est imates and (3)  
both the  observer and a crew member made est imates.  Note t h a t  these are n o t  
exc lus i ve  categor ies.  

l lBrazier,  E. B. 
e s t i m a t i o n  data from the  eastern t r o p i c a l  P a c i f i c .  Copley I n t ' l  Gorp., La 
J o l l a ,  CA 117 pp. 

1978. A s t a t i s t i c a l  ana lys i s  o f  porpoise school s i z e  
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The r e s u l t s  (F igu re  8) show t h a t  each year  t h e  observer est imates 
c o n s i s t e n t l y  had a l a r g e r  sample s i z e  and a smal ler  mean than the crew member 
estimates. The observer ob ta ins  i n f o r m a t i o n  on the presence o f  a d o l p h i n  
school from h i s  own observat ion and from communication w i t h  the crew when they 
make a s i g h t i n g .  The data i n d i c a t e d  t h a t  some schools which the  observer made 
est imates o f  were e i t h e r  ignored by the  crew o r  the  crew was n o t  aware o f  
them. Apparent ly t h e  crew member est imates recorded were biased toward 1 arger 
schools. The crew member may n o t  n o t i c e  o r  may n o t  ca re  t o  venture an o p i n i o n  
about schools which do n o t  a f f e c t  f i s h i n g .  Thus, t h e  observer made est imates 
on a l a r g e r  number o f  schools, the d i f f e r e n c e  being the smal ler  aggregat ions 
of t a r g e t  species. Conversely, t h e r e  may be s i g h t i n g s  o f  which the  crew are 
aware and the observer i s  not.  We do n o t  have data on t h i s  form o f  sampling 
b ias,  i f  such schools would indeed cause bias.  

The d i f f e r e n c e  between observer and crew member est imates when bo th  were 
made (F igu re  8) tended t o  increase d u r i n g  1977 through 1979. This  may have 
occurred due t o  increased t r a i n i n g  o f  observers on school s i z e  e s t i m a t i o n  
procedures. 

It i s ,  t he re fo re ,  concluded t h a t  the crew member est imates r e s u l t  i n  a 
sample t h a t  i s  b iased toward l a r g e r  schools. No data e x i s t  t o  d e t e c t  
corresponding sampling b i a s  i n  the observer est imates.  I n  add i t i on ,  because 
t h e  es t ima t ions  o f  n e i t h e r  observer nor  crew have been c a l i b r a t e d  by 
photographs o r  o t h e r  means, t h e r e  has n o t  been an independent v e r i f i c a t i o n  o f  
the tuna vessel est imates.  

Spa t ia l  and Temporal B ias 

The impact o f  va r iab les  such as geographical area and t ime o f  the year  on 
school s i  ze est imates from a i r c r a f t  , research vessel s , and tuna vessel s were 
i n v e s t i g a t e d  by B r a z i e r  (1978) l1  us ing  one-way a n a l y s i s  o f  var iance. This  
approach was extended (Appendix 2)  t o  l ook  a t  the f a c t o r s  j o i n t l y ,  i.e., w i t h  
mu1 t i -way a n a l y s i s  o f  var iance. The r e s u l t s  i n d i c a t e d  t h a t  some reg iona l  and 
seasonal d i f f e r e n c e s  i n  school s i zes  e x i s t ,  b u t  a l s o  t h a t  the cause f o r  t h i s  
may a r i s e  from a v a r i e t y  o f  sources i n c l u d i n g  b i a s  i n  the  est imates from the  
var ious p la t forms.  Therefore, t h e  u t i l  i z a t i o n  o f  t h i s  i n f o r m a t i o n  t o  a d j u s t  
f o r  seasonal o r  reg iona l  sampling b ias  was inves t i ga ted .  

A e r i a l  photography supported the bel  i e f  t h a t  a e r i a l  observat ions produced 
measurements o f  school s i z e  w i t h  l i t t l e  b ias.  The a e r i a l  surveys d i d  not,  
however, cover the e n t i r e  range o f  the do lph in  stocks. For t h i s  reason, an 
e x t r a p o l a t i o n  would be necessary t o  est imate school s i zes  i n  t h e  areas n o t  
covered. An e x t r a p o l a t i o n  u t i l  i z i n g  a v a i l a b l e  tuna vessel data and the bas ic  
ana lys i s  o f  var iance model i s  one p o s s i b i l i t y :  

' i j k  = X + =i + p j  + aij + ' i j k  

The mean school s i ze  f o r  reg iona l  area i, d u r i n g  q u a r t e r  o f  the year  j, 
as est imated from p l a t f o r m  k, can be expressed as the  grand mean f o r  a l l  areas 
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and seasons and a sum of t he  e f f e c t s  due t o  area, quar te r ,  a rea lqua r te r  
i n t e r a c t i o n s ,  and p la t fo rm.  Note t h a t  an i n t e r a c t i o n  between p l a t f o r m  and any 
o the r  f a c t o r  would i n v a l i d a t e  t h i s  e x t r a p o l a t i o n  method. 

Using mu1 ti -way ana lys i  s o f  var iance (Appendix 2 ) , reg iona l  area cou ld  
no t  be shown t o  be s i g n i f i c a n t  i n  i t s  e f f e c t  on school s i ze  as est imated from 
tuna vessels.  Th is  p o i n t  sheds doubt on the  p o t e n t i a l  va lue i n  any 
e x t r a p o l a t i o n  o f  school s i ze  est imates by area. Nevertheless, t h i s  model 
cou ld  be o f  some value i f  the re  was subs tan t i a l  agreement between tuna vessel 
and a e r i a l  observat ions a t  t he  same t ime of t he  year  f o r  t he  same area. But  
t he re  i s  no s t rong  agreement between school s izes  as est imated from a tuna 
boat  and as est imated from the  a i r  (Appendix 2). I n  conclusion, t he re  seems 
t o  be no b a s i s  f o r  us ing  tuna vessel data t o  ex t rapo la te  a e r i a l  survey 
est imates o f  school s i ze  i n t o  areas no t  covered by the  survey. 

Choice o f  Mean School Size Est imate 

Weighted means f o r  data from the  a i r c r g f t ,  research vessels, and tuna 
vessel s were c a l  c u l  a ted us ing  equat ion (21  1, i .e., 

Jackn i fe  techniques were employed t o  c a l c u l a t e  standard e r r o r  (SEI est imates 
o f  s. 

The r e s u l t i n g  est imates (Table 17) show t h a t  p o i n t  est imates d i f f e r  
markedly between research p la t fo rms  and tuna vessels  bo th  i n  1977 and 1979 
survey years.  This  occurs even i n  the  we l l -de f ined c a l i b r a t i o n  area. The 
evidence o f  t h e  photographic ana lys i s  and t h e  demonstrated b i a s  o f  t he  tuna 
vessel data l e d  a l l  b u t  one o f  the  ad hoc committee p a r t i c i p a n t s 1 2  t o  conclude 
t h a t  t h e  est imates of school s i z e  from tuna vessels should be re jec ted .  There 
was no s t a t i s t i c a l  d i f f e rence  between est imates from a i r c r a f t  and research 
vessels. However, these est imates were n o t  combined because t h e  c o r r o b o r a t i v e  
evidence o f  t h e  photographs were f o r  the  a i r c r a f t  and n o t  f o r  the  research 
vessels. Therefore, i t  was concluded t h a t  t h e  mean school s i z e  should be 
der ived  s o l e l y  from the  a i r c r a f t  data. The a i r c r a f t  est imates f o r  1977 and 
1979 f o r  t he  t a r g e t  species are i n  Table 17. The 1977 and 1979 est imates f o r  
t h e  nontarge t  species are  i n  Table 18. 

120ne workshop p a r t i c i p a n t  expressed doubt as t o  the  v a l i d i t y  o f  exc lud ing  
from the  school s i z e  ana lys i s  tuna vessel observer est imates w i t h o u t  ' 'at  l e a s t  
a small body o f  accurate rep resen ta t i ve  tuna vessel school s i z e  data" which 
cou ld  be compared t o  o t h e r  p la t forms.  



2 9  

I V .  SPECIES PROPORTIONS 

The est imate o f  t he  t o t a l  number o f  do lph ins i s  d i v i d e d  among the several 
species i n  two steps. F i r s t ,  t he  p r o p o r t i o n  o f  those dolph ins s igh ted  which 
belong t o  the  " t a r g e t "  group i s  determined ( P t  i n  the I n t r o d u c t i o n ) ,  based on 
t h e  data from t h e  research p la t forms.  Second, the  p r o p o r t i o n  o f  these t a r g e t  
do lph ins o f  each species i s  determined (Pi i n  the I n t r o d u c t i o n ) ,  based on 
e i t h e r  t h e  research vessel o r ,  a l t e r n a t e l y ,  t he  tuna vessel and research 
vessel data pooled. 

Target  and Nontarget School s 

School s i z e  i s  l i k e l y  t o  be r e l a t e d  t o  species. Because the  s i g h t a b i l i t y  
o f  l a r g e r  schools i s  greater ,  t he  est imated species p r o p o r t i o n  based on 
s i g h t i n g  data may be biased accord ing ly .  To a d j u s t  f o r  t h i s  suspected b ias,  
t he  p ropor t i ons  must be weighted by the p r o b a b i l i t y  t h a t  a p a r t i c u l a r  school 
s i z e  (and thus a p a r t i c u l a r  species group) i s  seen. The weight ing f a c t o r s  
developed f o r  c o r r e c t i o n  o f  the mean school s i ze  are considered appropr ia te 
f o r  t h i s  c o r r e c t i o n  (see Appendix 4 f o r  development): 

n 1 c 
i=l m S 

i - P - 

where 

= the p r o p o r t i o n  o f  the dens i t y  o f  schools 

= the number o f  t a r g e t  schools, 
which are t a r g e t  species schools, 

' t a rge t  

n 
m = t h e  number o f  nontarget  schools, and 

Si = the school s ize.  

This  weight ing scheme assumes t h a t  the r a t i o  o f  u n i d e n t i f i e d  t a r g e t  
schools t o  a l l  u n i d e n t i f i e d  schools i s  t he  same as t h e  r a t i o  o f  i d e n t i f i e d  
t a r g e t  schools t o  a l l  i d e n t i f i e d  schools. 

I n  d iscuss ions w i t h  a e r i a l  survey personnel i t  was v e r i f i e d  t h a t  one 
non ta rge t  species was e s p e c i a l l y  easy t o  i d e n t i f y .  R isso ' s  do lph in  (Grampus 
g r i seus )  was probably i d e n t i f i e d  i n  a l l  cases from the  a i r ;  thus, t h e  
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u n i d e n t i f i e d  schools should n o t  i nc lude  t h i s  species. Therefore,  t h e  
p r o p o r t i o n  o f  t a r g e t  species as c a l c u l a t e d  from a e r i a l  data used the  equat ion 
(developed i n  Appendix 4 ) :  

P 
t a r g e t  

where n = number o f  t a r g e t  schools, 

R isso 's  do lph in  occurs) ,  

m = number o f  nontarge t  schools (exc lud ing  those i n  which 

g = number o f  schools o f  R isso 's  do lph in,  and 

u = number o f  schools t h a t  are u n i d e n t i f i e d .  

To es t imate  the  var iance o f  the  est imate o f  Ptar t, the  data were 
separated i n t o  u n i t s  o f  e f f o r t ,  days f o r  t he  ships, a% f l i g h t s  f o r  t h e  
a i r c r a f t .  An es t imate  o f  Ptar et was c a l c u l a t e d  f o r  each day o r  f l i g h t  us ing  
equat ions (22) o r  (231, r e s p e c a v e l y .  The var iance o f  t he  es t imate  o f  Ptarget 
was est imated from the  v a r i a b i l i t y  o f  these rep1 i ca tes .  

The Townsend Cromwell data r e s u l t e d  i n  h igher  est imates o f  Ptar et than 
the  data Tor  the  o t h e r  research vessel ,  David S t a r r  Jordan, o r  the  a i r s r a f t  i n  
both 1977 and 1979 (Table 19).  The C r o m n s w i n c l u d e s  the  more wes te r l y  
area o f  t h e  ETP, which may have a lower  dens i t y  o f  nontarge t  schools. When 
t h e  data f rom a l l  of t he  research p la t fo rms were pooled, t h e  es t imate  o f  

was very  c o n s i s t e n t  between 1977 and 1979. Therefore, t he  pooled 
es Ptarae€ 1 a e o f  Ptar e was used i n  p ropor t i on ing  t h e  dens i t y  f o r  bo th  the  a e r i a l  
and research v e s a f  dens i t y  est imates.  

Year t a r g e t  Standard E r r o r  

1977 0.7291 
1979 0.7105 

0.0447 
0.0338 
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Conversely, t he  p r o p o r t i o n  o f  nontarget  schools (P on ta rge t )  was c a l c u l a t e d  as 
on ar et = 1 - Ptarget and standard e r r o r  o f  pnontarget was equal t o  the 

s p€ an 2 a r  il e r r o r  o f  Ptarget. 

Year non ta rge t  Standard E r r o r  

1977 0.2709 
1979 0.2895 

0.0447 
0.0338 

Species Propor t ions o f  Target School s 

Once a school was s igh ted  from the  a i r c r a f t ,  research vessel, o r  tuna 
vessel, t h e  p r o p o r t i o n  o f  each species o c c u r r i n g  i n  t h a t  school was recorded 
as a f r a c t i o n .  Each school, therefore,  had a p r o p o r t i o n  associated w i t h  each 
species. The values o f  these f r a c t i o n s  ranged from zero t o  one, 
i n c l u s i v e l y .  The t a r g e t  schools c o u l d  thus be p ro ra ted  t o  t h e  ca tegor ies :  
spot ted dol  p h i  n, s p i  nner dol p h i  n, common dol  p h i  n, s t r i p e d  dol  p h i  n, Fraser ' s 
dolphin,  and o t h e r  cetaceans, based upon t h e  mean values o f  t he  f r a c t i o n s  from 
the sample. 

There i s ,  however, a c o r r e l a t i o n  between s i z e  o f  the school and the 
species o c c u r r i n g  i n  it. Therefore, t he  p r o p o r t i o n a l  rep resen ta t i on  o f  each 
species, t h e  species d i s t r i b u t i o n ,  i s  a f f e c t e d  by the  s i z e  o f  schools seen and 
by the  s i g h t i n g  b i a s  caused by l a r g e r  schools be ing seen more o f t e n  than 
expected. One can at tempt t o  c o r r e c t  t h i s  b i a s  by app ly ing  the same weight ing 
f a c t o r  used f o r  c a l c u l a t i n g  bo th  the  mean school s i z e  and t h e  expected 
p r o p o r t i o n  o f  t a r g e t  schools. The weight ing f a c t o r ,  t h e  i nve rse  o f  the 
l o g a r i t h m  o f  school s ize,  can be i nco rpo ra ted  i n t o  the est imate as 

n c 
i=l 

P =  
j n 

iz1 [Ai] 
where 

si = the school s i z e  f o r  s i g h t i n g s  o f  t a r g e t  schools 

( i = l ,  2, ..., n) 

school s i ze  i 
P i j  

'j 

Species d i s t r i b u t i o n s  were c a l c u l a t e d  separate ly  f o r  the i nsho re  area, 
no r the rn  o f f s h o r e  area, and southern o f f s h o r e  area, us ing equat ion (24) and 
s i g h t i n g  data c o l l e c t e d  from a i r c r a f t ,  research vessels, and tuna vessels. 
The assumption was made t h a t  t h e  d i s t r i b u t i o n s  o f  perpendicu lar  s i g h t i n g  
d is tances among research ships o r  among tuna vessels  were n o t  g r e a t l y  
d i f f e r e n t .  

= the p r o p o r t i o n  o f  i n d i v i d u a l s  o f  species j i n  

= the est imated p r o p o r t i o n  o f  i n d i v i d u a l s  o f  species j 

i n  a l l  t a r g e t  schools. 

The areas corresponded t o  the  e s t i m a t i o n  methods f o r  dens i t y  o f  
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schools and prov ided s t r a t a  f o r  which gross d i f f e r e n c e s  i n  species 
d i s t r i b u t i o n s  c o u l d  be detected. The r e s u l t s  i n d i c a t e d  t h a t  the d i s t r i b u t i o n s  
o f  species v a r i e d  w i t h  t h e  data s e t  chosen (Table 20).  

Based on d iscuss ions  w i t h  a e r i a l  survey personnel, i t  was concluded t h a t  
t he  species d i s t r i b u t i o n  from t h a t  p l a t f o r m  may be b iased due t o  a 
d i f f e r e n t i a l  a b i l i t y  t o  i d e n t i f y  species w i t h i n  the  t a r g e t  school group. I n  
p a r t i c u l a r ,  common do lph in  are r e l a t i v e l y  easy t o  i d e n t i f y  whereas some o f  t h e  
o the r  species a r e  not.  Th is  fac to r ,  coupled w i t h  the  small sample s i z e  f o r  
a e r i a l  data (Table 201, i n d i c a t e d  t h a t  l i t t l e  r e l i a n c e  should be p laced on 
t h i s  data s e t  f o r  es t ima t ing  species propor t ions .  

The ad hoc committee members a lso  f e l t  t h a t  t he  research vessels  prov ided 
a b e t t e r  p l a t f o r m  f o r  i d e n t i f i c a t i o n  w i t h i n  t a r g e t  school s.  These vessel s 
would f o l l o w  t h e  school u n t i l  an adequate i d e n t i f i c a t i o n  was made, unless sea 
o r  weather c o n d i t i o n s  prec luded it. Research vessel observers f e l t  t h a t  the 
p r o b a b i l i t y  o f  t h i s  occu r r i ng  was independent o f  the  species. However, t he  
research vessels  searched r e l a t i v e l y  few n a u t i c a l  m i les .  Therefore,  t he  
d i s t r i b u t i o n s  o f  species depend upon t h e  l o c a t i o n  o f  searching e f f o r t .  For 
example, i n  t h e  inshore  area, the  1979 research vessel surveys concentrated i n  
t h e  midd le  o f  t he  inshore area wh i l e  the  1977 research vessels  searched 
f u r t h e r  south w i t h i n  t h a t  area, which r e s u l t e d  i n  a d i f f e r i n g  account o f  
species d i s t r i b u t i o n  (Table 20). I n  add i t i on ,  t h e  coverage by research 
vessels  i n  the  no r the rn  o f f s h o r e  area i n  bo th  1977 and 1979 was r e l a t i v e l y  
sparse and concentrated toward the  east.  Use o f  t h e  research vessel species 
d i s t r i b u t i o n s  may thus be b iased i n  these regards.  

The o t h e r  a l t e r n a t i v e  data se t  i s  t he  tuna vessel data. I n  general ,  t h i s  
data s e t  p rov ides  f a i r l y  ex tens ive  coverage o f  the  th ree  areas. Only 
p r e l  im inary  1979 data, which were concentrated p r i m a r i l y  w i t h i n  the  inshore 
area (Table 201, were inc luded i n  t h i s  ana lys is .  The tuna vessel data were 
r e l a t i v e l y  ex tens ive  i n  1977 and 1978 and comparable between years,  suggest ing 
t h a t  data f o r  1977 through 1979 be pooled. The disadvantage t o  t h i s  i s  the  
presumption t h a t  t h e  r e l a t i v e  popu la t ion  s izes  have no t  a l t e r e d  over the  span 
o f  years. I n  add i t i on ,  these data may be b iased due t o  the concent ra t ion  o f  
f i s h i n g  e f f o r t  on p a r t i c u l a r  species. Although they may cover a wide area o f  
t he  ocean, t h e  tuna vessels  cou ld  be sampling p r i m a r i l y  i n  areas o f  spo t ted  
and sp inner  do lph in.  However, t h e  on ly  comparable data a v a i l a b l e  are research 
vessel data, which are  n o t  as w ide ly  d ispersed through the  areas. 

Another source o f  tuna vessel b i a s  i n  species d i s t r i b u t i o n s  i s  t h a t  
i d e n t i f i c a t i o n  may n o t  be equa l l y  r e l i a b l e  among the  species o f  t a r g e t  
schools. I f  the  school shows no i n d i c a t i o n  t h a t  tuna i s  present  o r  i f  the re  
a re  no b i r d s  associated w i t h  the  school, then i t  may n o t  be approached f o r  
f u r t h e r  i n v e s t i g a t i o n .  The species w i t h i n  t h i s  school would then be more 
l i k e l y  t o  remain u n i d e n t i f i e d .  For species which a re  l e s s  l i k e l y  t o  occur 
w i t h  tuna, such as t h e  s t r i p e d  dolph in,  t h i s  would reduce the  percentage o f  
these species s i  g h t i  ngs and p ropor t i ona l  l y  r a i s e  the  percentage o f  the  others.  

With t h e  above caveats i n  mind, t h ree  a l t e r n a t i v e s  f o r  determin ing 
The f i r s t  s imply uses the  1979 research species d i s t r i b u t i o n s  were devel oped. 

vessel  data pooled f o r  a l l  areas. This  assumes the  d i s t r i b u t i o n  t o  be 
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independent o f  area. The second a l t e r n a t i v e  uses the  1977 and 1979 research 
vessel data pooled over a l l  areas. This  assumes the  d i s t r i b u t i o n  i s  
independent o f  years and area b u t  increases the  sample s ize.  The t h i r d  
a l t e r n a t i v e  u t i l i z e s  the  pooled data from 1977 and 1979 research vessels  and 
the  1977 through 1979 tuna vessel data w i t h i n  each area. This  a l t e r n a t i v e  
assumes the  d i s t r i b u t i o n  i s  independent o f  p l a t f o r m  and years b u t  n o t  among 
areas. Because o f  t h e  d i s p a r a t e l y  l a r g e  sample s izes from tuna vessel data, 
the t h i r d  d i s t r i b u t i o n  i s  dominated by the tuna vessel d i s t r i b u t i o n s .  The 
est imated p ropor t i ons  and standard e r r o r s  f o r  each d i s t r i b u t i o n  a re  given i n  
Tab1 e 21. Popul a t i o n  est imates were devel oped us ing  each a1 t e r n a t i v e .  

V. STOCK RANGES 

A do lph in  stock i s  de f i ned  as a species subgroup which occupies a 
d i s t i n c t  oceanographic reg ion  and d i f f e r s  b i o l o g i c a l l y  from o the r  subgroups o f  
the same species. Stock boundaries f o r  spotted, spinner,  common, and s t r i p e d  
dolph ins were drawn, based upon h i s t o r i c a l  s i g h t i n g s  o f  do lph ins  by tuna 
vessel and research vessel observers, oceanographic features,  and b i o l o g i c a l  
data taken from animals k i l l e d  i n  the f i s h i n g  process (Au, D, W. L. Perryman, 
and W. P e r r i n  1979)13. Maps d e p i c t i n g  the range o f  each stock a r e  presented 
i n  Appendix 3 and summarized i n  Table 22. 

The boundaries between stock ranges w i t h i n  a species do n o t  over lap,  w i t h  
the  except ion o f  the sympatric stocks o f  eastern and no r the rn  w h i t e b e l l y  
spinner dol phins. Two a d d i t i o n a l  areas were de f i ned  i n  order  t o  account f o r  
t h i s  over lap:  t h e  over lapping area i n  the inshore area and over lapping area i n  
t h e  no r the rn  o f f s h o r e  area. The area i n h a b i t e d  by each spinner stock i n  the 
over lap area i s  a l s o  i nc luded  i n  Table 22. The p r o p o r t i o n s  o f  i n d i v i d u a l s  
represented by eastern and no r the rn  w h i t e b e l l y  sp inners i n  r e l a t i o n  t o  a l l  
sp inners i n  the  two new areas were c a l c u l a t e d  us ing  tuna vessel data (Table 
23). Because the o f f s h o r e  ove r lap  area was n o t  w e l l  sampled i n  1979, and 
because t h e  p o i n t  est imates were very s i m i l a r  t o  those o f  1978, t h e  data were 
pooled (Table 23) and the pooled p ropor t i ons  were employed. 

V I .  POPULATION S I Z E  ESTIMATES 

Populat ion est imates f o r  t a r g e t  species a r e  based on the above developed 
est imates o f  t h e  dens i t y  o f  schools, p r o p o r t i o n  o f  t a r g e t  and non- target  
schools, mean school size, p r o p o r t i o n  o f  i n d i v i d u a l s  o f  a species w i t h i n  the 
t a r g e t  schools, and t o t a l  area inhabi ted.  To o b t a i n  est imates f o r  each stock, 
t he  est imates f o r  each species must be expanded by the  p r o p o r t i o n  o f  area 
i n h a b i t e d  by each stock o f  each species, assuming t h a t  t h e  dens i t y  o f  a 
p a r t i c u l a r  species i s  constant  w i t h i n  an area. Therefore, t h e  number o f  
i n d i v i d u a l s  i n  a stock, i n  r e l a t i o n  t o  o t h e r  stocks o f  the same species, i s  

l3Au, D., W .  L. Perryman, and W. Per r in .  1979. Dolphin d i s t r i b u t i o n  and the 
r e l a t i o n s h i p  t o  environmental f ea tu res  i n  t h e  eastern t r o p i c a l  P a c i f i c ,  
Southwest F ish.  Cent. Status o f  Porpoise Stocks working paper SOPS/79/36. La 
J o l l a ,  CA m p . -  



3 4  

def ined by the  r e l a t i v e  s i z e  o f  the  area i n h a b i t e d  by those i n d i v i d u a l s  w i t h i n  
a g iven area. The formula f o r  c a l c u l a t i n g  the abundance o f  stocks i n  t a r g e t  
schools i s  

A 

i j k  i k  

3 A  
N =(P 1 ( S  1 c ( D  ) (P ,  ) (A  /A. 1 ( A  ) + (PI  ) ( A i j k j l  , 
i j  t a r g e t  t a r g e t  k = l  k i k  k i k  

where Nij = abundance o f  t a r g e t  species i, stock j, 

P t a r g e t  = p r o p o r t i o n  of do lph in  schools which are 
t a r g e t  school s ,  

- 
' t a rge t  = mean s i z e  o f  t a r g e t  schools, 

'k 

pi k 

" i k  

A i k  

Ak 

* i j k  

A ' i j k  

= dens i t y  o f  do lph in  schools i n  area k 

w i t h  D^i=densi ty  inshore  area; 

62=63=densi ty  o f fshore .  

= p r o p o r t i o n  of i n d i v i d u a l s  of species i i n  
t a r g e t  schools i n  area k, 

= p r o p o r t i o n  o f  i n d i v i d u a l s  o f  species i i n  

t a r g e t  schools i n  over lap  reg ion  o f  area k, 

= area i nhab i ted  by species i i n  area k, 

= t o t a l  area i nhab i ted  by a l l  species i n  area k. 

= area i n h a b i t e d  by species i, stock j, i n  area k, and 

= area i nhab i ted  by species i, stock j, i n  over lap  

reg ion  of area k. 
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The var iance c a l c u l a t e d  as a Taylor  s e r i e s  expansion i s  

A A  A 

Var(N..)  = Var(S 1 
1 J  t a r g e t  

+ Var(P 1 
t a r g e t  

aN. . 
a i  
-1 J 

t a r g e t  

+ Var(P 1 
t a r g e t  

aN. . 
-1 J - 
nc 
U J  I 

target I 

A A A  
2 

COV D D aN. . 
4- -1J ,'J 

1' o f f s h o r e  
aD aD 

o f f s h o r e  1 o f f s h o r e  

Although l i t t l e  i s  known about the boundaries t o  the range o f  F r a s e r ' s  
do lph in,  est imates o f  t h e i r  popu la t i on  s i z e  were made f o r  t he  th ree  areas: 
inshore, no r the rn  o f f sho re ,  and southern o f f sho re .  The s i z e  o f  t he  areas 
(nm2) used f o r  computing the  est imates f o r  t h e  l a t t e r  two areas were assumed 
t o  be the same as those o f  t he  spot ted dolphin.  Since survey coverage o f  
these areas was sparse, and s ince i t  i s  n o t  known i f  F r a s e r ' s  do lph in  i n h a b i t s  
the  e n t i r e  area, t he  est imates may be biased upward. However, t he  inshore 
area i s  r e l a t i v e l y  u n i f o r m l y  sampled and should p rov ide  an unbiased est imate 
o f  F r a s e r l s  do lph in  w i t h i n  -- t h a t  area. Resul ts  a r e  given f o r  a l l  areas 
separately.  

The est imates de r i ved  from the 1979 survey data o f  popu la t i on  s i z e  f o r  
the stocks of spotted, spinner,  comnon, s t r i p e d ,  and F r a s e r ' s  do lph in  a re  
presented i n  Table 24. Est imates a re  g iven us ing  species p r o p o r t i o n s  from ( 1 )  
pooled research vessel and tuna vessel data, (2 )  pooled 1977 and 1979 research 
vessel data combined over area, and ( 3 )  1979 research vessel data pooled over 
area. 

V I I .  D ISCUSSION AND CONCLUSIONS 

The present  est imates o f  do lph in  popu la t i on  s i zes  are improvements over 
p r e v i o u s l y  a v a i l  ab1 e est imates (SWFC 1976 3). I n  general , t h e  magnitude o f  
these est imates i s  smal ler  than those o f  prev ious est imates (SWFC 19763) which 
a r e  given i n  Table 25. However, several  f a c t o r s ,  i n c l u d i n g  new data on stock 
d e f i n i t i o n s ,  have made d i r e c t  comparisons d i f f i c u l t .  Therefore the species 
est imates (sums o f  stock est imates w i t h i n  a species) are g iven i n  Table 26. 
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The d i s p a r i t y  between the 1974 and 1979 est imates were caused by a 
v a r i e t y  o f  f a c t o r s .  The d i f f e r e n c e s  i n  the e s t i m a t i o n  methods which cou ld  
have caused t h e  d i s p a r i t y  are:  

1. Mean school s i z e  was co r rec ted  f o r  s i g h t i n g  b i a s  i n  1979; i n  1974 i t  
was not. 

2. The 1974 methods used both observer and crew member tunaboat 
est imates o f  school s ize;  t he  1979 est imates were from a e r i a l  observers. 

3.  The 1974 dens i t y  o f  spot ted and spinner do lph in  was de r i ved  from bo th  
a e r i a l  and tunaboat data; t he  1974 dens i t y  o f  common and s t r i p e d  do lph in  was 
from tunaboat data alone. The 1979 est imates o f  dens i t y  o f  a l l  do lph in  
species were from a e r i a l  and research vessel data. 

4. Species d i s t r i b u t i o n s  i n  1974 were based upon tunaboat sampling r a t e s  
which were uncorrected f o r  t he  e f f e c t  o f  school s i z e  on sampling b ias.  The 
species d i s t r i b u t i o n s  o f  1979 were a combination o f  tunaboats and research 
vessel s c o r r e c t e d  f o r  t he  e f f e c t  o f  school s i z e  sampl i ng b ias .  

5. The 1974 est imates i nc luded  e x t r a p o l a t i o n  o f  d e n s i t i e s  t o  areas n o t  
covered by t h e  a i r c r a f t  o r  tuna vessels - a l a r g e  p o r t i o n  o f  t h e  range. The 
1979 surveys covered more o f  t h a t  area by research vessel. However, o f f s h o r e  
data were sparse f o r  both years. 

6. The 1974 est imates were the average o f  two est imates us ing  expanded 
and unexpanded range o f  t he  spot ted and sp inner  dolphins.  The 1979 est imates 
were based upon ranges which were q u i t e  c l o s e  t o  the 1974 expanded range. 

The d i f f e r e n c e  i n  methods between 1974 and 1979 was t h e  r e s u l t  o f  
development and ref inement  o f  techniques, o b t a i n i n g  new data from new sources, 
and from c r i t i c a l l y  addressing some of t he  assumptions of the 1974 est imate 
(see SWFC 19763: Appendix 2 ) .  The 1979 est imates (Table 24) are the bes t  
assessment o f  popu la t i on  s izes o f  these stocks f o r  dolphins.  

However, t h e  est imates o f  popu la t i on  s i zes  we present  a r e  based on 
several  sources o f  data, c o l l e c t e d  under a v a r i e t y  o f  cond i t i ons .  Not a l l  o f  
t he  data were c o l l e c t e d  under s u i t a b l y  c o n t r o l l e d  cond i t i ons ,  and i n  some 
instances t h e  data have been more sparse than des i rab le .  We make est imates o f  
the s i x  parameters which a re  combined t o  produce the popu la t i on  s i z e  est imates 
us ing a v a r i e t y  o f  a n a l y t i c  methods, some w i t h  r a t h e r  s t r i n g e n t  assumptions 
and some developed t o  deal wi th  s p e c i f i c  problems w i t h  t h e  data se ts  used. 
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Most o f  t he  problems i n  the  data were reviewed by the  ad hoc committee 
and a n a l y t i c  procedures t o  c o r r e c t  the problems were discussed a t  g r e a t  
length.  Adjustments r e f l e c t e d  i n  t h i s  paper r e f l e c t  some o f  t h e  advice from 
the  committee, b u t  f o r  some s i t u a t i o n s  no s u i t a b l e  r e s o l u t i o n  o f  t he  problems 
was poss ib le .  Several o f  t h e  more impor tant  p rob l  erns a re  c u r r e n t l y  r e c e i v i n g  
considerable experimental and a n a l y t i c  a t t e n t i o n ,  and the r e s u l t s  o f  these 
s tud ies  cou ld  e v e n t u a l l y  be used t o  a d j u s t  ou r  data o r  improve our  ana lys i s .  

One area o f  p a r t i c u l a r  concern i s  t he  a p p l i c a b i l i t y  o f  l i n e  t r a n s e c t  
model s t o  dol ph in  surveys, both a e r i  a1 and shipboard. A1 though these methods 
have been a p p l i e d  t o  a e r i a l  data be fo re  (Smith 19811, t h e r e  have been no 
exper imenta l ly  c o n t r o l  l e d  s tud ies  t o  demonstrate the  appl i c a b i l  i ty, e s p e c i a l l y  
under v a r y i  ng s i  g h t i  ng cond i t i ons .  Thus the re1 i abi  1 i ty  o f  these methods f o r  
ana lys i s  o f  a e r i a l  survey data needs t e s t i n g .  S i m i l a r l y ,  we designed t h i s  
study t o  a l l o w  use o f  l i n e  t r a n s e c t  models t o  the research vessel do lph in  
s i g h t i n g  data. The p rob l  ems d i  scussed here o f  apparent ly  imprecise 
measurements o f  angles and d is tances a t  t he  t ime o f  s i g h t i n g ,  which precluded 
our  use o f  these methods, weakened t h e  o v e r a l l  r e l i a b i l i t y  o f  our  r e s u l t s  as 
the e f f e c t s  o f  t h e  v a r i a b i l i t y  o f  s i g h t i n g  c o n d i t i o n s  a re  n o t  adequately 
accounted f o r .  

We have conducted a d d i t i o n a l  experimental work on both o f  these problems 
i n  1980 and 1981, focus ing on ga the r ing  i n f o r m a t i o n  t o  improve t h e  design o f  
f u t u r e  s tud ies.  Resul ts  from these s tud ies  a re  i n  preparat ion.  A d d i t i o n a l l y ,  
we completed a d d i t i o n a l  s i g h t i n g  surveys i n  1980 aimed a t  improving t h e  
coverage f u r t h e r  o f f sho re .  These data, w h i l e  s t i l l  s u f f e r i n g  from p r e c i s i o n  
i n  the  angle and d i s tance  measurements, increase the  coverage s u f f i c i e n t l y  and 
a l l o w  b e t t e r  cons ide ra t i on  o f  the e f f e c t s  o f  sea s t a t e  (e.g., Beaufor t  Scale) 
and s i g h t i n g  cues (e.g., b i r d  d i s t r i b u t i o n s ) .  

Another general area o f  concern i s  t he  v i s u a l  e s t i m a t i o n  o f  do lph in  
school s ize.  The v a l i d i t y  o f  these est imates has been p a r t i a l l y  t e s t e d  by 
comparison t o  counts made from a e r i a l  photographs; s ince  1979 a d d i t i o n a l  data 
have been c o l l e c t e d  which w i l l  a l l o w  t e s t i n g  o f  t h e  v a l i d i t y  o f  t h e  v i s u a l  
est imates f o r  l a r g e r  schools. However, good a e r i a l  photographs have n o t  been 
taken under l e s s  i d e a l  s i g h t i n g  cond i t i ons ,  so t he  problem cannot y e t  be f u l l y  
evaluated. I n  a d d i t i o n ,  f u r t h e r  study o f  school s i z e  est imates i n c l u d i n g  data 
c o l l e c t e d  s ince 1979 w i l l  be r e q u i r e d  t o  b e t t e r  d e f i n e  r e l a t i v e  b iases i n  the  
data. These i n v e s t i g a t i o n s  w i l l  a i d  us i n  s e l e c t i n g  the bes t  source o f  data 
f o r  c a l c u l a t i n g  t h e  mean school s i z e  o f  t h e  dolph ins i n  the  ETP. 

The est imates o f  t he  p r o p o r t i o n  o f  t he  dolph ins o f  each species i n  an 
area are a f f e c t e d  by t h e  degree t h a t  a v a i l a b l e  data are r e p r e s e n t a t i v e  o f  t h e  
populat ion.  D i f f e r e n t  est imates a re  presented f o r  p r o p o r t i o n s  est imated from 
tuna vessel and from research vessel data, which a re  markedly d i f f e r e n t  f o r  
some species. Fu r the r  study o f  the tuna vessel searching process i s  needed t o  
determine more p r e c i s e l y  the types and degrees o f  sampling biases which may be 
present. Also, a d d i t i o n a l  research vessel s i g h t i n g  data i s  be ing c o l l e c t e d  t o  
evaluate the  s t a b i l i t y  o f  these p ropor t i ons  over t ime. 



F i n a l l y ,  t h e  area of t he  h i s t o r i c a l  ranges of these do lph in  populat ions 
has been used as an approximat ion t o  the actual  areas i n h a b i t e d  a t  the t ime o f  
t he  survey. These areas are sub jec t  t o  the u n c e r t a i n t i e s  o f  i n c l u d i n g  reg ions 
o f  p o t e n t i a l l y  very low dens i t y  along the margins o f  t h e  ranges, i n c l u d i n g  
reg ions n o t  occupied a t  a l l  a t  t he  t ime of the surveys, and i n c l u d i n g  reg ions 
occupied by separate b u t  perhaps s i m i l a r  animals o f  d i f f e r e n t  populat ions.  
This problem i s  e s p e c i a l l y  s i g n i f i c a n t  i n  the  present  s i t u a t i o n  because 
1 o g i s t i c  1 i m i t a t i o n s  have p rec l  uded complete coverage o f  the h i s t o r i c a l  ranges 
a t  one p o i n t  i n  time, and the  use of maximal ranges tends t o  b i a s  t h e  
resu l  ti ng popul a t i o n  s i z e  est imates upward. Add i t i ona l  data and analyses a re  
needed t o  improve our understanding of t h e  temporal f l u c t u a t i o n s  i n  d o l p h i n  
ranges i n  o rde r  t o  est imate actual  i n h a b i t e d  range a t  the t ime o f  a survey. 

I n  summary, these est imates o f  do lph in  popu la t i on  s i zes  are t h e  bes t  
a v a i l  ab1 e us ing  data a v a i l  ab1 e through e a r l y  1979. These est imates represent  
v a s t  improvements over prev ious est imates.  Several 1 i m i t a t i o n s  on data and 
a n a l y t i c  methods a r e  discussed. Analys is  o f  data c o l l e c t e d  s ince 1979 and 
improved a n a l y t i c  methods may r e s u l t  i n  upward adjustments o f  some est imates 
o f  t he  va r ious  parameters and downward adjustments of others.  This  r e p o r t  
represents  a re ference p o i n t  t o  which f u t u r e  comparisons may be made. 
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Tab1 e 1. Summary o f  exponenti  a1 power s e r i e s  (EPS) , $xponen ti a1 pol  ynomi a1 
(EP), and F o u r i e r  se r ies  (FS) est imates o f  f ( 0 )  f o r  do lph in  schools 
f o r  inshore a e r i a l  s i g h t i n g  data s t r a t i f i e d  by school s i z e  
categor ies.  

~~ 

School 
s i z e  
(SI 

EPS 
( 1 )  15<S<50 -- 
( 2 )  9 5 0  

( 3 )  Sum ( 1 ) + ( 2 )  
( 4 )  U n s t r a t i f i e d  

EP 

( 1 )  15<S<50 

( 2 )  s>50** 
( 3 )  Sum ( 1 ) + ( 2 )  
( 4 )  U n s t r a t i f i e d * *  

-- 

FS 

( 1 )  15<S<50 

( 2 )  9 5 0  

( 3 )  Sum (1 )+ (2 )  
( 4 )  U n s t r a t i f i e d  

-- 

Coef f i - 
Number Trunca- c i e n t  o f  

meters d is tance schools tip o f  goodness 
para- ti on Number v a r i a -  X2*  

(m) (W) (n )  4%) f ( 0 )  o f  f i t  nP(0) 

2 0.75 51  5.625 0.300 0.395 286.875 
2 1.35 62 3.247 0.389 0.245 201 314 

488.189 
2 1.35 114 5.359 0.314 0.417 610.926 

2 0.75 51 5.724 0.262 0.435 291.924 

4 0.75 51 5.75 0.151 0.910 284.325 
3 1.35 62 2.385 0.097 0.432 147.870 

432.195 
4 1.35 114 3.207 0.063 0.981 365.598 

* Denotes the  achieved s i g n i f i c a n c e  l e v e l  o f  the t e s t .  

** Maximum l i k e l i h o o d  est imates o f  parameters cou ld  n o t  
be obta ined by the  i t e r a t i v e  a lgo r i t hm used. 
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Table 2. Summary o f  the Four ie r  se r ies  est imates o f  f ( 0 )  f o r  
t he  1979 a e r i a l  s i g h t i n g  data i n  the  inshore area, 
c a l  c u l  a ted  a t  successi ve t r u n c a t i o n  po in ts .  

Trunca- Number 
t i o n  o f  Sampl e 
p o i n t  terms s i z e  
( W )  m )  (n )  ? (o)  s.e.(?(o))  c v ( f 0 ) )  x'* nT(0)  

0.25 
0.45 
0.65 
0.85 
1.05 
1.25 
1.45 
1.65 
2.05 

77 
96 

101 
107 
110 
112 
114 
116 
117 

5.18 
3.85 
3.68 
3.24 
3.32 
3.29 
3.05 
3.10 
3.02 

0.670 
0.252 
0.291 
0.168 
0.205 
0.237 
0.177 
0.201 
0.191 

0.129 
0.065 
0.079 
0.052 
0.062 
0.072 
0.058 
0.065 
0.063 

.914 

.840 

.894 

.914 

.959 

.953 

.941 

.972 

.957 

398.86 
369.60 
371.68 
346.68 
365.20 
368.48 
347.70 
359.60 
353.34 

*Denotes the  achieved s i g n i f i c a n c e  l e v e l  o f  the  t e s t .  
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Table 3. Perpendicular s i g h t i n g  d i s tance  d i s t r i b u t i o n s  f o r  l a r g e  d o l p h i n  
school s (>14 animal s 1 observed du r ing  vessel s i  g h t i  ng surveys aboard 
t h e  Jordan and Cromwell i n  t h e  o f f s h o r e  and c a l i b r a t i o n  areas. 

~~ ~~ ~ 

Number O f  Schools Sighted 
Perpendicular Jordan Cromwell 

d i  stance 
i n t e r v a l  Offshore C a l i b r a t i o n  Offshore C a l i b r a t i o n  

(nm) area area area area 

0.00-0.05 
0.06-0.15 
0.16-0.25 
0.26-0.35 
0.36-0.45 
0.46-0.55 
0.56-0.65 
0.66-0.75 
0.76-0.85 
0.86-0.95 
0.96-1.05 
1.06-1.15 
1.16-1.25 
1.26-1.35 
1.36-1.45 
1.46-1.55 
1.56-1.65 
1.66-1.75 
1.76-1.85 
1.86 -1.95 
1.96-2.05 
2.06-2.15 
2.16-2.25 
2.26-2.35 
2.36-2.45 
2.46-2.55 
2.56-2.65 
2.66-2.75 
2.76-2.85 
2.86-2.95 
2.96-3.05 
3.06-3.15 
3.16-3.35 
3.36-3.45 
3.46-3.55 
3.56-3.65 
3.66-3.95 
3.96-4.15 
4.16-4.25 
4.26-4.75 
4.76-7.15 

18 17 
7 
4 
6 
7 
13 

1 8 
4 

2 
6 
1 
3 
2 
2 
1 
1 
1 
1 

2 

2 

2 
3 
2 
4 
2 
1 
4 
4 
3 
1 
1 

1 

1 
1 

7 
4 
8 

1 
2 2 

1 

3 

5 
2 1 

1 
1 

1 
2 

1 1 
1 
1 

1 
1 
1 

1 

1 

Tota l  s i  g h t i  ngs 52 121 9 62 
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Table 4. Mean perpendicu lar  s i g h t i n g  d is tance ( P I  and mean 
Beaufor t  number* (B) f o r  each research vessel s i g h t i n g ,  
s t r a t i f i e d  by ship, species composit ion, area, and 
s i g h t i n g  cue. Sample s i zes  i n  parentheses. 

S i g h t i n g  Cue 

Ship Species Area B i r d s  Not B i r d s  

Jordan 
A1 1 

Spotted 

Spinner 
and 

Cromwell Inshore 
A1 1 

Spotted 
and 

Spinner 

Inshore P 1.6 (38) 
B 1.9 (38) 

Offshore P 0.5 ( 3 )  
B 2.0 ( 3 )  

Inshore P 1.7 (26) 
B 2.0 (26) 

Offshore P 0.8 ( 2 )  
B 2.0 ( 2 )  

P 1.5 (41) 
B 2.5 (41) 

Offshore P 1.0 ( 3 )  
B 2.3 ( 3 )  

Inshore P 1.4 (35) 
B 2.4 (35) 

Offshore P 0.8 ( 1 )  
B 3.0 ( 1 )  

0.8 (97)  
1.8 (97) 
0.8 (83) 
2.0 (83)  

0.4 (12) 
2.1 (12)  
0.9 (12) 
1.8 (12)  

0.9 (26) 
2.5 (26) 
0.4 ( 4 )  
2.5 ( 4 )  

0.5 ( 5 )  
2.2 ( 5 )  
0.5 (1 )  
3.0 ( 1 )  

*Note these a re  Beaufor t  numbers a t  the t ime 
of s igh t i ng ,  n o t  d u r i n g  s i g h t i n g  e f f o r t .  
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Table 5. Perpendicular sighting distance distributions for large 
d o l p h i n  school s (>14 animals) observed d u r i n g  aerial 
sighting surveys i n  the inshore and calibration areas. 
15,195 nm searched. 

Perpendicular 
distance interval 

( n m )  
Number o f  Schools Sighted 

Inshore Area Cal i b r a t i o n  Area 

0.00-0.05 
0.06-0.15 
0.16-0.25 
0.26-0.35 
0.36-0.45 
0.46-0.55 
0.56-0.65 
0.66-0.75 
0.76-0.85 
0.86-0.95 
0.96-1.05 
1.06-1.15 
1.16-1.25 
1.26-1.35 
1.36-1.45 
1.46-1.55 
1.56-1.65 
1.66-2.05 
2.06-3.85 

To t a l  ob serva t i ons 

20 
33 
24 
11 
8 
3 
2 
2 
4 
2 
1 

2 
2 

2 
1 
1 

118 

9 
15 
7 
2 
2 
2 
2 
1 
1 
1 

2 

1 

45 
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Table 6. Summary o f  the F o u r i e r  s e r i e s  est imates o f  f ( 0 )  
f o r  l a r g e  schools (>14 animals) observed du r ing  
the  1979 a e r i a l  s i g h t i n g  survey i n  the  i nsho re  
area. Truncat ion p o i n t  = 1.05 nm and number o f  
schools observed = 110. 

C o e f f i c i e n t  
Number Standard o f  Log l i k e l i -  
o f  para- g r r o r  var  i,a ti o n hood (XLL) Ra t io  
meters ?(o)  f (O)  f ( O )  X**  value XL L 

1 1.87 0.055 0.030 0.000 -229.424 

2 2.65 0.128 0.048 0.123 -216.120 

3 3.32 0.205 0.062 0.959 -210.493 

26.61 

11.25 

0.00 

1.09 

0.05 

4 3.33 0.322 0.097 0.917 -210.493 

5 3.61 0.403 0.111 0.966 -209.947 

6 3.67 0.485 0.132 0.924 -209.922 

*Denotes the  achieved s i g n i f i c a n c e  l e v e l  o f  the t e s t  
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Table 7. Number o f  observed dolphin schools and miles searched 
during the aer ia l  sighting survey i n  the inshore area.  
Data truncated a t  1.05 nm perpendicul a r  d i  stance.  

Number o f  Miles 
schools searched 

F1 igh t  n nm 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 

Total 

4 
2 
3 
6 
5 
5 
5 
2 
8 

11 
10 

2 
10 
15 
5 
0 
4 
5 
8 

110 

804.30 
956.46 
638.40 
796.75 
866.86 
939.91 

1136.10 
522.83 

1003.09 
572.46 
629.70 
590.99 
783.02 
979.68 
740.74 
607.34 

1025.34 
994.86 
606.06 

151 94.89 
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Table 8. Number of large d o l p h i n  schools observed per nautical  
mile searched, as  recorded by observers i n  1979 
aboard the PBY, R/V Jordan and R/V Cromwell i n  
the cal i b r a t i o n  and -re areas. S h i p  and aer ia l  
s i g h t i n g s  were truncated a t  1.15 nrn and 0.95 nm, 
respectively.  

Nautical S tandard  
Number m i  1 es  devi a t ion 

P1 atform schools ( n )  searched ( L )  n/L of ( n / L )  

Calibration Area 

PB Y 42 6239.8 
Jordan 77 2717.6 .0283 .0052 
Cromwell 37 2157.1 . 01 72 .0036 

Off shore Area 

Jordan 
Cromwel 1 

38 2033.3 .0187 .0079 
8 2008.1 .0040 .0017 
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Table 9. Summary of the Fourier s e r i e s  estimates of i ( 0 )  for  la rge  
dolphin schools observed d u r i n g  the aer ia l  sighting survey 
i n  the ca l ibra t ion  area. Truncation point was 0.95 nm and 
number of schools observed was 42. 

Coefficient Log 
Number Standard of Goodness l i k e l i -  

parameters srro r var i,a t i  on of f i t  hood Ratio 
( m )  + ( O )  f (0) f (0) X2" (XLL 1 XLL 

1 2.01 0.127 0.152 0.017 -86.567 
8.79 

5.72 

3.36 

0.28 

0.00 

2 2.76 0.268 0.097 0.259 -82.170 

3 3.53 0.388 0.109 0.750 -79.308 

4 4.29 0.513 0.119 0.995 -77.627 

5 4.55 0.685 0.150 0.997 -77.489 

6 4.55 0.872 0.192 0.987 -77.489 

*Denotes the achieved significance level of the t e s t  
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Table 10. Number o f  observed do lph in  schools and m i l e s  searched per  
f l i g h t  du r ing  the  a e r i a l  s i g h t i n g  survey i n  the  c a l i b r a t i o n  
area. 
(w=O.95 nm). 

Data were t runcated  a t  0.95 nm perpend icu la r  d is tance 

No. o f  
school s 

F1 i g h t  (n )  

M i  1 es 
searched 

(nm) 

3 
4 
5 
6 
7 
8 
9 

11 
12 
13 

2 
3 
6 
5 
5 
3 
2 

11 
3 
2 

792.1 
483.8 
666.9 
866.9 
939.9 
482.2 
409.3 
572.5 
435.2 
591.0 

Tota l  42 6239.8 
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Table 11. Number of observed dolphin schools and miles searched 
per day from the R / V  Cromwell in the calibration area. 
Data were truncated a t  1.15 nm perpendicular distance. 

No. o f  Miles 
Date school s searched 
(1979) ( n )  (nm) 

Jan 30 
31 

Feb 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

0 
1 

1 
1 
2 
2 
3 
1 
2 
4 
1 
0 

1 
1 
3 
6 
0 
0 
1 
0 
2 
2 
0 
3 

103.1 
109.0 

102.4 
70.5 

105.3 
86.6 
95.6 
72.1 
79.0 

110.9 
107.6 
113.5 

113.0 
98.1 
86.8 
80.6 
92.2 
88.0 
89.0 
67.7 
67.0 
66.5 
84.7 
68.3 

Total 37 2157.1 
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Table 12. Number o f  observed dolphin schools and miles searched 
per day from the R/V Jordan i n  the ca l ibra t ion  area.  
Data were truncated a m  nm perpendicular distance.  

No. o f  Miles 
Date school s searched 
(1979) ( n )  ( n m )  

Total 

Jan 30 
31 

Feb 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

11 
0 

5 
3 
1 
3 
4 
4 
3 
5 
4 
0 
0 
1 

5 
5 
2 
2 
1 
1 
1 
7 
2 
2 
5 

77 

99.3 
112.0 

75.1 
98.7 
22.2 

108.9 
107.7 
101.8 
111.5 
117.7 
114.9 
122.9 
119.1 
110.6 

124.2 
63.5 

112.6 
118.5 
116.4 
105.7 
113.3 
109.8 
114.8 
110.2 
106.2 

2717.6 
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Table 13. Number o f  observed do lph in  schools and m i les  searched 
per  day from the R/V Cromwell i n  the  o f f sho re  area. 
Data were t runcated  a t  1.15 nm perpendicu lar  d is tance.  

No. o f  M i  1 es 
Date schools searched 
(1979) (n )  (nm) 

Jan 7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

March 4 
5 
6 

0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 
3 

1 
1 
1 

126.4 
95.3 
91.1 

110.1 
122.4 
109.1 
120.0 
118.4 
115.9 
115.7 
116.3 
125.1 
121.7 
102.8 
105.7 

109.7 
96.0 

106.4 

Tota l  8 2008.1 
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Table 14. Number o f  observed do lph in  schools and m i l e s  searched f rom 
t h e  R/V Jordan i n  the  o f f s h o r e  area. Data were t runcated  
a t  1.15 nm perpendicul  a r  d is tance.  

No. o f  M i l e s  
Date school s searched 
(1979) ( n )  (nm) 

Jan 5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Mar 5 
6 
7 
8 

0 
2 
1 
0 
0 
0 
0 
1 
3 
2 
8 

13 
3 
0 
1 

87.1 
114.0 
115.2 
124.1 
100.5 
115.8 
111.1 
104.3 
107.9 
89.8 
91.0 
88.8 
94.8 

120.8 
120.2 

108.3 
115.6 
108.9 
115.2 

Tota l  38 2033.4 
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Table 15. Expected perpendicu lar  s i g h t i n g  d is tances (nm), w i t h  
sample s i zes  ( n )  a t  d i f f e r e n t  school s i zes  f o r  data 
from the 1979 do lph in  s i g h t i n g  surveys on the PBY 
a i r p l  ane, and the research vessel s Jordan and 
Cromwell . 

School 

s i z e  

PBY Jordan Cromwell 

E(XIS) n E(XIS) n E(XIS) n 

<15 

15 - 29 
30 - 59 

60 - 119 

120 - 239 

240 - 479 
480 - 959 

960 - 1919 

0.08 4 0.67 

0.18 5 0.70 
0.28 12 0.88 

0.38 16 0.93 
0.36 18 1.00 

0.44 13 1.99 
0.41 9 0.94 

1.60 3 2.62 

9 

10 
46 

28 
18 

15 
6 

1 

0.48 5 

0.93 10 

1.10 12 

1.22 13 
1.60 13 

1.45 12 
0.76 5 

2.29 1 
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Table 16. Target school s i z e  frequency d i s t r i b u t i o n s  
and r a t i o s  o f  weighted t o  unweighted means. 

1979 1979 1979 

School Size Aer i  a1 Jordan Cromwell 
I n t e r v a l  Frequency Frequency Frequency 

15 - 29 5 

30 - 59 12 

60 - 119 16 

120 - 239 18 

240 - 479 13 

480 - 959 9 

960 - 1919 3 

S unweighted = 250.01 

S weighted* = 201.34 

S weighted 

S unweighted 
= 0.81 

10 

46 

28 

18 

15 

6 

1 

144.70 

115.26 

0.80 

10 

12 

13 

13 

12 

5 

1 

189.94 

150.78 

0.79 

*See t e x t ,  equat ion 21. 

.. 
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Table 17. Mean school s i z e  est imates f o r  t a r g e t  species (school  
s i z e  >14 animals).  Mean i s  weighted f o r  s i g h t i n g  b ias .  

Data Source 

Standard 
e r r o r  Sample 

Weighted mean o f  mean s i  ze 

1977 observers 

A e r i a l  
Jordan 
Cromwell 
Tuna vessel 

1979 observers 

A e r i a l  
Jordan 
Cromwell 
Tuna vessel 

179.16 
188.65 
156.80 
884.01 

201.34 
115.26 
150.78 
521.54 

1979 Cal i b r a t i o n  Area observers* 

A e r i  a1 
Jordan 
Cromwell 
Tuna vessel  

195.40 
166.10 
187.92 
583.45 

29.81 
32.53 
65.06 
17.55 

26.96 
11.90 
20.55 
25.51 

48.32 
23.48 
26.80 
53.87 

47 
61 
18 

4223 

76 
124 
66 

6 94 

31 
62 
49 

167 

*Area used i n  c a l i b r a t i o n  o f  t h e  dens i ty  o f  t h e  research vessels  
i n  r e l a t i o n  t o  the a i r c r a f t .  
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Table 18. Mean school s i ze  est imates f o r  non- target  species 
(school s i z e  >14 animal s )  , weighted f o r  s i g h t i n g  
b ias .  

Data Source 

Standard 
Weighted e r r o r  o f  Sample 

mean mean* s i  ze 

1979 A e r i a l  observers 42.02 7.33 49 

1977 A e r i a l  observers 70.93 32.53 57 

*Approximation: See t e x t  
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Table 19. Proportion of dolphin schools (school size >14 
animals) w h i c h  were t a r g e t  schools (Ptarge t ) .  
See text f o r  c a l c u l a t i o n  method. 

Number 
days or  

Standard f l  i g h t s  w/ Number 
error of i den t i  f i  ed i d e n t i f i e d  

school s school s Survey 'target P t a r g e t  

1979 Aerial 0.6873 0.0629 18 
1979 Jordan 0.6635 0.0569 40 

1979 Cromwell 0.8484 0.0463 30 
Pool ed 0.7105 0.0338 88 

1977 Aerial 0.6229 0.0933 19 
1977 Jordan 0.8097 0.0515 30 

108 
167 

75 
3 50 

89 
66 

1977 Cromwell 0.9589 0.0320 14 
Pooled 0.7291 0.0447 63 

18 
173 
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Table 20. Species p r o p o r t i o n  o f  t a r g e t  schools (school s i z e  >14 
animals) , expressed as f r a c t i o n  o f  i n d i v i d u a l  s o f  g iven 
species per t a r g e t  school. 

Species 

Re search 
Aer i a1 vessel Tuna vessel 

1977 1979 1977 1979 1977 1978 1979 

1979 Inshore area 

Spotted 
Spinner 
Common 
S t r i p e d  
Fraser  I s 
Other 
n 

1979 Offshore area 
n o r t h  o f  equator 

Spotted 
Spinner 
Common 
S t r i p e d  
Fraser  I s 
Other 
n 

1979 Offshore area 
south o f  equator 

Spotted 
Spinner 
Common 
S t r i  ped 
Fraser  I s 
Other 
n 

0.3739 0.2216 0.3001 0.4420 0.5920 
0.1711 0.0940 0.1664 0.1197 0.1282 
0.4035 0.5557 0.1959 0.1461 0.2277 
0.0504 0.1043 0.2929 0.2782 0.0369 

0 0.0221 0.0378 0 0.0007 
0.0056 0.0025 0.0069 0.0140 0.0144 

38 55 28 137 2126 

0.4411 0.4717 0.1724 0.6381 
0.0519 0.2365 0.0828 0.1652 
0.3805 0.0649 0.2382 0.1489 
0.1265 0.1782 0.4885 0.0297 

0 0.0506 0.0136 0.0054 
0 0.0036 0.0066 0.0127 
9 50 44 2018 

0.2148 0 0.3575 
0.2145 0 0.1347 

0 0 0.2636 
0.5275 0.9693 0.2325 
0.0166 0 0.0009 
0.0265 0.0307 0.0109 

38 7 79 

0.5261 0.5914 
0.1475 0.1281 
0.2275 0.1886 
0.0769 0.0754 

0 0.0013 
0.0220 0.0152 

1099 605 

0.4714 0.4285 
0.1301 0.0332 
0.3349 0.4600 
0.0409 0.0623 
0.0035 0 
0193 0.0160 
71 5 72 

0.5291 0.2381 
0.1806 0.0476 
0.1062 0.5002 
0.1612 0.1664 
0.0141 0.0425 
0.0087 0.0051 

52 17 
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Table 21. Pooled estimates of species proportions of target schools 
(school size >14 animals), expressed as fraction of 
individuals of given species per target school. 

Inshore Area Northern Offshore Area 
Pooled research vessel Pool ed research vessel 
(77+79) and t u n a  (77+79) and tuna  

Species vessel (77-79) vessel (77-79) 

Standard Standard 
Proportion error Proportion error 

Spotted 
Spinner 
Common 
Striped 
Fraserls 
Other 
n 

0.5675 0.0078 0.5775 0.0092 
0.1306 0.0046 0.1491 0.0059 
0.2187 0.0068 0.2075 0.0085 
0.0661 0.0046 0.0461 0.0046 
0.0009 0.0005 0.0060 0.0014 
0.0162 0.0017 0.0139 0.0018 

3977 2881 

Southern Off shore Area 
Pooled research vessel 
(77+79) and tuna  1979 Research Vessel 

Species vessel (77-79) pooled a l l  areas 

Standard Standard 
Proportion error Proporti on error 

Spotted 
Spinner 
Common 
Stri ped 
Fraserl s 
Other 
n 

0.3482 0.0340 0.3599 0.0343 
0.1481 0.0235 0.1062 0.0194 

0.1629 0.0278 0.1786 0.0296 
0.2975 0.0372 0.3618 0.0369 
0.0122 0.0068 0.0033 0.0033 
0.0154 0.0066 0.0059 0.0028 

185 188 
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Table  21. ( C o n t i n u e d )  

Spec i es 

1977 and 1979 
Research  vessel 
Pooled a l l  a r e a s  

S t a n d a r d  
P ropor  t i  on e r r o r  

S p o t t e d  
Spinner  
Common 
S t r i p e d  
F r a s e r  ' s 
Other 
n 

0.3431 0.0288 
0.1348 0.0185 
0.1397 0.0221 
0.3551 0.0313 
0.0180 0.0074 
0.0094 0.0036 

2 60 
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Table 22. Area inhabited ( n m 2 )  by various species/stocks 
f o r  the inshore, and northern and southern 
offshore areas (Appendix 3) .  

Species/Stock 

Offshore, Offshore, 
north of south of 

Inshore equator e qua t o r  
area ( n m 2 )  ( n m 2 )  ( n m 2 )  

Spotted 
Coastal 
N. offshore 
S. offshore 

To t a l  

158,983 
1,244,164 

286,727 
1,689,874 

$ p i  nner 
N. w h i  tebel l y  
non-over1 ap 14,353 
Eastern, non-over1 ap 582,764 
E. and N. whitebelly area 

o f  overlap 704,504 
S. whi  tebel l y  339,568 
Costa Rican 38,614 

Total 1,679,803 

Common 
N. t ropical  149,128 
E. central  t ropical  1,013,799 
W .  central  tropical 3,832 
S. t ropical  488,173 

Total 1,654,932 

Striped 
N. t ropical  220,904 
E. central  t ropical  1,027,023 
W .  central  tropical 
Southern t ropical  432,558 

To t a l  1,680,485 

Maximum area occupied 1,753,826 

44,326 
2,251,058 

645,799 
2,295,384 

1,602,804 
287,204 

599,438 
797,068 

2,489,446 

401,329 
126,447 

1,007,297 
191,550 

1,726,623 

307,348 
310,064 
840,342 
486,232 

1,943,986 

2,801,084 

12,677 

758,476 

797,068 

142,380 
142,380 

994,989 
994,989 

1,075,545 
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Table 23. P ropor t i on  o f  eastern and nor thern  w h i t e b e l l y  sp inner  
do lph in  i n  the area o f  t h e i r  over lap,  us ing  tuna vessel 
data f o r  1978 and 1979. 

Spinner 
dol  ph i  n 

Inshore Area O f f  shore Area 

Standard Standard 
P ropor t i on  e r r o r  n Propor t ion  e r r o r  n 

1979 
Eastern 0.5121 

Northern whi t ebe l  l y  0.4879 

1978 
Eastern 0.5175 

Northern whi t ebe l  l y  0.4825 

1978-79 Pool ed 
Eastern 0.5161 

Northern whi t ebe l  ly 0.4839 

0.0925 0.3504 

0.0990 0.6496 
3 52 

0.0535 0.3670 

0.0554 0,6331 
988 

0.0462 0.3663 
1340 

0.0483 0.6337 

0.3862 

0.4630 
9 

0.0632 

0.0636 
370 

0.0623 

0.0634 
379 
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Table 24. Estimates of p o p u l a t i o n  sizes ( i n  thousands o f  animals) by stock 
for target species using pooled 1977-79 t una  vessel and research 
vessel observer da ta ,  using pooled 1977 and 1979 research vessel 
data  combined for a l l  areas, and using 1979 research vessel da ta  
combined for  a l l  areas. Standard errors shown i n  parentheses. 

Speci es/Stoc k 

Pooled 1977-79 t u n a  1977+79 1979 
vessel and 1977+79 Research Research 

research vessel vessel vessel 

Spotted 
Coastal 
Northern offshore 
Southern offshore 

To t a l  

Spinner 
Costa Rican 
Eastern 
Northern whi tebel l y  
Southern whi  tebel l y  

Total 

Common 
Northern tropical 
East central tropical 
West central tropical 
Southern tropical 

To ta l  

Striped 
Northern tropical 
East central tropical 
West central tropical 
Southern t rop i c a1 

Total 

189.8 
2775.0 

584.6 
3549.4 

9.0 
292.9 
380.4 
226.6 
908.9 

184.1 
443.1 
314.6 
431.3 

1373.1 

45.0 
140.8 

51.5 
376.5 
613.8 

Fraser' s 
Fraser' s (inshore area) 2.7 
Fraserls (outside, N. of equator)* 15.5 
Fraserls (outside, S. o f  equator)* 12.1 

To t a l  30.3 

(40.0) 
(761.4) 
(156.2) 
(946.8) 

(2.0) 
(64.4) 

(134.9) 
(73.0) 

(263.4) 

(58.1) 
(94.8) 

(135.3) 
(122.4) 
(368.9) 

(11.2) 
(30.9) 
(22.7) 

(147.4) 
( 196.8 ) 

(1.6) 
(7.6) 
(8.5) 

(14.3) 

114.4 (25.5) 
1682.0 (471.8) 
465.5 (141.1) 

2261.9 (629.1) 

9.3 (2.4) 
292.7 (71.0) 
354.2 (128.4) 
216.0 (67.4) 
872.2 (254.3) 

121.9 (41.4) 
284.4 (72.9) 
211.7 (96.6) 
303.0 (92.0) 
921.0 (267.4) 

285.9 (74.5) 
800.5 (179.1 ) 
397.0 (174.2) 
851.8 (273.5) 

2341.2 (652.3) 

54.3 (25.3) 
46.6 (27.7) 
17.9 (10.6) 

118.8 (44.4) 

120.0 (27.1) 
1764.0 (497.9) 
488.3 (148.9) 

2372.3 (663.3) 

7.4 (2.1) 
230.6 (60.2) 
279.0 (104.7) 
170.2 (55.2) 
687.2 (207.1) 

142.2 (48.8) 
331.6 (87.2) 
246.9 (113.7) 
353.3 ( 108.2) 

1074.0 (314.7) 

291.3 (79.6) 
815.6 (185.8) 
404.5 (178.7) 
874.0 (280.0) 

2385.4 (668.9) 

9.9 (10.2) 
8.5 (9.3) 
3.3 (3.6) 

21.7 (14.8) 

*Assumes range t o  be the same as spotted d o l p h i n .  
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Table 25. Est imates o f  popu la t ion  s izes  o f  spotted, spinner,  
common, and s t r i p e d  do lph in  as o f  January 1, 1974*. 
Est imates are  i n  thousands o f  animals. Note t h a t  
s tock names and boundaries a re  n o t  e n t i r e l y  equ iva len t  
t o  1979 est imates.  

Spec i e s/Stock 

Spotted 
Coastal 
Offshore and 

Tota l  
southwestern 

Spinner 
Costa Rican 
Eastern 
Whi tebe l  l y  & southwestern 

To t a l  

Common 
Nor thern 
Centra l  
Southern 

Tota l  

S t r i p e d  
Northern 
Nor th equa to r ia l  

T o t a l  

3500 
3 500 

- 
1200 

1600 
400** 

400 
230 
800 
1430 

18 
230 
2 48 

500 
500 

- 
200 
55 
207 

45 
75 
75 

115 

7 
60 
60 

*Source: Stock assessment Workshop , La J o l  1 a , Cal i f o r n i a  , J u l y  27-31 , 
1976 (SWFC 197613. 

**Subsequent t o  the  workshop new data were obta ined which increased 
the  January 1, 1977 pro jec ted  es t imate  of w h i t e b e l l y  sp inners t o  
approximately 690,000 animal s. 



6 7  

Table 26. Populat ion est imates o f  spotted, spinner,  common, 
and s t r i p e d  do lph in  i n  1974 and 1979. See Table 
25 f o r  exp lanat ion  o f  the  1974 est imates.  
a re  i n  thousands o f  animals. 

Est imates 

1977-79 Tuna 
vessel and 
1977+1979 1977+1979 1979 
r e  search Research Research 

Species 1974 vessel vessel vessel 

Spot ted 3500 3549 2262 2372 

Spinner 1600 909 872 687 

1430 1373 92 1 1074 

248 614 2341 2385 

Common 

S t r i p e d  
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APPENDIX 1 
AD HOC COMMITTEE MEMBERS 

P a r t i c i p a n t s  i n  the se r ies  o f  f o u r  workshops ( ( 1 )  August 30-September 1, 
1977; ( 2 )  December 8-9, 1977; ( 3 )  October 5-6, 1978; (4 )  June 25-26, 1979) 
were : 

D r .  Robin A l l e n  
Inter-American Trop ica l  

Tuna Commission 
La J o l l a ,  CA (1,2,3) 

D r .  David Anderson 
Utah Cooperat ive W i  1 d l  i f e  U n i t  
Utah Sta te  U n i v e r s i t y  
Logan, Utah (1,2,3) 

D r .  David Burd ick 
Porpoise Rescue Foundation and 
San Diego Sta te  U n i v e r s i t y  
San Diego, CA (1,2,3,4) 

D r .  Kenneth Burnham 
Uni ted  States F i sh  

F o r t  Co l l i ns ,  CO (1,2,3,4) 
and W i l d l i f e  Serv ice 

D r .  Douglas Chapman 
Marine Mammal Commission and 
Co l l  ege o f  F i  sher ies  
U n i v e r s i t y  o f  Washington 
Seat t le ,  WA (3 )  

D r .  Brad Cra in  
Department o f  Mathematics 
U n i v e r s i t y  o f  Oklahoma 
Norman, OK ( 1 )  

Southwest F i s h e r i e s  Center S t a f f  

D r .  Rennie H o l t  

D r .  Joseph Powers 

D r .  David Au 
D r .  E r i c  Barham 
LT Terrance Jackson 
Mr.  Ernest  B raz ie r  

( Co-c ha i  rman and Edi t o r )  

(Co-chai rman and Edi t o r )  

D r .  Lee Eberhardt  
Marine Mammal Commi ss ion  and 
B a t t e l l  e Northwest Labora tor ies  
Rich1 and, WA (1,2,3,4) 

M r .  J e f f r e y  Laake 
Inter-American Trop ica l  
Tuna Commission 
La J o l l a ,  CA (4 )  

D r .  Terrance Quinn 
I 'n te rna t iona l  P a c i f i c  
H a l i b u t  Commission 
U n i v e r s i t y  o f  Washington 
Seat t le ,  WA (1,2,4) 

D r .  Kenneth Po l lock  
Department o f  S t a t i s t i c s  
N. Carol i n a  Sta te  U n i v e r s i t y  
Raleigh, NC ( 3 )  

Mr .  P a t r i c k  Tom1 inson 
I n  ter-Ameri  can Trop ica l  
Tuna Commi ss ion  
La J o l l a ,  CA ( 1 )  

D r .  Nancy Lo 
D r .  W i l l i am P e r r i n  
LCDR Wayne Perryman 
D r .  T i m  Smith 
D r .  Warren Stun tz  
M r .  Jay Barlow 
Ms. Jacquel ine Jennings 

(Copley I n t e r n a t i o n a l  Corp., La J o l l a ,  CA. 
Contracted t o  the  Southwest F i she r ies  Center)  
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APPENDIX 2 

MULTI-WAY ANALYSIS OF VARIANCE OF SCHOOL S I Z E  ESTIMATES 

Est imates o f  mean do lph in  school s i z e  may be b iased by t h e  p l a t f o r m  from 
which t h e  observat ions took place. I n  a d d i t i o n  t o  p la t fo rm,  o the r  f a c t o r s  
which may i n f l u e n c e  the mean school s i z e  est imates i n c l u d e  year ,  qua r te r  o f  
t h e  year, and geographical  area. Previous ana lys i s  u t i 7  i z i n g  one-way ana lys is  
o f  var iance (B raz ie r  1978 l )  examined the i n f l u e n c e  o f  these th ree  f a c t o r s  as 
w e l l  as severa l  o thers.  S i g n i f i c a n t  v a r i a b i l i t y  between years was found f o r  
a e r i a l  observat ions and f o r  observat ions by NMFS personnel on tuna vessels. 
I n  1975 and 1976 t h e  mean school s izes,  as est imated by a l l  observers 
s t a t i o n e d  on tuna vessel s ,  were s i g n i f i c a n t l y  d i f f e r e n t  between quar te rs  o f  
t h e  same year .  Four geographical areas (F igure  A2.1) were used t o  examine 
reg iona l  e f fects .  The mean school s i zes  f o r  the  f o u r  areas were found t o  be 
s i g n i f i c a n t l y  d i f f e r e n t  i n  1974 and 1976 f o r  observat ions made by tunaboat 
crews on ly .  

The one-way ana lys i s  o f  var iance used i n  the above-mentioned ana lys i s  has 
some drawbacks. F i r s t ,  s ince samples must be s t r a t i f i e d  w i t h  respec t  t o  o the r  
s i g n i f i c a n t  f ac to rs ,  sample s i z e  i s  reduced and m u l t i p l e  t e s t i n g  becomes a 
cons idera t ion .  Secondly, t h e  s i g n i f i c a n c e  o f  i n t e r a c t i o n s  between f a c t o r s  
cannot be tes ted .  An example o f  such an i n t e r a c t i o n  migh t  be i f  seasona l i t y  
i n  school s i z e  va r ied  by geographical area. Mult i -way ana lys i s  o f  var iance 
prov ides a means o f  t e s t i n g  the  s i g n i f i c a n c e  o f  such i n t e r a c t i o n s  between 
fac to rs .  

Al though i t  might  be des i rab le  t o  t e s t  a l l  poss ib le  i n t e r a c t i o n s  between 
p la t fo rm,  year,  quar te r ,  and area, t h e r e  was t h e  l i m i t a t i o n  o f  a v a i l a b l e  
data. Incomplete f a c t o r i a l  design and g ross l y  unequal c e l l  s izes  confound any 
at tempt  t o  l ook  s imul taneously  a t  a l l  i n t e r a c t i o n s  o f  the  above fac to rs .  The 
very 1 arge sample s i z e  f o r  tuna vessel observat ions dominate any i n t e r a c t i o n  
t h a t  does n o t  cons ider  observat ion p la t fo rm.  It was n o t  poss ib le ,  however, t o  
l ook  f o r  p l a t f o r m  i n t e r a c t i o n s  w i t h  year,  quar te r ,  o r  area due t o  i n s u f f i c i e n t  
data. For these reasons, i n t e r a c t i o n  e f f e c t s  were examined on a subset o f  the  
t o t a l  data set .  

To examine t h e  e f f e c t s  of area, qua r te r  o f  t h e  year,  and the  i n t e r a c t i o n  
of area and quar te r ,  tuna vessel observat ions made by crew and NMFS personnel 
were considered separate ly .  The data from 1974 t o  1977 ( t h e  same data s e t  
u t i l i z e d  by B r a z i e r  ( 1 9 7 8 ) l )  were lumped. The ana lys i s  o f  var iance model was 
thus 

Xijk = x t ct i ' P j  

lB raz ie r ,  E.B., 1978. A s t a t i s t i c a l  ana lys i s  o f  porpoise school s i z e  
es t ima t ion  data from t h e  eastern t r o p i c a l  p a c i f i c .  Copley I n t l .  Corp., 
La J o l l a ,  CA. 117pp. 
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where: = s i z e  o f  t he  kth school found i n  area i 
and quar te r  o f  the year  j, 

' i j k  

X = mean school s ize,  

ai = d e v i a t i o n  from mean school s i z e  due t o  
area e f fec ts ,  

p j  = d e v i a t i o n  from mean school s i z e  due t o  q u a r t e r  
o f  t he  year e f f e c t s ,  

a i j  = i n t e r a c t i o n  e f f e c t  o f  area and quar ter ,  and 

E j j k  = r e s i d u a l  var iance. 

The assumptions o f  t h e  above model are: 1 )  e r r o r  terms a re  normal ly  
d i s t r i b u t e d  and independent, and 2 )  var iance shows homoskedaci ty. 

The hypotheses t e s t e d  were: 

1) The mean school s i zes  i n  each o f  the f o u r  areas were n o t  
s t a t i s t i c a l l y  d i f f e r e n t ,  

2 )  The mean school s i zes  i n  each o f  t he  f o u r  qua r te rs  o f  t he  year were 
n o t  s t a t i  s t i c a l  l y  d i f f e r e n t ,  and 

3 )  The mean school s i zes  i n  each o f  t he  poss ib le  combinations o f  area 
and quar te r  were no t  s t a t i s t i c a l l y  d i f f e r e n t .  

Each o f  t he  above n u l l  hypotheses was t e s t e d  a t  an e f f e c t i v e  s i g n i f i c a n c e  
l e v e l  of  a= .05. Tes t ing  a l l  t h ree  hypotheses simultaneously reduces t h e  
actual  r e j e c t i o n  c r i t e r i a  by approximately o n e - t h i r d  (01 = .05/3 = .017). 
Program P2V o f  Biomedical Computers Program' s P-Series (Di  xon and Brown 1977) 
was used t o  c a l c u l a t e  the ana lys i s  o f  variance. 

The c e l l ,  column, and row means f o r  school s i z e  est imates are given i n  
Tables A2.1 and A2.2. The r e s u l t s  of t he  a n a l y s i s  o f  var iance (ANOVA) a re  
summarized i n  Tables A2.3 and A2.4. 

For observat ions made by NMFS personnel from tuna vessels, t he  mean 
school s i zes  by area and quar te r  o f  t he  yea r  d i d  n o t  show s i g n i f i c a n t  
d i f f e r e n c e s  ( p  >.017). The i n t e r a c t i o n  e f f e c t  o f  qua r te r  and area was shown 
t o  be s i g n i f i c a n t ,  thus the  t h i r d  hypothesis above can be r e j e c t e d  
( p  <.017). S i m i l a r l y ,  t he  mean school s i z e  as est imated by tuna vessel crew 
members d i d  n o t  show s i g n i f i c a n t  d i f f e r e n c e s  between areas o r  qua r te rs  o f  t he  
year  ( p  >>.017). Again, however, t he  i n t e r a c t i o n  e f f e c t  o f  area and quar te r  
was found t o  be s i g n i f i c a n t  ( p  <.017). 

The ANOVA t e s t  has i n d i c a t e d  t h a t  t he  observed e f f e c t s  o f  area/quar ter  
i n t e r a c t i o n s  are u n l i k e l y  t o  have a r i s e n  from chance alone. The actual  cause 
o f  t he  d i f f e r e n c e s  i n  mean est imates i s  sub jec t  t o  conjecture.  The 
d i f f e r e n c e s  may r e f l e c t  r e a l  changes i n  school s i z e  o r  they cou ld  r e f l e c t  
reg iona l  and seasonal d i f f e r e n c e s  i n  the b i a s  o f  t he  school s i z e  est imates.  
Care must t h e r e f o r e  be taken t o  avoid confus ing a n a l y s i s  o f  var iance w i t h  an 
a n a l y s i s  o f  cause. 
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Table A2.1. Cell means, sample sizes, and s tandard devia t ions  f o r  
school size e s t i m a t e s  by observers on tuna vessels. 

Row 
Area 1 Area 2 Area 3 Area 4 means 

1st Qtr 40 804 930 
n = l  n=380 n=1287 
S.D.=O S. D. =1295 

2nd Qtr 1095 919 1009 
n=347 n=198 n=1201 
S. D. =1316 S. D. =1243 

3rd Qtr 1048 722 858 
n=948 n=54 n=775 
S. D. =1435 S. D. =778 

4th Qtr 1450 1496 828 
n=45 n=46 n=187 
S. D. =1440 S. D. =1953 

Col umn 
means 1073 878 936 

9 95 
n=2129 
S. D. =1295 

93 9 
n=1757 
S. D. =1432 

1041 
n=7 78 
S. D. =lo47 

1023 
n=256 
S. D. =1290 

954 

S. D. =1555 

97 7 

S. D. =1399 

981 

S. D. =1787 

1031 

S. D. =1653 

984 97 3 
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Table A2.2. C e l l  means, sample s izes,  and standard d e v i a t i o n s  
f o r  school s i z e  es t imates  by tuna vessel crews. 

Row 
Area 1 Area 2 Area 3 Area 4 means 

1 s t  Qtr 900 1518 1328 
n = l  n=151 n=767 
S. D. =O S. D. =1558 

2nd Qtr 1418 1120 1308 
n=282 n=150 n=863 
S.D.=1608 S.D.=1522 

3 r d  Qtr 1342 871 1054 
n=715 n=31 n=730 
S. D. =1692 S. D. =706 

4 t h  Qtr 1476 1343 1193 
n=26 n=28 n=162 
S. D. 4 2 7 9  S. D. =1262 

Col umn 
means 1366 1283 1233 

1230 
n=975 
S .  D. =1515 

1188 
n=1083 
S. D. =1624 

1346 
n-632 
S. D. =1326 

1211 
n=178 
S. D. =1244 

1239 

1292 

S. D. =1407 

1255 

S .  D. =1570 

1237 

S. D. =2086 

1230 

S.  D.=1706 

1258 
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Table A2.3. ANOVA r e su l t s  from observer estimates of school s i ze .  

Degrees 
of Tai 1 

Source freedom F-Rat io  probabili ty 

Mean 
Quarters  
Area 
Quarters /area 

103.3 

2.98 
1.59 

2.48 

. 000 

.030 

.189 

.008 

Deci s i  on 

- 
Fai l  to r e j e c t  
Fail t o  r e j e c t  
Reject 

Error 10373 - - - 
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Table A2.4. ANOVA r e s u l t s  from crew est imates of school s i z e  

Degrees 

o f  Tai 1 

Source freedom F-Rat io p robab i l  i ty Dec is ion  

Mean 1 136.9 . 000 - 
Quar te rs  3 .60 .613 F a i l  t o  r e j e c t  
Area 3 .07 .975 F a i l  t o  r e j e c t  
Quarters/Area 9 2.39 .Oll Re jec t  

- - E r r o r  6758 - 
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Figure A2.1. Geographical s t r a t i f i c a t i o n  for school s i ze  multi-way analysis 
of variance ( a f t e r  Brazier 1979'). 
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APPENDIX 3 

Est imat ion o f  Area Inhab i ted  

Boundaries f o r  each do lph in  stock, based on the maximum h i s t o r i c a l  range 
(Au e t  a l .  197911, were p a r t i t i o n e d  i n t o  inshore,  no r the rn  o f f sho re ,  and 
southern o f f s h o r e  subareas, as shown i n  F igures A3.1 t o  A3.4 f o r  spotted, 
spinner,  common, and s t r i p e d  dolphin,  r e s p e c t i v e l y .  

The square n a u t i c a l  m i l e s  i n h a b i t e d  by a species/stock i n  a subarea was 
determined by f i r s t  coun t ing  the  number o f  1" q u a d r i l a t e r a l  squares w i t h i n  the  
stock range a t  each degree o f  l a t i t u d e ;  p a r t i a l  squares were approximated. 
Next t h e  number o f  1" squares were m u l t i p l i e d  by the  area i n  a 1" square. 
S i  nce 1 ongi  t u d i  na l  1 engths decrease a t  i nc reas ing  d i s tance  from the equator 
square, a co r rec ted  area f o r  each 1" square l a t i t u d e  was used ( B i a l e k  1966). 
The t o t a l  area i n h a b i t e d  i n  a subarea was found by summing the approp r ia te  1" 
l a t i t u d e  areas (Tables A3.1-A3.4). The d e t a i l s  o f  these c a l c u l a t i o n s  a re  
shown i n  Tables A3.1 t o  A3.4 f o r  spotted, spinner,  common, and s t r i p e d  
dol  p h i  ns , respec ti v e l y  . 

lAu, D., W. L. Perryman and W. Per r in .  1979. Dolphin d i s t r i b u t i o n  and the 
r e l a t i o n s h i p  t o  environmental f ea tu res  i n  the  eastern t r o p i c a l  P a c i f i c ,  
Southwest F ish.  Cent., Status o f  Porpoise Stocks working paper SOPS/79/36. La 
J o l l a ,  CA m p . -  



Table A3.1. kumber of 1" square quadr i l a t e ra l s  deterrliined by subareas for  
southern offshore ( S S ) ,  northern offshore (NS), and Coastal (C) 
spotted dolphin stocks i n  the inshore ( I ) ,  northern of fshore  
( N O ) ,  and southern offshore ( S O )  areas .  A-SS stock, SO area; 
B=SS stock, I a rea ;  C=NS stock, NO a rea ;  0=NS s tock ,  I area;  
E=NS s tock ,  SO area ;  F=C stock, I a rea ;  and G=C stock, NO area.  

Area o f  
1' l a t .  
R long. Stock Subarea 

Degrees quadri- 
l a t .  l a t e r a l  A 8 C D E F G 

North 
27-26 
26-25 
25-24 
24-23 
23-22 
22-21 
21-20 
20-19 
19-18 
18-17 
17-16 
16-15 
15-14 
14-13 
13-12 
12-11 
11-10 
10- 9 

9- 8 
8- 7 
7 -  6 
6- 5 
5- 4 
4- 3 
3- 2 
2- 1 
1- 0 

S o u t h  
0- 1 
1- 2 
2- 3 
3- 4 
4- 5 
5- 6 
6- 7 
7-  8 
8- 9 
9-10 

10-11 
11-12 

3220.22 
3247.14 
3273.08 
3298.04 
3322 .OO 
3344.96 
3366.91 
3387.85 
3407.78 
3426.68 
3444.56 
3461.41 
3471.23 
3492.01 
3505.74 
3518.43 
3530.08 
3540.67 
3550.21 
3558.70 
3566.14 
3572.50 
3577.82 
3582.07 
3585.26 
3587.39 
3588.45 

3588.45 
3587.39 
3585.26 
3582.07 
3577.82 
3572.50 
3566.14 

3550.21 
3540.67 
3530.08 
3518.43 

3558.70 

29.4 
27.3 
25.6 
23.4 
20.7 
18.2 
15.1 
11.5 

7.2 
2.3 

3.1 
6.9 
8.8 
8.2 
8.1 
8.7 
8.9 
8 .7  
8.5 
8.1 
2.5 

1 .8 
5.4 
9 .1  0.3 

11.5 1.5 
16.7 3.1 
20.4 6 .O 
23.0 8.6 
25.9 11.7 
2 7 . 8  i6 .8  
30.3 18.0 
32.5 19.7 
33.9 22.2 
36.0 22 .4  
37 .O 22.6 
37.2 23.3 
36.9 24.5 
37.5 25.2 
37.6 24.3 
40.4 22.8 
34.6 19.9 
34.1 16.5 
35.0 12.9 
33.5 10.7 

9.8 31.4 
6.2 
2.4 

2 . 1  
2.0 
2.5 
2.8 
2 .8  

0.8 1 . 2  
1 .o 0.1 
0.9 
1 .3  
2.0 
2 .o 
4.6 
1 . 1  
3.4 
1.9 
1 . 2  
1.0 
1.8 
2.9 
3.4 
2.0 
1 .o 
1.1 
1.3 
1.1 
1 .3  
1.1 

1.1 
0.9 
1.1 
1.3 
0.9 
0.9 
0.8 

T o t a  area 
645799 286727 2251058 1244164 112677 158983 44326 i! ( n m  1 
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Table A3.2. Number o f  1" square quadr i l a t e ra l s  determined by subareas f o r  
northern whitebelly (NU) ,southern whitebelly ( S W ) ,  eastern ( E )  
and Costa Rican ( C R )  spinner dolphin stocks in  the  inshore ( I ) ,  
northern offshore ( N O ) ,  and southern offshore (SO) areas.  A=NW 
stock non-overlap NO a rea ;  B=NW stock, non-overlap I area;  C=NW 
and E s tocks ,  overlap I area; D=NW and E s tocks ,  overlap NO 
a rea ;  E=E stock non-overlap I a rea ;  F=E stock, non-overlap NO 
area ;  G=SW stock SO area; H=SW stock, I a rea ;  J = M  stock, I 
a rea .  

Area o f  
1' l a t .  
& long. Stock Subarea 

Degrees quadri- 
l a t .  l a t e r a l  A B C D E F G H J 

North 
25-24 
24-23 
23-22 
22-21 
21-20 
20- 19 
19-18 
18-17 
17-16 
16-15 
15-14 
14-13 
l ?  12 
12-11 
11-10 
10- 9 

9- 8 
8- 7 
7- 6 
6- 5 
5- 4 
4- 3 
3- 2 
2- 1 
1- 0 

S o u t h  
0- 1 
1- 2 
2- 3 
3- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 
9-10 

10-11 
11-12 
12-13 
13-14 

Totaj area 
( n m  ) 

3273.08 
3298.04 
3322 .OO 
3334.96 
3366.91 
3387.85 
3407.78 
3426.68 
3444.56 
3461.41 
3477.23 
3492.01 
3505.74 
3518.43 
3530.08 
3540.67 
3550.21 
3558.70 
3566.14 
3572.50 
3577.82 
3582.07 
3585.26 
3587.39 
3588.45 

3588.45 
3587.39 
3585.26 
3582.07 
3577.82 
3572.50 
3566.14 
3558.70 
3550.21 
3540.67 
3530.08 
3518.43 
3505.74 
3492.01 

4.6 
10.5 
14.9 
17.9 
20.5 
22.2 
24.1 
26.1 
27.4 
29.4 
31.3 
33.3 
35.1 
40.7 
38.0 
36.8 0.5 
38.1 3.5 

1602804 14353 

1.4 
4.3 
6.4 
8.9 

11.3 
15.9 
17.5 
22.2 
22 .o 
20.4 
18.6 
16.8 
14.4 
11 .o 

6.8 

2.1 
6.1 

0 .1  8 .O 
0.9 8.0 
1.2 9.1 
2.2 10 .o 
5 .O 12.0 
7.9 13.0 

1.8 11.1 11.5 
8.1 16.2 5.0 

14.0 16.8 
15.0 16.1 
15.5 16.3 
15.9 14.3 
15.6 12.1 
15.3 8 .O 
14.2 7.7 
13.3 3.7 
12.3 5.0 
11.5 6.0 
10.8 5.3 

6.4 4.2 
0.1 2.4 

2.5 
1.4 

704504 599438 582764 287204 

0.2 
1.1 
1.2 
1.1 
1.5 
1.4 
2.4 
2.0 

32.1 9.5 
29.7 8.8 
27.2 8.0 
24.5 7.6 
21.8 7.2 
19.1 6.9 
16.5 7.2 
13.7 7.5 
11.0 7.8 

8.1 8.1 
5.5 8.3 
3.0 8.4 
8.2 
2.8 

797068 339568 38614 



Table A3.3. Number o f  1" square q u a d r i l a t e r a l s  determined by subareas for  
area occupied by no r the rn  t r o p i c a l  (NT), west c e n t r a l  t r o p i c a l  
(WC), eas te rn  c e n t r a l  t r o p i c a l  (EC) and southern t r o p i c a l  (ST) 
common do lph in  s tocks  i n  the  i nsho re  ( I ) ,  nor the rn  o f f s h o r e  (NO)  
and southern  o f f s h o r e  ( S O )  areas. A=NT s tock ,  NO area; B=NT 
s tock ,  I area; C=WC stock,  NO area; U=WC s tock ,  I w e d ;  E=EC 
s tock ,  NO area; F=EC s tock ,  I area; G=ST s tock ,  NO area; H=ST 
stock,  I area; J=ST stock,  SO area. 

Degrees 
1 a t .  

Nor th  
28-27 
27-26 
26-25 
25-24 
24-23 
23-22 
22-21 
21-20 
20-19 
19-18 
18-17 
17-16 
16-15 
15-14 
14-13 
13-12 
12-11 
11-10 
10- 9 

9- 8 
8- 7 
7 -  6 
6- 5 
5- 4 
4- 3 
3- 2 
2- 1 
1- 0 

South 
0- 1 
1- 2 
2- 3 
3- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 
9-10 

Area o f  
1' l a t .  
& long .  
quadr i -  
1 a t e r a l  

3192.32 
3220.22 
3247.14 
3273.08 
3298.04 
3322 .OO 
3344.96 
3366.91 
3387.85 
3407.78 
3426.68 
3444.56 
3461.41 
3477.23 
3492.01 
3505.74 
3518.43 
3530.08 
3540.67 
3550.21 
3558.70 
3566.14 
3572.50 
3577.82 
3582.07 

3587.39 
3588.45 

3588.45 
3587.39 
3585.26 
3582.07 
3577.82 
3572.50 
3566.14 
3558.70 
3550.21 
3540.67 

3585.26 

Tota  area h (nm ) 

Stock Subarea 

A B C D E F G H J 

6.3 
6.9 
8.1 
8.7 

11.4 
12.9 
13.2 
11.9 
10.7 

9.3 
8.0 
6.7 
6.1 

401329 

0.6 
1.5 
2.4 
4.9 
7.5 

11 .o 
15.5 8.7 

21.3 
27.2 
28.6 
30.2 
30.7 
31.6 
32.5 
32.5 
24.4 

8 .O 
5.5 
4.2 

149128 1007297 

0.7 
0.3 
0.1 

0.4 
0.8 
1.2 
1.5 
1.8 
3.5 
6.1 
8.9 

11.2 

17.9 
20.0 
22.9 
22.3 
23.3 
24.0 
26.5 
29.0 
29 .O 
26.6 
23.7 
2 1  .o 

17.0 16.7 
18.1 14.2 
18.3 11.6 

10.1 16.6 
10.2 8.9 
10.0 8.7 
10.0 3.6 
9.0 1.6 
9.0 0.3 
8.7 
9.0 
9 .o 
9 .o 

3832 126447 1013799 191550 488173 142380 



Table A3.4. Number o f  1" square quadrilaterals determined by subareas fo r  
northern tropical ( N T ) ,  west central tropical ( K ) ,  eastern 
central tropical ( N T ) ,  west central tropical (WC), eastern 
stocks in the inshore ( I ) ,  northern offshore ( N O )  and southern 
offshore ( S O )  areas. A=NT stock, NO area; B=UT stock, I area; 
C=WC stock, NO area; D=EC stock, NO area, E = € C  stock, I area; 
F=ST stock, SO area; G=ST stock, I area and H=ST stock. ?@ area. 

Area o f  
1' l a t .  
& long. Stock Subarea 

Degrees quadri- 
l a t .  lateral A B C D E F G H 

North 
26-25 
25-24 
24-23 
23-22 
22-21 
21-20 
20-19 
19-18 
18-17 
17-16 
16-15 
15-14 
14-13 
13-12 
12-11 
11-10 
10- 9 

9- 8 
8- 7 
7- 6 
6- 5 
5- 4 
4- 3 
3- 2 
2- 1 
1- 0 

South 
0- 1 
1- 2 
2- 3 
3- 4 
4- 5 
5- 6 
6- 7 
7- 8 
8- 9 
9-10 

3247.14 
3273.08 
3298.04 
3322 .OO 
3344.96 
3366.91 
3387.85 
3407.78 
3426.68 
3444.56 
3461.41 
3477.23 
3492.01 
3505.74 
3518.43 
3530.08 
3540.67 
3550.21 
3558.70 
3566.14 
3572.50 
3577.82 
3582.07 
3585.26 
3587.39 
3588.45 

3588.45 
3587.39 
3585.26 
3582.07 
3577.82 
3572 -50 
3566.14 
3558.70 
3550.21 
3540.67 

Tota area h ( m n  ) 

1 .o 
3.3 
5.1 
6.7 
7.4 
7.9 
9.2 
9.5 

10.1 
9 .o 
7.1 
6.4 
7.7 

307348 

0.8 
1.4 
2.7 
4.9 
7.5 

10.7 
14.0 
11.6 
10.4 

220904 

9.2 
17.6 
23.9 9.9 
26.4 10.4 
28.4 10.8 
30.4 10.9 
31.5 11.4 
32.5 11.6 
31.8 13.7 

6.0 8.8 

840342 310064 

0.2 
2.7 
5.2 
9.6 

23.3 
23.4 
25.3 

22. i  

25.2 
26.7 
28.8 
26.7 
16.6 7 .O 12.3 
14.7 6.2 17.5 
12.2 5.1 25.1 
9.9 4.1 37.5 
7 .O 4.8 43.2 

4.6 45.0 5.9 
2.7 45.5 7.4 
1.5 44.9 8.9 
0.3 42.5 10.2 

30.6 9 .o 
22.5 9 .o 
18.0 9.9 
13.5 10.6 

9.5 11.2 
6.0 11.8 

1027023 994989 432558 486232 
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APPENDIX 4 

ESTIMATION OF SPECIES COMPOSIT ION 

L e t  p be the  p r o p o r t i o n  o f  porpoise schools w i t h i n  an area o f  the ocean 
which c o n s i s t s  o f  species j. Then, f o r  a survey o f  l i n e  l e n g t h  L, 

D.  n.f.(O)/;ZL - n . f  . ( O )  

D n f ( 0 ) / 2 L  n f ( 0 )  
- -J-J- P = -J = -J-J 

where 

D = dens i t y  of a l l  schools, 
n 

f ( 0 )  

= the  number o f  schools observed, 

= s i g h t i n g  pdf f o r  a l l  schools evaluated a t  the o r i g i n ,  
= dens i t y  o f  schools o f  species j, 
= number o f  species j schools observed, and 
= s i g h t i n g  pdf  f o r  schools of species j evaluated a t  t h e  

Dj 

f j ( 0 )  

o r i g i n  

We assume t h a t  a t  the o r i g i n ,  t he  d e t e c t a b i l i t y  o f  a given species w i l l  
n o t  be af fected by the  species d i r e c t l y .  However, we expect t h a t  c e r t a i n  
species w i l l  have i n h e r e n t l y  d i f f e r e n t  school s i zes  than o the r  species. Since 
the  d e t e c t a b i l i t y  of a school depends on the school s ize,  t h i s  may in t roduce  
b i a s  i n t o  the e s t i m a t i o n  o f  p. Thus, we say t h a t  

(A4-1) 

Note t h a t  t he  numerator of (A4-1) i s  t he  expected number o f  schools o f  
species j, s i z e  S i  i n  t he  surveyed area w h i l e  the denominator i s  the expected 
t o t a l  number of schools o f  s i ze  Si. 
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I n  t h e  body o f  t h i s  paper, we adjusted the s i g h t i n g  pd f  o f  school s i z e  
us ing  equat ions (18 )  and (191, i.e., 

where C '  i s  a constant.  This was based upon an exponent ia l  power s e r i e s  
model f o r  f ( x l S ) .  It was assumed the re  t h a t  o n l y  the  scale parameter 1. S)) 
was a f f e c t e d  by school s i z e  and n o t  t he  shape parameter. Thus, C '  i s  cons tan t  
f o r  a l l  school s i zes  and species. This  g ives 

E [ c':(si)] 

We showed (equat ion (20)) t h a t  h(S) was w e l l  modeled by 

Then 

F i n a l l y ,  t he  expected p r o p o r t i o n  becomes 
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This  i s  equ iva len t  t o  (22) i n  t he  t e x t .  

However, t h e  u n i d e n t i f i e d  species must be prora ted  and inc luded i n  t h i s  
DroDortion. The Dro ra t i on  assumDtion was t h a t  u n i d e n t i f i e d  schools occur i n  
I .  

t he  same species d i s t r i b u t i o n  as t h e  i d e n t i f i e d s  
do lph in ) .  Therefore,  t he  expected number o f  schools o f  
u n i d e n t i f i e d s  i s  E(uj 1. Then 

and 

( exc l  u d i  ng R i  ssol s 
species j among the  

where u i s  t h e  number o f  u n i d e n t i f i e d s .  

Therefore, t he  p r o p o r t i o n  o f  species j i n  the  i d e n t i f i e d s  - and 
u n i d e n t i f i e d s  i s  p l y  and i t s  expected value i s  

where g i s  t h e  number o f  R isso ls  schools observed. Th is  becomes 

(A4-2) 

Equat ion (A4-2) i s  equ iva len t  t o  equat ion (23) i n  t h e  t e x t .  
t h e  method used f o r  species p r o r a t i o n  o f  t he  schools. 

Th is  was 
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