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INTRODUCTION 

S t o l e p h o m  purpmars (Hawaiian anchovy o r  nehu) i s  t h e  predominant 

b a i t f i s h  used i n  t h e  Hawaiian sk ip jack  tuna  (Euthynnus pelamis) f i s h e r y .  

The nehu is small, r e a d i l y  lo ses  s c a l e s ,  and i s  s u s c e p t i b l e  t o  shock and 

subsequent osmoregulatory stress and most of  i ts m o r t a l i t y  o r i g i n a t e s  

from i n j u r i e s  sus t a ined  during cap tu re  and handl ing.  The capture  and 

holding o f  nehu i n  ves se l  b a i t  wells have been problems f o r  some time, as 

b a i t  wells c u r r e n t l y  i n  use on most tuna  vesse l s  a r e  inadequate  f o r  opt imal  

su rv iva l  o f  nehu. Average b a i t f i s h  m o r t a l i t i e s  fol lowing cap tu re  o f t e n  

reach approximately 25 pe rcen t  p e r  day o r  more (Brock and Uchida, 1968). 

The b a i t f i s h  problem is twofold: (1) time spent  seeking and captur ing  

b a i t  decreases  time spent  tuna  f i s h i n g  and (2) high b a i t  well mor t a l i t y  

shor tens  f i s h i n g  time. 

Hawaiian l i v e  b a i t  f i s h e r y  are ex tens ive ly  descr ibed by Brock and Uchida 

(1968), who emphasize t h e  development o f  a means o f  reducing b a i t f i s h  

mor t a l i t y  t o  inc rease  f i s h i n g  e f f i c i e n c y  as a p r o f i t a b l e  research  goa l .  

The o b j e c t i v e  o f  t h i s  r e sea rch  is  t h e  reduct ion  o f  nehu mor ta l i t y .  

These and o t h e r  ope ra t iona l  a spec t s  o f  t h e  

This work is  an ex tens ion  o f  studies by Brock and Takata (1955) which 

demonstrated t h a t  reduced s a l i n i t y  and increased  a e r a t i o n  s i g n i f i c a n t l y  

reduce nehu m o r t a l i t y  i n  b a i t  wells. 

t h e  effects of pure oxygen, temperature ,  c u r r e n t ,  l i g h t ,  tank c o l o r ,  

r e c i r c u l a t e d  reduced s a l i n i t y ,  b u f f e r s ,  p r o t e i n  skimmer, dens i ty ,  food, 

d i sease ,  and p reda t ion  were a l s o  examined. 

In add i t ion  t o  a e r a t i o n  and s a l i n i t y ,  

Note: A l l  t a b l e s  have been omitted from t h i s  r epor t ,  although re ferences  
t o  them have been r e t a ined .  Except for Table 24, which summarizes t h e  
c o r r e l a t i o n  matrix of 34 l abora tory  va r i ab le s ,  a l l  t a b l e s  a r e  a v a i l a b l e  
on reques t  from t h e  H a w a i i  I n s t i t u t e  of Marine Biology, P.O. Box 1346, 
Kaneohe, Hawaii 96744. A l i s t i n g  of t h e  t a b l e s  can be found i n  the  
Appendix t o  t h i s  r epor t .  
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Other s t u d i e s  o f  nehu include those  of H i a t t  (1951) on food and 

feeding h a b i t s ;  Tester (1951, 1955) on d i s t r i b u t i o n  of eggs and l a rvae  i n  

Kaneohe Bay; Au (1965) on d i s t r i b u t i o n  of eggs and l a rvae  i n  Pear l  Harbor; 

Yamashita (1951) on l a r v a l  development; Burdick (1969) on l a r v a l  feeding; 

Bachman (1963) on aspects  of population dynamics; and P r i t cha rd  (1955) on 

l e t h a l  oxygen l e v e l .  The National Marine F i she r i e s  Service,  Honolulu 

Laboratory a l s o  conducted seve ra l  s t u d i e s  on nehu, t h e  most recent  being 

experimentation with a ba i t f i sh -ho ld ing  f a c i l i t y  i n  Kaneohe Bay ([U.S.] 

Bureau of Commercial F i she r i e s ,  1969). Many o f  t h e s e  s t u d i e s  and o t h e r s  

a r e  summarized i n  a synopsis prepared by Nakamura (1965). 

The research program was organized i n t o  two phases: (1) a s tudy o f  

f a c t o r s  a f f e c t i n g  s u r v i v a l  and methods t o  inc rease  su rv iva l  and (2)  app l i -  

ca t ion  of t h e  experimental r e s u l t s .  

made (a) during b a i t  capture  and t r a n s f e r  t o  b a i t  wells, (b) i n  180-gal 

experimental laboratory tanks,  (c) i n  1,000-gal b a i t  wells on an experi-  

n~cntcil barge,  and (d) i n  ves se l  b a i t  wells a t  s ea .  The experimental 

r c s u l t s  were appl ied (a) t o  the  designing and t e s t i n g  of an improved, 

cxperimental b a i t  well and (b) t o  providing extension s e r v i c e  t o  t h e  tuna 

indus t ry .  This r e p o r t  encompasses t h e  r e s u l t s  of capture ,  t r a n s f e r ,  and 

laboratory and barge experiments. Results of t h e  remaining f a c t o r s  are 

given by Baldwin e t  a l .  (1972) and Baldwin (1973). 

The s tudy under the  first phase was 

By suggest ing small and inexpensive improvements o f  b a i t  wells on 

e x i s t i n g  vesse l s  and a l s o  by a id ing  i n  t h e  designing of  new vesse l  b a i t -  

holding f a c i l i t i e s  it is hoped t h a t  t h i s  research w i l l  eventual ly  bene f i t  

t h e  tuna indus t ry .  
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METHODS: B A I T  C A P T U R E  

The equipment and general  procedures f o r  capture  of b a i t  and f o r  

barge and laboratory experiments are given below. Experimental modifica- 

t i o n s  f o r  ind iv idua l  barge and labora tory  experiments are described where 

appl icable  i n  t h e  " resu l t s"  s ec t ion .  

Capture and T ranspor t  Equipment 

Barge 

An experimental barge was designed t o  test t h e  effects o f  improved 

bai t -handl ing techniques on t h e  su rv iva l  of  nehu (P la t e  1 ) .  Two b a i t  

wells with movable ga t e s  were provided so  t h a t  b a i t  could s w i m  from t h e  

capture  n e t  i n t o  t h e  wel l s  with minimum handling,. This procedure elimi- 

nated t h e  bucketing process which usua l ly  r e s u l t e d  i n  considerable 

handling in ju ry .  

P l a t e  1 .  T h e  n e h u  barge anchored near t h e  west s i d e  of Coconut Island, 
Kaneohe Bay, Oahu. T h e  barge is 11.0 m by 5 . 5  m (36  x 18 f t )  
and is e q u i p p e d  w i t h  two 3 ,784- l i t e r  (1,000-gal) b a i t  wel l s ;  a 
laboratory containing a desk, s i n k ,  r e f r i g e r a t o r ,  and two bunks; 
and a generator room w i t h  two sinal 1 gasol ine genera tors .  T h e  
t w o  long poles o r  ' 'outriggers" a t  lef t  support t h e  l i f t  n e t  and 
a r e  u s e d  to  r a i s e  and lower the n e t  during night ba i t i ng .  
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The design o f  t h e  b a i t  w e l l s  was m o d i f i e d  throughout t h e  exper imenta l  

per iod .  

pump (P la te  2 ) ,  a p r o t e i n  skimner (P la te  3), an oxygen system, and a green 

gel-coat, r e s i n - p a i n t e d  i n t e r i o r .  

These mod i f i ca t ions  i n c l u d e d  two c u r r e n t  standpipes and a seawater 

P l a t e  2. A 1-hp Jaccuzi pump se t  up on the  nehu barge. The seawater 
in take  hose i s  a t  top  center  and extends t o  about 2.4 m ( 8  f t )  
below t h e  sur face.  The two va lves and PVC p ipes lead t o  bo th  
b a i t  we1 Is d ischarg ing  seawater through a p e r f o r a t e d  c u r r e n t  
s tandpipe loca ted  i n  each w e l l .  

P l a t e  3. One o f  the  nehu barge 3 , 7 8 4 - l i t e r  (1,000-gal) b a i t  w e l l s .  The 
removable gate through which the nehu en ter  the b a i t  w e l l  i s  a t  
the lower l e f t .  A la rge  25.4-cm (10- in)  I D  p r o t e i n  skimmer i s  
suspended i n  one corner  dur ing  an experiment. The h o r i z o n t a l  
PVC p ipe  lead ing  t o  the l e f t  from the  top o f  the  skimmer 
discharges the concentrated foam o u t s i d e  the b a i t  w e l l .  The 
hoses are  f o r  oxygen, seawater, and compressed a i r .  
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Bait receiv' 

A small barge  was designed and b u i l t  s p e c i f i c a l l y  t o  func t ion  as a 

I t  was cons t ruc ted  of  1/4-inch marine plywood b a i t  r e c e i v e r  ( P l a t e  4) .  

with t e n  screened  openings t o  provide adequate water c i r c u l a t i o n .  

removable g a t e  through which t h e  nehu en te red  from t h e  b a i t  s e i n e  was 

added t o  each s i d e  of  t h e  r ece ive r .  The main r e c e i v e r  compartment i n  

which nehu were confined measured 1.8 m by 1 . 2  m with a depth of 0 .7  m 

(70 i n  x 48 i n  x 29 i n ) .  

contained 1,140 liters (302 ga l )  o f  seawater excluding t h e  0.9-m (36-in) 

bow compartment. Severa l  l a r g e  weights were placed i n  t h e  f l o a t i n g  b a i t  

r e c e i v e r  t o  s i n k  it t o  t h e  des i r ed  depth.  

s t o n e  were used t o  maintain oxygen i n  t h e  r e c e i v e r  dur ing  t r a n s p o r t  of 

A 

When submerged t o  a depth of 0 .6  m (22 i n )  it 

A p o r t a b l e  oxygen c y l i n d e r  and 

b a i t  ( P l a t e s  5 and 6 ) .  

P l a t e  4. Nehu b a i t  r ece ive r  being readied f o r  moving n e h u .  T h e  ga t e  
through which the n e h u  were forced t o  s w i m  is b e i n g  removed 
T h e  screened openings a l low seawater t o  c i r c u l a t e  i n  t h e  ba 
r ece ive r  during t r a n s p o r t .  Two heavy weights a r e  placed on 
bottom of the r ece ive r  t o  s ink  i t  t o  a point j u s t  above the 
of t h e  closed ga te s .  

t 
t h e  
top 
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P l a t e  5. The po r tab le  oxygen u n i t  used dur ing  nehu t ranspor t  from the  
capture area t o  the  l abo ra to ry .  The u n i t  cons is ts  of a 0.6-m3 
( 2 2 - f t 3 )  oxygen cy1 inder,  pressure regu la to r  and gauges, hose, 
and oxygen stone. 

P l a t e  6 .  A concent ra t ion  o f  nehu enclosed w i t h i n  the  plywood b a i t  
rece iver .  The wh i te  c loud a t  center i s  pure oxygen be ing  
released from the  oxygen stone placed on the  bottom o f  the  
rece iver .  
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Seines f o r  day cap tu re  

s o  b a i t  s e i n e s  were cons t ruc t ed  of 1/8-inch b a r  mesh f o r  daytime 

capture  o f  nehu. A 110 m by 6 m (360 f t  x 20 f t )  deep s e i n e  s i m i l a r  t o  

but s h o r t e r  than commercial s e i n e s  w a s  constructed.  

f o r  c o l l e c t i n g  nehu i n  areas o f  1 .5  m (5 f t )  or more i n  depth.  

46-m s e i n e  measuring 3.7 m deep a t  t h e  c e n t e r  and t a p e r i n g  t o  1 .8  m a t  

t h e  wings (150 f t  x 1 2  f t  x 6 f t )  was designed f o r  u se  i n  shal lower a r e a s  

t o  reduce i n j u r i e s  t o  nehu captured i n  l a r g e  n e t s .  

This n e t  was designed 

A small 

Net f o r  n i g h t  cap tu re  

A ne t  w a s  cons t ruc t ed  us ing  a 1/8-inch squa re  mesh on t h e  bottom and 

with 3/16-inch mesh on each s i d e .  

wide by 6 .1  m deep (27 f t  x 20 f t  x 20 f t ) .  

was similar t o  t h e  n e t  desc r ibed  and i l l u s t r a t e d  by Brock and Takata (1955). 

I t  was approximately 8.2 m long by 6.1 m 

In a lowered p o s i t i o n  t h e  n e t  

Night  Capture Procedures 

Capture area 

Nehu were captured a t  n igh t  w i th  l i g h t s  suspended from t h e  experimental  

barge anchored about 6.1 m (20 f t )  o f f  t h e  southwest shore of  Coconut I s land ,  

Kaneohe Bay, Oahu ( P l a t e  1) .  

was approximately 9 t o  10 m (30 f t ) .  

The depth o f  t h e  water i n  f r o n t  o f  t h e  barge 

Capture technique 

Around sunse t  (between t h e  hours of 1730 and 1900) t h r e e  white  f lood-  

l i g h t s  (100 w a t t s  each) a t t a c h e d  t o  t h e  barge were switched on and t h e  s i d e s  

of t h e  n e t  lowered. 

suspended from a long pole ,  was submerged approximately 2.5 m (8  f t )  t o  t h e  

center o f  t h e  n e t  area.  

Another l i g h t  (250 o r  300 watts, white  incandescent ,  
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Per iod ica l ly  throughout t h e  n igh t ,  t h e  water surrounding t h e  cen te r  

submerged l i g h t  w a s  examined f o r  nehu. 

t h e  submerged l i g h t  w a s  dimmed t o  50 o r  60 watts t o  consol ida te  t h e  f i s h  

around t h e  l i g h t .  The edges of t h e  ne t  were then r a i s e d  surrounding t h e  

school. However, i f  nehu were not observed during t h e  n igh t ,  t h e  n e t  was 

r a i sed  a t  dawn. 

When s u f f i c i e n t  nehu were detected,  

Environmental da t a  

From April  1967 t o  June 1970, 78 n e t  s e t s  were made a t  n igh t  from 

Major environmental f a c t o r s  t h e  barge t o  obtain b a i t  f o r  experiments. 

were measured during a l l - n i g h t  capture  experiments regardless  of capture  

success .  

experimental nehu and not  with determining appropr ia te  times f o r  

captur ing  n igh t  b a i t .  

However, d a t a  on major environmental va r i ab le s  were recorded, i n  hope t h a t  

they might r evea l  opportune times f o r  n igh t  b a i t i n g .  Records were made of 

t h e  following va r i ab le s  f o r  t h e  last  67 sets:  

buckets of nehu captured, da t e ,  t ime, moon phase, time of t i d e ,  range of 

t i d e ,  weather ( r a i n f a l l ,  wave ac t ion ,  wind speed) ,  t u r b i d i t y ,  temperature, 

s a l i n i t y ,  and presence of predators .  

Attempts t o  ob ta in  b a i t  were usua l ly  c o r r e l a t e d  with need f o r  

Data obtained were not temporally systematic.  

approximate number o f  

Loading and t r a n s p o r t  

According t o  experimental plan,  t h e  captured nehu were made t o  e i t h e r  

(1) s w i m  from t h e  l i f t  n e t  through t h e  ga t e s  i n t o  t h e  barge wel ls  ( P l a t e  3) 

o r  (2) s w i l p  from t h e  n e t  i n t o  t h e  b a i t  r ece ive r  and then were t r anspor t ed  

t o  labora tory  tanks on t h e  oppos i te  s i d e  o f  Coconut Is land.  

d e t a i l s  of b a i t  t r a n s p o r t  over longer d i s t ances  follow. 

Fur ther  
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m y  Capture Procedures 

Capture o f  nehu dur ing  day l igh t  hours followed e s s e n t i a l l y  t h e  same 

method desc r ibed  by June (1951). Since 1951 t h e r e  has been l i t t l e  change 

i n  b a i t - s e i n i n g  techniques except f o r  more genera l  use  of modern outboard 

motors and improved n e t s  made of  s y n t h e t i c  m a t e r i a l s .  

Capture areas 

Nehu were se ined  p r imar i ly  i n  t h e  southern  s e c t o r  of Kaneohe Bay 

(Figure 1 ) .  

bay but  t h e s e  were not  u t i l i z e d  because of  t h e i r  extreme d i s t a n c e  from 

Coconut Is 1 and. 

Other s e i n i n g  areas e x i s t  along t h e  nor thern  shores  of  t h e  

The most c o n s i s t e n t  supply of  nehu occurred along t h e  sou theas t  

s h o r e l i n e  ad jacen t  t o  t h e  Nuupia-Halekou pond complex and well wi th in  a 

r e s t r i c t e d  zone extending 457 m (500 yd) o f f shore  from t h e  Mokapu 

Peninsula  (U.S. Coast and Geodetic Survey Chart No. 4143). Normally, 

commercial aku fishermen are not  permi t ted  i n  t h i s  a r ea  t o  s e i n e  nehu 

without  c l ea rance  from m i l i t a r y  a u t h o r i t i e s .  This po l i cy  no doubt 

con t r ibu ted  t o  success fu l  s e i n i n g .  

experiments i n  which day-captured nehu were used, 30 were conducted with 

O f  t h e  34 l abora to ry  and barge  

nehu captured  wi th in  or nea r  t h i s  area. 

The topography of t h i s  area is r e p r e s e n t a t i v e  of o t h e r  nehu-seining 

areas i n  Kaneohe Bay. The water is u s u a l l y  murky and t h e  in shore  zone 

f r equen t ly  exposed dur ing  low t i d e s .  

toward deeper  water where t h e r e  is a s t e e p  drop-off  caused e i t h e r  by a 

c o r a l  s h e l f  or from bottom dredging. 

The bottom contour  g radua l ly  s lopes  

The bottom is s o f t  mud or s o f t  mud 

and sand mixed wi th . co ra1  rubble .  With t h e  except ion of  one s e i n i n g  
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Figure 1 .  Map of Kaneohe Bay, Oahu showing c o l l e c t i o n  l o c a l i t i e s  for 
day-captured nehu from 1967 to  1970: (1) Nuupia Pond area ,  
( 2 )  Malae, ( 3 )  Keaalu, (4 )  Kokokahi, ( 5 )  Kaneohe and Kawa Streams, 
(6) Keaahala Stream, (7) A l i i  Shores, (8)  Heeia Stream, (9) Heeia 
P i e r ,  and (10) Kahaluu. 
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co l l ec t ion ,  a l l  successful  captures were made i n  the  inshore,  mud-bottom 

h a b i t a t s  having a maximum depth of 1.5 t o  1 .8  m (5 t o  6 f t ) .  

Seining 

The ba i t - se in ing  operation required two s k i f f s :  one f o r  s e t t i n g  t h e  

b a i t  s e i n e  and another f o r  handling t h e  b a i t  receiver .  After t h e  

concentration of nehu was located and t h e  ne t  s k i f f  maneuvered i n t o  

pos i t i on ,  one person jumped i n t o  the water holding one end of t h e  net.  

The n e t  s k i f f  and se ine  were then r ap id ly  c i r c l e d  around the  nehu and t h e  

ends of t h e  se ine  were brought toge ther  t o  close t h e  ne t  completely. 

one person remained i n  the  water t o  keep t h e  ne t  closed, o t h e r s  slowly 

pulled t h e  ne t  i n  toward t h e  s k i f f  (P la t e  7) u n t i l  a l a rge  pocket remained 

t h a t  enclosed t h e  nehu. Se t t i ng  and closing t h e  46-m se ine  requi red  about 

10 minutes; t h e  110-m n e t  took 15 t o  20 minutes. I t  was only occas iona l ly  

While 

necessary t o  set t h e  e n t i r e  length of  t h e  l a rge r  ne t .  

P l a t e  7. The 46 m by 3 . 7  m (150 f t  by 12 f t )  nehu b a i t  seine b e i n g  closed 
a f t e r  s e t t i n g  around a school of n e h u .  T h e  person i n  t h e  water 
a t  cen te r  i s  k e e p i n g  the n e t  closed t o  prevent n e h u  from 
escaping. 
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During t h e  f i n a l  moments o f  c losing the  b a i t  s e ine ,  t h e  b a i t  r ece ive r  

was maneuvered i n t o  pos i t i on  with t h e  nea re r  ga t e  removed and t h e  s e i n e  

a t tached  onto four  hooks around t h e  open gate .  

pocket of t h e  seine,  nehu were forced t o  s w i m  i n t o  t h e  b a i t  receiver .  

After  a s u i t a b l e  number of nehu had been forced in s ide ,  t h e  ga t e  w a s  

closed, t h e  net  unhooked, and the  po r t ab le  oxygen u n i t  turned on (Plates  

5 and 6 ) .  

net  s k i f f  which i n  tu rn  was maneuvered alongside t h e  b a i t  r ece ive r  and 

secured (P la t e  8 ) .  

By gradually c los ing  t h e  

Then excess nehu were released and t h e  s e i n e  loaded i n t o  t h e  

P l a t e  8. T h e  b a i t  receiver b e i n g  towed t o  t h e  laboratory w i t h  a 
co l l ec t ion  of n e h u .  The receiver i s  secured b e t w e e n  t h e  two 
s k i f f s  and slowly towed through t h e  water a t  approximately 
2 mph w h i l e  adding pure oxygen. 

Transport 

The r ece ive r  w a s  pu l led  through t h e  water a t  a speed of approximately 

2 mph t o  provide water c i r c u l a t i o n  through screened openings while keeping 

a g i t a t i o n  i n s i d e  t o  a minimum. 

made t o  capture  and t r anspor t  nehu i n  t h i s  manner s i n c e  i n j u r i e s  and 

subsequent heavy m o r t a l i t i e s  increased during these condi t ions.  

On days of s t rong  winds no attempt was 
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Depending upon t h e  collection l o c a l i t y  and t h e  d i s t a n c e  t o  Coconut 

I s l and ,  t r a n s p o r t i n g  t h e  b a i t  r e c e i v e r  took from 20 t o  90 minutes. 

t h i s  time oxygen w a s  cont inuously added and dead and c r i t i c a l l y  i n j u r e d  

nehu, a long wi th  p reda to r s  and o t h e r  unwanted f i s h e s  o r  i n v e r t e b r a t e s ,  

were removed by hand net. Nehu were inmediately removed from t h e  b a i t  

r e c e i v e r  after reaching  t h e  l abora to ry .  

b a i t  r e c e i v e r  t o  l abora to ry  tanks u s u a l l y  took less than  5 minutes. 

Swimming o r  bucket ing nehu i n t o  barge  b a i t  wells requi red  5 minutes or 

l e s s .  

During 

Transfer t i m e  by bucket from t h e  

METHODS: LABORATORY AND BARGE EXPERIMENTS 

Equi went  

Barge wells 

The two barge  b a i t  wells he ld  approximately 1,000 g a l  o f  seawater  and 

were g radua l ly  modified throughout t h e  experimental  pe r iod  as prev ious ly  

descr ibed  ( P l a t e s  1 t o  3). 

c losed  c i r c u l a t i o n ,  pure oxygen, and c u r r e n t .  

with green ge l -coa t  r e s i n  and a p r o t e i n  skimmer was added f o r  t h e  removal 

of mucus, s c a l e s ,  and organic  d e b r i s .  

The f ina l  des ign  provided e i t h e r  open or 

The i n t e r i o r  was pa in t ed  

Laboratory t anks  

Some of t h e  l abora to ry  experimental  t anks  are shown i n  Plates 9 and 

Al toge ther  t h e r e  were t e n  experimental  tanks;  f i v e  on each s i d e  of the  10. 

l abo ra to ry .  

experimental  s i t u a t i o n s ,  each with a r e p l i c a t e .  

Alderdice e t  al .  (1966); t anks  were purchased from Vancouver P l a s t i c s ,  

Vancouver, B.C. ,  Canada. 

The arrangement was designed t o  provide f i v e  simultaneous 

The tank design is t h a t  of 

The oval  tanks  have s l i g h t l y  s lop ing  walls and 
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a center drain and are finished with green-blue, gel-coat resin. They 

contain approximately 680 liters (180 gal) when the water level is 4 

inches below the top. 

Plate 9. Several of the 680-liter (180-gal) fiberglass tanks as they were 
set up in the laboratory. Ten of these tanks were arranged in 
two rows and were provided with seawater, compressed air, pure 
oxygen, overhead lighting, and current standpipe. For full 
description of  tanks see Alderdice et al. (1966). 

Plate 10. The interior of one of the laboratory tanks. The inside was 
finished with a green gel-coat resin and had round ends, 
sloping sides, and a double standpipe central drain. The 
perforated current standpipe is at left. 
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The tanks were gradually modified throughout t he  experimental period. 

They were supplied with a water-inflow valve, current  standpipe,  a i r  

o u t l e t ,  oxygen o u t l e t ,  oxygen r e l e a s e r ,  and p ro te in  skimmer. The oxygen 

equipment i s  shown i n  Plates  11 and 1 2 ;  t h e  p ro te in  skimmer i n  P la t e s  13 

and 14. The oxygen r e l e a s e r  described by Baldwin (1970) was designed t o  

emit small bubbles of oxygen i n t o  seawater with a maximum degree of 

s a t u r a t i o n  and minimum oxygen l o s s ;  it was adapted f o r  use i n  laboratory 

tanks.  Water w a s  supplied from Kaneohe Bay, pumped t o  s to rage  tanks 

through PVC l i n e s ,  and fed t o  t h e  laboratory by g rav i ty  through Cuno 

f i l t e rs  ( P l a t e  15).  

p l a t e  1 1 .  F i v e  6 . 8 - m 3  (240-ft3) i ndus t r i a l  oxygen cy1 inders mounted 
against  one wall of t h e  laboratory.  Normally, only two 
cyl inders  were i n  use a t  any g i v e n  time; t h e  addi t ional  
t h ree  a r e  reserves.  The oxygen manifold w i t h  t h e  f i v e  
s e l e c t o r  valves i s  mounted over the tanks w i t h  pressure 
regulator  and gages and oxygen del ivery hose a t  r i gh t .  

15 



P l a t e  12. A low pressure PVC oxygen man i fo ld  used f o r  meter ing the  
oxygen t o  i n d i v i d u a l  re leasers dur ing  experiments. The hose 
a t  t op  connects t o  the  l a rge  oxygen c y l i n d e r s  (P la te  11) .  The 
smal ler  t ransparent hoses lead t o  i n d i v i d u a l  stones and have 
quick-re lease,  snap-on s t a i n l e s s  s tee l  f i t t i n g s .  

P l a t e  13. A 7.6-cm (3- in )  I D  l abo ra to ry  p r o t e i n  skimmer secured t o  the  
center  d r a i n  standpipe. The hoses a t  l e f t  a re  f o r  pure 
oxygen, compressed a i r ,  and seawater c i r c u l a t i o n  t o  the  p r o t e i n  
skimner. The cu r ren t  standpipe i s  a t  t he  f a r  l e f t .  

16 



P l a t e  4 .  

P l a t e  15.  

The 7.6-cm (3 - in )  I D  l abo ra to ry  p r o t e i n  skimmer i n  opera i on  
du r ing  an experiment. Seawater i s  moved through t h e  v e r t i c a l  
skimmer w h i l e  a i r  i s  bubbled from the bottom. The foam i s  
concentrated a t  the  top  o f  t he  skimmer and discharged f r o m  t h e  
l abo ra to ry  tank through the  transparent hose t h a t  empties i n t o  
the  cen te r  d r a i n .  

Two Cuno f i l t e r s  used f o r  f i l t e r i n g  seawater f o r  l abo ra to ry  
experiments. Seawater passes up the  c e n t r a l  PVC p i p e  through 
t h e  t w o  f i l t e r s  and t o  the two banks o f  f i b e r g l a s s  tanks. The 
f i l t e r  elements were changed tw ice  d a i l y  t o  ensure a cont inuous, 
steady f l o w  o f  seawater. 
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F i l l i n g  Laboratory Tanks and Barge Wells 

Number of nehu per  bucket 

A common uni t  used by Hawaiian fishermen t o  measure nehu is the  

bucket. Obviously, t h e  number and weight of nehu i n  one bucket vary. For 

purposes of t h i s  discussion, one bucket of b a i t  is  defined as containing 

an average of 2,700 f i s h  and weighing approximately 1,300 t o  1,900 gm 

( 3  t o  4 lb)  with a mean weight of 1,700 gm (3-3 /4  l b ) .  Experimental 

containers  were 5 t o  6-gal s t a i n l e s s  s t e e l  buckets f i l l e d  approximately 

one-half t o  three-quarters  f u l l  with water and f i s h  (P la t e  16). Usually, 

l oca l  commercial fishermen concentrate t h e  nehu i n  buckets t o  as much as 

2,700 t o  3,600 gm ( 6  t o  8 l b ) .  Reducing t h e  number of f i s h  pe r  bucket 

i n  proportion t o  t h e  amount of seawater reduces i n j u r i e s .  

Order of f i l l i n g  tanks o r  wells 

I n i t i a l l y ,  it appeared t h a t  t h e  number of nehu per  bucket var ied  as 

tanks were f i l l e d ,  with later buckets containing fewer f i s h .  A p o s s i b i l i t y  

P l a t e  16. A bucket of n e h u  b e i n g  e m p t i e d  i n to  one of t h e  laboratory tanks 
a t  t h e  b e g i n n i n g  of an experiment. T h e  screened standpipe a t  
l e f t  is a double standpipe drain system i n  w h i c h  t h e  water is 
removed from t h e  bottom instead of t h e  top. 
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of d i f f e rences  i n  s i z e  o r  condi t ion  o f  f i s h  as tanks were f i l l e d  a l s o  

ex i s t ed .  Subsequently, tanks were f i l l e d  a t  random t o  e l imina te  any 

v a r i a t i o n  poss ib ly  inf luenc ing  mor t a l i t y  rates. 

Daily Measurement Procedure 

Measurement procedures var ied  with experimental ob jec t ives ,  but  a 

b a s i c  procedure was followed throughout t h e  experimental period. 

modification of t h e  procedure i s  ind ica t ed  i n  t h e  " r e su l t s "  s ec t ion .  

Any 

Variables were usua l ly  measured t h r e e  times d a i l y .  The f i s h  were 

first observed and t h e i r  mi l l i ng  d i r e c t i o n  and o the r  behavior noted. 

Oxygen ( i n  ppm) w a s  measured with a YSI Model 50 oxygen meter standard- 

i zed  by t h e  Winkler method (Str ickland and Parsons, 1968); s a l i n i t y  

( i n  ppt) was measured i n d i r e c t l y  with a Goldberg T/C Refractometer (Brix). 

c a l i b r a t e d  t o  Copenhagen seawater s tandards;  and temperature ( i n  "C) was 

measured with a laboratory thermometer. Most measurements were accura t e  

t o  t h e  nea res t  0.1 u n i t .  In  some experiments measurements o f  pH were 

made with a Coleman Model 37A pH meter t o  t h e  nea res t  0.01 u n i t .  

Measurement o f  CO, was made according t o  t h e  i n d i r e c t  method of S t r i ck land  

and Parsons (1968) t o  t h e  nea res t  0.001 u n i t .  

Following t h i s  procedure, tanks were cleaned and dead f i s h  removed, 

weighed, and counted. Whenever poss ib l e ,  a l l  f i s h  were counted and weighed 

t o  t h e  nea res t  0.1 gm. 

necessary t o  weigh 50 dead f i s h  a t  random, c a l c u l a t e  t h e  mean n e t  weight, 

and d iv ide  t h e  f i g u r e  i n t o  t h e  t o t a l  weight t o  es t imate  t h e  number of dead. 

These est imates  have an average maximum e r r o r  of about 5 percent .  

designated by t h e  experimental plan,  f i s h  were f ed  t h r e e  times d a i l y  

(at about 0830, 1330, and 1630) on frozen b r i n e  shrimp. The amount of 

During periods of heavy mor ta l i t y  it was o f t en  

When 
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food var ied  between experiments depending on t h e  size, number, and 

condi t ion  o f  t h e  f i s h .  

The t o t a l  experimental period w a s  usua l ly  14 days (from 12 t o  16 

days),  depending upon ob jec t ives .  

Length-weight d a t a  

In some experiments, random samples o f  25 l i v e  f i s h  were removed t o  

Excess water was determine standard length and wet and dry weights. 

removed from t h e  dead nehu by quick ly  b l o t t i n g  with a paper towel. 

Standard length was measured t o  2 0.1 mm and wet weight of  f i s h  was 

determined on a Semi-micro Met t le r  Balance (H16) t o  ? 0.5 mg. 

were placed i n  a mechanical convection oven (Theco Model 18) and d r i e d  a t  

60°C f o r  24 hours. 

as described €or wet weights. 

Samples 

Dry weights were then determined by a similar procedure 

RESULTS AND CONCLUSIONS 

In t h e  following sec t ion ,  va r i ab le s  of laboratory and barge 

experiments a r e  examined sepa ra t e ly  using one o r  two successful  

experiments t o  i l l u s t r a t e  conclusions.  

due pr imar i ly  t o  equipment f a i l u r e s ,  i . e . ,  power and pump f a i l u r e s ,  and 

poor water q u a l i t y .  

"analyses" s e c t  ion.  

Some experiments were unsuccessful 

Data from such experiments were not included i n  t h e  

Results of Field Work 

Day capture  

Three out  of f o u r  attempts t o  capture  nehu by b a i t  s e in ing  were 

success fu l .  A t  times i t  was necessary t o  make more than one s e t ,  but 

never more than th ree .  The occasional lack of success i n  captur ing  nehu 
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w a s  a t t r i b u t e d  t o  t h e  following reasons: (1) adverse weather conditions 

made nehu concent ra t ions  d i f f i c u l t  t o  l oca t e ,  ( 2 )  i n s u f f i c i e n t  numbers o f  

nehu were seen, o r  (3) t h e  s ize  of nehu was too small. Several  "blind 

sets" made when nehu could no t  be v i s u a l l y  located were always unsuccessful 

and subsequently discontinued. 

Night capture  

O f  t h e  78 sets made a t  night  from t h e  barge, 45 sets (58 percent)  

were unsuccessful and 33 s e t s  (42 percent)  were successful ,  y i e ld ing  1 or  

more buckets of nehu. 

approached t h e  l i g h t  but  l e f t  before t h e  ne t  was l i f t e d ,  an est imate  o f  

a t  least 50 percent  success i n  a t t r a c t i n g  nehu t o  night  l i g h t s  seems 

reasonable.  

Since t h e  p o s s i b i l i t y  exists t h a t  nehu may have 

A f a c t o r  ana lys i s  (Dixon, 1970) w a s  appl ied  t o  environmental d a t a  

using an IBM 360 computer. The r e s u l t s  are summarized i n  Tables 1 t o  4. 

However, a l i m i t a t i o n  is  imposed on t h e  r e s u l t s  s i n c e  a l l  nega t ive  catches 

do not necessa r i ly  i n d i c a t e  absence o f  nehu. 

Eleven--one dependent and t e n  independent--variables were evaluated: 

(1) buckets o f  nehu captured (dependent va r i ab le )  , (2) month, (3) moon 

phase, (4) t i d a l  sequence, (5) t i d a l  range, (6) time from sunset  o f  lowest 

low t i d e ,  (7) weather, (8) t u r b i d i t y ,  (9) temperature,  (10) s a l i n i t y ,  and 

(11) presence of predators .  

v a r i a b l e s  can be found i n  Tables 1 and 2 .  Percentage o f  capture  success and 

number of buckets captured were s i g n i f i c a n t l y  less i n  sp r ing  than the  r e s t  

of t h e  year (Table 3).  

The c o r r e l a t i o n  and f a c t o r  matrices f o r  these 

S i g n i f i c a n t l y  more nehu were captured during t h e  

f i r s t  qua r t e r  moon phase (Table 4 ) .  The g rea t e r  numb 

r i n g  during t h e  last  qua r t e r  may have reduced capture  

phase. The inf luence of t i d a l  f a c t o r s  appears neg l ig  

r of preda tors  occur- 

success during t h a t  

ble .  The inf luence of 
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weather upon capture  success i s  not  known s i n c e  most a t tempts  of n igh t  

capture  were made during good weather. 

Several  organisms o t h e r  than nehu were a l s o  a t t r a c t e d  t o  n igh t  l i g h t s  

during n igh t  b a i t i n g .  

insularwn and Etrwneus teres which a r e  a l s o  used as b a i t f i s h  f o r  

skipjack tuna.  

t h e  l i g h t  include C a r m  mate, C. m e l q g g u s ,  Gnathanodon speciosus, 

Scomberoides lysan, Trachurops crwnenopthalmus, and Decapterus maruadsi. 

A complete l i s t  o f  species  observed under night  l i g h t s ,  t h e  months of 

occurrence,  r e l a t i v e  abundance, and observat ions of predat ion a r e  given 

in  Table 34. 

The most common observed f i s h e s  were Pranesus 

Predators  observed a t t ack ing  o r  feeding on nehu under 

Resul ts  o f  Laboratory and Barge Experiments 

Types o f  mor t a l i t y  curves 

During i n i t i a l  experiments, c e r t a i n  p a t t e r n s  o f  m o r t a l i t y  emerged. 

To provide a b a s i s  f o r  comparison between r e s u l t s  o f  t h e  following 

experiments, types o f  mor t a l i t y  are descr ibed below. Mortal i ty  o f  nehu 

i n  c a p t i v i t y  i s  c l e a r l y  i l l u s t r a t e d  by cumulative percentage o f  m o r t a l i t y  

curves.  The percentage of  m o r t a l i t y  ( Y )  is  def ined as t h e  t o t a l  number 

dead by day ( X )  d ivided by t o t a l  number of f i s h  a t  t h e  beginning of t h e  

experiment ( X  = 0) .  

funct ion of time i n  days ( Y  = f [ X I ) .  

by t h e  i n t e r a c t i o n  o f  inherent  and environmental f a c t o r s  producing stress 

and m o r t a l i t y  i n  t h e  nehu. The c h a r a c t e r i s t i c s  of t h e  m o r t a l i t y  curve used 

i n  comparing experiments a re :  (1) percentage i n i t i a l  m o r t a l i t y  (percentage 

o f  dead [Y] by end of Day 1 [ X  = 11) ;  ( 2 )  day on which delayed m o r t a l i t y  

begins ( X  = m); ( 3 )  time i n t e r v a l  over which delayed m o r t a l i t y  occurs 

The cumulative percentage of m o r t a l i t y  i s  shown as a 

The shape o f  t h e  curve i s  determined 
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(x  - X ) ;  (4)  day on which delayed m o r t a l i t y  ceases  ( X  = n ) ;  (5) e x t e n t  

or range of percentage  of delayed m o r t a l i t y  (Y n m  - Y ); (6) day of 50 percent  

m o r t a l i t y  (Y  = SO); and (7) percenrage of svrv iv ing  a t  asymptotic m o r t a l i t y  

l e v c l  a f t e r  delayed m o r t a l i t y  has occurred (Y-, or maximum percentage  of 

m o r t a l i t y ) .  Fur tner  d i scuss ion  of  t h e  m o r t a l i t y  curves is i n  t h e  "conclu- 

s ions" s e c t  ion.  

n m  

Figure 2 t y p i f i e s  commonly observed m o r t a l i t y  curves  i n  popula t ions  of 

cap t ive  nehu. 

ranging from maximum stress ( i . e . ,  f i s h i n g  v e s s e l s  with unimproved wel ls)  

t o  minimum stress ( i - e . ,  optimal environment produced by experimental  

improvements) . 

The curves r ep resen t  r e s u l t s  of  environmental cond i t ions  

In Figure 2 is  a m o r t a l i t y  curve (B) t y p i c a l  o f  a maximum stress 

environment. Handling o f  f i s h  was by bucketing. The f i s h  were f u r t h e r  

i n j u r e d  i n  b a i t  wells under rough s e a s  where i n s u f f i c i e n t  oxygen was 

p resen t ,  f i s h  were d i s o r i e n t e d ,  and 100 pe rcen t  seawater produced osmo- 

r egu la to ry  stress i n  i n j u r e d  f i s h .  

i n j u r i e s )  under t h e s e  cond i t ions  was high; more than 50 percent  were dead 

by t h e  end o f  Day 1 and a l l  f i s h  were dead by t h e  end of Day 4. 

i nc reased  loga r i thmica l ly  u n t i l  a l l  f i s h  were dead. 

i n t e r v a l  over  which t h e r e  was no m o r t a l i t y .  

I n i t i a l  m o r t a l i t y  (p r imar i ly  from 

M o r t a l i t y  

?here was no time 

In Figure 2, curve A shows t h e  m o r t a l i t y  p a t t e r n  commonly encountered 

i n  e a r l y  experiments w i th  p a r t i a l  ba i t -we l l  improvements. F i sh  were 

bucketed and s u f f i c i e n t  oxygen was p resen t ,  b u t  100 percent  seawater 

induced osmoregulatory stress. I n  such a case, i n i t i a l  m o r t a l i t y  is 

r e l a t i v e l y  high and for a s h o r t  pe r iod  t h e r e a f t e r ,  no m o r t a l i t y  occurs.  

Subsequently,  m o r t a l i t y  inc reases  r a p i d l y  u n t i l  an asymptotic l e v e l  where 

no f u r t h e r  m o r t a l i t y  i s  reached (Days 6 through 10). The e a r l y  pe r iod  o f  
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no m o r t a l i t y  (Days 1 through 3) i s  def ined  he re  as t h e  "s tage o f  r e s i s t ance"  

(Selye,  1950). The per iod  o f  i nc reas ing  m o r t a l i t y  (Days 3 through 6) is  

def ined  as t h e  "s tage  of exhaustion" or "delayed mor ta l i ty"  or "stress 

mortality.1f 

mental  cond i t ions  and a l l e v i a t i o n  of  stress. 

or s t ronge r  l i g h t  i n t e n s i t y  may inc rease  t h e  time be fo re  onse t  of delayed 

mor t a l i t y .  Unless cond i t ions  are opt imal ,  however, delayed m o r t a l i t y  n e a r l y  

always occurs .  

through 7 and shows t h a t  m o r t a l i t y  may aga in  inc rease  exponent ia l ly  fol lowing 

Day 10 u n t i l  a l l  f i s h  a r e  dead. This  occurs  from approximately Days 12 

through 14 when f i s h  a r e  not  fed  and begin dying of  s t a r v a t i o n .  

occurs  when f i s h  g i l l s  a r e  i n f e c t e d  wi th  protozoan c y s t s .  

The c h a r a c t e r i s t i c s  o f  t h e  curve vary depending upon environ-  

For example, a d d i t i o n  of  c u r r e n t  

The m o r t a l i t y  curve A i n  Figure 2 i s  sigmoid from Days 1 

I t  a l s o  

Curve D i n  Figure 2 i s  a m o r t a l i t y  curve r e s u l t i n g  from reducing 

osmoregulatory stress o f  i n j u r e d  f i s h  by i n i t i a l l y  p l ac ing  them i n  50 

percent  seawater. 

C h a r a c t e r i s i t c s  o f  t h i s  t rea tment  are low i n i t i a l  m o r t a l i t y  ( l e s s  than  1 

percent )  and a long s t a g e  of r e s i s t a n c e  (Days 2 through 8) be fo re  delayed 

m o r t a l i t y  begins  (Day 8). 

through 12) is a l s o  reduced, with more f i s h  surv iv ing .  Occasional ly  

dur ing  p a r t i c u l a r l y  opt imal  cond i t ions ,  even though f i s h  are roughly handled, 

p l a c i n g  them i n t o  50 percent  seawater completely e l imina te s  delayed 

mor t a l i t y .  

I n  t h i s  example o t h e r  f a c t o r s  were a l s o  opt imal .  

The e x t e n t  o f  delayed m o r t a l i t y  (from Days 8 

F i n a l l y ,  curve C i n  F igure  2 shows t h e  effect o f  c a r e f u l  handl ing  

(e .g . ,  by swimming f i s h  i n t o  wells) and p l ac ing  o f  f i s h  i n t o  50 percent  

seawater .  Li t t le  or no m o r t a l i t y  occurred 

throughout t h e  experimental  pe r iod  and no delayed m o r t a l i t y  occurred a t  a l l .  

A l l  o t h e r  f a c t o r s  were opt imal .  
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Fish t h a t  were c a r e f u l l y  handled, although placed i n  100 percent  seawater, 

a l s o  suffered much less delayed mor ta l i ty  than usual.  

Factors a f f e c t i n g  mor ta l i ty  

These f a c t o r s  a r e  divided i n t o  inherent and environmental var iab les .  

Inherent var iab les .  Several  c h a r a c t e r i s t i c s  inherent  t o  nehu 

popuIations probably a f f e c t  subsequent surv iva l  i n  c a p t i v i t y .  I t  was not 

poss ib le  t o  assess, f o r  example, genet ic  v a r i a t i o n  and previous environ- 

mental h i s t o r y  completely. The effects of  s i z e ,  sex r a t i o s ,  d i sease ,  and 

acclimation a r e  p a r t l y  assessed below. 

1. - Size .  Figures 3,  4 ,  and 5 show t h e  frequency d i s t r i b u t i o n s  o f  

s tandard length and wet and dry weights of  f i s h  randomly sampled j u s t  

a f t e r  capture  (10 barge and laboratory experiments; 10 samples o f  25 

f i s h  each).  The range i n  s tandard length i s  approximately 28.0 t o  60.0 mm. 

Most f i s h  i n  t h e  samples are post-metamorphic juveni les  and a d u l t s  ( P l a t e  

1 7 ) .  According t o  Yamashita (1951) metamorphosis occurs a t  approximately 

30 mm. The frequency d i s t r i b u t i o n s  approximate a normal , d i s t r i b u t i o n  with 

no apparent y e a r  classes. 

P l a t e  17. Post-metamorphic juveni les  and a d u l t  nehu u s e d  in most of  the  
experiments. The s tandard length ranged from 28.0 to  60.0 mm. 
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F igure  3 .  Frequency d i s t r i b u t i o n  o f  standard l eng th  o f  post-metamorphic 
S. purpureus based on ten  random samples o f  25 f i s h  per sample. 
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S. purpureus based on ten random samples o f  25 f i s h  per sample. 

29 



S i z e  d a t a  a r e  summarized i n  Table 5 .  Mean standard length,  wet 

weight,  and dry weight are 4 0 . 2  nun, 0 . 6 3 4  gm, and 0 . 1 5 6  gm, r e s p e c t i v e l y  

f o r  t h e  t o t a l  sample. 

( 2 5  percent dry weight) and t h e  mean percentage o f  body water i s  75 percent .  

The s i ze  o f  f i s h  i n  laboratory samples i s  less than i n  barge samples. 

probably r e f l e c t s  t h e  f a c t  t h a t  whereas most laboratory samples were day 

b a i t ,  most barge samples were night  b a i t  and l a r g e r  f i s h  a r e  f r equen t ly  

caught a t  n igh t .  

The mean dry weight-wet weight r a t i o  is 0 . 2 4 6  

This 

The ca l cu la t ed  regressions o f  wet and dry weights on s tandard length 

a r e  shown i n  Fi.gure 6 .  

described by a power funct ion (Y = aX ) where - b = 3 . 3 6 6  i n  t he  laboratory 

Regressions o f  wet weight on s tandard length a r e  

b 

sample (Figure 6, curve B 

curve A). The d i f f e rence  

ranges of t h e  two samples 

and - b = 3.109 i n  t h e  barge sample (Figure 6 ,  

i n  b - i s  probably due t o  t h e  d i f f e r e n t  s i z e  

Regression of dry weight on s tandard length 

is a l s o  a power funct ion with b - = 3 . 5 8 4  i n  t he  laboratory sample (Figure 6 ,  

curve D) and b - = 3 . 6 0 6  i n  t h e  barge sample (Figure 6 ,  curve C ) .  The two 

regressions a r e  s i m i l a r  i n  t h i s  case.  

Survival  va r i ed  with s i ze  ( a l s o  found by Brock and Takata, 1955). 

Smaller f i s h  died ear l ie r ,  with more l a r g e r  f i s h  surviving a t  t h e  end of 

t h e  experimental per iod.  

i s  given i n  Table 6 which compares t h e  mean wet weight o f  dead f i s h  on Day 

1 and t h e  mean wet weight of l i v e  f i s h  on Days 1 and 14 f o r  f o u r  

experiments. 

s u s c e p t i b l e  t o  stress condi t ions i n  c a p t i v i t y .  

This was observed i n  a l l  experiments. An example 

Younger f i s h  a r e  probably in ju red  more e a s i l y  and are more 

2 .  Sex r a t i o s .  There i s  apparent ly  considerable  v a r i a t i o n  i n  sex 

r a t i o s  a s  determined from inshore samples of nehu (T.A. Clarke,  1971: person- 

a l  communication). Of four  samples (40  f i s h  pe r  sample) from four  d i f f e r e n t  
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experiments, t h r e e  were found with a 1:l sex r a t i o  and t h e  fou r th  with 

s l i g h t l y  more males. 

was approximately 1:1, with 52 percent males and 48 percent females. 

D i f f e r e n t i a l  mor t a l i t y  between sexes was not  measured. 

When t h e  four  samples were combined, t h e  sex r a t i o  

3 .  Disease. The e f f e c t  o f  protozoan p a r a s i t e s  on mor t a l i t y  i n  

c a p t i v i t y  i s  o f t en  considerable .  

populations were in fec t ed  with protozoan c y s t s ,  t h e  summer examinations o f  

f i s h  when f i r s t  captured indicated t h a t  t h e  i n f e c t i o n  was usua l ly  l i g h t  

(one t o  f i v e  cys t s  per  g i l l  chamber). I t  i s  poss ib l e ,  however, t h a t  c y s t s  

may con t r ibu te  t o  s t r e s s  i n  f i s h  during the  f i r s t  few days a f t e r  capture .  

In fec t ions  increased over  t h e  experimental period and i t  i s  poss ib l e  t h a t  

d e f i n i t e  s t r e s s  and mor t a l i t y  may eventua l ly  occur.  

Although g i l l s  of f i s h  from t h e  na tu ra l  

4. Acclimation. I n  a f e w  experiments, nehu were maintained i n  barge 

b a i t  wel ls  f o r  14 t o  20 days before  they were t r a n s f e r r e d  t o  t h e  laboratory.  

The per iod  o f  acclimation e l imina te s  delayed mor t a l i t y  from handling. 

Only a small i n i t i a l  mor t a l i t y  from handling occurred a f t e r  t r a n s f e r  t o  

t h e  laboratory.  The mean percentage of i n i t i a l  mor t a l i t y  i n  acclimated 

f i s h  a f t e r  t r a n s f e r  was only 1 .5  percent (range = 0 t o  5 percent)  as 

opposed t o  9 .0  percent (range = 1 t o  18 percent)  i n i t i a l  mor t a l i t y  i n  

unacclimated f i s h  handled and t r a n s f e r r e d  i n  t h e  same way. 

Environmental va r i ab le s .  Environmental va r i ab le s  a f f e c t i n g  su rv iva l  

of nehu i n  c a p t i v i t y  are discussed i n  t h e  o rde r  of importance. 

ac t ions  are b r i e f l y  considered; a d e t a i l e d  d iscuss ion  o f  i n t e r a c t i o n s  is 

given with t h e  f a c t o r  ana lys i s  i n  t h e  "conclusions" sec t ion .  

In t e r -  

1. Handling. The e f f e c t  of increased handling on i n i t i a l  mor t a l i t y  of 

nehu i s  shown i n  Figure 7 ,  which gives  mean percentage o f  dead by t h e  end of 
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HANDLING INDEX 

Handling index: 1 = n i g h t  b a i t ,  t r a n s f e r r e d  by swimming d i r e c t l y  i n t o  
barge we1 1s 

by swimming i n t o  barge w e l l s  

i n t o  l abo ra to ry  tanks 

l abo ra to ry  tanks 

2 = day b a i t ,  t r anspor t  t ime 50 t o  70 min, t r a n s f e r r e d  

3 = n i g h t  b a i t ,  t r anspor t  t ime 10 t o  20 min, bucketed 

4 = day b a i t ,  t r anspor t  t ime 50 t o  70 min, bucketed i n t o  

F igure  7. E f f e c t  of  hand l ing  on i n i t i a l  m o r t a l i t y  o f  S. purpureus 
placed i n  100 percent seawater du r ing  capture.  
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Day 1 f o r  a l l  experiments with 100 percent seawater.  Most f i s h  died 

d i r e c t l y  from l ace ra t ions  and contusions su f fe red  during cap tu re  and 

t r a n s f e r .  In barge experiments where f i s h  were captured by night  b a i t i n g  

and then t r a n s f e r r e d  by swimming d i r e c t l y  i n t o  t h e  b a i t  wells with l i t t l e  

o r  no handling (Handling Index [HI] = 1; Figure 7 ) ,  t h e  mean i n i t i a l  

mor t a l i t y  was only 1.5 percent (range = 0 t o  3 percen t ) .  When f i s h  were 

captured by day b a i t i n g ,  t r a n s f e r r e d  by swimming i n t o  t h e  b a i t  r e c e i v e r ,  

t r anspor t ed  f o r  50 t o  70 minutes, and f i n a l l y  t r a n s f e r r e d  by swimming 

from t h e  b a i t  r ece ive r  i n t o  t h e  barge b a i t  wells (HI = 2 ) ,  t h e  mean 

i n i t i a l  mor t a l i t y  was 6 .5  percent (range = 1 t o  16 percent) .  In labora- 

t o ry  experiments, f i s h  were sometimes captured by night  b a i t i n g ,  t r a n s -  

f e r r e d  by swimming from t h e  barge ne t  i n t o  t h e  b a i t  r e c e i v e r ,  t r anspor t ed  

f o r  10 t o  20 minutes t o  t h e  laboratory,  and f i n a l l y  bucketed from t h e  

b a i t  r ece ive r  i n t o  the  laboratory tanks (HI = 3 ) .  In  t h i s  s i t u a t i o n ,  

mean i n i t i a l  mor t a l i t y  was 9.0 percent (range = 1 t o  18 pe rcen t ) .  If  

f i s h  were captured by day b a i t i n g ,  t r a n s f e r r e d  by swimming i n t o  t h e  b a i t  

r ece ive r ,  t r anspor t ed  t o  t h e  laboratory i n  50 t o  70 minutes, and f i n a l l y  

bucketed from t h e  b a i t  r ece ive r  i n t o  laboratory tanks (HI = 4 ) ,  t h e  mean 

i n i t i a l  mor t a l i t y  would be r e l a t i v e l y  high ( 3 4 . 0  percent ;  range = 5 t o  

63 pe rcen t ) .  Clear ly ,  increased handling i s  d e l e t e r i o u s  t o  s u r v i v a l .  

Furthermore, stress induced by handling i s  responsible  f o r  most succeeding 

delayed mor t a l i t y .  

2 .  S a l i n i t y .  The effect o f  s a l i n i t y  on su rv iva l  is  r e l a t e d  t o  

handling o f  nehu. 

mucus a r e  l o s t .  The r e s u l t s  of t h i s  s tudy and those  of Maginniss (1970) 

show t h a t  roughly handled nehu placed i n t o  100 percent  seawater ( 3 4 . 0  t o  

36.0 ppt)  immediately a f te r  capture  undergo osmoregulatory stress, l o s s  

The integument of t h e  f i s h  i s  in ju red  and scales and 
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of  body water and a simultaneous increase i n  blood serum c h l o r i d e  and 

osmotic p re s su re .  

With l a c e r a t i o n s  and l o s s  o f  mucus and scales, f i s h  l o s e  water by 

increased  exosmosis and poss ib ly  a l s o  by shock d i u r e s i s .  

nehu conta in  approximately 79 t o  82 percent  body water 

Normally, 

(wet weight - dry weight 
wet weight X 100). When they a r e  placed i n  l abora to ry  

tanks conta in ing  100 percent  seawater ,  body water  decreases  a mean of  

3 percent  t o  a minimum range of about 74 t o  77 percent .  

i s . l o s t  w i th in  1 t o  3 hours  a f t e r  cap ture ;  t h e  recovery pe r iod  v a r i e s  with 

t h e  ex ten t  of  i n j u r i e s  and condi t ions  of  t h e  capture  environment. In 100 

percent  seawater ,  p a r t i a l  recovery usua l ly  occurs by t h e  end of  Day 1 and 

complete recovery by Days 10 through 14. 

Most body water  

The normal range of  serum ch lo r ide  is approximately 150 t o  

160 mEq/l i ter  (Maginniss, 1970);  t h e  maximum recorded i s  approximately 

180 mEq/ l i te r .  The mean percentage o f  i nc rease  i n  serum c h l o r i d e  i s  

approximate1.y 8 t o  10 pe rcen t ,  occur r ing  1 t o  3 hours a f t e r  cap ture ,  t h e  

same per iod  a s  maximum water  l o s s .  

i s  s i m i l a r  t o  t h a t  o f  body w a t e r - - p a r t i a l  recovery by t h e  end o f  Day 1 

and complete recovery by Days 10 through 14. A t  l e a s t  p a r t  o f  t h e  serum 

ch lo r ide  inc rease  may r e s u l t  from f i s h  swallowing seawater  t o  compensate 

f o r  water  loss  (Maginniss, 1970). During recovery,  f i s h  must e x c r e t e  

The recovery p a t t e r n  o f  serum c h l o r i d e  

ch lo r ide  through g i l l s  by means of  a c t i v e  t r a n s p o r t .  

The normal range o f  serum osmotic p re s su re  is  approximately 340 t o  

405 mOsm/liter (Maginniss, 1970). The serum osmotic p re s su re  a l s o  

inc reases  i n  t h e  first 1 t o  3 hours o f  cap tu re .  There a r e  i n s u f f i c i e n t  

da t a  t o  s t a t e  t h e  mean percentage  of  i nc rease  with c e r t a i n t y ;  l imi t ed  da ta  
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i n d i c a t e  it i s  about 10 percent .  

of body water and serum chlor ide.  

The recovery p a t t e r n  is  similar t o  t h a t  

Nehu are hypoosmotic i n  seawater and must con t inua l ly  compensate 

osmotically by swallowing more water and e l imina t ing  excess salts. This 

process r equ i r e s  energy. When mucus and scales are l o s t ,  osmoregulatory 

stress i s  increased  g r e a t l y ,  r equ i r ing  f u r t h e r  energy f o r  r egu la t ion .  

That many individuals  cannot compensate i s  indicated by t h e  high r a t e  of 

delayed s t r e s s  mor t a l i t y  a f t e r  t h e  r e s i s t a n c e  s t age .  

d i scuss ion  o f  osmoregulation of nehu i s  given by Maginniss (1970). 

A more comprehensive 

Data from Maginniss (1970) and r e s u l t s  of t h i s  study i n d i c a t e  t h a t  

t he  most favorable s a l i n i t y  range f o r  decreasing osmoregulatory stress 

znd increasing su rv iva l  is  from 40 t o  60 percent seawater (approximately 

14 .0  t o  2 2 . 0  p p t ) .  

400 mOsm/liter o r  approximately 40 percent osmotic pressure  o f  seawater. 

To minimize osmotic s t r e s s  while permi t t ing  a margin of e r r o r  i f  s a l i n i t y  

control  f a i l s  and s a l i n i t y  drops,  50 percent seawater (approximately 

17.5 ppt)  appears optimal f o r  increas ing  su rv iva l  experimentally.  

The blood serum osmotic pressure  averages about 

Tests  by Brock and Takata (1955) showed t h a t  mor t a l i t y  of nehu was 

They concluded g r e a t e r  i n  100 percent r a t h e r  than 50 percent seawater.  

t h a t  brackish water treatment of a few hours might increase su rv iva l .  

This work was continued i n  t h e  present  s tudy.  

In most of t h e  s a l i n i t y  experiments, 50 percent seawater (16.0 t o  

20 .0  ppt;  mean of 17.5 ppt)  was used t o  t e s t  t h e  e f f e c t  of reduced 

s a l i n i t y  on mor t a l i t y  of nehu. Several  experiments were conducted varying 

t h e  length of exposure t o  reduced s a l i n i t y .  

t i a l  mor t a l i t y  of nehu i n  a l l  experiments with 50 percent seawater ( i r r e -  

spec t ive  of exposure time) was compared with t h e  percentage of i n i t i a l  

When t h e  percentage of i n i -  
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m o r t a l i t y  i n  100 percent  seawater, a h igh ly  s i g n i f i c a n t  d i f f e r e n c e  

(P < 0.001) was found (Table 7 ) .  The mean percentage  o f  i n i t i a l  m o r t a l i t y  

i n  100 percent  seawater (23.4 percen t )  was approximately f i v e  times t h a t  

i n  50 percent  seawater  (4.7 percen t ) .  

Resul t s  o f  experiments wi th  reduced s a l i n i t y  are summarized i n  Table 8 

and t h e  m o r t a l i t y  curves shown i n  F igures  8 and 9. Both 50 percent  and 

100 percent  seawater are c i r c u l a t e d  i n  an open system wi th  supplemental 

oxygen and c u r r e n t .  Addi t iona l  experiments i n  a r e c i r c u l a t e d ,  c losed  

b rack i sh  water system are d i scussed  la ter .  

I n  l abora to ry  experiment 25B (Table 8; F igure  8 ) ,  nehu were exposed 

t o  vary ing  pe r iods  of low s a l i n i t y .  

g r e a t e s t  i n i t i a l  m o r t a l i t y ,  earl iest  delayed m o r t a l i t y  and 50 percent  

m o r t a l i t y ,  and g r e a t e s t  t o t a l  m o r t a l i t y  by Day 12 occurred i n  100 percent  

seawater (F igure  8, curve B ) .  Even b r i e f  exposure t o  50 percent  seawater 

enhanced s u r v i v a l  by decreas ing  i n i t i a l  m o r t a l i t y  

of  delayed m o r t a l i t y  (Figure 8, curve A). An exposure of  6 hours (Figure 8, 

curve C) was n e a r l y  equ iva len t  t o  t h a t  o f  24 hours (F igure  8, curve  D) i n  

i nc reas ing  s u r v i v a l .  

per iod  of g r e a t e s t  osmoregulatory stress, t h e  r e s u l t s  a r e  understandable.  

I t  i s  t h e r e f o r e  most important t o  reduce s a l i n i t y  t o  f a c i l i t a t e  recovery 

i n  those  f i r s t  few hours a f t e r  cap ture .  

s a l i n i t y  decreased i n i t i a l  m o r t a l i t y  and prolonged t h e  onse t  o f  delayed 

m o r t a l i t y ,  delayed m o r t a l i t y  s t i l l  occurred, i n d i c a t i n g  t h a t  a l l e v i a t i o n  

of s t r e s s  was s t i l l  incomplete.  

Examination of F igure  8 shows t h a t  

and prolonging onse t  

S ince  t h e  f i rs t  1 t o  3 hours  after cap tu re  is t h e  

Although exposure t o  reduced 

In barge experiment 18 (F igure  9) ,  m o r t a l i t y  w a s  g r e a t l y  decreased 

by exposing f i s h  t o  50 percent  seawater f o r  on ly  4 hours (Figure 9,  curve A ) .  

Some delayed m o r t a l i t y  occurred ,  b u t  50 pe rcen t  m o r t a l i t y  was never reached 
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and 53 percent  remained on Day 14. 

curve B) 50 percent  m o r t a l i t y  occurred by Days 8 t o  9 and only  34 percent  

remained on Day 14. 

In 100 percent  seawater (Figure 9, 

I n t e r a c t i o n  of s a l i n i t y  with oxygen is r e f l e c t e d  i n  t h e  recovery o f  

body water under d i f f e r e n t  oxygen regimes. Table 9 summarizes r e s u l t s  o f  

two experiments ( l abora to ry  experiments 1 2  and 13) where oxygen t rea tment  

was va r i ed  (supplemental a i r  vs supplemental oxygen). These experiments 

were conducted i n  100 pe rcen t  seawater  where maximum body water  l o s s  

occurred .  There i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  two t r ea tmen t s  

i n  percentage  of body water regained by Day 14 (P < 0 .01) .  In tanks  wi th  

a i r ,  mean oxygen ranged from 5 . 0  t o  6.0 ppm; i n  tanks  wi th  oxygen, from 

6.5 t o  8 .0  ppm. 

a i r  was 0.44 percent  and f u l l  recovery was incomplete by Day 14. In t anks  

w i t h  oxygen, mean percentage  of i n c r e a s e  i n  body water was 2.36 percent  

with nea r ly  complete recovery by Day 14 .  

concen t r a t ions  f a c i l i t a t e  osmoregulation and thereby  reduce stress. 

Severa l  o t h e r  experiments i n  which supplemental oxygen was not provided 

and c r i t i c a l l y  low oxygen l e v e l s  occurred a l s o  show t h a t  recovery of  body 

water  is  incomplete by Day 14. 

o f  body water t a k e s  p l a c e  only  when oxygen i s  maintained a t  s a t u r a t i o n .  

Mean percentage  of  i nc rease  i n  body water i n  t anks  wi th  

I t  appears t h a t  high oxygen 

In 100 percent  seawater, complete recovery 

3. Oxygen. S u f f i c i e n t  oxygen i s  necessary  t o  s u s t a i n  t h e  metabolic 

a c t i v i t y  o f  nehu and i s  e s p e c i a l l y  important i n  a f f e c t i n g  s u r v i v a l  i n  

c a p t i v i t y  when stress i s  increased .  

f r equen t ly  occur  i n  unimproved b a i t  wells. 

provide  supplemental a i r  o r  oxygen: 

e n t e r i n g  bung-holes on t h e  bottom of t h e  b a i t  wells. 

pumping systems which c i r c u l a t e  water  r a p i d l y  through wells. 

C r i t i c a l l y  low oxygen concen t r a t ions  

No Hawaiian l i v e - b a i t  v e s s e l s  

oxygen i s  r ep laced  wi th  seawater 

A f e w  v e s s e l s  have 

In  t h i s  ca se ,  
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the oxygen concentration increases with increased flow rate. 

the oxygen concentration (ppm) in bait wells on the Buccaneer. Data show 

that oxygen falls to critical low levels in wells with no pumping system, 

especially when the vessel is stationary in Kewalo Basin. When the vessel is 

under way, oxygen concentration usually rises. Observations on the Buccaneer 

and other vessels lead to the conclusion that oxygen depletion is a major 

factor contributing to high bait-well mortality, particularly if there are no 

circulation pumps. 

Figure 10 shows 

Oxygen consumption of nehu under various environmental conditions is 

summarized in Table 10. Active oxygen consumption in groups of nehu was mea- 

sured and the values of oxygen consumption (cc oxygen/gm fish/hr) were deter- 

mined from the linear regression coefficient b. 

sion is not linear but curvilinear. 

consumption is usually higher in the first 1 to 2 hours, decreasing gradually 

to a constant linear decrease until an equilibrium level of oxygen concentra- 

tion is reached (Figure 11, curves B and D). 

are estimates only, assuming a constant rate of consumption. 

regressions spanned the period from the beginning of the experiment until an 

equilibrium level was reached, varying with density of fish and conditions of 

the capture environment. 

considered here as equivalent to the incipient lethal level (Prosser and 

Brown, 1961) or critical level (Pritchard, 1955). 

Often, however, the regres- - 
Figure 11 demonstrates that oxygen 

The consumption rates, therefore, 

Time in these 

The level of equilibrium oxygen concentration is 

Table 10 (section A) shows consumption rates of individual nehu as deter- 

Pritchard did not measure wet weight of fish in mined by Pritchard (1955). 

his experiments, giving instead the standard lengths of six fish for experi- 

ments in August 1955. Using Pritchard's standard lengths and the regression 

of wet weight on standard length (Figure 6) of this study, the wet weight of 
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each length was estimated, and the mean consumption rate for six individual 

fish calculated to be 0.774 cc oxygen/gm fish/hr. 

individual nehu appears to be approximately twice that determined by this 

study for acclimated groups of fish. 

questionable, however, since Pritchard gave no description of acclimation. 

Table 10 (sections B and C) shows rates of oxygen consumption deter- 

The mean consumption of 

The validity of this comparison is 

mined for acclimated groups of fish. Nehu were acclimated for at least two 

weeks at approximately 25' to 28°C and were fed frozen brine shrimp ( 3  per- 

cent body weight/day) from Days 3 through 15 after capture. After two 

weeks, mortality ceased. Remaining fish were relatively larger and appeared 

healthy. I n  laboratory experiment 1 (Table 10, section B), two tests were 

conducted on the same group of fish on two successive days. 

was 0.353 cc oxygen/gm fish/hr. In laboratory experiment 2 (Table 10, 

section C ) ,  oxygen consumptions of acclimated fish given different food 

treatments were compared. 

different foods for 10 days, after which their oxygen consumption was mea- 

sured. Those fed frozen brine shrimp exhibited the highest consumption 

rate; those without food, the lowest. Fish given other diets exhibited 

intermediate rates of consumption. 

ments showing that frozen brine shrimp is the best food for maintaining 

weight in captivity. 

The mean rate 

These fish were first acclimated then given 

These results substantiate other experi- 

Oxygen consumption of unacclimated fish (measured on Day 1 after 

capture is higher than that of acclimated fish. Laboratory experiment 37 

(Table 10, section D) shows that in tanks with no supplemental air, oxygen, 

circulation or current, mean oxygen consumption of nehu was 0.742 cc oxygen/ 

gm fish/hr, approximately twice the rate of acclimated f i s h  (0.354 cc oxygen/ 

gm fish/hr. 
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With only circulation of water (Table 10, section E) mean rate of 

oxygen loss was 0.591 cc oxygen/gm fish/hr. 

rate (4.8 liter/min; 1.3 gal/min) the turnover rate of water (42 percent 

per hr) is insufficient to replace oxygen consumed by the fish. 

Obviously, at this flow 

When air as well as circulation were provided (Table 10, section F), 

the mean rate of oxygen loss was 0.311 cc oxygen/gm fish/hr. 

circulation were still insufficient to replace the oxygen lost through 

respiration. 

Air and 

A horizontal current, in addition to air and circulation (Table 10, 

section G), did not significantly change the rate of oxygen loss. 

mean rate of oxygen loss was 0.292 cc oxygen/gm fish/hr. 

The 

Only when tanks were given supplemental oxygen (Table 10, section H) 

Other experi- was saturation maintained regardless of oxygen consumption. 

ments also clearly demonstrate that for average densities of unacclimated 

fish, supplemental oxygen or substantially increased flow rate is required 

to maintain saturation. 

oxygen to sustain saturation. 

Supplemental air does not usually provide enough 

In some experiments oxygen concentration decreased rapidly to a 

lethal level (Figure 11, curves A and C) at a point when the first fish 

asphyxiates, loses equilibrium, sinks, and dies. In groups of fish, some 

individuals reach this level before others. The lethal value given here, 

therefore, represents the level of oxygen concentration at which the 

first death occurs. 

initial oxygen concentration. 

with low oxygen may also raise the oxygen concentration level at which 

death occurs. 

imately 1.0 to 2.0 cc oxygen/liter (1.3 to 2.7  ppm); the mean value, 

Time to this level depends on density of fish and 

Other environmental variables interacting 

For most experiments, the lethal oxygen level was approx- 
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1.4 cc oxygen/liter (1.9 ppm). 

oxygen level (incipient limiting level of Prosser and Brown, 1961), the 

oxygen consumption of nehu becomes dependent on the oxygen concentration, 

which was from 2 . 0  to 3.0 cc oxygen/liter ( 2 . 7  to 4.0 ppm), mean value 2.5 cc 

oxygenjliter or 3.3 ppm. 

tion rate. 

the more they are stressed. 

at the critical level they are unable to decrease consumption further. 

oxygen concentration drops to the lethal level and death occurs. In a few 

instances, oxygen drops rapidly to the lethal level without any equilibrium 

period. 

insufficient oxygen to sustain fish long enough to regulate and decrease 

consumption. At lower densities, there i s  usually a regulation period at 

the critical level of oxygen concentration before a final decrease to the 

lethal level. 

At the equilibrium concentration or critical 

At the critical level fish decrease their consump- 

Presumably, the longer the nehu must regulate their consumption, 

After some time (varying between experiments) 

Then 

This takes place when the density of fish is so great that there is 

The mean lethal level of oxygen concentration determined here (1.44 cc 

oxygedliter) is less than that determined by Pritchard (1955) of 2.02 cc 

oxygen/liter. 

mined €or this report was €or groups o f  fish and his for individual fish. 

The difference may be due to the fact that the value deter- 

Results indicate that oxygen concentration should not fall below 3.5 cc 

oxygen/liter (approximately 5.0 pprn). 

critical level (2.5 cc oxygen/liter; 3 . 3  pprn). However, since any oxygen 

concentration below saturation (approximately 4.0 to 5.0 cc oxygedliter; 

6.0 to 7.0 ppm at experimental temperatures and salinities) may create 

stress, the oxygen concentration should ideally be maintained at saturation 

by the addition of supplemental oxygen or increased flow rate. 

This concentration is well above the 

Addition of industrial oxygen may result in high oxygen concentrations 
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above sa tu ra t ion ,  p a r t i c u l a r l y  i f  oxygen flow is  not  c a r e f u l l y  regula ted .  

An upper l i m i t  of oxygen concentrat ion was determined. 

oxygen (over s a t u r a t i o n  t o  20 ppm) var ied ,  depending upon how f i s h  were 

exposed. In labora tory  experiment 32, f i s h  were placed i n  high oxygen con- 

cen t r a t ions  immediately a f t e r  cap ture  (Figure 12) .  The high oxygen concen- 

t r a t i o n  was de l e t e r ious .  Grea tes t  mor t a l i t y  occurred i n  tanks  with h ighes t  

mean oxygen concentrat ion (Figure 12 ,  curve C);  lowest mor t a l i t y  i n  tanks 

with lowest mean oxygen concentrat ion (Figure 12, curve B ) .  

experiment 33, f i s h  were placed i n  water at  s a t u r a t i o n  immediately a f t e r  

cap ture  and t h e  oxygen concentrat ion gradual ly  increased t o  higher  values .  

No s i g n i f i c a n t  d i f f e rence  i n  mor t a l i t y  due t o  d i f f e r e n t  oxygen concentrat ions 

was observed i n  t h i s  case.  

t r a t i o n s  i s  due t o  t i s s u e  damage from excess  oxygen i n  blood vesse l s  o r  t o  

d i s o r i e n t a t i o n  of f i s h  by water dis turbance.  

revealed no oxygen bubbles i n  blood vesse l s  o f  t h e  caudal f i n .  

The effects o f  high 

In 1abora.tory 

I t  is unclear  whether mor t a l i t y  i n  high concen- 

Microscopic examinations 

These r e s u l t s  suggest t h a t  f i s h  should i n i t i a l l y  be placed i n  water a t  

s a t u r a t i o n  o r  j u s t  s l i g h t l y  higher .  

3 hours,  oxygen s a t u r a t i o n  can be maintained by gradual ly  increas ing  t h e  flow 

of  oxygen u n t i l  equi l ibr ium i s  reached, u sua l ly  by t h e  end of t h e  f irst  day 

of  cap t iv i ty .  

10 ppm. 

If oxygen decreases  during t h e  first 

For maximum su rv iva l  oxygen concent ra t ion  should never exceed 

Surv iva l  of  nehu i n  d i f f e r e n t  oxygen environments was cont ras ted  i n  

severa l  l abora tory  and barge experiments. O f  these ,  l abora tory  experiment 13 

bes t  shows t h e  effect o f  supplemental oxygen i n  enhancing su rv iva l .  

was a l s o  provided i n  some tanks during t h i s  experiment. 

mor t a l i t y  was h ighes t  i n  tanks provided only with air  (Figure 13, curve B ) ,  

lowest i n  tanks  with supplemental oxygen and cu r ren t  (Figure 13, curve C), and 

Current 

Figure 13 shows t h a t  
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in te rmedia te  i n  tanks  wi th  oxygen on ly  (F igure  13, curve D) o r  wi th  a i r  and 

c u r r e n t  (Figure 13, curve A ) .  This i s  c o n s i s t e n t  w i t h  r e s u l t s  of  o t h e r  

oxygen experiments, al though d i f f e r e n c e s  i n  m o r t a l i t y  between a i r  and oxygen 

t rea tments  were o f t e n  l e s s  pronounced than i n  l abora to ry  experiment 13. 

Resul t s  depend l a r g e l y  upon t h e  d e n s i t y  of f i s h .  

m o r t a l i t y  f a c t o r s  superceded t h e  e f f e c t  of oxygen, r e s u l t i n g  i n  high m o r t a l i t y  

r e g a r d l e s s  of oxygen s a t u r a t i o n .  Usually,  however, t h e  p rov i s ion  of oxygen 

g r e a t l y  increased  s u r v i v a l .  For example, i n  Figure 13, 50 pe rcen t  m o r t a l i t y  

i n  t anks  with oxygen d i d  not  occur u n t i l  Day 8 or 9 as opposed t o  Day 5 o r  6 

i n  tanks  wi th  a i r .  Although supplemental oxygen was used t o  main ta in  oxygen 

a t  s a t u r a t i o n  l e v e l ,  i t  d i d  not e l imina te  delayed m o r t a l i t y ,  b u t  o f t e n  pro- 

longed t h e  onse t  of delayed m o r t a l i t y  f o r  s e v e r a l  days. 

In  some experiments o t h e r  

In e s t ima tes  of  t o t a l  oxygen consumed by a bucket of f i s h  (G = 2,700 

f i s h )  a t  d i f f e r e n t  consumption rates and mean wet weights (Table l l ) ,  con- 

sumption r a t e s  range from an es t imated  minimum (such as i n  acc l imated  groups 

of f i s h )  t o  average consumption r a t e s  of  s i n g l e  f i s h  t o  an es t imated  maximum 

(Table 10) .  

0.500 t o  0.700 gm. 

The mean wet weight of f i s h  usua l ly  ranges from approximately 

The supplemental oxygen appara tus  is  shown i n  Plates 11 and 12 .  A 

complete d e s c r i p t i o n  can be found i n  Baldwin (1970), t oge the r  wi th  d a t a  

showing t h e  amount o f  oxygen (cc/min) r e l e a s e d  from t h e  oxygen s tone  a t  

p res su res  from 5 t o  35 PSI. Table 35 g ives  l i n e  p r e s s u r e s  provid ing  

s u f f i c i e n t  oxygen f o r  1 t o  10 buckets  of f i s h .  

The optimal oxygen environment f o r  nehu r e q u i r e s :  

a. 

b .  

Provis ion  of  supplementary oxygen as descr ibed .  

Adjustment of oxygen l i n e  p r e s s u r e  t o  main ta in  oxygen a t  
s a t u r a t i o n  concen t r a t ion  f o r  experimental  temperature 
and s a l i n i t y .  
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c.  Adjustment of oxygen s t o n e s  and l i n e  p res su re  f o r  t h e  
release o f  minimum-size bubbles t o  inc rease  e f f i c i e n c y  o f  
oxygen d i s s o l u t i o n  i n  seawater. 

d.  Reduction o f  oxygen flow t o  minimum pressure  necessary f o r  
s a t u r a t i o n  t o  reduce d i s o r i e n t i n g  turmoi l .  

Oxygen concent ra t ion  not  t o  exceed a maximum of  10 ppm i n  
100 percent  seawater .  

e. 

f .  Oxygen concent ra t ion  not t o  decrease  below 3.5 c c / l i t e r  
(approximately 5.0 ppm) . 

4. Temperature. The range o f  temperature  i n  Hawaiian waters  is  from 

apprpximately 20" t o  30°C and l e t h a l  low o r  high temperatures  normally a r e  

not  encountered by nehu i n  c a p t i v i t y .  

a t  t h e  upper end of t h i s  range (26.0" t o  3O.O0C), h ighe r  temperatures  

appear t o  i n t e r a c t  with o t h e r  f a c t o r s  t o  s i g n i f i c a n t l y  inc rease  stress 

and mor ta l i t y .  

During summer months, however, when 

Experiments on varying temperature  were conducted i n  only  labora tory  

experiment 19. 

days. 

an i n d i c a t i o n  t h a t  lower temperature  prolonged t h e  time t o  onse t  o f  delayed 

m o r t a l i t y .  In Figure 14, t h e  m o r t a l i t y  curve (8) f o r  f i s h  t r e a t e d  with 

100 percent  seawater  (34.0 t o  36.0 pp t )  and maintained a t  ambient 

temperature  (26.0" t o  28.0"C) shows t h a t  50 percent  mor t a l i t y  (3 t o  4 days) 

occurred about 1 day e a r l i e r  than with o t h e r  t rea tments  (50 percent  

m o r t a l i t y  by Days 4 t o  5) .  

lower temperature  of 21.0" t o  23.0"C reached t h e  50 pe rcen t  m o r t a l i t y  

l e v e l  by Day 5 (F igure  5, curve A). Those i n  50 percent  seawater  (16.0 t o  

18.0 ppt )  a t  21.0" t o  23.0"C reached t h e  50 percent  m o r t a l i t y  l eve l  by Days 

4 t o  5 (Figure 14, curve C ) ,  bu t  i n i t i a l  m o r t a l i t y  was s i g n i f i c a n t l y  lower 

i n  50 percent  seawater  than i n  e i t h e r  100 pe rcen t  seawater  t rea tments .  

Temperature con t ro l  equipment ceased func t ioning  af ter  7 

Although temperature  con t ro l  w a s  absent  a f t e r  t h i s  time, t h e r e  i s  

Fish  subjec ted  t o  100 percent  seawater  but  a 
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An a n a l y s i s  of m o r t a l i t y  occur r ing  at var ious  temperatures,  when 

measurements o f  tempera ture  dur ing  a l l  experiments are compiled, shows 

t h a t  tempera ture  affects m o r t a l i t y .  Analysis reveals t h a t  temperature 

does not s i g n i f i c a n t l y  affect i n i t i a l  m o r t a l i t y  o r  percentage  o f  f i s h  

remaining, bu t  does s i g n i f i c a n t l y  affect time t o  delayed m o r t a l i t y  and t o  

t h e  50 pe rcen t  m o r t a l i t y  l e v e l  (Table 1 2 ) .  

percent  m o r t a l i t y  f o r  f i s h  exper ienc ing  a maximum temperature o f  2 4 . 0 "  t o  

26.9'C was made wi th  time t o  50 percent  m o r t a l i t y  f o r  f i s h  exper ienc ing  

a maximum tempera ture  o f  27.0'  t o  29.9'C by means o f  t h e  Mann-Whitney 

U-test (Sokal and Rohlf, 1969). The Mann-Whitney s t a t i s t i c  (U) was 231, 

s i g n i f i c a n t  a t  t h e  P 0.05 l e v e l .  Fish encountering h igher  maximum 

tempera ture  reached t h e  50 percent  m o r t a l i t y  l e v e l  s i g n i f i c a n t l y  e a r l i e r  

(approximately 2 days) than those  a t  lower maximum temperature.  A similar 

a n a l y s i s  was done f o r  t h e  minimum temperature encountered (21.0" t o  23.9"C 

vs 2 4 . 0 "  t o  26.9'C). The Mann-Whitney s t a t i s t i c  (U) was 236,  s i g n i f i c a n t  

a t  t h e  P = 0.025 l e v e l .  F i s h  encountering a lower minimum temperature 

reached t h e  50 percent  m o r t a l i t y  l e v e l  s i g n i f i c a n t l y  l a t e r  (approximately 

2 days) t han  those  a t  h ighe r  minimum temperature.  

A comparison o f  days t o  50 

Temperature appears t o  a f f e c t  t h e  shape of  t h e  m o r t a l i t y  curve by 

i n c r e a s i n g  s t r e s s  a t  h ighe r  temperatures and decreas ing  stress a t  lower 

tempera tures ,  probably by in f luenc ing  r e s p i r a t i o n  and metabol ic  rate.  The 

optimal range o f  temperature appears t o  be  approximately from 21.0' t o  

24.0'C. 

obse rva t ion  by fishermen t h a t  b a i t f i s h  m o r t a l i t y  occurs f a s t e r  i n  summer 

than  i n  win te r .  

The i n f l u e n c e  o f  temperature on s u r v i v a l  may relate t o  t h e  

5. Current .  In  Kaneohe Bay, nehu exh ib i t ed  nega t ive  rheo tax i s  t o  

c u r r e n t s  o r i g i n a t i n g  from boat channels o r  streams emptying i n t o  t h e  bay. 
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They maintained t h e i r  pos i t i on  o r  swam aga ins t  t h e  cu r ren t .  

observed t o  m i l l  i n  compact c i r c l e s  i n  shallow water near shore and t o  

o r i e n t  i n t o  cu r ren t s  and m i l l  c i r c u l a r l y  i n  tanks and wel ls .  

They were a l s o  

Swimming speed w a s  determined t o  a s c e r t a i n  a current  speed s u i t a b l e  

f o r  o r i e n t a t i o n  while minimizing energy expended i n  swimming i n t o  supple- 

mental cu r ren t .  

t r i a l s  was 0.17 m/sec (range = 0.15 t o  0.20 m/sec, approximately 30 

t o  40 f t /min) .  The speed ca l cu la t ed  probably represents  a maximum 

s i n c e  f i s h  measured were l a rge ,  acclimated, and swimming i n  a l a r g e  pond. 

Newly captured f i s h  confined i n  small tanks o r  wel ls  probably s w i m  more 

slowly. 

and increased mor t a l i t y  by s t r e s s i n g  f i s h  and bu f fe t ing  them aga ins t  

tank wal ls .  Current speeds were thus set lower than t h e  maximum 

swimming speed determined above, usua l ly  a t  0.10 m/sec (20 f t /min) ,  o r  

approximately 40 t o  50 percent of t h e  maximum range of swimming speed. 

The mean swimming speed which w a s  determined from 25 

Current speed i n  excess of 0 .13 m/sec (25 ft /min) was de le t e r ious  

In laboratory tanks,  t h e  range of maximum current  speed immediately 

i n  f r o n t  of t h e  current  s tandpipe  w a s  from 0.05 t o  0.20 m/sec 

(approximately 10 t o  40 ft /min) with a mean of 0.10 m/sec (approximately 

20 f t /min) .  Current speed var ied  from f r o n t  t o  back and from top  t o  

bottom and was slower a t  t h e  back  and bottom of t h e  tank.  

current  speed i n  barge wells was 0.08 t o  0.13 m/sec (15 t o  25 ft /min) 

with a mean of 0.10 m/sec (approximately 20 f t /min) .  

The e f f e c t  of current  on su rv iva l  of nehu i n  c a p t i v i t y  was t e s t e d  i n  

The range of 

seve ra l  experiments. 

f i s h  i n  t h e  tank given a i r  only (Figure 15, curve B) occurred s i g n i f i c a n t l y  

e a r l i e r  than i n  t h e  tank with a i r  and current  (Figure 15, curve A ) .  In t h e  

tank with cu r ren t ,  50 percent  mor t a l i t y  w a s  reached about 2 days later.  

In  laboratory experiment 12 (Figure 15) mor t a l i t y  of 
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In laboratory experiment 13, various oxygen and current  t reatments  

were cont ras ted  (Figure 13). Highest mor t a l i t y  occurred among f i s h  given 

only a i r ;  lowest mor t a l i t y  occurred among f i s h  given oxygen and cu r ren t .  

Nehu given oxygen but  not cu r ren t  survived near ly  as well as those given 

oxygen and cu r ren t ,  but delayed mor t a l i t y  began earlier (Figure 13, 

curve D ) .  

given a i r  only, but mor t a l i t y  was h igher  than i n  f i s h  given oxygen o r  

oxygen and cu r ren t .  

postponing t h e  onset  of delayed mor t a l i t y  and t h e  50 percent mor t a l i t y  

l e v e l .  

t h e  number surviving by Day 14. Occasionally,  i n i t i a l  m o r t a l i t y  was 

higher when cu r ren t  was p resen t ,  probably because weaker o r  i n ju red  f i s h  

were more quickly el iminated.  

Fish given a i r  and current  underwent less m o r t a l i t y  than those 

Provision of cu r ren t  a l t e r e d  su rv iva l  p r imar i ly  by 

Current did no t  appear t o  decrease i n i t i a l  m o r t a l i t y  o r  increase 

I t  was found bes t  t o  maintain cu r ren t  throughout t h e  experimental 

period. 

o f f  on Day 6 i n  one t a n k  (Figure 16, curve B) ;  i n  another tank, cu r ren t  was 

l e f t  on f o r  t h e  e n t i r e  14 days (Figure 16, curve A ) .  Mor ta l i t y  immediately 

increased i n  t h e  t am where t h e  cu r ren t  was shut o f f .  Most observa t ions  

showed t h a t  i f  current  were shut  o f f  before  t h e  asymptotic m o r t a l i t y  l eve l  

were reached, mor t a l i t y  p ropor t iona te ly  increased.  

seemed t o  have l i t t l e  o r  no e f f e c t  a f t e r  asymptotic m o r t a l i t y  was reached. 

In laboratory experiment 15, t h e  pump providing cu r ren t  was shut  

Shut t ing  o f f  t h e  cu r ren t  

Mill ing behavior of nehu is influenced by cu r ren t ,  oxygen concentrat ion,  

When no d i r e c t i o n a l  cu r ren t  i s  provided, nehu tend t o  move and l i g h t .  

randomly during t h e  first few days of c a p t i v i t y .  The dura t ion  of random 

movement v a r i e s  with oxygen concent ra t ion  and s e v e r i t y  o f  o t h e r  environ- 

mental stress f a c t o r s .  

movement ceases and c i r c u l a r  mi l l i ng  begins by t h e  end of t h e  first day. 

If oxygen i s  maintained at  s a t u r a t i o n ,  random 

56 



i 
cc 
cc 
0 

C 
Q) 

3 

c 

L 
L 

0 

0 cu 0 0 
0 

0 
Q) 

0 
(D 

0 * 
A l I l V l t l O W  lN33tl3d 

(D 

cu 

0 

vi 
re 
0 
>. 
44 .- 
c 
m 
Y 

$ 
u) E 
- c  0 0 
P 

n 

Y 
C 
9) 
L 

Y 

I 
3 w V 

Z L  

re 
0 
44 
V 
0) 

Y- 
re 
w 

\o 

Q 
I 
3 
ul 

LL 

c 

.- 

57 



When d i r e c t i o n a l  current  is added, f i s h  immediately o r i e n t  themselves 

t o  t h e  cu r ren t .  

of f i s h ,  f i s h  o r i e n t  themselves t o  t h e  cu r ren t ,  maintaining a r e l a t i v e l y  

s t a t i o n a r y  pos i t i on  f o r  one o r  two days a f t e r  capture .  The rea f t e r ,  they 

begin mi l l i ng  i n  a complete c i r c l e .  In most experiments t h e  current  was 

counterclockwise w i t h  t h e  f i s h  consequently swimming clockwise. 

Depending upon current  s t r eng th  and s i z e  and condi t ion  

I f  t h e  oxygen concent ra t ion  f e l l  below approximately 5.0 ppm o r  i f  

o t h e r  stress f a c t o r s  were severe,  f i s h  would m i l l  more slowly a t  f i r s t  and 

spread out  t o  a less compact m i l l .  As stress increases  they move more 

randomly, eventua l ly  breaking up t h e  m i l l .  

t i nue ,  they would move randomly even i f  cu r ren t  were p re sen t .  

by which cu r ren t  a f f e c t s  su rv iva l  is  not known, however postponement of 

delayed stress mor ta l i t y  may be due t o  one o r  a l l  of t h e  following reasons.  

Current may provide a stimulus f o r  immediate o r i e n t a t i o n  when f i s h  

If  severe  stress were t o  con- 

The mechanism 

a r e  placed i n  t h e  unfami l ia r  and r e s t r i c t e d  capture  s i t u a t i o n .  

r equ i r e s  some time f o r  f i s h  t o  l ea rn  v i sua l  cues and begin normal mi l l i ng  

I t  probably 

i n  small tanks.  In t h e  meantime they move randomly, o f t en  i n j u r i n g  them- 

se lves .  This d i s o r i e n t a t i o n  may a l s o  r e s u l t  i n  excessive energy demand. 

I f  current  i s  provided, f i s h  m i l l  immediately, reducing such stress. 

Nehu may need t o  s w i m  a t  a c e r t a i n  speed i n  a uniform d i r e c t i o n  t o  

maintain a s u f f i c i e n t  flow of water pas t  t h e  g i l l s .  

and t h e  i n s t i g a t i o n  of mi l l i ng  inc rease  t h e  rate of oxygen a v a i l a b i l i t y  

t o  t h e  g i l l s ,  poss ib ly  increas ing  t h e  e f f i c i ency  of oxygen u t i l i z a t i o n .  

Provision of cu r ren t  

Current appears t o  reduce t h e  d isso lved  carbon d ioxide  concentrat ion,  

poss ib ly  by increas ing  water turbulence.  

6. Light and tank color .  Nehu exh ib i t  p o s i t i v e  pho to tac t i c  behavior.  

For example, during night  b a i t i n g  they a r e  a t t r a c t e d  t o  submerged l i g h t s  
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o r  w i l l  jump from un l igh ted  tanks  toward l i g h t s  some d i s t a n c e  away. 

Therefore,  t o  keep f i s h  m i l l i n g  normally a t  n i g h t  a l i g h t  must be  provided 

over t h e  tank.  

l abo ra to ry  caused f i s h  t o  aggregate a t  t h e  end n e a r e s t  t h e  window. 

d i f f e r e n c e  i n  l i g h t  i n t e n s i t y  wi th in  t h e  tanks  i n t e r f e r e d  with normal 

m i l l i n g  and induced h ighe r  m o r t a l i t y .  Therefore ,  s e v e r a l  experiments 

varying c o l o r  and i n t e n s i t y  of  l i g h t  were conducted. 

In e a r l y  experiments l i g h t  from windows a t  one end of  t h e  

This  

A major d i f f i c u l t y  encountered i n  experiments measuring l i g h t  

i n t e k i t y  was t h e  lack of  a v a i l a b l e  equipment t o  measure t h e  e f f e c t  o f  

a c t u a l  r a d i a n t  energy on nehu. Attempts were made t o  equa l i ze  l i g h t  

i n t e n s i t y  wi th  a Gossen 7.67 t o  510 foot -candle  meter h e l d  approximately 

1.25 cm above t h e  water s u r f a c e .  Foot-candle measurements were converted 

t o  luminous u n i t s  of lumen pe r  square  meter. I t  was r e a l i z e d ,  however, 

t h a t  t h e  use  of luminous u n i t s  i s  inadequate f o r  measuring t h e  e f f e c t  of 

l i g h t  on organisms o t h e r  than humans (Tyler ,  1971). 

A r t i f i c i a l  f l uo rescen t  l i g h t s  suspended 17.5 cm above t h e  s u r f a c e  

with v a r i a t i o n  i n  s p e c t r a l  ou tpu t s  were a l s o  used. 

were found t o  vary  c h a r a c t e r i s t i c s  of l i g h t  p e n e t r a t i o n  through t h e  water 

column. 

(1) G . E .  F20T12-CW, 20 wat t s ,  cool white and (2) Westinghouse F20T12/G, 

20 watts, green.  

i n  terms o f  t h e  r e l a t i v e  e f f e c t  of l i g h t  c o l o r  and i n t e n s i t y  on 

m o r t a l i t y .  

D i f f e ren t  c o l o r s  

The s p e c i f i c a t i o n s  of  l i g h t s  used i n  t h e  experiments were: 

The r e s u l t s  of  t h e  experiments a r e  cons idered  only  

Loukashkin and Grant (1965) s t u d i e d  t h e  behavior and r e a c t i o n s  of 

t h e  nor thern  anchovy, Engraulis mordax, t o  d i f f e r e n t  wave lengths  of 

l i g h t  and found t h a t  t hey  p r e f e r  a p a r t i c u l a r  wave length of green. I t  

was observed t h a t  S. purpureus a l s o  appeared t o  p r e f e r  t h e  same type  of 
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were suspended over two tanks and white l i g h t s  

equal ized t o  approximately 1,080 lumens/sq m ( 

su r face .  In tanks with white l i g h t s ,  f i s h  did 

f luo rescen t  green l i g h t .  However, because measurements o f  i n t e n s i t y  were 

inadequate,  r e s u l t s  were inconclusive.  

A few experiments attempting t o  test  t h e  effect o f  green vs white  

l i g h t  on s u r v i v a l  were conducted. Results are somewhat confusing bu t  

gene ra l ly  i n d i c a t e  t h a t  green l i g h t  may enhance s u r v i v a l  i f  o f  s u f f i c i e n t  

i n t e n s i t y ,  p a r t i c u l a r l y  i f  no cu r ren t  i s  suppl ied t o  provide o r i e n t a t i o n .  

Resul ts  of l abora to ry  experiment 16 are shown i n  Figure 17. Green l i g h t s  

over two o t h e r  tanks,  a l l  

00 footcandles)  a t  t h e  

not m i l l  c i r c u l a r l y  u n t i l  

Days 7 t o  8.  In a l l  observat ions of mi l l i ng  which were made t h r e e  times 

d a i l y  f o r  1 2  days, f i s h  showed a mean of 65 percent  random movement (no 

d i r e c t i o n a l  m i l l i n g ) .  Delayed mor ta l i t y  i n  these  tanks began on Day 3;  

50 percent  mor t a l i t y  was reached by Days 3 t o  4 .  I n  tanks with green 

l i g h t s  f i s h  began mi l l i ng  c i r c u l a r l y  immediately on Day 1. Observations 

f o r  12 days e l i c i t e d  a mean o f  38 percent  random movement, much less than 

i n  tanks with white  l i g h t s .  Delayed mor ta l i t y  i n  tanks with green l i g h t s  

d id  not  begin u n t i l  Day 4; 50 percent  mor t a l i t y  was no t  reached u n t i l  

Days 5 t o  6. 

l i g h t  t reatments  i n  t h e  onset  of delayed mor t a l i t y .  Green l i g h t s  appear 

decrease s t ress ,  and i n c r e a s e  

In summary, t h e r e  was about two days d i f f e rence  between t h e  

t o  promote normal o r i e n t a t i o n  and mi l l i ng  

s u r v i v a l .  

Laboratory experiment 1 7  dupl icated aboratory experiment 16, using 

t h e  same l i g h t s  and i n t e n s i t i e s ,  but adding cu r ren t  t o  t h e  tanks.  

under both l i g h t  t reatments  began c i r c u l a r  mi l l i ng  immediately on Day 1, 

probably because of t h e  cu r ren t .  

s i g n i f i c a n t  d i f f e rence  i n  m o r t a l i t y  between tanks with green and white 

Fish 

Figure 18 shows t h a t  t h e r e  was no 
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l i g h t s .  

s i g n i f i c a n t l y  a f f e c t s  mor t a l i t y  only when t h e r e  is no cu r ren t  f o r  o r i e n t a -  

t i o n .  

environment on o r i e n t a t i o n .  

A comparison of  t h e  two experiments i n d i c a t e s  t h a t  l i g h t  c o l o r  

When c u r r e n t  is p resen t ,  it supercedes t h e  effect of  t h e  l i g h t  

Following pre l iminary  tests, new l i g h t s  (Westinghouse F30T12/CW, 

cool white ,  30 wat ts )  were i n s t a l l e d  over  each t a n k  i n  an at tempt  t o  in-  

crease l i g h t  i n t e n s i t y  and uniformity.  Var ia t ion  occurred between t anks  

because o f  t h e  i r r e g u l a r  placement of  c e i l i n g  l i g h t s .  

included i n  t h e  genera l  f a c t o r  ana lys i s  of  t h e  concluding s e c t i o n .  

c o r r e l a t i o n  ma t r ix  o f  t h i s  a n a l y s i s  (Table 23) shows t h a t  increased  l i g h t  

i n t e n s i t y  s i g n i f i c a n t l y  inc reases  t h e  t ime t o  onse t  of delayed m o r t a l i t y ,  

t ime t o  50 percent  mor t a l i t y ,  and percentage o f  s u r v i v a l .  Increased 

v a r i a t i o n  o f  l i g h t  i n t e n s i t y  over  t h e  tank decreases  percentage o f  s u r v i v a l ,  

while  h ighe r  and more uniform l i g h t  i n t e n s i t y  decreases  m o r t a l i t y .  The 

l i g h t  i n t e n s i t y  ranged f r o m  approximately 750 to 1,260 lumens/sq m (70 t o  

117 foo tcand les ) ,  averaging approximately 1,080 lumens/sq m (100 foo t -  

candles)  a t  t h e  su r face .  Measurements o f  l i g h t  i n t e n s i t y  taken aga in  

after 2 years  8 months show a s u b s t a n t i a l  decrease  i n  i n t e n s i t y  o f  

approximately 35 percent ,  i n d i c a t i n g  t h a t  l i g h t s  should have been changed 

more f r equen t ly  t o  maintain maximum p o s s i b l e  i n t e n s i t y .  

This  v a r i a b l e  is 

The 

The effect of background c o l o r  of  t h e  tanks  w a s  a l s o  t e s t e d .  Visual 

environment was found t o  s i g n i f i c a n t l y  affect o r i e n t a t i o n  behavior ,  m i l l -  

i ng ,  and s u r v i v a l  of nehu. 

In  a l l  l abora to ry  tanks t h e  background c o l o r  w a s  green.  On t h e  barge,  

however, tanks i n  i n i t i a l  experiments were white .  

i n d i c a t e  t h a t  green was p r e f e r r e d  by nehu, barge experiment 14 on c o n t r a s t -  

i n g  tank c o l o r s  was conducted (Figure 19) .  

S ince  observa t ions  

Experimental condi t ions  were 
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t h e  same i n  both  tanks,  both being provided with oxygen and cu r ren t .  

tank was coa ted  with whi te  ge l -coa t  r e s i n ,  t h e  other with green ge l - coa t  

r e s i n  (approximate c o l o r  was Turquoise Blue, #25, lt75 i n  Webster'8 New 

International Dictionary of the EnqZish Language, 2nd ed. , 1961). 

One 

Nehu 

i n  t h e  white tank (Figure 19, curve B) underwent delayed 

Day 4 with  50 percent  m o r t a l i t y  be ing  reached by Day 5. 

t ank  (Figure 19, curve A) d i d  not undergo delayed mortal  

mor t a l i t y  by 

F i s h  i n  t h e  green 

t y  u n t i l  about 

Day 6 and 50 percent  m o r t a l i t y  was reached by Day 7 t o  Day 8. 

s i g n i f i c a n t  d i f f e r e n c e  of  approximately 2-1/2 days i n  t h e  onset of delayed 

m o r t a l i t y  occurred  between white and green t anks .  A n o t i c e a b l e  d i f f e r e n c e  

i n  m i l l i n g  behavior  was a l s o  observed: 

sp read  ou t  and mi l l ed  i n  a wider r ad ius  than  those  i n  t h e  whi te  tank.  

Thus a 

f i s h  i n  t h e  green tank were more 

Other experiments showed t h a t  nehu exper ience  d i f f i c u l t y  when o r i e n t i n g  

i n  b l ack  t anks ;  they  move randomly and f r equen t ly  h i t  t h e  s i d e s .  

ground c o l o r  i s  t h e r e f o r e  apparent ly  important t o  normal o r i e n t a t i o n  of  

f i s h .  

a c u i t y ,  t h e  sooner  t h e  f i s h  probably o r i e n t  t o  t h e  cap tu re  environment. 

The back- 

The c l o s e r  t h e  v i s u a l  environment is  t o  t h e  range o f  maximum v i s u a l  

Light experiments are incomplete. A means o f  measuring l i g h t  i n  terms 

A range o f  wave l eng ths  of  r a d i a n t  energy would be  p a r t i c u l a r l y  d e s i r a b l e .  

of green l i g h t  at  va r ious  i n t e n s i t i e s  should  be t e s t e d  t o  determine t h e  

optimal wave l eng th  and i n t e n s i t y  of  l i g h t  f o r  nehu. 

l i g h t  was not v a r i e d  on a d i u r n a l  b a s i s .  

f o r  t h e  n igh t  and i n c r e a s i n g  aga in  i n  t h e  morning might enhance s u r v i v a l  

by a f f e c t i n g  energy u t i l i z a t i o n  and stress of f i s h .  

Also, i n  experiments,  

Lowering i n t e n s i t y  g radua l ly  

Information so f a r  i n d i c a t e s  t h a t  t h e  b e s t  v i s u a l  environment f o r  

maximum survival is as fol lows:  

d i s t r i b u t e d  ove r  t h e  tank  a t  as h igh  an i n t e n s i t y  as i s  f e a s i b l e - - a t  least 

whi te  or green l i g h t  should  be  uniformly 



1,080 lumens/sq m (100 footcandles)  a t  t h e  s u r f a c e ,  op t imal ly  h igher .  

A t  l e a s t  some l i g h t  should be provided a t  n igh t ,  p a r t i c u l a r l y  i f  t h e r e  is 

no cur ren t  t o  provide o r i e n t a t i o n  and e s p e c i a l l y  during t h e  f i r s t  few days 

of  capture  when f i s h  a r e  adapt ing t o  t h e  new environment. Light should 

no t  be turned on and o f f  s i n c e  it induces a s t a r t l e  r e a c t i o n .  The back- 

ground co lo r  of t h e  tank should be a l i g h t  green-blue; dark co lo r s  should 

be avoided. 

a s s i s t  i n  o r i e n t a t i o n .  

Obvious v i s u a l  cues on t h e  s i d e s  of t h e  tank may be used t o  

7. Circulat ion--open system. In  experiments with a continuous open 

system, an attempt was made t o  ob ta in  t h e  maximum turnover  r a t e  p o s s i b l e .  

In t h e  labora tory ,  flow r a t e  was l imi t ed  by t h e  l i n e  p re s su re  of  a g r a v i t y  

flow seawater  system. On t h e  barge,  inflow was from Jabsco (barge exper i -  

ments 1 t o  10) o r  Jacuzzi  (barge experiments 11 t o  30) pumps. The 

o b j e c t i v e  was t o  maintain t h e  h ighes t  flow and turnover  rates poss ib l e  

without exceeding t h e  optimal cu r ren t  speed (0.10 m/sec; 20 f t /min ) ,  which 

w a s  con t ro l l ed  by valves  i n  t h e  cu r ren t  s tandpipe  system. 

The flow r a t e  necessary t o  provide s u f f i c i e n t  oxygen without add i t ion  

o f  supplemental  oxygen (assuming inf low water is a t  s a t u r a t i o n )  was 

ca l cu la t ed  f o r  an average bucket o f  f i s h  (approximately 2,700 f i s h ,  

weighing approximately 1,700 gm). The f i s h  are assumed t o  be unacclimated, 

with an es t imated  mean rate of  oxygen consumption o f  1,270 cc p e r  bucket of  

o '742  cc/hr]. Calculated flow 2,700 f i s h  0.634 
f i s h  gm 

f i s h  p e r  h r  [ bat 
r a t e s  i n  l i ters p e r  hour a r e  summarized i n  Table 36. Since t h e  amount 

of oxygen a t  s a t u r a t i o n  v a r i e s  with d i f f e r e n t  temperatures  and s a l i n -  

i t i e s ,  flow r a t e s  necessary t o  p rov ide  s u f f i c i e n t  oxygen were ca l cu la t ed  

f o r  t h e  range of temperatures  and s a l i n i t i e s  encountered under most 

experimental  condi t ions  ( temperature ,  20' t o  3OoC; s a l i n i t y ,  10 t o  36 p p t ) .  
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The es t imated  flow rates (range = 205 t o  285 l i t e r s h r )  are assumed optimal 

f o r  t h e  first day a f t e r  cap tu re  when oxygen consumption is g r e a t e s t .  

t h e  number o f  f i s h  i s  more o r  less than  one bucket,  flow rate can be  

correspondingly inc reased  o r  decreased .  Fu r the r ,  af ter  f i s h  are acc l imated  

(approximately 10 t o  14 days) flow rate can be  decreased. If  supplemental  

oxygen i s  provided, flow rate  can be decreased, b u t  t h e  p o s s i b l e  accumula- 

t i o n  o f  t o x i c  me tabo l i t e s  m u s t  be cons idered  i f  water exchange i s  too  slow. 

If 

For most l abora to ry  experiments t h e  water inf low va lve  was not  f u l l y  

opefi and h ighe r  flow rates were p o s s i b l e  i f  t h e r e  were s u f f i c i e n t  l i n e  

p re s su re  i n  t h e  seawater  system. 

ments ranged from 0.07 t o  0.11 l i t e r / s e c  (1 t o  2 gal/min),  with a mean flow 

of 0.08 l i t e r / s e c  (1 .3  gal/min).  

t h e  180-gal tanks  ranged from 37 t o  58 percent  p e r  hour, t h e  mean tu rnove r  

r a t e  be ing  42 percent pe r  hour. 

nee r ing  Corporation, F i l t e r  No. P110) i n  t h e  inflow l i n e  ( P l a t e  15) decreased 

flow r a t e  very s l i g h t l y  when f i l t e r s  were c l ean .  When f i l t e r s  were clogged, 

t h e  flow r a t e  g r e a t l y  decreased, s o  they were r e g u l a r l y  r ep laced .  For most 

experiments, f i l t e r s  were not  used. 

The flow rate i n  most l abora to ry  expe r i -  

The percentage  of  t h e  tu rnove r  r a t e  f o r  

The presence of  Cuno f i l t e r s  (Cuno Engi- 

Table 36 shows t h a t  t h e  flow r a t e  necessary  t o  supply 1,270 cc oxygen/hr 

t o  an average bucket of f i s h  ranged from 205 t o  285 l i t e r s / h r  (54 t o  75 

g a l / h r ) .  

t h e r e f o r e  was adequate t o  supply s u f f i c i e n t  oxygen f o r  low t o  average 

d e n s i t i e s  of f i s h .  

t h e  flow rate would have been i n s u f f i c i e n t  t o  provide  necessary oxygen. 

Also, f o r  many experiments l i n e  p r e s s u r e  was low, r e s u l t i n g  i n  reduced 

flow r a t e s .  

added t o  ensure  oxygen s a t u r a t i o n .  

The average flow r a t e  i n  t h e  l abora to ry  (288 l i t e r s / h r  or 76 g a l / h r )  

If stress were excess ive  and d e n s i t i e s  h i g h e r ,  however, 

Under most experimental  cond i t ions  supplemental oxygen was 
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In i n i t i a l  barge experiments (1 t o  l o ) ,  c i r c u l a t i o n  inflow was 

provided by Jabsco pumps, one pump p e r  1,000-gal well. The flow rate 

ranged from 0.28 t o  0.36 l i ter/sec (4 t o  6 gal/min), with a mean flow 

r a t e  of 0.30 l i t e r / s e c  (4.8 gallmin) . 
1,000-gal wel l  ranged from 27 t o  34 percent pe r  hour, with a mean of 28 

percent per  hour. I t  requi red  a flow r a t e  of 205 t o  285 l i t e r s / h r  (over 

t he  experimental t empera ture-sa l in i ty  range) t o  provide 1,270 cc oxygen/hr 

f o r  one bucket of f i s h .  The number of buckets i n  barge wells ranged from 

f i v e  t o  t e n .  The flow rate  requi red  f o r  s u f f i c i e n t  oxygen was from 1,025 

t o  1,425 l i t e r s / h r  f o r  5 buckets and from 2,050 t o  2,850 l i t e r s / h r  f o r  10 

buckets.  

s u f f i c i e n t  t o  provide oxygen f o r  approximately 5 buckets of average-sized 

f i s h ,  bu t  i n s u f f i c i e n t  f o r  10 .  Thus, d e n s i t i e s  g r e a t e r  than 5 buckets pe r  

1,000 g a l  requi red  supplemental oxygen. 

The percentage of turnover of t h e  

The Jabsco pump with a flow r a t e  of 1,010 t o  1,300 l i t e r s / h r  was 

A 1 hp Jacuzzi  pump (P la t e  2) was used i n  la ter  barge experiments 

(11 t o  30) .  

0.64 l i t e r / s e c  (9 t o  10 gal/min) with a mean of 0.60 l i ter/sec (9.5 gal/min). 

The turnover ra te  o f  each well was from 54 t o  60 percent pe r  hour,  with a 

mean of 57 percent pe r  hour o r  s l i g h t l y  more than one complete turnover i n  

2 hours,  and i s  s u f f i c i e n t  t o  provide oxygen f o r  r e s p i r a t i o n  f o r  about 10 

buckets of average-sized f i s h .  

The flow rate  t o  each well  ranged from approximately 0.57 t o  

Optimal flow rate w i l l  vary with temperature, s a l i n i t y ,  a v a i l a b i l i t y  

of supplemental a i r  o r  oxygen, s ize  of f i s h ,  and s e v e r i t y  of stress and 

must be determined anew f o r  each experiment. Eventually, however, t h e  

maximum flow r a t e  poss ib l e  should be s e l e c t e d  while simultaneously main- 

t a i n i n g  an optimal cu r ren t  speed. 
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8. Ci rcu la t ion- -c losed  system with reduced s a l i n i t y .  Previously 

described experiments show t h a t  reduced s a l i n i t y  (40 t o  50 percent seawater; 

16.0 t o  18.0 ppt) i s  t h e  most s i g n i f i c a n t  f a c t o r  i n  decreasing stress and 

subsequent mor t a l i t y  of nehu i n  c a p t i v i t y .  Constant open c i r c u l a t i o n  of 

50 percent seawater renders  h ighes t  su rv iva l ,  but  f i s h i n g  vessels do not  

carry s u f f i c i e n t  f r e sh  water f o r  t h i s . t o  be f e a s i b l e  a t  sea. I f ,  however, 

50 percent seawater is  r e c i r c u l a t e d  f o r  at least 3 hours a f t e r  capture  

(period of s eve res t  osmoregulatory s t r e s s ) ,  su rv iva l  is g r e a t l y  increased. 

This t rea tment  might be  poss ib l e  on f i s h i n g  vesse l s  when i n  p o r t .  

Experiments were done t o  f ind  t h e  maximum time f i s h  could be exposed 

t o  r e c i r c u l a t e d  50 percent seawater before  accumulation of metabol i tes  

and o the r  stress f a c t o r s  induced excessive mor t a l i t y .  Factors determining 

t h e  length of t h i s  per iod  a r e  dens i ty ,  accumulation of s c a l e s ,  mucus and 

o the r  organic  ma te r i a l ,  carbon d ioxide  with decrease i n  pH, and ammonia. 

I n  a l l  experiments with closed systems, oxygen was kept a t  s a t u r a t i o n  and 

cu r ren t  was provided. 

In pre l iminary  experiments 50 percent seawater was r e c i r c u l a t e d  i n . a  

closed system u n t i l  f i s h  began dying. Af t e r  a few hours water became 

murky and brown, a t t a i n i n g  a s t rong "fishy" odor. Fish i n i t i a l l y  showed 

s t r e s s  by decreasing mi l l i ng  speed and spreading out from t h e  normal m i l l .  

They eventua l ly  l o s t  o r i e n t a t i o n  t o  current  and began da r t ing  or  jumping 

randomly. F ina l ly ,  they sank t o  t h e  bottom and died.  Figure 20 

i l l u s t r a t e s  r e s u l t s  of laboratory experiment 30 i n  which 50 percent sea- 

water was r e c i r c u l a t e d  f o r  about 9 hours before  t h e  system w a s  opened t o  

a continuous flow of 100 percent seawater.  There was no supplemental 

treatment of bu f fe r ing  o r  f i l t e r i n g .  A bucket of nehu (approximately 

2,781 f i s h ;  1,427 gm) was placed i n  t h e  180-gal laboratory tank (1,550 
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f i s h  p e r  100 g a l ;  793 gm per  100 g a l ) .  

i n  pH Figure 20, curve A) and increase i n  mor t a l i t y  (Figure 20, curve B ) .  

The first symptom of  stress, exemplif ied by a l t e r a t i o n  of normal m i l l i n g  

p a t t e r n ,  w a s  observed a t  pH 7.50. 

and random swimming, was observed a t  pH 7.25, about 6-1/2 hours a f t e r  t h e  

experiment began. Mor ta l i ty  d id  not i nc rease  unt i l  a f t e r  7 t o  8 hours a t  

pH 7.20 t o  7.15; t h e r e a f t e r ,  mor t a l i t y  occurred r a p i d l y .  

t h e  system was opened t o  100 percent  seawater .  

decreased t o  a minimum of  7.10. I t  is obvious from t h e  d a i l y  mor t a l i t y  

curve f o r  t h i s  experiment (Figure 21) t h a t  t h e  system was c losed  too  

long. 

and reduct ion  o f  pH. 

were accumulation of  ammonia and suspended organic  mat te r .  

Figure 20 shows hourly decrease  

Cbvious stress, ind ica t ed  by e r r a t i c  

After 9 hours ,  

By t h a t  time pH had 

Death was probably p r imar i ly  due t o  accumulation o f  carbon d ioxide  

Other  f a c t o r s  probably con t r ibu t ing  t o  m o r t a l i t y  

Barge experiment 18 was conducted under similar condi t ions  as 

l abora to ry  experiment 30 above, except t h a t  t h e  system was closed for a 

s h o r t e r  per iod .  

experiment (725 gm p e r  100 g a l ) .  In  t h i s  experiment,  50 percent  seawater  

was r e c i r c u l a t e d  f o r  only 4 hours ,  o r  unti l  pH decreased t o  7 .55;  then t h e  

system was opened t o  100 percent  seawater .  

o f  Figure 22 show t h a t  m o r t a l i t y  was s i g n i f i c a n t l y  less i n  t h e  t a n k  with 

4 hours o f  r e c i r c u l a t e d  50 percent  seawater  (Figure 22, curve A ) ,  than  

i n  t h e  con t ro l  tank with 100 percent  seawater  i n  an open system (Figure  22, 

curve B ) .  

by Day 6 and 46 percent  by Day 11. 

not  reached by Day 14. 

The d e n s i t y  of  f i s h  was equiva len t  t o  t h a t  i n  t h e  above 

The d a i l y  m o r t a l i t y  curves 

In t h e  r e c i r c u l a t e d  t ank ,  only 11 percent  o f  t h e  f i s h  were dead 

The 50 percent  mor t a l i t y  l eve l  was 

Addi t iona l  experiments demonstrate t h a t  even b r i e f  exposure t o  recir- 

cu la t ed  50 percent  seawater  (3 t o  4 hours)  s u b s t a n t i a l l y  inc reases  s u r v i v a l  
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by reducing osmoregulatory stress during t h e  c r i t i c a l  first few hours 

a f t e r  capture ,  as long a s  pH does not f a l l  below 7.5. To maintain 3 or 

more hours o f  exposure t o  r e c i r c u l a t i n g  50 percent seawater, t h e  dens i ty  

of f i s h  must be  con t ro l l ed  s ince  t h e  decrease i n  pH is r e l a t e d  t o  densi ty:  

oxide i f  too many f i s h  a r e  crowded i n t o  tanks o r  b a i t  

accumulates and pH decreases too r ap id ly .  

Table 13 summarizes da ta  f o r  experiments w 

wel l s ,  carbon d 

t h  r ec i r cu la t ed  

seawater (no supplemental treatment of bu f fe r ing  o r  f i l t e r i n g ) .  

SO percent 

An example 

of pH decrease with time i s  shown i n  Figure 20 (curve A). 

t h a t  pH usua l ly  decreases rapidly during t h e  f i r s t  2 hours a f t e r  capture ,  

t h e n  decreases l i n e a r l y .  Data show a s i g n i f i c a n t  f i t  t o  c u r v i l i n e a r  

regress ion  (Y = l/a+bX) with a range i n  - b = 3.250 t o  11.003 (X 

c o e f f i c i e n t  f o r  l i n e a r  regress ion  (b) i n  Table 13 ind ica t e s  a rate of pH 

decrease t o  7.5 of approximately 0.001917 t o  0.006611 pH points  pe r  minute 

(0.11 t o  0.40 pH points /hr)  . 

Results show 

The 

The time f o r  pH t o  decrease t o  7.5 ranged from about 80 t o  200 minutes 

(approximately 1-1/3 t o  3-1/3 hours),  depending on dens i ty  i n  gram wet 

weight p e r  100 gal  (Figure 23). The l i n e a r  regress ion  c o e f f i c i e n t  @) is  

0.13636 minute pe r  gram wet weight. Figure 23 shows t h a t  t o  r e c i r c u l a t e  

50 percent seawatm i n  a ’c losed  system f o r  3 hours without excess stress 

and mor ta l i t y  due t o  pH decrease and without supplemental bu f fe r ing  treat-  

ment, t h e  concent ra t ion  of nehu should be about 750 gm wet weight of f i s h  

pe r  100 ga l  o f  seawater. 

In experiments with open systems c i r c u l a t i n g  100 and 50 percent 

seawater continuously,  pH occas iona l ly  decreased t o  a l i m i t i n g  value of 

7.5 when t h e  dens i ty  of f i s h  was g r e a t  o r  flow rate too slow. 

occurred on Day 1, when dens i ty  exceeded 1,000 gm wet weight pe r  100 ga l .  

This 
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To avoid t h i s  stress, d e n s i t y  i n  an open system should not  exceed 1,000 

gm pe r  100 ga l  o r  t h e  flow rate should be increased, at  least f o r  t h e  

f i r s t  day af ter  capture .  

In  closed systems o r  r e c i r c u l a t i n g  50 percent seawater, mucus, s c a l e s ,  

f eces ,  and o the r  organic mat te r  accumulate and probably impede r e s p i r a t i o n .  

To t e s t  t h e  e f f e c t  of t h e  removal o f  such mater ia l  on su rv iva l ,  a p ro te in  

skimmer was added (P la t e s  13 and 14). The p ro te in  skimmers used were 

enlarged and modified from t h e  o r i g i n a l  German design (Sander Brand, 500, 

made i n  Germany). Water was pumped through t h e  skimmer, p u l l i n g  water 

from t h e  top t o  t h e  bottom, while a i r  was simultaneously fed i n t o  t h e  

bottom. 

a t  t h e  su r face  which was trapped i n  t h e  top sec t ion  of t h e  skimmer and 

removed. 

Organic material adhered t o  r i s i n g  a i r  bubbles t o  c r e a t e  a foam 

The e f f e c t  of adding a p ro te in  skimmer t o  reduce mor t a l i t y  was s i g n i f -  

i c a n t .  Figure 24 shows t h e  r e s u l t s  o f  labora tory  experiment 32 i n  which 

one tank had a p r o t e i n  skimmerand i n  t h e  o the r ,  none. 

water was r e c i r c u l a t e d  through both tanks f o r  approximately 5 hours when 

pH was j u s t  above 7 . 5 ,  then t h e  system was opened t o  100 percent seawater. 

Mor ta l i ty  i n  both tanks was low because o f  reduced s a l i n i t y ,  but  i n  t h e  tank 

with no p r o t e i n  skimmer (Figure 24, curve B ) ,  50 percent mor t a l i t y  occurred 

by Days 11 and 1 2 ,  while i n  t h e  tank with t h e  p ro te in  skimmer (Figure 24, 

curve A),  mor ta l i t y  was s i g n i f i c a n t l y  l e s s  throughout t h e  e n t i r e  experiment 

and t h e  50 percent mor t a l i t y  l e v e l  was never reached. 

F i f t y  percent sea- 

In barge experiment 19 (Figure 25) , a s i g n i f i c a n t  d i f f e rence  i n  mortal-  

i t y  was apparent between f i s h  i n  t h e  tank with a p r o t e i n  skimmer (Figure 25, 

curve A) and f i s h  i n  t h e  tank with no p r o t e i n  skimmer (Figure 25, curve B). 

F i f t y  percent seawater was r e c i r c u l a t e d  i n  both tanks f o r  4 hours 40 minutes 
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or  u n t i l  pH was j u s t  above 7.5. 

50 percent mor t a l i t y  was reached by Days 5 t o  6, while i n  t h e  tank with 

t h e  p ro te in  skimmer 50 percent mor t a l i t y  was not  reached u n t i l  Days 9 t o  

10, a d i f f e rence  of approximately 4 days.  

a p ro te in  skimmer i s  p resen t ,  i nd ica t ing  t h a t  it has l i t t l e  effect  i n  

decreasing t h e  accumulation of carbon dioxide.  

In t h e  tank without t h e  p r o t e i n  skimmer, 

The pH drops r a p i d l y  even when 

Experiments were then conducted t o  determine i f  c o n t r o l l i n g  pH by 

means of b u f f e r s  would allow an inc rease  i n  r e c i r c u l a t i o n  time. An amine 

buffer--Trizma 8 . 3  (McFarland and Norr is ,  1961)--was used, Several  concen- 

t r a t i o n s  were t e s t e d :  2 @/gal  of 50 percent  seawater was found s u f f i c i e n t  

t o  maintain pH of 8 . 0  t o  8 . 3  f o r  24 hours a t  mean d e n s i t i e s .  In laboratory 

experiment 34,  Trizma buf fe r  was added to  one tank (Figure 26,  curve A) and 

not t o  another  (Figure 2 6 ,  curve B). Both tanks were given supplemental 

oxygen and cu r ren t ,  but  no p ro te in  sk immer .  In t h e  tank with no b u f f e r ,  pH 

dropped r a p i d l y  t o  7 . 5  i n  only 1 hour 20 minutes; t h e  system was then opened 

t o  100 percent  seawater (Figure 26,  curve B). The tank with bu f fe r  showed 

almost no decrease i n  pH a f t e r  9 hours  o f  r e c i r c u l a t i o n  when the  

was opened t o  100 percent seawater (Figure 16,  curve A). Mortal 

both tanks was r e l a t i v e l y  high,  but mor t a l i t y  curves showed some 

The tank with b u f f e r  reached 50 percent mor t a l i t y  by Days 6 t o  7 

system 

t y  i n  

d i f f e rence .  

approxi- 

mately 1 day a f t e r  t h e  tank with no b u f f e r  (50 percent mor t a l i t y  by Days 5 

t o  6 ) .  Since o t h e r  t o x i c  substances ( e .g . ,  ammonia) accumulated during 

t h e  r e c i r c u l a t i o n  pe r iod ,  it i s  probable t h a t  su rv iva l  i n  t h e  buf fered  

tank would have been g r e a t e r  i f  t he  r e c i r c u l a t i o n  per iod had been decreased. 

In  another  experiment both b u f f e r  and a p r o t e i n  skimmer were t e s t e d .  

Laboratory experiment 36 (Figure 27) showed t h a t  although buf fe r  and skimmer 

were present  and pH d id  not decrease s i g n i f i c a n t l y ,  mor t a l i t y  i s  s t i l l  high 
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i n  a closed system when 50 percent seawater is  r e c i r c u l a t e d  too long. 

Water i n  t h e  tank with bu f fe r  and skimmer was r e c i r c u l a t e d  f o r  70 hours; 

t h e  pH only decreased t o  7.90 (Figure 27, curve A ) .  The tank with no bu f fe r  

and skimmer was r e c i r c u l a t e d  f o r  5 hours; t h e  pH decreased t o  7.45 (Figure 

27, curve B ) .  

h igher  su rv iva l ,  but f i s h  i n  n e i t h e r  tank benef i ted  g r e a t l y  from rec i r cu -  

l a t e d  50 percent seawater. 

skimmer was probably due t o  accumulation of t ox ic  metabol i tes  such a s  

ammonia. In the  tank with no add i t iona l  t reatment ,  pH was allowed t o  

decrease below 7.50. 

Fish t r e a t e d  with buf fer  and skimmer exhib i ted  s l i g h t l y  

High mor ta l i t y  i n  t h e  tank w i t h  b u f f e r  and 

In conclusion, it seems bes t  t o  r e c i r c u l a t e  water f o r  no more than 3 

t o  4 hours ( a t  appropr ia te  dens i ty ;  Figure 23), r ega rd le s s  of add i t ion  of 

b u f f e r  or pro te in  skimmer. Further,  Trizma 8.3 buf fe r  may maintain too high 

a pH, thereby increas ing  t h e  accumulation rate of ammonia. 

ment may be t o  use a bu f fe r  of lower pH. 

t o  c l a r i f y  t h i s  po in t .  

A b e t t e r  treat- 

Further experimentation is  needed 

9. Metabolites.  Metabolites poss ib ly  a f f e c t i n g  stress and mor ta l i t y  

of nehu i n  t h e  experiments are carbon dioxide and ammonia. 

with optimal environmental condi t ions  ( i . e . ,  low dens i ty  of nehu, oxygen 

In open systems 

s a t u r a t i o n ,  and maximum turnover r a t e ) ,  it is un l ike ly  t h a t  e i t h e r  metabo- 

l i t e  w i l l  reach stress or t o x i c  l eve l s .  Table 14 shows t h a t  i n  labora tory  

experiment 37, disso lved  carbon d ioxide  concent ra t ion  i n  nehu tanks with 

c i r c u l a t i o n ,  cu r ren t ,  and supplemental oxygen or a i r  d i d  not  s i g n i f i c a n t l y  

exceed t h a t  o f  water inflow con t ro l .  The maximum carbon d ioxide  concen- 

t r a t i o n  measured over t h e  7-day experimental per iod  was i n  tanks with 

c i r c u l a t i o n  and a i r  only (4.6 x millimoles pe r  l i t e r ;  2.12 ppm; 

p a r t i a l  p re s su re  = 1.16 mm Hg). From these  da t a ,  it would appear t h a t  
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current  may decrease carbon d ioxide  concentration. 

carbon dioxide were probably below a tox ic  l e v e l ,  but over a longer per iod  

of exposure t h i s  concent ra t ion  might induce stress by a f f ec t ing  r e s p i r a t i o n .  

Unfortunately, it was not  f e a s i b l e  t o  measure carbon d ioxide  concent ra t ions  

da i ly .  

carbon d ioxide  may reach s t r e s s  l e v e l s  even i n  open systems. 

cated by a few such experiments with low pH values ( 7 . 5  t o  7 .9) .  

i n  closed-system r e c i r c u l a t e d  brackish water, carbon d ioxide  d i d  accumulate, 

A l l  concentrations of 

In some experiments with suboptimal environmental condi t ions,  

This is i n d i -  

Further ,  

indbcing s t r e s s  and mor t a l i t y .  

Attempts t o  measure ammonia, which a f f e c t s  both s t r e s s  and mor t a l i t y  

i n  closed systems, were unsuccessful.  Further experimentation and measure- 

ment a r e  requi red  t o  c l a r i f y  t h e  e f f e c t  of carbon d ioxide  and ammonia on 

nehu i n  closed systems. 

10. Density. Each experiment must be evaluated ind iv idua l ly  t o  de t e r -  

mine s u i t a b l e  dens i ty .  The optimum v a r i e s  w i t h  (1) volume of water, ( 2 )  size 

of f i s h ,  (3) turnover r a t e ,  and (4)  environmental f a c t o r s  such as oxygen, 

cu r ren t ,  and v i s u a l  environment. 

Figure 28 summarizes d a t a  from t h r e e  comparable experiments which vary 

t h e  dens i ty  of f i s h .  

current  flow r a t e  was 0.08 l i t e r  per  second, and s a l i n i t y  was 34.0 t o  36.0 

pp t .  A i r  was i n s u f f i c i e n t  t o  maintain oxygen s a t u r a t i o n  and on Day 1, oxygen 

Tanks were provided with supplemental a i r  only, t h e  

concent ra t ion  f e l l  t o  a s t r e s s  l e v e l .  I n i t i a l  mor t a l i t y  was independent of 

densi ty:  

s t r e s s  e f f e c t s .  

most f i s h  died from handling i n j u r i e s  and not  from environmental 

Further ,  t i m e  t o  delayed mor t a l i t y  and t h e  50 percent mor- 

t a l i t y  l eve l  d id  not vary s i g n i f i c a n t l y  between tanks of d i f f e r e n t  concen- 

t r a t i o n s ,  i n d i c a t i n g  t h a t  f i s h  undergo s t r e s s  mor t a l i t y  a t  t h e  same time 

regardless  of i n i t i a l  densi ty .  By Day 14 ,  however, a g r e a t e r  percentage Of 
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f i s h  survived i n  tanks with lower i n i t i a l  densi ty .  

r e l a t i o n s h i p  between percentage of su rv iva l  t o  Day 14  and i n i t i a l  dens i ty  

i n  gram wet weight i s  approximately l i n e a r  (b = 2.3343 x 

Figure 28 shows t h a t  t h e  

P < 0.01). 

In  Table 15, t h r e e  capture  environments are described and t h e  approx- 

imate dens i ty  of nehu appropr ia te  f o r  each is estimated. 

a r e  based on groups o f  f i s h  of mean wet weight from 0.500 t o  0.700 gm. 

In b a i t  wells with poor condi t ions (Table 15, item A) and a minimum tu rn -  

over rate o f  about 25 percent p e r  hour, dens i ty  of f i s h  is usua l ly  oxygen- 

l imited.  In  t h i s  case, densi ty  should be approximately 80 t o  130 gm p e r  

100 liters. I f  b a i t  well condi t ions a r e  improved (Table 15, item B ) ,  

densi ty  can be  increased t o  about 130 t o  260 gm per  100 l i t e r s .  If 50 

percent seawater is  r e c i r c u l a t e d  f o r  3 hours t o  give bes t  condi t ions 

(Table 15, i tem C ) ,  densi ty  must be regula ted  t o  200 t o  210 gm per  100 l i t e rs  

o r  pH decreases t o  a l e t h a l  l e v e l  t oo  r ap id ly  and o the r  metabol i tes  may 

reach stress o r  l e t h a l  concentrat ions.  Density of f i s h  i n  50 percent 

seawater i n  an open system can be increased  above t h a t  o f  a closed system. 

Densi t ies  i n  Table 15 a r e  based on a minimum turnover r a t e  (25 percent pe r  

hour).  I f  flow r a t e  is increased  i n  items A and B (Table 15),  densi ty  can 

be p ropor t iona te ly  increased.  

o the r  environmental s t r e s s  is g r e a t ,  d e n s i t i e s  should be decreased. 

These estimates 

I f  f i s h  a r e  in ju red  from handling o r  i f  

Resul ts  of a l l  experiments (with supplemental oxygen ava i l ab le )  i n d i c a t e  

t h a t ,  t o  a maximum densi ty  of approximately 260 gm pe r  100 l i ters  (1,000 gm 

pe r  100 g a l ) ,  dens i ty  does not s i g n i f i c a n t l y  affect t h e  shape o f  t h e  mor t a l i t y  

curve i f  oxygen is  a t  s a t u r a t i o n  i n  an open system. 

po r t iona te ly  inc rease  mor t a l i t y .  

t he re fo re  simply r e s u l t  i n  add i t iona l  work i n  removing dead f i s h .  

Greater d e n s i t i e s  pro- 

Crowding f i s h  a t  high d e n s i t i e s  would 
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11. Food. Juven i l e  and a d u l t  nehu usua l ly  feed on t h e  dominant - 
crustacean zooplankton. 

n a u p l i i ,  and eggs (Hia t t ,  1951). On most f i s h i n g  vesse l s  where nehu are 

used as b a i t f i s h  within a few days, feeding i s  unnecessary and probably 

undesirable.  

oxygen l eve l  more r ap id ly  when feeding. 

mor t a l i t y  u n t i l  about 10 t o  14 days af ter  capture .  

In Kaneohe Bay these  are pr imari ly  copepod a d u l t s ,  

Food is  c o s t l y  and p o l l u t e s  well water and nehu reduce t h e  

Lack of food does not i nc rease  

Because some experimental ob jec t ives  r equ i r e  keeping nehu f o r  longer 

periods,  effects of var ious food t reatments  on su rv iva l  and weight mainte- 

nance were con t r a s t ed .  Experiments i n d i c a t e  t h a t ,  o f  t h e  var ious d r i e d  

commercial f i s h  meals, ground l i v e r ,  ground sk ip j ack  tuna,  Oregon moist 

p e l l e t  (OMP), and frozen b r i n e  shrimp (FBS), f rozen b r i n e  shrimp e l i c i t  

optimal feeding behavior and b e s t  weight maintenance. 

Nehu p r e f e r  b r i n e  shrimp, feeding on them e a r l i e r  than any o t h e r  food 

t e s t e d .  

allowed f o r  t r a i n i n g .  Most d i f f i c u l t y  with foods o t h e r  than b r i n e  shrimp 

is  behavioral .  Nehu a r e  slow t o  feed on d r i ed  o r  ground food, accept ing 

it only a f te r  seve ra l  days o f  t r a i n i n g .  Also, much d r i e d  o r  ground food 

is  wasted: when missed by t h e  f i s h ,  it fa l l s  t o  t h e  bottom o f  t h e  well 

and becomes a contamination problem. 

They a l s o  feed on Oregon moist p e l l e t  i f  s u f f i c i e n t  time is 

How soon nehu begin feeding i n  c a p t i v i t y  depends not  only on food 

type, but a l s o  on t h e  condi t ion o f  t h e  f i s h .  Jus t  a f t e r  capture ,  when 

f i s h  are s t r e s s e d  o r  i n ju red ,  few w i l l  feed.  If environmental condi t ions 

a r e  good, a small percentage o f  nehu begin feeding on Day 2 .  The first 

s i g n i f i c a n t  feeding response usua l ly  begins on Day 3 .  About 25 percent  

of t h e  f i s h  feed a t  t h i s  time; t h e  percentage gradual ly  inc reases  u n t i l  

most a r e  feeding by Days 5 t o  6. When delayed stress mor ta l i t y  begins,  
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feeding a c t i v i t y  again decreases ,  although most f i s h  continue feeding 

unless stress i s  excessive.  After t h e  asymptotic l eve l  o f  mor t a l i t y  i s  

reached, f i s h  feed r e a d i l y  f o r  t h e  remainder o f  t h e  experimental per iod.  

In most experiments feeding began on Day 3 o r  Day 4 and t h e  amount o f  food 

was decreased when f i s h  were s t r e s s e d  o r  died.  

Idea l ly ,  nehu should be fed several  times d a i l y ,  but experimental 

I f  fed more condi t ions l imi t ed  t h e  feeding schedule t o  3 times d a i l y .  

f requent ly ,  f i s h  would l ea rn  t o  accept food ear l ie r  and less would be 

wasted. As noted, t h e  amount o f  food var ied d a i l y ,  but t h e  wet weight 

o f  food averaged 36 percent of t h e  wet weight o f  nehu; dry weight o f  food 

averaged 3 t o  5 percent  o f  t h e  wet weight (Table 16). The percentages of 

dry weight o f  b r i n e  shrimp and moist p e l l e t  a r e  i n  Table 1 7 .  

In l abora to ry  experiment 1 (Table 18; Figure 2 9 ) ,  f i v e  food t r ea tmen t s  

were con t r a s t ed  using acclimated f i s h  (22  days) .  

d i f f e rence  i n  m o r t a l i t y  between food t reatments  u n t i l  approximately Day 

10, when t h e  effects o f  s t a r v a t i o n  increased mor t a l i t y  s l i g h t l y  i n  f i s h  

given no food (Figure 29,  curve B) o r  only plankton (Figure 29,  curve A ) .  

NO s i g n i f i c a n t  i nc rease  i n  mor t a l i t y  was observed i n  f i s h  fed t r o u t  food 

only (Figure 29,  curve D), t r o u t  food plus  f rozen b r i n e  shrimp, o r  f rozen 

b r i n e  shrimp only (Figure 29,  curve C ) .  Figure 30 shows t h e  ca l cu la t ed  

r eg res s ion  curves (dry weight o f  a given s tandard length)  at t h e  end o f  

14 days for nehu given d i f f e r e n t  food t reatments .  

s i o n s  were compared with t h e  r eg res s ion  curve of t h e  i n i t i a l  sample (Figure 

30, curve E ) ,  t h e  r e s u l t s  showed t h a t  f i s h  given t r o u t  food p lus  f rozen 

b r i n e  shrimp o r  f rozen b r i n e  shrimp only (Figure 30, curves B and C) 

increased i n  dry weight. 

weight (Figure 30, curve D); those fed plankton o r  no food (Figure 30, 

There was no s i g n i f i c a n t  

When treatment regres-  

Those fed t r o u t  food only gained somewhat less 
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curves F and G) l o s t  weight. Calculated dry weights (Y)  f o r  a mean 

standard length of 45.0 mm (X)  a r e  i n  Table 18. Fish used i n  t h i s  

experiment were given i n s u f f i c i e n t  food during t h e  acclimation period. 

The experimental i n i t i a l  length-weight regression curve (Figure 30, 

curve E )  does not represent  a t r u e  est imate  f o r  t h e  natural  population 

(Figure 30, curve A). 

gain a c t u a l l y  regained weight l o s t  during t h e  acclimation period. 

Fish given food treatments r e s u l t i n g  i n  weight 

In laboratory experiment 2 (Table 18) t h e  same food t rea tments  were 

t e s t e d  on unacclimated f i s h .  

night b a i t  which were t r a n s f e r r e d  by swimming i n t o  barge wells. 

mor t a l i t y  d i d  not begin u n t i l  about Days 10 and 11 (Figure 31). An 

i n t e r e s t i n g  r e s u l t  is t h a t  those given food (Figure 31, curves A ,  B, and 

D) underwent delayed mor t a l i t y  ear l ier  than those given no food (Figure 31, 

curve C ) .  

f a l l  below t h e  c r i t i c a l  l e v e l .  

occurred on Day 8,  with oxygen concent ra t ion  f a l l i n g  below 5.0 ppm. 

appears t h a t  i f  low oxygen stresses f i s h ,  feeding them r e s u l t s  i n  f u r t h e r  

stress and e a l i e r  delayed mor t a l i t y .  If oxygen i s  a t  s a t u r a t i o n ,  no d i f -  

ference i n  mor t a l i t y  occurs between those fed and those not fed.  S t a rva t ion  

mor t a l i t y  i n  nehu given no food (Figure 31, curve C) began about Days 16 

t o  18; a l l  f i s h  were dead by Day 20. Length-weight regressions of f i s h  

sampled on Day 16, when compared with t h e  regress ion  curve of t h e  i n i t i a l  

sample (Figure 32, curve A ) ,  showed t h a t  f i s h  fed frozen b r i n e  shrimp main- 

t a ined  weight (Figure 32, curve B), those fed t r o u t  food or t r o u t  food 

p lus  frozen b r i n e  shrimp (Figure 32, curves C and D) l o s t  some weight, 

and those given no food (Figure 32, curve E) l o s t  most weight. Percentage 

These nehu were p a r t i c u l a r l y  well-handled 

Delayed 

This would not have occurred i f  oxygen concent ra t ion  d id  not 

In t h i s  experiment, however, oxygen stress 

I t  
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of  weight l o s s  or weight gain f o r  d i f f e r e n t  food treatments i s  compared i n  

Table 18. The only food r e s u l t i n g  i n  no weight l o s s  was frozen b r i n e  shrimp. 

In barge experiments 7 and 8 ,  a l l  f i s h  were given frozen b r i n e  shrimp 

(wet weight o f  food approximately 36 percent pe r  gram w e t  weight of f i s h ;  

dry weight o f  food approximately 5 percent pe r  gram wet weight o f  f i s h ) .  

Figures 33 and 34 and Table 18 show t h a t  most f i s h  maintained weight with 

t h i s  food t reatment .  

Frozen b r i n e  shrimp should be  washed i n  f r e s h  water in s t ead  o f  sea- 

water t o  thaw. This r e s u l t s  i n  b r i n e  shrimp s inking  more slowly so t h a t  

fewer are missed by t h e  f i s h .  Excess b r i n e  shrimp should be  removed from 

t h e  bottom o f  t h e  tank af ter  feeding. 

If  f i s h  are t o  be  he ld  f o r  10 days or less and used f o r  b a i t  

purposes such as on f i s h i n g  vesse l s ,  they should not be fed.  

Other spec ie s  of f i s h  are commonly caught with 1 2 .  Other f i s h e s .  

nehu by both day and night  capture  methods (Table 34).  Some are schooling 

f i s h e s  which a r e  not predatory on nehu, such as i a o  (Pmnesus insularnun) 

and makiawa (Etrwneus t e r e s ) .  

(Caranx mate, C. melwnpggus, Gnuthanodon spedosus,  and Scomberoides lysan) . 
Others prey on nehu, such as t h e  carangids 

I t  i s  bes t  t o  remove o t h e r  f i s h  from t h e  b a i t  wel l ,  except t hose  which 

school and a r e  d i f f i c u l t  t o  s e p a r a t e  from t h e  nehu. 

should be removed when b a i t  is  placed i n  t h e  tank.  

by a t t ack ing  them and d i s rup t ing  normal mi l l i ng .  

Most l a r g e  p reda to r s  

Predators stress nehu 

The f i n a l  f a c t o r  ana lys i s  

shows t h a t  t h e  presence of o t h e r  unpredatory schooling f i s h  may s i g n i f i -  

can t ly  enhance su rv iva l  by poss ib ly  promoting e a r l i e r  mi l l i ng .  

Adult Scomberoides Zysan or lae a r e  mid-water o r  su r face  carn ivores  

found along coas t a l  a r eas  (Gosline and Brock, 1960). Juven i l e s  approxi- 

mately 10 t o  80 mm i n  length a r e  found i n  shallow waters a s soc ia t ed  with 
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schooling f i s h  including nehu. 

nehu from about March t o  December, but a r e  caught i n  g r e a t e s t  numbers 

during Ju ly ,  August, and September, when they become a major stress and 

mor ta l i t y  f a c t o r  of nehu i n  b a i t  wells. 

s i z e  i s  f r o m  about 25 t o  40 nun. 

d i s t r i b u t i o n  of a sample o f  91 j u v e n i l e  l a e  captured with nehu i n  September. 

The length of t h e  lae ranged f r o m  2 3 . 0  t o  63.0 nun; t h e  mean length was 

35.2 mm. 

scales. 

(Major, 1973). 

months, they begin feeding on juven i l e  and f i n a l l y  adu l t  nehu. 

o t h e r  hand, t h e  number o f  l a e  captured with nehu r ap id ly  decreases from 

October through March and b a i t  well mor t a l i t y  caused by l a e  becomes less. 

In  a typical a t t a c k  sequence, lae s w i m  p a r a l l e l  t o  o r  above t h e  nehu 

Juven i l e  l a e  are frequent ly  captured with 

During t h i s  per iod,  t he  predominant 

Figure 35 shows t h e  length frequency 

Lae from about 20 t o  50 mm i n  length feed predominantly on nehu 

Some scale feeding continues u n t i l  they reach 140 mm i n  length 

A s  they inc rease  i n  s i z e  through t h e  f a l l  and winter  

On t h e  

f o r  about 20 seconds, then d a r t  toward t h e  dorsal  a r e a  behind t h e  head 

making contact  with t h e  mouth. Simultaneously, t h e  venomous anal  spines  

(Halstead e t  a l . ,  1972) a r e  lowered although movies made o f  t h e  attack 

sequence i n d i c a t e  t h a t  lae do not h i t  o r  "sting" nehu with t h e  spine,  but 

s t r i k e  only with t h e  mouth. During t h e  attack, many nehu scales a r e  d i s -  

lodged and lae  e a t  t h e  f r e e - f l o a t i n g  scales. 

nua l ly  a t t a c k  and stress nehu u n t i l  they d i e .  

i n  t anks  with lae reveal  t h a t  numerous scales i n  t h e  do r sa l  a r ea  a r e  removed. 

Table 19 summarizes laboratory experiments i n  which lae were present  

i n  at least some tanks (180-gal s i z e ) .  Resul ts  show t h a t  t h e  presence o f  

l a e  s i g n i f i c a n t l y  increased m o r t a l i t y  o f  nehu by t h e  end o f  13 t o  16 days 

(P <0.01; A vs B and C ) .  Although one t o  f i v e  lae s i g n i f i c a n t l y  in -  

creased m o r t a l i t y  (P < O.OS), mor ta l i t y  was s t i l l  less than when s i x  or 

In  confinement, lae con t i -  

Examinations o f  dead nehu 
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more lae were present .  More than t e n  l a e  i n  a tank usua l ly  e f f ec t ed  

t o t a l  mor ta l i ty  of nehu by 13 t o  16 days. 

The gut contents  of lae which a r e  approximately 10 t o  50 mm i n  

length were composed mostly o f  nehu s c a l e s  and t r a c e s  o f  epidermal 

t i s s u e  (C .  Moldenhauer, 1967: personal communication). When s c a l e s  were 

removed from t h e  nehu and ashed, they contained about 4 2  t o  48 percent 

organic ma te r i a l .  Extracts  of homogenized lae i n t e s t i n e  were added t o  

samples of nehu scales. 

down t h e  scales. 

Major (1973) on s t r u c t u r a l  changes i n  t e e t h  with increas ing  body s ize  

s t rong ly  suppott  t h e  contention t h a t  j uven i l e  Scomberoides l y san  are 

predominantly sca l e - f eede r s .  

The i n t e s t i n a l  b r i e  contained enzymes which break 

Observations made so  far  i n  add i t ion  t o  o t h e r  work by 

Several  attempts t o  e l imina te  lae from b a i t  wells containing nehu 

were genera l ly  unsuccessful o r  i n e f f i c i e n t .  Lowering s a l i n i t y  t o  a l eve l  

t o l e r a t e d  by nehu d i d  not k i l l  lae and small t r a p s  ba i t ed  with nehu d i d  

not cap ture  them. 

l a e  aggregate around them and can then be e a s i l y  removed with a n e t .  

Fishermen o f t en  leave l a r g e r  f i s h  i n  b a i t  wells because 

In 

t h e  laboratory,  lae were fed b r i n e  shrimp t o  concent ra te  them a t  one end of 

t h e  tank. When they aggregated where t h e  shrimp were released,  they were 

e a s i l y  removed with a h a n d  n e t .  Fur ther  research  on lae would be  o f  

i n t e r e s t ,  not only because o f  t h e i r  importance i n  b a i t  f i s h  mor t a l i t y ,  

but a l s o  because of t h e i r  unusual sca le - feeding  behavior during t h e  j u v e n i l e  

s t age .  

13. Disease and p a r a s i t e s .  Although pathogenic b a c t e r i a  were 

undoubtedly present  i n  t h e  experiments (Struhsaker et  a l . ,  1973), it i s  

un l ike ly  t h a t  b a c t e r i a l  d i sease  is a major mor t a l i t y  f a c t o r  of nehu r e l a -  

t i v e  t o  previously d iscussed  environmental f a c t o r s .  If  nehu are kept i n  
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c a p t i v i t y  f o r  per iods longer than 14 days, however, stress and mor ta l i t y  

from b a c t e r i a l  d i sease  may occur, e s p e c i a l l y  i n  in ju red  f i s h .  Obvious 

symptoms o f  common b a c t e r i a l  d i sease  o f  f i s h  i n  c a p t i v i t y  were not observed 

i n  t h e  experiments, but it i s  poss ib l e  t h a t  i f  appropr ia te  s t u d i e s  had 

been made, such d i seases  may have been revealed. 

During warmer months--approximately March through November--nehu are 

frequent ly  in fec t ed  by a protozoan, probably a species  o f  Cryptowryon 

( N i g r e l l i  and Ruggieri, 1966; Wi lk ie  and Gordin, 1969). The i n f e c t i o n  

resembles t h e  common "white spo t  d i sease"  o r  I'ich" of freshwater f i s h .  

Opaque wh t e  cys t s  of diameters varying t o  a maximum of about 1 mm occur 

under t h e  g i l l  epithelium. In fec t ions  of g i l l s  immediately a f t e r  capture  

were usua l ly  l i g h t ,  1 t o  5 cys t s  (observed without magnification) i n  each 

g i l l  chamber. During t h e  2 weeks of c a p t i v i t y ,  t h e  i n f e c t i o n  increased 

u n t i l  a l a r g e  number of cys t s  was found i n  t h e  g i l l s  and eventua l ly  on 

t h e  f i n s  and body. 

causing s t r e s s  and mor t a l i t y .  

poss ib l e  f o c i  f o r  b a c t e r i a l  i n f e c t i o n .  

The cys t s  probably se r ious ly  impede r e s p i r a t i o n ,  

Areas in fec t ed  by protozoan c y s t s  are a l s o  

In labora tory  experiment 19, it was discovered t h a t  reduced s a l i n i t y  

(50 percent seawater) e f f e c t i v e l y  eliminated cysts ;  most a f t e r  5 days, 

a l l  a f t e r  10 t o  11 days. Figure 36 compares mor t a l i t y  o f  nehu t r e a t e d  

with 100 percent and 50 percent seawater and a l s o  shows, f o r  d a i l y  samples 

of  10 f i s h ,  percentage of nehu in fec t ed  by cys t s  over t h e  experimental 

period. In  t h e  i n i t i a l  sample, a l l  f i s h  were l i g h t l y  in fec t ed  with a few 

c y s t s .  The percentage of nehu in fec t ed  by a t  least a few cys t s  decreased 

r ap id ly  i n  50 percent seawater u n t i l  most were uninfected by Day 5 and 

none were infected by Day 11 and throughout t h e  remainder o f  t h e  experi-  

ment (Figure 36, curve A ' ) .  I t  i s  probable t h a t  cys t s  develop and f a l l  
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o f f  and t h e  emerging free-swimming s t a g e s  d i e  without r e i n f e c t i n g  f i s h  i n  

reduced s a l i n i t y .  No i n c r e a s e  i n  m o r t a l i t y  occurred  after Day 14 (Figure 

36, curve  A). 

a t  first decreased as c y s t s  developed and dropped o f f .  

s t a g e s  surv ived ,  however, and began r e i n f e c t i n g  f i s h  so t h a t  new c y s t s  

appeared and inc reased  i n  number u n t i l  a l l  f i s h  were heav i ly  i n f e c t e d  by 

Day 9 (Figure 36,  curve B1). 

Days 14 t o  15, u n t i l  a l l  f i s h  d ied  by Day 19 (Figure 36,  curve B). 

t i o n  by t h i s  protozoan may c o n t r i b u t e  t o  t h e  "weak b a i t "  phenomenon i n  

which nehu d i e  more r a p i d l y  dur ing  summer months. 

SO pe rcen t  seawater i n  an open system completely e l i m i n a t e s  t h i s  protozoan 

d i s e a s e  and may a l s o  reduce b a c t e r i a l  i n f e c t i o n .  

In  nehu maintained i n  100 percent  seawater, t h e  i n f e c t i o n  

The free-swimming 

An i n c r e a s e  i n  m o r t a l i t y  began on about 

Infec- 

Continuous exposure t o  

E c t o p a r a s i t i c  isopods of  family Cymothoidae are commonly a s s o c i a t e d  

with nehu. 

r e l a t i v e  m o r t a l i t y  from t h e s e  e c t o p a r a s i t e s  is  probably n e g l i g i b l e .  

Although they  were observed t o  i n j u r e  nehu by b i t i n g  them, 

I f  ba i t -we l l  cond i t ions  a r e  optimal ( i . e . ,  i f  SO percent  seawater  i s  

provided, oxygen i s  a t  s a t u r a t i o n ,  and d e n s i t y  is  a p p r o p r i a t e ) ,  stress and 

m o r t a l i t y  from d i s e a s e  and p a r a s i t e s  a r e  probably minimized. 

Final Data Analysis  o f  Laboratory and Barge Experiments 

A f i n a l  a n a l y s i s  was performed t o  determine i n t e r r e l a t i o n s h i p s  o r  

p a t t e r n s  o f  environmental v a r i a b l e s  and t h e i r  r e l a t i v e  effect i n  producing 

s t r e s s  and m o r t a l i t y  of  S. purpureus i n  c a p t i v i t y .  Component f a c t o r  

ana lys i s - - ana lyz ing  a l l  d a t a  variance--was t h e  a n a l y t i c a l  t echnique  used. 

Resul tan t  f a c t o r s  are b a s i c  dimensions o f  t h e  v e c t o r  space  of  t h e  d a t a .  

The a n a l y s i s  was accomplished wi th  a 360 I B M  Computer us ing  a C a l i f o r n i a  

Biomedical Program (BMD 03M) f o r  component f a c t o r  a n a l y s i s  (Dixon, 1970). 
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A complete t rea tment  of t h i s  technique is  given by Rwmnel (1970). 

information pe r t inen t  t o  i n t e r p r e t a t i o n  of results is given here.  

Only 

A preliminary ana lys i s  of combined da ta  from labora tory  and barge 

experiments d i sc losed  t h a t  inf luence of environmental v a r i a b l e s  d i f f e r e d  

between t h e  two locat ions.  

laboratory and barge data;  r e s u l t s  are presented sepa ra t e ly  below. 

i a b l e s  comprehended i n  ana lys i s  of labora tory  and barge d a t a  are l i s t e d  

i n  Tables 20 and 21. For labora tory  experiments, 34 var iab les - -27  inde- 

pendent and 7 dependent (Table 20)--are included with 184 cases ( t anks ) .  

For barge experiments, 31 variables--24 independent and 7 dependent 

(Table 21)--are included with 28 cases ( t anks ) .  

i a b l e s  measured i n  t h e  labora tory  were not  measured on t h e  barge. 

Measurement techniques f o r  independent environmental va r i ab le s  are 

de l inea ted  i n  t h e  "methods" sec t ion .  

measuring stress and mor ta l i t y  i s  descr ibed  below. 

Separate analyses  were then  performed on 

Var- 

Some independent var- 

Derivation of dependent v a r i a b l e s  

Figure 2 (curves A and D) showed typical mor t a l i t y  curves of 

S. purpureus i n  c a p t i v i t y .  Mor ta l i ty  (Y) i s  a func t ion  of time i n  days 

(X) and t h e  r e l a t i o n s h i p  is described by t h e  l o g i s t i c  funct ion Y(X) = 

Yco . Dependent v a r i a b l e s  used 
a-rX l + e  

parameters of t h e  l o g i s t i c  curve. The 

reached (Y = 50% o r  Day SO%), t h e  time 

begins ( X  = m o r  X1-DM), t h e  time t h a t  

i n  t h e  f a c t o r  a n a l y s i s  are 

day t h a t  50 percent mor t a l i t y  is  

t h a t  delayed o r  stress mor ta l i t y  

delayed o r  stress mor ta l i t y  ends 

(X = n o r  X2-DM), t h e  t o t a l  du ra t ion  of delayed mor t a l i t y  (Xn - Xm o r  

Tot X-DM), t h e  t o t a l  delayed mor t a l i t y  (Yn - Ym o r  Tot Y-EM), and t h e  

time t h a t  midpoint of delayed mor t a l i t y  i s  reached ( a / r  o r  A/R) are 

derived from t h e  l o g i s t i c  funct ion.  I n i t i a l  m o r t a l i t y  (Y at  X = 1 o r  

%IM) and number surv iv ing  ( Y  a t  end o f  experiment o r  % Survival)  are 
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obtained d i r e c t l y  from t h e  mor t a l i t y  da t a .  

S t r e s s  parameters were derived by p u t t i n g  t h e  l o g i s t i c  funct ions i n  

t h e  equiva len t  form of hyperbolic tangent funct ions (Preisendorfer ,  1970; 

J. Caperon, 1970: personal communication), and then taking t h e  f irst ,  second, 

and t h i r d  de r iva t ives  of t hese  funct ions.  The de r iva t ives  a r e  summarized 

i n  Table 22 .  

increase)  were ca l cu la t ed  from d a t a  using t h e  logar i thmic  form o f  t h e  

ym - '(') = a - rX. The point  a t  which t h e  second 
Y(X) 

l o g i s t i c  funct ion:  In 

d2Y (X) d e r i v a t i v e  equals  zero (- = 0) corresponds t o  t h e  midpoint o f  delayed d X2 

mor t a l i t y  (A/R  = a / r )  i n  t h e  l o g i s t i c  funct ion;  i n  t h e  hyperbolic tangent 

funct ion it corresponds t o  t h e  o r i g i n  (A = 0 ) .  The p o i n t s  where t h e  t h i r d  

d e r i v a t i v e  equals  zero (- = 0) correspond t o  the  po in t s  of f l exure  i n  

t h e  l o g i s t i c  curve, o r  t o  t h e  beginning and end of delayed mor t a l i t y ,  Xn 

and Xm. 

t i v e  using a Basic Program (ZEROES: Hewlett-Packard Program Library) which 

determines va lues  of X f o r  F(X) = 0, maxima and minima of a defined funct ion 

over a given X-interval .  The value of X a t  Y = SO%, Total  X(Xn - X,), Yn,  

Ym, and To ta l  Y(Yn - Y ) were then ca l cu la t ed  f o r  t h e  values of Xn and Xm. 

Tables 23 t o  27 conta in  r e s u l t s  o f  component f a c t o r  a n a l y s i s  of 

The constants  5 (Y-intercept) and f ( instantaneous rate of 

d3Y (X) 
dX 3 

Xn and Xm were ca l cu la t ed  from t h e  equation f o r  t h e  t h i r d  der iva-  

m 

l abora tory  data .  Table 2 3  includes means, s tandard  dev ia t ions ,  coe f f i -  

c i e n t s  o f  v a r i a t i o n ,  and communalities f o r  34 var i ab le s .  Coe f f i c i en t s  of 

v a r i a t i o n  were determined by d iv id ing  s tandard  devia t ion  by t h e  mean 

(Sokal and Rohlf, 1969) and provide a b a s i s  f o r  comparing v a r i a t i o n  within 

v a r i a b l e s  of d i f f e r e n t  means. 

v a r i a b l e s  (Table 23) i n d i c a t e  l e s s  v a r i a t i o n  i n  t o t a l  days of delayed 

m o r t a l i t y  (Tot X-DM) and t o t a l  delayed mor t a l i t y  (Tot Y-DM) than i n  

l e v e l  of i n i t i a l  mor t a l i t y  (%IM), time delayed mor t a l i t y  begins (XI-DM) , 

Coef f i c i en t s  of v a r i a t i o n  f o r  dependent 
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day 50 percent mortality is reached (Day SO%), and number surviving 

(010  Survival). 

environments, duration and extent of delayed stress mortality are rela- 

tively invariable; most variation occurs with the onset of delayed mortality 

and number of fish already dead when delayed mortality begins. 

This accords with the observation that, in most experimental 

Communalities (Rwnmel, 1970) represent the proportion of a variable's 

total variance accounted for by factors and is the sum of squared factor 

loadings for a variable (Table 2 5 ) .  The sum of communalities divided by 

the number of variables multiplied by 100 equals the percentage of total 

variation in all data that is patterned, or the total variance accounted 

€or by factors. It measures order, uniformity, or regularity of data. 

For the 34 laboratory variables, 82 percent of the total variance is 

patterned (Table 2 3 ) .  

The correlation matrix for 34 laboratory variables is presented in 

Table 24.  

some result from experimental and statistical design. Of the biologically 

interpretable correlations, most variables interrelate in patterns, 

emerging as significant factors in the rotated factor matrix (Table 2 5 ) .  

Others, although not involved in major factors, may significantly correlate 

Many significant correlations are not biologically meaningful; 

with dependent variables. Significant correlations of biological interest 

which are not included in the discussion of factors are summarized as 

follows (from Table 2 4 ) :  

1. With current, 50 percent mortality is reached later. 

2 .  With current, delayed mortality is less. 

3. With current, number surviving is greater. 

4 .  With increase in hours of recirculated 50 percent seawater, 50 
percent mortality occurs later. 

With addition of protein skimmer, delayed mortality begins later. 5. 
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6. When f i s h  are fed more, delayed mor t a l i t y  is less and number 
surv iv ing  i s  g r e a t e r .  

7. With increased exposure t o  50 percent seawater, i n i t i a l  mor t a l i t y  
i s  less and delayed mor t a l i t y  begins later.  

With g r e a t e r  l i g h t  i n t e n s i t y ,  50 percent mor t a l i t y  is reached 
l a t e r ,  delayed mor t a l i t y  begins la ter ,  and a g r e a t e r  percentage 
survives .  

8. 

9. With less v a r i a t i o n  i n  l i g h t ,  a g r e a t e r  percentage survives .  

Other c o r r e l a t i o n s  are discussed below i n  t h e  context of f a c t o r s .  

Orthogonal matrix r o t a t i o n  was employed i n  t h i s  a n a l y s i s  (Rummel, 

1970). 

ro t a t ed .  For labora tory  va r i ab le s ,  1 2  f a c t o r s  were ro t a t ed ,  accounting 

f o r  82 percent  of t h e  t o t a l  var iance.  

matrix i s  i n  Table 25. 

Factors  with eigenvalues equal t o  or g r e a t e r  than 1.000 were 

The orthogonally r o t a t e d  f a c t o r  

Some o f  t h e  1 2  f a c t o r s  are not  b io log ica l ly  

i n t e r p r e t a b l e ,  r e l a t i n g  t o  v a r i a t i o n  between cases, i .e . ,  t o  v a r i a t i o n  i n  

experimental des ign  from beginning t o  end o f  t h e  experiments. Factor 1, 

f o r  example, r e l a t i n g  c u r r e n t ,  l i g h t ,  t o t a l  w e t  weight o f  f i s h ,  and t o t a l  

days i n  experiment ( f a c t o r  loadings g r e a t e r  than 0.400) , is a consequence 

o f  modi f ica t ion  throughout experiments. In i n i t i a l  experiments, t h e r e  

w a s  no cu r ren t ,  less l i g h t ,  fewer f i s h ,  and more days. Other f a c t o r s  

r e s u l t i n g  f r o m  v a r i a t i o n  i n  experimental or s ta t i s t ica l  design are 

Factors  5, 6, 10, 11, and 12 .  

A summary o f  b i o l o g i c a l l y  s i g n i f i c a n t  f a c t o r s  (from Table 25) i s  

given i n  Table 26. Only va r i ab le s  with f a c t o r  loadings g r e a t e r  than 

0.400 are included, arranged i n  o rde r  f r o m  high t o  low f a c t o r  loadings.  

For each f a c t o r ,  t h e  independent and dependent v a r i a b l e s  are separated.  

The s ign  of f a c t o r  loading gives  t h e  d i r e c t i o n  of t h e  r e l a t i o n s h i p  

(pos i t i ve  or nega t ive ) .  
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In Table 27 t h e  dependent va r i ab le s  are expressed as funct ions of 

f a c t o r s  ( r e l a t ed  independent va r i ab le s )  using t h e  component f a c t o r  ana lys i s  

model. Factor 2 ,  t h e  Seasonal Factor,  relates handling, b a i t i n g ,  oxygen, 

month, and mean wet weight. Factor 2 may be in t e rp re t ed  as follows: 

b a i t i n g  i s  a funct ion of month--night b a i t i n g  is  less successful  dur ing  

spr ing months; b a i t  handling i s  a funct ion o f  time o f  b a i t  capture--night 

b a i t  is handled less than day b a i t ;  mean wet weight o f  nehu is a l s o  a 

funct ion of time of b a i t  capture--night b a i t  i s  l a r g e r ;  and f i n a l l y ,  a 

high concent ra t ion  of oxygen is a function of handling--increased handling 

r equ i r e s  administering more oxygen. Factor 3, t h e  Temperature Factor,  

shows temperature as a func t ion  of month. 

Factor;  Factor 7,  t h e  Oxygen Factor;  Factor 8, t h e  S a l i n i t y  Factor;  and 

Factor 9, t h e  Predation Factor.  

i n t e r p r e t a t i o n  because it appears t o  have no b io log ica l  meaning. 

Factor 4 is t h e  Other Fish 

Factor 1 2  i s  omitted from t h e  following 

I n i t i a l  mor t a l i t y  (%IM) shows s i g n i f i c a n t  loadings with Factors 2 and 

9, t h e  Seasonal and Predation Factors  (Table 2 7 ) .  With increased handling, 

day b a i t ,  decreased mean wet weight, high oxygen, and more lae (Scomberoides 

Zysan) , i n i t i a l  mor t a l i t y  is  g rea t e r .  

The day 50 percent mor t a l i t y  (Day 50%) is  reached relates t o  t h e  

Other Fish Factor 4 (Table 2 7 ) .  

f i s h ,  p r imar i ly  Pranesus insulanun. 

su rv iva l  o f  S. purpureus with 50 percent mor t a l i t y  occurr ing  la ter  and 

with g r e a t e r  s u r v i v a l .  A poss ib l e  i n t e r p r e t a t i o n  is t h a t  P. in~ukzn~n 

a r e  o f t en  calmer i n  c a p t i v i t y ,  m i l l  earl ier,  and may behaviora l ly  i n f l u -  

ence nehu su rv iva l  by promoting ear l ier  mil l ing,  thus reducing stress. 

Other f i s h  i n  t h i s  case a r e  schooling 

Thei r  presence appears t o  inf luence 

The time t h a t  delayed mor t a l i t y  begins (X I -DM)  relates t o  Temperature 

During summer months when t h e  Factor 3 and Predation Factor 9 (Table 2 7 ) .  
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temperature increases  and t h e r e  is an inc rease  i n  t h e  number of lae, 

delayed mor t a l i t y  begins earlier. 

The t o t a l  number of days over which delayed mor t a l i t y  occurs (Tot X- 

DM) relates t o  S a l i n i t y  Factor 8 (Table 27); t h e  h igher  t h e  s a l i n i t y ,  t h e  

g r e a t e r  t h e  du ra t ion  of delayed mor t a l i t y .  

The midpoint of  delayed mor t a l i t y  (A/R) r e l a t e s  t o  Oxygen Factor 7; 

with c r i t i c a l  t o  l e t h a l  l e v e l s  o f  oxygen, t h e  midpoint occurs at a h igher  

mortal i ty .  

As mentioned above, t o t a l  mor t a l i t y  (Tot Y-DM) and percentage o f  

f i s h  surv iv ing  (% Survival)  r e l a t e  t o  t h e  Other Fish Factor. 

Tables 28 t o  32 contain r e s u l t s  o f  component f a c t o r  ana lys i s  o f  

barge data .  Tables are comparable with those €or laboratory d a t a  discussed 

above. Tab e 28 includes means, s tandard  deviat ions,  c o e f f i c i e n t s  of v a r i -  

a t i o n ,  and ommunalities f o r  31 barge va r i ab le s .  As f o r  laboratory da t a ,  

c o e f f i c i e n t s  of v a r i a t i o n  i n d i c a t e  t h a t  dura t ion  and extent  o f  delayed 

mor t a l i t y  were r e l a t i v e l y  inva r i ab le  among d i f f e r e n t  barge experiments. 

t o t a l  d a t a  var iance  accounted f o r  by t h e  f a c t o r s  (communality) i s  92 percent .  

The 

The c o r r e l a t i o n  matrix f o r  31 barge va r i ab le s  i s  p resen ted . in  Table 29. 

Corre la t ions  of b io log ica l  s ign i f i cance  not included i n  t h e  d iscuss ions  of 

f a c t o r s  a r e  as follows: 

1. In l a t e r  months--summer and fa l l - -more  lae occur. 

2.  

3 .  

With day b a i t ,  a g r e a t e r  dura t ion  of delayed mor t a l i t y  occurs.  

With increase i n  hours of  r e c i r c u l a t e d  50 percent seawater,  a 
g r e a t e r  percentage of f i s h  survive.  

4 .  With increased  exposure t o  50 percent seawater,  a g r e a t e r  
percentage of  f i s h  survive.  

For barge va r i ab le s ,  9 f a c t o r s  were r o t a t e d ,  accounting f o r  92 percent 

Of t h e  t o t a l  variance.  The orthogonally ro t a t ed  f a c t o r  matrix i s  i n  Table 30. 
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As i n  t h e  laboratory ana lys i s ,  some f a c t o r s  are not  b i o l o g i c a l l y  i n t e r -  

p re t ab le ,  r e s u l t i n g  from modification of experimental design. These are 

Factors 2, 4, 6 ,  8, and 9. 

A summary of b i o l o g i c a l l y  s i g n i f i c a n t  f a c t o r s  f r o m  barge d a t a  (Table 30) 

i s  i n  Table 31, arranged i n  o rde r  from high t o  low f a c t o r  loadings and with 

independent and dependent va r i ab le s  separated.  

In  Table 32, t h e  dependent va r i ab le s  are expressed as funct ions o f  

f a c t o r s  ( r e l a t e d  independent environmental va r i ab le s ) .  Factor 2 ,  t h e  Mixed 

Factor,  a s soc ia t e s  maximum temperature, mean wet weight, lae, and mean 

s a l i n i t y  during t h e  experimental period. 

maximum temperature and mean s a l i n i t y ;  during summer months, mean wet weight 

is l e s s  and i n  experiments with reduced s a l i n i t y ,  f i s h  do not d i e  as r ap id ly ,  

r e s u l t i n g  i n  lower mean wet weight. 

t u re ;  during t h e  higher temperatures o f  summer months more lae occur. 

Mean wet weight is a func t ion  o f  

Lae are a func t ion  of maximum tempera- 

Factor 7 i s  t h e  Current Factor. I n i t i a l  mor t a l i t y  shows s i g n i f i c a n t  

loading with t h e  Current Factor; with current  added, i n i t i a l  mor t a l i t y  is  

less. 

Mixed Factor;  t h e  day t h a t  50 percent mor t a l i t y  i s  reached is  l a t e r ,  t h e  time 

t h a t  delayed mor t a l i t y  begins (XI-DM) i s  l a t e r ,  t h e  t o t a l  dura t ion  of 

delayed mor t a l i t y  (Tot X-DM) i s  l e s s ,  t h e  t o t a l  mor t a l i t y  (Tot Y-DM) i s  

l e s s ,  t h e  midpoint of delayed mor t a l i t y  (A/R) i s  la ter ,  and su rv iva l  is  

g r e a t e r  with lower maximum temperature,  fewer l a e ,  lower mean s a l i n i t y  

during experimental per iod,  and g r e a t e r  mean wet weight. 

The remaining dependent va r i ab le s  show s i g n i f i c a n t  loadings with t h e  

A comparison of f a c t o r  r e s u l t s  f o r  labora tory  and barge da t a  i s  d i f -  

f i c u l t  s i n c e  t h e  number of cases var ied  g r e a t l y  between t h e  two loca t ions  

(184 cases i n  t h e  labora tory  vs 28 cases on t h e  barge) .  Temperature 

appears t o  inc rease  s t r e s s  and mor t a l i t y  s i g n i f i c a n t l y  a t  both loca t ions .  
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Other variables similarly affected dependent stress variables in the 

laboratory and on the barge (see correlation matrices, Tables 24 and 29). 

Differences in degree of stress and mortality between locations are 

largely a result of different experimental situations, particularly volume 

of water and circulation rate (both greater in barge wells). 

fish survived better in barge wells. 

by the rotated factors was greater for barge data (92 percent; Table 28) 

than laboratory data (82 percent; Table 23) .  

Generally, 

The amount of variance accounted for 

Further interpretation of factor results could take the form of step- 

like multiple regressions of significantly related variables within factors. 

However, since much of the data is non-parametric, further regression 

analysis appears unjustified. 

Figure 37 exhibits a final interpretation of independent variables 

affecting stress and mortality in terms of causal relationships. 

and variables are divided into two categories. 

from monthly variation in time of bait capture and temperature and 

experimental factors from experimental design; for example, whether or 

not current is added or salinity reduced. Factors and variables are then 

connected by arrows in a hypothetical causal nexus. 

direction of the relationships may be determined by reference to the 

matrix of correlation coefficients in Table 24. Factors and variables 

are classified into effects on four major types of stress: 

respiratory, osmoregulatory, and orientation. The relative contribution 

of each type to total stress and mortality (measured by dependent varia- 

bles) is shown. 

variables accounted for by injury is approximately 14 percent; by respira- 

tory stress, 63 percent; by osmoregulatory stress, 29 percent; and by 

Factors 

Seasonal factors ensue 

The strength and 

injury, 

Percentage of total variance among dependent mortality 

109 



a : 
D 
I 
4 
(I 

1 

! 
Y . . 
c 
I 
a 

Y 
a 

Y 
a 

4 
Y 

c 
c 

4 

i 
c 
Y 
4 
Y 
Y 

C aJ 

u a 

m 

2 
n 

n .- 
r 
m 

5 .- 
U 
m 
a 
L 

- 
- 
m 
m 
3 
m 
V 

U 
P) 
N .  .- m 
m a  a- 
u m  

>.a e >  
m u  c c  .- a 
3-0 o c  e a  
m a  a 
E U  m c  
L.- 
m 
m u  .- c 

o m  
V > .- 

Lv. 

e n  

g 'L. 

g *i 
3 .- 

l n m  

h 
M 

2 
3 m 
LL 
.- 

110 



o r i e n t a t i o n  stress, 20 percent .  A comprehensive p a r t i t i o n i n g  o f  variance 

due t o  f a c t o r s  i n  t h e  four  stress ca tegor i e s  is  shown i n  Table 33. A 

s i m i l a r  f i g u r e  f o r  barge experiments is omitted because t h e  effect o f  

environmental va r i ab le s  on S. purpureus i n  barge wells i s  approximately 

t h e  same as  i n  laboratory tanks.  

DISCUSSION 

For b r e v i t y ,  d i scuss ion  of o the r  work r e l a t i n g  t o  individual  

va r i ab le s  was included under t h e  appropr ia te  va r i ab le s  i n  t h e  " r e s u l t s  and 

conclusions" sec t ion .  In t e rac t ion  of va r i ab le s  was discussed under t h e  

" f i n a l  d a t a  ana lys i s"  r e s u l t s .  

s ign i f i cance  of s t r e s s  follows. 

Further d i scuss ion  on t h e  d e f i n i t i o n  and 

In t h i s  paper s t r e s s  i s  considered i n  terms of t h e  effect of environ- 

mental stress va r i ab le s  on mor t a l i t y  of s. purpureus i n  c a p t i v i t y .  

e f f e c t  of s t r e s s  on morphological and funct ional  changes o f  t h e  endocrine 

system was not s tud ied ,  although t h i s  would be of i n t e r e s t  f o r  f u t u r e  

research. The General Adaptation Syndrome (GAS) as defined by Selye (1950) 

app l i e s  i n  a general  way t o  r e s u l t s  of t h i s  study i n  t h a t  mor t a l i t y  curves 

of 5'. purpureus show c h a r a c t e r i s t i c s  i n  common with t h e  GAS curve. A s  

described by Se lye  (1950) t h e r e  is a per iod  o f  shock with lowered resis- 

tance (corresponding t o  i n i t i a l  mor t a l i t y  i n  t h i s  s tudy);  a per iod  o f  

countershock en te r ing  i n t o  a s t a g e  o f  r e s i s t a n c e  ( ea r ly  per iod  of no 

mor t a l i t y ) ;  and f i n a l l y  a s t a g e  of exhaustion with decreased r e s i s t a n c e  

(corresponding t o  t h e  per iod  o f  a delayed inc rease  i n  m o r t a l i t y ) .  

t o  Selye,  t h i s  syndrome is  accompanied i n  ve r t eb ra t e s  by simultaneous 

changes i n  t h e  endocrine system which is as soc ia t ed  with adapta t ion  t o  

stress condi t ions.  

The 

According 

Essen t i a l ly ,  t h e  r eac t ion  p a t t e r n  is a f a i l u r e  of p a r t  
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o r  a l l  of t h e  capt ive  populat ion t o  adapt t o  stress. 

feedback occurs i n  which f i s h  i n i t i a l l y  respond t o  stress by adapting, 

but u l t imate ly  succumbing. The underlying physiological-hormonal 

mechanism o f  t h e  syndrome is  not c l e a r l y  understood i n  f i s h .  

A p a t t e r n  o f  nega t ive  

A d e f i n i t i o n  of s t r e s s  appl icable  t o  t h i s  research is  t h a t  o f  Brett 

(1958) : 

"...stress is  a s t a t e  produced by an environmental o r  o t h e r  f a c t o r  
which extends t h e  adapt ive  responses o f  an animal beyond t h e  
normal range, o r  which d i s tu rbs  the  normal funct ioning t o  such an 
ex ten t  t h a t ,  i n  e i t h e r  case,  t h e  chances o f  surv iva l  a r e  s i g n i f i -  
can t ly  reduced. By t h i s  d e f i n i t i o n  t h e  magnitude of t h e  stress 
then becomes poss ib le  o f  q u a n t i t a t i v e  expression by an es t imate  
of t h e  chances o f  surv iva l  (where ac tua l  losses  can be recorded) 
or by a measure of  reduct ion i n  capaci ty  of  normal performance." 

A sys temat iza t ion  o f  f a c t o r s  i n t o  types of stress produced is  a l s o  

given by Bre t t  (1958). To avoid confusion with t h i s  ana lys i s  i n  which 

va r i ab le s  a r e  grouped i n t o  f a c t o r s ,  it should be made c l e a r  t h a t  t he  

environmental va r i ab le s  of t h i s  s tudy correspond t o  Brett's f a c t o r s .  The 

major d i s t i n c t i o n  made by Brett i s  between d iscr imina te  and ind iscr imina te  

stress. 

time t o  ind iv idua ls ,  s ing ly  wi th in  a populat ion and not t o  a group o r  

s tock  a s  a whole." 

Discriminate stress is  def ined a s  "one which appl ies  a t  any one 

Indiscr iminate  stress is  def ined as "one which appl ies  

t o  every member and i s  not  d i s c r e t e  i n  i t s  act ion."  Further  d i s t i n c t i o n  

i s  made i n  four  o t h e r  ca tegor ies  which a r e  def ined below with a l i s t i n g  

o f  e f f e c t i v e  va r i ab le s  from t h e  r e s u l t s  given under each category: 

D = discr imina te  stress and I = ind iscr imina te  stress. 

1. Lethal stress: 
the  organism.f1 

a. Handling injury--D 

b. Lethal oxygen level--1 

c. Lethal metabol i te  l eve l s ,  i . e . ,  ammonia, carbon dioxide 
(usua l ly  i n  c losed systems)--1 

d. Predat ion by Scomberoides Zysan--I 

'The extreme effect o f  any stress i s  t o  des t roy  
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2. Limiting stress: These are factors which affect the supply of 
essential metabolites or interfere with the chain of energy 
re 1 ease. ' I  

a. Oxygen below saturation, but not at critical level--1 
b. High density (related to oxygen availability)--1 
c. Insufficient food--1 

3. Inhibiting stress: "Inhibiting factors reduce the ability of 
the organism to carry out normal functions and, insofar as 
this introduces significantly lowered chances of survival, a 
stress is imposed." 
a. Poor orientation and visual environment (low light intensity, 

b. 
c. Organic particles adhering t o  gills, e.g., mucus, scales, 

wrong tank color, no current)--1 
Parasitism of gills by C r y p t o a r y o n  sp.--I 

etc. --I 

4. Loading stress: "Any environmental factor which places an undue 
burden on an organism necessitating the rapid or steady release 
of energy invokes a stress." 
a. High temperature-- I 

b. High salinity, injured integument, shock--1 

Under extreme environmental conditions, classification of these 

variables may change. For example, under poor capture conditions variables 

listed under limiting, inhibiting, or loading stress may produce lethal 

stress. 

commonly encountered on fishing vessels. 

The above classification pertains to the capture environment most 

In most experiments (with the exception of those with optimal environ- 

ment), approximately 75 percent of the nehu die and 25 percent survive. 

This survival may correspond to the percentage of older fish in the 

captive pophlation (mean wet weight approximately 0.7 gm or more), as 

older fish are less susceptible to stress. 

probable factor of susceptibility to stress. 

Genetic variation is another 
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SUMMARY 

With a maximum reduction in handling and the addition of improvements 

to bait wells, mortality of nehu was reduced from approximately 75 percent 

to only 10 percent over a period of 14 days. 

and facility modifications that will give increased survival are summarized 

below. 

The environmental factors 

1. Time of bait capture. Night bait should be used when possible; 

fish are usually larger and survive longer. 

successful in summer and fall, during first quarter-moon phase, and in 

good weather. 

Night capture is most 

2 .  Handling. Transfer bait by swimming whenever possible. Avoid 

bucketing and do not overcrowd buckets. 

3. Salinity. Maintain 50 percent seawater (approximately 16.0 to 

18.0 ppt) for as long as possible, especially during the first 3 hours 

after capture. Open system circulation is preferable. In closed systems, 

recirculate brackish water for no more than 3 hours at a density not to 

exceed approximately 200 gm per 100 liters (1.6 to 1.8 lb per 100 gal; 

8/10 to 9/10 buckets per 100 gal). The pH should not decrease below 7.5. 

4. Oxygen. Use supplementary oxygen; concentration should not 

exceed 10.0 ppm or  fall below 5.0 ppm. Ideally, oxygen concentration 

should be kept at saturation level. 

5. Temperature. A range of from 21" to 24OC appears optimal. Higher 

temperatures should be avoided if possible. 

6. Current. Provide horizontal current at approximately 0.10 m/sec 

(15 to 20 ft/min); not to exceed 0.13 m/sec (25 ft/min). Decrease current 

speed for smaller or injured fish to minimum required for orientation 
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on Day 1. 

is  over. 

Maintain cur ren t  a t  least u n t i l  per iod o f  delayed mor ta l i ty  

7. Light. Provide white o r  green l i g h t  of a t  l e a s t  1,080 lumens/m 

(100 footcandles  a t  sur face)  and o f  uniform i n t e n s i t y  over sur face .  

Higher l i g h t  i n t e n s i t i e s  may give even b e t t e r  r e s u l t s .  

be provided a t  n igh t .  

Light should a l s o  

8. Tank co lor .  Green tanks appear bes t .  Green should approximate 

Turquoise Green ( # 2 5 ,  #75 i n  Webster's New International Dictionary of the 

English Lunguage, 2nd ed . ,  1961). Contrast ing v i sua l  cues on s i d e s  of  tank 

may prove he lp fu l .  Avoid dark co lo r s ,  e spec ia l ly  black.  

9. Tank shape. C i rcu la r  o r  rec tangular  with rounded corners  w i l l  

promote a more uniform, less turbulen t  cur ren t .  A cen t r a l  bottom d ra in  

f o r  removal of  dead should be added. 

10. Ci rcu la t ion ,  flow rate i n  open system. The m a x i m u m  flow r a t e  

poss ib le  without exceeding optimal cur ren t  speed should be maintained. 

turnover  rate o f  a t  l e a s t  50 t o  60 percent  per  hour is  optimal;  turnover  

r a t e  should be not l e s s  than 40 percent  per  hour. 

A 

11. Reci rcu la t ion  i n  c losed system. F i f t y  percent  seawater should be 

r ec i r cu la t ed  f o r  no more than 3 hours at  a dens i ty  o f  not  more than 200 

gm per  100 l i ters  (1.6 t o  1 .8  l b  pe r  100 ga l ;  8/10 t o  9/10 buckets pe r  

100 ga l )  unless  a f i l t r a t i o n  system i s  added t o  remove ammonia and a 

Trizma buf fe r  i s  used t o  s u s t a i n  pH at  about 8 .0 .  

remove organic  p a r t i c l e s ,  mucus, and scales. 

Add p ro te in  skimmer t o  

12 .  pH. Maintain pH a t  about 8.0 t o  8.1. Do not allow pH t o  f a l l  

below 7 . 6  s i n c e  a pH o f  7 .5  i s  t h e  approximate l e t h a l  l eve l .  

of cur ren t  may decrease dissolved carbon dioxide and increase  pH. 

buffer  may be used t o  s u s t a i n  pH. 

The add i t ion  

Trizma 

115 



13. Density. In an open system, dens i ty  should not exceed approxi- 

mately 260 gm per  100 l i t e r s  (2 .2  l b  per  100 ga l ;  1 / 2  t o  1 bucket per  100 

ga l )  unless  t h e  flow r a t e  i s  s u b s t a n t i a l l y  increased over a minimum tu rn -  

over r a t e  of 25 percent  per  hour. 

exceed 200 gm per  100 l i t e r s  (1.6 t o  1 .8  l b  per  100 ga l ;  8/10 t o  9/10 

buckets per  100 g a l ) .  

In a closed system dens i ty  should not  

14 .  Food. Food should not be provided i f  nehu are t o  be maintained - 
€or shor t  per iods.  S ta rva t ion  mor ta l i ty  begins about 10 days a f t e r  

capture .  

(San Francisco frozen b r ine  shrimp) amounting t o  approximately 36 percent  

per  gram wet weight o f  nehu, o r  dry weight o f  b r ine  shrimp amounting t o  

approximately 3 t o  5 percent  per  gram wet weight o f  nehu. 

on Day 3 and feed 3 times d a i l y  o r  more. 

For longer per iods i n  c a p t i v i t y ,  feed wet weight o f  b r ine  shrimp 

Begin feeding 

15. Other f i shes .  Remove l a rge  predators  captured with nehu. 

Remove l a e  a s  descr ibed i n  t h e  " resu l t s"  s ec t ion .  Leave o the r  school ing 

f i s h  i n  t h e  b a i t  wel l s ,  as  they appear t o  increase t h e  surv iva l  of nehu. 

16. Disease. F i f t y  percent  seawater (16.0 t o  18.0 ppt)  e f f e c t i v e l y  

e l imina tes  Cryptocaryon sp .  cys t s  from g i l l s  o f  nehu i n  about one week. 

To reduce poss ib le  b a c t e r i a l  stress, a l l  dead nehu, deb r i s ,  and excess 

food should be removed twice a day. 

17. Bait well design.  The above improvements have been incorporated 

i n t o  a new b a i t  well design (Baldwin, 1973). A brochure f o r  fishermen 

ou t l in ing  procedures and improvements was prepared by Baldwin e t  al .  (1972). 
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CAPTIONS FOR TEXT TABLES 

Table 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

N igh t  b a i t i n g ,  f a c t o r  ana lys is ;  c o r r e l a t i o n  m a t r i x  

N igh t  b a i t i n g ,  f a c t o r  ana lys i s ;  f a c t o r  m a t r i x  

Ana lys is  o f  var iance between buckets of nehu captured a t  
d i f f e r e n t  seasons 

Ana lys is  o f  var iance between buckets of nehu captured a t  
d i f f e r e n t  moon phases 

Sumnary o f  s tandard length,  wet weight ,  d ry  weight ,  and 
regress ions o f  wet and dry we igh t  on s tandard l eng th  

D i f f e r e n t i a l  m o r t a l i t y  of s i z e  

Summary o f  i n i t i a l  m o r t a l i t y  i n  l abo ra to ry  tanks w i t h  SO percent  
as opposed t o  100 percent  seawater 

Sumnary o f  se lec ted  experiments w i t h  reduced s a l i n i t y ;  open 
system 

Recovery o f  body water  i n  nehu by Day 14; d i f f e r e n t  oxygen l e v e l s  

Approximate r a t e s  o f  oxygen consumption o f  StoZephorus purpureus 
under d i f f e r e n t  exper imenta l  cond i t i ons  

Estimated t o t a l  oxygen consumed by an average bucket o f  nehu a t  
d i f f e r e n t  r a t e s  o f  oxygen consumption and mean wet weights  o f  
f i s h  

Mean number of days t o  50 percent  m o r t a l i t y ;  maximum and minimum 
temperature ranges 

Sumnary o f  l abo ra to ry  exper 
seawater; c losed system 

Maximum concent ra t ions  o f  d 
d i f f e r e n t  exper imenta l  cond 

ments w i t h  50 percent  r e c i r c u l a t e d  

ssolved carbon d iox ide  present  under 
t ions 

Minimum d e n s i t i e s  o f  nehu es t imated approp r ia te  f o r  va ry ing  
environmental cond i t i ons  i n  c a p t i v i t y  

Summary o f  amount of food g iven d a i l y  

Grams d ry  weight per gram wet we igh t  of food  

Summary of food experiments 

E f fec t  o f  l ae  on mortal  i t y  of nehu 
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Table 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

L i s t  o f  va r iab les  measured i n  l abo ra to ry  experiments inc luded 
i n  f a c t o r  ana lys i s  

L i s t  o f  va r iab les  measured i n  barge experiments inc luded i n  
f a c t o r  ana lys i s  

D e r i v a t i o n  o f  f i r s t ,  second and t h i r d  d e r i v a t i v e s  o f  l o g i s t i c  
equat ion i n  form o f  hyperbo l i c  tangent f u n c t i o n  

Fac tor  ana lys i s ,  l abo ra to ry  experiments; means, s tandard 
dev ia t i ons ,  c o e f f i c i e n t s  o f  v a r i a t i o n  and comnunal i t ies  

Factor ana lys is ,  l abo ra to ry  experiments; c o r r e l a t i o n  m a t r i x  

Fac tor  ana lys is ,  l abo ra to ry  experiments; f a c t o r  m a t r i x  

Factor ana lys i s ,  l abo ra to ry  experiments; sumnary o f  f a c t o r s  

Fac tor  ana lys is ,  l abo ra to ry  experiments; dependent va r iab les  
as func t i ons  o f  f a c t o r s  

Fac tor  ana lys is ,  barge 
c o e f f i c i e n t s  o f  v a r i a t  

Fac tor  ana lys i s ,  barge 

Factor ana lys is ,  barge 

experiments; means, s tandard dev ia t i ons ,  
on and comnunal i t ies  

experiments; c o r r e l a t i o n  m a t r i x  

exper i men t s  ; f a c t o r  mat r i x 

Factor ana lys is ,  barge experiments; summary of  f a c t o r s  

Fac tor  ana lys is ,  barge experiments; dependent va r iab les  as 
func t i ons  o f  f a c t o r s  

Percentage o f  var iances o f  dependent va r iab les  accounted f o r  
by f a c t o r s  a f f e c t i n g  f o u r  ca tegor ies  o f  s t ress  

L i s t  o f  f i s h  species captured dur ing  n i g h t  and day b a i t i n g  
opera t ions  

Oxygen 1 i n e  pressure necessary t o  p rov ide  s u f f i c i e n t  oxygen 
f o r  nehu consuming from 100 - I70 cc  oxygen/hr a t  d i f f e r e n t  
concent ra t ions  i n  buckets 

Flow r a t e  necessary t o  p rov ide  1,270 cc  oxygen/hr f o r  one 
bucket o f  nehu, no supplemental oxygen 
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