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M a n a g e m e n t o f  Bering Sea c ra b  a n d  g roun d fish  fisheries m u s t ac c o u n t fo r th e  d e lay ed  (a n d  h e n c e  u n o b se rv e d )  m o r ta li ty  o f  c ra b  t h a t  e n ­

c o u n te r  b o t to m  traw ls, b u t  a re  n o t c a p tu re d . A new  ap p ro ach  to  p red ic tin g  th e  d e lay ed  m o rta lity  o f  c ra b  uses a  reflex  a c tio n  m o r ta li ty  

p re d ic to r  (RA M P) m odel to  estab lish  a re la tio n sh ip  b e tw e e n  m o rta lity  a n d  reflex im p a irm e n ts . A 2007  p ilo t s tu d y  o f  6 4 9  c ra b  e s ta b lis h e d  

RAM P cu rv es fo r b o th  T an n er c rab  (Chionoecetes bairdi) a n d  snow  crab  (C. opilio). A d d itio n a l d a ta  (1775 c ra b )  c o lle c te d  in 2008  a llo w e d  us 

t o  u p d a te  th e  ex isting  RAMP curves to  m o re  fully ex am in e  th e  effect o f  in ju ry  sco res o n  th e  RA M P m o d e ls  a n d  to  d e te rm in e  th e  b e s t 

m e th o d  fo r e s tim a tin g  overall m orta lity . Results c o n firm ed  th a t  th e  a d d itio n a l m e a s u re m e n ts  d id  n o t  sign ifican tly  a l te r  th e  o rig in a l re la ­

tio n sh ip  b e tw e e n  m o rta lity  a n d  reflex im p a irm e n t sco re . A dditionally , th e  RAMP cu rves w ere  u se d  to  p re d ic t  u n o b se rv e d  m o r ta li ty  f ro m  

o b se rv e d  reflex im p a irm e n t scores o f  Chionoecetes spp . c a p tu re d  afte r en c o u n te rs  w ith  d iffe ren t p a r ts  o f  b o t to m  traw l g e a r  ( fo o t r o p e  a n d  

sw eep ) a n d  a lte rn a tiv e  ty p es o f  fo o tro p e  an d  sw eep. In ad d itio n  to  e s tim a tin g  m o rta lity  ra te s  ca u se d  by e ach  g e a r  p a r t, w e  te s te d  w h e th e r  

th e  a lte rn a tiv e  fo o tro p e  a n d  sw eep  designs re d u c e d  th e  u n o b se rv ed  m o rta lity  ra te s  o f  crab . R esu lts sh o w e d  t h a t  th e  a l te rn a tiv e  f o o t ro p e  

(58  cm  d isk  fo o tro p e )  re d u c e d  m o rta lity  fro m  11.4 to  7.2% for T an n er c rab  a n d  fro m  9.7 to  5.0% fo r sn o w  crab . T h e  a lte rn a tiv e  (o f f -b o tto m )  

sw eep  re d u c e d  m o rta lity  from  4.1 to  1.0% for T an n e r c ra b  a n d  from  4.9 to  0.0% for sn o w  crab . T hus, th e  u se  o f  th e  reflex im p a irm e n t  sc o re  

th ro u g h  th e  RAM P m odel is a co s t effective w ay to  e s tim a te  delayed  m o rta lity  a n d  to  assess th e  effec t o f  g e a r  ty p e s  o n  d e la y e d  m o r ta li ty  fo r 
m a n a g e m e n t purposes.
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Introduction
U n o b serv ed , d iscard , an d  escape fish ing  m o rta litie s  are  co m p o n e n ts  
o f  u n a c c o u n te d  fishing m o rta lity  th a t  fishery  m an ag ers have 
stru g g led  w ith  fo r m any  years. U n o b serv ed  fish ing  m o rta lity  can 
be  defined  as th e  m o rta lity  im p o sed  o n  a species by an  en co u n te r  
w ith  fish ing  gear th a t does n o t resu lt in cap tu re ; how ever, b o th  
d isc a rd  (c a p tu re d  an d  released) a n d  escape (actively escapes 
c a p tu re )  fish ing  m o rta litie s  can  also co n s id e red  “u n o b se rv e d ” m o r­
ta lity  (A lverson e t a l ,  1994; C ook , 2003). A stu d y  g ro u p  a n d  the  
w o rk sh o p  co n v en ed  by  th e  In te rn a tio n a l C o u n c il o n  E x p lo ra tio n  
o f  th e  Sea (IC ES, 2005) id en tify  escape a n d  d iscard  m o rta lity  as 
so m e  o f  th e  m a jo r  sou rces o f  u n a c c o u n te d  fish ing  m o rta lity  and

n o tes  th e  im p o rta n c e  o f  q u a n tify in g  u n a c c o u n te d  f ish in g  m o r ta li ty  
fo r im p ro v e d  m a n a g e m e n t. H o w ev er, th e re  is a  la c k  o f  to o ls  to  e s ti­
m a te  u n a c c o u n te d  fish ing  m o rta lity . T h e  r e p o r t  a lso  sp ecifica lly  
sta te s  th a t  re d u c in g  u n a c c o u n te d  fish in g  m o r ta li ty  in  to w e d  
fish ing  gears is o f  h ig h  im p o rta n c e . T h e  N o r th  Pacific R esearch  
B o a rd  (N PR B , 2007), N o r th  Pacific F ish e rie s  M a n a g e m e n t 
C o u n c il (N P F M C , 1999, 2 0 0 6 ), th e  A laska M a r in e  C o n se rv a tio n  
C o u n c il (A M C C , 2004), a n d  N a tio n a l M a rin e  F ish e rie s  Serv ice 
(N M FS, 2004) a re  a few  o f  th e  m a jo r  o rg a n iz a tio n s  in  A laska  
th a t  have u n d e rsc o re d  th e  n e e d  fo r a d d it io n a l  re sea rch  o n  th e  
u n o b se rv e d /  u n a c c o u n te d  fish ing  m o r ta lity  o f  c ra b  f ro m  b o th  d ire c ­
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te d  c ra b  fisheries a n d  g ro u n d fis h  traw l fisheries. In  th e  B erin g  Sea, 
C hionoecetes  sp p . h a b i ta t  o f te n  o v erlap s w ith  a reas  traw led  by  
g ro u n d fis h  fisheries le a d in g  to  u n o b se rv e d  m o r ta li ty  fo r  c rab  th a t  
e n c o u n te r  th e  traw l gear. C u rre n tly , th e re  a re  several m a n a g e m e n t 
m e a su re s  in  p lace  fo r  th e  su s ta in a b le  m a n a g e m e n t o f  C hionoecetes  
sp p . in  th e  B ering  Sea, a rea  c lo su res a n d  b y ca tch  lim its  fo r  th e  
g ro u n d fis h  traw l fisheries, a n d  an  a s su m e d  fixed  ra te  o f  m o r ta lity  
fo r  d isc a rd e d  c rab  in  b o th  th e  ta rg e te d  p o t  fisheries (20%  fo r 
T a n n e r  c rab  a n d  50%  fo r  sn o w  crab ) a n d  n o n - ta rg e t  b y ca tch  in  
th e  g ro u n d fis h  traw l f ish eries  (80%  fo r  sn o w  crab ; S iddeek , 2003).

Few  s tu d ie s  hav e  q u a n tif ie d  th e  full ra n g e  o f  m o r ta li t ie s  th a t  can  
o c c u r  w h e n  fish  escape  f ro m  fish in g  gears  u n d e r  co m m e rc ia l f ish ing  
c o n d it io n s  (C h o p in  a n d  A r im o to , 1995; IC ES, 2000; S u u ro n e n ,
2005). O n e  ju s tif ic a tio n  fo r  se lective fish in g  g ear is th a t  th e  sign ifi­
c a n t n u m b e rs  o f  e sc a p in g  fish  o r  o th e r  a n im a ls  su rv ive; h en ce , th e  
q u a n tif ic a tio n  o f  th e  su rv iv a l ra tes  o f  escapees is o f  f u n d a m e n ta l  im ­
p o r ta n c e  w h e n  se lec tiv ity  issues a re  a d d re sse d  (IC ES, 2005). S om e 
re se a rc h  h a s  b e e n  d o n e  to  q u a n tify  d isc a rd  a n d  escape  m o r ta lity  
( B ro a d h u rs t  et a l ,  2006 , 2008a, b ) . B ro a d h u rs t  et al. (2008a) 
su g g est th a t  s im p le  m o d if ic a tio n s  to  th e  gear a n d  o p e ra tio n  m ay  
m a rk e d ly  re d u c e  th e  m o r ta l i ty  o f  a n im a ls  e n c o u n te r in g  b u t  n o t  
c a u g h t b y  th e  gear.

T a n n e r  c rab  ( C hionoecetes ba ird i) a n d  sn o w  c rab  (C . opilio) are  
ta rg e ts  o f  d ire c te d  f ish eries  in  th e  B e rin g  Sea. In  2 0 0 8 /2 0 0 9 , th e  
T o ta l A llow ab le  C a tc h  (T A C ) fo r  T a n n e r  c ra b  w as ~ 4 .3  m illio n  
p o u n d s  (A laska D e p a r tm e n t  o f  F ish  a n d  G am e; A D F& G , 2008); 
h o w ev er, o n ly  1.66 m ill io n  p o u n d s  w as h a rv e s te d  (F itch  et ah, 
2 012) w o r th  $ (U S ) 2 .5  m ill io n  (F itc h  e t ah , 2012), th e  TAC fo r 
sn o w  c ra b  w as ~ 5 4 .3  m ill io n  p o u n d s  (A D F& G , 2010) a n d  w o r th  
$ (U S ) 104 m illio n  (F itc h  e t  ah , 2012). T h e  T a n n e r  c rab  fishery  in  
th e  B erin g  Sea re q u ire s  th a t  th e  s to c k  b e  ab o v e  th e  m in im u m  
m a tu re  fem ale  b io m a ss  th re sh o ld  o f  21 .0  m illio n  p o u n d s  fo r  th e  
fish ery  to  b e  o p en ; s in c e  2009  th a t  th re s h o ld  h as n o t  b e e n  m e t a n d  
th e re fo re  th e  fish e ry  h as b e e n  c lo sed . S n o w  a n d  T a n n e r  c ra b  a re  h a r ­
v es ted  u s in g  b a ite d  p o ts . A s o n ly  m a les a b o v e  a  c e r ta in  size can  be  
la n d e d , th e  d isc a rd  m o r ta l i ty  o f  su b le g a l m a les a n d  fem ales can  be  
a m a jo r  c o m p o n e n t  o f  fish in g  m o r ta li ty  in  th e  p o t  fishery. B o th  
c rab  species a re  a lso  ta k e n  as b y ca tch  in  th e  g ro u n d fis h  traw l 
fishery . A lth o u g h  n o  r e te n t io n  o f  c ra b  b y c a tc h  is a llo w ed , b o th  
d isc a rd  m o r ta li ty  a n d  u n o b se rv e d  m o r ta li ty  a f te r  in te ra c tio n s  o n  
th e  se a flo o r  a re  s ig n if ic a n t c o n c e rn s . T h e  p o te n tia l  fo r  u n o b se rv e d  
m o r ta li ty  fo llo w in g  th e  c r a b /g e a r  in te ra c tio n  w as th o u g h t  to  be  
h ig h  b y  th e  f ish in g  in d u s try  a n d  fish e ry  m a n a g e rs , b u t  th e re  h as 
b e e n  n o  w ay  to  q u a n tify  th is  u n o b se rv e d  m o r ta lity , g iv en  th a t  th e  
c rab  a re  n o t  b ro u g h t o n  deck . In  a c o m p a n io n  p a p e r  to  th e  
p re se n t  s tu d y , b ased  o n  d a ta  f ro m  th e  sa m e  re se a rc h  c ru ise , R ose 
e t  al. (2013) p ro d u c e d  th e  firs t e s tim a te s  fo r  T a n n e r  a n d  sn o w  
c ra b  a fte r  e n c o u n te r s  w ith  c o n v e n tio n a l tra w l fo o tro p e s  a n d  sw eeps.

R e cen tly  d e v e lo p ed  reflex  a c tio n  m o r ta li ty  p re d ic to rs  (R A M Ps; 
D avis, 2009) ca n  b e  u se d  to  q u a n tify  so m e  ty p es o f  u n a c c o u n te d  
fish in g  m o rta lity . R eflex  im p a irm e n t  im p o se d  o n  fish  a n d  c rab  
f ro m  a  to w e d  fish ing  g ea r  h a s  b e e n  c o r re la te d  w ith  stress  a n d  m o r ­
ta lity  o u tc o m e s  b o th  in  th e  la b o ra to ry  a n d  field  (D av is  a n d  O ttm a r , 
2 006 ; D av is , 2007, 2009; S to n e r  e t  ah , 2008; S to n e r, 2009). D avis 
(2009) d escrib es a  th re e  s te p  p ro cess  fo r  v a lid a tin g  reflex  im p a ir ­
m e n t  as a re sea rch  to o l: (i) id e n tify  c o n s is te n t  reflex  re sp o n ses, (ii) 
c o n d u c t  s tre ss  e x p e r im e n ts , a n d  (iii) m o d e l c o r re la tio n  b e tw een  
reflex  im p a irm e n t  a n d  m o r ta li ty  a n d  to  p re d ic t  m o r ta li ty  in  field  
e x p e r im e n ts . S to n e r  e t  al. (2008) u se d  reflex  im p a irm e n t fo r 
C hionoecetes  sp p . to  c re a te  a  R A M P  cu rv e , in  o rd e r  to  e s tim a te  th e  
m o r ta l i ty  o f  c rab  a f te r  in te ra c tio n  w ith  th e  b o t to m  traw l gear.

B o th  S to n e r  (2009) a n d  D av is (2009) p ro p o s e  u s in g  a n  R A M P  as 
a  re sea rch  to o l  to  p re d ic t d e layed  m o r ta li ty  f ro m  b y c a tc h  a n d  
d isc a rd  m o rta lity . D av is (2009) ex p la in s th a t  w ith  v a lid a tio n  fo r a 
g iven species, reflex  im p a irm e n t  can  b e  u se d  to  p r e d ic t  fish  stress 
a n d  m o r ta li ty  ov er a w id e  ran g e  o f  fish  system s, in c lu d in g  re c re ­
a tio n a l a n d  c o m m e rc ia l c a p tu re  fish ery  o p e ra tio n s , a n d  th e  gear 
u sed  to  ca tc h  th e  fish , su c h  as ro d  a n d  reel, tra p , p o t , se in e , traw l, 
lo n g lin e , a n d  tro llin g . O n c e  a reflex im p a irm e n t  m o d e l is v a lid a te d , 
it c an  th e n  b e  u se d  fo r re a l- tim e  a ssessm en t to  p re d ic t  m o rta lity .

A n u m b e r  o f  m e th o d s  have  been  used  to  re d u c e  d ire c t  a n d  
in d ire c t ty p es  o f  fish in g  m o r ta li ty  o r  b y ca tch , su c h  as area  c lo su res , 
seasonal c lo su res , g ea r  re g u la tio n s , b y c a tc h  r e d u c tio n  dev ices 
(B R D s), a n d  m o d ific a tio n s  to  fish ing  gear. T h a n k s  to  c o o p e ra tiv e  
resea rch  b e tw e e n  th e  c o m m e rc ia l f ish in g  in d u s try  a n d  resea rch  
sc ien tis ts  f ro m  b o th  th e  g o v e rn m e n t a n d  th e  p r iv a te  se c to r, several 
successfu l ex am p les o f  BR D s a n d  m o d ific a tio n s  to  fish in g  gear a re  
available . T h ese  in c lu d e  T u rtle  E x c lu d er D evices (W a tso n  a n d  
Seidel, 1980; B rew er et al., 2006), th e  N o rd m o re  g ra te  (Isaksen  
et ah, 1992; R ich a rd s  a n d  H e n d r ic k so n , 2 006), s e p a ra to r  p an e ls  
su c h  as th e  E lim in a to r  (B eu te l et ah, 2 0 0 8 ), a n d  an  o f f -b o t to m  o r  e le­
v a ted  sw eep  fo r  th e  fla tfish  traw l fishery  in  th e  B ering  Sea ( R ose e t ah, 
2010). T h is  resea rch  o n  o f f-b o tto m  sw eeps w as a  c o lla b o ra tiv e  
p ro je c t b e tw e e n  th e  fla tfish  b o t to m  tra w l in d u s try  in  A laska, n e t 
m a n u fa c tu re rs , a n d  th e  N a tio n a l M a rin e  F isheries S ervice. T h e  
id ea  fo r a  g ea r  m o d ific a tio n  (o ff -b o tto m  sw eep) ca m e  a b o u t  as a 
p o ss ib le  a lte rn a tiv e  to  d o s e d  areas in  th e  B e rin g  Sea.

T h e  p re se n t s tu d y  u se d  th e  R A M P m o d e l to  in v es tig a te  w h e th e r  
m o d ific a tio n s  to  th e  b o t to m  traw l gear, specifically  sw eeps ( cab les 
c o n n e c tin g  d o o rs  to  tra w ln e t)  a n d  fo o tro p e  (g ro u n d -c o n ta c t  gear 
a tta c h e d  to  th e  tra w ln e t) , re d u c e d  th e  u n o b se rv e d  m o r ta li ty  o f  
sn o w  a n d  T a n n e r  crab . T h e  R A M P m o d e ls  fo r  th ese  species f ro m  
S to n e r  et al. (2008) w ere  a u g m e n te d  w ith  a d d it io n a l  o b se rv a tio n s  
th a t  m o re  th a n  tr ip le d  th e  sa m p le  sizes. A lte rn a tiv e  c o n f ig u ra tio n s  
o f  th e  re su ltin g  R A M P m o d e ls  w ere  c o m p a re d , e x a m in in g  th e  
effects o f  sex, size, a n d  she ll c o n d it io n , su p p le m e n tin g  w ith  in ju ry  
o b se rv a tio n s , a n d  a p p lic a tio n  as a ca teg o rica l o r  c o n t in u o u s  v a ri­
able. R A M P -e stim a te d  m o r ta lity  ra te s  w ere th e n  a p p lie d  to  d e te r ­
m in e  if a lte rn a tiv e  f ish in g  gear re d u c e d  u n o b se rv e d  m o r ta lity  
c o m p a re d  w ith  c o n v e n tio n a l f ish in g  gear. Specifically , m o r ta li ty  
ra tes  fo r  ra ised  traw l sw eeps (R ose e t ah , 2 010) a n d  la rg e r d ia m e te r  
fo o tro p e s  w ere  c o m p a re d  w ith  ra tes fo r  c o n v e n tio n a l c o n f ig u ra tio n s  
( R ose et ah , 2013). B o th  m o d ific a tio n s  c rea te  la rg e r  sp aces u n d e r  th e  
gear fo r c ra b  escapes. T h ese  m o r ta lity  ra te s  w ere a lso  c o m p a re d  
across sex, size, a n d  shell co n d itio n s .

Methods
S to n e r  e t ah  (2008) e s tab lish ed  p ro to c o ls  fo r  c a p tu r in g  c rab  b a se d  o n  
R ose (1 9 9 9 ), s c o rin g  reflexes (T ab le  1), a n d  re te n t io n  o f  
C hionoecetes  sp p . to  tra c k  d elayed  m o rta lity . In  a d d i t io n , S to n e r 
e t al. (2008) e s tab lish ed  a p re lim in a ry  R A M P  cu rv es  fo r  sn o w  crab  
(C. opilio) a n d  T a n n e r  c rab  (C. ba ird i). C ra b  th a t  h a d  e n c o u n te re d  
fu ll-sca le  b o t to m  traw ls w ere  b ro u g h t a b o a rd  th e  vessel fo r  e v a lu ­
a tio n  a n d  h o ld in g  to  assess th e  effects o f  traw l c o n ta c t  o n  th e  p r o b ­
ab ilitie s  o f  im m e d ia te  a n d  d e layed  m o rta lit ie s . C o lle c tio n  m e th o d s  
w ere  ex p a n d e d  f ro m  R ose ( 1999), u s in g  a u x ilia ry  n e ts  f ish ed  b e h in d  
th e  traw l c o m p o n e n ts  (i.e . sw eep  a n d  fo o tro p e )  to  c a p tu re  affec ted  
c rab  a fte r  c o n ta c t  w ith  th e  g ea r  a n d  d e liv er th e m  to  th e  vessel w ith  
m in im a l a d d it io n a l  stress a n d  d am ag e .
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Table 1. Reflexes identified as useful for assessing stress in Chionoecetes spp.

Reflex Test Positive response No response

Leg flare Lift crab by the  carapace, dorsum  up

Leg retraction While held as above, draw the  forward-most 
walking legs in the anterior direction 

Chela close Observe for m otion or hold the  chelae in the 
fingers

Eye retraction Touch the eye stalk with a blunt probe or lift 
the  eye stalk from its retracted position

M outh close If closed, a ttem pt to  open (extend) the third
maxillipeds with a sharp dissecting probe. If 
open, draw the maxillipeds downwards 

Kick W ith the crab in ventrum -up position, use a
sharp dissecting probe to  lift the abdominal 
flap away from the  body

Legs spread wide and to  near horizontal orientation  
in strong crab

Legs retrace in the posterior direction o r present 
resistance to  the  m otion in weakened crab

Chelae open and close with o r w ithout
manipulation. In weakened crab, the  chelae may 
close slowly or show low resistance to  m anual 
opening

Eye stalk retracts in the lateral direction below the 
carapace hood or shows resistance to  lifting

Third maxillipeds retract to  cover the  smaller m outh  
parts. The maxillipeds d roop open or move in an 
agitated m anner in weakened crab

One or more legs or chelipeds move quickly in the 
ventral direction, particularly in males. M otion in 
the hind m ost legs is retained in w eakened crab

Legs d roop  below 
horizontal, with no 
a tte m p t to  raise them  

No resistance to  the  
m anipulation  occurs 

No m otion  is d e tec ted  in 
th e  chelae under 
m anipulation

No m otion  o r  resistance to  
m anipulation occurs in 
the  eye stalk 

No m otion  in the  
maxillipeds occurs

No m otion  in th e  legs o r 
chelipeds occurs

Test is the manipulation required to elicit a stereotypic positive response. “No response" was recorded when no motion was detected after repeated testing of 
the reflex. Modified from Stoner et al. (2008) and Stoner (2009).

Fishing gear
A field ex p erim en t w as c o n d u c ted  to  d e te rm in e  w h e th e r  o r  n o t a l­
te rn a tiv e  sw eeps an d  fo o tro p e  w o u ld  red u ce  th e  u n o b se rv ed  m o rta l­
ity  o f  Chionoecetes spp . F o r fo o tro p e  an d  sw eeps, a con v en tio n a l 
(cu rren tly  used  by the  fish ing  in d u s try )  a n d  an  a ltern a tiv e  gear 
w ere tested . T h e  m ain  traw l w as a tw o -seam  A lfredo b o tto m  traw l 
(w ith h ead ro p e  an d  fo o tro p e  overall leng ths o f  36.0 an d  54.6 m , re ­
spectively) s im ila r to  th a t used  by  m a n y  o f th e  flatfish f ish in g  vessels 
in the  B ering Sea. 1 he fo rw ard  14 m  o f th e  fo o tro p e  o n  each  w ing o f  
th e  traw l was m a d e  o t 20 cm  disks (m u d  gear) s tru n g  over 2.54 cm  
steel cable. C o n tin u in g  fo rw ard  fro m  th e  traw l w ere 27 m  b a re  steel 
cable b rid les th a t  w ere a ttach ed  to  th e  u p p e r  w ings a n d  th e  sam e 
len g th s o f  cable , covered  w ith  9 cm  d ia m e te r  ru b b e r  d isks th a t 
w ere a ttach ed  to  th e  low er w ings. T h e re  w ere tw o  sections to  the 
sw eeps. E x ten d in g  fo rw ard  im m ed ia te ly  from  the  b rid le  w as 82 o f  
5 cm  c o m b in a tio n  ro p e  (co n v en tio n a l sw eep) fo llow ed by  73 m  o f  
bare  steel w ire lead ing  to  3.2 m  T h y b o ro n  d oors. T h e  co d en d  o f  
th e  m a in  traw l w as left o p e n  because  o u r  s tu d y  addressed  crab  
th a t e n c o u n te re d  th e  traw l b u t  rem a in ed  o n  th e  seaflo o r n o t  crab 
th a t w o u ld  be  c au g h t by th e  m a in  traw l.

T h e  co n v en tio n a l fo o tro p e  (23 m  cen tre  a n d  w ing  sec tions), 
typical o f  th o se  used  fo r flatfish fish ing , was c o n s tru c te d  o f  
b o b b in s  an d  d isks s tru n g  o n  a 19 -m m  lo n g -lin k  steel cha in  
(F igure lb ) . T h e  a lte rn a tiv e  fo o tro p e  w as a 5 8 -cm  d isk  fo o tro p e , 
w h ich  th e  vessel used  as a ro c k -h o p p e r  gear (F igu re  la ) . 
H isto rically , b o th  th e  b o b b in  fo o tro p e  a n d  th e  large d isk  fo o tro p e  
w ere d esigned  to  be used o n  h a rd  b o tto m  seafloor; ov er tim e  it 
was d iscovered  th a t these fo o tro p es also  red u ce  th e  m o r ta lity ’o f  
crab . T h e  large d isk  fo o tro p e  h a s  th e  ad v an tag e  th a t  th e  d isks are  n a r ­
ro w er a n d  spaced  fa rth e r  a p a r t, c rea ting  a h ig h e r a n d  w ider clearance 
in  the  spaces betw een the  d isks th an  the  b o b b in  fo o tro p e ; therefo re , 
the  d isk  fo o tro p e  decreases th e  b o tto m  co n tac t.

C o n v e n tio n a l sw eeps w ere 5 cm  d ia m e te r  c o m b in a tio n  w ire 
82 m  in leng th . C o n v e n tio n a l sw eeps have c o n tin u o u s  co n tac t 
w ith  th e  seafloo r a lo n g  th e ir  en tire  len g th  to  h e rd  fish . H ow ever 
th is  increases exp o su re  o f  b e n th ic  in v e rteb ra tes to  d am ag e  an d  m o r ­
tality. T h e  d isks o n  th e  a lte rn a tiv e  o f f-b o tto m  sw eeps (F ig u re  2; Rose
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e t al., 2010) ra ised  th e  sw eeps o f f  th e  se a flo o r  several c e n tim e tre s  
w ith  th e  goal o f  re d u c in g  c o n ta c t  w ith  a n d  th e  m o r ta li ty  o f  in v e r te ­
b ra tes w ith o u t re d u c in g  th e  ta rg e t  ca tch .

Field experim ent
F ield w o rk  w as c o n d u c te d  in  A u g u s t 2008, e a s t o f th e  P r ib i lo f  Is lan d s  
in  th e  B ering  Sea (la titu d e ; 56 .93  to  57 .18 ' N , lo n g itu d e :  168.17 to  
168.49“W , F ig u re  3 ), a t d e p th s  ra n g in g  f ro m  83 to  91 m  w ith  
m u d d y  sa n d  b o t to m  ty p e . T e m p e ra tu re  ra n g e s  a t d e p th  a n d  o n  
th e  su rface  w ere  f ro m  1.1 to  1.5 a n d  7 .7 to  1 2 .5 'C , respec tive ly . 
T h e  sa m p lin g  lo c a tio n  w as se lec ted  f ro m  th e  E a s te rn  B e rin g  Sea 
(EBS) C rab  a n d  G ro u n d fish  S urvey d a ta  (A lask a  F isheries Science 
C en te r, N M FS, N O A A ) in  o rd e r  to  fin d  w h e re  b o th  species o f  crab  
o v er a w id e  v a r ie ty  o f  sizes w ere  o c c u rr in g  to g e th e r .

T he sa m p lin g  goal w as to  c a p tu re  5 0 - 1 0 0  c ra b  p e r  to w  w ith  a 
relatively even m ix  o f  b o th  species. T ow  d u ra t io n s  w ere  k e p t to  
1 0 -2 0  m in  to  m in im iz e  d a m a g e  to  re c a p tu re d  a n im a ls . In o rd e r  
to  c a p tu re  a n d  assess c rab  th a t  h a d  in te ra c te d  w ith  a lte rn a tiv e  a n d  
co n v en tio n a l c o n f ig u ra tio n s  o f  th e  fo o tro p e s  a n d  sw eeps, au x ilia ry  
n e ts  (R ose , 1999; R ose et a l., 2013) w ere  r igged  to  fish  b e h in d  th e  
c en tre  o f  th e  fo o tro p e  (b u t  u n d e rn e a th  th e  m a in  tra w ln e t)  an d  
b e h in d  th e  c o m b in a tio n  ro p e  p a r t  o f  th e  sw eeps (F ig u re  4 ). A 
v ideo  c a m era  w as u se d  to  o b se rv e  p e r fo rm a n c e  o f  a n  a u x ilia ry  n e t  
w h en  d ep lo y ed  b e h in d  th e  sw eeps, a s su r in g  sy m m e tr ic a l sh ap e , 
a n d  c o n s is te n t b o t to m  c o n ta c t. A lth o u g h  o b se rv a tio n s  b e h in d  th e  
fo o tro p e  w ere  o b sc u re d  b y  su sp e n d e d  s e d im e n t, v id e o  w as still 
used  to  a ssu re  w a te r  flow  p e rp e n d ic u la r  to  th e  c e n tre  o f  th e  h e a d ­
rop e , an  in d ic a to r  o f  sy m m e tr ic a l o p e ra tio n . A n  a u x ilia ry  n e t  w as 
also  fished  in  f ro n t  o f th e  n e t  m o u th  to  co llec t c ra b  b e fo re  th e y  in te r ­
ac ted  w ith  th e  m a in  gear. T h is  c o n tro l  n e t w as u se d  to  assess h a n d ­
lin g  m o rta lity , i.e . th e  m o r ta li ty  caused  b y  c rab  b e in g  c a u g h t in  th e  
a u x ilia ry  n e t, b ro u g h t  u p  o n  d eck , so r te d , assessed , a n d  h e ld . T h is  
h a n d lin g  m o r ta li ty  w as th e n  used  to  a d ju s t th e  m o r ta l i ty  ra te s  
o b se rv ed  f ro m  th e  n e ts  b e h in d  th e  gear. O n ly  o n e  a u x ilia ry  n e t  ( in ­
c lu d in g  c o n tro l n e t)  a t  a t im e  w as fished  d u e  to  th e  c o m p le x  n a tu re  
o f  se ttin g  a n d  re trie v in g  th e  a u g m e n te d  f ish in g  gear. T h e re  w ere  19 
tow s each  fo r th e  c o n tro l n e t ,  c o n v e n tio n a l fo o tro p e , a n d  a lte rn a tiv e
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fo o tro p e , a n d  21 to w s each  fo r  th e  c o n v e n tio n a l a n d  a lte rn a tiv e  
sw eeps.

O n c e  a n  a u x ilia ry  n e t  w as o n  deck , Chionoecetes sp p . w ere  
re m o v e d  f ro m  th e  c o d e n d  a n d  so r te d  b y  sex a n d  species in to  
baskets. T h e  re m a in in g  c a tc h  ( ty p ica lly  m a d e  u p  o f  v a r io u s  flatfish , 
sea s ta rs , u rc h in s , shells, a n e m o n e s , a n d  o th e r  c rab  species) w as 
w eig h ed  a n d  d isc a rd e d . A n  in itia l s c re e n in g  o f  reflexes w as p e r ­
fo rm e d  fo r  all c rab  (T ab le  1); c rab  w ere  s e p a ra te d  in to  tw o  g ro u p s , 
th o se  w ith  a n d  th o se  w ith o u t  reflex  im p a irm e n ts . A p p ro x im a te ly  
88%  o f  th e  c rab  (11 586 o f  13 211) h a d  n o  reflex  im p a irm e n ts . 
F o llo w in g  in itia l a s se ssm en t, c ra b  w ere  p la c e d  in  to te s  w ith  co n s ta n t 
ru n n in g  se aw ate r u n til  th e  fu ll a s sessm en t co u ld  b e  d o n e , u su a lly  less 
th a n  15 m in . S pecies, sex, size (c a rap ace  w id th , C W ), shell c o n d it io n  
[scores b a se d  o n  in c re a s in g  she ll h a rd n e ss , d is c o lo u ra tio n  a n d  e n ­
c ru s ta tio n : 0, p r e m o ltin g /m o lt in g ;  1, so ft shell; 2, n e w  shell; 3, o ld  
shell; 4, v e ry  o ld  shell; 5, g rav ey ard ; Ja d am ec  e t ah , 1999], reflex  im ­
p a irm e n t,  a n d  in ju rie s  ( fo r  c rab  w ith  im p a irm e n ts )  w ere  th e n  
re c o rd e d . A lth o u g h  n o  severe  in ju rie s  w ere  n o te d  fo r c rab  w ith  all 
reflexes. T h e re  w ere  so m e  m in o r  in ju rie s , p a r tic u la rly  d ro p p e d  
legs ( a u to to m ie s )  th a t  w ere  n o t  re c o rd e d , u n less  th e  c ra b  w ere 
h e ld  fo r  R A M P  v a lid a tio n . T h is  in ju ry  a s se ssm en t p ro to c o l w as

61 cm

46

15 cm  W eights 
3  cm  X 18 cm

o o o q | o o o o

'  T ogg les 1 
12 cm  X 20  cm

Figure 1. (a  an d  b) A lternative  fo o tro p e  ( to p )  is c o n s tru c te d  o f disks 
(58 cm  high x  15 cm  w ide) a n d  is rigged as a ro ck -h o p p e r gear. In th e  
61 -cm  space  betw een  th e  58-cm  disks are  25 cm  d isk s ,tw o 5  kg(18 cm ) 
fo o tro p e  w eights, a  46-cm  disk, a n d  m o re  25 cm  disks. A conventional 
fo o tro p e  (b o tto m )  is c o n s tru c te d  o f  b obb ins (46 cm  high x  30 cm  
w ide) an d  disks s tru n g  on  19 m m  long-link steel chain . In th e  space 
be tw een  th e  b obb ins are tw o  steel chain  toggles w eighing  6.4 kg each, 
20 cm  ru b b e r disks, an d  o n e  5 kg (18 cm ) fo o tro p e  w eight.

b ased  o n  th e  ea r lie r  re su lt th a t  in ju ry  sco res c o n tr ib u te d  li ttle  a d d ­
itio n a l p re c is io n  to  th e  m o r ta li ty  p re d ic t io n , c o m p a re d  w ith  th e  
a d d itio n a l t im e  re q u ire d  to  assess all c ra b  fo r in ju rie s  a n d  th e  fact 
th a t  m a n y  in ju r ie s  a re  in te rn a l  a n d  n o t n o tic e a b le  u p o n  g ro ss  e x a m ­
in a tio n  (S to n e r  e t  ah, 2008). S o m e  u n im p a ire d  c rab  w ere  re ta in e d  as 
a c o n tro l to  s tre n g th e n  th e  2007 s tu d y  f in d in g s .

C ra b  w ere  assessed  based  o n  reflex  b e h a v io u rs  id e n tif ie d  as usefu l 
fo r p re d ic tin g  m o r ta lity  in  Chionoecetes sp p . (S to n e r  e t  ah, 2008; 
T able 1). Reflexes assessed  w ere  leg flare , leg re tra c tio n , che la  
c lo su re , m o u th  c lo su re , eye re a c tio n , a n d  kick. E ach  c ra b  w as 
sc o red  fo r  each  reflex w ith  e ith e r  1 (reflex  p re se n t)  o r  0 (reflex  
a b se n t). T h e  n u m b e r  o f  reflex  absences w as u sed  as a reflex im p a ir ­
m e n t sco re  (scales 0 - 6 ) .  H e ld  c rab  (1446  sn o w  crab , 978 T a n n e r  
c rab ) w ere  la te r  sc o red  o n  an  in ju ry  scale o f  0 - 5  (0, n o  in ju ries ; 1, 
new ly  a u to to m iz e d  legs; 2, b ro k e n  legs, chelae , o r  m o u th p a r ts ;  3, 
m in o r  c a rap ace  o r  a b d o m e n  d am ag e; 4, m a jo r  c a ra p a c e  o r  
a b d o m e n  d am ag e ; 5, m a jo r  d a m a g e  to  m u ltip le  p a r ts )  b a se d  o n  
S to n e r  et al. (2 0 0 8 ). A fte r  th e  c rab  w ere assessed , a la rg e  m a jo r ity  
o f  th e  h e a lth y /liv e ly  crab  (sco re  0, n =  11 144) w ere  r e tu rn e d  to  
th e  sea; c rab  w ith  a sco re  o f  6 (n  =  927) w ere  c o n s id e re d  m o r ib u n d  
a n d  m o st w ere  d isc a rd e d . C ra b  w ith  n o  reflexes (sco re  6) a n d  n o  
m a jo r  v isib le  in ju rie s  (« =  79) w ere h e ld  to  c o n f irm  im m e d ia te  
m o rta lity . A  su b s ta n tia l sa m p le  o f  u n im p a ire d  c rab  (n  =  4 42 ) a n d  
all c rab  w ith  reflex  im p a irm e n t  sco res o f  1 - 5  (n  =  413) w ere 
tag g ed  w ith  v in y l sp a g h e tti tag s a n d  p laced  in  0 .75  m 3 live box es 
se cu re d  o n  th e  d eck  o f  th e  sh ip  a n d  su p p lie d  w ith  c o n s ta n t  
flow ing  se aw a te r  ( > 2 0  1 m in  ',  9 .1 - 9 .6  C , 27.2 P S U  sa lin ity , a n d  
100%  o x y g en  sa tu ra t io n )  a n d  h e ld  fo r  5 - 1 2  d . T h ese  system s w ere  
id e n tic a l w ith  th o se  u se d  in  an  ea rlie r  s tu d y  o f  c ra b  m o r ta li ty  
(S to n e r  e t ah, 2008). C ra b  w ere  reassessed  o n  a d a ily  bas is  in  o rd e r  
to  d e te rm in e  d elayed  m o rta lity . S ta r tin g  5 d  b e fo re  th e  e n d  o f  
c ru ise , n o  a d d it io n a l  c rab  w ere  he ld  to  a ssu re  su ff ic ien t h o ld in g  
tim e  to  assess d e layed  m o rta lity . A t th e  e n d  o f  th e  c ru ise , all r e m a in ­
in g  c rab  u n d e rw e n t a final reassessm en t fo r  m o r ta li ty  a n d  reflex  im ­
p a irm e n t sc o re  a n d  w ere  r e tu rn e d  to  th e  sea.

Comparing m odels relating th e probability o f m ortality 
to  reflex im pairm ent scores
R A M P m o d e ls  fo r  b o th  C hionoecetes sp p . w ere  an a ly sed  to  assess 
reflex im p a irm e n t  a n d  in ju ry  as p re d ic to rs  o f  d e layed  m o rta lity . 
T h e  d a ta  u se d  w ere  a c o m b in e d  d a ta se t o f  h e ld  c ra b  f ro m  th e  2007 
p ilo t s tu d y  (S to n e r  e t ah, 2008) a n d  d a ta  co llec ted  in  2008 (1446 
sn o w  crab , 978 T a n n e r  c ra b ) . S im ila r  to  S to n e r  et al. (2 0 0 8 ), log istic  
reg ressio n  w as u se d  to  d e te rm in e  if  in ju ry , sex, shell c o n d it io n  (new , 
o ld , very  o ld ) , a n d  size (C W ) w ere  s ta tis tica lly  sig n if ic a n t p re d ic to rs  
in  th e  R A M P  m o d e l. G en e ra lized  lin e a r  m o d e llin g  (G L M ) w ith

H ead ro p e
Door
bridle __  BridleE levated  

sw e e p  sec tion

-  14 m
9 cm 
d isks

5 cm 
w ire cab le

20 cm 
disks

F oo trope20 cm 
bobbin

5 cm 
wire cab le

14 m —27 m-------------  82 m -------------
(6 s e c tio n s — 7 bobbins)

73 m

Figure 2. T h e  a ltern a tiv e  o ff-b o tto m  sw eeps w ere  5 cm  co m b in a tio n  w ire w ith  20 cm  disks sp aced  every 14 m . C onven tional o n -b o tto m  sw eeps do  
n o t have th e  20 cm  disks a n d  have c o n tin u o u s  c o n ta c t  w ith  th e  seafloor a long  th e ir  en tire  leng th  to  herd  fish.
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Figure 3. Sam pling locations near th e  Pribilof Islands for snow 
(C. opilio) and  Tanner (C. bairdi) crab in 2007 (pilot study) and  2008. 
Pribilof Islands h ab ita t conservation zone (no trawl zone) and  dep th  
co n to u rs are included for reference.

b in o m ia l e rro r  in  R  (R  D ev e lo p m en t C ore Team , 2007) was used  to  
p e rfo rm  th e  analysis. Since the  crab  used  for th is  analysis were 
re ta in ed  an d  m o rta lity  w as know n, each crab  in th e  datase t was 
assigned a 1 if  th e  an im al d ied  an d  a 0 i f  th e  an im a l lived; th is 
b in a ry  response  w as used  in  th e  GLM s. G LM s are specified by th e  
te rm s in th e  linear p red ic to r, the  link  fu n c tio n  (here th e  logit link, 
o r  l o g ( p / ( l  — p )]  a n d  th e  associa ted  e r ro r  d is tr ib u tio n  (Faraw ay, 
2006). T he A kaike in fo rm a tio n  c rite rio n  (A IC , a  fo rm  o f  like lihood , 
penalized  by th e  n u m b er o f  p red ic to rs) values f ro m  th e  v ario u s 
m odels ru n  w ere th en  co m p ared  to  d e te rm in e  w hich  w as th e  m o st 
efficient fit for each  species o f  crab. A low er AIC is associa ted  w ith  
a h igher like lihood  an d  th erefo re  a m o re  p lausib le  m o d el to r  th e  
da ta  (Faraw ay, 2006).

In o rd e r  to  investigate w hich  m e th o d  (logistic regression  o r  p e r  
cent m o rta lity  based  sim ply  o n  th e  seven d isc re te  reflex im p a irm en t 
ca tegories) w as b e tte r  to  describe  th e  re la tio n sh ip  b etw een  reflex im ­
p a irm en t a n d  p ro b ab ility  o f  m o rta lity , th e  a b o v e -m en tio n ed  regres­
sion  was ru n  using  on ly  reflex im p a irm e n t as a ca tegorica l o r  a 
co n tin u o u s  p re d ic to r  variable. T h e  A IC values w ere th e n  co m p a re d  
to  d e te rm in e  w h ich  m o d e l w as a  b e tte r  fit. In  a d d itio n , th e  
m a x im u m  like lih o o d  estim ates o f  m o rta lity  (p) w ere ca lcu la ted  as

ea+/3x

w here  a  is th e  in te rcep t, ß  th e  m odel coeffic ients, a n d  x  th e  m odel 
m a tr ix  o f  ex p lan a to ry  variab les (S to n e r e t a l., 2008).

Mortality estim ates for crab encountering the trawl gear
T o calcu late  the  m o rta lity  estim ate  fo r a species in each hau l, using  
th e  2008 crab  assessm ents, th e  p ro p o rt io n  o f  crab  a t each  reflex im ­
p a irm e n t score was m u ltip lie d  by  th e  p ro b ab ility  o f  m o rta lity  for 
th a t reflex im p a irm e n t sco re  fro m  th e  RA M P m odel fo r th a t 
species. T h e  resu lting  p robab ilitie s  o f  m o rta lity  fo r each reflex im ­
p a irm en t score w ere th en  su m m e d  to  o b ta in  an overall m o rta lity  es­
tim a te  fo r th a t hau l. T hese estim ated  m o rta lity  rates w ere w eigh ted  
b y  the  n u m b e r  o f  c rab  in each  hau l, su m m e d , th en  d iv id ed  by th e  
to tal n u m b e r  o f  crab  fo r all th e  h au ls  w ith  th a t gear c o m p o n e n t 
(co n tro l, a lternative, an d  co n v en tio n a l sw eeps a n d  fo o tro p es).

T h is ca lc u la tio n  p ro v id e d  a w e ig h ted  “ raw " m o r ta li ty  e s tim a te  (as 
ye t u n a d ju s te d  fo r  h a n d lin g )  fo r  each  g e a r  c o m p o n e n t .  T h e  e s tim a te  
o f  h a n d lin g  m o r ta lity  f ro m  th e  c o n tro l w as th e n  u se d  to  a d ju s t the  
es tim a ted  raw  m o r ta lity  b y  g e a r  c o m p o n e n t.

T h e  h a n d lin g  m o r ta lity  a d ju s tm e n t (R o se , 1999) w as d e r iv e d  a s­
su m in g  th a t th e  m o r ta li ty  f ro m  h a n d lin g  o c c u r re d  s e q u e n tia l ly  a f te r  
m o rta lity  fro m  e n c o u n te r in g  th e  traw l gear. E q u a tio n  (2 ) e s tim a te s  
th e  m o r ta lity  ra te  in  th e  n e ts  b e h in d  th e  g e a r  (M G+H) in  te rm s  o f  th e  
se p a ra te  m o rta lit ie s  fro m  th e  gear (M G) a n d  th e  h a n d l in g  (M h )> 
w h ich  w as e s tim a te d  f ro m  th e  c o n tro l  n e t  m o r ta li t ie s  a n d  o n ly  
a p p lie d  to  c rab  th a t  su rv iv e d  th e  gear. T h a t  w as th e n  a lg eb ra ica lly  
so lved  fo r  th e  g ea r m o r ta li ty  ra te  [E q u a tio n  (3 )] .

S eq u en tia l effects:

M g + h  =  M q +  (1  — M g ) M  h  ( 2 )

w here  M g+ h ' s th e  c o m b in e d  m o r ta lity  ra te , M G th e  gear m o r ta li ty  
ra te , (1 — M G) th e  p ro b a b il ity  o f  su rv iv in g  th e  gear, a n d  M u  th e  
h a n d lin g  m o r ta lity  rate

Control net

Sw eep  recap ture net

Trawl net

\  / Footrope recapture net

Figure 4. Diagram  show ing th e  th re e  po sitio n s w h ere  th e  auxiliary and  
co n tro l n e ts  w ere a tta c h e d  to  th e  m ain  b o t to m  traw l (n o t  to  scale) 
(draw n by K am a M cKinney).
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R e w ritte n  to  iso la te  g ea r  effect:

T h is  is a c o n se rv a tiv e  e s tim a te , as an y  m o r ta li ty  d u e  to  th e  c o m b in ­
a tio n  o f  gear a n d  h a n d lin g  th a t  w o u ld  n o t  have been  cau sed  by e ith e r  
se p a ra te ly  w as a t t r ib u te d  to  gear.

Analysis o f factors affecting mortality due 
to  gear encounters
U sin g  th e  d a ta  f ro m  2008  fo r  all assessed  c rab  fo r  each  g ea r  ca teg o ry  
(co n tro l, a lte rn a tiv e , a n d  c o n v e n tio n a l sw eep a n d  fo o tro p e ) ,  fu r th e r  
analyses w e re  c o n d u c te d  to  re la te  R A M P -p re d ic te d  m o r ta lity  to  p re ­
d ic to rs  su c h  as gear ty p e , sex, shell c o n d it io n , a n d  size (C W ). 
A nalyses w ere  ru n  as log istic  b in a ry  reg ressio n  m o d e ls . B in ary  re ­
g ress io n  m o d e ls  re q u ire  th a t  each  d a ta p o in t  (in  th is  case, each  
c rab ) b e  re c o rd e d  as b e in g  e i th e r  a live (0 ) o r  d e a d  (1 ). T h u s , i f  a 
c ra b ’s R A M P -p re d ic te d  m o r ta li ty  w ere less th a n  0 .5 , its  b in a ry  re ­
sp o n se  w as re c o rd e d  as a 0. I f  th e  R A M P -p re d ic te d  m o r ta li ty  w ere 
g re a te r  th a n  0 .5 , its  b in a ry  re sp o n se  w as re c o rd e d  as a 1. ( In itia l 
analyses h a d  u se d  lo g istica lly  tra n s fo rm e d  ( l o g ( p / ( l  — p ) ) )  
R A M P -p re d ic te d  m o r ta li ty  in  a n o rm a lity -b a s e d  reg re ss io n  f ra m e ­
w o rk , w ith  p o o r  m o d e l fit.) T o  assess th e  s ta tis tica l s ig n ifican ce  o f  
each  p re d ic to r  (w h e th e r  a  m a in  effect o r  a n  in te ra c tio n  effect) in  
th e  m o d e l, w e  u se d  a C h i-s q u a re d  te s t to  c o m p a re  th e  ch a n g e  in  r e ­
s id u a l d ev ian ce  to  a  C h i-sq u a re d  ra n d o m  v a r ía te  w ith  th e  d eg rees o f  
fre e d o m  asso c ia te d  w ith  th a t  p a r t ic u la r  p re d ic to r .

Results
T h e  2008 field  s tu d y  assessed  a to ta l o f  13 211 c rab  ( 6631 sn o w  crab , 
6580 T a n n e r  c rab ), o f  w h ic h  1775 c rab  w ere h e ld  o r  d e a d  ( 1047 sn o w  
crab , 728 T a n n e r  c ra b ) . All o f  th e  assessed  c ra b  w ere u se d  fo r th e  
fish ing  gear p o r t io n  o f  th e  s tu d y  (R ose  e t  al., 2013, th is  p a p e r) . 
T h e  h e ld  c rab  f ro m  2007 (399  sn o w  crab , 250  T a n n e r  c rab ) a n d  
2008 w ere  c o m b in e d  fo r  th e  R A M P  m o d e l analysis (1446  sn o w  
crab , 978 T a n n e r  c rab ).

Relating probability o f m ortality to  reflex 
im pairm ent score
P ro b a b ilitie s  o f  m o r ta li ty  fo r  sn o w  c rab  ra n g e d  f ro m  1.4 to  100%  
o v e r th e  6 - p o in t  reflex  im p a irm e n t  sc o re  range. P ro b a b ilit ie s  o f  
m o r ta li ty  fo r  T a n n e r  c rab  ra n g e d  f ro m  7.2 to  100%  ov er th e  reflex  
im p a irm e n t sco re  ra n g e  (F ig u re  5 ). G enera lly , m o r ta lit ie s  b y  reflex  
im p a irm e n t  sc o re  f ro m  th e  c o m b in e d  20 0 7  a n d  2008 d a ta  
m a tc h e d  w ell w ith  th o se  f ro m  th e  2007  d a ta  a lo n e . F o r sn o w  crab , 
th e  R A M P  m o d e l e s tim a te s  w e re  a lm o s t id e n tic a l a t  reflex  im p a ir ­
m e n t sc o res 0 ,2 ,5 ,  a n d  6. M o r ta lit ie s  fo r  sn o w  c rab  a t  reflex  im p a ir ­
m e n t sc o res 1 a n d  4 w ere  h ig h e r  in  2008 , a n d  so m e w h a t lo w er a t 
reflex im p a irm e n t  sc o re  3. F o r T a n n e r  c ra b , th e  m o r ta li ty  e s tim a te s  
m a tc h e d  u p  well a t reflex  im p a irm e n t  sco res 0, 4, a n d  6, b u t  w ere  
low er a t th e  re m a in in g  reflex  im p a irm e n t  scores.

Comparing different m odels o f m ortality predictors
L ogistic reg re ss io n  revealed  th a t  m o r ta li ty  in  b o th  species w as well 
p re d ic te d  b y  reflex  im p a irm e n t  (F ig u re  6 ). B o th  species sh o w ed  
reflex  im p a irm e n t  to  b e  h ig h ly  s ig n if ican t; reflex  im p a irm e n t 
ex p la in ed  7 4%  o f  th e  v a ria b ility  fo r  sn o w  c rab  (s lo p e  =  1.10, 
s.e. =  0 .07 , p < 0 .0 0 1 )  a n d  70 %  fo r T a n n e r  c rab  (s lo p e  =  1.06, 
s.e. =  0 .09 , p < 0 .0 0 1 ) .  I n ju ry  sc o re  w as a lso  h ig h ly  s ig n if ican t 
(p  <  0 .0 0 1 ); how ev er, in ju ry  o n ly  ex p la in ed  an  a d d it io n a l  2 .9%  o f

RAMP
100

40
- • - B a i r d i  2 0 0 7 /0 8  

B aird i 2 0 0 7  
- • - O p i l i o  2 0 0 7 /0 8  

Opilio 2 0 0 7

10 2 3 4 65
Reflex sco re

Figure 5. RAMP probab ility  o f  m orta lity  curves for C. bairdi a n d  
C. opilio, w ith  a co m p ariso n  be tw een  2007 d a ta  (S toner et al., 2008) an d  
co m b in a tio n  o f  2007 an d  2008 data .

Percent mortality (categorical) v s.
log istic  regression  (continuous)100

9 0

8 0

7 0

- 6 0  

1  5 0  
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 Baird co n tin u o u s
— —Opilio co n tin u o u s

♦  Bairdi ca teg o ric a l
* Opilio ca teg o rica l

or
0 1 2 3 4 65

Reflex impairment score

Figure 6. C om parison  o f  logistic regression to  p e rcen t m o rta lity  to  
describe th e  re la tionsh ip  b etw een  reflex im p a irm en t score an d  
probab ility  o f m orta lity .

th e  v a r ia b ility  fo r  sn o w  c rab  a n d  3.5%  fo r T a n n e r  c ra b  a f te r  a c c o u n t­
in g  fo r th e  effect o f  reflex  im p a irm e n t  sco res (T ab le  2 ). Sex, size, a n d  
she ll c o n d it io n  w ere  n o t  s ig n if ican t v a riab le s  fo r e ith e r  species o f  
c rab  in  th e  reg re ssio n  m o d e ls  a n d  ex p la in ed  less th a n  1 %  o f  th e  v a r i­
ab ility . N o  s ig n if ican t in te ra c tio n s  w ere d e te c te d  b e tw e e n  fac to rs .

E ach species h a d  d iffe re n t m o d e ls  w ith  th e  low est A IC  values 
(T ab le  2). T h e  m o d e l c o n ta in in g  b o th  reflex  im p a irm e n t  sc o res 
a n d  in ju ry  sc o res as ca teg o rica l (as o p p o se d  to  c o n t in u o u s )  p r e d ic ­
to r s  h ad  th e  low est A IC  (445 .63 ) fo r  sn o w  c ra b  (m o d e l 5 ). T h is  
m o d e l a lso  ex p la in e d  7 9%  o f  th e  to ta l d ev ian ce . F o r T a n n e r  c rab , 
th e  m o d e l c o n ta in in g  all v a riab les— sex, shell c o n d it io n  (c a te g o r ic ­
a l) , size, reflex  im p a irm e n t sc o re , a n d  in ju ry  sc o re  (m o d e l 7 ), h a d  
th e  low est A IC  (3 4 7 .2 9 ), ex p la in in g  75%  o f  th e  to ta l  d ev ian ce . 
M o d e l 8, c o n ta in in g  sex, she ll c o n d it io n  (c a te g o ric a l) , size, reflex  
im p a irm e n t sc o re  (c a te g o ric a l), a n d  in ju ry  sco re  (c a te g o ric a l), 
h a d  sm a ll d iffe ren ces f ro m  th e  m in im u m  A IC . A ll o th e r  m o d e ls
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Table 2. C om parison of AIC values, change in AIC (AAIC), and  per cen t variability explained for RAMP logistic regression  for snow  crab  
(Chionoecetes opilio) and  Tanner crab  (C. bairdi).

Bairdi % Opilio %
Model Bairdi Bairdi variability Opilio Opilio variability
# Predictors in the model d.f. AIC AAIC explained AIC AAIC explained

1 Reflex score (RS) 1 407.29 60 69.66% 512.93 67.3 74.40%
2 CReflex score (RS, as categorical) 6 40S.98 58.69 70.51% 481.08 3S.45 76.56%
3 RS -F injury score (IS) 2 356.66 9.37 73.54% 458.05 12.42 77.36%
4 RS 4- IS +  (RS x  IS) (testing interaction) 3 357.46 10.17 73.65% 459.63 14 77.33%
5 CReflex +  Clnjury (both predictors categorical) 11 357 9.71 75% 445.63 0 78.89%
6 Sex +  Shell +  Size +  RS +  IS (Stoner et ai., 2008 

model)
5 360.67 13.38 73.69% 462.84 17.21 77.42%

7 Sex +  CShell +  Size +  RS +  IS (shell as categorical) 7 347.29 0 75.03% 464.62 18.99 77.59%
8 Sex +  CShell +  Size +  CRS +  CIS (shell, RS, and IS as 

categorical)
16 350.58 3.29 76.13% 451 5.37 79.17%

The AAIC is compared with the lowest AIC. model 7 for Tanner crab and model 5 for snow crab.
A C preceding a predictor indicates that it is in the model as a categorical predictor. Sex is always categorical, d.f., the number of estimated coefficients for that 
model (higher d.f. results in higher AIC). Bold indicates the lowest AIC values and highest explained variability.

fo r b o th  species h a d  AAIC values g rea ter th a n  10.0, in d ica tin g  th a t 
th e  o th e r  m o d els  w ere to o  far away fro m  th e  m in im u m  A IC  to  be ef­
ficient (B u rn h a m  an d  A nd erso n , 2002). M odel 6, w h ich  was the 
sam e m o d el u sed  in  S to n er et al. (2008), h ad  AAIC values greater 
th a n  10.0 a n d  exp la ined  74%  (T an n er crab) an d  77%  (sn o w  crab) 
o f  th e  variab ility .

M odels 1 (reflex  im p a irm e n t as a c o n tin u o u s  p re d ic to r)  an d  2 
(reflex im p a irm e n t as a categorical p re d ic to r)  fro m  th e  R A M P logis­
tic  regression  fo r T an n e r crab  have sim ilar A IC values (Table 2), in ­
d ica tin g  th a t  e ith e r  m o d e l co u ld  be  efficient. H ow ever, snow  crab  
A IC  values w ere fu rth e r  apart. A d d itionally , v isual in sp e c tio n  in d i­
ca ted  th a t  th e  log istic  regression  m odel fits T an n e r crab  m u c h  b e tte r  
th an  sn o w  crab  (F igure  6).

Effects o f alternative gear on mortality estimates (adjusted 
for handling)
S now  crab  show ed  low er m o rta lity  th a n  T an n er c rab  after e n c o u n ­
ters w ith  v ario u s traw l gear c o m p o n e n ts  (F igure 7). T h e  a lte rn a te  
fo o tro p e  red u ced  m o rta lity  fro m  11.4 to  7 .2%  fo r  T an n e r crab  
a n d  fro m  9.7 to  5%  for snow  crab  (F igure  8a a n d  b ). A lternate  
sw eeps red u ced  m o rta lity  fro m  4.1 to  1% a n d  from  4.9 to  -  2.2% ) 
fo r T an n e r an d  snow  crab , respectively  (F igure 8a  a n d  b ). For 
snow  crab, th e  han d lin g  m o rta lity  was actually  h igher th a n  th e  a lte r­
n a te  sw eep, lead ing  to  a -  2.2%  m o rta lity  es tim ate  fo r th e  a lte rn a te  
sw eep after b e in g  ad ju s ted  fo r h an d lin g . S ince negative m o rta lity  is 
n o t possib le  th e  m o rta lity  estim ate  w as assum ed  to  be zero , resu lting  
in  a 100%  re d u c tio n  in m o rta lity  w ith  th e  alternate  sw eep. A GLM  
show ed th a t th e  re d u c tio n s  in m o rta lity  gained  by th e  a lternative  
sw eeps a n d  a lternative  fo o tro p e  w ere statistically  s ign ifican t p <  
0.00001 (see deta ils  o f  C h i-sq u a red  te s ts  below ).

Analysis o f factors affecting mortality due 
to  gear encounters

For T an n e r crab  en co u n te rin g  traw l fo o tro p es , sign ifican t effects 
in d u c te e g e a r : (r  == 104.69, d.f. =  2, p  =  0 .00), shell c o n d itio n  

■ ! d, £  ~ 2 ' P ~  0-00), a n d  th e  gear x  shell c o n d itio n

“  ( r  =  13f  ’ d  f- = 4 > P =  0 .01). A lth o u g h  th e  co n tro l 
gear R A M P -pred ic ted  m o rta litie s  w e re lo w e rth a n  th o se  fo r  co n v en ­

id n a n d  a e rn a te  fo o tro p es , d ifferences w ere n o t co n s is ten t across 
shell co n d itio n s , an d  hen ce  th e  p resen c e  o f  in te ra c tio n  (T ab le  3).

16.7%

s  15%

Raw mortality estim ates for snow crab (Chionoecetes opilio)

12.4% 12.3%
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footrope footrope sw eeps sw eeps
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Raw mortality estim ates for Tanner crab (Chionoecetes bairdi)
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Figure 7. Raw m orta lity  e s tim ates for Chionoecetes spp . for e a c h  gear 
co m p o n en t, including th e  con tro l. Error bars d e p ic t a 95% confid en ce  
interval.

F o r T a n n e r  crab  e n c o u n te r in g  traw l sw eeps, s ig n if ic a n t effects 
in c lu d e d  gear ( * 2 =  28 .61 , d .f. =  2, p  =  0 .0 0 ), she ll c o n d i t io n  
(.X  - 1 0 . 3 1 ,  d .f. =  2, p — 0 .01 ), size ( x 2 =  6 .46 , d .f. =  1, p  =  
0 .01), a n d  g ea r x  shell c o n d it io n  in te ra c tio n  ( x z =  14.39, d .f. =  
4, p  =  0 .0 1 ). R A M P -p re d ic te d  m o r ta lity  w as 4 %  ( n  =  1459) fo r  
fem ales vs. 2 %  ( n =  1084) fo r m ales, m a rg in a lly  n o n -s ig n if ic a n t  
(At 3 .42, d .f. — 1, p  =  0 .06 ). T h e  re la tio n sh ip s  b e tw e e n  th e  
c o n tro l, c o n v e n tio n a l sw eep, a n d  a l te rn a te  sw eep  v a ried  a c c o rd in g
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Figure 8 . (a) R eduction  in m o rta lity  (p  <  0.00001) for a lte rnative  
sw eeps an d  fo o tro p e  in C. bairdi, c o rre c te d  for handling, (b) R eduction  
o f  m o rta lity  ( p  <  0.00001) for a lte rn a tiv e  sw eeps an d  fo o tro p e  in 
C. opilio, co rre c ted  for handling. ‘ ‘A ssessm ent goes to  zero for m odified 
sweep.

to  she ll c o n d it io n  (T ab le  3 ), a n d  h e n c e  th e  s ta tis tica l in te ra c tio n  
b e tw een  g ea r  a n d  shell c o n d it io n . M o r ta l i ty  in c rease d  w ith  in c re a s ­
in g  c a rap ace  size (s lo p e  =  0 .03 , s.e. =  0.01 ).

All m a in  effects w ere  s ta tis tica lly  s ig n ifican t fo r  sn o w  crab  
e n c o u n te r in g  traw l fo o tro p e s , in  a d d i t io n  to  th e  g ea r x  shell in te r ­
a c tio n  (gear: x  =  55-54, d.f. =  2 , p  =  0.00; sex: x "  =  5 .55, d.f. =  
1, p  =  0 .02 , shell c o n d itio n : x 2 — b i n i ,  d.f. =  2, p  =  0.00; size: 
x f  =  27 .89 , d .f. =  1, p  =  0.00; gear x  she ll c o n d itio n : x f  =  22.86, 
d.f. =  4, p  =  0 .00). F o r all shell c o n d itio n s , c o n tro l m o r ta lity  was 
lo w er th a n  th a t  fo r c o n v e n tio n a l a n d  a lte rn a te  fo o tro p e s . H ow ever, 
th e  d iffe ren ces b e tw een  gear m o rta lit ie s  c h a n g e d  a m o n g  th e  th re e  
shell c o n d it io n s  (T ab le 3). T h e  average m o r ta lity  w as s ta tis tically  
low er fo r  fem ales (9% ; n  =  1155) th a n  fo r  m ales ( 11% ; n =  2565). 
A lth o u g h  th e  obse rv ed  d iffe ren ce  w as o n ly  tw o  p e rcen tag e  p o in ts , 
it w as sta tis tica lly  s ig n if ican t d u e  to  th e  h ig h  sta tis tica l p o w er a sso ­
c ia ted  w ith  la rg e  sa m p le  sizes, m a k in g  it p o ss ib le  to  d eclare  sm all 
obse rv ed  d iffe ren ces as “sta tis tica lly  d if fe re n t” regard less o f  th e  b io ­
logical im p o rta n c e  o f  th e  d iffe ren ce . M o rta lity  genera lly  increased  
w ith  in c re a s in g  ca rap ace  size (slope  =  0 .02 , s.e. =  0 .003).

Table 3. T anner crab  (C. bairdi) and  snow  crab  (C. opilio) average 
R A M P-predicted m orta lity  for co m b in a tio n s o f  fo o tro p e  gear an d  
shell cond ition .

New shell Old shell Very old shell

Tanner crab
Control 0.5% (199) 1% (481) 9% (43)
A lternate footrope 11% (258) 6% (1121) 14% (436)
Conventional footrope 12% (328) 11% (991) 33% (112)
A lternate sweep 0% (134) 2% (710) 6% (177)
Conventional sweep 4% (140) 7% (519) 6% (140)

Snow crab
Control 7% (153) 3% (503) 8% (62)
A lternate footrope 21% (268) 7% (1067) 14% (325)
Conventional footrope 13% (307) 12% (928) 34% (107)
A lternate sweep 2% (128) 2% (780) 12% (125)
Conventional sweep 19% (85) 8% (459) 21% (82)

The number of crab at each combination is in parentheses.

All m a in  effects w ere  also  sta tis tica lly  s ig n if ican t fo r  sn o w  crab  
e n c o u n te r in g  traw l sw eeps (p  =  0 .00; gear: =  4 3 .56 , d .f. =  2;
sex: X 2 =  19.62, d .f. =  1; shell c o n d itio n : x 2 =  45 .87 , d .f. =  2; 
size: x~  =  16.06, d .f. =  1), in  a d d it io n  to  g ear x  shell in te ra c tio n  
(X 2 =  10.65, d .f. =  4, p  =  0 .03 ). T h e  c o n v e n tio n a l sw eep y ie lded  
th e  h ig h e s t m o r ta lit ie s  reg ard le ss  o f  shell c o n d it io n . By in v e s tig a tin g  
th e  m e a n  R A M P -p re d ic te d  m o r ta li ty  fo r  c o m b in a tio n s  o f  g ea r  a n d  
shell c o n d i t io n  (T ab le  3 ), it is ev id en t th a t  th e  h ig h e s t p re d ic te d  
R A M P  m o r ta li ty  o c c u rs  w ith  new  a n d  w ith  v e ry  o ld  shells. 
H ow ev er, th e  re la tio n sh ip  b e tw een  c o n tro l a n d  a l te rn a te  sw eep  
v a ried  a c c o rd in g to  shell c o n d it io n  (T ab le  3 ). F em ales sh o w ed  s ta t ­
istically  lo w er average  m o r ta li ty  (3% ; n =  827 ) th a n  m a les ( 7% , n =  

1550). M o r ta l i ty  g en e ra lly  in c rease d  w ith  in c re a s in g  c a ra p a c e  size 
(s lo p e  =  0 .03 , s.e. =  0 .005).

O verall, T a n n e r  c rab  fem ales sh o w ed  h ig h e r  average  m o r ta lity  
th a n  m ales fo r  b o th  fo o tro p e  a n d  sw eep. F o r sn o w  crab , th e  o p p o s ite  
was tru e ; m ales sh o w ed  h ig h e r  average  m o r ta lity  th a n  fem ales fo r 
b o th  fo o tro p e  a n d  sw eep.

Discussion
T a n n e r  a n d  sn o w  c ra b  a re  o f  g rea t e c o n o m ic  a n d  eco lo g ica l im p o r t ­
a n ce  in  th e  B e rin g  Sea, a n d  fishery  m a n a g e rs  a n d  th e  fish in g  in d u s try  
in  A laska have  b een  c o n c e rn e d  a b o u t th e  u n o b se rv e d  m o r ta li ty  o f  
th ese  c rab  d u e  to  b o t to m  traw lin g . W e a u g m e n te d  th e  R A M P  re la ­
t io n sh ip  d e v e lo p ed  b y  S to n e r  et a!. (2008) fo r  e ffic ien tly  e s tim a tin g  
su c h  m o r ta li ty  w ith  su b s ta n tia lly  m o re  o b se rv a tio n s  a n d  v a lid a te d  
th e  re su ltin g  m o d e l, in c lu d in g  e x a m in in g  th e  u se fu ln ess o f  a l te rn a ­
tiv e  m o d e ls  a n d  su p p le m e n ta ry  in fo rm a tio n . T h e n , w e a p p lie d  th is  
re la tio n sh ip  in  an  e x p e r im e n t d e m o n s tra t in g  a lte rn a tiv e  g e a r  c o n ­
f ig u ra tio n s  th a t  re d u c e d  c rab  m o rta lity .

O b ta in in g  a re p re se n ta tiv e  e s tim a te  o f  m o r ta lity  a s so c ia te d  w ith  
c a p tu re  a n d  d isc a rd  u s in g  t r a d itio n a l  assessm en t m e th o d s  is q u ite  
cos tly  a n d , th e re fo re , av a ilab le  o n ly  fo r  a l im ite d  n u m b e r  o f  
species a n d  fisheries (e.g . S u u ro n e n , 2005). R eflex im p a irm e n t  
in d ices  fo r  fish in  th e  c o n te x t o f  fish in g -re la te d  in ju ry  hav e  p ro v e n  
to  be u se fu l to o ls  in  e v a lu a tin g  stress th a t  can  lead  to  d e lay ed  m o r ­
ta lity  (D av is a n d  O ttm a r , 2006; D avis, 2007 , 2 0 0 9 ). F o r  crab , th e  
R A M P ’s c o m p o s ite  reflex  im p a irm e n t sc o re  p ro v id e s  a g ra d u a te d  
p re d ic to r  o f  m o rta lity , in d e p e n d e n t o f  c rab  size, sex, shell c o n d it io n , 
p hysica l in ju ry , a n d  ex p o su re  c o n d it io n s  (S to n e r  e t a l ,  2008; S to n e r, 
2 009). U s in g  a d d it io n a l  d a ta  f ro m  o u r  2008 s tu d y , w e rig o ro u s ly  
te s te d  th e  R A M P m o d e l’s p red ic tiv e  c a p a b ility  u s in g  lo g istic  reg re s­
s io n . L ogistic  reg re ss io n  sh o w ed  th a t  reflex  im p a irm e n t  w as closely
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c o rre la ted  w ith  m o rta lity  a n d  th a t  sex, size, shell co n d itio n , an d  
in ju ry  d id  n o t exp lain  en o u g h  a d d itio n a l variab ility  to  be  in c lu d ed  
in  th e  RA M P m odel. T hu s, o u r  find ings co n c u rre d  w ith  S to n er eta l. 
(2008). F u rth e r  resu lts ap p eared  w ith  d e ta iled  e x am in a tio n  o f  
th e  data. F or exam ple, reflex im p a irm e n t, e ith e r  as a categorical o r  
a co n tin u o u s  variable, cou ld  be used  to  exp la in  th e  re la tio n sh ip  
betw een reflex im p a irm e n t an d  m o rta lity  fo r T an n e r crab 
(C. bairdi). H ow ever, th e  m o d el u sin g  reflex  im p a irm e n t as a  ca t­
egorical variab le  p ro v id ed  a b e tte r  fit fo r sn o w  crab  (C. opilio), 
a n d  u ltim ately , th is  stu d y  used reflex im p a irm e n t as a  categorical 
variable for th e  a d d itio n a l analyses invo lv ing  gear types.

C e rta in  m odels (5 an d  7, Table 2) h a d  th e  lowest A IC  values 
because so m e  o f  th e  p re d ic to r  variables w ere ru n  as categorical 
in stead  o f  co n tin u o u s  variables, the re fo re  allow ing for easier fit o f  
an y  n o n - lin e a r  re la tio n sh ip . T h e  m a jo r d isadvan tage  o f  su ch  an  a p ­
p ro ach  is th a t no  fu n c tio n a l re la tionsh ip  c a n  be  expressed. T h e  p er 
cen t v ariab ility  exp la ined  b y  reflex im p a irm e n t alone (c o n tin u o u s  
p red ic to r; m o d e l 1 ) w as w ith in  5%  o f  th e  variab ility  exp la in ed  by  
m o d els  5 a n d  7. A lth o u g h  m o d el 5 (reflex  a n d  in ju ry  categories) 
a n d  m odel 7 (fu ll m o d e l)  exp lain  m o re  o f  th e  variab ility  an d  have 
low er A ICs, fro m  a field  ap p lica tion  p erspec tive  th e  q u es tio n  
arises: is th e  d ifference in  m odels e n o u g h  to  w arra n t th e  tim e 
sp e n t to  co llec t th e  a d d itio n a l d a ta  in  a  fie ld  setting? In  th e  case o f  
T an n e r a n d  sn o w  crab , S to n e r et al. (2008) a n d  th is  s tu d y  m ake a 
g o o d  case fo r te s tin g  reflex im p a irm e n t a lo n e  to  p red ic t unobse rv ed  
m orta lity . A  m a jo r  ad v an tag e  to  R A M P is th e  sim p lic ity  o f  ju st 
te s tin g  reflexes w h ich  can  be d o n e  in  h a n d , thereby  rem o v in g  th e  
need  to  re ta in  an im als fo r p ro lo n g ed  p e rio d s  o r  to  ru n  costly  an d  
tim e  c o n su m in g  physio log ical lab tests. In  th e  case o f  Chionoecetes 
sp p . in te rac tin g  w ith  th e  traw l gear, S to n e r et al. (2008) an d  th is 
stu d y  have show n  th e  reflex im p a irm e n t score to be a  sta tistically  
ro b u st p re d ic to r  o f  delayed m orta lity . T he effect o fa  single a d d it io n ­
al reflex im p a irm e n t m u ltip lie s  the  od d s o f  m o rta lity  ( p / {  1 — p) ) by 
th e  e x p o n en tia ted  slope fro m  th e  log istic  regression  (Faraw ay,
2006). T he m u ltip lie rs  fo r snow  an d  T an n er crab  were 3.0 a n d  2.9, 
respectively. T h u s, th e  absence o f  an a d d itio n a l reflex w o u ld  
ro u g h ly  tr ip le  a c rab ’s o d d s  o f  m ortality .

Logistic regression  analysis o f  reflexes to  p red ic t m o rta lity  
(R A M P m o d e l)  ind ica ted  th a t sex, shell co n d itio n , a n d  size d id  
n o t significan tly  affect th e  re la tionsh ip  betw een  reflex im p a irm e n t 
scores an d  m orta lity . W h en  co nsidering  th e  effect o f  th e  gear type, 
logistic regression  o f  th e  R A M P -pred ic ted  m o rta lity  fo u n d  th a t  
gear type, sex, shell c o n d itio n , size, an d  th e  gear x  shell c o n d itio n  
in te rac tio n  w ere sign ifican t p red ic to r  variab les fo r sn o w  crab  m o r ­
tality . T an n e r crab  show ed  gear type, shell c o n d itio n , an d  th e ir  in te r ­
ac tio n  to  be  sign ifican t w ith  th e  fo o tro p e  effect. In  a d d itio n , gear 
type, shell co n d itio n , th e ir  in te rac tio n , a n d  size w ere s ign ifican t 
w ith  th e  effect o f sw eeps. A lthough  shell c o n d itio n  w as sh o w n  to  
be  statistically  sign ifican t, th e  overall m o rta lity  w as low er w ith  a n  a l­
tern a tiv e  gear th a n  w ith  a co n v en tio n a l gear, s tre n g th e n in g  th e  case 
th a t a lte rnative  sw eeps a n d  foo tro p es co u ld  b e  u sed  to  he lp  reduce  
u n o b se rv ed  m orta lity .

T he im p ro v ed  RA M P curves fo r T an n e r a n d  snow  crab  w ere used  
to  co m p are  u n o b se rv ed  m o rta lity  in  a lte rn a tiv e  a n d  co n v en tio n a l 
b o tto m  traw l gears ( fo o tro p e  an d  sw eep). T h e  a lternative  fo o tro p e  
(24" d isk  fo o tro p e ) re d u ced  m o rta lity  by  36 %  fo r T an n e r c rab  an d  
50%  for sn o w  crab; a n d  th e  a lte rn a tiv e  sw eep  (o ff-b o tto m  sw eep) 
reduced  m o rta lity  by  75 a n d  100%  fo r T a n n e r  a n d  snow  crab , re ­
spectively. O n  a g lobal scale, th e  In te rn a tio n a l C o u n c il o n  
E x p lo ra tio n  o f  th e  Sea (IC ES, 2005) a n d  a  reg io n a l level (N P F M C , 
1999, 2006; A M C C , 2004; N M FS, 2004; N PR B , 2007) have  c ited  a

sub ito  e.V. licensed  cu s to m e r copy  supp lied  for F lan d ers  M arine Institute

n eed  to  q u a n tify  a n d  re d u c e  u n o b s e rv e d /u n a c c o u n te d  f ish in g  m o r ­
tality. T h is  s tu d y  w as able  to  sh o w  th a t  n o t  o n ly  w as th e  o v era ll u n ­
observed  m o r ta li ty  low , b u t  th a t  u s in g  a m o d if ie d  f ish in g  gear can  
reduce  u n o b se rv e d  m o rta lity . T h is  r e d u c t io n  in  m o r ta l i ty  is sign ifi­

c a n t en o u g h  to  ju s tify  th e  u se  o f  m o d ifie d  sw eep s fo r  th e  b o tto m  
traw l fishery  in  A laska. A lth o u g h  th e  a lte rn a tiv e  g ea r  s ig n ifican tly  
reduces th e  u n o b se rv e d  m o r ta li ty  o f  T a n n e r  a n d  sn o w  c ra b  in te ra c t­
in g  w ith  a  traw l g ea r , i t  is n o t  a  c o m p le te  s o lu t io n ,  b u t  it is a n o th e r  
step  fo rw ard  in  th e  e ffo rt to  re d u c e  b y ca tch , sp e c ifica lly  u n o b se rv e d  

m orta lity .
D e m o n s tra t in g  th a t  th e  a lte rn a tiv e  g e a r  c a n  re d u c e  u n o b se rv e d  

c rab  m o r ta lity  h a s  h a d  a p p lic a t io n  to  fish eries  m a n a g e m e n t in  th e  
N o r th  Pacific. E lev a ted  sw eeps w ere  im p le m e n te d  as a  g e a r  reg u la ­
t io n  b y  th e  N P F M C  in  2011 as a n  a lte rn a tiv e  to  d o s in g  a reas  to  
fishing. D a ta  f ro m  th is  p ro je c t sh o w in g  th a t  e lev a ted  sw eeps 
reduce  th e  m o r ta lity  o f  T a n n e r  a n d  sn o w  c ra b  a lo n g  w ith  d a ta  in d i­
ca tin g  a  p o te n tia l  r e d u c tio n  in  d a m a g e  to  b e n th ic  h a b i ta t  (R ose 
et al., 2010 a n d  u n p u b lish e d  d a ta ) , a id e d  th e  C o u n c il in  m ak in g  

th e  elevated  sw eep  a gear re g u la tio n .
P rev io u s s tu d ie s  have  sh o w n  th a t  reflex  im p a irm e n t  is a  s ig n  o f  

stress th a t  can  b e  c o rre la te d  w ith  m o r ta li ty  o u tc o m e s  in  fish  a n d  
crab  (D avis a n d  O ttm a r , 2006; D avis , 2007 , 2009; S to n e r  et a l ,  
2008; H u m b o rs ta d  et al., 2009; S to n e r , 2 0 0 9 ). O n e  o f  th e  l im ita t io n s  
o f  th is  a p p ro a c h  is th a t  we c a n n o t  a c c o u n t fo r  th e  p o ss ib le  m o rta lity  
th a t  o ccu rs  as a re su lt  o f  p re d a tio n  o n  th e  c rab  o r  fish d u e  to  its  p o ­
ten tia lly  w eak e n ed  sta te  fro m  its e n c o u n te r s  w ith  th e  gear. T h u s , th e  
R A M P m o d e l y ie ld s a  g o o d  re la tiv e  m e a su re  o f  m o r ta li ty ,  i f  n o t  an  
ab so lu te  m e a su re  o f  m o rta lity . O u r  s tu d y  to o k  th e  R A M P  m o d el 
o n e  step  fu r th e r  a n d  u se d  it to  assess w h e th e r  a lte rn a tiv e  sw eeps 
a n d  fo o tro p e s  c o u ld  re d u c e  u n o b se rv e d  f ish in g  m o r ta li ty ;  th e  d a ta  
sh o w ed  th is  to  b e  th e  case.

O u r  s tu d y  d e v e lo p ed  a n d  ex p lo ited  severa l re se a rc h  in n o v a tio n s  
to  e s tim a te  m o r ta lit ie s  th a t  o c c u r  in  an  e n v iro n m e n t  re la tiv e ly  in ­
accessib le to  e x p e r im e n ta l m a n ip u la t io n , th e  se a flo o r, fo llo w in g  
th e  passage  o f  a  c o m m e rc ia l traw l. T h e  u se  o f  a u x ilia ry  n e ts  to  
ca p tu re  su b je c ted  crab  n e c e ss ita te d  th e  u se  o f  c o m p a ra b le  c o n tro l 
c a p tu re  m e th o d s  to  assess th e  effects o f  th a t  c a p tu re  a n d  su b s e q u e n t 
han d lin g . W e w ere  fo r tu n a te  th a t  these  c rab  a p p e a re d  ro b u s t  to  s u b ­
s ta n tia l ch an g es in  te m p e ra tu re  b e tw een  se a flo o r  ( < 2  C ) an d  
h o ld in g  ta n k s  ( > 9 0 ) .  H a d  th ey  sh o w n  s tro n g  se n sitiv ity , as 
o b se rv ed  w ith  so m e  fish (D av is a n d  O lla , 2006; S u u ro n e n  et a l ,  
2005), th e  h ig h  c o n tro l v a r ia b ility  w o u ld  h av e  g rea tly  c o m p lic a te d  
th e  e s tim a tio n  o f  u n d e r ly in g  g ea r-re la ted  m o r ta lit ie s . U se o f  th e  
R A M P te c h n iq u e  also  p ro v id e d  sa m p le  sizes th a t  g rea tly  in c reased  
o u r  ab ility  to  d e te c t d iffe ren ces in  m o rta lity . S to n e r  e t al. (2008) 
a n d  th is  s tu d y  w ere  ab le  to  d e v e lo p  a  ra p id  r e a l- t im e  fie ld  a s se ssm en t 
o f  crab  stress th a t  p re d ic te d  d e lay ed  m o r ta li ty  u s in g  a  m e a s u re  o f  
reflex im p a irm e n t.  S to n e r  (2009) s ta te s  th a t  th e  g rea te s t u t i l i ty  fo r 
th e  R A M P  m o d e l a p p ro a c h  w ill o c c u r  in  e x p e r im e n ts  w ith  fish in g  
gear o r  h a n d lin g  m e th o d s  a im e d  a t re d u c in g  b y c a tc h  o r  d isc a rd  
m o rta lity , w h ich  th is  s tu d y  h a s  sh o w n . T h is  s tu d y  is o n e  e x am p le  
o f  m a n y  p o ss ib le  p ra c tic a l a p p lic a tio n s  o f  th e  R A M P  m o d e l. In  
th e  co n tex t o f  b y c a tc h  re d u c tio n  tec h n o lo g y  a n d  m o d if ie d  fish in g  
gear, th e  R A M P m o d e l c o u ld  p ro v e  to  b e  a  very  u se fu l to o l  to  d e te r ­
m in e  i f  th e  a lte rn a tiv e  g e a r  o r  m o d if ic a tio n s  to  th e  c u r re n t  f ish in g  
g ear co u ld  re d u c e  th e  m a n y  typ es o f  b y ca tch  m o r ta lity .
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