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A B S T R A C T   

Fi n  w h al e s  ( B al a e n o pt er a  p h ys al us )  ar e  c o m m o n  s u m m er  vi sit or s  t o  t h e  P a ci fi c  Ar cti c,  mi gr ati n g  t hr o u g h  t h e 

B eri n g Str ait a n d i nt o t h e s o ut h er n C h u k c hi S e a t o f e e d o n s e a s o n all y- a b u n d a nt pr e y. T h e a b u n d a n c e a n d di s -

tri b uti o n of fi n w h al e s i n t h e C h u k c hi S e a v ari e s fr o m y e ar-t o- y e ar, p o s si bl y r e fl e cti n g fl u ct u ati n g e n vir o n m e nt al 

c o n diti o n s.  W e  h y p ot h e si z e d  t h at  fi n  w h al e c all s  w er e  m o st  li k el y  t o  b e  d et e ct e d  i n  y e ar s a n d at  sit e s  w h er e 

pr o d u cti v e  w at er  m a s s e s  w er e  pr e s e nt,  i n di c at e d  b y  l o w  t e m p er at ur e s  a n d  hi g h  s ali niti e s,  a n d  w h er e  str o n g 

n ort h w ar d w at er a n d wi n d v el o citi e s, r e s ulti n g i n i n cr e a s e d pr e y a d v e cti o n, w er e pr e v al e nt. U si n g a c o u sti c r e -

c or di n g s fr o m t hr e e m o or e d h y dr o p h o n e s i n t h e B eri n g Str ait r e gi o n fr o m 2 0 0 9 – 2 0 1 5, w e i d e nti fi e d fi n w h al e 

c all s  d uri n g  t h e  o p e n- w at er  s e a s o n  ( J ul y – N o v e m b er)  a n d  i n v e sti g at e d  p ot e nti al  e n vir o n m e nt al  dri v er s  of 

i nt er a n n u al v ari a bilit y i n fi n w h al e pr e s e n c e. W e e x a mi n e d n e ar- s urf a c e a n d n e ar- b ott o m t e m p er at ur e s ( T) a n d 

s ali niti e s ( S), wi n d a n d w at er v el o citi e s t hr o u g h t h e str ait, w at er m a s s pr e s e n c e a s e sti m at e d u si n g p u bli s h e d T / S 

b o u n d ari e s, a n d s at ellit e- d eri v e d s e a s urf a c e t e m p er at ur e s a n d s e a-i c e c o n c e ntr ati o n s. O ur r e s ult s s h o w si g nif -

i c a nt i nt er a n n u al v ari a bilit y i n t h e a c o u sti c pr e s e n c e of fi n w h al e s wit h t h e gr e at e st d et e cti o n s of c all s i n y e ar s 

wit h c o ntr a sti n g e n vir o n m e nt al c o n diti o n s ( 2 0 1 2 a n d 2 0 1 5). C ol d er t e m p er at ur e s, l o w er s ali niti e s, sl o w er w at er 

v el o citi e s,  a n d  w e a k  s o ut h w ar d  wi n d s  pr e v ail e d  i n  2 0 1 2  w hil e  w ar m er  t e m p er at ur e s,  hi g h er  s ali niti e s,  f a st er 

w at er v el o citi e s, a n d m o d er at e s o ut h w ar d wi n d s pr e v ail e d i n 2 0 1 5. M o st d et e cti o n s ( 9 6 %) w er e r e c or d e d at t h e 

m o ori n g sit e n e ar e st t h e c o n fl u e n c e of t h e n utri e nt-ri c h A n a d yr a n d B eri n g S h elf w at er m a s s e s, ~ 3 5 k m n ort h of 

B eri n g Str ait, i n di c ati n g t h at pr o d u cti v e w at er m a s s e s m a y i n fl u e n c e t h e o c c urr e n c e of fi n w h al e s. T h e di s p arit y 

i n e n vir o n m e nt al c o n diti o n s b et w e e n 2 0 1 2 a n d 2 0 1 5 s u g g e st s t h er e m a y b e m ulti pl e c o m bi n ati o n s of e n vir o n -

m e nt al f a ct or s or ot h er u n e x a mi n e d v ari a bl e s t h at dr a w fi n w h al e s i nt o t h e P a ci fi c Ar cti c.   

1. I nt r o d u cti o n 

T h e Ar cti c h a s u n d er g o n e u n pr e c e d e nt e d e n vir o n m e nt al s hift s a s a 

r e s ult of cli m at e w ar mi n g ( P o st et al., 2 0 1 9 ). Pr o mi n e nt a m o n g t h e s e 

s hift s i s t h e l o s s of s e a-i c e c o v er d uri n g t h e s u m m er ( C o mi s o et al., 2 0 0 8 ; 

C a v ali eri a n d P ar ki n s o n, 2 0 1 2 ; V a u g h a n et al., 2 0 1 3 ; W o o d et al., 2 0 1 5 a , 

b ; W al s h  et  al.,  2 0 1 7 )  al o n g  wit h  e arli er  m elti n g  i n  t h e  s pri n g  a n d 

d el a y e d o n s et of fr e e zi n g i n t h e f all ( M ar k u s et al., 2 0 0 9 ; Str o e v e et al., 

2 0 1 4 ; Fr e y et al., 2 0 1 5 ; St a b e n o et al., 2 0 1 9 ; B a k er et al., t hi s i s s u e). 

E n vir o n m e nt al s hift s a s a r e s ult of cli m at e c h a n g e ar e e s p e ci all y e vi d e nt 

i n t h e C h u k c hi S e a w h er e a n n u al s e a-i c e c o v er h a s d e cli n e d b y ~ 1 3 d a y s 

e a c h  d e c a d e  fr o m  1 9 7 9  t o  2 0 1 3  ( L ai dr e  et  al.,  2 0 1 5 ),  e xt e n di n g  t h e 

o p e n- w at er s e a s o n ( Gr e b m ei er et al., 2 0 1 0 ; Str o e v e et al., 2 0 1 4 ; W o o d 

et al., 2 0 1 5 b ; W o o d g at e, 2 0 1 8 ). D e cli ni n g s e a i c e i s e x p e ct e d t o r e s ult i n 

r a n g e  e x p a n si o n s  of  t e m p er at e  a n d  s u b ar cti c  s p e ci e s  i nt o  t h e  Ar cti c 

(R o ot et al., 2 0 0 3 ; W a s s m a n n et al., 2 0 1 1 ; L ai dr e a n d H ei d e- J ø r g e n s e n, 

2 0 1 2 ; W o o d g at e et al., 2 0 1 5 ). S u b ar cti c c et a c e a n s, s u c h a s fi n w h al e s 

(B al a e n o pt er a  p h ys al us ),  ar e  t h o u g ht  t o  b e  e x p a n di n g  t h eir  r a n g e  a n d 

r e si d e n c e ti m e i n t h e C h u k c hi S e a ( W o o d g at e et al., 2 0 1 5 ), w hi c h c o ul d 

l e a d t o i n cr e a s e d c o m p etiti o n wit h Ar cti c c et a c e a n s (Cl ar k e et al., 2 0 1 3 ). 

Fi n  w h al e s  ar e  a  c o s m o p olit a n  m y sti c et e  w h o s e  r a n g e  e xt e n d s 

t hr o u g h m o st of t h e w orl d’s o c e a n s ( Mi zr o c h et al., 1 9 8 4 ). T h o u g h t h eir 

e x a ct mi gr ati o n p att er n s ar e u n cl e ar, fi n w h al e s ar e t h o u g ht t o br e e d i n 

l o w er l atit u d e s d uri n g wi nt er a n d mi gr at e t o hi g h-l atit u d e ar e a s, s u c h a s 

t h e B eri n g a n d C h u k c hi s e a s, i n s u m m er t o f e e d o n s e a s o n all y a b u n d a nt 

pr e y ( Mi zr o c h et al., 1 9 8 4 , 2 0 0 9 ). Fi n w h al e di et s v ar y s e a s o n all y a n d 

s p ati all y a cr o s s t h e N ort h P a ci fi c, b ut t y pi c all y i n cl u d e e u p h a u sii d s a n d 

f or a g e  fi s h  s p e ci e s  (Pi k e,  1 9 5 0 ; N e m ot o,  1 9 5 9 ; N e m ot o  a n d  K a s u y a, 

*  C orr e s p o n di n g a ut h or. 
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1 9 6 5 ; Mi zr o c h et al., 1 9 8 4 ; Fli n n et al., 2 0 0 2 ; Witt e v e e n a n d W y n n e, 

2 0 1 6 ). Fi n w h al e s ar e g e n er all y t h o u g ht t o a v oi d s e a i c e, t h o u g h t h e y 

h a v e b e e n o b s er v e d s wi m mi n g al o n g t h e i c e e d g e i n t h e Ar cti c ( Sl e pt s o v, 

1 9 6 1 ; Mi zr o c h et al., 1 9 8 4 ). 

Fi n w h al e s pr o d u c e l o w fr e q u e n c y si g n al s ( < 1 0 0 H z), wit h hi g h i n -

t e n siti e s ( s o ur c e l e v el s u p t o 1 8 9 d B r e 1 μ P a at 1 m) a n d s h ort d ur ati o n s 

(� 1 s; W at ki n s, 1 9 8 1 ; W at ki n s et al., 1 9 8 7 ; �Sir o vi �c et al., 2 0 0 7 ). T h e 

m o st c o m m o nl y d o c u m e nt e d c all i s a s h ort ( ~ 1 s) d o w n- s w e e p g e n er all y 

st arti n g ar o u n d 2 5 H z a n d e n di n g at 1 5 H z wit h p e a k e n er g y c e nt er e d 

n e ar 2 0 H z ( W at ki n s, 1 9 8 1 ; W at ki n s et al., 1 9 8 7 ). T h e fi n w h al e “ 2 0- H z 

p ul s e ” c a n o c c ur i n r e g ul ar s e q u e n c e s, f or mi n g a st er e ot y p e d s o n g t h at 

l a st s  fr o m < 1  h  t o  ~ 3 3 h  ( W at ki n s et  al., 1 9 8 7 ). S u c h  s e q u e n c e s ar e 

b eli e v e d t o b e pr o d u c e d b y m al e s a s a m ati n g di s pl a y st arti n g i n t h e f all 

a n d  l a sti n g  t hr o u g h  s pri n g  ( W at ki n s  et  al.,  2 0 0 0 ; Cr oll  et  al.,  2 0 0 2 ; 

St aff or d  et  al.,  2 0 0 7 ).  Fi n  w h al e s  al s o  pr o d u c e  2 0- H z  a n d  hi g h er  fr e -

q u e n c y p ul s e s i n s h ort, irr e g ul ar s e q u e n c e s t h at m a y s er v e a s c o nt a ct 

c all s  ( W at ki n s,  1 9 8 1 ; M c D o n al d  et  al.,  1 9 9 5 ; E d d s- W alt o n,  1 9 9 7 ), 

e s p e ci all y d uri n g t h e s u m m er m o nt h s ( �Sir o vi �c et al., 2 0 1 3 ). 

Hi st ori c al r e c or d s d ati n g b a c k t o t h e e arl y 2 0t h c e nt ur y s u g g e st fi n 

w h al e s  c o m m o nl y  o c c urr e d  i n  t h e  s o ut h w e st  C h u k c hi  S e a  d uri n g  t h e 

s u m m er ( Mi zr o c h et al., 2 0 0 9 ). S o vi et a n d J a p a n e s e w h ali n g e x p e diti o n s 

i n  t h e  1 9 3 0– 1 9 4 0 s  c a pt ur e d  fi n  w h al e s  a s  f ar  w e st  a s  C a p e  S c h mi dt 

( 6 8 � 5 5 01 8. 3 00N 1 7 9 � 2 7 04 2. 7 00W), a n d a s f a r n ort h a s t h e c e ntr al C h u k c hi 

S e a ( 6 9 � 0 4 0N, 1 7 1 � 0 6 0W) a n d W r a n g el I sl a n d ( T o mili n, 1 9 5 7 ; N e m ot o, 

1 9 5 9 ; Sl e pt s o v,  1 9 6 1 ; Mi zr o c h  et  al.,  2 0 0 9 , Fi g.  1 ).  Fi n  w h al e s  w er e 

o b s er v e d i n t h e C h u k c hi S e a a s e arl y a s J u n e ( Ni k uli n, 1 9 4 6 ) a n d st a y e d 

i n  t h e  ar e a  u ntil  O ct o b er  (Ni k uli n,  1 9 4 6 ; N a s u,  1 9 6 0 ; V otr o g o v  a n d 

I v a s hi n,  1 9 8 0). Sl e pt s o v  ( 1 9 6 1) d e s cri b e s  fl n  w h al e s  a s  ‘ o n e  of  t h e 

n u m er o u s  b al e e n  w h al e s  t h at  i n h a bit  t h e  C h u k c hi  S e a ’ a n d  r e p ort e d 

s e ei n g h u n dr e d s of fl n w h al e s i n t h e s p a n of si x d a y s b et w e e n t h e B eri n g 

Str ait  a n d  C a p e  S er dt s e- K a m e n  i n  S e pt e m b er  1 9 3 9.  B y  t h e  mi d- 2 0t h 

c e nt ur y,  i nt e n s e  w h ali n g  i n  t h e  N ort h  P a ci fi c  h a d  t a k e n  a  t oll  o n  fi n 

w h al e p o p ul ati o n s a n d fi n w h al e s w er e r ar el y s e e n i n t h e C h u k c hi S e a. 

O nl y  a  f e w  si g hti n g s  of  fi n  w h al e s  w er e  r e c or d e d  b et w e e n  1 9 5 8  a n d 

1 9 8 1 ( N a s u, 1 9 6 0 ; V otr o g o v a n d I v a s hi n, 1 9 8 0 ). M or e r e c e nt vi s u al a n d 

a c o u sti c o b s er v ati o n s of fi n w h al e s c h art t h eir pr e s e n c e i n p orti o n s of 

t h e  n ort h e a st er n  C h u k c hi  S e a  (D el ar u e  et  al.,  2 0 1 3 ),  s o ut h c e ntr al 

C h u k c hi S e a ( Cl ar k e et al., 2 0 1 5 ; Br o w er et al., 2 0 1 8 ), a n d t h e s o ut h er n 

C h u k c hi S e a n ort h of t h e B eri n g Str ait ( T s ujii et al., 2 0 1 6 ). 

W e h y p ot h e si z e t h at o b s er v e d s p ati al v ari a bilit y i n fl n w h al e pr e s -

e n c e m a y b e c o n n e ct e d t o e n vir o n m e nt al v ari a bilit y i n t h e st u d y r e gi o n. 

I n a d diti o n t o t h e s e a s o n al c y cl e of s e a i c e, t h e C h u k c hi S e a i s c h ar a c-

t eri z e d b y t h e pr e s e n c e of di sti n ct w at er m a s s e s d e fl n e d b y diff er e n c e s i n 

t e m p er at ur e a n d s ali nit y w hi c h v ar y fr o m y e ar t o y e ar (C o a c h m a n et al., 

1 9 7 5 ). T h e w at er m a s s e s i n t h e C h u k c hi S e a h a v e v ar yi n g l e v el s of n u -

tri e nt s a n d c hl or o p h yll-a ( c hl-a ), l e a di n g t o di sti n ct p h yt o pl a n kt o n a n d 

z o o pl a n kt o n  c o m m u niti e s  ( H o p cr oft  et  al.,  2 0 1 0 ; Ei s n er  et  al.,  2 0 1 3 ; 

Pi s ar e v a et al., 2 0 1 5 ; D a ni el s o n et al., 2 0 1 7 ; Si gl er et al., 2 0 1 7 ). L ar g e, 

c h ai n-f or mi n g  di at o m s  ar e  f o u n d  i n  ar e a s  wit h  hi g h  c hl- a c o n c e ntr a -

ti o n s, s u c h a s t h e pr o d u cti v e A n a d yr W at er ( A W) i n t h e w e st er n C h u k c hi 

S e a, w h er e a s s m all er p h yt o fi a g ell at e s o c c ur i n l o w- n utri e nt ar e a s, s u c h 

a s  t h e  l e s s  pr o d u cti v e  Al a s k a n  C o a st al  W at er  ( A C W)  i n  t h e  e a st er n 

C h u k c hi S e a ( S pri n g er a n d M c R o y, 1 9 9 3 ; Ei s n er et al., 2 0 1 3 ; D a ni el s o n 

et  al.,  2 0 1 7 ).  C o n s e q u e ntl y,  l ar g e  c o p e p o d s  a n d  ot h er  z o o pl a n kt o n 

gr o u p s ar e f o u n d i n t h e A W w hil e s m all er c o p e p o d s ar e u bi q uit o u s i n t h e 

A C W z o o pl a n kt o n c o m m u nit y ( Ei s n er et al., 2 0 1 3 ; Si gl er et al., 2 0 1 7 ). It 

mi g ht b e t h er ef or e e x p e ct e d t h at fi n w h al e s w o ul d o c c u p y ar e a s w h er e 

t h e A W, or si mil arl y pr o d u cti v e w at er m a s s e s, d o mi n at e. 

T h e  C h u k c hi  S e a  i s  a  hi g hl y  a d v e cti v e  e c o s y st e m  t h at  i s  h e a vil y 

i n fi u e n c e d  b y  t h e  i n fi o w  of  P a ci fi c  W at er  w hi c h  e nt er s  t hr o u g h  t h e 

B eri n g  Str ait  ( W o o d g at e  et  al.,  2 0 0 5 a , Fi g.  1 ).  A d v e cti o n  fr o m  t h e 

n ort h er n  B eri n g  S e a  pr o vi d e s  t h e  m ai n  s o ur c e  of  z o o pl a n kt o n  f or  t h e 

C h u k c hi  S e a  a n d  i s  a n  i m p ort a nt  f a ct or  i n  d et er mi ni n g  z o o pl a n kt o n 

bi o m a s s a n d s e c o n d ar y pr o d u cti o n ( W ei n g art n er, 1 9 9 7 ; Kit a m ur a et al., 

2 0 1 7 ). Hi g h n ort h w ar d w at er v el o citi e s t hr o u g h t h e str ait li k el y tr a n s -

l at e t o i n cr e a s e d a d v e cti o n of P a ci fi c- ori gi n pr e y i nt o t h e C h u k c hi S e a. 

T h er ef or e, w e h y p ot h e si z e t h at y e ar s wit h hi g h d et e cti o n s of fi n w h al e 

c all s will h a v e hi g h n ort h w ar d ( al o n g- c h a n n el) w at er v el o citi e s. 

T h e B eri n g Str ait i s di vi d e d i nt o t w o c h a n n el s b y t h e Di o m e d e I sl a n d s 

r o u g hl y  mi d- str ait  ( Fi g.  1 ).  T h e  w e st er n  c h a n n el  of  B eri n g  Str ait  i s 

c o m p ar ati v el y c ol d a n d s alt y d u e t o t h e pr e v al e n c e of t h e A W, w hil e t h e 

e a st er n c h a n n el t e n d s t o b e w ar m er a n d fr e s h er d u e t o t h e pr e s e n c e of 

t h e A C W (C o a c h m a n et al., 1 9 7 5 ; W o o d g at e et al., 2 0 0 5 b , 2 0 1 5 ). T h e 

c ol d a n d s alt y B eri n g S h elf W at er ( B S W) p a s s e s t hr o u g h t h e c e ntr al str ait 

(C o a c h m a n et al., 1 9 7 5 ; W o o d g at e et al., 2 0 0 5 b ). V ari a bilit y i n wi n d 

str e n gt h a n d dir e cti o n c a n i n fl u e n c e t h e p o siti o n of t h e s e w at er m a s s e s 

Fi g. 1. M a p of t h e st u d y r e gi o n wit h t y pi c al a n n u al 

m e a n  fl o w  p att er n s  of  t h e  t hr e e  d o mi n a nt  w at er 

m a s s e s  i n  t h e  B eri n g  Str ait  r e gi o n  a n d  2 0- m  b at h y -

m etri c  c o nt o ur s  (I nt er n ati o n al  B at h y m etr y  C h art  of 

t h e  Ar cti c  O c e a n  [I B C A O ],  v.  3; J a k o b s s o n  et  al., 

2 0 1 2 ). P o siti o n s of t h e t hr e e m o ori n g s al o n g wit h t h e 

b o u n d ari e s of t h e st u d y ar e a p ol y g o n u s e d i n t h e s e a 

i c e  c o n c e ntr ati o n  a n al y si s  ar e  al s o  di s pl a y e d.  I n s et 

m a p  s h o w s  e sti m at e d  c all  d et e cti o n  r a n g e  b uff er s 

ar o u n d e a c h m o ori n g ( 1 0 a n d 2 0 k m). N ot e t h at t h e 

Al a s k a n C o a st al W at er i s o nl y pr e s e nt s e a s o n all y.   

E. Es c aj e d a et al.                                                                                                                                                                                                                                



Deep-Sea Research Part II xxx (xxxx) xxx

3

and overall transport in the strait. Strong along-channel (northward) 
winds through Bering Strait may push the less productive surface ACW 
against the Alaskan coast via Ekman transport, allowing the more pro
ductive AW to shift east and replace it in the surface waters (Woodgate, 
2018). Similarly, southward winds spread the ACW westwards across 
the surface of the strait and draw AW to the east at depth (Woodgate 
et al., 2015). Thus, wind changes could affect feeding opportunities for 
fin whales at different depths across the strait. Northward winds are 
linked to northward flow through the strait (Woodgate et al., 2005a), 
which leads to higher advection of prey into the Chukchi Sea, in general. 
Therefore, we hypothesize that fin whale occurrence may be related to 
northward wind velocity through the strait. 

Given that the Bering Strait is the only gateway from the Pacific 
Ocean into the Chukchi Sea (Fig. 1), the region is an ideal study area for 
recording the occurrence of migrating fin whales. In this paper, we 
investigate whether fin whales exhibited any interannual variation in 
their acoustic presence during the open-water season (July November) 
from 2009 2015 and explore correlations between the acoustic presence 
of fin whales and environmental variation in the Bering Strait region. We 
hypothesize that high levels of fin whale calls occur in the years when 
and at the mooring sites where the highly productive AW and BSW are 
prevalent, when/where there are higher northward water velocities 
(and thus primarily northward winds) through the strait, and in years 
when sea ice forms later in the fall, allowing fin whales to remain in the 
Chukchi Sea longer into the season. 

2. Methods 

2.1. Acoustic data 

Acoustic data were collected from three AURAL-M2 hydrophones 
(Autonomous Underwater Recorder for Acoustic Listening-Model 2, 
Multi-Electronique, Inc.; sensitivity of 154 dB re 1 V/ Pa and 16-bit 
resolution) attached to oceanographic moorings positioned within the 
eastern channel of the Bering Strait (A2 in the center of the eastern 
channel, and A4 in the Alaskan Coastal Current (ACC) on the east side of 
the channel), and a central strait location ~35 km north of the strait in 
the southern Chukchi Sea (A3; Fig. 1). Hydrophones were first installed 
on the moorings in September 2009 and recorded through 2015. Each 
hydrophone was positioned 4 8 m above the seafloor and sampled at 
8192 Hz or 16384 Hz with various hourly duty cycles and recording start 
dates (Table 1). We assume that calls recorded during the hydrophones
duty cycle are representative of fin whale acoustic activity for the entire 
hour in which the calls were recorded. 

We quantified fin whale calling activity as the number of hours per 

day with fin whale calls present, hereafter referred to as ‘fin whale 
hours (FWH). Note that since we were only able to detect calling 
whales, we could not assume the absence of fin whales during any hour, 
nor could we estimate the abundance of fin whales using call abundance 
alone. The term ‘recording years refers to years that each hydrophone 
actively recorded data. Analysis of the recordings was restricted to the 
recording start date (typically July) until the end of November, called 
here as the ‘recording period. Given the shallow depth of the study area, 
it is likely that all calls from individuals within 10 20 km of the hy
drophones were recorded (Woodgate et al., 2015). If we use the con
servative call detection range of 10 km, the hydrophones cover a total of 
892 km2, or ~3% of the study area (Fig. 1). Hydrophones at A2 and A4 
cover ~64% of the eastern channel area (~900 km2), while the width of 
the A3 10-km call detection buffer covers ~10% of the across-strait 
distance at its latitude north of the strait. 

We identified hours with fin whale 20-Hz pulses using the spectro
gram correlation tool implemented in Ishmael (2014 version; Mellinger 
and Clark, 2000; Mellinger, 2002). Detector parameters included a 
threshold of 10 to reduce the number of false detections and a smoothing 
time constant of 0.3 s. Each hour identified by the detector was then 
manually verified to contain fin whale calls by inspecting the spectro
gram in Ishmael (FFT 4096, Hanning window, spectrogram equalization 
enabled with a time constant of 30 s) and eliminating any false positives 
from the dataset. The hours before and after a true positive FWH were 
examined to capture any hours with calls that were not picked up by the 
detector, adding a total of 269 FWH to our detections (~11% of the total 
number of FWH for all three sites). 

To investigate spatial and temporal patterns in the presence of fin 
whales, we compared FWH between years and sites using a nonpara
metric two-sample Wilcoxon rank-sum test under the null hypothesis of 
equal distributions. Since all hydrophones recorded in October, we 
restricted our interannual comparisons of FWH within each mooring site 
and between the three sites to October only to avoid issues with unequal 
recording period lengths. We also compared the date of departure of 
calling fin whales from the study region by calculating the 95% quantile 
of the cumulative distribution of days with fin whale calls starting on 1 
October of each year, following the procedure of Hauser et al. (2017). 
We used a significance threshold of 0.05 for all statistical tests and 
assumed independence between daily values. 

2.2. Environmental data collection 

Six environmental variables were recorded in-situ by other sensors on 
the same moorings, including: near-bottom temperature and salinity 
(40 55 m depth) measured by Sea-Bird (SBE) SBE16 and SBE37 sensors; 

Table 1 
Recording settings and positions of the three hydrophones. Dates are in the format ‘mm/dd/yyyy.

Mooring Year Latitude N Latitude 
W 

Record Start Date Record End Date Sampling Rate (Hz) Hourly Duty Cycle 

A2 2009 65.80 168.80 9/1/2009 1/16/2010 16384 12 min 
2010 65.80 168.80 8/11/2010 12/8/2010 16384 15 min 
2012 65.80 168.80 9/1/2012 5/15/2013 16384 10 min 
2013 65.78 168.57 7/15/2013 7/1/2014 8192 20 min 
2014 65.78 168.57 7/10/2014 7/4/2015 8192 20 min 
2015 65.78 168.57 7/5/2015 7/8/2016 8192 20 min 

A3 2009 66.33 168.97 9/1/2009 3/3/2010 16384 12 min 
2010 66.33 168.97 8/11/2010 2/19/2011 16384 15 min 
2011 66.33 168.97 10/1/2011 5/25/2012 8192 10 min 
2012 66.33 168.97 9/1/2012 5/17/2013 16384 10 min 
2013 66.33 168.97 7/15/2013 7/2/202014 8192 20 min 
2014 66.33 168.97 7/10/2014 7/2/2015 8192 20 min 
2015 66.33 168.97 7/5/2015 7/8/2016 8192 20 min 

A4 2012 65.75 168.37 9/1/2012 6/24/2013 16384 10 min 
2013 65.75 168.26 7/15/2013 7/2/2014 8192 20 min 
2014 65.75 168.25 7/10/2014 7/2/2015 8192 20 min 
2015 65.75 168.25 7/5/2015 7/8/2016 8192 20 min  
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near-surface temperature and salinity (14 19 m depth) measured by the 
ISCAT system developed at the University of Washington (e.g. Woodgate 
et al., 2015), which includes a SBE37 temperature-salinity-pressure 
sensor in an ice-resistant housing; and water velocity (cm s 1) and di
rection ( ) measured by Teledyne s Workhorse Acoustic Doppler Current 
Profilers (ADCPs). The ADCPs measured water velocity in 2-m bins from 
~15 m to ~45 m depth (see Supplemental Tables S1 S3 for instrument 
depths). For simplicity, we used only data from the ADCP bin closest to 
~30 m depth. Note that henceforth the term ‘near-surface refers to 
measurements taken by the ISCATs and ‘near-bottom refers to those 
taken by the SBEs. Some ISCAT recorders were lost/stopped recording 
before the 30 November cut-off date (see Woodgate et al., 2015 and 
Supplemental Tables S1 S3 for data gaps along with other mooring 
sensor information). Note that the ISCAT for A3 stopped recording in 
August 2014, 45 days after deployment, thus near-surface temperature 
and salinity data are not available for fall 2014. 

In addition to the in-situ data, we examined northward wind velocity, 
and satellite-derived sea surface temperatures (SST) and sea-ice con
centrations. Wind velocity data were obtained from the National Center 
for Environmental Prediction (NCEP) R1 dataset, with a spatial resolu
tion at the Bering Strait of 2.5 . We used the National Oceanic and At
mospheric Administration s (NOAA) Optimum Interpolation satellite 
sea surface temperature (OISST) gridded product with a 0.25 resolution 
(https://www.esrl.noaa.gov/psd/; Reynolds et al., 2007). Daily mean 
SSTs were extracted from the cell containing each mooring s position. 

For sea-ice concentrations, we sought datasets with the highest res
olution available. We required data from different passive microwave 
sea-ice satellites to cover the entire duration of the study. For years 2009 
and 2010, we used Advanced Microwave Scanning Radiometer Earth 
Observing System (AMSR-E) sea-ice concentration data with a resolu
tion of 6.25 km from the Integrated Climate Date Center (ICDC, icdc.cen. 
uni-hamburg.de; Kaleschke et al., 2001; Spreen et al., 2008). The 
AMSR-E satellite failed in early October 2011, consequently for 2011 
and 2012 we used data from the Special Scanning Microwave/Imager 
(SSM/I) with a spatial resolution of 25 km (Cavalieri, 1996). High res
olution Advanced Microwave Scanning Radiometer 2 (AMSR-2) data 
with a grid resolution of 6.25 km were used for 2013 2015 (Beitsch 
et al., 2014; Kaleschke and Tian-Kunze, 2016). 

We derived daily mean sea-ice concentration for the area of 
the Chukchi Sea as defined by the International Hydrographic Organi
zation (IHO; http://www.marineregions.org/gazetteer.php?p details 
&id 4257), and for a custom study area polygon (Fig. 1). The study 
area polygon was defined by the bounds set by Cape Serdtse-Kamen, 
Russian Federation, in the northwest; Nunyamo, Russian Federation, 
to the southwest; York, Alaska, USA, on the Seward Peninsula to the 
southeast; and Cape Espenberg, Alaska, USA, to the northwest (Fig. 1). 
We determined the study area polygon by estimating where sea ice, if 
present, could potentially create a migration barrier for fin whales. All 
satellite-derived data were visualized in ArcMap (v. 10.1) using the WGS 
1984 datum and projected in a custom polar stereographic projection 
with a central meridian of 171 W. 

2.2.1. Environmental data analysis  

To ensure consistency when comparing the environmental data over 
time, we calculated summary statistics for October data since there were 
no data gaps in the in-situ temperature and salinity data in this month 
(except for a gap in the near-surface data for 2014 at A3). For the ADCP 
data, we elected to compare the monthly mean northward water ve
locities for June to November to capture the summertime peak in 
transport through the Bering Strait (Woodgate et al., 2005b). We 
investigated correlations between days with fin whale calls present (i.e. 
FWH 0) and select individual environmental variables using 
non-parametric Kendall s rank correlation tests. The Kendall s rank co
efficient, tau ( ), indicates the direction of association ( 1 1) and 
the resulting p-value indicates presence of a statistically significant 

correlation under the null hypothesis of non-correlation between the 
samples. 

We tested for interactions between fin whale presence and along- 
channel (northward) wind patterns within the Bering Strait by 
comparing the daily mean northward wind velocity on days when the 
number of FWH reached above a certain threshold ( 1 h, 6 h, 12 h, 
and 18 h) and days without any FWH. We calculated summary sta
tistics for northward wind velocities in October only, including an 
overall mean along-channel wind velocity as well as mean wind velocity 
for days with no FWHs and days with FWHs above a threshold (see 
categories above). We then compared the overall October mean along- 
channel wind velocity to the mean wind velocities for days with and 
without FWHs using a Wilcoxon rank sum test. 

For the sea ice analysis, we calculated the melt-out and freeze-up 
dates as the day of the year when the sea ice concentration within the 
study area decreased/increased below/above 80%, respectively, 
following Markus et al. (2009) and Stroeve et al. (2014). We defined an 
area as ‘ice-free if the mean sea ice concentration was 15%, a 
threshold commonly used to indicate the presence of sea ice (Serreze 
et al., 2009, 2016; Stroeve et al., 2012). We calculated the melt period 
length using the number of days between the initiation of melting 
( 80% concentration) and when the study area was ice-free ( 15% 
concentration). For the freeze-up period length, we calculated the 
number of days between the first day sea ice concentration reached 

15% and the first day the sea ice reached 80% concentration in the 
fall. We compared the calculated fin whale departure date and sea ice 
freeze-up date for each year using a two-sided Pearson correlation test 
after testing for normality. 

2.3. Water masses 

Water mass presence for each day was estimated for the near-surface 
and near-bottom using temperature and salinity (T/S) bounds suggested 
by Danielson et al. (2017). These authors distinguish five water mass 
categories: the Alaskan Coastal Water (ACW), Bering Chukchi Summer 
Water (BCSW), Bering Chukchi Winter Water (BCWW), Melt Water 
(MW), and water from the Atlantic layer in the Arctic (AtlW). Danielson 
et al. (2017) combine the Anadyr Water (AW) and the Bering Shelf 
Water (BSW) into one water mass, the BCSW, since the T/S properties of 
these three water masses are often indistinguishable from each other. 
Note that since the T/S bounds of these waters vary interannually 
(Coachman et al., 1975), there are limitations to the representativeness 
of the above water mass identifications. 

Chi-squared tests of independence were performed for each mooring 
site using pooled presence/absence of fin whale calls for each day across 
all recording years along with the daily water mass designations to 
determine whether there was a significant association between the 
presence of fin whale calls and water mass. If a chi-squared test was 
inappropriate (e.g. in the case of small sample sizes), a Fisher s exact test 
was applied instead. Fisher s exact test evaluates the significance of 
association, or contingency between two categorical variables, and is 
insensitive to sample sizes. All analyses were performed using in the 
statistical software R (v. 3.5.3; R Core Team, 2019). 

3. Results 

3.1. Fin whale detections 

We processed a total of 52,272 audio files collected from ~July to 
November 2009 2015 (Table 1). Fin whales were detected at all three 
sites, with the highest frequency and abundance of fin whale hours 
(FWH) at site A3 by a large margin (Fig. 2; Supplemental Figs. S1 S3). 
About one third (34.4%) of the total recording days at A3 had at least 1 h 
with fin whale calls, compared to only 4.6% at A2 and 1.5% at A4. 
Calling fin whales were detected in all recording years at A2 and A3, but 
were only detected in 2014 and 2015 at A4. October had the highest 
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o c c urr e n c e of F W H a cr o s s all sit e s ( 6 8. 4 %), a n d gi v e n t h e h y dr o p h o n e s 

all  h a d  d at a  fr o m  O ct o b er,  w e  r e stri ct e d  o ur  st ati sti c al  t e st s  t o  t hi s 

m o nt h.  Wil c o x o n  r a n k- s u m  t e st s  r e v e al e d  st ati sti c all y  si g ni fi c a nt  dif -

f er e n c e s i n t h e di stri b uti o n of F W H i n O ct o b er at t h e t hr e e m o ori n g sit e s 

( A 2 a n d A 3: W ¼ 5 2 5 9. 5, p < 0. 0 0 1, n ¼ 1 8 6 d a y s; A 2 a n d A 4: W ¼ 8 4 2 3, 

p ¼ 0. 0 0 6, n ¼ 1 2 4 d a y s; A 3 a n d A 4: W ¼ 1 7 0 9, p < 0. 0 0 1, n ¼ 1 2 4 d a y s). 

T h e  e arli e st  d et e cti o n  of  fi n  w h al e  c all s  a cr o s s  all  sit e s  a n d  y e ar s 

o c c urr e d  o n  2 3  J ul y  2 0 1 3  at  A 3,  a n d  t h e  l at e st  fi n  w h al e  d et e cti o n 

o c c urr e d o n 2 0 N o v e m b er 2 0 1 5 at A 3 ( T a bl e 2 ). A n n u al fl n w h al e d e -

p art ur e d at e s u si n g t h e 9 5 % q u a ntil e w er e o nl y c al c ul at e d f or A 3 gi v e n 

t h e l a c k of d at a at A 2 a n d A 4 ( s e e S u p pl e m e nt al Fi g. S 4 f or t h e c u m u-

l ati v e  di stri b uti o n  of  d a y s  wit h  fl n  w h al e  c all s  at  A 3).  Fi n  w h al e  d e-

p art ur e d at e s at A 3 di d n ot s h o w a n y st ati sti c all y si g ni fi c a nt tr e n d ( R 2 ¼

0. 2 0, p ¼ 0. 3 1 1; Fi g. 3 ). 

Fi g. 2. Hi st o gr a m s of m o nt hl y s u m of h o ur s wit h fi n w h al e c all s (‘ F W H ’) r e c or d e d at t h e t hr e e m o ori n g sit e s ( A 2, A 3, a n d A 4) wit hi n t h e B eri n g Str ait r e gi o n fr o m 

2 0 0 9 t o 2 0 1 5. T h e gr a y- s h a d e d b o x e s i n di c at e p eri o d s w h e n t h e h y dr o p h o n e s w er e n ot r e c or di n g. 
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At A 3, fi n w h al e c alli n g a cti vit y w a s hi g h e st i n 2 0 1 2 a n d 2 0 1 5 ( 5 2 

a n d 7 1 d a y s wit h at l e a st o n e F W H, r e s p e cti v el y), w hil e c alli n g a cti vit y 

w a s t h e l o w e st i n 2 0 1 0 ( 2 2 d a y s) f oll o w e d b y 2 0 1 1 a n d 2 0 1 3 ( 2 8 d a y s). 

T h e  Wil c o x o n  t e st s  c o m p ari n g  F W H  i n  O ct o b er  b et w e e n  y e ar s  at  A 3 

s h o w  si g ni fi c a nt  diff er e n c e s  i n  t h e  di stri b uti o n s  fi n  w h al e  d et e cti o n s 

a cr o s s y e ar s, wit h si g ni fl c a nt v al u e s ( p < 0. 0 1) b et w e e n all c o n s e c uti v e 

y e ar s e x c e pt 2 0 0 9 a n d 2 0 1 0 ( p ¼ 0. 7 3 6) a n d 2 0 1 0 a n d 2 0 1 1 ( p ¼ 0. 4 6 3; 

T a bl e 3 ). Wil c o x o n t e st s c o m p ari n g F W H i n 2 0 1 2 a n d 2 0 1 5 t o t h e ot h er 

y e ar s d et e ct e d si g ni fl c a ntl y diff er e nt di stri b uti o n s ( p < 0. 0 1), e x c e pt f or 

t h e t e st b et w e e n 2 0 1 2 a n d 2 0 1 4 (p ¼ 0. 6 1 4; T a bl e 3 ). 

Fi n w h al e c all s w er e l e s s c o m m o n at A 2, t h o u g h 2 0 1 5 h a d r el ati v el y 

hi g h er c all a cti vit y wit h 4 0 h wit h fi n w h al e c all s c o m p ar e d t o 2 – 1 0 h i n 

e a c h of t h e ot h er si x y e ar s. At A 4, fi n w h al e c all s w er e o nl y d et e ct e d i n 

2 0 1 4  ( 1  h)  a n d  2 0 1 5  ( 1 9  h).  I n s uf fi ci e nt  s a m pl e  si z e s  pr e cl u d e d  a n y 

st ati sti c al c o m p ari s o n s of fi n w h al e v o c al a cti vit y b et w e e n y e ar s f or A 2 

a n d A 4. 

3. 2. S e a-i c e c o n diti o ns a n d a n al ys es 

S e a-i c e c o n diti o n s wit hi n t h e st u d y ar e a w er e hi g hl y v ari a bl e fr o m 

y e ar t o y e ar. M elt- o ut d at e s r a n g e d fr o m a s e arl y a s 2 7 A pril ( 2 0 1 1) t o a s 

l at e a s 2 0 M a y ( 2 0 1 0; T a bl e 4 ). T h e n u m b er of d a y s b et w e e n t h e i niti -

ati o n  of  m elti n g  ( < 8 0 %  c o n c e ntr ati o n)  a n d  i c e-fr e e  c o n diti o n s  i n  t h e 

st u d y ar e a ( < 1 5 % c o n c e ntr ati o n) r a n g e d fr o m 2 1 d a y s ( 2 0 1 5) t o 4 1 d a y s 

( 2 0 1 3; T a bl e 4 ). T h e st u d y ar e a w a s t y pi c all y i c e-fr e e  st arti n g i n l at e 

M a y t o e arl y J u n e, wit h t h e e arli e st i c e-fr e e d at e o c c urri n g o n 2 4 M a y 

2 0 1 5 a n d t h e l at e st o n 1 7 J u n e 2 0 1 0. O n a v er a g e, fr e e z e- u p d at e s ( � 8 0 % 

c o n c e ntr ati o n)  o c c urr e d  i n  e arl y  t o  mi d- D e c e m b er,  wit h  t h e  e arli e st 

fr e e z e- u p o n 2 8 N o v e m b er 2 0 0 9 a n d t h e l at e st o n 2 5 D e c e m b er 2 0 1 0. 

T h e fr e e z e- u p p eri o d s f or e a c h y e ar w er e t y pi c all y m u c h s h ort er t h a n t h e 

m elt  p eri o d s,  wit h  t h e  n u m b er of  d a y s  b et w e e n  t h e  i c e-fr e e  d at e  a n d 

fr e e z e- u p i niti ati o n r a n gi n g fr o m fi v e d a y s ( 2 0 1 4) t o 2 3 d a y s ( 2 0 1 0 a n d 

2 0 1 2; T a bl e 4 ). 

Fi n w h al e d e p art ur e d at e s f or e a c h y e ar at A 3 w er e c o m p ar e d t o t h e 

s e a i c e fr e e z e- u p d at e f or t h e st u d y ar e a a n d t h e C h u k c hi S e a, a s w ell a s 

t h e d a y of t h e y e ar w h e n t h e d ail y m e a n n e ar- s urf a c e a n d n e ar- b ott o m 

t e m p er at ur e s flr st r e a c h e d � 0 � C ( Fi g. 4 ). T w o- si d e d P e ar s o n c orr el a -

ti o n t e st s i n di c at e d n o si g ni fl c a nt c orr el ati o n b et w e e n fi n w h al e d e p ar -

t ur e d at e a n d s e a i c e fr e e z e- u p d at e f or t h e st u d y ar e a (t ¼   1. 0 4 6, p ¼

0. 3 4 4) or t h e C h u k c hi S e a ( t ¼   0. 3 0 8, p ¼ 0. 7 7 1). T h e l at e st fi n w h al e 

d e p art ur e d at e o c c urr e d o n 1 7 N o v e m b er 2 0 1 1 a n d 2 0 1 5 w h e n t h e m e a n 

s e a  i c e  c o n c e ntr ati o n s  w er e  ~ 0. 8 %  a n d  4. 9 %  i n  t h e  st u d y  ar e a,  a n d 

2 1. 0 % a n d 1 8. 2 % i n t h e C h u k c hi S e a, r e s p e cti v el y ( T a bl e 4 ). 

3. 3. E n vir o n m e nt al c o n diti o ns at t h e m o ori n gs 

E n vir o n m e nt al  d at a  at  t h e  t hr e e  m o ori n g  sit e s  e x hi bit e d  str o n g 

i nt er a n n u al a n d s p ati al v ari ati o n. T h e hi g h e st t e m p er at ur e s a n d l o w e st 

s ali niti e s o n a v er a g e w er e s e e n at A 4 ( e. g. 2 0 1 3 O ct o b er n e ar- s urf a c e 

m e a n  t e m p er at ur e ¼ 3. 5 � C,  S D ¼ 0. 7 � C;  n e a r- s u rf a c e  m e a n  s ali nit y 

¼ 3 0. 3 p s u, S D ¼ 1. 3 p s u). C o n v er s el y, A 2 a n d A 3 h a d l o w er t e m p er a -

t ur e s a n d hi g h er s ali niti e s t h a n A 4 ( A 2: 2 0 1 3 O ct o b er n e ar- s urf a c e m e a n 

t e m p er at ur e ¼ 3. 3 � C, S D ¼ 0. 7 � C, n e a r- s u rf a c e m e a n s ali nit y ¼ 3 1. 1 

p s u, S D ¼ 1 p s u; A 3: 2 0 1 3 O ct o b er n e ar- s urf a c e m e a n t e m p er at ur e ¼ 2. 9 
� C, S D ¼ 0. 8 � C, n e a r- s u rf a c e m e a n s ali nit y ¼ 3 1. 7 p s u, S D ¼ 0. 8 p s u; 

Fi g. 5 ). T hi s s p ati al str u ct ur e, wit h w ar m fr e s h w at er s n e ar t h e Al a s k a n 

C o a st, t y pi c all y i n di c at e s t h e pr e s e n c e of t h e Al a s k a n C o a st al C urr e nt 

( s e e di s c u s si o n i n W o o d g at e et al., 2 0 1 5 ). T h er e w er e al s o si g ni fi c a nt 

i nt er a n n u al  diff er e n c e s  a cr o s s  all  t hr e e  sit e s.  T h e  l o w e st  n e ar- s urf a c e 

a n d  n e ar- b ott o m  t e m p er at ur e s  o c c urr e d  i n  2 0 1 2  w hil e  t h e  hi g h e st 

T a bl e 2 

Fi n w h al e d et e cti o n d at a f or t h e t hr e e m o ori n g s, i n cl u di n g t h e d at e s of t h e fir st a n d l a st d et e cti o n, a n d t ot al n u m b er of d a y s wit h fi n w h al e c all s pr e s e nt (‘ F W D a y s ’). 

T h e ’.’ i n di c at e s p eri o d s w h e n t h e h y dr o p h o n e w a s n ot a cti v el y r e c o r di n g.   

A 2 A 3 A 4 

Y e ar  Fir st D et e cti o n 

D at e 

L a st D et e cti o n 

D at e 

F W 

D a y s 

Fir st D et e cti o n 

D at e 

L a st D et e cti o n 

D at e 

F W 

D a y s 

Fir st D et e cti o n 

D at e 

L a st D et e cti o n 

D at e 

F W 

D a y s 

2 0 0 9  1 O ct 5 N o v 4 2 3 S e p 8 N o v 3 3 . . . 

2 0 1 0  1 4 O ct 1 7 O ct 2 2 9 S e p 5 N o v 2 2 . . . 

2 0 1 1 . . . 1 O ct 1 8 N o v 2 8 . . . 

2 0 1 2  2 8 O ct 2 N o v 3 1 S e p 7 N o v 5 2 N o n e N o n e 0 

2 0 1 3  2 2 S e p 1 5 N o v 7 2 3 J ul 9 N o v 2 8 N o n e N o n e 0 

2 0 1 4  1 7 O ct 1 9 O ct 3 9 A u g 1 3 N o v 3 7 2 N o v 2 N o v 1 

2 0 1 5  3 0 S e p 1 9 N o v 1 4 8 A u g 2 0 N o v 7 1 1 1 O ct 8 N o v 7  

Fi g.  3. Fi n  w h al e  d e p art ur e  d a y  of  t h e  y e ar  ( D O Y)  f or  e a c h  y e ar  at  t h e  A 3 

m o ori n g  sit e,  n ort h of  t h e B eri n g Str ait, al o n g  wit h t h e li n e  of b e st fit  ( R 2 ¼

0. 2 0 3, p ¼ 0. 3 1 1). 

T a bl e 3 

Wil c o x o n r a n k- s u m t e st r e s ult s c o m p ari n g fi n w h al e h o ur s ( F W H) r e c or d e d at 

A 3 i n O ct o b er of e a c h y e ar. T h e p- v al u e s ar e li st e d i n t h e u p p er s e cti o n a b o v e 

t h e di a g o n al, a n d t h e gr a y s h a d e d ar e a b el o w t h e di a g o n al ar e t h e W st ati sti c s 

fr o m t h e Wil c o x o n r a n k- s u m t e st s (b ol d W v al u e s i n di c at e si g ni fl c a nt r e s ult s). 

Si g ni fl c a nt p- v al u e s ( p < 0. 0 5) ar e i n b ol d * a n d i n di c at e t h at t h e di stri b uti o n of 

F W H s si g ni fi c a ntl y diff er e d b et w e e n t h e t w o y e ar s. 

E. Es c aj e d a et al.                                                                                                                                                                                                                                
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t e m p er at ur e s o c c urr e d i n 2 0 1 5 (Fi g. 5 ; W o o d g at e, 2 0 1 8 ). 

N ort h w ar d w at er v el o citi e s w er e o n a v er a g e t h e hi g h e st at sit e s A 2 

a n d A 4 d uri n g t h e o p e n- w at er s e a s o n ( Fi g. 6 ), c o n si st e nt wit h k n o w n 

s e a s o n alit y  i n  t h e  fi o w  d u e  t o  w e a k er  o p p o si n g  s o ut h w ar d  wi n d s  i n 

s u m m er  ( W o o d g at e  et  al.,  2 0 0 5 b ).  T h e  y e ar  2 0 1 2  h a d  t h e  w e a k e st 

n ort h w ar d w at er v el o cit y t hr o u g h o ut t h e o p e n- w at er s e a s o n w hil e 2 0 1 4 

h a d s u st ai n e d hi g h n ort h w ar d v el o citi e s t hr o u g h o ut t h e s e a s o n ( Fi g. 6 ; 

W o o d g at e, 2 0 1 8 ). O v er all, n ort h w ar d w at er v el o citi e s w e a k e n e d o v er 

t h e  p eri o d  b et w e e n  J ul y  a n d  N o v e m b er  wit h  t h e  sl o w e st  n ort h w ar d 

w at er v el o citi e s o c c urri n g i n N o v e m b er, e x c e pt i n 2 0 1 2 a n d 2 0 1 4 w h e n 

t h e s e a s o n al mi ni m u m v el o citi e s w er e s e e n i n S e pt e m b er a n d O ct o b er 

(Fi g.  6 ).  Dir e cti o n  of  fi o w  at  all  t hr e e  sit e s  w a s  pri m aril y  n ort h w ar d 

d uri n g t h e o p e n- w at er s e a s o n ( s e e S u p pl e m e nt al Fi g. S 5  S 1 1 f or pl ot s of 

t h e  w at er  a n d  wi n d  v el o cit y  v e ct or s  al o n g  wit h  fi n  w h al e  a c o u sti c 

pr e s e n c e  at  A 3  d uri n g  t h e  o p e n- w at er  s e a s o n).  F or  a  m or e  d et ail e d 

o v er vi e w  of  v ari ati o n  i n  B eri n g  Str ait  tr a n s p ort  t hr o u g h  2 0 1 5,  s e e 

W o o d g at e ( 2 0 1 8) . 

D u e t o l o w fl n w h al e d et e cti o n s at A 2 a n d A 4, w e f o c u s e d o ur wi n d 

a n al y si s o n sit e A 3 a n d u s e d wi n d d at a fr o m t h e gri d p oi nt cl o s e st t o t h e 

m o ori n g ( 6 7. 5 � N, 1 9 0 � W, ~ 1 4 0 k m t o t h e n ort h w e st of A 3). O n a v er a g e, 

al o n g- c h a n n el  wi n d s  w er e  m ai nl y  s o ut h w ar d  d uri n g  t h e  m o nt h  of 

O ct o b er, wit h t h e str o n g e st m e a n wi n d s o c c urri n g i n 2 0 1 3 ( O ct o b er x ‾ 

¼   6. 2  m / s,  S D ¼ 5. 4  m / s)  a n d  t h e  w e a k e st  m e a n  wi n d s  i n  2 0 1 2 

( O ct o b er x‾ ¼   0. 4 m / s, S D ¼ 8. 1 m / s; T a bl e 5 ). N ot e t h at t h e n e g ati v e 

si g n i n di c at e s a s o ut h w ar d dir e cti o n. 

3. 4. E n vir o n m e nt al a n al ys es 

W e f o c u s e d o ur e n vir o n m e nt al a n al y s e s o n t h e A 3 m o ori n g sit e d u e 

t o t h e r el ati v e l a c k of fl n w h al e d et e cti o n s at A 2 a n d A 4. T h e K e n d all’s 

r a n k c orr el ati o n t e st s b et w e e n F W H o n d a y s wit h fi n w h al e c all s (i. e. 

F W H > 0)  a n d  t h e  e n vir o n m e nt al  v ari a bl e s  pr o d u c e d  st ati sti c all y  si g -

ni fi c a nt ( p < 0. 0 5) t h o u g h s m all c orr el ati o n s f or d ail y m e a n w at er s p e e d, 

a n d al o n g- c h a n n el wi n d a n d w at er v el o citi e s p o ol e d f or all s e v e n y e ar s 

( 2 0 0 9– 2 0 1 5; T a bl e 6 ). W e r a n a s e c o n d t e st u si n g O ct o b er d at a o nl y a n d 

f o u n d si mil ar r e s ult s, a s w ell a s t h e a d diti o n of si g ni fi c a nt c orr el ati o n s 

b et w e e n  F W H  a n d  n e ar- s urf a c e  t e m p er at ur e  a n d  S S T  at  sit e  A 3 

(T a bl e 6 ). 

D a y s wit h fi n w h al e c all s m o stl y h a d s o ut h w ar d m e a n wi n d v el o c -

iti e s  w hil e  d a y s  wit h o ut  c all s  (i. e.  F W H ¼ 0)  m o stl y  h a d  n ort h w ar d 

o v er all m e a n wi n d s ( T a bl e 5 ; Fi g. 7 ). T h e Wil c o x o n t e st c o m p ari n g t h e 

o v er all  m e a n  al o n g- c h a n n el  wi n d  v el o cit y  f or  O ct o b er  of  e a c h  y e ar 

a g ai n st t h e m e a n s f or d a y s wit h a n d wit h o ut F W H s r e v e al e d t h at d a y s 

wit h o ut F W H a n d d a y s wit h F W H � 6 h a n d 1 2 h h a d st ati sti c all y si g -

ni fi c a nt diff er e n c e s i n al o n g- c h a n n el wi n d v el o citi e s i n 2 0 1 1 a n d 2 0 1 4 

o nl y ( T a bl e 5 ). I n s uf fl ci e nt d at a pr e cl u d e d a n y t e st s f or d a y s wit h F W H 

T a bl e 4 

S e a i c e st ati sti c s c al c ul at e d f or 2 0 0 9 – 2 0 1 5 f or t h e st u d y ar e a a n d C h u k c hi S e a. St ati sti c s f or t h e st u d y ar e a i n cl u d e: m elt i niti ati o n d at e ( ’M elt- O ut D at e ’), m elt p eri o d 

( n u m b er of d a y s b et w e e n 8 0 % a n d 1 5 % s e a i c e c o n c.), d at e w h e n t h e st u d y ar e a w a s i c e-fr e e ( < 1 5 % c o n c.; ’I c e- Fr e e D at e’), fr e e z e- u p p eri o d ( n u m b er of d a y s b et w e e n 

1 5 % a n d 8 0 % s e a i c e c o n c.), a n d m e a n s e a i c e c o n c e ntr ati o n ( %) i n t h e st u d y ar e a o n t h e l a st d at e fl n w h al e c all s w er e r e c or d e d (‘ L a st F W ’). St ati sti c s f or t h e C h u k c hi 

S e a i n cl u d e m e a n s e a i c e c o n c e ntr ati o n ( %) o n t h e l a st d at e fi n w h al e c all s w er e r e c or d e d (‘ L a st F W H ’).   

St u d y Ar e a C h u k c hi S e a 

Y e ar  M elt- O ut 

D at e 

I c e- Fr e e 

D at e 

M elt P eri o d ( # of 

d a y s) 

F r e e z e- u p 

D at e 

Fr e e z e- u p P eri o d ( # of 

d a y s) 

M e a n N o v. s e a i c e 

c o n c. 

L a st F W m e a n s e a i c e 

c o n c. 

L a st F W m e a n s e a i c e 

c o n c. 

2 0 0 9  1 4 M a y  5 J u n e 2 3 2 8 N o v 1 2 3 0. 2 % 0. 9 % 1. 5 % 

2 0 1 0  2 0 M a y  1 7 J u n e 2 9 2 5 D e c 2 3 3. 4 % 1. 3 % 4. 5 % 

2 0 1 1  2 7 A pril  3 0 M a y 3 4 4 D e c 1 2 1 3. 3 % 0. 8 % 2 1. 0 % 

2 0 1 2  1 6 M a y  1 0 J u n e 2 5 1 1 D e c 2 3 2 1. 3 % 1. 9 % 1 8. 8 % 

2 0 1 3  5 M a y  1 4 J u n e 4 1 1 8 D e c 1 9 6. 3 % 3. 1 % 1 2. 8 % 

2 0 1 4  1 M a y  3 1 M a y 3 1 1 7 D e c 5 5. 4 % 4. 1 % 7. 0 7 % 

2 0 1 5  4 M a y  2 4 M a y 2 1 1 0 D e c 1 7 2 0. 1 % 4. 9 % 1 8. 2 %  

Fi g. 4. C al c ul at e d fi n w h al e d e p art ur e d a y s f or e a c h 

y e ar at sit e A 3 (li g ht bl u e, s oli d li n e) wit h ot h er n o n- 

s oli d li n e s i n di c ati n g t h e d a y of t h e y e ar ( D O Y) w h e n 

t h e  d ail y  m e a n  n e ar- s urf a c e  (I S C A T;  r e d,  m e di u m- 

d a s h e d  li n e)  a n d  n e ar- b ott o m  ( S B E;  bl u e,  d ott e d 

li n e)  t e m p er at ur e s  fir st  r e a c h e d � 0 � C  at  t h e  A 3 

m o ori n g sit e. T h e li g ht gr a y, l o n g- d a s h e d li n e r e pr e -

s e nt s  t h e  D O Y s  w h e n  s e a  i c e  c o n c e ntr ati o n  i n  t h e 

st u d y ar e a fir st r e a c h e d � 1 5 % i n e a c h y e ar, a n d t h e 

d ar k  gr a y,  d ot- d a s h e d  li n e  r e pr e s e nt s  w h e n  s e a  i c e 

c o n c e ntr ati o n i n t h e C h u k c hi S e a r e a c h e d � 1 5 %. S e e 

Fi g.  1 f or  b o u n d ari e s  of  st u d y  ar e a.  ( F or  i nt er pr et a-

ti o n  of  t h e  r ef er e n c e s  t o  c ol or  i n  t hi s  fi g ur e  l e g e n d, 

t h e  r e a d er  i s  r ef err e d  t o  t h e  W e b  v er si o n  of  t hi s 

arti cl e.)   

E. Es c aj e d a et al.                                                                                                                                                                                                                                
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� 1 8 h. 

3. 5.  W at er m ass c o m p ositi o n at t h e m o ori n gs 

W at er m a s s c o m p o siti o n at A 2 a n d A 3 d uri n g t h e o p e n w at er s e a s o n 

w a s d o mi n at e d b y t h e pr e s e n c e of t h e B eri n g C h u k c hi S u m m er W at er 

( B C S W) at b ot h t h e n e ar- s urf a c e ( > 7 0 % of d a y s at b ot h sit e s) a n d n e ar- 

b ott o m l e v el s ( > 9 0 % of d a y s at b ot h sit e s) f or all r e c or di n g y e ar s ( s e e 

S u p pl e m e nt al Fi g s. S 1 2 – S 1 4 f or pl ot s wit h t h e w at er m a s s c o m p o siti o n 

at  t h e  t hr e e  sit e s  d uri n g  t h e  o p e n  w at er  s e a s o n).  T h e  w at er  m a s s 

c o m p o siti o n at A 4 w a s si mil arl y d o mi n at e d b y B C S W at t h e n e ar- b ott o m 

( 7 3 %  of  d a y s  i n  J ul y – N o v e m b er)  a n d  t o  a  l e s s er  e xt e nt  i n  t h e  n e ar- 

s urf a c e  ( 5 1 %  of  d a y s  i n  J ul y – N o v e m b er).  T h e  c ol d  a n d  s alt y  B eri n g 

C h u k c hi  Wi nt er  W at er  ( B C W W)  a p p e ar e d  i n  b ot h  l e v el s  i n  t h e  w at er 

c ol u m n i n N o v e m b er at all t hr e e sit e s, w h e n it i s a s s u m e d t h at fi n w h al e s 

ar e b e gi n ni n g t h eir mi gr ati o n s o ut h. A fr e s h er, c ol d er si g n al, t h at f all s 

wit hi n  t h e  M elt  W at er  ( M W)  c at e g or y  a s  d e fi n e d  b y D a ni el s o n  et  al. 

( 2 0 1 7), a p p e ar e d i n t h e n e ar- s urf a c e at all t hr e e sit e s i n S e pt e m b er a n d 

O ct o b er  2 0 1 2 a n d  2 0 1 3, wit h t h e str o n g e st  si g n al i n 2 0 1 2. H o w e v er, 

si n c e t h e s e a-i c e e d g e i s f ar a w a y fr o m t h e m o ori n g sit e s i n S e pt e m b er 

a n d O ct o b er, t h e fr e s h e ni n g o b s er v e d i n 2 0 1 2 a n d 2 0 1 3 w a s li k el y d u e t o 

fr e s h w at er s fr o m eit h er t h e Al a s k a n C o a st al C urr e nt ( A C C) or t h e Si-

b eri a n C o a st al C urr e nt ( S C C). T h e S C C i s a c ol d, fr e s h c urr e nt pr e s e nt 

s e a s o n all y i n t h e C h u k c hi S e a o nl y i n s o m e y e ar s ( W ei n g art n er et al., 

1 9 9 9 ).  Al s o  n ot e w ort h y  w a s  a  w ar m  Al a s k a n  C o a st al  W at er  ( A C W) 

si g n al i n t h e n e ar- s urf a c e at A 2 i n 2 0 1 3, 2 0 1 4, a n d 2 0 1 5 a n d at A 3 i n 

2 0 1 0 a n d 2 0 1 5. 

W e  c o n d u ct e d  a  si d e- b y- si d e  c o m p ari s o n  of  t h e  d ail y  w at er  m a s s 

d e si g n ati o n s f or A 2 a n d A 3 a n d n ot e d t h e n u m b er of d a y s w h e n at l e a st 

o n e of t h e w at er m a s s d e si g n ati o n s at A 2 di d n ot m at c h t h o s e fr o m A 3. 

O ut of 7 2 6 d a y s w h e n b ot h m o ori n g s w er e r e c or di n g a n d h a d d at a f or 

b ot h i n str u m e nt s, 1 4 d a y s ( ~ 2 % of t ot al d a y s) h a d diff er e nt w at er m a s s 

c o m p o siti o n i n t h e n e ar- b ott o m w at er a n d 6 9 d a y s ( ~ 1 0 % of t ot al d a y s) 

f or t h e n e ar- s urf a c e w at er. I n c o ntr a st, A 2 a n d A 4 h a d diff er e nt w at er 

m a s s c o m p o siti o n s o n 2 0 3 d a y s ( ~ 3 9 %) f or t h e n e ar- s urf a c e a n d 1 2 7 

d a y s ( 2 4 %) f or t h e n e ar- b ott o m. T h e c o m p ari s o n b et w e e n A 3 a n d A 4 

yi el d e d 3 1 1 d a y s ( 6 0 %) wit h diff er e nt w at er m a s s c o m p o siti o n at t h e 

n e ar- s urf a c e  a n d  1 3 6  d a y s  ( 2 6 %)  at  t h e  n e ar- b ott o m.  T h e s e  r e s ult s 

i n di c at e  t h at  d e s pit e  cl o s e  s p ati al  pr o xi mit y,  A 2  a n d  A 4  h a d  v er y 

diff er e nt w at er m a s s c o m p o siti o n w hil e A 2 a n d A 3 h a d si mil ar w at er 

m a s s c o m p o siti o n. 

3. 6.  W at er m ass a n al ys es 

T h e c hi- s q u ar e d t e st s of i n d e p e n d e n c e b et w e e n t h e p o ol e d F W H a n d 

t h e n e ar- s urf a c e / n e ar- b ott o m w at er m a s s d e si g n ati o n s at sit e A 3 s u g g e st 

t h at t h e o c c urr e n c e of fi n w h al e c all s d uri n g t h e st u d y p eri o d w a s st a -

ti sti c all y d e p e n d e nt o n t h e o c c urr e n c e of w at er m a s s e s ( b ot h t e st s u si n g 

n e ar- s urf a c e a n d n e ar- b ott o m w at er m a s s d e si g n ati o n s: p < 0. 0 0 1). W e 

r e p e at e d t h e t e st s of i n d e p e n d e n c e f or e a c h r e c or di n g y e ar at A 3, u si n g 

t h e  Fi s h er’s  E x a ct  T e st  t o  c o m p ar e  t h e  d ail y  n e ar- s urf a c e  a n d  n e ar- 

b ott o m  w at er  m a s s  d e si g n ati o n s  t o  t h e  t ot al  F W H  f or  e a c h  d a y.  T h e 

r e s ult s s h o w a si g ni fl c a nt r el ati o n s hi p f or 2 0 0 9, 2 0 1 1, 2 0 1 2, a n d 2 0 1 5 

( all p < 0. 0 2),  si g nif yi n g  t h at  fl n  w h al e  pr e s e n c e  w a s  st ati sti c all y 

d e p e n d e nt o n w at er m a s s pr e s e n c e f or t h e s e y e ar s. W e w er e u n a bl e t o 

e x e c ut e t h e Fi s h er ’s E x a ct t e st f or 2 0 1 3 ( n e ar- b ott o m w at er m a s s) a n d 

Fi g. 5. Pl ot s of t h e m e a n t e m p er at ur e s ( � C) a n d s ali niti e s ( p s u) f or O ct o b er of e a c h y e ar f or b ot h t h e n e ar- s urf a c e a n d n e ar- b ott o m l e v el s of t h e w at er c ol u m n at e a c h 

m o ori n g sit e i n t h e st u d y ar e a ( A 2, A 3, a n d A 4; s e e k e y f or c ol or s, s y m b ol s, a n d li n e st yl e s). T h e v erti c al li n e s r e pr e s e nt t h e st a n d ar d d e vi ati o n of t h e m o nt hl y m e a n s. 

( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b v er si o n of t hi s arti cl e.) 
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2 0 1 4 ( b ot h n e ar- s urf a c e a n d n e ar- b ott o m) d u e t o t h e f a ct t h at o nl y o n e 

w at er  m a s s  ( B C S W)  w a s  pr e s e nt  at  b ot h  l e v el s  i n  t h e  w at er  c ol u m n, 

r e s ulti n g i n z er o s i n b ot h t h e e x p e ct e d a n d o b s er v e d c ol u m n s of t h e t e st ’s 

c o nti n g e n c y t a bl e s. 

W e w er e u n a bl e t o p erf or m a c hi- s q u ar e d t e st f or i n d e p e n d e n c e f or 

A 2 a n d A 4 d u e t o t h e pr e s e n c e of s m all e x p e ct e d v al u e s ( E i,j < 5) i n t h e 

Fi g. 6. M o nt hl y m e a n n ort h w ar d w at er v el o cit y ( c m / s) f or t h e J u n e t hr o u g h N o v e m b er at e a c h m o ori n g sit e i n t h e B eri n g Str ait r e gi o n ( A 2, A 3, a n d A 4; s e e k e y f or 

c ol or s, s y m b ol s, a n d li n e st yl e s). S e e Fi g. 1 f or m o ori n g l o c ati o n s. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b 

v er si o n of t hi s arti cl e.) 

T a bl e 5 

S u m m ar y of t h e o v er all m o nt hl y m e a n al o n g- c h a n n el wi n d v el o citi e s ( m / s) f or O ct o b er al o n g wit h o v er all m e a n s f or d a y s wit h a n d wit h o ut fi n w h al e h o ur s ( F W H) i n 

O ct o b er. Wi n d v el o citi e s w er e m e a s ur e d at t h e d at a p oi nt at 6 7. 5 � N a n d 1 9 0 � W. V al u e s i n p ar e nt h e s e s ar e t h e Wil c o x o n r a n k- s u m p - v al u e s f or t h e c o m p ari s o n b et w e e n 

t h e o v er all O ct o b er m e a n f or e a c h y e ar (b ol d *: si g ni fi c a nt p < 0. 0 5).  

Y e ar  All O ct o b er ( m / s)  D a y s wit h o ut F W H ( m / s)  D a y s wit h � 1 F W H ( m / s)  D a y s wit h � 6 F W H ( m / s)  D a y s wit h � 1 2 F W H ( m / s)  D a y s wit h � 1 8 F W H ( m / s) 

2 0 0 9  2. 7 2. 5 ( 0. 0 3 *)  5. 2 ( 0. 1 9)  6. 2 ( 0. 0 7)  6. 6 ( 0. 2 1) N A 

2 0 1 0  5. 1  3. 2 ( 0. 4 6)  6. 2 ( 0. 5 8)  7. 3 ( 0. 3 7)  7. 9 ( 0. 2 5)  9. 5 ( N A) 

2 0 1 1  2. 1 0. 6 ( 0. 1 2)  4 ( 0. 2 1)  6. 1 ( 0. 0 4 *)  8. 7 ( 0. 0 2 *) N A 

2 0 1 2  0. 4 1. 3 ( 0. 9 7)  0. 5 ( 0. 9 9)  2. 5 ( 0. 4 5)  3 ( 0. 3 3)  5. 8 ( N A) 

2 0 1 3  6. 2  5. 8 ( 0. 8 8)  6. 7 ( 0. 8 8)  5. 8 ( 0. 8 4)  7 ( 0. 8 2) N A 

2 0 1 4  4. 8 0. 2 ( 0. 0 4 *)  6. 2 ( 0. 3 5)  6. 8 ( 0. 2 5)  7. 9 ( 0. 1 4)  9. 2 ( N A) 

2 0 1 5  4. 0 5. 5 ( 0. 1 8)  4. 3 ( 0. 8 6)  4. 7 ( 0. 6 8)  6 ( 0. 2 5 5. 3)  7. 1 ( N A)  

T a bl e 6 

S u m m a r y t a bl e of t h e K e n d all ’s r a n k c orr el ati o n t e st r e s ult s f or sit e A 3. C orr el ati o n t e st s w er e c o n d u ct e d b et w e e n t h e n u m b er of fl n w h al e h o ur s ( F W H) r e c or d e d o n 

d a y s wit h fl n w h al e c all s ( F W H > 0) a n d t h e d ail y m e a n s of: n e ar- s urf a c e a n d n e ar- b ott o m t e m p er at ur e s, al o n g- c h a n n el wi n d a n d w at er v el o citi e s, w at er s p e e d s, a n d 

S S T. T w o s et s of t e st s w er e c arri e d o ut: p o ol e d d at a f or all m o nt h s f o r all y e ar s ( 2 0 0 9 – 2 0 1 5), a n d o n O ct o b er d at a o nl y f or all y e ar s at A 3 ( 2 0 0 9 – 2 0 1 5).  

E n vir o n m e nt al V ari a bl e ( D ail y M e a n s) P o ol e d d at a - all m o nt h s ( n ¼ 2 7 1) O ct o nl y - all y e ar s p o ol e d ( n ¼ 1 5 6) 

p τ p τ 

N e ar- s urf a c e T e m p er at ur e 0. 6 7 4 0. 0 1 9 0. 0 1 2 * 0. 1 5 1 

N e ar- s urf a c e S ali nit y 0. 0 5 3  0. 0 8 7 0. 8 5 1  0. 0 1 1 

N e ar- b ott o m T e m p er at ur e 0. 8 2 0. 0 1 0. 1 2 9 0. 0 8 4 

N e ar- b ott o m S ali nit y 0. 2 9  0. 0 4 4 0. 5 0 7 0. 0 3 7 

W at er S p e e d < 0. 0 0 1 * ¡ 0. 1 6 7 < 0. 0 0 1 * ¡ 0. 2 8 

S S T 0. 2 0 2  0. 0 5 4 0. 0 4 4 * 0. 1 1 1 

Al o n g- c h a n n el w at er v el o cit y < 0. 0 0 1 * ¡ 0. 1 5 < 0. 0 0 1 * ¡ 0. 2 0 7 

Al o n g- c h a n n el wi n d v el o cit y < 0. 0 0 1 * ¡ 0. 1 9 4 < 0. 0 0 1 * ¡ 0. 2 3 1  
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c o nti n g e n c y t a bl e s g e n er at e d b y t h e t e st. At A 4, fi n w h al e c all s w er e o nl y 

h e ar d o n d a y s w h e n t h e B C S W w a s pr e s e nt at b ot h l e v el s of t h e w at er 

c ol u m n.  C alli n g  fi n  w h al e s  w er e  o nl y  h e ar d  at  A 2  o n  d a y s  w h e n  t h e 

B C S W  w a s  pr e s e nt  i n  t h e  n e ar- b ott o m  w at er s.  W e  a p pli e d  a  Fi s h er ’s 

E x a ct  T e st t o  t h e A 2 n e ar- s urf a c e w at er  m a s s d e si g n ati o n s  a n d  f o u n d 

t h at fi n w h al e c all s a n d w at er m a s s o c c urr e n c e i n t h e n e ar- s urf a c e w a -

t er s w er e st ati sti c all y i n d e p e n d e nt of e a c h ot h er (p ¼ 0. 4 8). 

4.  Di s c u s si o n 

T h e r e s ult s of t hi s st u d y s h o w a p att er n of i nt er a n n u al a n d s p ati al 

v ari ati o n i n t h e pr e s e n c e of a c o u sti c all y- a cti v e fl n w h al e s i n t h e B eri n g 

Str ait r e gi o n. A cr o s s all t hr e e sit e s, t h e y e ar 2 0 1 5 h a d t h e m o st fl n w h al e 

d et e cti o n s f oll o w e d b y 2 0 1 2, t h o u g h t h e s e y e ar s h a d c o ntr a sti n g t e m -

p er at ur e s  a n d  s ali niti e s,  s e a-i c e  c o n diti o n s,  w at er  v el o cit y  a n d  wi n d 

p att er n s. Sit e A 3, w h er e t h e A n a d yr W at er ( A W) a n d B eri n g S h elf W at er 

( B S W) w er e m o st pr e v al e nt, h a d t h e m o st h o ur s wit h fi n w h al e c all s, 

s u p p orti n g o ur h y p ot h e si s t h at w at er m a s s e s m a y aff e ct t h e o c c urr e n c e 

of fi n w h al e s. W e f o u n d s m all b ut si g ni fi c a nt c orr el ati o n s b et w e e n F W H 

a n d  n ort h w ar d  wi n d  a n d  w at er  v el o citi e s,  n e ar- s urf a c e  t e m p er at ur e s 

a n d S S T at sit e A 3. H o w e v er, o ur p - v al u e s f or t h e c orr el ati o n t e st s w er e 

p ot e nti all y t o o l o w a n d li k el y o v er e sti m at e d t h e r e al si g ni fi c a n c e of t h e 

t e st s gi v e n t h at d a y s wit h fi n w h al e c all s w er e li k el y n ot i n d e p e n d e nt of 

e a c h ot h er. I n a d diti o n, t h e st ati sti c all y si g ni fl c a nt c orr el ati o n s b et w e e n 

F W H  a n d  e n vir o n m e nt al  v ari a bl e s  w er e  s m all  ( < 0. 2 5).  T h u s,  w e 

c o n cl u d e t h at it i s n ot p o s si bl e t o pr o v e a str o n g r el ati o n s hi p b et w e e n 

i n di vi d u al e n vir o n m e nt al p ar a m et er s a n d F W H wit h o ur d at a. M or e d at a 

a n d gr e at er s p ati al c o v er a g e ar e n e c e s s ar y t o pr o v e a n y si g ni fl c a nt a s -

s o ci ati o n b et w e e n d a y s wit h fi n w h al e c all s a n d e n vir o n m e nt al f a ct or s i n 

t h e B eri n g Str ait r e gi o n. 

M o st fi n w h al e c all s w er e h e ar d i n O ct o b er, p ot e nti all y d u e t o f a ct 

t h at  fi n  w h al e  2 0- H z  p ul s e s  pri m aril y  s er v e  a  r e pr o d u cti v e  p ur p o s e 

(W at ki n s et al., 2 0 0 0 ; Cr oll et al., 2 0 0 2 ; St aff or d et al., 2 0 0 7 ), a n d t h u s, 

t e n d  t o  b e  h e ar d  cl o s er  t o  t h e  wi nt er  m ati n g  s e a s o n  (St aff or d  et  al., 

2 0 0 7 ).  C o n s e q u e ntl y,  fi n  w h al e  v o c ali z ati o n s  m a y  n ot  b e  a  r eli a bl e 

i n di c ati o n of w h e n fi n w h al e s fir st p a s s n ort h w ar d s t hr o u g h t h e B eri n g 

Str ait. A d diti o n all y, t h e d at e s of d e p art ur e fr o m t h e B eri n g Str ait r e gi o n 

pr e s e nt e d h er e o nl y a p pl y t o v o c al fi n w h al e s si n c e w e c o ul d n ot d et e ct 

n o n- v o c al w h al e s, w hi c h c o ul d h a v e r e m ai n e d i n t h e ar e a b e y o n d t h e s e 

d at e s. D u e t o t hi s i n h er e nt bi a s, t h e d e p art ur e d at e s pr e s e nt e d i n t hi s 

st u d y o nl y pr o vi d e a n a p pr o xi m ati o n f or w h e n fl n w h al e s l e a v e t h e r e -

gi o n. T h e d e p art ur e d at e s fr o m t h e A 3 m o ori n g sit e di d n ot e x hi bit a 

si g ni fl c a nt  tr e n d  ( Fi g.  3 ),  t h er ef or e  it  i s  n ot  p o s si bl e  t o  d et er mi n e 

w h et h er fi n w h al e s ar e e xt e n di n g t h eir r e si d e n c e ti m e i n t h e C h u k c hi 

S e a fr o m o ur d at a. P er h a p s t hi s i s n ot s ur pri si n g gi v e n t h at w e o nl y h a v e 

s e v e n y e ar s of d at a, a n d i nt er a n n u al v ari a bilit y i s s u b st a nti al. I n g e n er al, 

t h e fi n w h al e d e p art ur e d at e s at A 3 o c c urr e d i n e arl y N o v e m b er, r a n gi n g 

fr o m  3 1  O ct o b er  ( 2 0 1 0)  t o  1 7  N o v e m b er  ( 2 0 1 1  a n d  2 0 1 5).  W h at 

si g n al e d  t h e  fi n  w h al e s t o  l e a v e  t h e  C h u k c hi  S e a  i s  n ot cl e ar.  S e a-i c e 

c o n c e ntr ati o n s i n t h e st u d y ar e a ar o u n d t h e l a st d et e cti o n d at e s w er e 

Fi g. 7. D ail y m e a n n ort h w ar d wi n d v el o cit y f or d a y s wit h fi n w h al e c all s at sit e A 3 (‘ F W D a y s ’, bl a c k s q u ar e s) a n d d a y s wit h o ut fi n w h al e c all s (‘ N o F W D a y s’, w hit e 

tri a n gl e s) i n O ct o b er. N ot e t h at n e g ati v e v al u e s si g nif y s o ut h w ar d wi n d v el o citi e s. T h e n u m b er of F W D a y s a n d N o F W D a y s i s i n cl u d e d f or r ef er e n c e. 
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well below ‘ice-free levels ( 15%; Table 4), indicating that the Bering 
Strait was still navigable and free of sea ice. It is possible, though, that 
fin whales respond to cooling water temperatures since all departure 
dates occurred before near-surface and near-bottom water temperatures 
at A3 reached below 0 C (Fig. 4). 

The overwhelming majority of fin whale calls were detected at site 
A3, where calling fin whales were heard every year. There are multiple 
possible explanations for the spatial variability observed in fin whale 
detections. First, site A3 is situated at the confluence of two productive 
water masses, the AW and BSW, which likely provide better feeding 
opportunities for fin whales. The dominant water mass detected at A3 
was the Bering Chukchi Summer Water (BCSW), which is composed of 
the AW and BSW, and thus has high nutrient levels and larger 
zooplankton (Eisner et al., 2013; Ershova et al., 2015; Danielson et al., 
2017). Though fin whale calls were also detected on days when other 
fresher water masses were present at A3, including days in 2015 when 
Alaskan Coastal Water (ACW) was present in the near-surface (Fig. S13). 
Fin whale calls were also detected on days in September 2012 when a 
fresh, cold signal appeared in the near-surface waters at A3, possibly 
indicating the presence of the Siberian Coastal Current (SCC). 

The SCC occasionally flows into the Bering Strait during periods with 
strong or persistent southward winds (Weingartner et al., 1999). 
Ershova et al. (2015) detected the presence of the SCC in the central 
Chukchi Sea in September 2012, therefore it is possible that the reach of 
the SCC extended to the A3 site that month. Fig. S8 shows that winds 
measured in September 2012 were predominantly southward, which has 
been shown to cause the ACW to deviate away from the Alaskan coast 
and towards the western Chukchi Sea (Woodgate et al., 2015; Pisareva, 
2018; Morris, 2019). Often the presence of the cold and fresh SCC cre
ates a front (Weingartner et al., 1999), which could isolate and cluster 
prey. In 1992 1993, Moore et al. (1995) observed bowhead whales 
(Balaena mysticetus) feeding in close association with salinity and ther
mal fronts along the Chukotka coast. Moreover, Thysanoessa inermis, a 
common fin whale prey (Nemoto, 1959; Witteveen and Wynne, 2016), 
was found to be the dominant zooplankton species collected from a 
dense prey patch near a front, lending support to the potential impor
tance of the SCC in creating favorable feeding conditions for fin whales 
at A3. 

In addition to its proximity to productive water masses, A3 may be 
situated close to oceanographic features created by currents, such as 
island wake eddies, that are known to create favorable foraging op
portunities for baleen whales (Johnston et al., 2005a; Chenoweth et al., 
2011). Eddies create upwelling zones which promote phytoplankton 
blooms (Hasegawa et al., 2009) and have been shown to be important 
feeding habitat for auklets and other planktivores in the Bering and 
Chukchi seas (Piatt and Springer, 2003). In the Bay of Fundy, Canada, 
island wake eddy systems were found to be important feeding grounds 
for fin whales as well as minke whales (B. acutorostrata) and harbor 
porpoises (Phocoena phocoena; Johnston et al., 2005a,b). Currents 
moving past the Diomede Islands generate island wake eddies 
(Coachman et al., 1975; Woodgate et al., 2015) that are then carried 
northwards towards A3, according to satellite SST data (Woodgate, pers. 
comm.). The island wake eddies may create opportune feeding condi
tions for fin whales at A3. 

In contrast, site A2 had fin whale detections in all recording years but 
in lower abundance, while fin whale calls were largely absent from site 
A4. Given its position in the less-productive ACC, A4 may present lower 
quality feeding areas for fin whales than the other two sites. Though A2 
had similar water mass composition as A3, water velocities were higher 
at A2, potentially transporting prey out of the area. Therefore, fin whales 
may be less inclined to stay at in the region around A2 due to fewer 
feeding opportunities. Also, the position of site A3 north and towards the 
middle of the Bering Strait gives it an advantage over A2 in capturing the 
calls of fin whales migrating through the western strait. Whereas A2 and 
A4 can only record the calls of fin whales passing through the east 
channel of the strait, A3 can potentially record calling whales migrating 

through both channels. 
While the spatial variability in fin whale detections may be 

explained, the exact environmental mechanisms for the observed tem
poral variability are less clear. Both 2012 and 2015 stand out as years 
with the highest number of fin whale detections at A3, yet the two years 
had very different environmental conditions. The year 2012 had the 
coldest October mean temperatures (near-bottom October mean at A3 
1.0 C), late sea ice breakup (16 May), anomalously low flow (Wood
gate, 2018), and weak mean northward wind velocities in the fall. On 
the other hand, 2015 had a very warm annual mean temperature 
(near-bottom October mean at A3 3.6 C), earlier sea ice breakup (4 
May), high flow (Woodgate, 2018), and variable northward wind ve
locities. Our results suggest that at A3, the occurrence of fin whale calls 
is more strongly related to southward winds than northward winds, but 
this relation does not hold for all years (Table 5). Thus, we cannot 
attribute interannual variation in the acoustic presence of fin whales to 
any one environmental predictor. Instead, we believe that a combina
tion of conditions not only in the Chukchi Sea, but also in the Bering Sea, 
contributes to the abundance of fin whales in the study area. We hy
pothesize a series of ‘push and ‘pull factors below that may have 
influenced the observed interannual variation in the presence of 
acoustically-active fin whales. 

Pull factors imply that conditions in the Chukchi Sea were favorable 
for zooplankton and other fin whale prey in 2012 and 2015, thus 
drawing more fin whales into the area to feed. The abundance of hours 
with fin whale calls at A3 in 2012 may point to the fact that the year was 
particularly cold, and thus, productive. Colder temperatures are more 
favorable for the secondary production of Calanus copepods (Kimmel 
et al., 2018), a prominent constituent of the Chukchi Sea zooplankton. 
Cold years in the Bering and Chukchi seas have been also found to have 
higher zooplankton biomass and abundance (Ohashi et al., 2013; 
Ershova et al., 2015; Pinchuk and Eisner, 2017), and thus stronger 
recruitment for walleye pollock (Gadus chalcogrammus) and Pacific cod 
(G. macrocephalus; Stabeno et al., 2012), which are zooplankton pred
ators like fin whales. Friday et al. (2013) observed twice as many fin 
whales along the eastern Bering Sea shelf in 2008 and 2010 when 
temperatures were cold than they did in 2002, a warm year. In their 
August September 2012 sampling of the Chukchi Sea, Danielson et al. 
(2017) observed an abnormally high biomass of large copepods as well 
as a predominance of the BCSW in the bottom water at multiple sam
pling stations. During the same sampling period, Pinchuk and Eisner 
(2017) report a high abundance of Calanus glacialis and widespread 
distribution of Pacific-origin zooplankton in 2012, adding evidence to 
our hypothesis that 2012 was a favorable year for fin whale prey. 

Conversely, 2015 was a warm year with high salinities. High salin
ities are usually indicative of high AW content and thus are typically 
associated with high nutrient levels (Danielson et al., 2017). Conse
quently, 2015 may have had higher zooplankton abundance due to a 
nutrient-rich environment. Pinchuk and Eisner (2017) found a strong 
correlation between the biomass of Pacific-origin zooplankton and high 
salinities associated with the BCSW, which was the dominant water 
mass at A3 in 2015 (Supplementary Figs. S12 S14). It is also possible 
that the earlier sea-ice retreat and warmer water temperatures observed 
in 2015 created better conditions for Pacific-origin copepods and eu
phausiids. Matsuno et al. (2011) found that Pacific copepod species (e.g. 
Eucalanus bungii) expanded into the Chukchi Sea in 2007, a year with 
relatively early sea-ice retreat and abnormally high sea surface tem
peratures, similar to 2015. A notable pull factor for 2015 could also have 
been the strong water velocities measured in the Bering Strait. Strong 
velocities likely led to higher transport of both nutrients and 
zooplankton from the Bering Sea into the Chukchi Sea, creating better 
feeding opportunities for summer migrant fin whales. 

In contrast to pull factors, potential push factors consist of poorer 
conditions in other reaches of the fin whale range, thereby sending fin 
whales into the Chukchi Sea in search of better conditions. Such areas 
include the Bering Sea and Gulf of Alaska, where fin whales are known 
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to occur in the summer months (Moore et al., 1998, 2000; Stafford et al., 
2007). Both 2014 and 2015 were significantly warmer years in com
parison to historical records for the Bering Sea (Duffy-Anderson et al., 
2017). Warm years in the Bering Sea result in poor recruitment in 
walleye pollock due to the prevalence of small, lipid-poor copepods 
(Kimmel et al., 2018). In 2015, an anomalously warm water mass, 
nicknamed the Blob, pervaded the North Pacific, leading to declines in 
krill and to northward distribution shifts of multiple marine species 
(Cavole et al., 2016). Concurrent with the appearance of the Blob were 
reports of a mass mortality event of common murres (Uria aalge) in the 
Gulf of Alaska (Piatt et al., 2018). Additionally, 12 fin whales stranded 
on Kodiak Island, AK, between May and June 2015 (Savage, 2017). 
Though the causes of death for the whales were not determined, 
ecological conditions rather than anthropogenic factors (e.g. ship 
strikes) are thought to be the culprit (Savage, 2017). Warmer temper
atures observed in 2015 may have affected prey availability in other fin 
whale summer feeding grounds, pushing fin whales into the Chukchi Sea 
in search of better feeding opportunities. 

Another possible explanation for the increased observation of fin 
whale calls in 2015 is that the North Pacific population of fin whales is 
increasing (Zerbini et al., 2006), and thus may be reclaiming portions of 
its previous range (Clarke et al., 2013; Brower et al., 2018). An increased 
number of fin whales observed during annual surveys conducted by the 
Aerial Surveys of Arctic Marine Mammals Project (ASAMM) from 
2008 2016 in comparison to 1982 1991 supports this theory (Brower 
et al., 2018). Brower et al. (2018) report seeing the most fin whales in 
the south-central Chukchi Sea in 2014 (44% of observations) and in 
2015 (27%). However, it is difficult to evaluate habitat reclamation of 
fin whales using their calls alone given that only males are thought to 
produce the 20-Hz pulse and we could only detect vocal fin whales. 

Limitations of the present study include limited spatial coverage of 
the study area with hydrophones located in only the east channel and 
north of the Bering Strait. Since there are no recent surveys on the 
western side of the Bering Strait or Chukchi Sea, our knowledge of fin 
whale habitat use in this region is limited. Given that the productive AW 
is typically found mainly in the west channel of the Bering Strait, it is 
possible that most fin whales may traverse through the strait on the 
western side. However, without adequate observation platforms 
covering both sides of the strait, the exact migration path of fin whales in 
the region remains unknown. 

The results of this study corroborate patterns of interannual variation 
in fin whale presence observed by previous studies. Like the present 
study, Delarue et al., 2013 noted low fin whale detections in the 
northeast Chukchi Sea in 2009 and 2010, attributing diminished vocal 
activity to poorer feeding conditions. In contrast, more fin whales were 
heard in 2007, a particularly warm year in the Chukchi Sea with early 
ice retreat and low sea-ice extent, as well as high transport through the 
Bering Strait (Woodgate et al., 2010; Delarue et al., 2013). The condi
tions in 2007 described by Delarue et al. (2013) are very similar to those 
we observed in 2015, when fin whale calls were the most abundant. 

Our results present a preliminary examination of how environmental 
variations in the Bering Strait and southern Chukchi Sea may lead to 
interannual variability in the acoustic presence of fin whales. Though we 
were unable to identify a single environmental driver that explained the 
variation, differences in temperature, salinity, wind and water velocities 
likely played a role. There are potentially numerous combinations of 
environmental variables that create preferential feeding opportunities 
for fin whales. Delarue et al. (2013) hypothesize that perhaps the 
combination of environmental variables observed in 2007 (warm SSTs, 
low sea-ice concentrations, and high transport) created favorable con
ditions for fin whale prey. However, the abundance of calling fin whales 
in 2012, a period with colder water temperatures, low transport, and 
high spring sea-ice concentrations, suggests that alternative environ
mental drivers are also favorable for fin whale feeding. 

Conditions in the Bering Sea may also be an important factor in 
determining fin whale occurrence in the Chukchi Sea. Comparing fin 

whale detections in the southern Chukchi Sea with those in the Bering 
Sea could help indicate whether fin whale presence in one region results 
in higher fin whale presence in the other. Also, examining environ
mental conditions in the Bering Sea for 2009 2015 could shed light on 
the patterns of fin whale occupation found in the present study. 
Continued monitoring of fin whale presence in the southern Chukchi 
and Bering seas in relation to oceanographic features is necessary for 
composing a more complete picture of how fin whale presence in the 
Pacific Arctic is changing in response to environmental shifts over time. 
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