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A b s t r a c t — A 4 5 0 0 -y e a r a rc h a e o lo g i
c a l re co rd  of P ac ific  cod (G adus m ac
rocephalus) bones from  S a n a k  Is la n d , 
A la sk a , w as u s e d  to  a s se s s  th e  s u s 
ta in a b il i ty  of th e  m o d ern  f ish e ry  a n d  
th e  e ffec ts  o f t h i s  f ish e ry  on  th e  size 
of f ish  c au g h t. A llo m etric  re c o n s tru c 
t io n s  o f P ac ific  cod le n g th  for e ig h t 
p re h is to r ic  t im e  p e r io d s  in d ic a te d  
th a t  th e  c u r re n t  size of th e  n ea rsh o re , 
com m ercially  fish ed  Pacific  cod stocks 
is  s ta t i s t ic a l ly  u n c h a n g e d  fro m  t h a t  
o f f ish  c a u g h t d u r in g  450 0  y e a r s  of 
su b s is te n c e  h a rv e s t in g . T h is  f in d in g  
in d ic a te s  t h a t  th e  c u r re n t  P ac ific  cod 
f ish e ry  t h a t  u s e s  se lec tiv e  h a r v e s t 
in g  te c h n o lo g ie s  is  a  s u s ta in a b le  
com m erc ial fishery . V a ria tio n  in  r e la 
tiv e  P ac ific  cod a b u n d a n c e s  p ro v id es 
f u r th e r  in s ig h ts  in to  th e  re sp o n se  of 
t h is  sp ec ie s  to  p u n c tu a te d  c h a n g e s  
in  o c ea n  c lim a te  (reg im e  sh if ts )  a n d  
in d ic a te s  t h a t  P ac ific  cod s to c k s  c an  
re c o v e r  f ro m  m a jo r  e n v iro n m e n ta l  
p e r tu rb a t io n s .  S u ch  p a la e o f ish e r ie s  
d a ta  can  e x te n d  th e  sh o rt tim e -se rie s  
o f f ish e r ie s  d a ta  (<50 yr) t h a t  fo rm  
th e  b a s is  for f ish e rie s  m an a g em e n t in  
th e  G u lf  o f A la sk a  a n d  p lace  c u r re n t  
t r e n d s  w ith in  th e  c o n te x t o f c e n te n 
n ia l-  or m il le n n ia l-s c a le  p a t te rn s .
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F ish in g  is  a size -se lec tiv e  p rocess 
th a t  tends to remove la rg e r fish and 
reduce the  life sp an  and  m ean  size 
of ind iv iduals, especially  in  heavily 
exploited system s (Shin  et ah, 2005; 
T r ite s  e t a l., 2006). R eductions in  
s ize -a t-ag e  an d  a g e -a t-m a tu ra tio n  
have been repo rted  for a num ber of 
heavily exploited species offish (T rip 
pel, 1995; Rochet, 1998; B ianchi et 
ah, 2000) and  may cause evolutionary 
change (E rnande et ah, 2004; H utch
ings, 2005; Law, 2007). Knowledge 
of body size is  therefo re  an  im p o r
ta n t  m etric for fisheries m anagem ent 
b ecause  i t  can  a ffec t m a rk e t price 
and  reflects the  spaw ning  p o ten tia l 
of th e  fish  p o pu la tion  (S h in  e t ah , 
2005).

M ost f ish e r ie s  m an a g e m e n t and  
conservation  re sea rch  h as  been  r e 
s tr ic te d  to in te rp re tin g  tre n d s  and 
d a ta  se ts  th a t  sp an  ju s t  a few d e 
cades (P auly  et ah , 1998; W orm et 
ah, 2006), and tend not to incorporate 
the longer-term  perspective th a t can 
be ob tained  by including palaeoeco- 
logical da ta  (W illis and  Birks, 2006). 
Combining palaeoecological data w ith 
biological da ta  can provide a signifi

cantly longer tim e series for m easu r
ing  population and  ecosystem health  
for conservation biology and resource 
m anagem ent, and for understand ing  
how cu rren t decadal trends fit w ith in  
the context of centennial- or m illen- 
nial-scale cycles (Jackson et ah, 2001; 
Braje et ah, 2006). H um ans have been 
sam pling species and ecosystems for 
thousands of years and have left rich 
d a ta  sets of both  n a tu ra l ecosystem  
dynam ics an d  h u m a n  in te ra c tio n s  
w ith  a n im a l p o p u la tio n s  th a t  a re  
preserved in  archaeofaunal rem ains 
(an im al bones found on archaeologi
cal sites).

S a n a k  Is la n d  is  th e  c e n te r  of a 
sm all, low-lying arch ipelago  on the 
edge of the  con tinen ta l shelf in  the  
w estern  G ulf of A laska (Fig. 1). This 
island  group was a hub of the  N orth 
Pacific Pacific cod (Gadus macroceph
alus) f ishery  from  the  1870s to the  
1930s (R eedy-M aschner, 2004). Lo
cal A leuts rep o rted  th a t  Pacific cod 
disappeared in  commercial quantities 
in  th is  region betw een 1942 and  1975 
bu t re tu rn ed  and have supported the 
m odern Pacific cod fishery since the 
1975 oceanic regim e shift.

mailto:maschner@isu.edu
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Figure 1
T he N o r th  P ac ific  a n d  th e  w e s te rn  G u lf  of A la sk a  re g io n  sh o w in g  A la sk a  a n d  th e  lo ca tio n  
of S a n a k  I s la n d  w h ere  b o n es w ere  c o llec ted  a t  a rch e o lo g ic a l s i te s  to  d e te rm in e  w h e th e r  
a  c h an g e  in  f ish  size  w as e v id e n t over th e  45 0 0  a rch e o lo g ic a l reco rd .

The S an ak  Pacific cod fishery  now includes m ostly 
fisherm en of A leut-Scandinavian descent who use jigs, 
pots, and longlines in  nearshore w aters, bu t the fishery 
has deep, prehistoric roots (Tews, 2005). Archaeological 
da ta  indicate th a t  A leuts have occupied S anak  Island 
for over 6000-7000 years and  Pacific cod bones domi
nate  the m atrices of all preserved midden deposits from 
over 120 prehistoric village sites found on the island. 
These rem ains provide a novel laboratory for construct
ing long-term  tim e series of Pacific cod populations.

The goal of th is  study was to compare archeological 
da ta  w ith m odern fisheries d a ta  to assess w hether in 
dustria lized  fishing has changed the size of Pacific cod 
in  the N orth  Pacific Ocean and to investigate w hether 
or not Pacific cod size and abundance may be influenced 
by c lim ate  change. Pacific cod a re  am ong th e  m ost 
heavily exploited and consum ed species of fish in  the 
N orthern  H em isphere and have declined significantly  
in  m ost p a rts  of the world in  the p ast 3 0 -4 0  years. In 
eastern  Canada, fishing resulted  in  A tlantic cod (Gadus 
morhua) becoming sm aller and reaching sexual m a tu ri
ty  a t younger ages as fisheries reduced the populations 
by more th a n  90% (F ann ing  et ah, 2003; H utchings, 
2005; L illy e t ah, 2005). E vo lu tionary  reductions in  
body size caused by fishing have also been reported  for

Baltic cod (G adus m orhua callarias) (A ndersen et ah, 
2007). In the G ulf of A laska, Pacific cod are  generally 
thought to be fished a t susta inab le  levels, bu t there  is 
a lim ited  tim e series to assess w hether fisheries have 
changed the size of fish caught over the p ast 50 years 
(Thompson et ah, 2006). It is, however, possible to use 
paleofisheries da ta  to assess w hether the  leng ths and, 
by correlation, average fecundity  of fish caught today 
are comparable to those caught thousands of years ago 
before th e  advent of in d u s tr ia liz e d  fisheries, and  to 
use lengths and frequencies of Pacific cod harvested  in  
prehistory  to assess the  role of clim ate in  the s truc tu re  
of Pacific cod populations.

Materials and methods

All of the  sam ples used  to estim a te  the  sizes of fish 
over the preh istoric  tim e sequence were derived from 
shell-midden deposits th a t were excavated by trowel and 
sieved th rough  6 -mm m esh, an  appropria te  sieve size 
given specim en sizes in  the region (e.g., see Discussion  
in  Cannon, 1999), and our resu lts  were sub stan tia ted  
by direct comparisons w ith bulk samples processed w ith 
3-mm mesh). In  our analysis, we controlled for possible
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spatia l differences in  procurem ent of sam ples by includ
ing only sites located a t the easte rn  end of the island 
th a t  were associated  w ith rocky in te rtid a l coastlines. 
We fu rth e r  controlled for possible seasonal differences 
in  procurem ent by including only m idden deposits th a t 
were s tra tig raph ica lly  associated w ith  w in ter villages 
(as denoted by the presence of large sem isub terranean  
house ru in s). Sam ple sizes for Pacific cod in  each of 
these faunal assem blages ranged  betw een 48 and 3219 
specim ens (individual bones). A ctual sam ple sizes for 
m easured  Pacific cod skeletal elem ents ranged  from a 
low of 10 to a high of 507 elem ents. By archaeological 
standards, the num ber of fish bones recovered from these 
m iddens was large, and th u s the da ta  set was relatively 
robust. N evertheless, we recognize the  possib ility  of 
potential sample-size effects, and present the entire data 
set as a case study.

The m ajority of Pacific cod bones recovered contained 
significant biometric inform ation because they were not 
frag m en ted  and  cam e from  w ell-p reserved  deposits. 
Because length  figures prom inently in  m odern fisheries 
m anagem ent research  (Shin  et ah, 2005; for the G ulf 
of A laska see Thompson et ah, 2006), allom etric re la 
tionships developed by O rchard  (2001, 2003) were used 
to estab lish  the live leng th  of an  ind iv idual from the 
skeletal elem ents of Pacific cod. As an  exercise to p res
en t the  types of d a ta  th a t  can be reconstructed  from 
an c ien t Pacific cod bones, th e  fecund ities of Pacific 
cod were estim ated  from th e ir  leng th  d istribu tions, by 
m eans of regressions developed by K arp  (1982). More 
accu ra te  reco n stru c tio n s  could be b ased  on average 
fecundity re la tionsh ips specifically recorded for Pacific 
cod in  the  G ulf of A laska , a lthough  these  d a ta  were 
not available a t the  tim e of publication of th is  article. 
Thus, the  assem blages of skeletal rem ain s recovered 
from  m id d en s in  our s tu d y  c o n ta in e d  in fo rm a tio n  
about Pacific cod populations th a t  could be com pared 
to in fo rm atio n  on m odern popu la tion  s tru c tu re s  for 
a large-scale  view  of changes in  size and  abundance 
over tim e.

M easurem ents were taken  from the ascending process 
of p rem axillas and  the centra of tru n k  vertebrae from 
Pacific cod derived from eight archaeological sites span
n ing the period ca. 2550 BC to 1540 AD (radiocarbon 
years were ca lib ra ted  to calendar years by using  the 
m ethods of S tuiver and Reimer, 1993). A lthough these 
da ta  were tim e averaged, the sam ples were from single 
stra tig raph ie  u n its  dated  by m ultiple radiocarbon m ea
su rem en ts and  likely rep resen t a single depositional 
episode th a t took place over one or a few seasons. From 
these data, the estim ated  length  of the  individuals th a t 
contributed each elem ent was computed from O rchard’s 
(2001, 2003) reg ression  equations and  th e  combined 
m easures were used  to produce length-frequency d is 
tribu tions for each tim e slice.

The m odern len g th  d is trib u tio n  of Pacific cod was 
obtained from the longline survey done by the A laska 
F isheries Science C enter in  the G ulf of A laska in  2005 
(« = 3308; Thom pson et al., 2006). Longline su rveys 
a re  a f ish in g  m ethod  th a t  m ay be m ost com parable

w ith prehistoric jigging practices. However, it  should be 
noted th a t m odern longline gear may subtly select for 
sm aller size fish, as discussed by H alliday (2002). The 
m ean longline survey da ta  (Thompson et ah, 2006) are 
presented as frequencies in  specific size bins, and m ean 
length  was calculated by using procedures in  Gedam ke 
and Hoenig (2006).

We also  m e a su re d  th e  re la tiv e  ab u n d an ce  of P a 
cific cod in  the  p reh isto ric  m iddens u sing  a m easure  
know n as an  abundance index (AI). This m easure  can 
be used  to tra c k  sh if ts  in  th e  re la tive  abundance of 
ta x a  in  re la tion  to o ther ta x a  in  a fauna l assem blage 
and  rep resen ts  a norm ed ra tio  of a h igh ly  ran k ed  (in 
te rm s of hum an  foraging efficiency) ta x a  A to a lower 
ra n k e d  ta x a  B, m easu red  as AI=A/[A+B] (B ayham , 
1979; U gan and  B right, 2001). Values close to 0 in d i
cate a complete absence of tax a  A, and  values close to 
1 ind ica te  a dom inating  presence. We used  an  ab u n 
dance index because they are  generally  robust and are 
r e s is ta n t to taphonom ic (conditions affecting  p re se r
vation) and  collection b iases, as long as these  b iases 
a re  system ic to a ll th e  assem blages being  com pared 
(U gan an d  B rig h t, 2001)—a s itu a tio n  applicab le  to 
the  S an ak  Is lan d  d a ta . A lthough simple to calcu late, 
th e  m e a su re s  can be pow erfu l. For exam ple, sh if ts  
in  the  index  can re flec t changes in  h u m an  forag ing  
efficiency because th ey  in co rp o ra te  b ody-size-based  
caloric re la tionsh ips. In  the  model, it  is assum ed th a t  
la rg e r bodied prey are  often more highly  ran k ed  th a n  
sm aller bodied prey (because they  contain  more calo
ries per u n it of effort); therefore when a highly ranked  
or large-bodied  prey  is com pared to a low er-ranked, 
or sm aller-bodied  prey, the  values can be used  to de
te rm in e  th e  occurrence  of re so u rce  dep ressio n s, or 
dec lin es  in  fo rag in g  efficiency. A b u n d an ce  in d ices  
a re  a w e ll-estab lished  an d  peer-rev iew ed m ethod  of 
m easu ring  changes in  the  frequencies of tax a  th rough  
tim e from archaeological d a ta  (Broughton, 1994, 1997; 
Butler, 2000; U gan and B right, 2001; N agaoka, 2002; 
B etts  and  F riesen , 2006).

Problem s can arise  in  the in te rp re ta tio n  of AI m ea
sures when inappropriate B taxa , or lower-ranked taxa, 
are chosen for com parison w ith  h igher ran k ed  A taxa . 
B etts and  F riesen  (2006) dem onstrated  th a t  these is 
sues can be overcome by 1) carefully  selecting B tax a  
th a t  occur in  m oderate, bu t relatively  stable frequen 
cies in  th e  assem blages, and  2) com paring  m ultip le 
low -ranked B tax a  and  assessing  overall trends. Here 
we com pared Pacific cod to sm aller-bodied  species of 
fish—C ottidae, H exagram m idae, P leuronectidae, and 
Oncorhynchus. The former th ree  tax a  were found in  the 
sam e resource patch  (i.e., in  the nearshore jig  fishery), 
and likely entered the procurem ent system  as bycatch. 
The la s t taxon, salm on, was likely cap tu red  a t s tream  
m ouths and  head w aters w ith  weirs and  nets, and was 
inc luded  in  our an a ly se s  for com parative p u rp o ses . 
M ean len g th s  of Pacific cod recovered from d ifferen t 
e ras were com pared by using  i- te s ts  and analy sis  of 
variance , and  lin e a r reg ressions were used  to d e te r
mine the significance of trends over tim e.
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Table 1
C om parisons of m ean  fork len g th s  of Pacific cod (Gadus macrocephalus) cau g h t by A leu ts from  1540 AD to  2550 BC com pared  to 
th e  m ean  fork len g th s  of fish  c ap tu red  in  2005 by longline surveys in  th e  G u lf of A laska . C om parisons w ere m ade by u s in g  f-tests , 
a n d  v a lu es in  bold in d ica te  no sig n ifican t difference a t th e  P<0.01 level. Sam ple  size n  is th e  n u m b er of m ea su re d  bone e lem ents 
from  th e  p reh is to ric  e ras . T he site  n u m b ers reflect in d iv id u a l w in te r  v illage  s ites  on S a n a k  Is la n d  from  w hich th e  a rchaeological 
sam ples w ere derived.

M ean  fork len g th  (cm)

Site  n u m b er E ra P reh is to ric M odern f-value df P n

111 2550 BC 67.5 67.5 0.003 26 0 .997 21
054 1750 BC 70.7 67.5 5.932 573 <0.001 467
036 840 BC 72.1 67.5 5.471 340 <0.001 313
061 595 BC 64.1 67.5 -1.181 9 0 .267 10
058 80 BC 69.7 67.5 3.801 601 0.012 507
056 U pper 520 AD 65.5 67.5 -2 .011 175 0 .046 166
056 Lower 1030 AD 66.6 67.5 -0 .9 8 1 257 0 .327 241
110 1540 AD 62.8 67.5 -6 .2 2 3 515 <0.001 464
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Figure 2
Box p lo ts  sh o w in g  th e  fo rk -len g th  (m m ) d is tr ib u tio n s  of P ac ific  
cod (G adus macrocephali! s) c a u g h t in  th e  G u lf  o f A la sk a  since 
2550 BC. T he p re h is to r ic  d is tr ib u tio n s  w ere re c o n s tru c te d  from  
s k e le ta l  e le m e n ts  (p re m a x il la  a n d  c e n tr a  fro m  t r u n k  v e r te 
b ra e )  by  u s in g  a llo m e tric  re la tio n s h ip s  e s ta b lish e d  by O rc h a rd  
(2003). T h e  m o d e rn  le n g th  d is t r ib u t io n s  w ere  co m p iled  fro m  
d a ta  co llec ted  fro m  lo n g lin e  su rv e y s  c o n d u c ted  in  th e  G u lf  of 
A la sk a  by  th e  A la sk a  F is h e r ie s  Sc ience  C e n te r  b e tw e e n  1978 
a n d  2006  (T h o m p so n  e t  a l., 2006).

Results and discussion

M e a s u r i n g  c h a n g e s  in Pacific c o d  size 
a n d  a b u n d a n c e

The m ean size of Pacific cod has varied  consid
erably in  the G ulf of A laska over the la s t 4500 
years (Fig. 2; range 62.8-72.1 cm; P (8 5503)=11.97, 
P<0.001). However, m odern m ean lengths did not 
differ significantly from the m ean lengths of fish 
caught around 2550 BC, 595 BC, and  1030 AD 
(Table 1 ; f-tests P>0.05), or when compared w ith 
lengths of those taken  around 80 BC and 520 AD 
(Table 1; f-tests P>0.01).

Fecundities of Pacific cod (estim ated from body 
length distributions) varied dramatically, ranging 
betw een 2.1 and 3.9 m illion eggs per individual 
(Fig. 3). Average fecundity  varied  consisten tly  
w ith  changes in  m ean  leng th  as expected, but 
the  apparen t tren d  shown in  F igure  3 tow ards 
decreasing  fecundity  over 4500 years  w as not 
significant (r= -0 .4 2 , P= 0.35).

The AI m easures revealed changes in  the re la 
tive abundance of Pacific cod over the  p ast 4500 
years (Fig. 4). All of the A is were highly variable 
betw een 2550 and 2580 BC, bu t were synchro
nized a fte r 520 AD. They indicated  high relative 
abundance of Pacific cod in  m iddens sp ann ing  
2550-1750 BC and  showed an  opposite trend  in  
the abundance of salmon, which was consistent 
w ith  the  inverse re la tionsh ip  previously noted 
for th is  region and tim e period (e.g., Tews, 2005; 
M isarti, 2007). From 840 BC to 80 BC another 
period of v a riab ility  occurred when salm on AI 
was opposite th a t  of the groundfish tax a . D uring th is 
tim e, the  A is for Pleuronectidae and H exagram m idae 
indicated  a slight decline in  relative abundance of P a

cific cod, whereas the Cottidae index indicated a g reater 
decline in  Pacific cod abundance . T aken in  tandem , 
however, all of the  groundfish tax a  recovered from the
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m iddens ind ica te  th a t  th e re  were sligh t or m oderate 
declines in  Pacific cod d u rin g  th is  early  period. On 
the basis of the rem ains in  the  m iddens, there  was a 
sh arp  decline in  the relative abundance of Pacific cod 
(com pared to the  o ther th ree  taxa) beg inn ing  around 
520 AD. This declining trend  in tensified  d rastically  in  
the 1030 AD assem blage, and was followed by a sharp  
increase in  Pacific cod abundance a t 1540 AD.

The declin ing  A is strongly  ind ica te  th a t  a form of 
resource depression occurred  from 520 th ro u g h  1030 
AD (for a s im ila r in te rp re ta tio n  of declining fish Ais, 
see N agaoka, 2001, 2002). R esource depressions can 
be re la ted  to a num ber of factors, such as exploitation 
pressure, behavioral changes, and m icrohabitat (range) 
shifts (e.g., Charnov et ah, 1976). The apparent decrease 
in  Pacific cod abundance th a t  we noted is in tr ig u in g  
given the  lack  of any technological, p rocurem ent, or 
o ther c u ltu ra l changes (e.g., increased  te rr ito ria lity )  
th a t could have influenced the encounter or success ra te  
of the A leut Pacific cod fishery. In stead  we suspect the 
decline in  Pacific cod reflects an  environm entally-driven 
n a tu ra l change in  abundance and note th a t the increase 
in  m ean  len g th  d u rin g  th is  period corroborates th is  
in te rp re ta tio n  (see Shin  et ah, 2005).

I n t e r p r e t i n g  t h e  e f f e c t s  of  c l i m a t e  
o n  Pacific c o d  size  a n d  a b u n d a n c e

P unctua ted  sh ifts in  ocean clim ate (regime sh ifts) are 
believed to explain  m any of the  changes observed in  
abundances of some species in  the N orth Pacific Ocean

d u rin g  th e  p a s t c e n tu ry  (H are  and  M an tu a , 2000; 
Benson and T rites, 2002; T rites et ah, 2007) and these 
sh ifts  m ay explain  the  v a ria tio n s noted in  F igure  4. 
Pacific cod populations may be susceptible to fluctuations 
in  oceanic regim es to the extent th a t they periodically 
d isappear in  significant num bers from the ecosystem, 
only to reappear in  g rea ter num bers a t a la te r date. This 
condition h as  deep h isto rica l roots; the ancien t A leut 
nam e for Pacific cod tra n s la te s  lite ra lly  into “the fish 
th a t stops” because th is  species periodically disappears 
(Black, 1981), a s itua tion  th a t  occurred, according to 
traditional Aleut knowledge, a t least once in  the mid-19th 
century, and again  in  approxim ately 1942.

Several sm all varia tions in  m ean Pacific cod length  
were evident over the tem poral sequence. C orrelating  
the  sh if ts  in  body size w ith  c lim atic sh if ts  does not 
appear to explain  the  fluc tuating  sizes of Pacific cod 
betw een 2550 BC and 80 BC, which occurred during  
the generally  cool and wet conditions of the Neoglacial 
period (the first m ajor postglacial cooling period from 
approxim ately 2500 BC to AD 1). The average lengths 
of Pacific cod (Fig. 2) increased  as the  w arm ing  and 
drying of the Medieval climatic anomaly began ( a period 
of hem ispheric climatic fluctuations ca. AD 1000-1300 
across the N orthern Hemisphere) and decreased slightly 
during  the cool and  wet conditions of the  Little lee Age 
(ca. AD 1400-1850). M arine p roductiv ity  d u rin g  the 
M edieval clim atic anom aly and  the  L ittle  lee Age, as 
recorded by F inney  et al. (2002) and  M isa rti (2007), 
appears to be inversely re la ted  to Pacific cod lengths 
bu t positively re la ted  w ith Pacific cod num bers (Fig. 4).

Such inverse relationships betw een m ean fish 
length, abundance, and productivity have been 
n o ted  by S h in  et al. (2005) (i.e., in c rea sed  
productivity and abundance is usually  associ
ated  w ith  decreases in  m ean length, p resum 
ably because of the increase of juvenile fish in  
the population). The im pact of these types of 
processes on fish leng ths over the  long tim e 
scales has never been assessed , and  so th is  
m ust rem ain  a working hypothesis. R egard
less, it  is also notable th a t  the  m ean length  
of Pacific cod d u rin g  th e  M edieval clim atic 
anom aly was not sta tis tica lly  d ifferent from 
th a t of the m odern era codfish (Table 1)—two 
of the  w arm est periods in  the la s t 4500 years.

The effects of oceanic reg im e sh if ts  th a t  
have dom inated the dynam ics of m arine eco
system s in  the  N orth  Pacific for the p ast cen
tu ry  (Benson and Trites, 2002; Polovina, 2005) 
are  difficult to m onitor in  the prehistoric pe
riod because of an  im portan t complicating fac
to r—an overwhelming lack of data. Although 
c lim atic  an d  oceanic w arm in g  AD 1000 to 
1300 have been documented around the North 
Pacific (C alkin et ah, 2001; Hu et ah, 2001), 
and its  effects are  beginning to be understood 
(Jones et ah, 1999), the  full effects of clim ate 
change on Pacific cod stocks over the  en tire 
period are  difficult to m easure because not a
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Figure 3
M ean  e s tim a te d  fecu n d ity  of Pacific  cod (Gadus macrocephalus) over 
tim e  b a se d  on th e  re la tio n sh ip s  b e tw een  body le n g th  a n d  fecu n d ity  
e s ta b lis h e d  by  K a rp  (1982). T h is  g ra p h  in d ic a te s  t h a t  e s t im a te d  
m e a n  fe cu n d ity  o f P ac ific  cod h a s  v a r ie d  w idely  over th e  p a s t  4500 
y e a rs , d e sp ite  c o n co m ita n tly  sm a ll  c h a n g e s  in  m e a n  P a c if ic  cod 
le n g th  (co m p are  w ith  F ig . 2). A lth o u g h  th e  g ra p h  in d ic a te s  a n  
a p p a re n t  t r e n d  to w a rd  d e c re a s in g  fe cu n d ity , th e  re la tio n s h ip  is 
n o t s ig n if ic a n t;  r = - 0 .4 2 ,  P = 0.35.
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Figure 4
A b u n d a n c e  in d ic e s  (e .g ., A I= P acific  cod /  [com parison taxon + 
P acific cod]), c a lc u la te d  fro m  th e  n u m b e r  o f id e n tif ie d  sp ec im en s 
(bone f ra g m e n ts )  for e ach  ta x o n  reco v e red  fro m  n in e  a rc h a e o lo g i
c a l d e p o s its  on  S a n a k  Is la n d . T h e  in d ex  r a n g e s  b e tw e e n  0 a n d  
1, w ith  0 in d ic a tin g  th e  co m p le te  ab sen ce  fro m  th e  m id d e n s  a n d  
1 in d ic a tin g  a  com ple te  d o m in an ce  of P ac ific  cod (G adus m acro
cephalus). S am p le  sizes fro m  th e  d ep o sits  ra n g e d  b e tw ee n  426 a n d  
8 339  id e n tif ie d  bone  sp ec im en s . A ll in d ic e s  in d ic a te  a  d ec lin e  in  
P ac ific  cod a b u n d a n c e  b e g in n in g  a t 520 AD, ex cep t for th e  G a d i
dae -Oncorhynchus spp. index , w h ich  is in c lu d ed  to  show  th e  d iffe r
ence b e tw e e n  r iv e r in e  (O ncorhynchus  spp .) a n d  n e a rsh o re  m a r in e  
f ish  ( th e  o th e r  fa m ilie s  o f f ish  r e p re s e n te d  in  th e  g ra p h )  d u r in g  
th is  p e rio d . T h is  d ec lin e  in  a b u n d a n c e  c o n tin u e s  th ro u g h o u t  th e  
p e rio d  u n t i l  1030 AD, a f te r  w h ich  we see  a  reco v e ry  in  G ad id ae  
a b u n d a n c e  a t  ca. 1540 AD. T h e  co rre sp o n d e n c e  in  th e  m u ltip le  
m e a su re s  n e g a te s  th e  m a th e m a tic a l  c o n u n d ru m  of c losed  a r ra y s  
a n d  in d ic a te s  r e a l  c h a n g e s  in  th e  re la tiv e  a b u n d a n c e  o f P ac ific  
cod in  S a n a k  m id d en s.

single preserved Pacific cod bone dating  from 
AD 1100 to 1300 in  the S an ak  archaeological 
da ta  has been recovered despite the  presence 
of village sites. The period betw een AD 1100 
and 1300 were the only centuries during  the 
la s t 5000 years of extensive global w arm ing 
th a t  occurred before the m odern era. Pacific 
cod re tu rn ed  in  the m iddens only during  the 
hem ispheric cooling associated w ith the Little 
lee Age. In teresting ly , regard less of periodic 
reg im e sh if ts  in  ocean c lim ate , Pacific cod 
populations appeared to have re tu rn ed  to the 
w este rn  G ulf of A laska  w ith  approxim ately  
the same length  s tru c tu re  as th a t before they 
disappeared.

The p e rtu rb a tio n s  in  the  body len g th s  of 
Pacific cod did not correlate w ith changes in  
the ir frequencies of occurrence in  the middens 
(Fig. 4). For example, the  m ost extrem e shift 
in  m ean Pacific cod length  occurred betw een 
2550 BC and  80 BC, yet Pacific cod a b u n 
dances varied  m inim ally  during  th is  tim e. It 
is noteworthy th a t th is  entire period occurred 
du ring  the N eoglacial, a period of generally  
cooler and w etter oceanic conditions. This re 
la tio n sh ip  m ay in d ica te  th a t  p e r tu rb a tio n s  
in  abundance, a t le a s t d u rin g  cold periods, 
were not re la ted  to system ic fluctuations in  
the length or fecundity s truc tu re  of the Pacific 
cod populations in  the  G ulf of A laska.

At th e  end of th e  tem p o ra l sequence ca.
1030 AD and 1540 AD, an  inverse relationship 
is noted between m ean length and abundance 
of Pacific cod. The m ean  len g th s  in c reased  
d u rin g  the  M edieval c lim atic anom aly  and  
decreased during  the Little lee Age, w hereas 
overall relative abundances decreased during  
the Medieval climatic anom aly and increased 
during  the Little lee Age. This finding would indicate 
th a t Pacific cod were more abundant but sm aller during 
cool periods and less abundant but larger during w arm 
er periods. A lthough the inverse relationship  betw een 
length and abundance is in trigu ing , it  is uncerta in  how 
they are  re la ted . The sh ift in  m ean Pacific cod length  
betw een these periods was sm all (less th a n  3 cm), yet 
abundances fluctuated  widely.

C lim atic regim e sh ifts appear to have had  m inim um  
effects on the length s tructu re  of Pacific cod populations 
in  the G ulf of A laska, bu t have had  dram atic  effects 
on th e ir  num bers and  possibly geographic range. The 
apparen t drop in  Pacific cod num bers during  periods of 
w arm ing may reflect a sh ift in  Pacific cod d istribu tion  
(e.g., C harnov et ah, 1976), and may explain  why the 
A leut word for Pacific cod is the “fish th a t stops.”

G e n e r a l  o b s e r v a t i o n s  r e g a r d i n g  
t h e  p r e h i s t o r i c  Pacif ic c o d  d a t a

Additional insigh ts about Pacific cod can be made from 
the analyzed bones, which show, for example, th a t Pacific

cod have long-term , m illennial-scale population dynam 
ics th a t  appear to have a complex relationship  w ith cli
m atic sh ifts. Pacific cod seem to be vulnerable to major 
climatic regim e shifts, particu larly  w arm ing conditions, 
and appear to rapidly recover from major pertu rbations 
to th e ir environm ent. This conclusion would signify th a t 
oceanic regim e sh ifts have no long-term  (centennial- to 
m illennial-scale) ram ifications on the overall s tru c tu re  
of Pacific cod popu la tions. F u rth e rm o re , Pacific cod 
stocks appear to have largely m ain ta ined  th e ir  popula
tion s tru c tu re  over some 4500 years despite the  p res
sures of commercial h a rvesting  in  the m odern era.

The trends uncovered for Pacific cod in  the N orth P a
cific are significantly different from those in  the N orth 
A tlantic. Sw ain et al. (2007) concluded th a t  length  d is
tribu tions can be a key indicator of genetic changes in  
Pacific cod as a re su lt of overfishing, and  th a t  these 
changes can persist for decades despite low harvest p res
sure. In p articu la r, they found th a t rapid  evolutionary 
changes can resu lt from size-selective overfishing, and 
these changes can far outpace the levels expected for 
n a tu ra l m ortality  as a resu lt of disease or regime shifts.



392 Fishery Bulletin 106(4)

The archaeological record in  the w estern N orth A tlan
tic shows th a t the average length  of Pacific cod caught 
today by commercial fisheries is a t least 40 cm sm aller 
th a n  th a t  of p rehistoric tim es, and ind icates th a t  the 
Pacific cod populations have been im pacted by m odern 
fisheries (K enchington and Kenchington, 1993; Jackson 
et al., 2001). S im ila r sh if ts  have been discovered in  
the central N orth A tlantic where Amorosi et al. (1994) 
dem onstrated  significant differences in  the length  d is
trib u tio n s of Pacific cod betw een the M edieval period 
and  th e  m odern era. In  co n tras t, we found th a t  the  
m in im um  difference in  the  average len g th  of Pacific 
cod tak en  by longline fisheries was only 3 -4  cm larger 
th a n  th e  sm alle st p reh is to ric  m ean  size fish  caugh t 
by the ancien t A leuts u sing  jigs. The im plications of 
these regional differences are  in trig u in g  given the dif
feren t h is to rica l tra jec to ries  in  com m ercialization  of 
the  groundfish fisheries in  these two regions, nam ely 
a d ifferen t em phasis on h a rv es tin g  technologies (i.e., 
a much higher proportion of the N orth  Pacific catch is 
tak en  w ith cod pots, com pared to the  N orth  A tlantic, 
w here cod pots have seen m in im al use). The N orth  
Pacific cod pot fishery, in  p articu lar, reduces the catch 
of juvenile fish.

This study points to ways in  which ancient archaeo
logical deposits can be used to significantly extend the 
tim e-depth  of fish population stud ies and  can provide 
im portan t insigh ts into long-term  sustainability . Such 
palaeofisheries research is im portan t for placing modern 
decadal population trends w ith in  a longer-term  perspec
tive. In the case of Pacific cod, the paleoecological re 
cords indicate th a t today’s Pacific cod are comparable in  
size to fish th a t inhabited  the G ulf of A laska thousands 
of years ago. This finding indicates th a t m odern fisher
ies have not a lte red  the average length  d istribu tions of 
Pacific cod in  the G ulf of A laska when m easured  over 
long tim e scales.

The fact th a t m odern Pacific cod length  d istributions 
are w ith in  the  range of precom m ercial variab ility  in 
dicates th a t the cu rren t commercial Pacific cod fishery 
has susta ined  the length  s tru c tu re  (and therefore aver
age fecundity s truc tu re) of the prehistoric (noncommer
cial) G ulf of A laska Pacific cod population. Compared 
to the N orth  A tlantic, the  changes we observed in  fish 
length  betw een the prehistoric and  m odern eras in  the 
G ulf of A laska are more consistent w ith n a tu ra l fluctua
tions th a n  w ith h a rvesting  pressure. The fact th a t the 
p resent-day size-structure  of G ulf of A laska Pacific cod 
stocks is consistent w ith a sustainab le  fishery (Thomp
son et ah, 2006) and th a t the cu rren t s ize-structu re  is 
comparable to th a t of pre-industrially  fished populations 
indicates th a t cu rren t Pacific cod fisheries m anagem ent 
policies and  harvesting  techniques in  the  w estern  G ulf 
of A laska are  working. T hat is, m anagem ent practices 
and  h a rv e s ts  are  m a in ta in in g  a n a tu ra l  Pacific cod 
population s tru c tu re  based on m ean size as a com para
tive m etric of sustainability . However, we caution th a t 
global w arm ing  may become a com plicating factor for 
m odern m anagem ent practices given th a t  Pacific cod 
populations may be vulnerable to p ressu res caused by

increasing  oceanic tem pera tu res , as appear to have oc
curred  circa AD 1000-1300.
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