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The effects of climate variability on Pacific salmon abundance are uncertain 
because historical records are short and are complicated by commercial har- 
vesting and habitat alteration. We use lake sediment records of 615N and 
biological indicators to reconstruct sockeye salmon abundance in the Bristol Bay 
and Kodiak Island regions of Alaska over the past 300 years. Marked shifts in 
populations occurred over decades during this period, and some pronounced 
changes appear to be related to climatic change. Variations in salmon returns 
due to climate or harvesting can have strong impacts on sockeye nursery lake 
productivity in systems where adult salmon carcasses are important nutrient 
sources. 

Historical records of air and ocean tempera- duction of Alaskan salmon during the 20th 
ture, as well as atmospheric pressure fields, century (6). However, the historical record is 
show significant interdecadal fluctuations in of insufficient length or quality to assess the 
the North Pacific region (1-3). These climat- representativeness of these recent observa-
ic fluctuations appear to have had large im- tions. Because Pacific salmon are important 
pacts on marine ecosystems (1, 3-5). Salmon economic and cultural resources, their viabil- 
catch records suggest a correlation between ity in response to future climatic change is of 
the intensification of the Aleutian Low, in- great concern (7 ) .  Here, we present high- 
creased coastal sea surface temperatures in resolution records of diatoms, cladocerans, 
the eastern North Pacific, and increased pro- and sedimentary SI5N to explore the sockeye 
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mendous numbers, and it is not uncommon 
for densities to reach the equivalent of 5000 
to 30,000 adult fish (average weight -2.7 kg) 
per km2 of lake surface area (8). After hatch- 
ing, juvenile sockeye spend 1 to 3 years in 
their home nursery lake feeding primarily on 
pelagic zooplankton; however, >99% of the 
biomass of adult sockeye is accumulated in 
the marine environment (8). Therefore, the 
nutrients originating from carcasses of post- 
spawning adults are almost exclusively of 
marine origin. These carcass-derived nutri- 
ents are often significant sources of nutrients 
to these oligotrophic systems (9). For exam- 
ple, in Karluk Lake, Kodiak Island (Fig. l), 
carcass-derived nutrients typically contribute 
more than half of the lake-water phosphorus 
(P) and nitrogen (N) annually (10). Atmo- 
spheric and anthropogenic inputs to the lakes 
we studied are insignificant (10); the catch- 
ments are virtually undisturbed by human 
activities, and many are not forested, thus 
reducing the confounding effects of forest 
fires. 

Adult sockeye salmon carcasses have high 
SlSN (-12%0) relative to terrestrial N in 
Alaskan nursery lakes, which typically have 
values close to atmospheric levels (O%O) (11). 
Stable N isotopes thus can be used to track 
the salmon-derived N into the biota of 
freshwater and terrestrial ecosystems (11- 
13). In the lakes we studied, there is a strong 
association between zooplankton 615N and 
salmon-derived nutrient (SDN) loading (Fig. 
2A). These nutrients are subsequently trans- 
ferred to higher trophic levels, as demonstrat- 
ed by the relation between juvenile sockeye 
salmon 615N and the SDN loading in their 
nursery lakes (Fig. 2B). Lake sediments faith- 
fully archive this information, as shown by 
the relation between surface sediment S15N 
and SDN loading (Fig. 2C). Factors known to 
influence sedimentary SI5N in other settings 
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Fig. 1. Locations of seven Alaskan lakes dis- 
cussed in this study: 1, Karluk; 2, Frazer; 3, 
Red; 4, Akalura; 5, Ugashik; 6, Becharof; and 7, 
Tazimina. 

were evaluated with the use of water chem- 
istry, limnological, and sedimentary data for 
the study lakes and found to be of minor 
importance relative to SDN loading (14). 
Diatom valves and cladoceran body parts are 
dominant microfossils in these sediments. Di- 
atom species composition can be used to 
reconstkt past nutrient dynamics (15), and 
cladoceran microfossils provide important in- 
formation on secondary production (1 6). Fos- 
sils of salmon, notoriously patchy and incom- 
plete (1 7), were not found in our cores. 

In Karluk Lake (57'25'N, 154O05'W), the 
S15N, diatom, and cladoceran records (Fig. 3) 
(18) show a striking concordance with each 
other and with the sockeye escapement data 
(the number of fish that return to spawn) (19). 
Large sockeye escapements are recorded by 
high sedimentary S15N values and the domi- 
nance of meso-eutrophic to eutrophic diatoms 
(Stephanodiscus minutuluslparvus and Fragi- 
laria crotonensis), at the expense of more 
oligotrophic taxa (20). The strong decrease in 
escapement beginning in 1939 and sustained 
until 1984 is recorded in the sediments by a 
marked decline in SLsN and an increase in 
benthic diatoms (particularly small benthic 
Fragilaria spp. such as F. brevistriata var. 
infata), reflecting the relative decline in 
planktonic production with the decreasing 
SDNs. Bosmina ~ongirostris averaged 87.3 + 
5.6% of the cladoceran microfossils in the 
Karluk Lake core. The concentration of Bos- 
mina track the changes in S15N and the above 
diatom-inferred nutrient changes, indicating 
higher secondary production concurrent with 
increased SDN loading. 

The recent increase in escapement, begin- 
ning in 1985, coincides with a distinct diatom 
signature (Fig. 3). This observation, however, 
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Fig. 2. The influence of SDN loading, as repre- 
sented by the escapementllake area ratio (i.e., 
the density of adult sockeye returning to the 
lake ecosystem to spawn), on the S15N signa- 
ture of components of the nursery lakes' food 
web (zooplankton and juvenile sockeye salmon) 
and surface sediments. Relations between the 
escapementllake area ratio and (A) the 615N of 
zooplankton (r =0.92, P < 0.01), (B) the S15N 
of juvenile sockeye (smolts) (r =0.88, P < 
0.01), and (C) the Sq5N of sediments (r =0.94, 
P < 0.01). The arrow on the vertical axis of (C) 
is the average 615N of sediments from 33 lakes 
in Alaska without salmon (1.5 2 0.9%0). These 
nursery lakes span a large gradient in SDN 
loading and cover a large portion of the range 
of sockeye in Alaska. Sampling and analytical 
methods, sample variability, and site locations 
are described in (78). Samples of zooplankton 
and juvenile sockeye were not available from 
all 12 sites. 

was expected because of the confounding 
influence of a lake fertilization program, im- 
plemented from 1986 until 1990. The pro- 
gram was designed to increase summer pri- 
mary and secondary production in an effort to 
increase salmon production (21). The in- 
crease in Cyclotella pseudostelligera, a taxon 
known to respond to artificial fertilization 
(22), clearly demarks this period. The SI5N 

signature was also influenced by fertilization, 
because the fertilizer had a S1'N value of zero 
(10). 

After inception of commercial fishing on 
the Karluk system in 1882 (23), the produc- 
tion of sockeye salmon declined; total pro- 
duction averaged more than 2 million fish 
until about 1910, and about 500,000 fish in 
the 1970s. Our data suggest that the pro- 
longed 20th-century collapse of the Karluk 
sockeye fishery was driven in part by reduc- 
tions in carcass-derived nutrients from over- 
harvest. The sediment data infer a positive- 
feedback system, in which higher adult salm- 
on abundance leads to increases in nutrient (P 
and N) loadings. This enrichment, in turn, 
increases lake primary and secondary produc- 
tivity. Completing the cycle, the increase in 
lake carrying capacity for juvenile salmon 
may ultimately result in higher numbers of 
adult salmon. The declines in S15N and pri- 
mary and secondary production during the 
20th century (Fig. 3) suggest a disruption of 
this feedback loop. 

High S15N values and dominance of more 
eutrophic diatom taxa indicate that sockeye 
abundance in Karluk Lake was relatively 
high at the time the commercial fishery be- 
gan. Secondary production, as indicated by 
Bosmina remains, was also high at this time. 
A marked decline in sockeye abundance of 
similar magnitude to the recent collapse oc- 
curred between - 18 10 to 1835, as evidenced 
by the low S15N and a decrease in relatively 
eutrophic diatom taxa and Bosmina. The 
S15N and microfossil data during the early 
1700s indicate another period of relatively 
low salmon abundance. The positive covaria- 
tion between S15N and proxies of primary 
and secondary production indicate that the 
nursery lake-nutrient feedback cycle was 
tightly linked. 

The pattern observed in SlSN in Karluk 
Lake is similar to that in 'lOPb and tephra- 
dated cores from four other salmon nursery 
lakes (Red, Akakura, Ugashik, and Becha- 
rof). These lakes include two of the most 
important sockeye salmon-producing regions 
of the North Pacific (Fig. 1). The SI5N pro- 
files suggest that salmon stocks were at high 
abundance in many systems when commer- 
cial harvesting was initiated and indicate 
marked declines in the early 1800s and early 
1700s (Fig. 4). Our data are consistent with 
the few historical observations (24). There 
appears to be a positive relation between 
inferred sockeye abundance and tree-ring- 
reconstructed Gulf of Alaska SST (25) from 
about 1700 to 1850 (Fig. 4). The prominent 
decline in S15N in the early 1800s coincides 
with the period of the coldest sea surface 
temperatures and coastal air temperatures for 
the past 250 years (25-27). These observa- 
tions are consistent with the relation inferred 
between temperature and salmon abundance 
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Fig. 3. Historical and paleolimnological evidence of sockeye salmon coring, isotope and dating techniques, concentrations of cladoceran 
variation in Karluk Lake over the past -300 years. The historical Bosmina longirostris microfossils, relative abundances of dominant 
information for Karluk sockeye salmon includes commercial catch diatom taxa (greater than 10% in at least one interval), and the 
data beginning in 1882 and escapement counts from a weir on relative abundance sum of al l  benthic diatoms. The data are divided 
the Karluk River beginning in 1921. The paleolimnological data con- into three different zones (from top t o  bottom): the fertilization 
sist of 615N profiles from t w o  replicated cores collected at  the period, the commercial fishing period, and the precommercial fishing 
same sampling station showing the excellent reproducibility of the period. 

in this region during the 20th century (3). 
However, this relation seems to decouple 
from -1850 to 1920, when temperature re-
constructions indicate cooler than average 
temperatures, and salmon stocks had above 
average abundances. As expected, the low 
615N recorded in the last two decades does 
not track overall sockeye abundance, because 
the stocks were managed for constant escape- 
ment and a large proportion of the fish was 
harvested (28). 

As controls, we analyzed 615N in sedi- 
ments from two nearby lakes (Frazer and 
Tazimina) (Fig. 1) that match the nursery 
lakes as closely as possible in morphomehy 
and geographic location, but are isolated 
from salmon access by waterfalls. The 615N 
profiles are relatively depleted and are con- 
stant over time (Fig. 4). In Frazer Lake, a fish 
bypass was constructed, and sockeye salmon 
began to flourish in the 1980s (21). The 615N 
enrichment near the core top clearly records 
the recent delivery of SDN into this lake. 
Diatom and cladoceran analyses of cores 
from this lake also show very little change 
before the introduction of salmon. 

Marked, regionally coherent variability in 

sockeye salmon populations occurred over 
decadal scales both before and after the onset 
of commercial fishing. This suggests that 
large-scale forcing from the ocean-atmo-
sphere system contributes to fluctuations in 
sockeye abundance. The lack of a simple 
relation between salmon abundance and SST 
suggests that complex interactions exist be- 
tween climatic change and sockeye salmon 
ecosystems. Both climatic change and com- 
mercial harvesting can reduce inputs of SDNs 
to sockeye nursery lakes, which can decrease 
lake productivity, and ultimately influence 
salmon production. In Karluk Lake, where 
the SDNs are a high proportion of nutrient 
loading, the drop in sockeye in the early 
1800s was followed by a swift recovery when 
the natural nutrient feedback loop was oper- 
ating. In contrast, the disruption of this nutri- 
ent cycle during the commercial fishing pe- 
riod appears to have had a strong negative 
impact on lake productivity, thereby prevent- 
ing a similar recovery in the 20th century. 
However, our work also shows that a gradient 
exists in the relative importance of carcass- 
denved nutrients between sockeye nursery 
lakes (Fig. 2), and thus the productivity of 

some systems may be less impacted by 
changes in SDN loading. This may be the 
case in the Bristol Bay lakes, where SDNs are 
a low proportion of total nutrient input, and 
the recent record catches (3) suggest that any 
disruption of their nutrient cycle had minor 
impacts on salmon production. This further 
highlights the need to assess the implications 
of both climatic change and altered nutrient 
cycles in determining management strategies 
for Pacific salmon stocks. 
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An unusual property of the circadian timekeeping systems of animals is rhythm 
"splitting," in which a single daily period of physical activity (usually measured 
as wheel running) dissociates into two stably coupled components about 12 
hours apart; this behavior has been ascribed to a clock composed of two 
circadian oscillators cycling in antiphase. We analyzed gene expression in the 
hypothalamic circadian clock, the suprachiasmatic nucleus (SCN), of behav- 
iorally "split" hamsters housed in constant light. The results show that the two 
oscillators underlying the split condition correspond to the left and right sides 
of the bilaterally paired SCN. 

Daily biological rhythms are governed by an 
innate timekeeping mechanism, a circadian 
clock. Such clocks have been localized to 
discrete sites and, in mammals, to the bilat- 
erally paired SCN in the hypothalamus (I). 
The clock in the SCN is composed of multi- 
ple autonomous single-cell oscillators (2); 
within each cell, interacting transcription and 
translation feedback loops constitute the 
clock's actual oscillatory mechanism (3). It is 
less well understood how individual SCN 
cells interact to create an integrated tissue 
pacemaker that accounts for the circadian 
behaviors of whole animals. 

One long-standing model of the rodent 
circadian clock describes it as a complex 
pacemaker consisting of two mutually cou-
pled oscillators (4). The evidence for this 
idea rested initially on a phenomenon known 
as "splitting," which has been most exten- 
sively studied in hamsters exposed to con- 
stant light, in which an animal's single daily 
bout of locomotor (wheel-running) activity 
dissociates into two components that each 
free-run with different periods until they be- 
come stably coupled 180" (about 12 hours) 
apart. Circadian rhythms of drinking (5), 
body temperature (6), luteinizing hormone 
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secretion ( 7 ) , and SCN electrophysiological 
activity (8) also split along with locomotion. 
Theoretical (9) and experimental (10-12) 
analyses suggest that the antiphase coupling 
of two equivalent oscillators is likely to be 
responsible for this phenomenon. 

In this report, we present evidence that the 
two putative oscillators underlying the split 
condition correspond to the left and right 
sides of the paired SCN. This idea has been 
raised previously (9),supported by the obser- 
vation that unilateral SCN lesions in split 
hamsters abolish behavioral splitting and pro- 
duce a single bout of locomotion (13), al- 
though this interpretation is compromised by 
nonspecific surgical effects (14). We there- 
fore assayed clock activity in unlesioned 
hamsters by measuring the expression of 
Perl ,  Per2, and Per3, which are homologous 
to the Drosophila Per  gene that forms part of 
the clock's core oscillatory mechanism. The 
three mammalian Per genes encode mRNAs 
that oscillate with a circadian rhythm in the 
SCN (3), with high levels during both the 
light phase of a light-dark (LD) cycle and the 
subjective day in constant darkness and with 
low levels during both the dark phase and the 
subjective night. The cyclic expression of 
these genes is believed to be central to normal 
clock function in mammals, at least for Perl  
and Per2 (15, 16). 

Wheel-running activity was continuously 
recorded in male golden hamsters maintained 
in constant light. About 60% of our hamsters 
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develop stably split activity rhythms after 6 to 
8 weeks in this lighting regimen (Fig. 1A). 
Individual animals were killed at various cir- 
cadian times, and their brains were processed 
for in situ hybridization with antisense cRNA 
probes to each Per subtype and film autora- 
diography (17). When tissue sections were 
examined from behaviorally split hamsters 
killed during either of the two inactive phases 
of their locomotor activity cycles, Per gene 
expression within the SCN was markedly 
asymmetric (Fig. 1B), with hybridization sig- 
nal observed unilaterally on either the left or 
right sides of the SCN. This asymmetry was 
especially striking for Perl ,  less so for Per2, 
and barely discernable for Per3. In each an- 
imal, the more pronounced hybridization sig- 
nal for all three Per genes was on the same 
side of the SCN, although randomly on the 
left or the right. 

The magnitude of left-right asymmetry was 
quantitated from the autoradiographs by calcu- 
lating an optical density (OD) ratio [OD from 
the "high (whether left or right) half-SCNIOD 
from the "low" half-SCN] (Fig. 1C). The ratio 
for Perl peaked about 6 to 8 hours after the 
offset of the last locomotor activity bout; for 
Per2, the asymmetry was less prominent and 
appeared delayed by about 2 to 4 hours relative 
to Perl.  This relation between Perl and Per2 
resembled that in the SCN of animals entrained 
to an LD cycle (or free-running in constant 
darkness), in which the peak level of Per2 
lagged that of Perl by several hours (18-20). 
In two groups of behaviorally split hamsters 
killed at either the 6- or 10-hour time points in 
Fig. lC, the rank order of OD ratios was Perl 
(3.84 +- 0.35) > Per2 (2.16 !E 0.35) > Per3 
(1.25 +- 0.12) at the 6-hour point, whereas it 
was Per2 (1.83 +- 0.30) > Perl (1.54 +-
0.14) >Per3 (1.1 7 10.08) at the 10-hour point 
(mean rf: SE) (n = 5 animals per group; for 
Perl and Per2, the 95% confidence interval of 
these means was greater than 1.00). In hamsters 
maintained in constant light but with unsplit 
locomotor activity rhythms, Per hybridization 
signal was present on both sides of the SCN and 
unilateral expression was not observed (OD 
ratio for Perl of 1.10 ? 0.06 for three animals 
killed in the middle of the inactive phase of 
their locomotor activity cycles). 

These findings indicate that the left and 
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