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Lake-level history for Birch Lake, Alaska, was reconstructed
using seismic profiles and multiproxy sedimentary analyses
including sedimentology, geochemistry, magnetic susceptibility,
and palynology. Twenty-two seismic profiles (18 km total) and
eight sediment cores taken from the lake margin to its depo-
center at 13.5 m provide evidence for low lake stands during the
late Pleistocene and Holocene. Thirty-one AMS radiocarbon
dates of macrofossils and pollen provide a century-scale chro-
nology. Prior to 12,700 14C yr B.P., the lake, which now over-
flows, was either seasonally dry or desiccated for prolonged
periods, indicating a severe period of aridity. Lake level rose
more than 18 m between 12,700 and 12,200 14C yr B.P. before
falling to 17 m below the level of overflow. Between 11,600 and
10,600 14C yr B.P. the water remained between 14 and 17 m
below the overflow level. Onlap sedimentary sequences were
formed during a transgression phase between 10,600 and 10,000
14C yr B.P. Between 10,000 and about 8800 14C yr B.P. the lake
was between 6 and 9 m below the overflow level. Lake level
again rose, approaching the overflow level, between 8800 and
8000 14C yr B.P. Seismic and core evidence of minor erosional
events suggest lowstands of 2– 6 m until 4800 14C yr B.P. There

ave been no prolonged periods of lake-level depression since
hat time. The major restructuring of the climate system during
eglaciation evidently generated a complex set of fluctuations

n effective moisture in interior Alaska, which likely affected
olian processes and vegetation development, as well as lake
evels. © 2000 University of Washington.
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INTRODUCTION

Forecasts of future climate change are limited by our ab
to model fluctuations in the climate system and to vali
these models with knowledge of past changes. The empha
most current paleoclimate research is reconstruction of
temperature changes, but fluctuations in the precipita
evaporation balance (P–E) are equally important and
recently been shown to occur over human time scales (H
et al., 1995; Curtis and Hodell, 1996; Binfordet al., 1997;
Abbott et al., 1997a,b). The Arctic and sub-Arctic are par
ularly sensitive climatically, as shown by recent work indi
ing abrupt climatic shifts during the 19th and 20th centu
(IPCC, 1990; Douglaset al.,1994; Bradleyet al.,1996). This
paper reports the timing, magnitude, and duration of lake-
changes identified from seismic profiles (Mooreet al., 1994)
and core transects (Digerfeldt, 1986) at Birch Lake, near
banks, interior Alaska (Fig. 1).

This is the first detailed, quantitative lake-level reconst
tion from Alaska based on stratigraphic analyses of sedi
cores and seismic data. The inferred shifts in P–E balan
the region provide important new paleoclimatic data on
sub-Arctic (PALE initiative; Andrews and Brubaker, 199
which can be applied in several ways. Data may be comp
with those of other regions to assess long-distance and
hemispheric climatic teleconnections (PANASH initiati
Bradleyet al., 1995). When combined with hydrologic mo
eling, quantitative lake-level changes can provide estimat
paleoprecipitation (Barber and Finney, in press); these ca



de
ses
ay
in
oi

oi
die
00
ary

an
rat
me
ba
irc
th
va
in

es in
era-

rn
dies
een
ell

olian
of
also
ene
of

irect
lance
ison
pidly
veg-

ation, with
ustrat

CENTRAL ALASKAN LAKE HISTORY 155
compared with data from adjacent regions and with mo
synoptic patterns to gain a better understanding of the cau
P–E changes (Edwardset al., in press). Paleoclimate data m
also be compared with climate model output (e.g., Bartleet
al., 1998) to assess model simulations of past effective m
ture (Mocket al., 1998).

Current knowledge of past temperature and effective m
ture changes in Alaska is based mainly on pollen stu
Environmental conditions for critical periods (e.g., 18,0
12,000, and 600014C yr B.P.) have been mapped and prim
vegetational features have been identified (Barnoskyet al.,
1987; Anderson and Brubaker, 1993, 1994; Edwards
Barker, 1994). Data suggest a marked increase in tempe
and moisture during the glacial–interglacial transition. War
growing conditions and a likely increase in the moisture
ance are indicated by a change from herb tundra to b
dominated tundra over all of northern Alaska north of
Alaska Range. This change has been dated in the Tanana
(Fig. 1) to 14,00014C yr B.P. (Ager, 1975), but at most sites

FIG. 1. Map showing location in central Alaska of the Birch Lake stu
annual totals below the chart, are plotted from January on the left to De
this figure: (1) the seasonal distribution of precipitation and (2) the sou
rn
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interior Alaska it occurs between 13,000 and 12,00014C yr
B.P. (Edwards and Barker, 1994). Subsequent increas
poplar and white spruce imply a further increase in temp
tures at 11,000–900014C yr B.P., coinciding with the northe
hemisphere summer insolation maximum. Multiproxy stu
by Hu et al. (1996, 1998) indicated that the period betw
11,000 and 800014C yr B.P. was drier than present at Farew
Lake in the northwestern Alaska Range. Widespread e
activity during full-glacial time and intermittent reactivation
eolian systems in late-glacial and early Holocene times
suggest generally arid conditions prior to the middle Holoc
(Péwé, 1975; Hopkinset al.,1981; Carter, 1993). Expansion
black spruce and alder between 8000 and 600014C yr B.P.
suggests wetter conditions.

Lake-level records provide an independent and more d
means to determine variations in the regional P–E ba
(Street-Perrott and Harrison, 1985; COHMAP, 1988; Harr
and Digerfeldt, 1993). Lake systems tend to respond ra
and be more sensitive to effective moisture changes than

ite, as well as Sands of Time and Jan Lake. Graphs of monthly precipit
ber on the right with a vertical scale from 0 to 10 cm. Two points are illed by
orth and west–east moisture gradients.
dy s
cem
th–n
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etation (annual-decadal vs century response) and usually
more highly resolved records than terrestrial eolian syste

METHODS

Seismic Profiling

Twenty-two cross-lake seismic reflection profiles from B
Lake were used to trace the acoustic stratigraphy and ide
surfaces associated with water-level changes. The seismi
files were obtained with an ORE-Geopulse seismic sy
(3–7 kHz) with an EPC 9800 digital graphic recorder.
acoustic source and hydrophone were towed;4 m apart from
he stern of a 7-m boat. Emergent vegetation in shallow w
imited seismic tracks to water depths of greater than 4 m.
avigation was logged using the global positioning sys
GPS) and by compass measurements. Seismic data we
tally recorded with a DAT recorder for further processi
nterpretations utilized both the unfiltered field records
rocessed data filtered between 3 and 7 kHz. We used
nd 1500 m s21 for the speed of sound in water and sedim

respectively, to determine depth of reflectors and thickne
sediment units. The instrumental error for depth of reflec
on filtered profiles is about630 cm.

The seismic profiles from Birch Lake can be used to ide
nlap sedimentary sequences and erosion surfaces ass
ith lake-level changes, despite two problems that affec

nterpretation of acoustic records from shallow lakes. F
coustic signals may be obscured by exsolved gas from
omposition ofin situ organic matter. This effect is visible
ecords throughout the northern basin and in patches o
outhern basin. A second problem occurs where sed
hickness exceeds the water depth, and ringing of the
ignal within the water column masks the seismic stratigr
y overprinting multiples. Despite these complications,
coustic stratigraphy from Birch Lake is remarkably corr

ive with the physical and geochemical stratigraphy obta
rom the sediment cores. One reason is the high imped
ontrasts between different sediment facies encounter
acustrine basins.

ediment Core Transects

Although relative lake-level changes can be inferred f
nalysis of a single, deep-water core, these estimates r
ualitative. Water-level variations can be quantified using

ransects to map and date the extent and timing of lake-
hanges. Past lake-level changes were reconstructed
nalysis of offshore changes in sediment facies determin
ore data. We used the methodology of Digerfeldt (19
upplemented by other lake-level indicators. The Diger
ethod is based on determining changes with time in the d
f the sediment limit, which is the zone where the net a
ulation of fine organic material is low due to removal
aves and other physical processes. We have been a
ve
.
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dentify shallow-water environments and differentiate betw
acustrine and subaerial sediments as additional metho
econstructing lake-level changes.

Erosion surfaces were identified in cores by (1) ab
ransitions (,1 cm) characterized by coarser-grained (fine s
nd greater) sediments with high bulk density (.1 g/cm3)

underlying fine-grained organic-rich muds (.10% organic
matter), (2) highly fragmented shell material, (3) scour ma
and (4) mud cracks. We used detailed core descriptions, s
slide mineralogy, and radiocarbon stratigraphy to delimit
sion surfaces formed during low-water stands and suba
exposure. Shallow-water subfacies (,2 m water depth) wer
identified by comparison with modern shallow-water s
ments, collected using a dredge, that are characterized
the presence of high concentrations of emergent vegetat
a coarse-grained matrix (silt to fine sand), (2) large amoun
aquatic plant macrofossils (Myriophyllum and Potamogeton),
and (3) sediments containing.60% CaCO3 composed o
calcified macrophyte coatings and fragmented gastropod
bivalve shells.

Sediment cores were taken on a transect from 2.5 to 13
water depth in the southern basin (Fig. 2) with a square
piston corer (Wrightet al.,1984). A single core was collect
from the deepest part of the northern basin. Magnetic su
tibility was measured on whole cores at 2-cm intervals w
Bartington MS-2 Susceptibility Meter. Core lithology was
termined from smear-slide mineralogy and detailed core
ging, including descriptions of Munsell color, sedimen
structures, and biogenic features. Other laboratory ana
included water content, bulk density, and both organic m
and calcium carbonate content by the loss-on-ignition (L
method (Bengtsson and Enell, 1986). The laboratory mea
ments and detailed core descriptions were used to charac
the sediment units and transitions.

RESULTS AND DISCUSSION

Seismic Stratigraphy

The two-dimensional perspective that seismic data pro
allows detection and mapping of erosion surfaces and o
offlap sedimentary sequences that might otherwise go und
ted in single-core lake studies. For example, three ero
surfaces and two onlap sequences are illustrated in Fig. 3
onlap transgression sequences resulted in organic-rich
grained sediments being deposited at increasingly highe
vations in the lake basin as water level rose. During perio
transgression these newly deposited sediments formed a
density contrast with the underlying shoreline sediments
prised of coarse-grained mineral matter. This high imped
contrast is detectable in the acoustic records.

Detailed documentation of acoustic reflectors and sedi
layers is provided in Table 1, as well as an interpretation o
observations regarding changes in lake level. Compariso
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the depths associated with acoustic layers (defined from
mic profiles) with lithological units (defined by sediment
variations in the cores) show relatively consistent bound
(Table 2). The estimated match for depth and thickness o
acoustic and sediment units is generally within the 30-cm
range calculated for the filtered signal of 3–7 kHz use
process the seismic records. The match between the
bottom reflector (Bt) and the sediment–water interface in
cores from deep water (.10 m) is poor, probably because

ater content of these fine-grained, organic-rich sedimen
igh prior to compaction during the early stages of burial.
elationship between the seismic reflectors and sediment
mproves to the630-cm range below the Bt reflector.

Three low lake stands at.18, 14–17, and 6–9 m below t
verflow level (BOL) were identified by mapping the distri

ion of irregular hummocky reflectors interpreted to be ero
urfaces (Table 1). The basal reflector B-5 is characterize
rregular meter-scale hummocks that truncate under
trata. This reflector can be traced throughout all depth
irch Lake and is interpreted to be an erosion surface (E

ndicating a period when the lake system was at least se
lly dry or completely desiccated. Two other sets of irreg
ummocky reflectors, ES-1 and ES-2, were identified in w
epths above 9 and 17 m, respectively. The maximum dep

he ES-2 unconformity corresponds with an onlap sedime
equence formed from 14–17 m depth. The maximum de
f ES-1 and ES-2 are consistent at 9 and 17 m, respecti

adiocarbon Dates

Terrestrial macrofossils were not present in sufficient q
ity for AMS radiocarbon dates at most stratigraphic levels
quatic macrofossils were used when necessary to constra

iming of important events. We estimate14C reservoir-ag
associated with aquatic plant-macrofossils to be small fo
Birch Lake system (Table 3), in part because limestone i
found in the watershed. Two sets of paired aquatic–terre

FIG. 2. Map of Birch Lake showing locations of seismic profile 1-2
cores K, F, I, D, G/H, and Z in the two lake basins.
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radiocarbon dates from the same stratigraphic level are
significantly different (compare CAMS-13587 with 13588
CAMS-17026 with 18718). Reworking of organic matte
possible during lake-level changes; therefore, only w
preserved macrofossils that were.500 mm were used for14C

easurements. Accumulation rates were calculated usin
brated radiocarbon ages (Stuiver and Reimer, 1993) to

ate the amount of time between dated strata.
Ager (1975) reported a series of conventional radioca

ates from bulk-sediment samples at pollen zone boundar
is Birch Lake record. The interpolated ages for the s
oundaries in this AMS14C study are significantly younge

FIG. 3. Seismic profile 1-2 from the southern basin of Birch Lake, filte
between 3 and 7 kHz, illustrates the acoustic stratigraphy along the tran
cores K-G/H. Note the two sets of onlap sedimentary sequences formed
lake-level transgressions and erosion surfaces 1–3 highlighted by the il
tion in the lower part of the figure. The zones of gas accumulation are li
to the center of the lake and to the sill separating the two basins.
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ABBOTT ET AL.158
suggesting that the bulk-sediment dates were contami
with “old” carbon from the watershed (Table 4). This i
common problem in Arctic lakes where carbon is stored on
landscape for prolonged periods in soils (Abbott and Staf
1996).

In the Ager (1975) study, the increase in birch pollen
curred at 14,7306 830 14C yr B.P. (I-8068), preceding th
nitial lake-level rise identified in this study, which dates
pproximately 12,30014C yr B.P. The AMS dates for the bir

rise of 11,50014C yr B.P. from aquatic macrofossils are int-
preted to represent reasonable approximations, wherea
bulk-sediment date of 14,7306 830 14C yr B.P. appears to b

TAB
Description of Acoust

Reflector Layer Acoustic description

Bt Continuous and traceable throughout the 2
contrast in water in depths deeper than

Bt to B-1 Faint parallel reflectors, draped, continuou
traceable throughout the two basins

B-1 Widespread, continuous, parallel character
contrast and small amplitude hummocks
water (above 6 m BOL)

B-1 to B-2 Draped, continuous, parallel, and traceabl
the two basins, small amplitude hummoc
shallow water (above 4 m BOL)

B-2 In water depths below 9 m BOL this reflecto
continuous and parallel, but in water dep
m BOL this reflector is irregular, hummo
has very strong contrast

B-2 to B-2A Parallel and traceable in depths below 9 m BO
B-2A This reflector was not identified consistentl

km of seismic profiles, but where presen
parallel and traceable in depths below 9 m

B-2A to B-3 Limited to depths below 9 m BOL, parallel a
traceable reflectors, gas obscures sedim
depocenter

B-3 Strong contrast and parallel

B-3 to B-4 Parallel and traceable in water depths belo
BOL, onlap sequence between 14 and 1
gas obscures sediments in basin depoce

B-4 Strong contrast, parallel, and limited to wa
below 14 m BOL

B-4 to B-5 Continuous and traceable in water depths
BOL; irregular and hummocky in water d
14 m BOL; gas obscures sediments in b
depocenter

B-5 Very strong contrast, irregular, hummocky,
continuous throughout both basins; soni
indicative of a strong density contrast
ted

e
d,

-

the

older than the true age of deposition by.3000 14C yr. The
difference between the bulk sediment and macrofossil r
carbon ages is not as great after the initial transgres
however, they differ by 300 to.1000 yr, respectively.

Sediment Core Transects

The suite of eight cores characterizes the depth–distanc
tribution of modern sediment facies along the transect and s
stratigraphic changes indicative of water-level fluctuations.
results of sediment analyses from five representative cores
I, D, and G/H) are presented in Fig. 4. The three unconform
identified by seismic profiles are also noted in the cores. The

1
eflectors and Layers

Interpretation

sins, weak
m BOL

Reflector Bt represents the lake bottom; water and organic m
content of sediments increase with water depth correspond
with a decrease in grain size; the sediment–water interface
becomes difficult to identify accurately in deeper water

nd High lake-stand, water level at overflow stage, and stable as
indicated by low variability in the acoustic and sediment
properties

ronger
shallow

Reflector B-1 could represent a small-scale low stand of 6 m or
less; however, possibly these features were formed by wa
action or some combination of the two

roughout
in

High lake-stand, water near or at present overflow level; sho
periods of lower lake level as much as 4 m BOL are suggeste
by hints of erosion surfaces in acoustic profiles from shallo
water and by variations in sediment properties; however, t
characteristics could be the result of wave action

above 9
, and

Reflector B-2 was formed during a lake-level rise from a low
point 6 to 9 m lower to a level that approached or breache
the overflow covering an erosion surface (ES-1) that had
formed above the 9-m-BOL level

Low lake-stand, water level between 6 and 9 m BOL
the 18

is
L

Reflector B-2A formed when water level decreased from
approximately 5 m BOL to a level between 6 and 9 m BOL

s in basin
High lake-stand, water level rose from 14 m to within 5 m BOL

as indicated by shallow water sediments in Core K betwee
5.3 and 4.8 m BOL
Rising water level from 14 m BOL to within 5 m BOL as
indicated by shallow water sediments formed in Core K
between 5.3 and 4.8 m BOL

14–17 m
BOL,

r

Low lake stand; water level dropped at least to a level 17 m
BOL resulting in erosion of sediments above the 17 m BO
level; an onlap sequence formed between 14 and 17 m BO
indicates water level rose slightly during this time

depths Small shallow lake with water level increasing from a low po
of 17 to 14 m BOL; an erosion surface (ES-2) formed in
depths above 14 m BOL

ow 14 m
hs above
n

High lake stand; water level increased from complete desicc
at 18.5 m BOL to at least 5.3 m BOL as indicated from
sediments in Core K

d
ging

Reflector B-5 represents an erosion surface (ES-3) that form
when the lake was desiccated, at least on a seasonal bas
not for prolonged periods
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and ES-2 erosion surfaces are limited to water depths above
17 m BOL, respectively, whereas ES-3 was identified in all c
from both the northern and southern basins. A summary of a
tic and sedimentary data and their interpretation in terms of
level is presented in Table 1.

TAB
Comparison of Acoustic an

Reflector
Sediment unit

transition

Core F C

Acoustic
depth (m)

Sediment
depth (m)

Acous
depth (

B-1 1 to 2 0.90 0.80 0.9
B-2 2 to 3 1.70 190 1.9
B-3 3/4 to 5 or 5A
B-3 (ES-2) 3/4 to 6 2.60 260 3.2
B-4 5 or 5A to 6 not present not present not p
B-5 (ES-3) 6 to 7 2.80 2.85 3.4

Note.A “g” indicates not visible because of gas.

TAB
AMS Radiocarbon Dat

Laboratory number
(CAMS) Core

Depth
(cm) Mate

17032 K 370.5 .500 mm a
17033 K 464.5 .500 mm a
17034 K 477.5 .500 mm a
17035 K 519.5 .500 mm a
13592 K 548 .500 mm a
13594 K 571.5 .500 mm a
13586 F 843 .500 mm a
13587 F 907 .500 mm a
13588 F 907 charcoal
13589 F 943 .500 mm a
17029 F 974 .500 mm a
17030 F 1006 .500 mm a
13590 F 1030 wood
13591 F 1044 wood
17031 I 1227 .500 mm a
13583 D 1271 .500 mm a
17026 D 1360 .500 mm a
18718 D 1361.5 pollen
17027 D 1417 .500 mm a
17028 D 1456 .500 mm a
13585 D 1589 .500 mm a
9586 D 1596.5 wood

13584 D 1611 .500 mm a
25425 G/H 1530 pollen
25426 G/H 1604 pollen
25422 G/H 1604 .500 mm a
25427 G/H 1643 pollen
25423 G/H 1691 pollen
25424 G/H 1758.5 pollen
25420 G/H 1842 pollen
25421 G/H 1864 pollen
22000 Z 1690 .500 mm a
and
s
s-

ke

Sediment unit 7 forms the basal section underlying the
surface in all water depths (Fig. 4). This section is chara
ized by dry, compacted sediments with high magnetic sus
tibility (100 to .500 SI), coarse grain size, high wet and

ulk densities, low organic matter (,2%), and low calcium

2
ediment Boundary Depths

I depth (m) Core D Core G/H

Sediment
depth (m)

Acoustic
depth (m)

Sediment
depth (m)

Acoustic
depth (m)

Sediment
depth (m)

0.95 0.70 1.30 1.15 1.8
1.90 1.70 2.00 2.20 2.6

3.20 3.00 g 3.90
3.00

ent not present 3.70 3.70 g
3.30 4.20 4.10 g 5.0

3
rom Birch Lake Cores

measured
Measured age
(14C yr B.P.)

Median calibrated ag
(yr B.P.)

atic macrofossil 47506 60 5540
atic macrofossil 87806 60 9710
atic macrofossil 10,0306 70 11,235
atic macrofossil 10,8306 50 12,730
atic macrofossil 12,0106 70 14,000
atic macrofossil 12,1806 70 14,220
atic macrofossil 42706 70 4840
atic macrofossil 62706 70 7180

62306 70 7110
atic macrofossil 80606 130 8980
atic macrofossil 10,4906 60 12,410
atic macrofossil 10,6306 60 12,560

12,3106 90 14,390
11,9306 70 13,910

atic macrofossil 97706 60 10,980
atic macrofossil 23206 70 2380
atic macrofossil 47906 90 5510

51006 120 5900
atic macrofossil 84506 60 9440
atic macrofossil 10,0206 60 11,190
atic macrofossil 11,6406 160 13,570

12,3006 90 14,370
atic macrofossil 12,0206 90 14,020

48106 60 5580
65906 60 7400

atic macrofossil 66306 90 7500
84806 60 9450
92106 340 10,260

11,4206 120 13,330
11,8406 100 13,800
12,7806 60 15,080

atic macrofossil 12,4406 200 14,560
LE
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carbonate content. These characteristics combined wit
tremely low pollen concentrations (Bigelow, 1997) and
lack of aquatic macrofossils support the interpretation tha
unit was deposited in a lake that desiccated at least
seasonal basis if not for prolonged periods, resulting in
oxidation of organic matter. The transition from sediment
7 to unit 6 is distinguished by decreased magnetic suscep
ity, decreased dry bulk density (from.1.4 to,1.2 g/cm3), and
increased organic matter content (from,2 to ;5%) (Table 1)
The transition from unit 7 to unit 6 is abrupt (cm-scale) in co

I (9.6 m BOL), D (12.0 m BOL), and G/H (13.5 m BOL), including m
e lithology was determined from sediment descriptions and smear-slide mineralogy
TABLE 4
Comparison of the Age of Pollen Zones Dated by Conventional

adiocarbon Measurements on Bulk Sediment (Ager, 1975) with
MS Radiocarbon Dates on Macrofossils from This Study

Stratigraphic
level

Macrofossil
(14C yr B.P.)

Bulk sediment
(14C yr B.P.)

Laboratory
number

Age difference
(14C yr B.P.)

Alder rise 7200 84506 150 I-8066 1250
Spruce rise 8800 91856 325 I-8070 400
Birch rise 11,500 147306 830 I-8068 3200

(from Ager, 1975)
FIG. 4. Sediment analyses of cores K (2.8 m BOL), F (7.5 m BOL),
susceptibility, bulk density, and loss on ignition (LOI) at 500° and 850°C. Cor
Age–depth plots were made using calibrated radiocarbon ages.
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from all water depths and is identified as the erosion su
ES-3.

Sediment unit 6 is characterized by an increase in cal
carbonate content in cores K and F, which corresponds t
presence of concentrated shallow-water shell debris. Th
of the base of unit 6 is 12,7806 60 14C yr B.P. (CAMS-25421
in core G/H, 12,4406 200 14C yr B.P. (CAMS-22000) in cor
Z, and 12,1806 70 14C yr B.P. (CAMS-13594) in core K

hese data indicate that the water level rose in both basins
he paleo base-level at;19 m BOL to near the overflow sta
ithin several centuries. Cores from deeper water contain

ragmented shells and are characterized by greater ma
usceptibility, coarser grain size, and higher accumul
ates. The transition from sediment unit 6 to unit 5 is fo

FIG. 4—
ce

m
he
ge

m

ly
tic
n

d

only in cores from deeper than 17 m BOL, indicating it w
formed during a regression phase and a low lake stand. C
contains the transition from unit 6 to unit 5A, which is ch
acterized dry compacted sediments with very low pollen
centrations (Bigelow, 1997) overlain by sediments wit
marked decrease in magnetic susceptibility, bulk density
grain size. The transition from sediment unit 6 to unit 5A
abrupt (cm-scale) and is identified as the erosion surface
In water depths above the limit of sediment unit 5A, the E
boundary occurs between sediment units 6 and 4.

Sediment unit 5 is distinguished by an increase in s
material and calcium carbonate content, suggesting sha
water conditions at core site G/H, which is currently more
17 m BOL. Similarly, a decrease in magnetic susceptibility

ntinued
Co
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an increase in shell material and aquatic macrofossils ch
terize sediment unit 5A.

Sediment unit 4 occurs in cores collected from more
5 m BOL. Core K contains sediment unit 4A which is
shallow-water deposit formed during the same period, ind
ing that the lake was approximately 4–5 m below the over
level. Decreased magnetic susceptibility, bulk density,
grain size, and increased organic matter content, charac
sediment unit 4. The radiocarbon age of the base of this u
10,6306 60 14C yr B.P. (CAMS-17030) in core F. Sedime
unit 4A is nearly pure calcium carbonate, with high conc
trations. The radiocarbon age from the base of sedimen
4A is 10,8306 50 14C yr B.P. (CAMS-17035) in core K. Th
top of sediment unit 4A has a radiocarbon age of 10,0306 70
14C yr B.P. (CAMS-17034) for core K.

Sediment unit 3 is characterized in cores with sedim
from more than 9 m BOL (cores F, I, D, and G/H) by a
ncrease in organic matter content followed by a decrease
ncrease in organic matter content is coupled with a decrea

agnetic susceptibility, grain size, and bulk density. The
ition between units 3 and 2 is characterized by an interv
ower organic-matter content (3% decrease), increased
etic susceptibility (.10 SI unit increase), and increased
ulk density (0.2 g/cm3 increase). The contact between u

4A and 2 in cores from above 5 m BOL is abrupt (1 cm) an
arked by a shift from nearly pure calcium carbonate s
ents containing high concentrations of shell debris (.500

mm) to an organic-rich silt containing,10% calcium carbon
te. We interpret this sequence as a lake-level drop
rosion followed by a rise in water level forming eros
urface ES-1. Organic matter content increases upwa
eep-water cores in sediment unit 2 from;10 to .15%.
Sediment unit 2 is characterized by an increase in org
atter content at all water depths coupled with a decrea

alcium carbonate in shallow water cores. The rise in org
atter corresponds with a decrease in magnetic suscept
nd bulk density in all cores. Radiocarbon ages for the ba
nit 2 range from 87806 60 14C yr B.P. (CAMS-17033) i

core K to 80606 130 14C yr B.P. (CAMS-13589) in core F
The transition from unit 2 to unit 1 is characterized by slig
higher magnetic susceptibility (;5 SI increase) and high

rganic matter (;3% increase).
Sediment unit 1 is characterized by high organic ca

ontent in all cores coupled with low magnetic susceptib
nd bulk density. Radiocarbon ages from the base of sed
nit 1 are 47506 60 14C yr B.P. (CAMS-17032) from core K

4270 6 70 14C yr B.P. (CAMS-13586) from core F, a
47906 90 14C yr B.P. (CAMS-17026) from core D.

Lake-Level History

Water levels in both basins of Birch Lake rose betw
12,700 and 12,20014C yr B.P. after the lake was either s-
onally dry or desiccated for a prolonged period, indicatin
rid phase prior to 12,70014C yr B.P. Although initially the
c-

n

t-
w
d
ize
is

-
nit

ts

he
in

n-
of
g-

i-
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ic
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of

n
y
ent

n

n

northern and southern basins did not have a surfice conne
water levels rose at approximately the same time in
basins, as indicated by the radiocarbon age of the
lacustrine sediments. The transition into lacustrine sedim
occurred at 12,7806 60 14C yr B.P. at 18.6 m BOL in th
southern basin and 12,4406 200 14C yr B.P. at 16.9 m BOL i
the northern basin. The younger age in the northern basi
be attributed to the higher stratigraphic level of the ba
Likewise, the radiocarbon age of the basal lacustrine sedim
is generally younger at higher stratigraphic levels in the c
from the southern basin: (1) 12,78014C yr B.P. at 18.6 m BOL
(2) 12,3006 90 14C yr B.P. at 15.9 m BOL, (3) 11,9306 70
14C yr B.P. (CAMS-13591) at 10.4 m BOL, and (4) 12,1806
70 14C yr B.P. at 5.7 m BOL. The age distribution among c
sites suggests that the transgression may have spanned;800
14C yr and may have had a complex history of small-s
water-level fluctuations. Water levels reached;5 m below the
overflow level, as indicated by a shallow water deposit in
K, before falling again by 17 m between 11,600 and 11,40014C
yr B.P. (Fig. 5).

Supporting evidence within the region for an increase in
P–E balance over interior Alaska is found at several other
During this period water levels also rose in Jan Lake in
Tanana Valley and Sands of Time on the Yukon Flats (Fin
et al., 1994, Fig. 1). Hamilton (1986) dated the Itkillik
glacier advance in the Brooks Range between 13,000
11,50014C yr B.P., and he correlated it with the McKinley P
III advance in the Alaska Range (Hamilton, 1994), wh
occurred between 12,500 and 11,50014C yr B.P. (Ten Brink

nd Waythomas, 1985; Fig. 5). This evidence is consistent
etter conditions between ca. 12,500 and ca. 11,50014C yr

B.P. in the whole intermontane interior and in the Alaska
Brooks ranges.

After the initial lake-level rise in Birch Lake, water leve
decreased to;17 m BOL after 11,60014C yr B.P. and re-
mained low until 10,60014C yr B.P. Shallow-water depos
below 17 m BOL and an onlap sedimentary sequence
formed between 14 and 17 m BOL indicate a low lake s
during this period. Low water levels are supported by
erosion surface formed above the 14 m BOL level.

Bigelowet al. (1990) identified an increase in wind intens
between 11,100 and 10,70014C yr B.P. from grain-size shifts
eolian sections along the Nenana River (Fig. 5). Although
climatic mechanism and link to the Younger Dryas rem
controversial, these findings are consistent with more-arid
ditions during this period. Further evidence of dune reac
tion during this time is found in the Teshepuk dune field
northern Alaska at ca. 11,00014C yr B.P. (Carter, 1993
Evidence from mountain glaciers indicates a general retre
trend during this period in both the Brooks and Alaska ran
consistent with drier conditions.

After ca. 10,60014C yr B.P., water in Birch Lake rose
within 5 m of itsoverflow stage, as indicated by shallow-wa
deposits in core K. Onlap sedimentary sequences betw
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and 12 m BOL in seismic profiles clearly show the l
transgression. Ten Brink and Waythomas (1985) dated
McKinley Park II advance between 10,500 and 950014C yr
B.P., roughly consistent with colder and/or moister condit
at Birch Lake. Sand deposition waned on the Nenana Rive
soils began to form during this period (Bigelowet al., 1990).

Lower lake levels occurred during the early Holocene
ween 10,000 and 880014C yr B.P. as indicated by an eros
surface in core K and a shallow-water deposit in core F.
period is marked by continued eolian activity, with consid
able loess accumulation in the Tanana valley (Pe´wé, 1975)

he eolian activity may reflect a drier climate directly
ncreased alluviation of glacially derived material as moun
laciers retreated under warmer and drier conditions. In e
ase, this is compatible with lowered lake levels.

FIG. 5. Lake-level history of Birch Lake determined from seismic p
levels. Correlation of transgression and regression phases with other s
B.P. relative to present are calculated from values given by Berger (19
radiocarbon years for comparison with the Birch Lake data. Monthly in
September) peaks between 12,000 and 900014C yr B.P.
he

s
nd

-

is
-

n
er

The lake rose at 880014C yr B.P. and likely overflowed a
least on a seasonal basis after this time. The Birch
record indicates that early to middle Holocene climate
came increasingly wet, but was still drier than today. N
ther acoustic nor sediment records show strong eviden
lower lake stands during the middle or late Holocene,
plying that the hydrologic balance of the Birch Lake sys
has remained positive since this time. Hints of low w
stands identified from seismic profiles suggest possible
lake stands throughout sediment unit 2 until approxima
4800 14C yr B.P.

Controls Over Effective Moisture Changes

The lake-level results from Birch Lake highlight four pe
ods with different effective moisture characteristics: (1) a

es and core transects. The thickness of the curve represents uncertain
ies is noted below the lake-level curve. Insolation changes for the last4,000 14C yr
), Berger (1978b), and Berger and Loutre (1991). The insolation curvetted in
ation for the summer wet season (June–August) and transition month
rofil
tud
78a
sol
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vere phase of aridity prior to 12,70014C yr B.P., (2) a two-ste
increase in effective moisture between 12,700 and 10,0014C
r B.P., (3) a prolonged period of drier than present condit
etween 10,000 and 480014C yr B.P., and (4) the late Hol-

cene, when P–E balance became more positive and Birch
overflowed (which made the watershed and therefore the
record less sensitive to further increases in moisture bala

Today in interior Alaska the main source of moisture is f
air advected from the North Pacific in a westerly flow, p
dominantly during the summer months. The strongly conti
tal climate means that during the short, hot summer, eva
tion levels can be high and water deficits are relati
common. Edwardset al. (in press) discuss possible synop
scale variations that could give rise to different precipitat
evaporation patterns in the eastern interior of Alaska. Her
focus on the larger-scale controls that may underlie the m
changes in the late-Quaternary record, assuming that
changes are representative of the Alaskan interior as a w

Late-Pleistocene arid phase (pre-12,70014C yr B.P.). Our
results are consistent with past work that suggests a prolo
dry period during the late Pleistocene in interior Alaska, w
was considerably more arid than at anytime during the H
cene (Barnoskyet al., 1987; Bartleinet al., 1991; Anderso

nd Brubaker 1993; Edwards and Barker, 1994; Huet al.,
996; Hu et al., 1998). The presence of the Laurentide
heet, increasing summer insolation (greater than mod
ool sea-surface temperatures, and lower sea level (;100 m)
re important factors that would have influenced climate a
nd of the last glaciation. During the last glacial maximum
aurentide ice sheet generated a stable anticyclone tha
ected westerlies southward of their modern track; this w
ave reduced moisture advection to interior Alaska and
rated conditions drier than present (COHMAP, 1988).
attern probably persisted until late-glacial time (Bartleiet
l., 1991). A cooler North Pacific probably had a modera
ffect on summer temperatures (Bartleinet al.,1991). Peteetet
l. (1997) showed with modeling experiments that coo
orth Pacific sea-surface temperatures resulted in cooler
pheric temperatures and a strong decrease in precipitat
djacent regions. Thus a cooler North Pacific would lik
esult in drier conditions in interior Alaska. Sea level was m
han 100 m lower than present prior to 12,70014C yr B.P.
(Fairbanks, 1989), which left vast expanses of the Be
Beaufort, and East Siberian shelves exposed. This would
increased the distance for moisture transport into the inter
the continent, in contrast to present conditions. The comb
effects of these factors are likely to have led to a much m
arid environment and to desiccated lakes or lakes at very
stands.

Two-step increase in effective moisture, 12,700–10,0014C
yr B.P. The data from Birch Lake suggest two wet peri
punctuated by a dry phase between ca. 12,700 and 10,0014C
s

ke
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yr B.P. These wet phases appear synchronous among s
the Alaskan interior (Sands of Time and Jan Lake; B. Fin
unpublished data). The dry phase at Birch Lake (ca. 11,
10,60014C yr B.P.) began prior to the onset and terminate
the middle of the Younger Dryas interval.

As the Laurentide ice sheet waned, its effect on circula
would have relaxed, and a westerly flow more typical of to
would have been reestablished (Bartleinet al.,1991). The firs
rapid rise in Birch Lake between ca. 12,700 and 12,20014C yr

.P. may be related to this major shift in hemispheric circ
ion patterns.

The wet phases can also be roughly correlated with the
eriods of accelerated sea-level rise identified by Fairb
1989), Edwardset al. (1993) and Bardet al. (1996; Fig. 5)

Between 12,500 and 11,60014C yr B.P., sea level rose fro
100 to 70 m below present (Fairbanks, 1989). The rat
sea-level rise slowed dramatically between 11,600 and 1
14C yr B.P. Edwardset al. (1993) present New Guinea cor
reef data that indicate a second rise, coupled with vigo
ocean circulation, during the second half of the Younger D
ca. 11,200 U/Th yr B.P. The radiocarbon plateau makes
parison of this second event and the record at Birch
difficult. However, the timing appears to be similar. Thus, th
may be a possible hemispheric-scale link between more
orous ocean circulation and increased advection of moi
into the Alaskan interior.

The ice-sheet-circulation effect was presumably not
cause of the dry phase between 11,600 and 10,60014C yr B.P.
However, summer insolation levels at 65°N were rising du
deglaciation, and peaked between ca. 10 and 7% greate
present during the period 12,000 to 9000 yr B.P.; va
approached modern over the last few thousand years (F
Thus, high levels of summer insolation, cool sea-surface
peratures, and sea-level still greatly lower than present
have combined during this period to produce condition
relatively low effective moisture, perhaps enhanced by a
vigorous hemispheric circulation.

Drier-than-present early and middle Holocene (ca 10,0
4800 14C yr B.P.). The early-Holocene lake lowering prob-

ly reflects a suite of changes in the climate system. Leve
ot fall as far as previously. Precipitation and evaporation
robably greater than before, as the climate system deve
truly interglacial character. The rapidly flooding contine

helves would have brought moisture sources closer t
nterior. Increasing sea-surface temperatures would pro
ave generated generally warmer and moister air masse
dvected eastward. On the other hand, high summer iso
nd warmer air temperatures in the interior would have ra
vaporation rates. The result appears to have been eff
oisture levels lower than those of the present during the
nd middle Holocene.
Birch Lake shows a clear rise at ca. 880014C yr B.P.,

although it did not apparently permanently overflow at
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time. The mechanisms for this further rise are as yet unc
but they may reflect the onset of positive feedbacks in
climate system that would further influence temperature
moisture levels, such as might be generated by decre
sea-ice extent and a longer ice-free season in the Berin
(Bartlein et al., 1991) or the expansion of coniferous for
across the region (Anderson and Brubaker, 1994). Give
interest in the possible feedback effects of coniferous fore
the climate system (e.g., Foleyet al.,1994), the close correl
tion between this moisture increase and the expansion ofPicea
forest at Birch Lake and other lakes in the eastern interi
Alaska (Bigelow, 1997) should be further investigated.

Late Holocene moist phase.During the late Holocene th
(past 480014C yr B.P.) values for most of the major contr

ver the Alaskan climate system (sea-surface tempera
ea-ice extent, insolation) have been close to those o
resent (Bartleinet al.,1991). Birch Lake began to overflow

his time and apart from indicating that this is the wet
eriod in the past ca. 12,70014C yr B.P., its record provides n

information on subsequent changes in moisture.
The complexities of the climate record require a multipr

approach to the reconstruction of past climate changes, an
study demonstrates that the study of lake levels can provi
important contribution to documenting Alaskan climate
tory. The data presented here are strong evidence for cl
fluctuations in interior Alaska during deglaciation; this pe
was not characterized by unidirectional increases in tem
ture and moisture. On top of large-scale changes relat
changing ice volumes and insolation, there may have be
response to the hemispheric-scale modification of circul
that occurred before and during Younger Dryas time. O
patterns may only be fully explained when we better un
stand the effect of positive feedbacks (e.g., sea-ice, f
cover) and the synoptic-scale patterns of climate variab
that result from the major changes discussed here.

ACKNOWLEDGMENTS

This work was supported by the National Science Foundati
Paleoclimates from Arctic Lakes and Estuaries Program (PALE)—
ATM-9200600 to the University of Alaska. A graduate fellowship and gr
from the NSF-RTG at the University of Minnesota and the Limnolog
Research Center also supported the work. Field and laboratory assistan
provided by Andrea Krumhardt, Michelle Luoma, Nancy Bigelow, Gale G
ner, Kaarin Tae, Lawrence Plug, and other students in the UAF Quat
graduate program. Discussions with Dave Hopkins and Dan Mann
particularly beneficial to this work, as well as two anonymous reviews. T
PARCS Contribution 148.

REFERENCES

Abbott, M. B., and Stafford, T. W. (1996). Radiocarbon geochemistr
ancient and modern lakes, Arctic lakes, Baffin Island.Quaternary Researc
45, 300–311.

Abbott, M. B., Seltzer, G. O., Kelts, K. R., and Southon, J. (1997a). Holo
r,
e
d

ing
ea

t
he
on

of

es,
he

t

y
his
an
-
ate

ra-
to
a

n
er
r-
st
y

nt
s
l
was
-
ry
re
is

f

e

paleohydrology of the tropical Andes from lake records.Quaternary Re
search47, 70–80.

Abbott, M. B., Binford, M. W., Brenner, M., and Kelts, K. R. (1997b). A 35
14C yr high-resolution record of lake level changes in Lake Titicaca, Bo
Peru.Quaternary Research47, 169–180.

ger, T. A. (1975). Late Quaternary environmental history of the Ta
valley, Alaska.In “Institute of Polar Studies, Report 4,” Ohio State Univ
sity, Columbus.

nderson, P. M., and Brubaker, L. B. (1993). Holocene vegetation and c
histories of Alaska.In “Global Climates since the Last Glacial Maximu
(H. E. Wright, J. E. Kutzbach, T. Webb, W. F. Ruddiman, F. A. Str
Perrott, and P. J. Bartein, Eds.), pp. 386–400. University of Minn
Press, Minneapolis.

nderson, P. M., and Brubaker, L. B. (1994). Vegetation history of north
tral Alaska: Mapped summary of late-Quaternary pollen data.Quaternary
Science Reviews13, 71–92.

ndrews, J. T., and Brubaker, L. (1994). The paleoclimates of arctic lake
estuaries (PALE): Goals and rationale of an international research pro
Journal of Paleolimnology10, 163–166.

arber, V. A., and Finney, B. P. (in press). Late Quaternary paleocli
reconstructions for interior Alaska based on paleolake-level data and h
logic models.Journal of Paleolimnology.

ard, E., Hamelin, B., Arnold, M., Montaggioni, L., Cabioch, G., Faure
and Rougerie, F. (1996). Deglacial sea-level record from Tahiti coral
the timing of glacial meltwater discharge.Nature382,241–244.

arnosky, C. W., Anderson, P. M., and Bartlein, P. J. (1987). The northwe
U.S. during deglaciation: Vegetational history and paleoclimatic imp
tions.In “North America and Adjacent oceans during the Last Deglacia
(W. F. Ruddiman and H. E. Wright, Eds.), Vol. k-3, The Geology of N
America, pp. 289–322. Geol. Soc. Am., Boulder, CO.

artlein, P. J., Anderson, P. M., Edwards, M. E., and McDowell, P. F. (1
A framework for interpreting paleoclimatic variations in eastern Berin
Quaternary International10, 73–83.

artlein, P. J., Anderson, K. H., Anderson, P. M., Edwards, M. E., Mock,
Thompson, R. S., Webb, R. S., Webb, T., III., and Whitlock, C. (19
Paleoclimate simulations for North America over the past 21,000 y
Features of the simulated climate and comparisons with paleoenvironm
data.Quaternary Science Reviews17, 549–585.

engtsson, L., and Enell, M. (1986). Chemical analysis.In “Handbook o
Holocene Paleoecology and Paleohydrology” (B. E. Berglund, Ed.). W
Chichester.

erger, A. (1978a). Long-term variations of daily insolation and Quate
climatic changes.Journal of Atmospheric Science35, 2362–2367.

erger, A. (1978b). A simple algorithm to compute long-term variation
daily or monthly insolation. Contribution 18, Universite´ Catholique d
Louvian, Institut d’Astronomie et de Geophysique, G. Lemaitre, Louv
la-Neuve, B-1348 Belgique.

erger, A., and Loutre, M. F. (1991). Insolation values for the climate o
last 10 million years.Quaternary Science Reviews10, 297–317.

igelow, N. H., Beget, J., and Powers, R. (1990). Latest Pleistocene inc
in wind intensity recorded in eolian sediments from central Alaska.Qua-
ternary Research34, 160–168.

igelow, N. H. (1997). “Late-Quaternary Vegetation and Lake-Level Cha
in Central Alaska.” Ph.D. dissertation, University of Alaska, Fairbank

inford, M. W., Kolata, A. L., Brenner, M., Janusek, J., Abbott, M. B.,
Curtis, J. (1997). Climate variation and the rise and fall of an An
civilization. Quaternary Research47, 235–248.

radley, R. S., Dodson, J., Duplessy, J.-C., Gasse, F., Liu, T.-S., and Ma
V. (1995). PANASH-PEP science and implementation. Paleoclimates
Northern and Southern Hemispheres: The PANASH Project: 1-22.
Global Changes, International Geosphere–Biosphere Programme.



, B
lak

C olia
atic
gs,
sity

C : O

C tan
ay

D f
, p

D 18t

the
logy

. (i
ter
ls
s.

. A
in

nte

F Infl
oce

F Late
nu

F bac
.

H ng
M.
ciet

H
Am

rologi-

ate

ood
gia.

acod
veg-
h

stem

ntific
vi-
aums,

ircu-
l

M.
tgla-

ern
c sea
eneral

Geo-

S s.
iley,

S ed

T hro-
d its

ly
hing-

W t and

ABBOTT ET AL.166
Bradley, R. S., Retelle, M. J., Ledlam, S. D., Hadley, D. R., Zolitschka
Lamoureux, S. F., and Douglas, M. S. V. (1996). The Taconite Inlet
project: A systems approach to paleoclimatic reconstruction.Journal of
Paleolimnology16, 97–110.

arter, L. D. (1993). Late Pleistocene stabilization and reactivation of e
sand in northern Alaska: Implications for the effect of future clim
warming on eolian landscapes.In “Continuous Permafrost. Proceedin
Sixth International Conference on Permafrost, South China Univer
Vol. 1, pp. 78–83. Technology Press, Washan, Guanzhou, China.

OHMAP members. (1988). Climatic changes of the last 18,000 years
servations and model simulations.Science241,1043–1052.

urtis, J. H., and Hodell, D. A. (1996). Climate variability on the Yuca
Peninsula (Mexico) during the past 3500 years, implications for the M
cultural evolution.Quaternary Research46, 37–47.

igerfeldt, G. (1986). Studies on past lake level fluctuations.In “Handbook o
Holocene palaeocology and palaeohydrology” (B. E. Berglund, Ed.)
127–143. Wiley, Chichester.

ouglas, M. S. V., Smol, J. P., and Blake, W., Jr. (1994). Marked post-
century environmental change in high-Arctic ecosystems.Science266,
416–419.

Edwards, M. E., and Barker, E. D. (1994). Climate and vegetation in nor
Alaska 18,000 yr.Palaeogeography, Palaeoclimatology, Palaeoeco
109,127–135.

Edwards, M. E., Finney, B. M., Mock, C. J., Barber, V., and Bartlein, P. J
press). Potential analogues for paleoclimatic variations in eastern in
Alaska during the past 14,000 years: Atmospheric circulation contro
regional temperature and moisture responses.Quaternary Science Review

Edwards, R. L., Beck, J. W., Burr, G. S., Donahue, D. J., Chappell, J. M
Bloom, A. L., Druffel, E. R. M., and Taylor, F. W. (1993). A large drop
atmospheric14C/12C and reduced melting in the Younger Dryas docume
with 230Th ages of corals.Science260,962–968.

airbanks, R. G. (1989). A 17,000-year glacio-eustatic sea level record:
ence of glacial melting rates on the Younger Dryas event and deep-
circulation.Nature342,637–642.

inney, B., Gardner, G., Edwards, M., and Abbott, M. B. (1994).
Quaternary lake-level and pollen changes in interior Alaska. GSA An
Meeting, Seattle, 1994.

oley, J. A., Kutzbach, J. E., Core, M. T., and Levis, S. (1994). Feed
between climate and boreal forests during the Holocene.Nature371,52–54

amilton, T. D. (1986). Late Cenozoic glaciation of the central Brooks Ra
In “Glaciation in Alaska: The Geologic Record” (T. D. Hamilton, K.
Reed, and R. M. Thorson, Eds.), pp. 9–50. Alaska Geological So
Anchorage.

amilton, T. D. (1994). Late Cenozoic glaciation in Alaska.In “The Geology
of Alaska” (G. Plafker and H. C. Bergs, Eds.), pp. 813–844. Geol. Soc.
Boulder, CO.
.,
e

n

,”

b-

a

p.

h-

rn

n
ior
of

.,

d

u-
an

al

ks

e.

y,

.,

Harrison, S. P., and Digerfeldt, G. (1993). European lakes as palaeohyd
cal and palaeoclimatic indicators.Quaternary Science Reviews12, 2363–
2348.

Hodell, D. A., Curtis, J. H., and Brenner, M. (1995). Possible role of clim
in the collapse of Classic Maya civilization.Nature375,391–394.

Hopkins, D. M., Smith, P. A., and Matthews, J. V., Jr. (1981). Dated w
from Alaska and the Yukon: Implications for forest refugia in Berin
Quaternary Research15, 217–249.

Hu, F. S., Ito, E., Brubaker, L. B., and Anderson, P. M. (1998). Ostr
geochemical record of Holocene climatic change and implications for
etational response in the northwestern Alaska Range.Quaternary Researc
49, 86–95.

Hu, F. S., Brubaker, L. B., and Anderson, P. M. (1996). Boreal ecosy
development in the northwestern Alaska Range since 11,000 yr B.P.Qua-
ternary Research45, 188–201.

IPCC Scientific Assessment (1990). Climate change: The IPCC Scie
Assessment.In “World Meteorological Organization, United Nations En
ronment Programme” (J. T. Houghton, G. L. Jenkins, and J. J. Ephr
Eds.), p. 239.

Mock, C. J., Bartlein, P. J., and Anderson, P. M. (1998). Atmospheric c
lation patterns and spatial climatic variations in Beringia.Internationa
Journal of Climatology18, 1085–1104.

Moore, T. C., Rea, D. K., Mayer, L. A., Lewis, D. M., and Dodson, D.
(1994). Seismic stratigraphy of Lake Huron–Georgian Bay and pos
cial lake level history.Canadian Journal of Earth Science31, 1606 –
1617.

Peteet, D., Genio, A. D., and Lo, K. K. W. (1997). Sensitivity of north
hemispheric air temperatures and snow expansion to North Pacifi
surface temperatures in the Goddard Institute for Space Studies g
circulation model.Journal of Geophysical Research102,23781–23791.
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