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archives are needed to better understand the functioning of the sea ice-albedo feedback. Here we use the
oxygen isotope values of wood cellulose in living and sub-fossil willow shrubs (5'0y.) (Salix spp.) that
have been radiocarbon-dated ('C) to produce a multi-millennial record of climatic change on Alaska's
North Slope during the Pleistocene-Holocene transition (13,500—7500 calibrated C years before pre-
sent; 13.5—7.5 ka). We first analyzed the spatial and temporal patterns of 3'®0yc in living willows

ji?c,zivcufliska growing at upland sites and found that over the last 30 years 5'80y, values in individual growth rings
Paleoclimate correlate with local summer temperature and inter-annual variations in summer sea-ice extent. Deglacial
Oxygen isotopes 3180y values from 145 samples of subfossil willows clearly record the Allerad warm period (~13.2 ka),
Climate change the Younger Dryas cold period (12.9—11.7 ka), and the Holocene Thermal Maximum (11.7—9.0 ka). The
Sea ice magnitudes of isotopic changes over these rapid climate oscillations were ~4.5%o, which is about 60% of
Dendrochronology the differences in 8'®0y. between those willows growing during the last glacial period and today.
Younger Dryas Modeling of isotope-precipitation relationships based on Rayleigh distillation processes suggests that

North Pacific

Bering Strait during the Younger Dryas these large shifts in 3'80wc values were caused by interactions between local

temperature and changes in evaporative moisture sources, the latter controlled by sea ice extent in the
Arctic Ocean and Bering Sea. Based on these results and on the effects that sea-ice have on climate today,
we infer that ocean-derived feedbacks amplified temperature changes and enhanced precipitation in
coastal regions of Arctic Alaska during warm times in the past. Today, isotope values in willows on the
North Slope of Alaska are similar to those growing during the warmest times of the Pleistocene-Holocene
transition, which were times of widespread permafrost thaw and striking ecological changes.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction and in the Arctic the most important of these is the albedo change
caused by reductions in the extent of sea ice in summer and early
Rapid climate changes often involve strong positive feedbacks, autumn (Serreze and Francis, 2006). Over the last 40 years,

coverage of multi-year sea ice in the Arctic Ocean has decreased by

11% per decade (Screen and Simmonds, 2010), which is an alarming

"+ Corresponding author trend because general circulation models suggest a seasonally ice-
E-mail address: bengaglioti@gmail.com (B, Gaglioti). free Arctic Ocean will have strong effects on global climate (Deser
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et al., 2010). Recent observations of unusual convective storms
traversing the Arctic Ocean and intense winters in mid-latitudes
tend to support this prediction (Vihma, 2014; Klein et al., 2015a).
Recent declines in sea ice have been forced by and acted to enhance
warming air temperature trends in Arctic Alaska, including a 2.9 °C
rise in mean annual temperature at Barrow (Fig. 1) since CE 1900
(Wendler et al, 2010), and a 0.5-2 °C rise in mean annual
permafrost temperature over the last several decades (Smith et al.,
2010; Jeffries et al., 2012). Sea-ice-enhanced warming of air tem-
peratures could thaw permafrost and release its vast stores of
ancient carbon downstream and to the atmosphere, which in turn
could change global carbon budgets and influence climate and
ecosystems across a wide range of spatial and temporal scales
(Jorgenson et al., 2006; Schuur et al., 2008; Post et al., 2009; Bhatt
et al., 2014).

A deeper historical context is needed to understand the poten-
tial magnitude, sensitivity, geographic extent, and ecological ram-
ifications of the ice-albedo feedback. Land-based paleoclimatic
records that are sensitive to both abrupt climate change and sea-
ice-processes can provide this additional perspective with pre-
cisely dated paleo-records whose chronologies are not complicated
by the C-reservoir effects in marine records. The prehistoric
precedents most comparable in their rates and magnitudes to the
changes in sea-ice cover and climate occurring today occurred
17,000 to 8000 calendar 'C years ago (17.0—8.0 ka) during the last
deglaciation (Ruddiman, 2001).

The most notable of the warming events occurring during the
last deglaciation was the termination of the Younger Dryas cold
period at 11.7 ka when temperatures in Greenland warmed by at
least 5 °C within a few decades (Alley, 2000). A sea-ice albedo

feedback caused by the retreat of sea ice in the North Atlantic is
thought to have amplified this post-Younger Dryas warming. The
isotopic signature of this sea-ice retreat is recorded as a shift to both
higher 3'80 values and deuterium excess values in Greenland ice
cores as the evaporative source areas of Greenland-bound moisture
moved northward over the Atlantic Ocean (Jouzel et al., 2005; Klein
et al., 2015a).

Resolving the deglacial climate history in the Alaska—Siberia
sector of the Arctic and how it compared with the North Atlantic
region is critical for understanding the teleconnections and feed-
backs of paleoclimatic events at high latitudes (i.e. Kaufman et al.,
2004; Melles et al., 2012; Praetorius and Mix, 2014; Kaufman
et al.,, 2016). Compared to the North Atlantic, much less is known
about the postglacial climate history of the region surrounding the
North Pacific, and the climate history of the Arctic Ocean and its
adjacent lands remains a large gap in our understanding of paleo-
climatic events (Polyak et al., 2010; Jakobsson et al., 2014).

In this study, we fill some of these knowledge gaps by building
on the pioneering work of Epstein (1995) by using 3'30 values in
modern and sub-fossil willow shrub (Salix spp.) cellulose (8'80yc)
as a proxy for past climate change. Our focus is on the last degla-
ciation, 13.5 to 7.5 ka. We start by testing how climate variables
affect the spatial and temporal patterns of 380y values in living
willows, and then, after compiling a record of ancient 380y, values,
we infer how these climate variables changed during the Pleisto-
cene—Holocene transition. Finally, we use this record to explore
how abrupt deglacial climate changes both drove and were driven
by Arctic sea-ice feedbacks.
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Fig. 1. Alaska's North Slope showing sampling locations. See text for site descriptions. Numbers next to ‘paleo’ and ‘chronology’ sites indicate how many sub-fossil (total = 179), and
individual rings (total = 178) were analyzed for 3'0,,. from these locations. Top left inset shows maximum (March; dashed line) and minimum (September; solid line) sea-ice
extent during 1983 (green lines) and 2012 (red lines), which represent the most and least extensive sea-ice years since record keeping began in 1976. Also shown is the me-

dian sea ice extent since 1976 (blue lines; from Fetterer et al., 2002).
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2. Regional setting

The study area is the North Slope of Alaska (Fig. 1), a region
slightly larger than Great Britain that lies between the east-west
trending Brooks Range and the Beaufort and Chukchi Seas of the
Arctic Ocean. Today sea-ice covers much of the adjacent seas
around the North Slope between December and July, reaching its
maximum in March (Wendler et al., 2010). Sea-ice extent is mini-
mum in September, and, in recent years, several thousand square
kilometers of ocean has been open in the southern Beaufort and
Chukchi Seas during late summer and early fall (Fetterer et al.,
2002; Wendler et al., 2010). Sea ice extent tends to amplify sea-
sonal and inter-annual temperature changes over the North Slope
due mainly to ice albedo feedbacks (Wendler et al., 2010; Alexeev
et al.,, 2016).

The North Slope lies above the Arctic Circle, is covered by tundra
vegetation (Fig. 2) (Walker et al., 2005), and underlain by contin-
uous permafrost (Jorgenson et al., 2008). A ~20- to 50-cm-thick
active layer thaws each summer and refreezes every winter
(Romanovsky and Osterkamp, 1995). The presence of both sea ice
and the maritime effects of the Arctic Ocean to the north and west
creates steep biophysical gradients in the region today, with both
precipitation and growing season temperature declining towards
the coast (Zhang et al., 1996). This results in lower primary pro-
ductivity, less woody vegetation, colder soils, and thinner active
layers as the coast is approached (Hinkel and Nelson, 2003; Walker
et al., 2005).

Despite its cold climate, much of the North Slope was never
glaciated during the ice ages because of its aridity (Ager et al.,
2004). Today the North Slope has a semi-arid climate, and most
precipitation originates from evaporative sources in the North Pa-
cific Ocean and Bering Sea (Zhang et al., 1996). Air masses arriving
from these distant seas are generally moisture-poor because they
have rained-out while crossing wide continental expanses and
mountain ranges (Moritz, 1979). During the few months in the late
summer and autumn when sea-ice cover is at a minimum, pre-
cipitation on the North Slope is supplemented by moisture evap-
orating from the northern Bering, Chukchi, and Beaufort Seas
(Homan, 2015). Recent reductions in sea-ice extent have been
linked to increased precipitation in the Arctic (Kopec et al., 2016),
with the effects most pronounced in summer and autumn when
sea surface temperatures are warmest (Boisvert and Stroeve, 2015).

Due to the cold, waterlogged soil conditions and underlying
permafrost, plant material, including pieces of subfossil wood, are

well-preserved in a variety of depositional environments on the
North Slope (Fig. 3) (Mann et al., 2002, 2010; Gaglioti et al., 2014;
Baughman et al., 2015). A particularly long sedimentary archive
containing abundant ancient wood material is provided by the
partially drained basin of the informally named “Lake of the
Pleistocene” (LOP) (Mann et al., 2002; Gaglioti et al., 2014). The LOP
is located in the Arctic Foothills near the northern front of the
Brooks Range (Fig. 1). The former bed of LOP is now exposed as a
bluff along the Etivluk River (Figs. 1 and 3) (Mann et al., 2002;
Gaglioti et al., 2014). Most of the “C-dated pieces of willow wood
used in this study come from the LOP site (n = 93 out of n = 179);
another suite of dated willow wood come from stratigraphic sec-
tions of terrestrial and fluvial sediment (Mann et al., 2010) exposed
in the drainages surrounding LOP (n = 28 out of 179), as well as the
Ikpikpuk and Titaluk Rivers located 150 km north of LOP at the
southern margin of the Arctic Coastal Plain (n = 52 out of 179)
(Fig. 1, bottom inset).

3. Methods
3.1. Approach: 6'80 in wood cellulose

Well-preserved ancient wood often retains the isotopic signa-
tures of its former source water (McCarroll and Loader, 2004), and
so the oxygen isotope composition of wood cellulose can provide
useful and temporally-precise paleoclimate records (Epstein et al.,
1976; Gray and Thompson, 1977; Yapp and Epstein, 1982; Epstein,
1995; Richter et al., 2008). The 8'80 of precipitation and the de-
gree of evapotranspiration controls the 3'30 signal in wood cellu-
lose (McCarroll and Loader, 2004). In turn, the 3'30 of precipitation
is controlled mainly by four factors: 1) the initial isotopic compo-
sition of the moisture being evaporated, which in most cases comes
from an ocean; 2) evaporative conditions at the moisture source
including sea surface temperature, relative humidity, and wind
speed; 3) the degree of cooling or Rayleigh distillation the air mass
experienced, which is controlled by atmospheric temperature
during condensation; and 4) any re-evaporation that occurred after
initial condensation (Kendall and McDonnell, 2012). Because of the
geographic and intra-annual variability in water isotopes within a
given region, the key relationships that need to be understood
before the 880 values in wood cellulose can be interpreted in terms
of paleoclimate are: 1) the season that the plant's source water
precipitated, 2) the weather conditions controlling isotopes in
precipitation values in the particular study region, and 3) whether

Fig. 2. a) A typical patch of upland willow shrubs in the foreground with the Arctic Foothills of the Brooks Range in the background. b) Floodplain willows (Salix alaxensis) along the
Titaluk River behind the canoe for scale. c) Sanded cross section of a willow stem under a dissecting microscope. Outer ring is being removed with a scalpel for cellulose extraction

and 530 analysis.
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Fig. 3. a) Sampling Lake of the Pleistocene (LOP) section with locations of two 'C dates indicated. b) Close-up of LOP exposure. Arrows point to fragments of ancient willows that
were analyzed for 8'80,. Calendar-age estimates from individual willow twigs are based on either their 'C ages or on interpolated ages. (Gaglioti et al., 2014). In right-side panel,

measuring tape extends 32 cm.

the precipitation signal was significantly altered by evaporation
and/or by transpiration (McCarroll and Loader, 2004). In order to
know when isotopic change is related to climate rather than the
internal variability of a stem or site, it is also important to document
how 380y, values vary between growing sites and within different
parts of the same plant (Leavitt, 2010). Once these climate-plant-
cellulose isotope relationships are established in the present day
and their variability is quantified, time series of ancient wood iso-
topes can then be used to infer past climate changes (Burk and
Stuiver, 1981; Porter et al., 2009; Brienen et al., 2012).

Physiological fractionation processes also have the potential to
modify the precipitation-related isotopic signatures registered in
wood cellulose. These physiological processes include: 1) transpi-
ration that can cause ®0-enrichment, which is enhanced when
plants experience drought stress (Roden et al., 2000; McCarroll and
Loader, 2004), 2) oxygen-isotope fractionation of ~ +27%o occurring
when plant sucrose (a precursor of cellulose) is formed (Sternberg
et al,, 1986), and 3) the degree that transpiration-altered phloem
water exchanges with unaltered xylem water coming up from the
roots when they meet in the stem and fuel cellulose production
(Roden et al., 2000). Comparing how 580 values relate to §'3C
values from the same cellulose samples can determine how much
transpiration tends to modify these climate signals because higher
3'3C values indicate higher rates of water use efficiency, and lower
rates of transpiration (Lambers et al., 1998). Although these phys-
iological processes can modify cellulose 880 values, in general they
are often subordinate to broad geographic patterns and long-term
climate change (millennia) in 880y, determined by meteorolog-
ical and oceanographic factors affecting initial evaporation, trans-
port, and condensation of precipitation (Gray and Thompson, 1977;
Yapp and Epstein, 1982; Epstein, 1995; Porter et al., 2009; Brienen
et al.,, 2012).

3.2. Sampling

We sampled modern willows in order to understand what cli-
matic, site-specific, and within-plant processes have influenced
3180, values on the North Slope of Alaska over the last few

decades (Supplemental Table 1). Willows (genus Salix) are the most
common shrubs in low arctic tundra vegetation where upright
woody plants exist near the northern limit of their range. The
modern willows we sampled were 0.5- to 3-m-tall shrubs growing
in a variety of topographic settings (Fig. 2; Supplemental Table 1).
We compared the 3'80y, values of individual annual rings (Fig. 2c)
with monthly climate variables from the current and previous year
of growth (‘dendro samples’, orange and blue dots in Fig. 1). For
these dendro samples, living willows were sampled by cutting
basal cross-sections from five individuals growing at eight, widely
separated upland or floodplain sites consisting of Salix alaxensis
(Andersson) Coville and Salix glauca L. (Fig. 1). Cross-sections were
incrementally sanded with up to 600-grit sand paper. Using a
Velmex measuring machine, we manually measured ring widths on
at least two radii from each of the five individuals from each
location, and then cross-dated the ring series within and between
the samples, checking the dating using the COFECHA program
(Supplemental Table 1; Holmes, 1983). Individual rings from eight
cross-dated individuals (one from each location) representing
various time windows from CE 1976 to 2012 (n = 178 total ring
years; Fig. 1; Supplemental Table 1) were sampled with a scalpel
under a dissecting microscope (Fig. 2c).

We then compared the average 880y, values of homogenized,
whole stems from multiple willows growing at different sites with
mean climate variables for that location (mean of CE 1976 to 2012;
‘spatial samples’, black dots in Fig. 1) to determine how 880y,
varied across the region. Wood from spatial samples was collected
in the same manner as described above from 15 different locations,
but cross-sections were not measured for ring-widths or cross-
dated. Each stem was homogenized so that each sample repre-
sented the entire cross-section of one individual shrub, with the
five samples from each site representing five different individuals.
Spatial samples consisted of a variety of upright species (hereafter
all modern and paleo-Salix spp. are termed ‘willow’). For spatial
samples, an average of all 3'%0,, values was then taken for each
location and used for kriging analysis to make an interpolated map
of 5180,y values of the western North Slope as described below.

To estimate the intra-site variability in 880y, values, we used
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individual growth rings representing the same year from five
different individuals growing at the same site (white, ‘top-
osequence’ dot near the Colville River and the LOP site in Fig. 1). We
also looked at the variability of individual 580y, values among
individual willows and individual rings at the same site at each of
the twenty study locations (shown in Fig. 1). Because ancient
samples were likely composed of wood from various heights on a
stem, we also wanted to know how 3'80y, varies within an indi-
vidual shrub (‘position in plant’ sites in Fig. 1). To do this, we
sampled and analyzed the same annual ring at three to four
different heights in the stem of a modern willow between its root
crown and terminal twig.

To extend our record back in time, we analyzed ancient wood
from geologic sections (Mann et al., 2002, 2010; Gaglioti et al.,
2014; Baughman et al., 2015) that was identified as either willow
(n = 167) or cottonwood (Populus balsamifera L.; n = 12) (Figs. 1 and
3). All wood fragments from the LOP section are assumed to be
willow because it is the most common shrub surrounding the lake
today, and — based on the pollen record from this lake (Mann et al.,
2002) — it has been common there over the past 14.5 ka. In addi-
tion, we identified hundreds of willow leaves from the LOP section,
and found no shrub birch (Betula spp.) or alder (Alnus spp.) leaves,
the other upright shrub taxa growing in the region today. Wood
that was sampled from other stratigraphic sections was identified
as willow if it did not have cottonwood or conifer bark character-
istics. Cottonwood has a characteristic thick, furrowed bark with a
thin, persistent inner bark. Most of the cottonwood we encoun-
tered were large-diameter (>15 cm) tree trunks.

In total, we analyzed 179 samples of ancient wood ranging in
size from logs to twigs and ranging in age from ~0.3 ka to >45.0 ka.
Some wood samples were directly radiocarbon dated by the AMS
technique (n = 70, Supplemental Table 2). The remainder came
from stratigraphic sections possessing secure age-depth relation-
ships that could be used to interpolate the ages of individual
samples. The modeling techniques used to generate these chro-
nologies are described in Gaglioti et al. (2014) for LOP and in
Baughman et al. (2015) for the Lawrence's Bend meander scroll site

(Fig. 1).
3.3. Cellulose extraction and isotope analysis

Alpha-cellulose (a-cellulose) is the preferred compound from
which to infer source-water isotopes (Gray and Thompson, 1977;
Schleser et al., 1999; Roden et al., 2000; McCarroll and Loader,
2004; Szymczak et al, 2011). We used the Jayme and Wise
method to extract holocellulose from batches of 50—75 crushed
wood samples (Green, 1963). Instead of using glass filter paper to
extract samples (as in Leavitt and Danzer, 1993), we used synthetic
polymer fiber pouches (F57 filter bags from the Ankon Technology
Corporation). Alpha-cellulose extraction then followed the
methods of Green (1963), but instead of the ethanol and benzene
baths we used ethanol and toluene baths in a soxhelet apparatus to
reduce carcinogen exposure as is recommended by Leavitt and
Danzer (1993). Samples were then rinsed in deionized water (DI),
boiled in DI, and then stirred in a solution of 0.006 L glacial acetic
acid: 1.8 L DI and 12 g of sodium chlorite for 1 h at room temper-
ature. Sample pouches were then stirred in a solution of 0.17 kg
pelletized NaOH dissolved in 1 L DI for 1 h at room temperature.
Ancient cellulose samples that showed signs of iron oxide deposits
were boiled in 0.15 M solution of oxalic acid for 90 min. This was
done because iron oxides from geologic sources can alter the 3'80
values of cellulose and therefore need to be removed (Leavitt and
Danzer, 1993; Richter et al., 2008). Pure white a-cellulose samples
with a mass of 0.3—0.5 mg were freeze-dried, weighed, and
analyzed for stable oxygen isotope ratios on a Thermo Thermal

Conversion Elemental Analyzer (TC/EA) attached via a Conflo Ill to a
Thermo Delta V Plus isotope ratio mass spectrometer (IRMS) at the
Cornell University Stable Isotope Laboratory. All 3'80 values are
expressed relative to Vienna Standard Mean Ocean Water
(VSMOW). The consistency of the cellulose extraction process was
tested by comparing the 3'80 values from analyses of replicate
samples composed of a homogenized ancient wood standard
(Porter and Middlestead, 2012), where nine samples were extracted
and analyzed in two different batches, and three standards were
extracted and analyzed in a third batch. The ancient wood standard
replicates had a 5'0, standard deviation of 0.46%o (n = 9), 0.23%o
(n = 9), and 0.34%0 (n = 2) respectively, for each of the tested
batches and a total standard deviation of 0.95%. (n = 21). Analytical
precision was estimated by multiple analyses (~15 standards for
every 50 samples) of the IAEA standards including 601, 602, Ben-
zoic Acid, and C4. Replicates of these standards had a 8'0 standard
deviation range of 0.29%0:—0.87%0 within each of the batches. We
only analyzed cellulose samples that had a 40—55% oxygen (O)
content, which is near the ~50% O content of pure cellulose. Lower
values in paleo-samples imply that some cellulose degradation had
occurred, and the 3'80,, values might have experienced fraction-
ation from diagenesis or other factors not related to source-water
changes in the past. We also analyzed the cellulose extracted from
spatial samples for 3'3C to determine whether there was any
relationship between site-standardized 3'®0y and site-
standardized 3'3Cyc (n = 15 sites, n = 5 individuals from each
site), which would indicate that 880y, values are significantly
altered by transpiration.

3.4. Data analysis

The 6180\,\,c values from each dendro location were standardized
by site (annual isotope value — mean/standard deviation), and
compared with interpolated mean monthly and annual tempera-
tures and precipitation (1976—2012) from the Climate Research
Unit's gridded temperature and precipitation (CRU TS3.22) dataset
interpolated at 0.5° intervals (Harris et al., 2014). We also used
mean values from each of the sample sites to interpolate the mean
3180, values using the kriging algorithm in ArcMap 10.3 to assess
the potential coast-to-inland 3180 gradient recorded in willow
shrubs and therefore in precipitation isotopes across the North
Slope. We then compared individual ring site-standardized 380y
values with spatially interpolated, site-standardized mean monthly
temperature and precipitation for both the current (growing sea-
son) year and for the preceding year using the CRU TS3.22 dataset
as a time series (Harris et al., 2014). Site standardizing was done to
remove the spatial effects of climate and 3'80,,. values when
combining sites. Site-standardized §'®0y, data from dendro sam-
ples were also compared with the monthly sea-ice extent for the
previous year estimated for a geographic window encompassing
65°—75° N and 170° to 135°W, a region encompassing the northern
Bering, Chukchi and Beaufort Seas from approximately the longi-
tude of eastern Chukotka eastward to the Mackenzie River delta
(Fig. 1; Fetterer et al., 2002). Pearson product-moment correlation
coefficients (hereafter R) were calculated for each monthly and
annual variable. Coefficients were deemed significant where p-
values were <0.05.

The ages assigned to ancient 3'30,y values represent the median
calibrated '#C age of the wood sample or its mean interpolated age
using age-depth modeling (reported in Gaglioti et al., 2014;
Baughman et al., 2015). All C ages were calibrated using the
IntCal13 calibration curve (Reimer et al., 2013). For the period be-
tween 13.5 and 7.5 ka, 880y values were smoothed using a locally
weighted smoothing spline method (LOWESS) with a span of 0.3
(Cleveland and Devlin, 1988). Cross-validation using least squares
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techniques were used to identify the LOWESS span length with the
lowest root of the mean square error of prediction (in this case a 0.3
span) (Cleveland and Loader, 1996). The 95% confidence interval of
this smoothed line was then used to compare whether different
time periods had significantly different mean 380y, values.

The Rayleigh distillation model described by Kendall and
McDonnell (2012) was used to explore the effects of different cli-
matic and oceanographic scenarios on the 5'80,, patterns observed
on the North Slope. We estimated §'80y, values on the North Slope
under different scenarios by calculating the estimated temperature
difference between the oceanic evaporative sources (Tsource) and
the condensation site (T.) and then compared these estimates with
the observed changes in paleo—élgowC values and therefore in
p.’:lleo—Bwoprecip values. To correct for fractionation occurring during
sucrose formation in plants, we converted Blgowc values to
3'80precip values by subtracting 27%o from 380y (Sternberg et al.,
1986). Equilibrium fractionation factors for evaporation and pre-
cipitation for different estimated ocean and air temperatures were
calculated using Majoube (1970, 1971). Kinetic fractionation factors
of evaporation under 10% humidity were calculated using those
reported by Clark and Fritz (1997). The fraction of water lost during
air mass cooling was calculated using water vapor saturation under
different air temperatures (Goff and Gratch, 1946).

We adjusted the paleo 3'80,y values to remove the effects of a
changing mean ocean isotope value due to sea-level drawdown
during the last glaciation. For example, 8'80,, in willows estimated
to be growing ~13.0 ka were taking up precipitation from an ocean
that was 0.9% more enriched than the modern ocean value
(VSMOW or 0%o). Therefore, to correct for these non-climatic source
effects on precipitation, we subtracted the ocean values from the
paleo-3'30,,. values so willows growing from the last 40 ka could
be compared with each other and so that their temporal patterns
would be unaffected by ocean source water isotopes. To continue
with this example, the 13.0 ka 8130WC values that were 17%o were
corrected to 16.1%o so they could be compared with 580y, from
other times including the modern willows. We used the 100-year
estimates of mean ocean water 3'80 values based on Bintanja et al.
(2005).

4. Results
4.1. Modern 60, values and variability

We observed a disparity (mean difference of 4.5%o) between the
whole-stem spatial samples and individual tree rings from the
same stems. This difference is related to the presence of bark in the
whole-stem samples, which in five pairs of samples we found is
4—8%o lower than the wood of the same stem. Therefore, we cor-
rected the whole-stem samples by adding to them the mean dif-
ference between all the whole wood versus stem samples (4.5%o).
This bark offset is not relevant for comparisons between the dendro
and paleo samples because all of those samples had their bark
removed. Therefore, the bark effect is only relevant for comparing
the modern dendro and modern spatial samples. This correction
was further justified by the fact that the general spatial patterns of
3180, across the North Slope (see below) were similar for both the
bark-on and bark-off samples, implying the bark fraction was the
cause of this offset.

The mean 6180‘,\,C value from individual rings (dendro samples;
n = 178) growing between CE 1976 and 2012 was 18.03%o (1.46%o
standard deviation). The intra-site variability of alsowc values for
the samples representing the same year’s growth ring in different
individuals ranged from 0.64%o (1 standard deviation, n = 6, CE
2011 ring, LOP site) to 0.76%o (n = 8, CE 2012 ring, Colville River
Site). Variability among homogenized individuals at the same site

(spatial samples) ranged from 0.5%o to 1.3%o (1 standard deviation
for n = 5 at each of 14 sites). Similarly, variability among different
rings sampled from the same cross-section (i.e., dendro samples
from same stem and radius) was 0.6%0—1.6%o (1 standard deviation
for each site). For intra-plant comparisons of 580y, values, outer
ring values from cross-sections growing higher in the stem were
generally lower by 1—2%o (n = 3, for each of 3 individuals at one
site; 1 standard deviation ranged from 0.41 to 1.2%. for each indi-
vidual). Because the intra-stem (1.5%o), intra-site (1.0%o), and inter-
site (1.5%o) isotopic variability has been estimated from modern
willow samples, we can calculate the magnitude of isotopic shifts in
the paleo record that cannot be explained by this combined un-
certainty. We estimate the additive uncertainty in paleo isotopic
shifts by taking the sum of squares of the one-sigma uncertainties
and adding the analytical uncertainty (0.87%c), which gives a
combined uncertainty of 2.5%o. Overall, these data indicate that any
shift in mean 3'80yc values > 2.5%o likely represent significant
shifts in the climatic factors controlling 880y, values.

Climate, geography, and annual variations in sea-ice extent were
all found to significantly influence 580, values in living willows
(Figs. 4 and 5). For dendro samples from upland sites, average
annual temperature during the growing season year, and particu-
larly average June temperature were significantly, and positively
correlated with 5'80y,c values (Fig. 4; n = 115, R range = 0.31-0.32,
p-value = 0.0007). In contrast, the 5180y, values of floodplain
willows were negatively correlated with average August tempera-
ture during the previous growing season (not shown; n = 63,
R = —0.26, p = 0.04), but generally had low correlations for other
months. For willows growing in both floodplain and upland set-
tings, those individuals growing at the sites closer to the Chukchi
and Beaufort Sea (Fig. 1) generally had higher 3'80,,. values than
those growing further away, which is also reflected in the modeled
isotopes in precipitation of the region (Bowen and Wilkinson,
2002). Assuming that willows growing across this spatial gradient
are consuming the same seasonal mix of precipitation and soil
water, this pattern suggests that the Arctic Ocean is likely a sig-
nificant moisture source for the precipitation used in recent willow
growth (Fig. 5). This spatial pattern is unlikely to be related to
changes in local air temperature because sites further away from
the Arctic coast typically have warmer summer temperatures
(Zhang et al., 1996), and therefore would be expected to yield the
opposite trend in 880y (higher 880y values further inland). Site
standardized 3'3C,. values were not significantly correlated with
3'80uc values from the same samples (n = 80, R = 0.065, p-
value = 0.57), indicating that climate-driven changes in water use
efficiency or transpirational processes are not significant drivers in
3180, variability on the North Slope today.

Consistent with the coastal-enrichment result, the mean extent
of sea ice surrounding the North Slope of Alaska during June, July,
and August is negatively correlated with 3'0, values in upland
willows (Fig. 5; n = 115, R = -0.33, p-value = 0.0003). The residuals
of a linear model between 880y and mean June temperature
(n = 115, R> = 0.09, p-value = 0.0006) were also negatively
correlated with mean sea ice extent (not shown; n = 115, R = —0.26,
p-value = 0.005). Thus, sea-ice extent seems to be a real driver of
3180, values, and more than simply an indirect, covariant effect
between sea ice and summer temperature (n = 34, R = 0.81, p-
value<0.0001). There are no significant correlations between the
dendro 880,y values and precipitation amount. Taken together,
these results indicate that, assuming climate—proxy stationarity,
6180\,\,c values from upland willows can be used to infer past cli-
matic conditions (mean annual temperature, and specifically mean
June temperature), as well as to infer changes in the oceanic source
areas of precipitation that are influenced by temporal changes in
regional sea-ice extent.
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Fig. 4. Correlation coefficients between 3'80,y. values of individual rings in cross-
dated shrubs and monthly and annual climate variables in the previous year (lower-
case letters) and growing season year (uppercase letters; annual growing season year is
January—September) from upland willow sites (one shrub from eight sites combined to
for 118 total ring years). a) Shows correlations between 5'30,, and air temperatures
interpolated to 0.5°, and b) shows correlations between 3'80wc and Sea ice extent
surrounding the North Slope of Alaska (65°—75° N and 170°—135° W).

4.2. Paleo-6'80,,. values

The 3'80y, values of the 28 wood samples with C ages >16.0
ka are on average lower than samples with ages <16.0 ka (Fig. 6).
Significant fluctuations are apparent in both the raw and smoothed
3180w values that are younger than 13.5 ka (Fig. 7). 8180y, values
reached a peak ca. 13.2 ka, the highest smoothed value observed in
the record, before declining by ~4.5%0 and reaching their lowest
values ca. 12.1 ka. Between 12.0 and 11.0 ka, a ~4%o increase in
3180y, values occurred that peaked ca. 11.2 ka. A gradual decline of
around 1.5%o occurred between 11.2 and 10.0 ka. Six ancient sam-
ples dating to various times over the last 7 ka have a mean and
standard deviation of 16.2%o0 and 1.3%o, respectively, which overlaps
with the 3'80,, values in wood dating to between 10 and 7.5 ka
(Fig. 6). Living willows have elevated §'80,,. values compared with
the early Holocene mean (Fig. 7). Individual, raw 380y values
similar to the mean of modern willows (18.03%o) last occurred ca.
13.2 ka and then sporadically between 11.3 and 9.0 ka (Fig. 7),
however, modern willows have higher 880, values than the mean

smoothed paleo-samples from any point in the deglacial record
(highest value is 16.3%o at 13.2 ka).

5. Discussion
5.1. How 60, values relate to past and present climate

The values of 380y, preserved in the wood cellulose of willow
shrubs provide a proxy for climate history on the North Slope of
Alaska and specifically for changes in air temperatures and pre-
cipitation sources. Here we focus on upland willows because they
make up the vast majority of paleo-samples that we use to interpret
these patterns (144 out of 179 total samples). Over recent decades,
the temporal patterns of 8'®0,, in upland willows correlate posi-
tively with mean annual and specifically June air temperatures
(Fig. 4). Similar climate-isotope relationships are observed in high
latitude conifers in the Northwest Territories of Canada and the
Yakutia region of Siberia (Porter et al., 2009; Sidorova et al., 2010).
Based on the effects that regional air temperature has on precipi-
tation isotopes by Rayleigh distillation processes, warmer temper-
atures on the North Slope should reduce the rain-out of '®0 and
cause higher 5180precip,wc values both today and in the past (Kendall
and McDonnell, 2012).

Sea-ice extent also influences 880y, values in North Slope
willows, and we would expect changes in sea-ice coverage to
accentuate temperature-driven Blsopredp/wc effects. This is because
the extent of sea ice controls how much of the precipitation falling
on the North Slope was evaporated from the nearby regions of the
Arctic Ocean and Bering Sea. Under warmer conditions, retracted
sea ice exposes more open water that serves as an evaporative
moisture source, which supplies relatively elevated 5180precip
values to the North Slope willows compared with moisture coming
exclusively from distant southern sources during colder periods
when sea ice is more extensive. The effect of sea-ice extent on
3180y is illustrated by a steep gradient stretching inland from the
Chukchi and Beaufort Sea coasts, indicating an Arctic source for the
moisture fueling willow growth in recent decades (Fig. 5).

Other data sources corroborate the importance of the Arctic
Ocean-derived moisture source we infer here based on the spatial
patterns of 3'80y, in North Slope willows. Storm-track modeling
coupled with isotopic measurements of precipitation events at
Barrow, Alaska (Fig. 1) show that precipitation coming from evap-
orative sources in the ice-free Beaufort and Chukchi Seas has higher
3180 values than distal sources (Bering Sea and Pacific Ocean) in
part because these northerly air masses have undergone less
cooling and rainout than southerly ones (Putman, 2013). As a result,
Arctic Ocean-derived moisture leaves a distinct, positive 3'30 signal
in ice from the McCall Glacier in northeast Alaska (Klein et al.,
2015b). Hind casting of storm tracks has also shown that at times
of the year when sea ice is far offshore, the Arctic Ocean has been
the dominant moisture source for Alaska north of the Brooks Range
(Putman, 2013; Homan, 2015).

Disentangling sea-ice versus temperature effects on 520, in
North Slope willows is complicated by the fact that inter-annual
sea-ice extent correlates strongly and positively with inter-annual
air temperatures over recent decades (R = 0.81). This is the case
because sea-ice extent is partly controlled by summer air temper-
ature, and because ice coverage then amplifies warming and
cooling through albedo effects (Wendler et al., 2014; Alexeev et al.,
2016). The very low 380y, values we find during the coldest pe-
riods of the last ice age (>16.0 ka; Fig. 6) occurred at times when
perennial sea-ice covered the entire Arctic basin (Caissie et al,,
2010; Polyak et al., 2010), and attest to the mutually reinforcing
effects that low air temperatures and extensive sea-ice cover have
on 880, However, correlations between sea-ice extent and
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Fig. 5. Interpolated mean 530, values for willow shrubs growing at 21 sites on the North Slope of Alaska. Sample means come from isotope analysis of whole stem and individual
rings from willow shrubs. This represents a total of 263 samples from 88 individual shrubs. Shades of white to blue indicate the percent of July sea-ice cover between 1972 and 2007
(National Ice Center, 2006). Retracted sea-ice creates open water areas where evaporation can occur from the Chukchi and Beaufort Seas in late summer and early autumn.

3180,y are not solely due to the strong covariance of sea-ice and air
temperature. Evidence for this comes from the fact that summer
sea-ice extent is negatively and significantly correlated with the
residuals of the linear model regressing mean June temperature
and 380y, in individual rings (R = —0.26). In summary, changes in
both June temperature and sea-ice extent push alsopredp values in
the same direction. Therefore paleo-8'®0y. values provide a sen-
sitive proxy record of prehistoric fluctuations in temperature
change being amplified by the sea-ice albedo feedback.

5.2. Climatic controls over 6'80 during the Younger Dryas

The most striking climatic change on the North Slope during the
Pleistocene-Holocene transition occurred during the Younger Dryas
(Figs. 7 and 8a). The shift to lower 880y, values during this time
indicates significant summer-time cooling during the Younger
Dryas in Arctic Alaska, which is consistent with other biological and
geomorphic evidence from the region, including incision of flood-
plains, a standstill of paludification, the range retraction of extra-
limital cottonwood trees (Fig. 8b; Mann et al., 2010), sand dune
reactivation (Gaglioti et al., in review), falling lake levels at LOP
(Mann et al, 2002; Gaglioti et al., 2014), and a reduction in

permafrost thaw (Fig. 8c; Gaglioti et al., 2014). Epstein (1995) also
observed a comparable hydrogen isotope shift in subfossil willow
cellulose during the Younger Dryas on the North Slope of Alaska
(magnitude of isotopic change is converted to 3'®0y, in Fig. 7).
Significant Younger Dryas cooling on the North Slope of Alaska in
winter has also been previously inferred from water-isotope values
in an ice wedge near Barrow (Meyer et al., 2010).

To what degree were isotopic shifts during the Younger Dryas on
the North Slope of Alaska influenced by local changes in tempera-
ture versus shifts in the geography of regional moisture sources
that in turn were controlled by the seasonal extent of sea ice? The
climatic excursion occurring during the Younger Dryas provides an
interesting natural experiment into the sensitivity and utility of the
3180y for inferring changes in sea-ice cover and its amplifying
effects. The magnitude of changes in smoothed 5180, values dur-
ing the Younger Dryas amounted to a gradual lowering of ~4.5%o
that started ca. 13.0 ka, followed by a rapid rise of 4%o between 11.8
and 11.2 ka (Fig. 7). During the Younger Dryas, rising sea level was
probably just beginning to flood the Bering Strait (Keigwin et al.,
2006; England and Furze, 2008; Hu et al., 2010; Jakobsson et al.,
2017), so the major sources of precipitation for the North Slope at
that time were either the North Pacific or the Arctic Ocean. Below
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locally-weighted regression smoothing (LOWESS). The 95% confidence limit around
this regression shown is in green. Blue shading is the Younger Dryas chronozone. Gray
rectangles show the onestandard deviation range of 3'®0, values for modern samples
(n = 263) shown to the left, and samples that date to 45.0—16.0 ka (n = 28), or the last
ice age. Brown box shows the magnitude of Younger Dryas precipitation isotope
change estimated for 5'80y, analyzed by Epstein (1995).

we consider two, alternative scenarios to explain the 380
changes at the end of the Younger Dryas. In the first scenario,
Younger Dryas temperatures cool on the North Slope during a time
when the North Pacific is the main evaporative water source
because the Arctic Ocean remains under perennial sea ice. The
second scenario involves the North Slope cooling, but the evapo-
rative source region for precipitation switches from the North Pa-
cific to the Arctic Ocean under the assumption of declining sea ice
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Fig. 8. Climate change and landscape responses on the North Slope of Alaska during
the Younger Dryas. a) Willow isotope data from this study. Gray line is the raw data
from individual pieces of wood. Red line is LOWESS smoothed data with a green 95%
confidence interval. b) Cumulative probability density of 39 ™C ages on the wood or
leaves of cottonwood trees (Populus balsamifera) growing beyond current tree line. The
presence of these extra-limital trees indicates a summer climate warmer than today
(Mann et al., 2010). ¢) Radiocarbon age-offsets used as an index for the age of soil
carbon eroding from watersheds. Yellow dots and bars show how much older the
sediment coming into the lake was (y axis) at any given time between 15 and 7 ka (x
axis). Black and red lines are interpolated mean and error of 'C age offsets. Higher age
offsets indicate enhanced permafrost thaw and the release of older carbon to lakes and
streams. The Younger Dryas chronozone is shown in blue. The relatively warm Balling-
Allergd and the Holocene Thermal maximum occur immediately before and after the
Younger Dryas.

responding to warming temperatures.

5.2.1. Younger Dryas scenario 1: temperatures cool on the North
Slope, but the North Pacific remains the primary moisture source

The relatively large excursions in 3'80y, values observed during
the Younger Dryas can only occur under a constant precipitation
source if the North Pacific remained a relatively constant temper-
ature, or in antiphase with local, North Slope temperature during
the Pleistocene-Holocene transition. This is because that when
local temperature (Tcondensation O Tc) and moisture source temper-
ature (Tsource) change in the same direction and with similar mag-
nitudes, the net result is a relatively minor 5180predp change
(Fig. 9a; Epstein, 1995).

Based on paleoenvironmental records of sea surface tempera-
tures in the North Pacific and air temperatures on the North Slope,
we know that both places cooled and warmed in tandem during the
Younger Dryas oscillation. Changes in ocean and atmospheric cir-
culation resulted in a ~4 °C cooling in the North Pacific (Tsource)
during the Younger Dryas (Peteet and Mann, 1994; Max et al., 2012;
Praetorius and Mix, 2014; Praetorius et al., 2015). A comparable
~4 °C cooling of growing season temperature on the North Slope
(T¢) during the Younger Dryas is indicated by a southern retreat of
tree-line and reduced permafrost thaw (Mann et al., 2002; Gaglioti
et al,, 2014). Estimating the 8180predp using Rayleigh distillation
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Fig. 9. a) Rayleigh distillation curve for precipitation coming from an 8 °C Pacific
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data) during the Younger Dryas (black circle) and early Holocene (gray circle) show
that the isotopic changes we observe cannot be explained by similar shifts in Tsource
and T, because it would represent an unrealistic amount of T, change (~8 °C warming)
during the Younger Dryas to early Holocene transition. b) Rayleigh curves for precip-
itation sources coming from a cold ocean during the Holocene Thermal Maximum
(HTM) (Arctic Ocean, Tsource = 5 °C) and a warmer ocean during the YD (Pacific Ocean,
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(alocal T. change in ~4 °C). Gray and black dots mark the hypothetical change of T and
estimate 5180,,,»edp on the North Slope from the Younger Dryas and HTM, respectively.
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modeling suggests that a 4 °C Younger Dryas cooling over the North
Pacific and on the North Slope would result in only a ~1%o change in
5180precip/wc on the North Slope (Fig. 9a). Thus if moisture came
solely from the North Pacific, changes in Elsopreciplwc would have
been much less than actually observed during the Younger Dryas
(~4—4.5%0) (Fig. 9a). If the precipitation source remained constant,
a 4—4.5%0 change implies a T. change of ~8 °C, which is an unrea-
sonably large change in temperature based on the paleoenvir-
onmental data. The North Slope 580, record makes it highly

unlikely that the North Pacific remained the sole moisture source
for the North Slope throughout the Pleistocene-Holocene
transition.

5.2.2. Scenario 2: changing moisture sources during the Younger
Dryas

Our reconstructed 380y, record is most consistent with a shift
between two different moisture sources that would cause T, to be
negatively correlated with Tsource during the Younger Dryas climate
oscillation. The 4—4.5%o shift at the end of the Younger Dryas that
we observe would agree with a 4 °C of warming on the North Slope
only when the Tsource change would involve a switch to a colder
ocean (i.e., the Arctic Ocean or northern Bering Sea) during warm
times (higher '80,y¢) and to a warmer ocean (i.e., the North Pacific)
during cold times (lower 8'80y.) (Fig. 9b). These antiphase shifts in
Tsource — Tc Were possible because the Arctic Ocean is always colder
than the North Pacific even when it would become the Tsoyrce
during warm times.

In summary, although it would have contributed to isotopic
changes, the combination of local temperature change (T.) and a
constant precipitation source from the ice-free North Pacific can
only explain ~25% of the 50, changes we observe during the
Younger Dryas on Alaska's North Slope. Instead, the paleo-3'80y,
fluctuations we see are most likely the outcome of a combination of
local temperature changes plus changes in precipitation sources
between the Arctic Ocean (during warm periods) and the North
Pacific (during cool periods).

As it does today on an inter- and intra-annual scale, sea ice
probably played a role in controlling the location of the dominant
moisture sources for Arctic precipitation during the Pleistoce-
ne—Holocene transition. During the Allered warm period preceding
the Younger Dryas, reduced summer sea-ice cover would have
allowed more evaporation from the relatively cold waters of the
Arctic Ocean and northern Bering Sea, with the result that BlSOWC
values were higher than they would be if only local warming was
affecting them (Fig. 10). Because sea level was reduced by ~70 m
during this time (Lambeck et al., 2014), and much of the Northern
Bering and Chukchi Sea was exposed land masses to the northwest
of our study site (Fig. 10), air masses going over the relatively ice-
free Beaufort Sea to the northeast would have carried these local
moisture sources. A northeasterly-dominated wind pattern is also
supported by the orientation of longitudinal dunes that were active
during the full glacial and Lateglacial periods (Carter, 1981). In
contrast, during the Younger Dryas, cooler temperatures coupled
with a massive freshwater outburst flood from the Mackenzie River
(Murton et al., 2010; Condron and Winsor, 2012) would have
enhanced sea-ice coverage (Bradley and England, 2008; Condron
and Winsor, 2012; Not and Hillaire-Marcel, 2012), capping these
cold water sources and relegating moisture sources to the warmer
North Pacific. In response, 880y, values during the Younger Dryas
were lower than they would have been if it was only local cooling
was affecting them (Fig. 10). This sea ice modulation of precipita-
tion could also explain why glacier advances in the Brooks Range
dating to the Younger Dryas appear to be absent (Briner and
Kaufman, 2008; Badding et al., 2013; Pendleton et al., 2015; but
also see Hamilton, 1982) because increased sea ice during this cold
time would have starved glaciers of precipitation.

Sea-ice controlled switching between different oceanic evapo-
rative sources is seen in other Arctic regions during Late Glacial
times. Sea-ice modulation of precipitation is invoked to explain
greater 6180precip and D excess values during warm times in the
Greenland ice cores (Jouzel et al., 2005). Such a scenario is also
supported by paleo-records of sea-ice coverage from the Chukchi
and Beaufort Seas, as well as modeling results, that indicate
enhanced sea-ice cover during the Younger Dryas followed by
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change in the Arctic regions of Alaska.

reduced ice cover during the early Holocene (Cook et al., 2005;
Caissie et al.,, 2010; Polyak et al., 2010; Condron and Winsor,
2012; Not and Hillaire-Marcel, 2012; Riethdorf et al., 2013). Just
as they do today, these sea-ice responses would have amplified the
local expression of global climate events such as those caused by a
shutdown of the thermohaline circulation during the Younger
Dryas and orbitally-driven warming and cooling during the early
and late Holocene (i.e. Holocene Thermal Maximum and the Neo-
glacial period).

5.3. Was there an isotopic signature of the Bering Land Bridge
flooding?

The gradual 380,y decrease of ~1.5%0 occurring between 11.0
and 10.0 ka (Fig. 7) is also seen in Epstein's (1995) 3D record based
on subfossil willow cellulose from the North Slope. We suspect this
cooling event represents the advent of more maritime climatic
conditions as relative sea level (RSL) rose and the coastlines of the
Arctic Ocean and Bering Sea approached our study sites. Between
11.5 and 9.5 ka, rising RSL flooded around 65% of the now-
submerged continental shelf adjacent to North Slope that had
been exposed during the last glacial maximum (Mann et al., 2001).
Cooler growing season temperatures, increases in precipitation,
and decreases in intra-annual temperature variability would have
accompanied the rapidly approaching shoreline (Mock et al., 1998;
Mann et al., 2001). In addition, the flooding of the Bering Strait and
the influx of warm and relatively fresh (lower 3®0pyecip values)
Pacific water may have further reduced 5180predp/wc on the North
Slope due to lower 580 values of the evaporative moisture source
and warming Tsource effects on precipitation (illustrated in Figs. 9

and 10).

Although the timing of the initial flooding of Bering Shelf has
been investigated for decades, it is still uncertain when significant
ocean currents first entered the Arctic Ocean from the North Pacific
and significantly warmed/freshened the Chukchi Sea (Overland and
Roach, 1987; Keigwin et al., 2006; England and Furze, 2008; Hu
et al,, 2010), but the likely age estimate is ~11.0 ka (Jakobsson
et al, 2017). We hypothesize that the 11.0—10.0 ka lowering of
3'80yc may record these oceanic events and their effects on ocean
currents, Blsopredp, and North Slope air temperatures.

5.4. How the present climate compares to the past

The 380 data indicate the North Slope is now experiencing
climatic conditions slightly warmer than the previously warmest
times of the last 13.5 ka. Today, willow 3180, values have a mean of
18.03%o, which is more than 2.5%o (the combined uncertainty due
to site and stem variability) higher than the highest smoothed
values dating from the early Holocene warm period and from just
before the Younger Dryas during the Bglling-Allered interstadial
(Fig. 7). This is both interesting and alarming because both of these
prehistoric warm times saw widespread thermokarsting, rapid
floodplain aggradation (Mann et al., 2010), and sweeping changes
in both the flora and the fauna of northern Alaska (Fig. 8; Mann
et al, 2002, Mann et al, 2013). A resumption of these
temperature-related effects will have similarly large-scale bio-
physical responses and feedbacks.
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6. Conclusions

Using a time series of 30 values in '¥C-dated wood, we
describe a multi-millennial record of climate change on the North
Slope of Alaska. The 380,y values of willows now growing at up-
land tundra sites are positively correlated with air temperatures
and negatively correlated with both distance from the Chukchi Sea
and Beaufort Sea and with the extent of Arctic sea ice in summer.
Sea-ice cover exerts its effects on 3'%0 values in willow cellulose in
two, mutually reinforcing ways. First, the sea-ice-albedo effect
modulates air temperatures over the North Slope by making
summers warmer when sea-ice is less extensive and vice versa.
Second, the areal extent of sea ice influences the geographic dis-
tribution of evaporative source areas in Arctic seas that supply
precipitation isotopes with relatively high 5'80 values to the North
Slope willows. This means that air temperature and sea-ice extent
act in synergy to drive 380,y in the same direction.

Based on these modern, isotope-climate-geography relation-
ships, we used a time series of 880y values from analyses of
ancient wood to make inferences about past climates and the
processes responsible for creating them. Prior to ca. ~16 ka, climate
on the North Slope was highly continental, with 380, values
lower than those dating to post-glacial times. Air temperatures
were lower and evaporative source areas for moisture were more
distant and further south. Younger Dryas cooling is recorded in the
3180,y record from the North Slope with a ~4—4.5%o shift to lower
3180 values between 12.9 and 11.7 ka. This and other deglacial
climate events known from the North Atlantic were possibly
amplified on the North Slope through the effects of the sea ice-
albedo feedback on air temperatures and moisture sources. To-
day's 3180,y values on the North Slope are now elevated compared
with those dating to the warmest part of post-glacial times (~13.2,
11.3—9.0 ka), which was accompanied by widespread permafrost
degradation and rapid changes in the geographic ranges of the
biota.
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