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Abstract The sediment fill of Haukadalsvatn, a
lake in northwest Iceland, preserves a record of
environmental change since deglaciation, 13 ka ago.
The rapid sedimentation rate over the past 2 ka (ca.
4 m ka™ ") provides a high-resolution archive of late
Holocene environmental change. Physical and
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chemical environmental proxies extracted from cores
from the Haukadalsvatn sediment fill provide a
reconstruction of sub-decadal-scale climate variabil-
ity in Iceland over the past 2 ka. Over this interval
biogenic silica (BSi) reflects warm April-May tem-
peratures, whereas total organic carbon (TOC) peaks
represent an increased flux of carbon to the lake
from eolian-derived soil erosion following periods of
cold summers accompanied by dry, windy winters.
The proxy-based temperature reconstructions show a
broad interval of warmth through Medieval times, but
this warmth is punctuated by multi-decadal cold
intervals. The transition into the Little Ice Age
occurred in two steps, with initial summer cooling
1250-1300 AD, and a more severe drop in summer
temperatures between 1450 and 1500 AD; both are
periods of severe explosive volcanism. Multi-decadal
patterns of cold and warm conditions have some
characteristics of a North Atlantic Oscillation (NAO)-
like signal, but instrumental records and proxy-based
reconstructions of the NAO index contain little power
in the frequencies most strongly expressed in our data
set. Although severe soil erosion in Iceland is
frequently equated with settlement, our reconstruc-
tions indicate that soil erosion began several centuries
before settlement, whereas for several centuries after
settlement, when summer temperatures were rela-
tively high, there was little or no soil erosion. Only
during the transition into and during the Little Ice
Age did soil erosion become a major feature of the
record.
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Introduction

Iceland lies at the polar oceanic front, the boundary
between a cold, relatively fresh current from the
Arctic Ocean, and the relatively warm, salty North
Atlantic Current (Fig. 1). Air mass boundaries coin-
cide roughly with the ocean front boundary. Subtle
shifts in the balance between these two water/air
masses leave a large imprint on the climate of
Iceland. The island is thus strategically located to
record any changes associated with the convective
strength of the thermohaline circulation through time
(e.g. Broecker 2000; Curry and Mauritzen 2005). The
island has a maritime climate that is also strongly
influenced by the North Atlantic Oscillation (NAO),
which reflects fluctuations in the difference of sea-
level pressure between the Icelandic Low and the
Azores high. NAO controls the strength and direction
of westerly winds and storm tracks across the North
Atlantic; when the NAO is in a positive mode Iceland

experiences cool summer temperatures and strong
Atlantic westerlies.

Historical accounts provide some insight into
environmental and climatic changes around Iceland
since settlement, ~874 AD. At the time of settle-
ment Iceland is described as being largely forested,
although no maps of the actual distribution of trees
are available. After colonization, much of the forest
cover was removed. Paleoenvironmental reconstruc-
tions have shown that grasses increased at the
expense of tree taxa after settlement and that soil
erosion increased, with severe soil erosion continuing
into the present day (e.g. Thorarinsson 1944, 1961;
Dugmore and Buckland 1991; Dugmore and Erskine
1994; Hallsdottir 1995). It has been inferred that the
acceleration of soil erosion was mostly human-
induced, mainly due to expanding agriculture and
sheep grazing, although climate and volcanic activity
(tephra fallout) cannot be ruled out as at least
contributory factors (Gerrard 1991).

Regular instrumental temperature recordings are
available from the Stykkisholmur weather station on
West Iceland since the 1830s. The Stykkisholmur
record shows that the mean annual temperature
warmed ca. 1.2°C over the past century, with warming
concentrated in the 1930s and again during the last
decade. The Icelandic record is in concert with a mean
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Fig. 1 a Ocean surface currents in the North Atlantic region
and around Iceland (NAC = North Atlantic Current, IC =
Irminger Current, EIC = East Iceland Current, GC = East
Greenland Current. b Shaded relief map of Iceland and the
adjacent continental shelf. The location of Haukadalsvatn is
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annual warming of the Earth of ca. 0.8°C over the past
century (http://data.giss.nasa.gov/gistemp/2007/),
during which time even greater warming occurred at
high northern latitudes (Serreze and Francis 2006).
Historical accounts of conditions in Iceland during the
coldest periods of the Little Ice Age (1250-1900 AD)
suggest that the centennial-scale temperature varia-
tions across Iceland exceed those of the instrumental
record. However, the short time span of instrumental
records limits our ability to evaluate the role of natural
climate variability and greenhouse gas forcing in
explaining these observations.

Proxy environmental records that have annual-to-
decadal resolution are valuable for assessing natural
and human-induced climate change. Here we provide a
2000 year record at sub-decadal resolution to evaluate
the nature of climate and environmental variability in
northwest Iceland. We capitalize on paleoenviron-
mental archives preserved in sediment from
Haukadalsvatn, a large, deep lake in West Iceland
(Fig. 1) situated only 50 km east of the Stykkishélmur
weather station. Haukadalur, the valley in which
Haukadalsvatn is situated, was one of the primary
settlement sites in Iceland, and has been inhabited
continuously since the tenth century. The timing of
settlement in Iceland is marked by the Settlement
tephra (Vo = 871 + 2 AD; Gronvold et al. 1995),
which forms a conspicuous and diagnostic visible
tephra layer in sediment cores from Haukadalsvatn.
This marker horizon affords the opportunity to study
the effect of settlement on the Haukadalsvatn catch-
ment, in contrast to purely climatic impacts, prior to
870 AD. Environmental proxies preserved in Hauka-
dalsvatn sediment have the potential to address
questions about natural climate variability versus
human induced perturbations.

Study site

Haukadalsvatn (3.3 km?, elevation 32 m asl) at the
head of Hvammsfjordur, western Iceland, occupies a

narrow, elongated, glacially eroded basin, with a
maximum depth of 42 m. The largest part of the
catchment (172 kmz) lies above 500 m asl (Fig. 1).
Striae at the head of Haukadalur are oriented east-to-
west. The Haukadalur was submerged during degla-
ciation (marine limit ~70 m asl) and the earliest
sediment fill in Haukadalsvatn is of marine origin.
The basin became isolated from the sea about 10 ka
(Geirsdottir et al. in press). Today the lake is neutral
(pH 7.7) and well mixed, probably due to a high level
of wind stress (Table 1, Langdon et al. 2008).

The surrounding bedrock is mainly Tertiary basalt
and the region lies outside the active volcanic zones
of Iceland (Johannesson 1997). The soils around
Haukadalsvatn are mostly Andosols (eolian sand and
tephra), with lesser amounts of Histosols (Arnalds
and Gretarsson 2001). These soil types lack cohesion,
which makes them vulnerable to erosion by wind or
water (Arnalds 2004). Although historical accounts
describe the valley of Haukadalur as being heavily
forested at the time of settlement (mostly derived
from site names indicating a forested area), they also
indicate there have been no forests in the valley since
before the 1700s. The valley is currently vegetated by
Poaceae and Cyperaceae (grasses and sedges).

Materials and methods
Materials

Two sediment cores (HAKO03-1A and HAKO03-1B)
were recovered from a single site (65°03.064' N,
21°37.830' W) at 38.33 m water depth within the
lake using DOSECC’s GLAD-200 core rig (http://
www.dosecc.org/). The sediment cores captured the
entire 30-m-thick sediment fill in the lake (Fig. 2).
The lower 12 m consists of rapidly deposited ice-
proximal to ice-distal deglacial marine sediment; the
upper 18 m are lacustrine. The last 2000 years are
represented by the uppermost 7.5 m of the core. Two
surface cores obtained using methods in Glew (1991),

Table 1 Limnological data for Haukadalsvatn (adopted from Langdon et al. 2008)

Mgt Na®>t KT ca** so*  C-

(ng™)  (ppm)  (ppm)  (ppm) (ppm)  (ppm)  (ppm)

July air temp July water Zmax pH Cond  Secchi
O temp (°C) (m) nS)  (m)
9.86 9.6 42 7.7 103 4.30

1.5 5.0 0.2 2.3 0.1 7.2

Cond = conductivity
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Fig. 2 a Core HAKO3-1B arranged in sections from top
(upper left) to bottom (lower right). The core captured the
entire 30-m-thick sediment fill in Haukadalsvatn. The lower
12 m consists of ice-proximal to ice-distal deglacial marine
sediment; the upper 18 m are lacustrine. b The uppermost
7.5 m of the core contains the last 2000 years of sediment. Cs

HAKO03-G1 and HAKO03-G2, recovered at the drill
site before deep coring, capture the sediment-water
interface and the uppermost 48 cm of sediment intact.

The cores were shipped to the Limnological
Research Center at the University of Minnesota
where core description, sampling, and archiving was
carried out. The cores were passed through the
GRAPE logging system that provides high-resolution
records of gamma-ray density, P-wave velocity,
fractional porosity, impedance, and magnetic suscep-
tibility. Core segments were photographed with a
flatbed digital core scanner to document changes of
sediment color and texture.
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refers to core—section numbers. Numbers on core face refer to
samples and peaks in total organic carbon (TOC) shown in c.
The Settlement tephra is the white layer below the number 18.
¢ TOC through the last 2000 years plotted by depth. Numbers
refer to those in b

The uppermost 20 cm of the 49-cm-long surface
core was sampled into 0.5 cm slices and then spliced
to the top of the GLAD core based on the TOC
profiles (Fig. 3). There is a 38 cm overlap between
the surface and piston cores; the upper 11 cm of the
piston core are missing.

Chronology

To constrain the ages of sediment cores HAK03-1B
and HAKO03-1G, samples were analyzed for 21OPb,
137Cs, and "C activities, and for tephrochronology.
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Fig. 3 The Glew core and 3-
the HAKO3 core were
spliced together based on
the record of total organic
carbon content (TOC)

TOC (%)

—— HAKO03
—=  Glew core

The Glew core was sampled every ~2.5 cm for
219pp and nearly every centimeter through the key
time interval for '*’Cs. The concentration of *'°Pb in
sediment extracts was measured by alpha spectrom-
etry following procedures modified from Eakins and
Morrison (1976). Unsupported *'°Pb was calculated
by subtracting supported activity from the total
activity measured at each level, with dates deter-
mined according to the constant-rate-of-supply model
(Appleby 2001). *’Cs activity was measured using
an Ortec-EGG high-purity, germanium crystal well,
photon detector coupled to a digital gamma-ray
spectrometer. Maximum deposition of '*’Cs associ-
ated with above ground nuclear bomb testing
occurred during the period 1963-1964. *'°Pb and
37Cs were measured at the St. Croix Watershed
Research Station, Minnesota.

Tephra layers were identified visually within the
sediment cores; tephra from key horizons were taken
for analysis of their chemical composition, which was
determined by electron microprobe (CAMECA
SX50) at the University of Hawaii. Instrument
settings were 15 kV acceleration voltage, 15 nA
beam current and 10 um2 (12 x 8 pm) rastered and
defocused beam (J6hannsdottir 2007). Rastered beam
was used to minimize the loss of sodium during
analysis (e.g. Nielsen and Sigurdsson 1981). The
geochemical composition of the tephra layers was
then used to identify the source volcano and eruption
in accordance with the methodology in J6hannsdottir
(2007).

30 40 50 60 70 80 90 100
Cumulative Depth (cm)

Plant macrofossils are rare in this core, so the
humic acid (HA) fraction of the dissolved organic
carbon (DOC) was targeted for 4c dating at several
levels. From sites in the Canadian Arctic Abbott and
Stafford (1996) have shown that the HA extract (the
base-soluble, acid-insoluble DOC fraction) produced
the most reliable '*C ages of the various DOC
fractions, although typically a few centuries older
than macrofossil ages from the same horizons. They
concluded that the HA extracts contain a fraction of
“aged” soil organic matter delivered from the
surrounding watershed. Humic acids were extracted
from bulk sediment of HAKO3-1B following the
procedures of Abbott and Stafford (1996) and con-
verted to graphite at the INSTAAR Laboratory for
AMS Radiocarbon Preparation and Research
(NSRL), University of Colorado, and measured at
the University of California, Irvine. Radiocarbon ages
are converted to calendar ages using Calib 5.0.2
(Reimer et al. 2004).

Sediment geochemistry

Samples for total organic carbon (TOC) were taken
from the surface core HAKO03-1G continuously at
0.5 cm intervals and continuously at 1 cm intervals in
the HAKO3-1B core. Freeze-dried samples were run
at the University of Iceland on a CM5200 Autosam-
pler/Furnace (combusted to 950°C) and measured on
a CM5014 CO, Coulometer version 3.0 with a
detection limit of 0.05 wt %. As there is no CaCOs; in
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the basaltic bedrock of Iceland, %C can be taken as
representing exclusively organic carbon. To estimate
the total organic matter in the sediment, %C can be
multiplied by 2.5, assuming most organic matter
contains approximately 40% C. We estimate that
these measurements may provide a continuous record
of TOC at 1-3 year intervals for the last 2 ka, and
decadal resolution between 10 and 2 ka.

Biogenic silica (BSi) in lake sediments primarily
comprises diatoms (Conley and Schelske 2002),
although a small contribution may be derived from
amorphous silica (glass) of Icelandic volcanic tephra.
Analyses of pure tephra levels (no diatoms present) in
sediments from a lake in central Iceland suggest
that a maximum of 3% of the fine-grained tephra
dissolves in the BSi extraction (Black 2008). Because
our sampling specifically avoided tephra levels, we
do not expect any significant contribution to our BSi
signal from tephra dissolution, even if small amounts
of tephra are in the sample. Samples for BSi were
taken continuously at ~1 cm intervals through the
surface core, in l-cm-thick slices every 2-3 cm
through the upper 2 ka of HAKO03-1B, and at lower
resolution through the deeper levels. This provides
one sample every 3 years on average for the past
50 years, one sample on average every 5 years for the
balance of the past 2 ka, and decadal resolution for
between 10 and 2 ka. BSi measurements were carried
out at the University of Illinois and the Northern
Arizona University, where freeze-dried bulk-sedi-
ment samples were analyzed following the methods
described by Mortlock and Froelich (1989), except
for the use of 10% Na,COs5 solution (0.9 M Na,CO3).
A HACH DR/2000 spectrophotometer was used to
measure BSi concentration, which was then con-
verted to weight percent SiO, of dry sediments.
Mineral matter content was estimated as the residual
after accounting for organic matter (%C/0.4) and %
BSi. Five replicate measurements of the same
samples at the two laboratories differ on average by
<95mgg .

In order to estimate the proportion of terrestrial
versus aquatic organic material in the sediments, C:N
and the 6'>C of the organic carbon in a subset of the
samples were measured at the University of Fair-
banks, Alaska. Freeze-dried bulk sediment was
combusted to CO, and N, at 1000°C in an on-line
elemental analyzer (PDZEuropa ANCA-GSL). The
gases were separated on a Carbosieve G column
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before introduction to a continuous-flow isotope ratio
mass spectrometer for measurement of §'°C and
5" N.

Particle size of the inorganic sediment fraction
(<2000 pm) was measured in the uppermost ca. 7 m
to investigate the relationship between TOC and
grain size in the sediment. The particle size was
measured with a low-angle laser light scattering using
a Malvern Long Bed Mastersizer run by the Energy
Authority and University of Iceland. Altogether
around 80 samples were measured.

Results'
Sediment stratigraphy

The sediment core (HAKO3-1B) obtained from
Haukadalsvatn is 30 m long with sediment recovery
of 98.8%. The lowermost ca. 7 m contain massive to
faintly bedded, fine-grained glaciomarine mud with
occasional drop stones and mollusks. The transition
to the overlying 18 m of finely but faintly laminated
minerogenic lacustrine sediment occurs over ca.
4.5 m of core, and is characterized by very distinct
1-cm-thick laminae (Fig. 2). The lowermost 4.5 m of
the lacustrine section is brownish black, changing to a
more olive-brown color in the uppermost part. The
entire lacustrine portion of the core is faintly
laminated (Fig. 2).

Chronology

The chronology of core HAK03-1B and HAKO03-G1
is based on 2'°Pb and '*’Cs in the uppermost portion
(Fig. 4), and tephrochronology through the remainder
of the core (Fig. 5; Tables 2 and 3). The 210pp and
137Cs data constrain the age of the core for the past
100 years. Despite relatively high mass accumulation
rates (0.2 gcm Za~ ') the two methods produce
consistent results, with the 1963/1964 AD '3Cs peak
occurring at AD 1965 in the *'°Pb age model (Fig. 4).
The initial rise of '*’Cs above background occurs at a
*1%Pp-dated level of 1949 AD, consistent with the

! Proxy data presented in this study are available online
through the World Data Center for Paleoclimatology (ftp://ftp.
ncdc.noaa.gov/pub/data/paleo/paleolimnology/europe/iceland/
haukadalsvatn2008.txt).


ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleolimnology/europe/iceland/haukadalsvatn2008.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleolimnology/europe/iceland/haukadalsvatn2008.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleolimnology/europe/iceland/haukadalsvatn2008.txt

J Paleolimnol (2009) 41:95-115 101
Fig. 4 Age model for the 2000
last 2 ka. The chronology of 1am;
spliced cores HAK03-1B 1800 1980
and HAKO03-G1 is based on °
20Pb (triangles), using the 1600 8
constant rate of supply g
model and confirmed by the 8l
timing of the onset and 3{)eak 14001 ; U:,{
in 1¥7Cs activity, and on the b
1200 - 1920
Settlement tephra [ ARG ARRE R T IS MR
(Vo =871 =2 AD 9( 0r—— - 'Cs Activity (pCig”)
(circle), Gronvold et al. g 1000 4 ol & )4_@;_*"'__'
1995). See discussion in s B _—
“Results” section for the 800 1 E 40 g
derivation of the age model. ?;E_: @ W
Insets show the 2'°Pb and 6001 & ¥
137Cs activity profiles. Error S w0 f?'
bars in 2'°Pb profile 400{ © ., ..’f :
represent analytical {1
uncertainties 200 | e T 18
Total 210Pb Activity (pCi g”)
° 0 160 260 360 460 560 660 760 800
Depth in Core (cm)
Fig. 5 Age model for core 0
HAKO03-1B from
Haukadalsvatn showing 1000 1
tephra ages (gray circles), 2000
calibrated HA '*C ages
(black squares), and 210py, 3000 1
ages (triangles). All **C — 4000 |
ages were rejected because %
they are significantly older 5 5000 1
than expected based on the § 6000 4
well-dated tephra layers o
(see text). The upper 2 7000 1
750 cm are the focus of this 8000 4
study (box; Fig. 4). 2'°Pb
dates, tephra identifications 9000 -
and ages, and 14C dates are 10000
listed in Tables 1-3,
respectively 11000
0 200 400 600 800 1000 1200 1400 1600 1800

known onset of atmospheric '*’Cs increase dated to
1950 AD. Total *'°Pb activity declines from surface
values around 3 pCi g~' to a nearly constant back-
ground (supported '°Pb) of 0.26 pCi g~' below
33 cm. The unsupported *'°Pb flux (0.6 pCi cm™>
a~') is close to atmospheric deposition rates for mid-
continental sites in the Northern Hemisphere
(0.5 pCi cm™ a™"). Sample ages were calculated
according to the constant-rate-of-supply model, and

Cumulative Depth (cm)

have an uncertainty of +6 years for the past half-
century, but increase for the oldest two dated
intervals in the core, exceeding 25 years at 1903 AD.

Visible tephra layers are common throughout the
core. Six tephras that are independently dated else-
where have been identified by their diagnostic
geochemical fingerprints, and a seventh, the Settle-
ment tephra, is identified by its diagnostic visual
characteristics. Together, these tephras provide the
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Table 2 HAKO3-1B tephra marker layers

Tephra Cumulative depth Age (cal yr BP)
(cm)
Settlement 524 1080
H3 912 3050
H4 1090 4260
T tephra 1201 6100
ATA-1 1221 6400
ThA 1235 6610
A1A-ThB 1313 7740
ThB-1 1382 8560
ThB-2 1399 8700
ThA-1 1430 8850
AiA-5 1443 8940
AIB-1 1483 9070
ThE-1 1514 9400

Visible tephra layers are common throughout the core. Tephras
that are independently dated elsewhere have been identified by
their diagnostic geochemical fingerprints (Johannsdéttir 2007;
Haflidason et al. 2000), and in the case of the Settlement
tephra, its diagnostic physical characteristics. Tephras provide
the primary age control for the core

primary age control for the core (geochemical data
are in Johannsdottir 2007). A thick concentration of
basaltic tephra geochemically characterized as Saks-
unarvatn, with a known eruptive age of about 10.2 ka
(Gronvold et al. 1995) occurs at 16.5 m depth in the
core. Seven additional tephras were geochemically
fingerprinted and correlated with tephras with the

recovered from lakes Hvitarvatn and Hestvatn
(Johannsdottir 2007), each of which has an indepen-
dent geochronology. The ages of the correlative
tephras are used to provide supplemental age con-
straints for the Haukadalsvatn core.

The age model for Haukadalsvatn (Figs. 4 and 5)
is derived from a mixed-effect regression fit to the
14 tephras of known age, and for the last 100 years,
to the 2'°Pb age model, following the procedure
of Heegaard et al (2005), the statistical software R
(http://cran.r-project.org>http://cran.r-project.org), and
a k-value of 9. The age model lies within 10 of
control points for the past 2 ka. Although there is
only one control point between 1900 and 0 AD (the
precisely dated Settlement tephra, 871 £ 2 AD), the
slope of the age model is well constrained above and
below this point, and model output suggests uncer-
tainties are no more than 25 years. However, the lack
of age constraints between 1200 and 1900 AD, when
sedimentation rate changes are likely due to anthro-
pogenic factors and the development of the Little Ice
Age, may result in larger uncertainties in our age
model over this interval. From these considerations
we consider the lo uncertainty to be =£50 years
between 1200 and 1800 AD. Ongoing geochemical
characterizations of tephras in this age range may
reduce these uncertainties in future.

The average sediment accumulation rate during
the twentieth century was 0.30 cm a_l, compared to
an average of 0.41 cma~' for the past 2 ka and

same geochemical signatures in lake sediments 0.16 cm a~' over the past 10 ka. Within the past
Table 3 Radiocarbon ages from the lacustrine part of HAK03-1B

Sectiom (HAKO03-1B) Cumulative Lab ID o3¢ 14C age +lo Age (cal
and depth (cm) depth (cm) (NSRL) (%o0) (years BP) yr BP)
1H-1 (142) 155 13702 —26.5 2340 +15 2347
1H-2 (1-2) 164 13703 —27.9 2230 +20 2212
1H-2 (143.5) 305 13518 —25.9 2270 +20 2325
2H-2 (54.5) 516 13519 —26.8 2390 +30 2408
3H-1 (79.5) 692 13520 —26.9 2940 £35 3094
3H-2 (84.5) 846 13521 —26.9 3590 +25 3886
4H-1 (46.0) 957.5 13522 —27.0 3930 +30 4361
4H-2 (65.5) 1127 13523 —26.9 4970 +40 5695
5H-2 (15.5) 1377 13524 —26.8 8150 +35 9074
5H-2 (135.5) 1497 13525 —26.0 10,020 +50 11,529
6H-2 (11.5) 1673 13526 —25.0 11,010 +45 12,958

!4 C ages are all on humic acids extracted from bulk sediment samples
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Fig. 6 The difference between humic acid '*C ages and their
tephra-based model ages (Fig. 5). The offset shows consistent
changes that we interpret as reflecting the intensity of soil
erosion and delivery of aged carbon to the lake

2 ka, sedimentation rates were highest during the
Little Ice Age (0.54 cm a~'). The tephra-based age
model indicates that the lake became isolated from
the sea ca. 10.5 ka ago.

Radiocarbon anomalies

Eleven AMS '“C ages were obtained on HA extracts
from bulk sediment covering 1 cm thickness
(2-10 years) over a range of depths in the lacustrine
portion of the core (Table 3). All calibrated HA 4c
ages are substantially older than their tephra-derived
model ages. Four humic acid '*C ages between 5.2
and 1.5 m depth in HAKO3-1B have essentially the
same age, and even the deepest is more than a
1000 years older than the model age. The differences
between calibrated HA '*C ages and the correspond-
ing model ages (Fig. 6) reveals a large offset at the
onset of lacustrine sedimentation (>2 ka), dropping
rapidly to a 500 year offset by 9 ka, then increasing
again toward the present. There are apparent step
increases in the offset at about 2.5 ka and between
1.0 and 0.5 ka, reaching a discrepancy of >2 ka for
samples 300 years old. There is no known hard water
effect in Icelandic lakes like Haukadalsvatn, that are
not directly influenced by volcanism. Consequently,
we interpret the HA '*C offset to indicate that carbon
in HAKO3-1B sediments carries a variable compo-
nent of terrestrial-derived “aged” soil carbon with

significantly lower '*C activity than in contempora-
neous aquatic organic matter.

Biogenic silica and total organic carbon

Figure 7 shows changes in BSi and TOC in Hauka-
dalsvatn sediment during the last 8 ka, from the time
the lake reached a new equilibrium as a freshwater
system after isolation from the sea. Changes in BSi
and TOC are mostly coupled between 8 and 6 ka,
with BSi reaching its highest values (>100 mg g™ ')
of the entire record (Fig. 7). Both BSi and TOC
exhibit a first order decline between 6 and 1.5 ka, but
they are only weakly correlated (r = 0.14; n = 129),
at least in part because there are notable antiphase
excursions of the two proxies at ca. 6, 5, and 3 ka.
Although the sampling interval is less dense prior to
2 ka, the variability in the two proxies is lower,
especially in TOC, prior to 1.5 ka than subsequently.

The upper 740 cm represents the last 2000 years
of sedimentation. This interval includes the Medieval
Warm Period (MWP), the colonization of Iceland (ca.
870 AD), the Little Ice Age (LIA), and twentieth
century warming (Fig. 8). Overall, the interval from 0
to 500 AD is characterized by a coherent pattern of
BSi and TOC. Against a background of about 1%
carbon, several intervals of consistently higher TOC
occur, often coinciding with lower values of BSi,
particularly after 530 AD. A broad rise in BSi begins
about 850 AD, reaching a maximum around 1100
AD, then declining over the next 2-3 centuries. This
broad BSi rise coincides roughly with the MWP.
However, there are several strong perturbations
superimposed on the low-frequency BSi trend that
are reflected in both proxies, particularly around 900,
950, 1100, and 1250 AD. The decoupling of the two
proxies of biogenic activity intensifies after 1450 AD,
with the highest TOC values between 1450 and 1560,
1620 and 1680, 1750 and 1860 AD, intervals
characterized by low levels of BSi.

Interpretation
BSi record during the last 2 ka
Although the HAKO3 sediment cores capture 13 ka

of sedimentation, we restrict our discussion here to
the past 2 ka, for which we have high-resolution
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records of TOC and BSi. Biogenic silica in lake
sediments primarily comprises diatoms (Conley and
Schelske 2002) and is often used as a proxy for
within-lake biological productivity. Primary produc-
tivity is a function of climate (mostly the duration of
the ice-free season and water temperature), nutrients,
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wind strength (which influences nutrients), and water-
column characteristics (turbidity, pH, etc.). The
percentage of BSi in the sedimentary record depends
on the mass of silica frustules produced by diatoms. It
is also influenced by the fraction of diatom frustules
dissolved before they are buried and preserved in the
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sediment, and the flux of non-diatom materials
(mostly minerogenic sediment) to the lake. There is
a strong relation between preservation potential and
sedimentation rate, so that when sedimentation rates
are high, a larger proportion of the diatom remains
are preserved, whereas when sedimentation rates are
low, diatom frustules remain at the sediment-water
interface longer, where they are most prone to
dissolution (Ryves et al. 2006). Consequently, it is
not possible to use sedimentation-rate changes to
calculate BSi flux, which otherwise might more
faithfully reflect primary productivity. As a working
model, we assume here that changes in sedimentation
rate and dissolution rate approximately balance, as
there is no correlation between BSi and sedimenta-
tion rate over the past 2 ka (r = 0.1; n = 460), even
though both vary by a factor of five. We treat BSi as a
first-order approximation of diatom productivity

To evaluate the correspondence between BSi and
temperature, we compared the 170-year-long instru-
mental temperature record from Stykkisholmur
(Fig. 1) with the BSi content in Haukadalsvatn
sediment (Fig. 12). BSi values represent 3-year
averages over the past 50 years, and slightly longer
over the previous century. Consequently, we use a
5-year running mean through the instrumental data.
The strongest correlation is for spring (April-May)
(r = 0.14; n = 54), consistent with our interpretation
that highest levels of BSi are associated with primary
productivity during the spring season, a period of
melting lake ice and snowmelt within the catchment.
Although this correlation is statistically significant, it
is too low to confidently reconstruct quantitative
estimates of past spring temperature based on BSi
content downcore (e.g. McKay et al. 2008). We note
that the correlation between BSi and temperature is
stronger for the interval from 1965 to 2000 than
earlier. This may reflect the increasing uncertainty in
the age model for older samples.

TOC record during the last 2 ka

The total organic carbon (TOC) is also commonly
considered a measure of primary productivity and thus
a function of the same climate parameters as BSi.
However, like BSi, the TOC in the sedimentary record
is also controlled by degree of preservation and the flux
of minerogenic sediment. In addition, there are
terrestrial sources of organic matter that may also

contribute to lake sedimentary TOC, especially in
lakes like Haukadalsvatn, with low levels of primary
productivity. TOC in the HAKO3-1B sediment core
averages only 1.4 &+ 0.3%, hence aquatic carbon is
vulnerable to overprinting by carbon from terrestrial
sources. The TOC record over the past few centuries is
unusually variable compared to the full Holocene
record (Figs. 6-8), and may reflect episodic landscape
instability and the delivery to the lake of substantial
levels of organic carbon from terrestrial sources. If
correct, peaks in TOC represent environmental change
that adversely impacts vegetation and leaves hillslopes
susceptible to wind or water erosion.

To evaluate the possibility that peaks in TOC
represent the episodic influx of soil carbon as opposed
to higher aquatic primary productivity, we measured
C:N, 513C, and TOC from 101 levels representative of
the time covered by core HAK-1B. C:N and 6'3C are
independent proxies that reflect the proportion of
terrestrial versus aquatic organic matter in the TOC.
C:N in aquatic plants is typically between 5 and 10,
whereas terrestrial sources are higher and more
variable from 10 to 156, with most samples between
10 and 50 (Rieger et al. 1979; Meyers 1997). Conse-
quently, higher C:N reflects a greater proportion of
terrestrial carbon. We assume that aquatic TOC is
dominated by carbon fixed by diatoms. Freshwater
diatoms from high-latitude regions tend to have more
depleted 6'°C than does terrestrial organic matter
(Prokopenko et al. 1993; Meyers 1994; Muhs et al.
2000). Consequently, TOC with strongly negative
6"3C should reflect a lower proportion of terrestrial
organic carbon than samples with less negative 6'°C.
Comparing the measured TOC with both C:N and §'*C
(Figs. 8, 9) shows strong correlations (r = 0.61 and
0.73, respectively), consistent with our interpretation
that high levels of TOC are associated with a greater
proportion of terrestrial-derived carbon.

The dominant process eroding soil in Iceland at
present is wind, particularly cold, dry northeasterly
winds (Arnalds 2000; Oskarsson et al. 2004,
Figs. S1-S3) and we suspect this has been the case
throughout the past 2 ka. Soil, including soil organic
matter, is most susceptible to eolian erosion and
transport when vegetation cover is reduced and wind
velocities are high. We hypothesize that reduced
vegetation is most likely to occur after a series of
unusually cold, possibly dry summers. Once vegeta-
tion cover has been reduced and wind erosion gains
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Fig. 9 C:N, 8"3C, and total 18

organic carbon (TOC) from 17 y=23175x+ 8626
101 levels representative R?=0.38
over the full length of core 161

HAK-1B. Higher C:N and 15 1

less-negative 53C values 14

reflect a higher proportion
of terrestrial carbon, and
both are strongly correlated
with TOC, supporting our 114
interpretation that high 10 4
levels of TOC are due to

increases in carbon from

C:N

terrestrial sources. Lines are
least-squares linear
regressions

purchase on the loose volcanic soils, where the soil
structure has been altered, wind erosion can continue
even during warmer summers (e.g. Arnalds 2000).

To test the role of wind speed, we compare TOC in
HAKO3-1B with mean monthly wind speeds during
the winter months (DJFM) as recorded at the nearby
Stykkisholmur weather station (Fig. 10). Over the
42 years common to both records, TOC is highest
when winters are windiest, consistent with our
interpretation.

TOC peaks in core HAKO3-1B increase from
background levels of ~ 1% through most of the early
and middle Holocene to maxima between 2.0 and
2.5% in the latest Holocene. Is soil organic matter in
the catchment sufficient to explain these peaks? The
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three dominant soil types on intact upland areas like
those in the Haukadalsvatn catchment are Andosols,
with soil organic carbon concentrations ranging from
17% in the most abundant soil type, to a low of 3.3%
in the least common soil type (Oskarsson et al. 2004).
Because Icelandic soils commonly receive additions
of tephra, they tend to be aggrading, and the organic
content is relatively high (2-6%) as deep as 1 m
below the surface (Oskarsson et al. 2004). Long-
distance eolian transport typically is restricted to silt-
sized particles and smaller, which may contain a
higher proportion of carbon than bulk soil values.
Grain-size analyses of sediment from 22 TOC
minima (average TOC = 0.87%) and 31 TOC
maxima (average TOC = 2.3%) over the past 2 ka

Fig. 10 Total organic 8 - - 17
carbon (TOC) content from
HAKO3-1B (squares) 7.5 4 16
compared with mean
monthly wind speeds 7 4 .
. . . 1.5
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. . ke;
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reveal that the average coarse- and medium-silt
content is 16 & 4% for the minimum TOC levels
compared to 22 £ 6% for TOC maximum samples.
In contrast, fine and very fine silt is the same in both
series (51%). On average, <1% of the minerogenic
sediment is sand-size or larger. The modest increase
in the coarsest silt fraction as TOC increases, with no
change in finer silt fractions, is consistent with an
increased eolian input during TOC maxima.

To estimate how much soil material must be added
to explain the TOC peaks, we use a simple two-
component mixing model, assuming a background
TOC of 1%, peak TOC of 2.0 and 2.5%, and
estimates of TOC% in eolian-eroded soil of 3—12%
(Fig. 11). For high eolian TOC levels, the increase in
sediment to create the peaks is minimal (<20%),
whereas for eolian TOC <4 %, significant additions of
eolian material (>50%) is required. In all scenarios,
sedimentation rate must increase during TOC peaks,
and this produces some uncertainty in our age model,
which assumes smooth changes in sedimentation rate
between control points. To test whether modest
increases in sedimentation rate associated with high
TOC are negatively correlated with BSi concentra-
tion due to dilution, we compared the TOC% to BSi
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Fig. 11 A two-component mixing model of sedimentation rate
against the percentage of carbon in eroded soil needed to
estimate the amount soil that must be added to explain total
organic carbon values of 2.0% (solid curve) and 2.5% (dashed
curve)

% for 623 levels from the full 10 ka record where
both measurements were made on the same sample
and found no correlation (r = 0.01). Restricting the
comparison to the past 2 ka, when TOC variations
were strongest increases the correlation (r = 0.07),
but the relationship is not significant. This supports
our assertion that BSi is not unduly influenced by
changes in sedimentation rate.

In summary, we interpret BSi as a proxy for
aquatic primary productivity, which is primarily
related to spring temperature when diatom blooms
occur in Haukadalsvatn, whereas TOC, at least for the
past 2 ka, is a measure of soil organic matter input,
which is, in turn, a function of landscape instability
and soil erosion by eolian activity (Figs. S1-S3). Soil
erosion primarily reflects strong winds during inter-
vals with at least occasional cold summers that result
in reduced vegetation cover. Because erosion once
started is self-supported, the correlation between
eolian erosion and summer temperature is weak on
an annual basis.

Discussion
Climate and environmental implications

We analyzed two climate proxies, TOC and BSi, at
high resolution for the past 2 ka at Haukadalsvatn.
We propose that variations in BSi reflect primary
productivity, which is controlled by spring tempera-
ture largely related to the duration of the ice-free
season (Fig. 12). In contrast, we propose that high
levels of TOC over this time interval reflect cold
summers and windy conditions (Fig. 10). There is
also a small background TOC level that reflects
aquatic primary productivity, which is, for the most
part, controlled by spring/early summer temperature,
similar to BSi. Because our two proxies respond
inversely to changes in spring temperature, we use
their ratio (BSi:TOC) to provide an independent
measure of environmental change in the Haukadals-
vatn catchment. BSi and TOC make up only ~ 10%
of the sedimentary mass. TOC ranges from 2% to 5%
(assuming 40% C in organic matter on average),
whereas BSi varies between 4% and 8%, so they can
be considered independent variables, unhampered by
closed-array issues related to percent-wise data.
During periods when soils in the catchment are
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Fig. 12 Biogenic silica
(BSi) content compared to
instrumental climate data
from Stykkisholmur.

a Comparisons with April-
May (AM) temperature
back to 1830 AD. BSi
(black lines) and
temperature (gray line).

b Comparisons with 5-year
running mean of weather
parameters for Spring
(April-May) from 1965 to
2000: (1) temperature (gray
line), (2) average wind
speed (gray line), (3)
precipitation (gray line)
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stable, the flux of terrestrial-derived carbon to the
lake remains small, and TOC concentrations primar-
ily reflect spring/early summer temperatures. In this
situation, as spring/summers warm or cool, BSi:TOC
is expected to remain constant, as both terms respond
in the same direction to temperature forcing. If the
catchment is sufficiently perturbed so that vegetation
cover is substantially reduced, then TOC is domi-
nated by eolian transport of soil carbon to the lake.
Cold spring/early summers, which would result in
lower BSi may, if cold enough, reduce vegetation in

the catchment and the addition of soil carbon via
eolian transport would raise TOC. Such a disturbance
would be recorded by BSi:TOC as a negative
departure. Positive departures reflect a greater dom-
inance of BSi (warm spring/early summers), or
reduced TOC, which may reflect a reduction in the
contribution of wind-derived terrestrial soil carbon
(also, warm spring/early summers).

By comparing all three terms, BSi, TOC, and
BSi:TOC (Fig. 13), a more complete history of
environmental change can be derived. In the first
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five centuries AD, TOC and BSi are nominally in
phase. Two cold periods, centered on 100 and 300
AD, are marked by substantial decreases in both BSi
and TOC. The parallel response in the two proxies
results in no significant change in BSi:TOC, suggest-
ing that the cooling was not intense enough to reduce
vegetation cover significantly in the catchment. The
first substantial disruption to the Haukadalsvatn
catchment occurs about 600 AD, when a short-lived
BSi decrease is associated with a TOC increase,
resulting in the first substantial BSi:TOC decrease.
Spring/early summer temperatures recover subse-
quently, but a second substantial change occurs about
825 AD, only a few decades before settlement. This
age is well constrained by the Settlement tephra, that
is situated slightly higher in the core.

Medieval time is characterized by relatively high
productivity in general, as indicated by a broad
maximum in BSi that extends from ca. 850 until ca.
1400 AD, but this broad maximum contains numerous
brief cold intervals, most notably at ~900 AD,
~1050-1100 AD and ~ 1150 AD. The first sugges-
tion of LIA cooling occurs between 1250 and 1300
AD with a broad peak in TOC, but little response in
BSi, although over the following century there is a
strong trend toward decreasing BSi. The largest
change in all three terms starts about 1450 AD and
persists for 100 years. During the fifteenth century,
BSi drops to its lowest level, while TOC reaches
maximum values. Conditions were less severe during
the late sixteenth and early seventeenth centuries, but
a brief cold episode in the late 1600s is reflected both
in the TOC and BSi. From the late 1600s through the
early 1700s conditions were less severe, but a
dramatic drop in BSi beginning ~ 1730 AD, followed
a few decades later by a sustained rise in TOC that
peaks in the 1780s AD, suggest a multi-decadal
interval of cold summers and windy conditions
(Fig. 13). The strong peak in TOC in the 1780s may
reflect the eruption of Laki in 1783 AD, which
reduced summer temperatures throughout the north-
ern North Atlantic region (Thordarson and Self 2003).

After the mid 1800s, BSi exhibits a strong negative
departure in the 1870s, but this is not accompanied by
any increase in TOC, suggesting summer tempera-
tures were not sufficiently reduced to destabilize
vegetation in the catchment. Less extreme BSi
minima in the 1930s and 1950s similarly lack
corresponding changes in TOC. BSi peaks in the
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1920s and ~ 1960s also lack corresponding changes
in TOC, suggesting that cold periods after the mid
1800s were never severe enough or long enough to
produce substantial reductions in vegetation in the
catchment.

Soil erosion and landscape instability;
impacts of settlement or climate change?

Soil erosion, mainly by wind, but also by slope wash
across unstable landscapes, is currently a severe
problem in Iceland. Previous studies have inferred
that soil erosion was exacerbated by the settlement of
Iceland, as a result of overgrazing and deforestation
(e.g. Thorarinsson 1944, 1961; Dugmore and Buck-
land 1991; Dugmore and Erskine 1994; Hallsdottir
1995), with climatic and volcanic forces also con-
tributing, but at a secondary level (Thorarinsson
1961; Gerrard 1991). Our reconstructions of envi-
ronmental change derived from Haukadalsvatn
sediment cores indicate that severe soil erosion pre-
and postdates settlement by several centuries. Hauk-
adalur was one of the first areas to be settled, and had
farms within a few decades of initial settlement. Yet,
except for a single high TOC value at 904 AD with
background values in adjacent samples at 908 and
901 AD, there is no evidence of severe soil erosion
until ~1050 AD, 200 years after settlement, even
though BSi indicates less productivity/cooler spring
temperatures between 885 and 910 AD, and again
between 940 and 970 AD (Fig. 13). A similar
conclusion was reached by Lawson et al. (2007)
who report little variation in the pollen spectra before
and immediately after settlement in Helluvadstjorn
by Myvatn in northern Iceland. This relatively stable
pollen spectrum persisted until 1050 AD when birch
started to decline followed by increased soil erosion.
This is not to say that human activity did not
contribute to landscape destabilization, but to point
out that Iceland had already been impacted suffi-
ciently by the general reduction in summer solar
radiation in the late Holocene, so that landscape
instability and soil erosion commenced prior to
human arrival. No doubt, the combination of occa-
sional cold summers with the additional stress of
widespread grazing made the landscape more sensi-
tive to destabilization after colonization.

Landscape destabilization by tephra fall associated
with explosive volcanism is suggested by the large
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increase in TOC in the Haukadalsvatn core beginning
~1250 AD that is coincident with major volcanic
aerosol loading of the stratosphere over several
decades (Ammann et al. 2007). This event is
elsewhere suggested to have contributed to the onset
of the LIA in the northern North Atlantic region
(Anderson et al. 2008). The dramatic change in
environment demonstrated by the proxies in Hauka-
dalsvatn between 1450 and 1500 AD are coincident
with major volcanic aerosol loading at 1452 AD (Gao
et al. 2006; Ammann et al. 2007). This period of
cooling is widely noted in other Northern Hemisphere
records (Moberg et al. 2005; Mann and Jones 2003a,
b; Anderson et al. 2008).

Implications of the Haukadalsvatn record
for sea-ice reconstructions

Historical records have been used for many decades
to reconstruct the frequency and duration of sea ice
around Iceland, with the implication that periods with
larger amounts of sea ice are indicative of broader
climate patterns across the North Atlantic. Vegetation
on Iceland is particularly sensitive to the duration of
sea ice during the summer months (Ogilvie 1992).
Although there are no published summaries of the
geographic distribution of sea ice through the summer
months around Iceland, we would predict that the
four major negative BSi:TOC departures between
1450 and 1800 AD likely correspond to periods with
late-lying sea and lake ice that persisted through the
summer months around much of Iceland. This
prediction is consistent with prior studies that docu-
ment or hypothesize a correlation between climatic
deterioration and soil erosion (e.g. Jennings et al.
2001; Jackson et al. 2005; Axford et al. 2008).

Comparisons with other records of the past 2 ka

Although no other high-resolution lacustrine records
spanning the past 2 ka are available from Iceland,
Axford et al. (2008) present slightly lower-resolution
BSi, C:N- and chironomid-derived temperature
records from Stora Vidarvatn, northeast Iceland.
BSi and C:N suggest declining biological activity in
the lake and a higher proportion of terrestrial derived
organic matter in the lake sediment beginning
between 1100 and 1200 AD, culminating at the
turn of the last century. Summer temperature

reconstructions generally follow this trend, with peak
warmth 600-800 AD, predating the MWP. This
overall trend from warmth to cold, together with
fluctuations within both the MWP and the LIA is also
documented in physical and microbiological proxies
from the shelf north of Iceland (Eiriksson et al. 2004;
Knudsen et al. 2004; Eiriksson et al. 2006).

Several Northern Hemisphere temperature recon-
structions are currently available for the past 2 ka to
compare with the qualitative proxies reconstructed
from Haukadalsvatn. Figure 13d shows the Mann and
Jones (2003a, b) reconstructions of Northern Hemi-
sphere annual mean surface temperature over the past
two millennia based on high-resolution proxy tem-
perature data (40 year smoothed version of the
decadally resolved reconstructed temperature series),
and Fig. 13e shows the Moberg et al. (2005) recon-
structed Northern Hemisphere temperatures for the
past 2000 years calculated by combining low-resolu-
tion proxies with tree-ring data, using a wavelet
transform technique to achieve timescale-dependent
processing of the data. Both reconstructions show
temperature anomalies compared to the 1961-1990
instrumental reference period. There are broad sim-
ilarities between the Haukadalsvatn record and the
two hemispheric syntheses. All three show a clear
MWP, although the Mann and Jones (2003a, b)
reconstruction shows a somewhat earlier termination.
All three records show a negative perturbation in the
late thirteenth century, followed by a recovery in the
fourteenth century, before temperature dropped dra-
matically in the late fifteenth century. This sudden
cooling may reflect the transition into the main cold
phase of the LIA, which persisted until the middle of
the nineteenth century. The similarity of the main
low-frequency trends, as well as the timings of abrupt
change between all three records, suggests that the
Northern Hemisphere, or at least the northern North
Atlantic region, was influenced by large-scale
changes in the dominant circulation patterns that
redistribute heat from the tropics to the high northern
latitudes.

Influence of the NAO on the environment
of Iceland

Giraudeau et al. (2004) showed that the strength of

Atlantic inflow into the Nordic Seas during the
Holocene is tempered by the balance between the
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Irminger and the Norwegian (and West Spitsbergen)
branches of the North Atlantic Drift, and that this
balance was primarily controlled by changes in the
atmospheric pressure gradients across the North
Atlantic. Sea surface temperatures (SST) for the past
2000 years reconstructed from alkenones extracted
from marine sediment cores recovered from the shelf
north of Iceland (Sicre et al. 2008) show decadal
variability. Controls on SST on decadal scales are
thought to reflect variations in the North Atlantic
oscillation (NAO).

Interdecadal atmospheric variability in the north-
ern North Atlantic winter is dominated by the NAO
(Hurrell et al. 2001). When the NAO is in its
positive phase, low-pressure anomalies over Iceland
produce strong Atlantic westerlies, accompanied by
low air temperatures and drier conditions over
Iceland, all conducive to more effective eolian
sediment redistribution, and high erosion rates.
When the Icelandic Low is anomalously strong,
cyclogenesis increases in the region (van Loon and
Rogers 1978; Roger and van Loon 1979; Hurrell
1995; Serreze 1995).

We propose that our record of TOC in Hauka-
dalsvatn indicates periods of cold and windy
conditions, and hypothesize that such conditions
are most probable during positive phases of the
NAO, with colder-than-normal temperatures around
Iceland and strong Atlantic westerlies. This was
presumably the case during the most severe phases
of the LIA, when BSi concentrations are lowest and
TOC concentrations are highest in the Haukadals-
vatn record. Correlations of the Haukadalsvatn
reconstruction with instrumental or reconstructed
NAO indices perform poorly because most of the
NAO variability is in the interdecadal time domain,
with only modest changes in amplitude, and there is
very little low-frequency signal. The age model for
the Haukadalsvatn record lacks precision in the
decadal time range, and the strongest signals are
low-frequency (centennial) changes, and strong
changes in amplitude on multidecadal time scales.
We suspect that there is an “NAO-like” control that
explains some of this variability, especially the
large-amplitude multidecadal shifts, but current
reconstructions of NAO back through time do not
capture these features.

@ Springer

Conclusions

The sediment cores from Haukadalsvatn provide the
first continuous, sub-decadally resolved record of
climate and environmental change over the past 2 ka
for a terrestrial site in Iceland. Two geochemical
proxies at this resolution, BSi and TOC, are inversely
related to variations in spring/early summer temper-
ature and, for TOC, to a lesser extent to wind speed.
Increases in BSi record primary productivity related
to spring/early summer warmth, whereas increases in
TOC largely reflect cold summers associated with
dry, windy winters.

Late Holocene soil erosion has been frequently
linked to the settlement of Iceland. However, our
proxies demonstrate that landscape instability and
soil erosion preceded colonization by several centu-
ries, and that for several centuries after settlement,
there is little evidence of increases in soil erosion to
the lake. Changes in land use and deforestation
associated with settlement probably made the region
more susceptible to disturbance from natural climate
variability, but the initiation of landscape instability
is most intense during the interval of the LIA and
seems unrelated to human activity.

A broad peak in BSi and lack of a trend in TOC
between ca. 900 and 1200 AD is coincident with the
MWP, and suggests generally warmer seasons and
landscape stability with little soil erosion. But this
interval is punctuated by several short, cold pertur-
bations, suggesting the MWP was not an interval of
uninterrupted spring/summer warmth. The transition
into the LIA follows a two-step pattern, with an initial
cooling around 1250 to 1300 AD after which BSi
steadily declines. A major disruption between 1450
and 1500 AD results in nearly a century of severe soil
erosion and cold summers, and is the start of the main
cold phase of the LIA. Even during the LIA, periods
of relatively warm summers occurred, especially in
the late 1600s and early 1700s. Recovery from the
LIA began in the mid 1800s. The two steps into the
LIA coincide with the intervals of greatest atmo-
spheric loading of volcanic aerosols, supporting
earlier suggestions that explosive volcanism may
have acted as a trigger to LIA cooling, if accompa-
nied by changes in system state that involved large
positive feedbacks.
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Although the mechanisms likely to explain
changes in our primary proxies align well with
changes in the NAO (changes in spring/summer
temperature, wind strength, and possibly precipita-
tion), the modes of variability in the Haukadalsvatn
record do not match those of the instrumental record
of NAO, or with the various millennial reconstruc-
tions of the NAO index. We suggest that there may be
a lower-frequency control on NAO strength, or a
strong positive feedback that can amplify NAO mode
changes to explain our dataset.

A comparison of our proxy 2 ka reconstruction of
environmental change in northwest Iceland with other
millennial-scale hemispheric reconstructions suggests
that lake sediment in Iceland records the most prom-
inent features found in the hemispheric records. Future
goals for our study of the Haukadalsvatn cores include
geochemical characterization of tephras between 1000
and 1900 AD to better constrain the age model across
an interval when sedimentation rates may be non-
linear, and spectral analysis of the improved time
series to evaluate quantitatively the observed environ-
mental shifts in the frequency domain.
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