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[1] Arctic environments, where surface temperatures increase and sea ice cover and
permafrost depth decrease, are very sensitive to even slight climatic variations. Placing
recent environmental change of the high-northern latitudes in a long-term context is,
however, complicated by too short meteorological observations and too few proxy records.
Driftwood may represent a unique cross-disciplinary archive at the interface of marine and
terrestrial processes. Here, we introduce 1445 driftwood remains from coastal East
Greenland and Svalbard. Macroscopy and microscopy were applied for wood anatomical
classification; a multi-species subset was used for detecting fungi; and information on
boreal vegetation patterns, circumpolar river systems, and ocean current dynamics was
reviewed and evaluated. Four conifer (Pinus, Larix, Picea, and Abies) and three deciduous
(Populus, Salix, and Betula) genera were differentiated. Species-specific identification also
separated Pinus sylvestris and Pinus sibirica, which account for ~40% of all driftwood
and predominantly originate from western and central Siberia. Larch and spruce from
Siberia or North America represents ~26% and ~18% of all materials, respectively. Fungal
colonization caused different levels of driftwood staining and/or decay. Our results
demonstrate the importance of combining wood anatomical knowledge with insight on
boreal forest composition for successfully tracing the origin of Arctic driftwood. To
ultimately reconstruct spatiotemporal variations in ocean currents, and to better quantify
postglacial uplift rates, we recommend consideration of dendrochronologically dated
material from many more circumpolar sites.
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1. Introduction

[2] The Arctic is one of the world’s most sensitive
environments to climate change [Duarte et al., 2012], where
ecological responses have been reported among various spa-
tiotemporal scales [Post et al., 2009; Spielhagen et al., 2011;
Macias-Fauria et al., 2012]. Surface temperatures of the
high-northern latitudes increased by ~0.9�C during the
twentieth century [ACIA, 2005], whereas circumpolar sea
ice cover and permafrost depth significantly decreased
[Anisimov et al., 2007].
[3] Generally too short and too few meteorological obser-

vations across the high-northern latitudes emphasize the
importance of natural proxy archives to provide information

on Arctic climate variability during preindustrial times
[Overpeck et al., 1997;Naish and Zwartz, 2012]. Circumpolar
paleo-evidence derives either from terrestrial (e.g., tree rings,
lake sediments, ice cores) or marine (e.g., sediment records,
bivalves increments, water isotopes) archives, or ideally even
a combination thereof [Kaufmann et al., 2009]. A long-term,
high-resolution record from the interface of marine and ter-
restrial processes is, however, still missing.
[4] At the same time, massive driftwood deposits char-

acterize many Arctic coastlines. This material entered the
Arctic Ocean through one of the large boreal river systems
before being ice-drifted to its final deposition (Figure 1a).
Driftwood exclusively originates from the circumpolar boreal
forest zone where trees generally grow near their north-
ern and thus temperature-limited distribution range [Fritts,
1976]. Given this climatologically induced growth con-
straint, Arctic driftwood likely appears suitable for dendro-
climatological investigations [Häggblom, 1982]. However,
driftwood not only can contain information on past envi-
ronmental conditions that occurred during a trees’ lifespan
but may also reflect changes in forest management strategies
and associated logging and floating activities [Johansen,
1998]. Insight on past changes in river runoff, ocean current,
and postglacial uplift might be further gained from large
driftwood collections if the absolute age and precise origin
of each sample is known. Hence, a systematically collected,
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Figure 1. (a) Driftwood sampling sites and boreal forest composition with the large river systems
(Projection: North Pole Lambert Azimuthal Equal Area). (b) Sample replication and region of Arctic
driftwood research between 1869 and 2012 [Agardh, 1869; Wiesner, 1872; Nördlinger, 1873; Örtenblad,
1881; Fischer and Schneider, 1883; Ingvarson, 1903; Ingvarson, 1911; Kindle, 1921; Giddings, 1941;
Giddings, 1943; Oswalt, 1951; Giddings, 1952; VanStone, 1958; Eurola, 1971; Blake, 1972; Salvigsen,
1981;Häggblom, 1982; Stewart and England, 1983; Bartholin and Hjort, 1987; Samset, 1991; Eggertsson,
1993; Eggertsson, 1994a; Eggertsson, 1994b; Eggertsson and Layendecker, 1995; Gronnow, 1996; Dyke
et al., 1997; Johansen, 1998; Johansen, 1991; Dyke and Savelle, 2000; Johansen, 2001; Alix and Koester,
2002; Alix and Brewster, 2004; Wheeler and Alix, 2004; Alix, 2005; Fitzhugh et al., 2006; England et al.,
2008; Funder et al., 2011], with color codes referring to the same study areas (SV: Svalbard, JM:
Jan Mayen, NC: Northern Canada, CC: Central Canada, A: Alaska, I: Iceland, G: Greenland, N: Norway,
R: Russia, EC: Eastern Canada, and C: Canada).
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adequately replicated, and carefully analyzed driftwood com-
pilation would likely allow linking dynamic aspects of
marine and terrestrial ecosystems at annual precision over
most of the Holocene.
[5] The first driftwood was collected for scientific studies

during early Arctic expeditions at the end of the nineteenth
century (Figure 1b). At least 19 pioneering voyages, mainly
interested in revealing the geographic origin of driftwood,
were conducted between 1869 and the end of the 1980s
[e.g., Agardh, 1869; Kindle, 1921; Eurola, 1971]. The amount
of driftwood considered in these studies, however, was re-
stricted to only few samples (Figure 1b). From the 1990s on-
ward, more sophisticated surveys with enhanced sample repli-
cation took place with an expanded interest in exploring sea-ice
variations, palaeoenvironmental changes, and/or unraveling
the linkage between driftwood abundance and human settle-
ments [e.g., Giddings, 1943; Eggertsson, 1993, 1994a,
1994b; Dyke et al., 1997; Johansen, 1998, 1999; Alix,
2005, 2009]. Estimates of Arctic sea-ice cover and modern
ocean current dynamics throughout the Holocene were
recently obtained from ~80 radiocarbon dated driftwood sam-
ples in tandemwith the analyses of shells, plants, and lake iso-
lation lines from Northeast Greenland [Funder et al., 2011].
Nevertheless, a sufficiently replicated driftwood study that
comprises wood anatomical details and provides a circumpo-
lar overview of the forest composition though owes.
[6] Here we assess the largest ever-compiled gathering of

1445 Arctic driftwood samples to discuss its boreal origin.
We therefore also consider macroscopic and microscopic
wood anatomical techniques and combine this high-resolution
cell-level evidence with digitized information on hemispheric-
scale vegetation patterns, river systems, and ocean currents.

2. Materials and Methods

[7] A collection of 1445 Arctic driftwood samples was
made at three different sites along the coastlines of East
Greenland (Traill, 72�32′N 23�10′W in August 2010; Scores-
bysund, 70�30′N 25�0′W in August 2011) and Svalbard (Ny
Friesland 78�54′N 18�1′E in August 1996). Only discs were
taken at all three shoreline locations. Each sample was
labeled and identified as being from natural or logged mate-
rial in the field. Natural stems generally enter the rivers due
to storm events, erosion processes, or changing soil condi-
tions like permafrost thawing. Visual indication of root collar
and/or branch bases characterizes this material type and
clearly distinguishes it from logged timbers that are free of
rootstocks and snags and often with cut ends.
[8] Data from Ny Friesland exclusively contain tree stems

with >50 rings. Data from Traill also include smaller
remains and partly decomposed wood. The Scoresbysund
collection is most heterogeneous and compiles everything
from small branches and roots to large stems. All samples

were archived following a thorough identification key
[Schweingruber, 1990], repeatedly sanded, and macroscopi-
cally categorized. Morphological features were considered
to differentiate between deciduous and coniferous wood
(Figure 2), as well as pine, spruce/larch, and fir. Macro-
scopic characteristics include the sap-to-heartwood con-
trast, wood color, resin ducts, and the type of transition
from early wood to latewood. Odor and gloss of driftwood
samples did not provide reliable information and were there-
fore not used as indication key. A few distinguishing features
utilized for the macroscopic characterization include the fol-
lowing: Reddish heartwood refers to larch and pine. Spruce
and fir are bright colored without sapwood. Large resin
ducts exist in pine, and small resin ducts are common in
larch and spruce [Gärtner and Heinrich, 2009]. Fir is char-
acterized by the absence of resin ducts or solely contains
rows of traumatic resin ducts. Sharp boundaries between
bright early wood and reddish latewood refer to larch.
[9] Microscopic techniques were additionally applied to

determine the genus-level and to further identify the wood
from different tree species. Radial sections were cut for all
samples. Tangential- and transverse-orientated sectioning
was performed on a subset of 20 samples for extra verifica-
tion [Hoadley, 1990]. These samples were double stained
with safranin and astrablue to enhance the contrast within an-
atomical structures. Samples were rinsed with ethanol and fi-
nally embedded in “Canada Balsam” to create permanent
slides [Gärtner et al., 2001]. Another subset of samples, ob-
viously penetrated by fungi, was further investigated with
scanning electron microscopy to determine the specific fun-
gal types involved and to also assess patterns of degradation
resulting from wood decay [Arenz and Blanchette, 2009].
[10] A North Pole Lambert Azimuthal Equal Area projec-

tion was utilized as a base-map to visualize the circumpolar
distribution of the main boreal conifer species (Figures 1
and 5). Online forest inventory data [Little, 1971; EUFORGEN,
2009; Malyshev, 2008] were combined with historical Russian
registers [S. Shyatov, personal communication] and docu-
mentary environmental evidence [Berg, 1950]. The analogue
maps were scanned and subsequently geo-referenced in
ArcGIS. The different species-specific areas were joined to
their genus abundance by data management tools. Different
color and hatching codes were generated to display up to five
spatially overlapping species, accompanied by the main
Eurasian and North American river systems and dominant
Arctic Ocean currents, resulting in a unique circumpolar
perspective that was so far missing.

3. Results and Discussion

3.1. Driftwood anatomy

[11] A combination of harsh environmental conditions of
the boreal forest zone where all the driftwood originates,

FirSpruceLarchPine

Resin ducts
Colour
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/m intenseuidemmediumintensemedium-intense

Figure 2. Macroscopic features of coniferous stem sections.
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several years of polar ice rift, and even more extreme condi-
tions along the Arctic coastlines were all the material was de-
posited, strongly affected the samples obtained. Missing rings,
holes from shipworms (Teredinida), wood erosion, and de-
composition by fungi, as well as silver paper-like surfaces,
were characteristic features of most driftwood samples. Fun-
gal infestation and reaction wood further complicate anatomi-
cal identification. Separation between spruce and larch was
found to be particularly difficult. Nevertheless, a careful con-
sideration of various anatomical characteristics resulted in a
precise classification of almost all driftwood remains.

[12] Unstained microscopic thin sections allowed the de-
termination of Scots pine (Pinus sylvestris) and Siberian pine
(Pinus sibirica) (hereinafter PISY and PISI), as well as larch,
spruce, fir, willow, poplar, and birch (Figure 3). Large pinoid
pits characterize the rays of PISY and PISI (Figures 3a and
3b). Differentiation between PISY and PISI was possible
by the occurrence of different ray-tracheid wall structures,
being serrated for PISY but smooth for PISI. Small (piceoid)
pitting in rays separates the North American Pinus banksiana
and Pinus contorta from the Eurasian species (Figures 3c
and 3d). Spruce, larch, and fir had small pitting in their rays.

(b)(a)

(g)

(j)

(d)(c)

(i)

(h)(e) (f)

(l)(k)

Figure 3. Microscopic identification features and fungal colonization: (a–g) coniferous wood, (h–j) de-
ciduous wood, and (k–l) fungi invaded conifers: (a–b) large pinoid pits in the rays, stained blue. (a) Pinus
sylvestris: typical serrated tracheid walls. (b) Pinus sibirica: typical smooth tracheid walls. (c–d) North
American pines with small ray pits and serrated tracheid walls. (c) Pinus banksiana. (d) Pinus contorta.
(e–g) Small pitting in the rays. (e) Larix sp.: transversal tracheids present, smooth shape of exterior borders
of pits. (f) Picea sp.: transversal tracheids present, angular shape of exterior borders of pits. (g) Abies sp.:
transversal tracheids absent. (h) Betula sp.: scalariform perforation plates. (i) Populus sp.: homogeneous
rays. (j) Salix sp.: heterogeneous rays (microtome radial sections, except the zoom for Picea sp. and Larix
sp. (razor blade sections), stained with Safranin and Astrablue; reflected light microscope with a magnifi-
cation of 400). (k–l) fungi (blue stain) invaded PISY. (k) Stained radial cut, fungi growing through the
cells without destroying cell walls. Small diameter hyphae of wood decay fungi also present (reflected
light microscope). (l) Unstained cross section with large diameter hyphae (arrow) in cell lumen (scanning
electron microscope). All pictures refer to driftwood samples that were analyzed in this study.

HELLMANN ET AL.: ARCTIC DRIFTWOOD

4



The arrangement of the bordered pits helped differentiat-
ing between Larix sp. (LASP, often biseriately arranged,
Figure 3e) and Picea sp. (PCSP, uniseriately arranged,
Figure 3f), but some uncertainty remained [Anagnost et al.,
1994]. We were able to further distinguish between spruce
and larch by comparing the shape of their transversely
sectioned bordered pits [Bartholin, 1979]. Smooth-shaped
bordered pits in cross section are typical for larch and
angular-shaped pits for spruce (Figures 3e and 3f, zoom).
Abies sp. (ABSP) differs from the other species since it does
not contain transversal tracheids (Figure 3g).
[13] Salix sp. (SASP) and Populus sp. (PPSP) show a

somewhat similar anatomical structure. Both of these woods
have uniseriate rays, simple perforation plates, and large
ray vessel pits but can be differentiated by a different ray
structure. Heterogeneous ray cells feature SASP; the cells at
the edge are higher than the ones in the middle of the ray
(Figure 3h). In contrast, the homogeneous cells in PPSP all
have similar size (Figure 3i). Betula sp. (BESP) differs by
the occurrence of scalariform perforation plates and small
ray vessel pits (Figure 3j).
[14] The general tendency toward reduced wood density,

caused by cellulose and lignin decomposition following
fungi infestation in almost all samples, is a concern from a
palaeoclimatological point of view. Maximum latewood
density (MXD; g/cm3) chronologies from northern North
America and northern Eurasia are commonly used for the
reconstruction of summer temperature variability over past
centuries to millennia [Büntgen et al., 2006, 2007, 2008,
2011; Esper et al., 2012]. MXD measurements from fungal-
invaded wood material, however, are less suitable for recon-
structing climate due to potentially high decomposition rates
[Blanchette, 2000] and overall reduced density values.
Blue stain fungi (most frequently found in pine, Figures 3k
and 3l) do not cause cell wall decay but can form penetration
pegs and physically bore through cell walls. Filamentous

fungal hyphae were visible in the stained wood sections
when observed and photographed with a reflected light mi-
croscope (Figure 3k). Hyphae were evident in wood cells
and observed by scanning electron microscopy (Figure 3l).
For some of these fungi, colonization likely occurred at sites
where the wood originated, but for others, indigenous fungi
to Greenland or Svalbard likely colonized the wood causing
decay. A common type of wood decay observed in the drift-
wood was soft rot. This type of attack in wood has previously
been shown to be the major type of degradation occurring in
Polar Regions [Blanchette et al., 2010; Jurgens et al., 2009].
[15] Our conifer driftwood composition resembles the spe-

cies natural occurrence within the circumpolar boreal forest
zone. Five coniferous (PISY, PISI, LASP, PCSP, and
ABSP) and three deciduous species (SASP, PPSP, and
BESP) were found (Figure 4). One board, likely from con-
struction material, was determined as Pseudotsuga menziesii
(PSME), and one other timber found was not identified.
PISY accounts for 37.7%, followed by larch and spruce with
25.7% and 18.4%, respectively. ABSP and PISI only repre-
sent 4.4% and 2.0%. Deciduous samples were classified into
willow, poplar, and birch (7.5%, 3.1%, and 1.4%).
[16] The ratio of logged (artificial) and non-logged (natural)

materials varied between the species and was likely biased by
the individual sampling strategy realized at each of the three
collection sites (Figure 4). PISY represented 70.5% of the
logged material, whereas 88.0% of the natural material was
SASP, including a high proportion of small branches. Similar
rates of logged and non-logged materials were derived from
LASP (38.5% logged and 38.8% natural) and PCSP (40.1%
logged and 39.7% natural). Within the other species, the ratio
of logged to non-logged material ranged from 14.3% (BESP)
over 34.5% (PISI) to 61.9% (ABSP), whereby the total num-
ber of these species was fairly low. The results for the three
sites slightly differ due to different sampling protocols re-
garding the percentage of deciduous wood (mainly SASP).
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Figure 4. Species composition of the 1445 driftwood samples separated into logged, natural, and non-
declared material. PISY: Pinus sylvestris (37.3%), PISI: Pinus sibirica (2.0%), LASP: Larix sp. (25.7%),
PCSP: Picea sp. (18.4%), ABSP: Abies sp. (4.4%), SASP: Salix sp. (7.5%), PPSP: Populus sp. (3.1%),
BESP: Betula sp. (1.4%), Plyw.: Plywood (0.1%), and PSME: Pseudotsuga menziesii (0.1%). Inset refers
to (a) logged material (~40 cm long and ~10 cm in diameter) marked from a wood company somewhere in
the boreal forest zone, and to (b) a naturally fallen/eroded stem with root collar (~50 cm long and ~5–25 cm
in diameter), to (c) differences in sizes of logs sampled, and (d) branch, root, and shrub samples.
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The amount of small and probably local deciduous wood
(mainly SASP) is higher in Scoresbysund (18.9%) and smal-
ler in Traill and Svalbard (6.8% and 1.4%), while the rest of
the species composition is approximately the same. Fungal
attack was equally found in the wood from the three sites.
[17] In summary, microscopic identification of all drift-

wood samples was possible at the genus level and for pine
also at the species-level. Scots pine was most frequent
among all data, followed by larch and spruce. Deciduous
wood was, however, extremely rare. More than half of the
Scots pine samples were logged.

3.2. Driftwood origin

[18] Both LASP and PCSP occur widespread in Eurasia
and North America; PISY and PISI occur exclusively in
Eurasia. ABSP is generally less frequent and more re-
stricted to the southern boreal forest zone (Figure 5).
[19] The distribution of PISY ranges from 5�E to 135�E,

but its western populations <40�E are likely less relevant
for this study as no wood from this area can reach the Arctic
Ocean via large river systems. The most northern Scots pine
distribution in Siberia is ~67�N (Lena River). The smaller
habitat of Siberian pine (48�E to 127�E), however, also
reaches far north to ~67�N (Yenisei River).
[20] No samples can be assigned to North America

with certainty by wood anatomical methods alone. Con-
sideration of the species-specific relative proportion per

continent is important as spruce for instance dominates the
North American forests, but larch is prevalent in Siberia.
Moreover, it is important to note that the overall species
composition of the boreal forest zone is not necessarily
representative of the river shorelines. In fact, while larch
(Larix laricina) is indeed present in the North American
boreal forest, it very rarely grows along the shores of the
large “wood-producing” Yukon and Mackenzie Rivers and
therefore only rarely occurs in any driftwood assemblage
[Giddings, 1952; Alix, 2005, 2009; Alix and Brewster,
2004; Eggertsson, 1994a].
[21] Dendrochronological cross dating of tree-ring chro-

nologies from the possible source areas is required to defi-
nitely determine the origin of larch, spruce, and fir.
[22] The different river discharges in Eurasia and North

America are important factors influencing the amount
and transport of driftwood. The Mackenzie River is the
largest North American discharge into the Arctic Ocean
with a runoff of 340 km3/yr, followed by Yukon River with
202 km3/yr. However, the total inflow into the Arctic Ocean
is much lower from North America (1170 km3/yr) than from
Eurasia (3300 km3/yr) [Izmailova, 2003; Aagaard and
Carmack, 1989]. Three of the six large Siberian Rivers
draining into the Arctic Ocean have a higher discharge than
the Mackenzie River. This suggests a high probability of
Arctic driftwood to originate from Siberia. With a runoff of
620 km3/yr, the Yenisei River is the largest, followed by
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Figure 5. Distribution of boreal conifer species: Pinus sp. (divided in Pinus sp. in North America and
Pinus sylvestris/Pinus sibirica in Eurasia), Larix sp., Picea sp., and Abies sp., together with the sampling
sites and the large river systems.
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the Lena (530 km3/yr) and the Ob (404 km3/yr). The most
eastern Siberian Kolyma River (132 km3/yr), as well as
the Pechora (141 km3/yr) and Northern Dvina (105 km3/yr)
Rivers in the west have relatively low drains [Peterson
et al., 2002]. The drainage area of Kolyma River is domi-
nated by larch (Figure 6). All other large northern North
American and northeastern Eurasian catchments contain
of more than one species. Larch and spruce, for instance,
occur in many catchments on both continents.
[23] The dominance of PISY would correspond with a

higher influx of Eurasian Rivers into the Arctic Ocean. Never-
theless, when considering only non-logged natural wood,
larch (31.0%) and spruce (22.8%) are more frequent in com-
parison to Scots pine (13.0%). Other factors, like vegetation
cover or weather extremes, may influence the driftwood pro-
portion relative to the different catchments [Reimnitz and
Maurer, 1979]. River erosion occurs most frequently in delta
regions of big river systems. A high degree of undercutting
erosion is, for instance, known for the Yukon River. In con-
trast, forested delta systems such as the Mackenzie Delta
are indicative for the origin of natural driftwood from North
American, whereas shrub and grassland dominated delta sys-
tems, which are characteristic for most of the large Eurasian
Rivers, are likely less important driftwood sources.
[24] Siberian harvest consists of 34% pine, 25% spruce,

and 24% larch [Obersteiner, 1995]. Approximately 50%
(33–43% in 1970s–1990s and 48–53% in 2000s) of the
logged wood in the Yenisei drainage area was pine [Sokolov
et al., 2007]. This river, especially with its headwater tribu-
tary Angara River, is also the most rafted river with cut logs
in Siberia. Many stems get lost while being floated within
large rafts without attending ships. Lost stems are further
transported along the rivers to the ocean and can then get
stuck in the Arctic sea ice cover. Timber rafting started in
the late 1920s and was intensified in the 1930s. In 1937,
several strings of large rafts with up to 40,000m3 of timber
per string were sent from Yenisei and Angara to Igarka
(67�28′N, 86�34′E), the second largest port for Russian wood
transport. Floating activity at these rivers was very high until
the 1990s. Industrial activities and dam constructions at the
Yenisei, and in the upper Angara River region, led to more
logging activities from 1950 onwards. The main species in
the Angara catchment is PISY [Korets et al., 2011]. Northern
Dvina and its tributaries were also used for heavy timber raft-
ing. More than 15,000,000m3 were rafted in the 1960s. New

rafting techniques led to a decrease in wood loss from more
than 50% when floating logs was just beginning at some riv-
ers to less than 1% by 1975. Drift floating ceased in 1987 in
the U.S.S.R. and almost completely stopped after 2000.
However, more than 80,000 km of rivers was used for float-
ing before this time, and floating wood guided by ships is a
still commonly applied technique in Russian boreal forest
zone, with up to 30% of wood harvested every year trans-
ported by water [Sokolov et al., 2006]. In the larch-dominated
catchments of the Lena and Kolyma Rivers, timber is mostly
of lower quality and thus used for the local industry rather
than for trading at the international market. Drift-floating
activities are therefore of minor importance in these regions.
In this context, it is important to note that timber rafting
and floating was never a standard transporting technique in
Alaska [Alix, 2005] and logging along the Mackenzie River
was also quite unusual. In consequence, the majority of spruce
logs might indeed originate from Siberia. However, a clear
separation between logged and natural materials is not al-
ways possible, and the absence of a root collar even though
the stem was not logged appears challenging [Alix, 2005,
2009]; such biases may result from ice-breaking events.
[25] The maximum periods of buoyancy likely range from

6 to 10 months for most of the deciduous wood, but for larch
and pine, it averages 9–10 months, and up to 17 months for
spruce [Häggblom, 1982]. Deciduous wood often sinks be-
fore entering the Arctic Ocean, or at least before its inclusion
into the ice. All driftwood needs to be transported in or on
the ice, mainly following the ocean currents to reach these
Arctic sites where sampling took place (Figure 1). The main
surface currents in the Arctic Ocean are the clockwise
Beaufort Gyre, which circulates north of the Canadian Arctic
Archipelago and the Transpolar Drift, from the Siberian coast
over the North Pole toward the Fram Strait. The Transpolar
Drift becomes the East Greenland Current by leaving the
Arctic Ocean via Fram Strait and transporting wood further
to the coast of Greenland and Svalbard. Variations between
the two major Arctic Ocean currents may be detected in the
future when much more driftwood is dendrochronologically
dated and geographically provenanced—replication matters
[Büntgen et al., 2012].
[26] In summary, all species of driftwood that were

found occur in Eurasia as well as in North America. Only
PISY and PISI are restricted to Eurasia. The discharge into
the Arctic Ocean is higher from the Eurasian Rivers. High

majority of the river is located within this species habitat only the southern part of the river is located within this species habitat
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Abies sp.).
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logging activities in Scots pine dominated areas result in
high amounts of logged pines.

4. Conclusions

[27] A total of 1445 driftwood samples from East Greenland
~71�N and Svalbard ~78�N were anatomically classified,
and a multi-species subset was additionally used for detec-
tion of fungal decay. Distribution of boreal tree species
and river systems, as well as dynamics of Arctic Ocean
currents, was reviewed, digitized, and mapped.
[28] Nearly half of all driftwood material was logged.

Anatomical characterization at the genus-level revealed four
coniferous woods (Pinus, Larix, Picea, and Abies) and three
genera of deciduous wood (Populus, Salix, and Betula). Spe-
cies-specific identification allowed Pinus sylvestris and
Pinus sibirica to be distinguished, which account for ~40%
of all samples, and this wood predominantly originated from
western and central Siberia. Larch and spruce cannot be cer-
tainly assigned to an origin area, hence derived either from
Siberia or North America and represented ~26% and ~18%
of our compilation, respectively. Wood decay after fungal
colonization complicated the anatomical assessment of almost
all material.
[29] A combination of intense sample replication, careful

macroscopic and microscopic anatomical analyses, as well
as consideration of a complex boreal species distribution,
appears indispensable for properly tracing the origin of
Arctic driftwood. Even though our results realistically reflect
the natural boreal species composition, more research, in-
cluding dendrochronologically dated wood from various
locations, could be used to further improve our understand-
ing of changes in circumpolar ocean currents and postglacial
uplift rates.

[30] Acknowledgments. B. Sittler, B. Frauenberger, C. Lachenmeier,
I. Pike, A. Verstege, D. Nievergelt, H. Linderson, and B. Held contributed
to field and laboratory work. A. Bast and C. Ginzler provided insight on
various mapping techniques. G. King and two anonymous reviewers
commented on earlier manuscript versions. This work is supported by the
Eva Mayr-Stihl Foundation.

References
Aagaard, K., and E. Carmack (1989), The role of sea ice and other fresh
water in the Arctic circulation, J. Geophys. Res., 94 (C10), 14,485–
14,498.

ACIA (2005), Arctic Climate Impact Assessment, 1042 pp., Cambridge
University Press, Cambridge, U. K.

Agardh, J. (1869), Om den Spetsbergska Driftvedens ursprung, Öfversigt af
Kongliga Vetenskaps, Akademische Förderhandlung, 26, 97–119.

Alix, C. (2005), Deciphering the impact of change on the driftwood cycle:
contribution to the study of human use of wood in the Arctic, Global
and Planetary Change, 47, 83–98.

Alix, C. (2009), Persistence and change in Thule wood use, In The Northern
World A.D. 900–1400. edited by H. Maschner, O. K. Mason, and Robert
McGhee, The University of Utah Press, Salt Lake City, Utah.

Alix, C., and K. Brewster (2004), Not all driftwood is created equal: wood
use and value along the Yukon and Kuskowim Rivers, Alaska, Alaska
Journal of Anthropology, 2 (1-2), 48–65.

Alix, C., and D. Koester (2002), Driftwood in the North Pacific. Report of a
driftwood sampling project undertaken on the Harriman Expedition
Retraced, available at: http://www.facultysite.sinanewt.on-rev.com/
assets/HarrimanDriftwoodFull.pdf (accessed April 2012).

Anagnost, S., R. Meyer, and C. De Zeeuw (1994), Confirmation and signif-
icance of Bartholin’s method for the identification of the wood of Picea
and Larix, IAWA Journal, 15, 171–184.

Anisimov, O. A., D. G. Vaughan, T. V. Callaghan, C. Furgal, H. Marchant,
T. D. Prowse, H. Vilhjálmsson, and J. E. Walsh (2007), Polar regions
(Arctic and Antarctic), in Climate Change 2007: Impacts, Adaptation

and Vulnerability. Contribution of Working Group II to the Fourth Assess-
ment Report of the Intergovernmental Panel on Climate Change, edited
by M. L. Parry, O. F. Canziani, J. P. Palutikof, P. J. van der Linden
and C. E. Hanson, pp. 653–685, Cambridge University Press, Cambridge.

Arenz, B. E., and R. A. Blanchette (2009), Investigations of fungal diversity
in wooden structures and soils at historic sites on the Antarctic Peninsula,
Canadian Journal of Microbiology, 55, 46–56.

Bartholin, T. (1979), The Picea-Larix problem, IAWA Bulletin, 1, 7–9.
Bartholin T., and C. Hjort (1987), Dendrochronological studies of recent
driftwood on Svalbard, in Methods of Dendrochronology, edited by
L. Kairukstis, L. Bednarz, and E. Feliksik, pp. 207–219, I. Warsaw: Polish
Academy of Sciences, Systems Research Institute.

Berg, L. (1950), Natural Regions of the U.S.S.R., The Macmillan Company,
New York.

Blake, W. (1972), Climatic implications of radiocarbon-dated driftwood
in the Queen Elizabeths Islands, Arctic Canada, in Climatic Changes in
Arctic Areas During the Last Ten-Thousand Years, edited by Y. Vasari,
H. Hyvärinen, and S. Hicks, pp. 77–104, Acta Universitatis Ouluensis,
Series A. (3), Geology 1, University of Oulu, Oulu.

Blanchette, R. A. (2000), A review of microbial deterioration found in
archaeological wood from different environments, International Biode-
terioration and Biodegradation, 46, 189–204.

Blanchette, R. A., B. H. Held, B. E. Arenz, J. A. Jurgens, N. J. Baltes,
S. M. Duncan, and R. L. Farrell (2010), An Antarctic hot spot for fungi at
Shackleton’s historic hut on Cape Royds, Microbial Ecology, 60, 29–38.

Büntgen, U., D. C. Frank, D. Nievergelt, and J. Esper (2006), Summer
temperature variations in the European Alps, AD 755–2004, Journal
of Climate, 19/2, 5606–5623.

Büntgen U., D. C. Frank, R. J. Kaczka, A. Verstege, T. Zwijacz-Kozica,
and J. Esper (2007), Growth/climate response of a multi-species tree-ring
network in theWestern Carpathian Tatra Mountains, Poland and Slovakia,
Tree Physiology, 27, 689–702.

Büntgen U., D. C. Frank, H. Grudd, and J. Esper (2008), Long-term summer
temperature variations in the Pyrenees, Climate Dynamics, 31, 615–631.

Büntgen, U., C. Raible, D. Frank, S. Helama, L. Cunningham, D. Hofer,
D. Nievergelt, A. Verstege, N. Stenseth, and J. Esper (2011), Causes
and consequences of past and projected Scandinavian summer tempera-
tures, 500–2100 AD, PLOS ONE, 6 (9), e25133. doi:10.1371/journal.
pone.0025133.

Büntgen U., W. Tegel, K.-U. Heussner, J. Hofmann, R. Kontic, T. Kyncl,
and E. R. Cook (2012), Effects of sample size in dendroclimatology,
Climate Research, 53, 263–269.

Duarte, C. M., T. M. Lenton, P. Wadhams, and P. Wassmann (2012),
Abrupt climate change in the Arctic, Nature Climate Change, 2, 60–62.

Dyke, A., J. England, E. Reimnitz, and H. Jetté (1997), Changes in drift-
wood delivery to the Canadian Arctic Archipelago: The hypothesis of
postglacial oscillations of the transpolar drift, Arctic, 50, 1–16.

Dyke, A., and J. Savelle (2000), Holocene driftwood incursion to South-
western Victoria Island, Canadian Arctic Archipelago, and its signifi-
cance to paleoceanography and archaeology, Quaternary Research, 54,
113–120.

Eggertsson, Ó (1993), Origin of the driftwood on the coasts of Iceland: A
dendrochronological study, Jökull, 43, 15–32.

Eggertsson, Ó. (1994a), Mackenzie River driftwood—A dendrochronologi-
cal study, Arctic, 47, 128–136.

Eggertsson, Ó. (1994b), Driftwood as an indicator of relative changes in
the influx of Arctic and Atlantic water into the coastal areas of Svalbard,
Polar Research, 13 (2), 209–218.

Eggertsson, Ó., and D. Layendecker (1995), Dendrochronological study of
the origin of driftwood in Frobisher Bay, Baffin Island, N. W. T., Canada,
Arctic and Alpine Research, 27 (2), 180–186.

England, J., T. Lakeman, D. Lemmen, J. Bednarski, T. Stewart, and
D. Evans (2008), A millennial-scale record of Arctic ocean sea ice
variability and the demise of the Ellesmere Island ice shelves, Geophys.
Res. Lett., 35, 1–5.

Esper, J., et al. (2012), Orbital forcing of tree-ring data, Nature Climate
Change, doi:10.1038/NCLIMATE1589.

EUFORGEN (2009), Distribution of European larch (Larix decidua),
Norway spruce (Picea abies), Scots pine (Pinus sylvestris), available at:
http://www.euforgen.org/distribution_maps.html (accessed April 2012).

Eurola, S. (1971), The driftwoods of the Arctic ocean, Rep. Kevo Subarctic
Research Station, 7, 74–80.

Fischer, D., and J. Schneider (1883), Untersuchungen einiger Treibhölzer
von der Insel Jan Mayen, Die österreichische Polarstation Jan Mayen,
Beobachtungsergebnisse Kaiserliche Akademie für Wissenschaft, 3
(7B), 17–24.

Fitzhugh, W., R. Jordan, J. Adovasio, and D. Laeyendecker (2006), Cordage
and wood from the Avayalik Dorset Site, in Northern Labrador, in Dy-
namics of the Northern Societies—Proceedings of the SILA/NABO
Conference on Arctic and North Atlantic Archaeology, edited by

HELLMANN ET AL.: ARCTIC DRIFTWOOD

8

http://www.facultysite.sinanewt.on-rev.com/assets/HarrimanDriftwoodFull.pdf
http://www.facultysite.sinanewt.on-rev.com/assets/HarrimanDriftwoodFull.pdf
http://www.euforgen.org/distribution_maps.html


J. Arneborg and B. Groennow, pp. 153–175, Danish National Museum:
Studies in Archaeology and History, 10, Copenhagen.

Funder, S., et al. (2011), A 10,000-year record of Arctic ocean sea-
ice variability—View from the beach, Science, 333, 747–750.

Fritts, H. C. (1976), Tree Rings and Climate, Academic Press, London.
Gärtner, H., and I. Heinrich (2009), The formation of traumatic rows of
resin ducts in Larix decidua and Picea abies (Pinaceae) as a result of
wounding experiments in the dormant season, IAWA Journal, 30 (2),
199–215.

Gärtner, H., F. H. Schweingruber, and R. Dikau (2001), Determination
of erosion rates by analyzing structural changes in the growth pattern
of exposed roots, Dendrochronologia, 19, 81–91.

Giddings, J. (1941), Dendrochronology in Northern Alaska, Fairbanks: Uni-
versity of Alaska Publication IV, 107 pp.

Giddings, J. (1943), A Plan for Mapping Arctic Sea Currents, Geographical
Review, 33, 326–327, The American Geographical Society, New York.

Giddings, J. (1952), Driftwood and problems of Arctic sea currents, Pro-
ceedings of the American Philosophical Society, 96 (2), 129–141.

Gronnøw, B. (1996), Driftwood and Saqqaqq culture woodworking in
West Greenland, in Cultural and Social Research in Greenland 95/96
Essays in Honour of Robert Peterson, edited by B. Jacobson, C. Andreasen,
and J. Rygaard, pp. 73–89, Illisimatursarfik/Atuakkiofik.

Häggblom, A. (1982), Driftwood in Svalbard as an indicator for sea ice
conditions, Geografiska Annaler, 64, 81–94.

Hoadley, B. (1990), Identifying wood: accurate results with simple tools,
223 pp., Taunton Press, Newtown, Conn.

Ingvarson, F. (1903), Om driftveden i Norra Ishafvet, Kongliga Svenska
Vetenskaps-Akademiens Handlingar, 37 (1), 1–84.

Ingvarson, F. (1911), Die Treibhölzer auf dem Ellesmere-Land, Report of
the Second Norwegian Arctic Expedition in the „Fram“ 1869-1902 (24),
1–57.

Izmailova, A. (2003), Water resources, water use and water availability in
North America, in World Water Resources at the Beginning of the
Twenty-First Century, edited by I. Shiklomanov and J. Rodda, Cambridge
University Press, Cambridge.

Johansen, S. (1998), The origin and age of driftwood on Jan Mayen, Polar
Research, 17 (2), 125–146.

Johansen, S. (1999), Origin of driftwood in north Norway and its rele-
vance for transport routes of drift ice and pollution to the Barents
Sea, The Science of the Total Environment, 231, 201–225.

Johansen, S. (2001), A dendrochronological analysis of driftwood in the
Northern Dvina delta and on northern Novaya Zemlya, J. Geophys.
Res., 106 (C9), 19,929–19,938.

Jurgens, J. A., R. A. Blanchette, and T. R. Filley (2009), Fungal diversity
and deterioration in mummified woods from the ad Astra Ice Cap region
in the Canadian High Arctic, Polar Biology, 32, 751–758.

Kaufmann, D., D. Schneider, N. McKay, C. Ammann, R. Bradley, K. Briffa,
B. Otto-Bliesner, J. Overpeck, and B. Vinther (2009), Recent warming
reverses long-term Arctic cooling, Science, 325, 1236–1239.

Kindle, E. (1921), Mackenzie River driftwood, Geographical Review, 11,
50–53.

Korets, M., V. Ryzhkova, and I. Danilova (2011), GIS-aided method of
forest current state and dynamics mapping, Proceedings of the 25th
International Cartographic Conference, available at: http://icaci.org/
files/documents/ICC_proceedings/ICC2011/ (accessed April 2012).

Little, E., Jr. (1971), Atlas of United States trees, volume 1, conifers and
important hardwoods: U.S. Department of Agriculture Miscellaneous
Publication, available at: http://esp.cr.usgs.gov/data/atlas/little/ (accessed
March 2012).

Macias-Fauria, M., B. C. Forbes, P. Zetterberg, and T. Kumpula (2012),
Eurasian Arctic greening reveals teleconnections and the potential for
structurally novel ecosystems, Nature Climate Change, doi:10.1038/
NCLIMATE1558.

Malyshev, L. (2008), Range of Dahurian Larch (Larix dahurica), Siberian
Fir (Abies sibirica), Siberian Larch (Larix sibirica), Siberian Pine (Pinus
subirica), available at: http://www.agroatlas.ru/en/content/related/ (accessed
April 2012).

Naish, T., and D. Zwartz (2012), Looking back to the future, Nature Climate
Change, 2, 317–318.

Nördlinger, H. (1873) Th. Von Heuglin’s Treibholz-Sammlung von Nowaja
Semlja, Petermanns Geogr. Mitt., 19, 189–190.

Örtenblad, V. (1881), Om Sydgrönlands driftved, Bihang till Kungliga
Svenska Vetenskapsakademiens förhandlinger, 6 (10), 3–34.

Obersteiner, M. (1995), Status and structure of the forest industry in Siberia,
available at: http://icaci.org/files/documents/ICC_proceedings/ICC2011/
(accessed April 2012)

Oswalt, W. (1951), The origin of driftwood at Hooper Bay, Alaska, Tree-
ring Bulletin, 18 (1), 6–8.

Overpeck, J., et al. (1997), Arctic environmental change of the last four
centuries, Science, 278, 1251–1256.

Peterson, B. J., R. M. Holmes, J. W. McClelland, C. J. Vörösmarty, R. B.
Lammers, A. I. Shiklomanov, I. A. Shiklomanov, and S. Rahmstorf
(2002), Increasing river discharge to the Arctic Ocean, Science, 298,
2171–2173.

Post, E., et al. (2009), Ecological dynamics across the Arctic associated with
recent climate change, Science, 325, 1355–1358.

Reimnitz, E., and D. K. Maurer (1979), Effects of storm surges on the
Beaufort Sea Coast, Northern Alaska , Arctic, 32 (4), 329–344.

Salvigsen, O. (1981), Radiocarbon dated raised beaches in Kong Karls
Land, Svalbard, and their consequences for the glacial history of Barents
Sea area, Geografiska Annaler, 63 (A), 283–291.

Samset, I. (1991), Naturens egen transportteknikk löste et ressursproblem,
Rapport fra Skogforsk, 5, 1–31.

Schweingruber, F. H. (1990), Mikroskopische Holzanatomie, 3rd edn.
Swiss Federal Institute for Forest, Snow and Landscape Research,
Birmensdorf.

Sokolov K. B., A. N. Minaev, M. M. Ovchinnikov, V. I. Patyakin, V. B.
Olofinsky, and E. M. Guseinov (2006), Water transport of wood as eco-
nomic and ecological constituents of development for wood-industrial
complex in Russia, Lesnoi Zhurnal, 6, 114–119.

Sokolov, K. B., et al. (75 co-authors) (2007), Forest resources, Encyclo-
pedia “Natural resources of Krasnoyarsk region”, edited by A. A.
Gnezdilov, et al., Publishing house of KIGMR, Krasnoyarsk (in
Russian).

Spielhagen, F., K. Werner, S. A. Sørensen, K. Zamelczyk, E. Kandiano,
G. Budeus, K. Husum, T. Marchitto, and M. Hald (2011), Enhanced
modern heat transfer to the Arctic by warm Atlantic water, Science, 331,
450–453.

Stewart, T., and J. England (1983), Holocene sea-ice variations and
paleoenvironmental change, Northernmost Ellesmere Island, N.W.T.
Canada, Arctic and Alpine Research, 15 (1), 1–17.

VanStone, J. (1958), The origin of driftwood on Nunivak Island, Alaska,
Tree-ring Bulletin, 22, 12–15.

Wiesner, J. (1872), Untersuchugnen einiger Treibhölzer aus dem nördlichen
Eismeere, Sitzungsberichte der Akademie der Wissenschaft, Wien.

Wheeler, R., and C. Alix (2004), Economic and cultural significance of
driftwood in coastal communities, available at: http://www.uaf.edu/files/
aqc/Wheeler%20and%20Alix.pdf (accessed April 2004).

HELLMANN ET AL.: ARCTIC DRIFTWOOD

9

http://icaci.org/files/documents/ICC_proceedings/ICC2011/
http://icaci.org/files/documents/ICC_proceedings/ICC2011/
http://esp.cr.usgs.gov/data/atlas/little/
http://www.agroatlas.ru/en/content/related/
http://icaci.org/files/documents/ICC_proceedings/ICC2011/
http://www.uaf.edu/files/aqc/Wheeler%20and%20Alix.pdf
http://www.uaf.edu/files/aqc/Wheeler%20and%20Alix.pdf

