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ABSTRACT
Although recent ecological changes are widespread in Arctic 

lakes, it remains unclear whether they are more strongly associated 
with climate warming or the deposition of reactive nitrogen (Nr) 
from anthropogenic sources. We developed a 3500-yr paleolimnologi-
cal record from the world’s northernmost lake to explore this ques-
tion. Microfossils indicate that siliceous diatoms and chrysophytes 
were abundant initially, but disappeared 2400 yr ago in concert with 
Neoglacial cooling. Microfossils reappear in 20th-century sediments 
and reach unprecedented concentrations in sediments deposited 
after ca. A.D. 1980, tracking increasing summer temperatures in the 
absence of evidence for atmospheric nutrient subsidies. These results 
indicate that current warming in northern Greenland is unprec-
edented in the context of the past 2400 yr, and that climate change 
alone is responsible for the marked biological changes observed.

INTRODUCTION
Polar amplifi cation of climate warming during recent decades is 

well documented, given that rates of Arctic surface temperature increases 
exceed the global average two- to three-fold over the past century (Tren-
berth et al., 2007; Serreze et al., 2009). Higher temperatures and longer 
growing seasons, coupled to altered snow and ice regimes, have poten-
tially far-reaching ecological consequences, many of which are becoming 
evident across the circumpolar north (Post et al., 2009). In lakes, 20th-
century shifts in algal and invertebrate communities suggest that recent 
climate change has induced ecological regime shifts across the Arctic 
(Smol et al., 2005). However, as the level of human interference with the 
global biogeochemical cycle of nitrogen accelerates (Gruber and Gallo-
way, 2008), climate change is but one potential agent acting upon Arctic 
lakes, and its contribution to the total observed ecological change has not 
been unambiguously demonstrated.

Nitrogen stable isotopes (δ15N) in sediments from numerous Arctic 
lakes (Holtgrieve et al., 2011) and in nitrate from Greenland ice (Hast-
ings et al., 2009) reveal progressive isotopic depletion in the 20th century, 
with an acceleration of this trend in the past ~40 yr. The similarity of 
this pattern to that in regions known to receive elevated reactive nitrogen 
(Nr) deposition (Wolfe et al., 2003) indicates that they chronicle long-
range transport and deposition from anthropogenic sources. Although 
the amplitude of these isotopic shifts varies considerably due to site-
specifi c processes, the near-synchronous timing and uniform direction 
of the shifts strongly support the notion that they represent a fi rst-order 
proxy for anthropogenic Nr deposition. Together, climate warming and 
Nr deposition may form potent synergies leading to a range of ecological 
and biogeochemical changes in lakes (Hobbs et al., 2010). To date, how-
ever, it is has proven diffi cult to disentangle these effects in the absence 
of unambiguous end-member ecosystems that capture a signature purely 
mediated by climate change.

We explored this problem by undertaking paleolimnological analyses 
of Holocene sediments from Kaffeklubben Sø (unoffi cial name, 83°37′N, 
30°47′W, 45 m above sea level [asl]; Fig. 1), the world’s northernmost 

lake, on the north coast of Greenland and among the most remote regions 
of the Northern Hemisphere. Although previous Holocene paleoecologi-
cal studies have been conducted in this region (Funder and Abrahamsen 
1988; Olsen et al., 2012), our study is the fi rst to present highly resolved 
analyses of surface sediments spanning the 20th century and place these 
within the context of late-Holocene natural variability. Kaffeklubben Sø 
is a small lake (area of 48 ha, maximum depth of 14.5 m) that remains 
ice-covered year-round, with a marginal ice-free moat forming in sum-
mer between the shore and the ice pan. Mean annual air temperatures are 
~−18.0 °C, and current summer temperatures hover just above freezing 
(1980–1999 mean July temperature of 1.6 °C at Kap Morris Jesup, 30 km 
west of the lake). Average annual precipitation is 188 mm (at the nearest 
weather station, Station Nord), conferring polar desert conditions to the 
region (Cappelen et al., 2001).

METHODS
A suite of lake sediment cores was extracted in July 2006 from the 

deepest part of Kaffeklubben Sø with a gravity coring device (Glew et 
al., 2001), capturing the entire late-Holocene organic sequence. Sedi-
ments were dated with excess (unsupported) 210Pb and accelerator mass 
spectrometric 14C dates on various organic matter fractions (see the GSA 
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Figure 1. Location map of Kaffeklubben Sø on the north coast of 
Greenland. Site locations are those mentioned in text. Areas of gla-
cier cover are white. Photographs of the area are available in the 
Data Repository (see footnote 1).
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Data Repository1). Diatoms were prepared using standard methods for 
organic matter oxidation (Battarbee et al., 2001). Microfossil concen-
trations were determined by spiking digested slurries with an external 
marker (Wolfe, 1997), whereas diatom taxonomic richness was assessed 
using rarefaction analyses (Birks and Line, 1992) normalized to a count 
size of 200 valves (typical count size is >400 valves where present). 
Sediment carbon, and nitrogen content and δ15N values, were obtained 
using a Costech 4010 elemental analyzer connected to a ThermoFinnigan 
MAT253 isotope ratio mass spectrometer. Combustion was achieved at 
1000 °C in oxygen catalyzed by silvered cobaltous oxide to remove sul-
fur compounds, and reduced copper to convert NOx to N2. The evolved N2 
was introduced to the mass spectrometer in a He stream through an open 
split using a ConFlo III device. Precision of δ15N analyses referenced to 
atmospheric N2 is <0.2‰, based on measurements of internal reference 
materials (glutamic acid and bulk organic matter from salmon tissue) cal-
ibrated against IAEA-N1 and USGS32 standards. Carbon and nitrogen 
contents are reproducible to within ±0.1% (as percent total mass).

KAFFEKLUBBEN SØ PALEOLIMNOLOGICAL RECORD
The sediment record from Kaffeklubben Sø, which has been rigor-

ously dated by 14C and 210Pb radiochronology (see the Data Repository), 
reveals three phases during the past 3500 yr (Fig. 2). Diatoms are present 
in the oldest sediments, and comprise a taxonomically depauperate com-
munity of pioneering benthic taxa belonging to the family Fragilariaceae. 

Non-fragilarioid diatoms and chrysophyte cysts are either rare or absent 
in this part of the record. Total diatom concentrations are relatively low, 
and after an initial rise, decrease monotonically until they disappear alto-
gether, ca. 2400 calibrated (cal.) yr B.P. These sediments are overlain by 
a 47 cm interval representing ~2300 yr (Fig. 2) that is largely barren of 
siliceous microfossils, with episodic showings at very low concentrations 
at ca. 1980 yr B.P., ca. 1670–1630 yr B.P., and ca. 630–440 yr B.P. The 
occasional diatom valves present are well preserved, with no evidence of 
etching or pitting of valve walls (see the Data Repository). Therefore, their 
scarcity is attributed to low production by diatoms as a whole, and not to 
selective dissolution. Colonies of cyanobacteria belonging to the genus 
Nostoc occasionally are preserved in this interval and likely dominated 
lake primary production. Subsequently, beginning in ca. A.D. 1920, dia-
toms and chrysophytes reappear in the record and reach unprecedented 
concentrations in sediments deposited since A.D. 1980. Diatom taxo-
nomic richness is as high, or higher, in these sediments as anywhere in the 
lower diatom-rich zone. Sediment accumulation rates broadly parallel dia-
tom abundance patterns, declining during the inferred cold period when 
diatoms are rare or absent. Accordingly, diatom fl uxes in recent decades 
are unprecedented in the context of the entire record.

Nitrogen stable-isotope values remain stable across these pro-
nounced diatom community transitions (Fig. 2). Importantly, there is no 
evidence for directional decreases in sediment δ15N or nitrogen concen-
tration over recent decades, in contrast to both the Greenland summit ice-

1GSA Data Repository item 2012282, supplementary text and fi gures, is available online at www.geosociety.org/pubs/ft2012.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 2. Late Holocene paleolimnology of Kaffeklubben Sø (northern Greenland). A: Stratigraphic profi les of concentrations of major sili-
ceous microfossil groups, diatom taxonomic richness estimated by rarefaction analysis, relative frequencies of dominant siliceous micro-
fossils, and sediment biogeochemical properties. Gray shading is the zone largely barren of diatoms. Taxonomic richness is normalized to a 
sum of 200 diatom valves [E(S200)]. Key dates (in calibrated yr B.P.) are shown on the right. Radiocarbon dating targets: C.m.—cyanobacterial 
mat; Br.—bryophytes; H.a.—humic acid extracts; N.—spherical Nostoc colonies. B–H: Field-emission scanning electron micrographs of 
representative microfossils. Scale bar is 5 µm. B: Staurosirella pinnata. C,D: Two morphotypes of Staurosira venter. E: Pseudostaurosira 
pseudoconstruens. F: Encyonema minutum. G: Nitzschia perminuta. H: A typical unornamented and collarless chrysophyte cyst.
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core record and Arctic regions impacted by anthropogenic Nr deposition 
(Wolfe et al., 2006). The stability of lead stable-isotope ratios from recent 
Kaffeklubben Sø sediments lends further support to the contention that 
the lake is at present unaffected by atmospheric deposition (Michelutti 
et al., 2009), as do exceedingly low nitrogen deposition rates measured 
at Station Nord (<0.02 µg N m–2; Hole et al., 2009). The greatest vari-
ability in down-core δ15N and C/N molar ratios occurs during the interval 
largely barren of siliceous microfossils. This likely refl ects variability in 
the sources of organic matter reaching sediments at these times, alternat-
ing between autochthonous sources associated with cyanobacteria when 
the lake was perennially frozen, and episodic inputs of terrestrial organics 
characterized by elevated C/N.

We interpret the Kaffeklubben Sø paleolimnological sequence as 
a record of limnological responses to past and ongoing climate change. 
Recent increases in siliceous microfossil accumulation rates (fl uxes) 
correlate well with observed climate warming both locally (Fig. 3A) and 
regionally across northern Greenland (Fig. 3B). The association of July 
air temperatures at Kap Morris Jesup with sediment diatom fl ux con-
fi rms the nature of this diatom-temperature relationship. We hypothesize 
that diatoms and chrysophytes are not represented in Kaffeklubben Sø 
sediments when local July air temperatures fall below 0 °C. This pro-
vides a potentially powerful transfer function by which almost consis-
tently frozen conditions can be inferred for the interval between ca. 2.4 
kyr B.P. and A.D. 1920, sandwiched between periods of sustained sum-
mer melting. Perennial lake ice is strongly limiting to lake photoauto-
trophic communities dominated by diatoms and chrysophytes, whereas 
cyanobacteria are able to persist under conditions of perennial lake ice 
(Antoniades et al., 2009).

The evolution of late-Holocene climate on north Greenland produced 
a series of threshold responses in the siliceous algal communities of Kaf-
feklubben Sø (Fig. 2). Secular cooling over the past two millennia, cul-
minating in the Little Ice Age, is a widely recognized pattern across the 
Arctic (Kaufman et al., 2009), with cold conditions persisting until the 
mid-20th century. Both the Greenland Ice Corp Project (GRIP) and Dye 
3 ice cores register 2–3 °C of cooling between 4 and 2 kyr B.P. (Dahl-
Jensen et al., 1998), which is believed to broadly refl ect conditions on 
Greenland (Vinther et al., 2009). On the north coast, regional glacier equi-
librium lines dropped substantially in this interval (Landvik et al., 2001), 
and ca. 2.5 kyr B.P., landfast ice became permanent on the north coast, 
precluding the penetration of driftwood to fi ords (Funder et al., 2011). 
Brief reprises of driftwood penetration correspond with episodic diatom 
recurrences in Kaffeklubben Sø, although exceedingly low diatom con-
centrations during these periods imply that none of these intervals, even 

Figure 3. Correspondence between recent climate trends and bio-
logical changes in Kaffeklubben Sø (northern Greenland). A: Total 
diatom fl uxes (red line), according to sediment 210Pb chronology, 
track mean July temperatures at Kap Morris Jesup (black). B: Longer 
climate records from northern Greenland confi rm unusual warmth of 
the most recent three decades and provide a broader temporal con-
text for the Kap Morris Jesup temperature record (climate data com-
piled from Carstensen and Jørgensen, 2010). C: Trends in chryso-
phyte cyst (ochre) and non-fragilarioid diatom (blue) fl uxes since 
ca. A.D. 1980. The inset relates decadally binned fl uxes of the three 
siliceous microfossil categories to mean July temperatures at Kap 
Morris Jesup averaged over the same intervals (i.e., A.D. 1980–89, 
1990–99, and 2000–2006). D: Ecological changes are decoupled from 
δ15N and %N in Kaffeklubben Sø sediments (red lines), although δ15N 
and NO3

- concentrations from the summit of the Greenland Ice Sheet 
(green lines) reveal a clear signature of anthropogenic reactive ni-
trogen (Nr) deposition, particularly since A.D. 1950 (Hastings et al., 
2009). Rising levels of atmospheric CO2 (black line) from spliced ice 
core (Neftel et al., 1985) and measured (Tans, 2007) concentrations 
underscore the climatic and ecological changes of the late 20th and 
early 21st centuries.
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during the Middle Ages, was comparable to current (post-A.D. 1980) 
warming. This fi nding is supported by the nearby Hans Tausen Iskappe 
record (Hammer et al., 2001). Finally, carefully vetted radiocarbon dates 
from archaeological sites scattered across the north coast document the 
termination of Independence II Paleoeskimo culture at 2.4 kyr B.P., fol-
lowing centuries of intermittent habitation (Grønnow and Jensen, 2003). It 
is plausible that climate deterioration infl uenced human survival on north 
Greenland at this time by curtailing terrestrial productivity and the avail-
ability of important resources such as muskoxen.

CONCLUSION
The revival of Kaffeklubben Sø’s siliceous algal communities during 

recent decades, in complete absence of evidence for atmospheric Nr sub-
sidies, represents a compelling example of the response of remote polar 
ecosystems to climate warming. Our results suggest that current summer 
temperatures in northernmost Greenland have not been experienced con-
sistently since before ca. 2.4 kyr B.P. Given current and anticipated warm-
ing trajectories, ultimately infl uenced by enhanced anthropogenic green-
house gas forcing (Meehl et al., 2007), these results portend even greater 
future biological changes and indicate that, even in absence of synergistic 
responses involving atmospheric deposition, profound ecological changes 
in High Arctic biomes will continue to accelerate.
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