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The Arctic in the Twenty-First
Century: Changing Biogeochemical
Linkages across a Paraglacial
Landscape of Greenland

N. JOHN ANDERSON, JASMINE E. SAROS, JOANNA E. BULLARD, SEAN M.R CAHOON, SUZANNE MCGOWAN,

ELIZABETH A. BAGSHAW, CHRISTOPHER D. BARRY, RICHARD BINDLER, BENJAMIN T. BURPEE,

JONATHAN L. CARRIVICK, RACHEL A. FOWLER, ANTHONY D. FOX, SHERILYN C. FRITZ, MADELEINE E. GILES,
LADISLAV HAMERLIK, THOMAS INGEMAN-NIELSEN, ANTONIA C. LAW, SEBASTIAN H. MERNILD, ROBERT M.

NORTHINGTON, CHRISTOPHER L. OSBURN, SERGI PLA-RABES, ERIC POST, JON TELLING, DAVID A. STROUD,
ERIKA J. WHITEFORD, MARIAN L. YALLOR AND JACOB C. YDE

The Kangerlussuaq area of southwest Greenland encompasses diverse ecological, geomorphic, and climate gradients that function over a range of
spatial and temporal scales. Ecosystems range from the microbial communities on the ice sheet and moisture-stressed terrestrial vegetation (and
their associated herbivores) to freshwater and oligosaline lakes. These ecosystems are linked by a dynamic glacio-fluvial-aeolian geomorphic
system that transports water, geological material, organic carbon and nutrients from the glacier surface to adjacent terrestrial and aquatic
systems. This paraglacial system is now subject to substantial change because of rapid regional warming since 2000. Here, we describe changes in
the eco- and geomorphic systems at a range of timescales and explore rapid future change in the links that integrate these systems. We highlight
the importance of cross-system subsidies at the landscape scale and, importantly, how these might change in the near future as the Arctic is

expected to continue to warm.

Keywords: tundra, lake, carbon, permafrost, aeolian

Arctic ecosystems have undergone major changes
over the past century (Hinzman et al. 2013). Much of
this change is driven by higher temperatures, a warming that
is enhanced relative to lower latitudes but other stressors,
notably atmospheric deposition of reactive nitrogen (N)
and other pollutants, also have profound ecological effects
(Post et al. 2009, Wookey et al. 2009). Much of the focus in
Arctic geomorphic and ecological research has been on the
response of individual units (e.g., floodplain, population,
or community) to climate and atmospheric changes. Many
of the ecological responses have been relatively predict-
able in terms of our understanding of the underlying pro-
cesses—that is, altered phenology, longer growing seasons,
the greening (i.e., increased plant biomass) of terrestrial
ecosystems, range expansion or contraction of plants and
animals, and altered soil microbial activity associated with
deepening active layers (Sturm et al. 2001, Schuur et al.

2008). Ecosystem feedbacks and their impact on the climate
system are important (Wookey et al. 2009), largely because
of the large carbon (C) stores (McGuire et al. 2009), but the
focus is often only within individual or limited components
of the Arctic system (e.g., vegetation—soils or soils—perma-
frost; Wookey et al. 2009).

In the broader ecological literature, the importance of
climate-driven alterations to connections across ecosystems
is increasingly recognized (Greig et al. 2012). Resources
such as carbon, nutrients, and water are exchanged across
ecosystems, and the exchange of these “subsidies” can be
tightly coupled (Nakano and Murakami 2001), raising the
need to better understand the pools and their linkages across
the landscape. Wookey and colleagues (2009) highlighted
the impact of climate and N deposition on altered terrestrial
ecosystem processes and community structure and there-
fore the broader climate system. Overpeck and colleagues
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(2005) indicated the importance of feedbacks between key
“hubs” in the Arctic system and possible changes as key
components (e.g., sea ice or permafrost) are lost. Although
the Arctic is increasingly seen as an integrated system
(Hinzman et al. 2013), much of the focus on cross-system
connections has been on the one-way delivery of water,
carbon, and nutrients from glaciers to rivers to marine sys-
tems (Hawkings et al. 2015, O’Neel et al. 2015). The linkages
across continental systems (glacier, terrestrial, and freshwa-
ter), as well as the myriad feedbacks among them, are much
less clear, despite their likely importance in shaping how the
landscape responds to climate and atmospheric deposition;
the physical transitions between ice-sheet, terrestrial, and
marine ecosystems are often unambiguous on Greenland.

In the Arctic, glaciated landscapes provide model systems
in which to explore the complexity of cross-system physical
and biogeochemical linkages (Anderson SP 2007). The past
and present influences of glaciers impart signature effects on
northern landscapes, layered on top of typical Arctic features
(e.g., permafrost) that have major implications for weather-
ing rates, geochemical cycling, and organic C sequestration
(Anderson SP 2007). Ice sheets and glaciers are also recognized
as distinct ecosystems (Anesio and Laybourn-Parry 2012)
and microbial-dominated biogeochemistry can affect adja-
cent terrestrial and aquatic ecosytems (Hodson et al. 2008).
Active glaciers produce rock flour and provide an important
biogeochemical interface with the atmosphere, concentrating
and storing water, carbon, nutrients and pollutants. These
materials are released into the proglacial floodplain, a key
feature of the associated paraglacial landscape (defined as a
landscape that is directly conditioned by former glaciation
and deglaciation). These floodplains are major components of
the geomorphic system that couple glaciers and ice sheets to
wider sedimentary environments (Bullard 2013). They provide
sediments that are transported by fluvial and aeolian processes
within the landscape at a range of timescales. In turn, the aeo-
lian dispersal of dust from these floodplains delivers nutrient
subsidies to terrestrial and freshwater systems as well as back
to the glacier itself. These systems provide complex but rich
opportunities in which to assess physical and biogeochemical
linkages and feedbacks across Arctic landscapes and to exam-
ine how these may change in the future.

The Arctic has witnessed some of the most rapid, nonlin-
ear environmental change in the last 20 years, with perhaps
the best example of this being Greenland, where mean
annual air temperatures between 2007 and 2012 were 3°C
higher than averages from 1979 to 2000 (Mayewski et al.
2014). Greenland Ice Sheet (GrIS) mass losses are more
than 100% higher after 1996 compared with the period
between 1958 and 1996 (van den Broeke et al. 2009), with
an extreme melt event on the GrIS in 2012 (e.g., Hanna
et al. 2014). During the last decade, the North Atlantic and
Arctic oceans have experienced the most drastic loss of sea
ice ever recorded (Parkinson and Comiso 2013), coinciding
with regional increases in marine net primary production
(Arrigo et al. 2008). However, sea-ice loss is also changing
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stratification patterns, which influences the vertical trans-
fer of nutrients and therefore phytoplankton production
(Ardyna et al. 2014). Similar changes to lake stratification
are also occurring with associated implications for commu-
nity structure. Sulfur deposition products originating from
marine phytoplankton have increased with these changes in
sea ice (Sharma et al. 2012). Collectively, it is quite apparent
that in the twenty-first century, we have entered a period of
rapid environmental change in the Arctic.

Here we synthesize research from the area around
Kangerlussuaq, southwest Greenland, at a range of tempo-
ral and spatial scales in a cross-system, multidisciplinary
approach. The area of focus spans from the margin of the
GrIS to the associated paraglacial landscape, situated in the
largest ice-free margin of the country (figure 1). Our goal
is to begin to delineate the resource pools and cross-system
connections in this region to enable greater understanding
of future climate-driven changes to this region.

Kangerlussuaq: The Arctic and global change
encapsulated

The area along Kangerlussuaq (Sendre Stremfjord in Danish)
encapsulates the Arctic in an approximately 150-kilometer,
approximately 6000-square-kilometer corridor from the ice
sheet itself to the valley and cirque glaciers at the coast. This
land mass spanning from the ice-sheet margin to the coast
of the Labrador Sea includes a range of landscapes and eco-
systems (figures 2 and 3): glacial and supraglacial; freshly
exposed moraines; large outwash plains (sandurs); terrestrial
ecosystems that include dwarf shrub tundra, steppe, and
snow-bed communities; lakes and ponds that range from
organic rich and shallow to dilute and deep and oligosaline
and meromictic. Streams range from turbid silt laden rivers
draining the ice sheet to oligotrophic and fast flowing in the
coastal mountains (see box 1).

The Kangerlussuaq area is located in the continuous per-
mafrost zone, but permafrost conditions vary considerably in
the region. Recent borehole measurements and active layer
probing show that active layer thickness varies from approxi-
mately 30 centimeters in an ice-wedge polygon affected peat
bog at 430 meters (m) above sea level near the GrIS margin
(Ingeman-Nielsen et al. 2012), to at least 1.8 m in a glacioma-
rine silty clay deposit at Kangerlussuaq airport (Christiansen
etal. 2010). As well as strong local and regional spatial climate
and vegetation gradients along Kangerlususuaq, there are
also pollutant gradients that reflect rainfall differences as well
as ice marginal dynamics. For example, pollution mercury
inventories are nearly threefold higher in lakes close to the ice-
sheet margin compared with the coast (Bindler et al. 2001).

At Kangerlussuaq airport, the mean annual air tem-
perature (MAAT) was -5.0 degrees Celsius (°C) and -3.9°C
for the periods 1974-2012 and 2001-2012, respectively
(Mernild et al. 2014). This recent increase in local MAAT
(figure 4) is consistent with the MAAT increase observed
in Greenlandic coastal synoptic meteorological stations
(Hanna et al. 2012), the increasing frequency of warm
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Figure 1. The area around Kangerlussuaq airport, showing the high density of lakes and their juxtaposition to the
Greenland ice sheet, its outlet glaciers, and the outwash plains. Abbreviations: km, kilometers; N, north; W, west; °, degrees.

air temperature extremes (Mernild et al. 2014), and the
recent occurrence of extreme melt events in 2010 and 2012
(Tedesco et al. 2011, Hanna et al. 2014). The mean annual
precipitation (MAP) at Kangerlussuaq airport was 242 mil-
limeters (1981-2012), showing an insignificant increase
in MAP to 258 millimeters in recent years (2001-2012;
Mernild et al. 2015) although there has been a change in
seasonality. Model simulations based on downscaling of the
regional climate model HIRHAM4 coupled with the general
circulation model ECHAMS5 indicate that from 1950 to 2080
the MAAT and MAP will increase by 3.4°C and 95 millime-
ters, respectively (Mernild et al. 2011).

Recent changes within regional landscape
geomorphic and ecological systems

Glacier. The ice-sheet margin at Kangerlussuaq has recently
experienced a period of thickening (1980-2000), followed
by rapid ice-marginal thinning and recession of outlet gla-
ciers (Knight et al. 2007). Two of the most prominent glacier
changes have been the evolution of supraglacial lakes and the
reoccurrence of drainage outbursts from a large ice-dammed
lake. The number of supraglacial lakes along this part of the
western GrIS margin has increased, and almost 30% of the
lakes appear to drain in a few days (Fitzpatrick et al. 2014).
The supraglacial lakes drain into moulins, which then dis-
charge meltwater to the terminus of the ice sheet, which
can contribute to ice marginal lakes. An approximately
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1-square-kilometer ice-dammed lake on the northern flank
of Russell Glacier (figure 2d) is known to have drained
repeatedly from the late 1940s until 1987. After 20 years of
lake level stability due to increased thickness of the ice-sheet
margin, a jokulhlaup (rapid drainage of ice-dammed lakes)
in 2007 marked a renewed cycle of flooding (e.g., Russell
et al. 2011). Jokulhlaup events have resulted in downstream
floods almost every year since 2007 during the late summer.
Also, intense ice-sheet melt in July 2012 caused the Watson
River to rapidly reach the highest level ever recorded since
records began in the 1940s. Both types of glacier floods
affect downstream proglacial geomorphology, sedimentary
systems and biological communities at Kangerlussuaq (e.g.,
Carrivick et al. 2013). In brief, these geomorphological
impacts include delta formation into lakes, channel bank
erosion, channel bedrock incision, and sediment deposition
in terrestrial and lacustrine basins and into the fjord.

Terrestrial. Since observational monitoring of plant phenol-
ogy in Kangerlussuaq began in 1993, the start of the plant
growing season has advanced by approximately 20 days
(Kerby and Post 2013, Post 2013). Phenological advance-
ment has varied considerably among plant species, with
graminoids and early-emergent forbs displaying the greatest
advancement, and deciduous shrubs the least pronounced
advancement, in the timing of spring green-up. Despite
slower rates of phenological advance, canopy cover of the
two dominant species of deciduous shrubs, Betula nana and
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Figure 2. Key components of the Kangerlussuaq ecosystems. (a) Dwarf shrub tundra (photograph: John Anderson). (b)
Steppe adjacent to the GrIS (photograph: John Anderson). (c) Rapid ecotonal transitions adjacent to the Isunguata Sermia
glacier (see figure 1; photograph: John Anderson). (d) An ice-dammed lake adjacent to the Russell Glacier (see figure 1)
with dry, shallow ponds in the foreground; note the fossil shoreline associated with a previous high stand of this lake
(photograph: Ladislav Hamerlik). There are two large herbivores found in the Kangerlussuaq area of SW Greenland,
represented by (e) an adult male caribou (photograph: Eric Post) and (f) two adult male musk ox (photograph: Eric Post).

Salix glauca, has increased near Kangerlussuag, ostensibly
in relation to local warming (Post et al. 2013). Plot-scale
CO, flux measurements indicate that such increases have
the potential to substantially increase net ecosystem carbon
uptake (Cahoon et al. 2012). Increases in deciduous shrub
cover in the area may, however, be checked on occasion by
outbreaks of the caterpillar larvae of a noctuid moth, Eurois
occulta, of which there have been two since 2002 (Avery
and Post 2013). Such outbreaks may increase in severity in
the Kangerlussuaq region and other parts of the Arctic with
future warming.

Animal populations have also changed in recent decades.
Daily censuses of the two resident species of large herbi-
vores inhabiting the area, caribou (Rangifer tarandus) and
muskoxen (Ovibos moschatus), have been conducted annu-
ally throughout the reproductive seasons of both species at
a long-term study site 25 kilometers east of Kangerlussuaq
(Post 2013). These counts indicate that the annual maxi-
mum number of caribou observed at that site have declined
from a peak of nearly 600 in 2006 to 119 in 2015, whereas
the annual maximum number of muskoxen has fluctuated
between approximately 15 and 50 and may be increasing
slowly. The endemic Greenland white-fronted goose, Anser
albifrons flavirostris, has been declining since peaking at
35,600 in 1999 (Stroud et al. 2012), whereas the Canada
goose, Branta canadensis interior, has probably been breed-
ing in West Greenland since at least 1863 but has increased
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in range and abundance in recent years, reaching over 500 in
recent years (Fox and Glahder 2010).

Aquatic. Limnological surveys were initiated in 1996
(Anderson NJ et al. 2001), prior to the recorded onset
of regional warming, and since then, there have been a
number of systematic changes. Like the majority of Arctic
lakes, those around Kangerlussuaq are nutrient poor (total
phosphorus, P, is less than 7 micrograms per liter, pg per
L; total N ranges 300-800 g per L; Whiteford et al. 2016)
but are major C stores at the landscape scale (Anderson
NJ et al. 2009). Nitrate is often low, with the exception of
the coastal lakes, where it is notably higher in the spring
from a strong N-pulse derived from melting snow pack.
Stable isotope analyses of this NO; suggest it is enhanced by
atmospherically derived reactive N deposition. The spatial
gradient in nutrients and their seasonal availability results
in pronounced patterns in nutrient limitation (Whiteford
et al. 2016).

Another notable change is the increasing lake levels in
a number of the oligosaline lakes at the head of the fjord,
where lake levels have increased by up to 2.5 m over the
last 12 years, as has been evidenced by drowned shrub
tundra along the lake shores. Many of the inland lakes
have high dissolved organic carbon (DOC) concentrations
(approximately 40-100 milligrams per L) because of the
long retention times and evapoconcentration over centuries
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Figure 3. Aspects of aeolian activity around Kangerlussuaq. (a) Wind scouring of the steppe landscape adjacent to the
GrIS margin (photograph: John Anderson). (b) A late winter dust storm blowing along Sandflugtdalen (photograph: John
Anderson). (c) The sandur immediately below the terminus of the Isunguata Sermia glacier (see figure 1; photograph: John
Anderson). (d) Aeolian silt deposited in a lake watershed at an altitude of more than 500 m some 6 kilometers south of the
Orkendalen sandur; the dust was originally deposited on snow in late winter (photograph: John Anderson).

(Anderson NJ and Stedmon 2007). Regional declines have
been observed in DOC (by 60%) in a number of freshwa-
ter lakes in the period 2000-2014 (Saros et al. 2015); there
have also been increases in sulfate but not conductivity
or chloride. This decline in the DOC pool coupled with
recent decreases in C burial rates in this area suggests major
changes in C cycling over recent years. Moreover, the change
in DOC concentration coupled with rising air temperatures
will change thermal stratification patterns with associated
implications for primary production (Saros et al. 2015).

Linkages across a paraglacial landscape

The complex interactions between the GrIS and adjacent
ecosystems are not immediately apparent given their well-
delineated boundaries (i.e., ice, water, and tundra) and
despite their proximity: It is possible to transition from

122 BioScience « February 2017/ Vol. 67 No. 2

Arctic steppe or tundra to glacial ice in meters (figure 2c).
Moreover, although there is considerable hydrological dis-
charge from the GrIS annually there is a hydrological dis-
connect between the ice sheet and adjacent terrestrial
ecosystems (figure 5). Similarly, the low annual precipita-
tion and the presence of continuous permafrost suggest
that hydrological linkages between tundra soils and aquatic
ecosystems are presently limited. Synthesizing research in
the Kangerlussuaq area over the last two decades, however,
highlights the complex interactions between glaciology, the
terrestrial geomorphic system and terrestrial ecosystems
(both tundra and limnic). These interactions operate at a
range of ecological or organismal (microbes to reindeer) and
spatial (e.g., the migration of the Greenland white-fronted
goose from Greenland to the British Isles and of Canada
geese to North America) and temporal scales (seasonal C
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Box 1. Terms and definitions.

Aeolian: relating to or arising from the action of wind

small depressions; causes darkening of ice surfaces

it alters the surface albedo
Fluvial: of or found in a river
Jokulhlaup: a type of glacial outburst flood

Loess: previously deposited and biologically transformed dust

Periglacial: the zone peripheral to glaciers

Sandur: outwash plain formed by meltwater from glaciers

Talik: region of unfrozen soil or bedrock beneath a lake

Cryoconite: dust made of small rock particles, soot, and microbes that is found on the surface of a glacier, especially on the bottom of

Dirty ice: ice discolored by the deposition of atmospheric dust and/or previously entrained silt rising to the surface; important because

Moulin: a nearly vertical shaft in a glacier, formed by surface water percolating through a crack in the ice

Paraglacial: referring to surface processes and landscapes directly conditioned by former glaciation and deglaciation

Supraglacial: anything pertaining to the surface of a glacier but often refers to lakes

tixation by microbes on the ice sheet to long-term C seques-
tration by lakes). Here, we highlight some of the major
interactions.

Seasonal melt events and jokulhlaups that cause wide-
spread flooding deposit fine (less than 2000 pm) sediments
across the sandur. Following recession of the water, these
deposits desiccate rapidly. Strong winds can entrain the sedi-
ments causing dust storms and forming localized dunefields,
effectively linking the glaciofluvial and aeolian systems
(figures 3 and 5). Bullard and Austin (2011) described rapid
deflation of jokulhlaup deposits leading to intense dust
storms in the valley. There are no year round measurements
of modern aeolian flux or deposition rates for the region, but
process studies of dust flux on the sandur suggest summer
transport rates of up to 0.082 grams per meter width per
second (g per m w per s; Bullard and Austin 2011).

Dust storms can reach several hundred meters above
the sandur plain (figure 3d). Dust deposited on the surface
of the ice-sheet ablation zone preferentially absorbs solar
radiation, and melts down into the ice surface. These debris
accumulations may be concentrated (in cryoconite holes)
or dispersed (as “dirty ice” or ice algae; Yallop et al. 2012),
but are biological “hot spots” on an otherwise inhospitable
glacier surface. Recent surveys highlight the sheer scale of
active photosynthetic microbial communities in cryoconite
holes (Yallop et al. 2012). Meltwater flushes through the ice
algae and debris, initially in small, interlinked water veins
and eventually in supraglacial streams that lead to supragla-
cial lakes or moulins.

Aeolian material is also deposited on soils and directly
into lakes across the region. Modern dust deposition rates
in lake catchments above the floodplain are around 70 g
per square meter per year (Willemse et al. 2003). Evidence
of the persistence of this process in the past can be found
in lake (Anderson NJ et al. 2012) and peat (Willemse et al.
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2003) records throughout the Kangerlussuaq region and in
the widespread loess deposits in interior western Greenland.
These paleo-records suggest that aeolian activity has varied
during the Holocene and that the magnitude and frequency
of aeolian processes is closely linked to both ice-sheet
hydrology and proglacial geomorphology, which control
sediment supply and availability. The strong katabatic winds
also cause local erosion on exposed slopes (figures 3a) and
these deflation patches are widespread closer to the ice sheet,
driven by strong winds (more than 20 m per S) blowing off
the ice sheet. This erosion represents local re-working and
translocation of soil and loess, which has implications for
local C and nutrient budgets.

How are these linkages across the landscape
changing?

Water. Although the vast majority of ice-sheet melt is routed
to the ocean, a substantial portion is routed first across the
terrestrial landscape, providing subsidies of water and sedi-
ment. For Greenland as a whole, 69% of the runoff to the
surrounding seas originated from the GrIS and 31% came
from outside the GrIS (from rain and melting glaciers and
ice caps; Mernild and Liston 2012). For the GrIS specifically
as a whole, about 75% of this proglacial meltwater flows into
rivers, and the remainder enters lakes at the margins of the
ice (Lewis and Smith 2009). These ice-marginal lakes may
increase in number and/or size with increased melt of the
GrIS associated with a warming climate (figure 5). Proglacial
lakes and rivers fed by land-terminating glacial lobes receive
large plumes of sediment-laden meltwater. Sediment depos-
ited by these rivers and lakes is the primary source of the
fine sediment transported in aeolian processes. An increase
in the frequency of jokulhlaups, as was predicted by Russell
and colleagues (2011), may consequently lead to an increase

February 2017 / Vol. 67 No. 2 « BioScience 123
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Figure 4. Polar views of recent (a) temperature and (b) precipitation anomalies for the period 2001-2014 compared with
1979-2000, showing the recent climate change in west Greenland, particularly the marked warming. Maps generated via
www.ClimateReanalyzer.org (Climate Change Institute, University of Maine).

in sediment deposition (figure 5) and therefore an increase
in the magnitude and frequency of dust storms, assuming
sufficient aeolian transport capacity.

In periglacial areas removed from the direct influence of
the ice sheet, the routing of water across the landscape is
affected by seasonal and interannual changes in permafrost
dynamics, as well as by snow accumulation and melt, which
are strongly influenced by sublimation (Johansson et al.
2015). Global climate simulations suggest a widespread
increase in permafrost thaw in the twenty-first century,
with increased movement of water through the subsurface
and, in some regions, increases in precipitation that outpace
evaporation increase (Lawrence and Slater 2005). These
changes in water movement through the active layer will
affect weathering rates and the transport of solutes, includ-
ing major cations, metals, and trace elements (Jessen et al.
2014), and inorganic and organic carbon (Schuur et al.
2015). Therefore, changes in permafrost cover and duration
are likely to influence the hydrology and biogeochemi-
cal dynamics of both terrestrial and aquatic ecosystems
(figure 5). For example, in Arctic Alaska, deepening of the
active layer and melting of nutrient-rich permafrost has
enhanced the growth of herbaceous plants, which have
encroached on shallow ponds and reduced open water cover
by approximately 17% since 1948 (Andresen and Lougheed
2015). This unexpected dynamic further emphasizes the

124 BioScience « February 2017/ Vol. 67 No. 2

difficulty of predicting future hydrologic mass balance on a
landscape scale.

Measurements and coupled hydrologic mass balance
modeling in the Kangerlussuaq area suggest that catchment
water balance is spatially quite variable, in part as a result of
the steep precipitation gradient from the ice sheet westward
toward the oceanic moisture source (Johansson et al. 2015,
Mernild et al. 2015). This variability has important implica-
tions in terms of generalizing about terrestrial and aquatic
ecosystem responses to climate change. Water budgets of
catchments and lakes isolated from direct impact of the GrIS
will be dependent on the balance between local precipita-
tion and evaporation, including changes in sublimation
during winter and spring. In the Kangerlussuaq area, some
lakes also exchange water with a deep groundwater system
through taliks, although the amount is very small (less than
5%; Johansson et al. 2015), which may modulate the direct
impacts of climate change. Work on an East Greenland
glacier noted that groundwater was geochemically enriched
compared with glacial meltwater and was clearly distinguish-
able using stable isotopes (8'%0), suggesting that groundwa-
ter inputs from a retreating GrIS can be traced (Kristiansen
et al. 2013). Weathering rates will increase with warming and
alter groundwater geochemistry (Anderson SP 2007) chang-
ing the major ion and nutrient inputs to newly formed lakes
(cf increased alkalinity input to Toolik Lake (Hobbie JE and
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gas [GHG] fluxes) and hydrological loss; and dune expansion and the transfer of
aeolian material from the sandurs to adjacent terrestrial and limnic ecosystems.
On land, deepening active layer depth may increase surface-water accumulation,
with GHG fluxes, the expansion of shrub tundra, and the revegetation of
blowouts. Lakes will be ice free for longer with altered gas exchange.
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relatively enhanced phosphate concen-
trations (Friberg et al. 2001), suggesting
that lakes may be positively affected
by groundwater-influenced hydrological
inputs as the GrIS retreats.

In the past, changes in regional tem-
perature and precipitation have pro-
duced considerable lake level changes.
Geomorphic and paleolimnological
records in the Kangerlussuaq region
document lake-level rises of 1.3 m above
modern during pluvial periods of the
last 2000 years and up to 18 m of lake
level decline during the mid-Holocene,
when independent data suggested
regional summer warming of 2°C-3°C
(McGowan S et al. 2003, Aebly and Fritz
2009). Changes in climate seasonality
are likely to have prominent impacts on
hydrologic mass balance.

Carbon. Changes in climate have begun
to alter the carbon (C) cycle linkages
among glacial, proglacial, aquatic and
terrestrial systems throughout the
Kangerlussuaq region in several ways
(figure 6). Increased spring warming
and a longer melt season has expanded
the melt zone across the GrIS (Tedesco
et al. 2012), increasing the region avail-
able for autotrophic microbial com-
munities in cryoconite and bare ice to
colonize and grow. An earlier start to the
spring melt season will alter patterns of
microbial cycling in supraglacial envi-
ronments, and potentially increase rates
of net ecosystem production (NEP) and
DOC export from the glacier (figure 6a;
Yallop et al. 2012, Lawson et al. 2014).
Increased supraglacial ablation rates will
also increase the supply of sediment
melting out from glacial ice (Stibal et al.
2008) because there is strong evidence
that much of the DOC exported from
glaciers is derived from microbial pro-
duction in the supraglacial environment
(Bhatia et al. 2013, Lawson et al. 2014).
Increased microbial production associ-
ated with spring warming will therefore
result in greater DOC fluxes and earlier
export of DOC and particulate organic

Kling 2014). The groundwater influence will be increasingly
mediated by soil development (cf. Glacier Bay; Engstrom
etal. 2000). Work in West Greenland is limited, but an analy-
sis of the streams around Kangerlussuaq revealed diverse
geochemistry (compared with streams on Disko Island) with
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carbon (POC) to the subglacial environment and glacial
outlet rivers (figure 6b; Lawson et al. 2014), as long as
increased glacial melt does not flush supraglacial microbes
from the GrIS and offset DOC production (Stibal et al.
2012). However, changes in DOC and POC export from the
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Figure 6. A conceptual diagram showing the C-cycle processes and interconnectedness among glacial, terrestrial, and

aquatic ecosystems in the Kangerlussuaq region today and in

the future. Under a warming climate (dashed lines),

supraglacial net ecosystem exchange (NEE) is expected to reach peak flux earlier in the growing season (a), driven by
earlier and greater input from alluvial deposits as the glaciers retreat (b). This may result in greater DOC export to
proglacial lakes through the active layer (c). Warming may lead to greater lake terrestrial NEE, depending on the depth
of permafrost thaw (d), shrub expansion dynamics (e), and the presence of herbivores (f; plot adapted from Cahoon et al.
2012). Changes in permafrost and terrestrial NEE will likely affect the timing and magnitude of DOC input to lakes,
depending on whether permafrost meltwater acts as a vector and is transported to lakes (g, h). Similar to pan-Arctic
observations, we expect warming to extend the ice-free period of lakes (i) and lead to earlier peak CO, flux in spring and
later CO, flux in fall (j). A similar pattern in primary productivity (k) and sedimentation rates (1) is likely to occur under

warming in response to an extended growing season.

sub- and supraglacial environments are unlikely to directly
influence nearby lakes because of the severe disconnect
between glacial outwash and terrestrial systems. In fact,
organic C produced in supraglacial areas has little effect on
aquatic and terrestrial ecosystems in the Kangerlussuaq area
until sediments are deposited on riverbanks where it is sub-
sequently carried across the landscape by aeolian transport
(figure 6¢). Estimates of organic C fluxes from aeolian depo-
sition (approximately 50 milligrams C per m per year) are
about three orders of magnitude lower than NEP in nearby
proglacial lakes and are therefore unlikely to significantly
affect NEP in these ecosystems. These aeolian carbon fluxes
are, however, similar to rates of NEP on the surface of gla-
ciers in the area (5 to 149 milligrams C per square meter per
year; Stibal et al. 2012).

In a warming permafrost landscape, the composi-
tion of soil and lake DOC pools are likely to change in
response to shifts in terrestrially derived C and internal lake
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dynamics. DOC is a complex mix of compounds sourced
from degraded terrestrial and aquatic primary productivity
and serves as a cross-ecosystem material that is dependent
on direct and indirect climatic influences. Decreasing DOC
concentrations in the lakes over the past decade (Saros et al.
2015) may result from multiple drivers including decreases
in terrestrial subsidies and/or increased sulfate deposition.
Lake-water sulfate concentrations have increased across
the Kangerlussuaq region over the past decade (Saros et al.
2015); it is known that sulfate deposition can lower the pH
of soils and increase retention of DOC in the watershed.
Ultimately, the linkage between aquatic and terrestrial
systems will depend largely on landscape hydrological con-
nectivity. Currently, there is a strong link between aquatic
and terrestrial DOC early in the growing season when
spring snowmelt runs off into lakes. However, this rela-
tionship weakens over the growing season as soils dry and
recharge from precipitation is low. Highly colored, diluted,
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and possibly photooxidized (Osburn et al. 2001) DOC
was recovered from lakeshore wells in the Kangerlussuaq
region in early June; however, the same wells were dry and
DOC content very low in early August. Under scenarios of
increased spring warming, we expect an advancement in the
timing and possibly the magnitude of this pulse of terrestrial
DOC, depending on how climate change affects surface and
subsurface hydrology. In one scenario, if rising temperatures
lead to an increase in permafrost degradation throughout
the growing season, more DOC will be transported into
surrounding lakes (figure 6d). Alternatively, greater evapo-
transpiration may decouple permafrost meltwater from sur-
rounding lakes, resulting in a loss of watershed connectivity
and limit total DOC transport (figure 6e).

Shifts between allochthonous and autochthonous C sources
in lakes will alter the composition of the DOC pool, which
may, in turn, alter competitive interactions among micro-
bial species (Crump et al. 2003) and restructure community
assemblages. In a highly seasonal environment such as south-
west Greenland (and the Arctic), changes to the temporal
inputs of soil DOC will likely lead to seasonal shifts in lake
microbial communities toward fast growing microorgan-
isms that are able to rapidly use DOC inputs from soils. This
process may be amplified as ice-free durations of Arctic lakes
have increased over the last century (figure 6f) in response
to climate warming (Magnusson et al. 2000). Extended ice-
free seasons have reduced underice mineralization and net
C emissions in some regions (figures 6g and 6h; Finlay et al.
2015) and increased C burial in lake sediments (figure 6i).

Long-term changes in plant community composition
driven by geomorphic processes (Heindel et al. 2015),
climate warming and/or large herbivores will also influence
the link between terrestrial and aquatic environments by
altering terrestrial C pools. The low-shrub tundra in the
region has displayed divergent responses to warming when
large herbivores were excluded. For instance, warming with-
out large herbivores reduced species diversity of the plant
community, whereas herbivory maintained this diversity
even under warming (Post 2013). Moreover, when warmed
and excluded from herbivory by caribou and muskoxen, the
tundra acted as a C sink (200 g C per square m), but the
area accumulated less than half that amount when exposed
to herbivores (Cahoon et al. 2012). However, when exposed
to herbivores, graminoids continued to dominate and the
communities accumulated less than half the amount of C
relative to exclosed sites (Cahoon et al. 2012), providing
evidence of a strong trophic interaction that can limit ter-
restrial C uptake (figure 6j). With greater leaf area, shrubs
tend to fix more C than herbaceous species do (Cahoon et al.
2012), whereas shading from a closed canopy can keep soils
cool and limit respiratory losses. Although shrub tundra
acts as a stronger C sink, woody stems provide a more recal-
citrant source of C than herbaceous communities (Hobbie
SE 1996); therefore, greater C uptake associated with shrub
expansion may not necessarily lead to greater DOC avail-
able for transport to aquatic environments, at least in the
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short term. Nevertheless, changes in the relative abundance
of deciduous shrubs will influence the quality and quantity
terrestrial C pools that serve as an upstream source of DOC
for aquatic environments.

Changes in plant community composition in response
to warming will directly alter the terrestrial C cycle, but
also affect the fraction of belowground DOC available for
transport. Whether the link between terrestrial and aquatic
environments will strengthen or weaken in response to
warming will depend on the synergy of watershed connec-
tivity (associated with changing precipitation and thawing
permafrost) and the relative fraction of labile DOC (Frey
and McClelland 2009). Changes in terrestrial DOC produc-
tion and meltwater delivery of terrestrial C (either from
permafrost or snowmelt) are crucial interacting factors that
warrant further investigation in southwest Greenland and
throughout the Arctic.

Nutrients and other elements. The hydrological disconnect
between the glacial outwash plains and much of the terres-
trial landscape is a key constraint on nutrient cycling within
the Kangerlussuaq region (figure 7) although this may
change as the GrlIS retreats, permafrost melts and talik zones
deepen. This separation creates a prominent role for aeolian
and atmospheric transport pathways between the ice sheet
and adjacent land surface with important consequences for
nutrient stoichiometry. N is typically transported in dis-
solved forms, whereas P adsorbs to sediments and particles,
and so waterborne P transport is generally efficient within
energetic sediment-laden riverine environments (e.g., the
fluvial outwash plain) but more limited where stream flows
are slow or dominated by seepage (e.g., on the terrestrial land
surfaces around Kangerlussuaq, where the low precipitation-
to-evaporation ratio limits the development of streams and
rivers). On the ice-sheet surface, microbial nutrient pro-
cessing hotspots include “dirty ice” (Yallop et al. 2012) and
cryoconite holes (Stibal et al. 2012, Telling et al. 2012). Clean
ice has inorganic N:P ratios of 86:1, indicating that N is
sourced via wet deposition (Hastings et al. 2009). Therefore,
dust (estimated N:P ratio of 2:1) is probably important as a
P fertilizer to facilitate microbial growth (Mindl et al. 2007).
Where algae grow directly on the ice surface, inorganic N:P
ratios are lower (41:1), probably indicating patches where
P fertilization through dust accumulation has modified
the local environment (Stibal et al. 2010) and N has been
sequestered by algae (Yallop et al. 2012). The highly variable
N:P ratios in cryoconite holes (10-91:1), where N,-fixing
cyanobacteria are common, indicate strong and divergent
biological modification of inorganic nutrients within these
environments (Telling et al. 2012). Areas of dust accumula-
tion may therefore stimulate localized “patchy” development
of algae on ice with significant increases in pigmented bio-
mass (Yallop et al. 2012, Lutz et al. 2014).

Glacial runoff waters have much lower N:P ratios
(dissolved 10:1; total 2:1) than on the ice surface, suggesting
biogeochemical modification on the passage through the
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Figure 7. A conceptual diagram of the atomic N:P ratios and cross-system transfers of nitrogen (black arrows) and
phosphorus (white arrows) among components of the Kangerlussuaq landscape. The thickness of the arrows indicates the
degree of influence that the transfer has on N:P ratios of the receiving system (no or negligible influence = no arrow, and
categories indicate small, medium, and large influence). N:P ratios are measured on the dissolved inorganic (generally
bioavailable) fraction, unless indicated with an asterisk, where total digested nutrient concentrations were measured.
Values in standard text are data derived directly from Kangerlussuaq, whereas those in italics derive from published

arctic or subarctic values. Data sources are surface ice with and without algae; cryoconite waters (N data from Stibal et al.
2012); glacial runoff waters (Lawson et al. 2014, Hawkings et al. 2016); proglacial lake waters, sandur sediments, and dust
(Wientjes and Oerlemans 2010); wet deposition and snow with particulates; shrubs, graminoids and forbs measured in
subarctic Sweden (Gusewell 2004); lichens; goose feces from Svalbard (van der Wal and Loonen 1998); subsurface water;

and lake data (Whiteford et al. 2016).

subglacial system (Yde et al. 2010), where microbial process-
ing and the addition of glacial flour increase the bioavailable
P (Stibal et al. 2012, Wadham et al. 2013). Discharge into
proglacial lakes enhances N:P ratios (to 14-24:1) because
they often have abundant cyanobacterial N, fixing com-
munities and probably remove P from the water through
rapid sedimentation of organically and inorganically bound
particulates (McGowan HA et al. 2008). In contrast, the
sediment-laden river waters (2-15 kilograms, kg, per cubic
meter (Cowton et al. 2012) efficiently transport particulate-
bound P and dissolved N to the sandurs, fjord and coastal
regions (Hawkings et al. 2015). Nutrient ratios within
the river-fjord system are most likely modified primarily
through physical and chemical processes because the tur-
bulent conditions are inhospitable for the development of
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many biota. Apart from some N uptake and sedimentation
by primary producers within the fjord ecosystem (NO;-N
concentrations are 116 ug per L; Hawes et al. 2012), N is
probably exported in dissolved form to the coastal regions
(Hawkings et al. 2015), with implications for sustaining pro-
ductivity of plankton and ice algae in coastal waters.
Inorganic N:P ratios within snowfall (15-278:1) indicate sig-
nificant N delivery as wet deposition (0.8 kg N per hectare per
year; Christopher Curtis, School of Geography, Archaeology
and Environmental Studies, University of Witwatersrand,
Johannesburg, personal communication, 19 February 2015),
whereas snow with particulates has a lower ratio (11:1),
indicating enrichment with P, most likely from dust. Direct
atmospheric deposition of reactive N to terrestrial and aquatic
ecosystems has increased over the last 50-100 years (Hastings
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et al. 2009), whereas N deposited on the GrIS is processed
extensively prior to its transfer to adjacent ecosystems (see
above). Therefore, direct wet and dry deposition are major
determinants of terrestrial nutrient availability, and nutrients
are most mobile during spring snowmelt when ephemeral riv-
ers activate (Johansson et al. 2015). Soil N:P ratios of 2-13:1
around Kangerlussuaq (c.f. mean global ratios 13:1) suggest
relative P enrichment, consistent with observations that soil
surface layers at Kangerlussuaq are influenced by aeolian silt
deposition (Nielsen 2010) and that P availability is gener-
ally greater in geologically young soils. The variable soil N:P
ratios in Kangerlussuaq also suggest heterogeneity of nutrient
delivery and processing, as has been demonstrated by the
mosaic of vegetation types that are also strongly constrained
by water availability (Thing 1984). Herbivore grazing can
modify nutrient cycling locally, such as reindeer use urine
and feces to fertilize local areas and encourage Poa pratensis
growth (Thing 1984). Because of snowmelt percolation, sub-
surface soil waters are enriched in N during the spring, mostly
as organically bound forms (N:P ratio of 25:1), but the ratio
reaches 7:1 by late summer when N availability declines.
Lake measurements show a spring snowmelt N pulse,
delivered predominantly as ammonium but with some nitrate
(Whiteford et al. 2016). Lake bioavailable N becomes depleted
throughout the growth season. Importantly, the extremely
high N:P ratios within lake seston and organically bound
fraction (122-305:1) indicate both P removal through seques-
tration into lake sediments (N:P ratio 6:1) and the retention
and accumulation of N in lakes, most probably incorporated
into recalcitrant dissolved organic material that accumulates
slowly in the closed lake basins (Anderson NJ and Stedmon
2007). This long-term N retention in lake waters probably
explains why a period of pelagic P limitation occurs in the
spring under ice (Whiteford et al. 2016) when algal growth
begins, but lakes are sealed from atmospheric P (dust)
sources. Because of limited surface outflow from these lakes,
the primary nutrient transfer pathways between lakes and
the terrestrial areas are probably subsurface flows (Johansson
et al. 2015) and transfer by biota. For example, chironomids
can fertilize soils adjacent to lakes when they emerge as adults
(an estimated potential local load of 0.5 kg N per hectare per
year N and 0.05 kg P per hectare per year N), and water birds
such as geese and ducks may be significant vectors (van der
Wal et al. 2007). Canada Geese commonly nest and forage
along lake shores considerably more than white-fronted geese,
with consequences for nutrient cycling and aboveground
primary production as well as species composition of vegeta-
tion. Later, during molt, both species of geese specialize on
repeated grazing of grasslands and open moss mats within
40 m of the water’s edge, habitually returning to the water to
rest and preen in safety from terrestrial predators. Fecal depo-
sition of material obtained from foraging in terrestrial habitats
in the vicinity of lakes is therefore deposited in or near the
water in the form of organic material and the products of
protein metabolism, which includes soluble N compounds.
Therefore, the general increase in molting goose numbers
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(regardless of species composition) in the vicinity of lakes in
this area over the last three decades in summer has likely had a
major effect on vegetation communities and their carbon and
N dynamics. Because the density of lakes is high in this region
(more than 20,000 lakes) and there is a significant discrepancy
between N:P ratios in lake and terrestrial organic matter, there
is great potential for trophic interactions between lake and
land to modify nutrient ratios.

Broader anthropogenic influences. Interactions between climate,
dust production, atmospheric pollutants and trophic dynam-
ics have the potential to significantly modify a number of
regional biogeochemical linkages in the future. Increasing
GrlS surface melt and subsequent Watson River runoff in
the future (Mernild et al. 2011) will increase nutrient export
from the inland ice to the fjord and coast and expand depo-
sition of dust within the sandur (Yde et al. 2014). Future N
deposition will depend on global economic development
and legislation, but is likely to increase, with implications
for all elements of the Kangerlussuaq system. Together, these
changes will probably alter the N:P delivery to terrestrial and
ice-sheet areas. Plant phenological advance has influenced
trophic interactions between producers and consumers, pos-
sibly contributing to a decline in calf production in the local
caribou population (Kerby and Post 2013). The effect of
hunting pressures also needs to be considered. Heavy metal
contaminants such as lead and mercury have been recorded
in western Greenland since AD 1800 and AD 1900, respec-
tively (Bindler et al. 2001, Lindeberg et al. 2006). A particu-
lar consideration is the special meteorological conditions in
Kangerlussuaq that appear to have concentrated mercury
(three- to fivefold increases in concentrations and accumu-
lation rates over the last century) and the effects on biota in
this area (as opposed to the marine realm) are not extensively
studied to date. Use of 2*Pb or 2%/Pb isotope ratios in lake
sediment led Bindler and colleagues (2001) to conclude that
Eurasia was the dominant source of atmospheric pollutants
(including Hg and Pb) in SW Greenland. Little is known
of how delivery of other micronutrient elements (e.g., zinc,
copper, manganese, magnesium, cobalt, and boron) may
change in the future, with implications for microbial growth
on the ice sheet and lakes. As we noted above, sulfate con-
centrations have increased in Kangerlussuaq lakes, raising
intriguing questions about the potential for a marine-ter-
restrial-freshwater linkage. Oceanic phytoplankton produce
dimethyl sulfate (DMS), which is aerosolized, transformed
into methanesulfonic acid (MSA), and transported onto
landmasses. Sharma and colleagues (2012) noted significant
increases in MSA over the past decade in the Arctic, indicat-
ing a possible role for biogenic sulfate delivery and deposi-
tion across the study area. Together, these examples indicate
how global change processes can initiate localized influence
on the biogeochemistry of the Kangerlussuaq region.

Interregional comparisons. Change in the Kangerlussuaq area
will be strongly influenced by GrIS dynamics, and although
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this is an analogue for changes as the Fennoscandinavian and
Laurentide ice sheets decayed at the end of the last glacial
period, future change in much of the Arctic is not similarly
affected. All of the Arctic will be affected by extreme climate
events (e.g., late winter warming) although there will be
spatial and temporal variability. The future of the tundra sys-
tems north of the Brooks Range in Alaska has been reviewed
by Hobbie JE and Kling (2014), who highlighted enhanced
soil microbial activity altering nutrient budgets and greater
thermokarst activity; the latter will not be so marked in the
Kangerlussuaq area, where soils are thinner. In comparison
with much of the Arctic, the lower precipitation levels may
restrict greening in Kangerlussuaq, whereas maritime effects
may be greater along the north extremes of Alaska, Arctic
Canada, and Siberia as sea ice cover continues to decline
(Post et al. 2013). We have highlighted the importance of
linkages between the geomorphic and ecological systems,
which are mediated by the airshed through dust dynamics.
Dust deposition is extensive in parts of Alaska (Bullard et al.
2016), but its ecological impact probably requires greater
consideration both north of the Brooks Range and across
much of Siberia, which are affected by extraregional sources
(i.e., dust from northern China).

Conclusions

The Kangerlussuaq area of southwest Greenland is chang-
ing rapidly: Regional warming is driving increased seasonal
melt on the ice sheet, altering phenology and changing land-
scape hydrology with associated effects on lakes and ponds.
Some of these changes are interacting in unpredictable ways
(meltwater pulses and dust production), whereas others may
have cascading effects, such as altered herbivore densities on
tundra vegetation and soil C dynamics. Our understanding
of the effect of altered herbivore abundance (geese as well
as large herbivores) on nutrient budgets and C fluxes is still
preliminary as is the reverse subsidy of terrestrial secondary
production by aquatic production.

Superimposed on climate-driven processes are chronic,
subtle changes in atmospheric pollutants, which may have
synergistic effects, such as altered N loading on soil nutri-
ent pools and therefore soil microbiology. This preliminary
synthesis has highlighted the need to better constrain atmo-
spheric nutrient input rates (dust, reactive N) to the ice sheet,
lakes, and soils, as well as their processing by the glacier and
soil subsystems. The effect of the meteorological condi-
tions at the ice-sheet margin on pollutant (and nutrient)
deposition requires clarification. The cross-system linkages
between geomorphic processes (dust production, glacial
erosion) and ecosystems that influence regional biogeo-
chemical cycling may change in unpredictable ways because
of the broader regional climate changes that go beyond tem-
perature, such as altered seasonality of precipitation, wind
speeds, and evapotranspiration. The effect of future changes
in precipitation (e.g., seasonality and snow cover extent) and
N loading represent an important but poorly constrained
aspect of altered regional biogeochemistry. Changes to the
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groundwater system (and therefore nutrient and major
ion fluxes) and its effect on lakes and streams need to be
assessed.

Research in the Kangerlussuaq area is ongoing and track-
ing changes (e.g., lakewater DOC, altered phenology, and
ice-sheet ablation) in real time, but there is clearly a need to
link quantitatively the numerous paleoecological records in
this area with contemporary measurements. This fusion of
time series will provide a more rigorous definition of natural
background conditions against which twenty-first-century
change can be compared. The effects of these complex link-
ages for regional carbon dynamics and sequestration high-
light the need to take a holistic view of the changing climate,
geomorphic, and ecological systems as they influence both
aquatic and terrestrial communities in the twenty-first cen-
tury as the Arctic continues to change.

Acknowledgments

Research funded by Natural Environmental Research
Council (UK) (nos. NE/K000349/1 and NE/G019622/1) and
the US National Science Foundation (grant nos. 1203434,
1107381, and 0902125) contributed to this synthesis.

References cited

Aebly FA, Fritz SC. 2009. Palaeohydrology of Kangerlussuaq (Sendre
Stromfjord), West Greenland during the last ~8000 years. Holocene
19: 91-104.

Anderson NJ, Stedmon CA. 2007. The effect of evapoconcentration on
dissolved organic carbon concentration and quality in lakes of SW
Greenland. Freshwater Biology 52: 280-289.

Anderson NJ, Harriman R, Ryves DB, Patrick ST. 2001. Dominant factors
controlling variability in the ionic composition of West Greenland lakes.
Arctic, Antarctic, and Alpine Research 33: 418-425.

Anderson NJ, D’Andrea W, Fritz SC. 2009. Holocene carbon burial by lakes
in SW Greenland. Global Change Biology 15: 2590-2598.

Anderson NJ, Liversidge AC, McGowan S, Jones MD. 2012. Lake and
catchment response to Holocene environmental change: Spatial vari-
ability along a climate gradient in southwest Greenland. Journal of
Paleolimnology 48: 409-222.

Anderson SP. 2007. Biogeochemistry of glacial landscape systems. Annual
Review of Earth and Planetary Sciences 35: 375-399.

Andresen CG, Lougheed VL. 2015. Disappearing Arctic tundra ponds:
Fine-scale analysis of surface hydrology in drained thaw lake basins
over a 65 year period (1948-2013). Journal of Geophysical Research:
Biogeosciences 120: 466-479.

Anesio AM, Laybourn-Parry J. 2012. Glaciers and ice sheets as a biome.
Trends in Ecology and Evolution 27: 219-225.

Ardyna M, Babin M, Gosselin M, Devred E, Rainville L, Tremblay JE.
2014. Recent Arctic Ocean sea ice loss triggers novel fall phytoplankton
blooms. Geophysical Research Letters 41: 6207-6212.

Arrigo KR, van Dijken G, Pabi S. 2008. Impact of a shrinking Arctic ice
cover on marine primary production. Geophysical Research Letters 35
(art. L19603). doi:10.1029/2008 GL035028

Avery M, Post E. 2013. Record of a Zoophthora sp. (Entomophthoromycota:
Entomophthorales) pathogen of the irruptive noctuid moth Eurois
occulta (Lepidoptera) in West Greenland. Journal of Invertebrate
Pathology 114: 292-294.

Bhatia MP, Kujawinski EB, Das SB, Breier CF, Henderson PB, Charette MA.
2013. Greenland meltwater as a significant and potentially bioavailable
source of iron to the ocean. Nature Geoscience 6: 274-278.

Bindler R, Renberg I, Appleby PG, Anderson NJ, Rose NL. 2001. Mercury
accumulation rates and spatial patterns in lake sediments from west

http://bioscience.oxfordjournals.org



Greenland: A coast to ice margin transect. Environmental Science and
Technology 35: 1736-1741.

Bullard JE. 2013. Contemporary glacigenic inputs to the dust cycle. Earth
Surface Processes and Landforms 38: 71-89.

Bullard JE, Austin MJ. 2011. Dust generation on a proglacial floodplain,
West Greenland. Aeolian Research 3: 43-54.

Bullard JE, et al. 2016. High-latitude dust in the Earth system. Reviews of
Geophysics 54: 447-485.

Burpee B, Saros JE, Northington RM, Simon KS. 2016. Microbial nutri-
ent limitation in Arctic lakes in a permafrost landscape of southwest
Greenland. Biogeosciences 13: 365-374.

Cahoon SM, Sullivan PE, Shaver GR, Welker JM, Post E. 2012. Interactions
among shrub cover and the soil microclimate may determine future
Arctic carbon budgets. Ecology Letters 15: 1415-1422.

Carrivick JL, Turner AG, Russell AJ, Ingeman-Nielsen T, Yde JC. 2013.
Outburst flood evolution at Russell Glacier, western Greenland: Effects
of a bedrock channel cascade with intermediary lakes. Quaternary
Science Reviews 67: 39-58.

Christiansen HH, et al. 2010. The thermal state of permafrost in the Nordic
area during the International Polar Year 2007-2009. Permafrost and
Periglacial Processes 21: 156-181.

Cowton T, Nienow P, Bartholomew I, Sole A, Mair D. 2012. Rapid erosion
beneath the Greenland ice sheet. Geology 40: 343-346.

Crump BC, Kling GW, Bahr M, Hobbie JE. 2003. Bacterioplankton com-
munity shifts in an arctic lake correlate with seasonal changes in
organic matter source. Applied and Environmental Microbiology 69:
2253-2268.

Engstrom DR, Fritz SC, Almendinger JE, Juggins S. 2000. Chemical and
biological trends during lake evolution in recently deglaciated terrain.
Nature 408: 161-166.

Finlay K, Vogt RJ, Bogard MJ, Wissel B, Tutolo BM, Simpson GL, Leavitt
PR. 2015. Decrease in CO2 efflux from northern hardwater lakes with
increasing atmospheric warming. Nature 519: 215-218.

Fitzpatrick AA, Hubbard AL, Box JE, Quincey DJ, Van As D, Mikkelsen AP,
Doyle SH, Dow CF, Hasholt B, Jones GA. 2014. A decade (2002-2012)
of supraglacial lake volume estimates across Russell Glacier, West
Greenland. Cryosphere 8: 107-121.

Fox AD, Glahder CM. 2010. Post-moult distribution and abundance of
white-fronted geese and Canada geese in West Greenland in 2007. Polar
Research 29: 413-420.

Frey KE, McClelland JW. 2009. Impacts of permafrost degradation on arctic
river biogeochemistry. Hydrological Processes 23: 169-182.

Friberg N, Milner AM, Svendsen LM, Lindegaard C, Larsen SE. 2001.
Macroinvertebrate stream communities along regional and physico-
chemical gradients in Western Greenland. Freshwater Biology 46:
1753-1764.

Greig HS, Kratina P, Thompson PL, Palen WJ, Richardson ]S, Shurin JB.
2012. Warming, eutrophication, and predator loss amplify subsidies
between aquatic and terrestrial ecosystems. Global Change Biology 18:
504-514.

Gusewell S. 2004. N:P ratios in terrestrial plants: Variation and functional
significance. New Phytologist 164: 243-266.

Hanna E, Mernild SH, Cappelen J, Steffen K. 2012. Recent warming in
Greenland in a long-term instrumental (1881-2012) climatic context, I:
Evaluation of surface air temperature records. Environmental Research
Letters 7: 1-15.

Hanna E, Fettweis X, Mernild SH, Cappelen ], Ribergaard MH, Shuman CA,
Steffen K, Wood L, Mote TL. 2014. Atmospheric and oceanic climate
forcing of the exceptional Greenland ice sheet surface melt in summer
2012. International Journal of Climatology 34: 1022-1037.

Hastings MG, Jarvis JC, Steig EJ. 2009. Anthropogenic impacts on nitrogen
isotopes of ice-core nitrate. Science 324: 1288-1288.

Hawes I, Lund-Hansen LC, Sorrell BK, Nielsen MH, Borzdk R, Buss L.
2012. Photobiology of sea ice algae during initial spring growth in
Kangerlussuaq, West Greenland: Insights from imaging variable chloro-
phyll fluorescence of ice cores. Photosynthesis Research 112: 103-115.

http://bioscience.oxfordjournals.org

s Overview Articles

Hawkings J, et al. 2015. The effect of warming climate on nutrient and
solute export from the Greenland Ice Sheet. Geochemical Perspective
Letters 1: 94-104.

Hawkings ], Wadham ], Tranter M, Telling J, Bagshaw E, Beaton A,
Simmons SL, Chandler D, Tedstone A, Nienow P. 2016. The Greenland
Ice Sheet as a hot spot of phosphorus weathering and export in the
Arctic. Global Biogeochemical Cycles 30: 191-210.

Heindel RC, Chipman JW, Virginia RA. 2015. The spatial distribution
and ecological impacts of aeolian soil erosion in Kangerlussuaq, West
Greenland. Annals of the Association of American Geographers 105:
875-890.

Hinzman LD, Deal CJ, McGuire AD, Mernild SH, Polyakov IV, Walsh
JE. 2013. Trajectory of the Arctic as an integrated system. Ecological
Applications 23: 1837-1868.

Hobbie JE, Kling GW. 2014. Ecological consequences of present and future
changes in Arctic Alaska. Pages 300-324 in Hobbie JE, Kling GW,
eds. Alaskas Changing Arctic: Ecological Consequences for Tundra,
Streams, and Lakes. Oxford University Press.

Hobbie SE. 1996. Temperature and plant species control over litter decom-
position in Alaskan tundra. Ecological Monographs 66: 503-522.

Hodson A, Anesio AM, Tranter M, Fountain A, Osborn M, Priscu J,
Laybourn-Parry J, Sattler B. 2008. Glacial ecosystems. Ecological
Monographs 78: 41-67.

Ingeman-Nielsen T, Tomaskovi¢o va S, Larsen SH, Aparicio SE, Gori
P. 2012. Surface geophysical measurements for locating and map-
ping ice-wedges. Pages 634-643 in Morse B, Doré B, eds. Cold
Regions Engineering 2012: Sustainable Infrastructure Development in
a Changing Cold Environment. American Society of Civil Engineers.

Jessen S, Holmslykke HD, Rasmussen K, Richardt N, Holm PE. 2014.
Hydrology and pore water chemistry in a permafrost wetland, Ilulissat,
Greenland. Water Resources Research 50: 4760-4774.

Johansson E, Berglund S, Lindborg T, Petrone J, van As D, Gustafsson
LG, Naslund JO, Laudon H. 2015. Hydrological and meteorological
investigations in a periglacial lake catchment near Kangerlussuag,
West Greenland: Presentation of a new multi-parameter data set. Earth
System Science Data 7: 93-108.

Kerby JT, Post E. 2013. Advancing plant phenology and reduced herbivore
production in a terrestrial system associated with sea ice decline. Nature
Communications 4: 1-6.

Knight PG, Jennings CE, Waller RI, Robinson ZP. 2007. Changes in ice-
margin processes and sediment routing during ice-sheet advance across
a marginal moraine. Geografiska Annaler Series A: Physical Geography
89:203-215.

Kristiansen SM, Yde JC, Barcena TG, Jakobsen BH, Olsen J, Knudsen NT.
2013. Geochemistry of groundwater in front of a warm-based gla-
cier in Southeast Greenland. Geografiska Annaler Series A: Physical
Geography 95A: 97-108.

Lawrence DM, Slater AG. 2005. A projection of severe near-surface per-
mafrost degradation during the 21st century. Geophysical Research
Letters 32: 1-5.

Lawson EC, Bhatia MP, Wadham JL, Kujawinski EB. 2014. Continuous
summer export of nitrogen-rich organic matter from the Greenland
Ice Sheet inferred by ultrahigh resolution mass spectrometry.
Environmental Science and Technology 48: 14248-14257.

Lawson EC, Wadham JL, Tranter M, Stibal M, Lis GP, Butler CEH, Laybourn-
Parry J, Nienow P, Chandler D, Dewsbury P. 2014. Greenland Ice Sheet
exports labile organic carbon to the Arctic oceans. Biogeosciences 11:
4015-4028.

Lewis SM, Smith LC. 2009. Hydrologic drainage of the Greenland ice sheet.
Hydrological Processes 23: 2004-2011.

Lindeberg C, Bindler R, Renberg I, Emteryd O, Karlsson E, Anderson NJ.
2006. Natural fluctuations of mercury and lead in Greenland lake sedi-
ments. Environmental Science and Technology 40: 90-95.

Lutz S, Anesio AM, Villar SEJ, Benning JG. 2014. Variations of algal com-
munities cause darkening of a Greenland glacier. FEMS Microbiology
Ecology 89: 402-414.

February 2017 / Vol. 67 No. 2 « BioScience 131



Overview Articles c—

Magnuson JJ, et al. 2000. Historical trends in lake and river ice cover in the
Northern Hemisphere. Science 289: 1743-1746.

Mayewski PA, Sneed SB, Birkel SD, Kurbatov AV, Maasch KA. 2014.
Holocene warming marked by abrupt onset of longer summers and
reduced storm frequency around Greenland. Journal of Quaternary
Science 29: 99-104.

McGowan HA, Petherick LM, Kamber BS. 2008. Aeolian sedimentation and
climate variability during the late Quaternary in southeast Queensland,
Australia. Palacogeography, Palaeoclimatology, Palacoecology 265:
171-181.

McGowan S, Ryves, DB, Anderson NJ. 2003. Holocene records of effective
precipitation in West Greenland. Holocene 13: 239-249.

McGuire AD, Anderson LG, Christensen TR, Dallimore S, Guo LD,
Hayes DJ, Heimann M, Lorenson TD, Macdonald RW, Roulet N.
2009. Sensitivity of the carbon cycle in the Arctic to climate change.
Ecological Monographs 79: 523-555.

Mernild SH, Liston GE. 2012. Greenland freshwater runoff, part II:
Distribution and trends, 1960-2010. Journal of Climate 25:
6015-6035.

Mernild SH, Liston GE, Hiemstra CA, Christensen JH, Stendel M, Hasholt
B. 2011. Surface mass balance and runoff modeling using HIRHAM4
RCM at Kangerlussuaq (Sendre Stremfjord), West Greenland, 1950-
2080. Journal of Climate 24: 609-623.

Mernild SH, Hanna E, Yde JC, Cappelen ], Malmros JK. 2014. Coastal
Greenland air temperature extremes and trends 1890-2010: Annual
and monthly analysis. International Journal of Climatology 34:1472-87.

Mernild SH, Hanna E, McConnell JR, Sigl M, Beckerman AP, Yde JC,
Cappelen J, Malmros JK, Steffen K. 2015. Greenland precipitation
trends in a long-term instrumental climate context (1890-2012):
Evaluation of coastal and ice core records. International Journal of
Climatology 35: 303-320.

Mindl B, Anesio AM, Meirer, K, Hodson AJ, Laybourn-Parry ], Sommaruga
R, Sattler B. 2007. Factors influencing bacterial dynamics along a tran-
sect from supraglacial runoff to proglacial lakes of a high Arctic glacier.
FEMS Microbiology Ecology 59: 307-317.

Nakano S, Murakami M. 2001. Reciprocal subsidies: Dynamic interdepen-
dence between terrestrial and aquatic food webs. Proceedings of the
National Academy of Sciences 98: 166-170.

Nielsen AB. 2010. Present Conditions in Greenland and the Kangerlussuaq
area. Posiva Oy. Working Report no. 2010-07.

O’Neel S, et al. 2015. Icefield-to-ocean linkages across the northern Pacific
coastal temperate rainforest ecosystem. BioScience 65: 499-512.

Osburn CL, Morris DP, Thorn KA, Moeller RE. 2001. Chemical and optical
changes in freshwater dissolved organic matter exposed to solar radia-
tion. Biogeochemistry 54: 251-278.

Overpeck JT, Sturm M, Francis JA, Perrovich KA, Serreze MC, Benner R.
2005. Arctic system on trajectory to new, seasonally ice-free state. Eos
86: 309-311.

Parkinson CL, Comiso JC. 2013. On the 2012 record low Arctic sea ice
cover: Combined impact of preconditioning and an August storm.
Geophysical Research Letters 40: 1356-1361.

Post E. 2013. Erosion of community diversity and stability by herbivore
removal under warming. Proceedings of the Royal Society B 280:
1-7.

Post E, Pedersen C. 2008. Opposing plant community responses to warm-
ing with and without herbivores. Proceedings of the National Academy
of Sciences 105: 12353-12358.

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

Post E, Bhatt US, Bitz CM, Brodie JE, Fulton TL, Hebblewhite M, Kerby J,
Kutz SJ, Stirling I, Walker DA. 2013. Ecological consequences of sea-ice
decline. Science 341: 519-524.

Russell AJ, Carrivick JL, Ingeman-Nielsen T, Yde JC, Williams M. A new
cycle of jokulhlaups at Russell Glacier, Kangerlussuag, West Greenland.
2011. Journal of Glaciology 57: 238-246.

Saros JE, Osburn CL, Northington RM, Birkel SD, Auger JD, Stedmon
CA, Anderson NJ. 2015. Recent decrease in DOC concentrations in

132 BioScience « February 2017 / Vol. 67 No. 2

Arctic lakes of southwest Greenland. Geophysical Research Letters 42:
6703-6709.

Schuur EAG, et al. 2008. Vulnerability of permafrost carbon to climate
change: Implications for the global carbon cycle. BioScience 58:
701-714.

Schuur EAG, et al. 2015. Climate change and the permafrost carbon feed-
back. Nature 520: 171-179.

Sharma S, et al. 2012. Influence of transport and ocean ice extent on bio-
genic aerosol sulfur in the Arctic atmosphere. Journal of Geophysical
Research: Atmospheres 117: 1-12.

Stibal M, Tranter M, Benning LG, Rehdk J. 2008. Microbial primary
production on an Arctic glacier is insignificant in comparison with
allochthonous organic carbon input. Environmental Microbiology 10:
2172-2178.

Stibal M, Lawson EC, Lis GP, Mak KM, Wadham JL, Anesio AM. 2010.
Organic matter content and quality in supraglacial debris across the
ablation zone of the Greenland ice sheet. Annals of Glaciology 51:
1-8.

Stibal M, Sabacka M, Zarsky J. 2012. Biological processes on glacier and ice
sheet surfaces. Nature Geoscience 5: 771-774.

Stibal M, Telling J, Cook J, Mak KM, Hodson A, Anesio AM. 2012.
Environmental controls on microbial abundance and activity on the
Greenland Ice Sheet: A multivariate analysis approach. Microbial
Ecology 63: 74-84.

Stroud DA, Fox AD, Urquhart C, Francis IS. 2012. International Single
Species Action Plan for the Conservation of the Greenland White-
Fronted Goose (Anser albifrons flavirostris). Agreement on the
Conservation of African-Eurasian Migratory Waterbirds (AEWA).
Report no. 45.

Sturm M, Racine C, Tape K. 2001. Climate change: Increasing shrub abun-
dance in the Arctic. Nature 411: 546-547.

Tedesco M, Fettweis X, Van den Broeke MR, Van de Wal RS, Smeets CJ,
van de Berg WJ, Serreze MC, Box JE. 2011. The role of albedo and
accumulation in the 2010 melting record in Greenland. Environmental
Research Letters 6: 1-6.

Telling J, et al. 2012. Microbial nitrogen cycling on the Greenland Ice Sheet.
Biogeosciences 9: 2431-2442.

Thing H. 1984. Feeding ecology of the West Greenland caribou (Rangifer
tarandus groenlandicus) in the Sisimiut-Kangerlussuaq region. Danish
Review of Game Biology, vol. 12. Vildtbiologisk Station.

Van den Broeke M, Bamber J, Ettema J, Rignot E, Schrama E, van de Berg
W], van Meijgaard E, Velicogna I, Wouters B. 2009. Partitioning recent
Greenland mass loss. Science 326: 984-986.

Van der Wal R, Loonen M. 1998. Goose droppings as food for reindeer.
Canadian Journal of Zoology (Revue Canadienne De Zoologie) 76:
1117-1122.

Van der Wal R, Sjogersten S, Woodin SJ, Cooper EJ, Jonsdottir IS, Kuijper
D, Fox TAD, Huiskes AD. 2007. Spring feeding by pink-footed geese
reduces carbon stocks and sink strength in tundra ecosystems. Global
Change Biology 13: 539-545.

Wadham JL, DeAth R, Monteiro FM, Tranter M, Ridgwell A, Raiswell R,
Tulaczyk S. 2013. The potential role of the Antarctic Ice Sheet in global
biogeochemical cycles. Earth and Environmental Science Transactions
of the Royal Society of Edinburgh 104: 55-67.

Whiteford EJ, McGowan S, Barry CD, Anderson NJ. 2016. Seasonal and
regional controls of phytoplankton production along a climate gradi-
ent in South-West Greenland during ice-cover and ice-free conditions.
Arctic, Antarctic, and Alpine Research 48: 139-159.

Wientjes IGM, Oerlemans J. 2010. An explanation for the dark region in the
western melt zone of the Greenland ice sheet. Cryosphere 4: 261-268.

Willemse NW, Koster EA, Hoogakker B, van Tatenhove FGM. 2003. A
continuous record of Holocene eolian activity in West Greenland.
Quaternary Research 59: 322-334.

Wookey PA, et al. 2009. Ecosystem feedbacks and cascade processes:
Understanding their role in the responses of Arctic and alpine
ecosystems to environmental change. Global Change Biology 15:
1153-1172.

http://bioscience.oxfordjournals.org



Yallop ML, et al. 2012. Photophysiology and albedo-changing potential of
the ice algal community on the surface of the Greenland ice sheet. ISME
Journal 6: 2302-2313.

Yde JC, Paasche @. 2010. Reconstructing climate change: Not all glaciers
suitable. Eos 91: 189-191.

Yde JC, Knudsen NT, Hasholt B, Mikkelsen AB. 2014. Meltwater chemistry
and solute export from a Greenland Ice Sheet catchment, Watson River,
West Greenland. Journal of Hydrology 519: 2165-2179.

N. John Anderson (n.j.anderson@lIboro.ac.uk) is affiliated with the Department
of Geography at Loughborough University in Loughborough, UK. Jasmine E.
Saros, is affiliated with the School of Biology & Ecology at the University of
Maine in Orono, Maine. Joanna E. Bullard, is affiliated with the Department
of Geography at Loughborough University in Loughborough, UK. Sean M.P.
Cahoon, was at the Department of Biology at Penn State University, in
University Park, Pennsylvania. He is presently affiliated with the Environment
and Natural Resources Institute at the University of Alaska Anchorage, AK.
Suzanne McGowan is affiliated with the School of Geography at the University
of Nottingham in Nottingham, UK. Elizabeth A. Bagshaw is affiliated with the
Earth and Ocean Sciences at Cardiff University in Cardiff, UK. Christopher
D. Barry, is affiliated with the School of Biological Sciences at Queen’s
University in Belfast, UK. Richard Bindler is affiliated with the Department
of Ecology and Environmental Science at Umed University in Umed, Sweden.
Benjamin T. Burpee is affiliated with the School of Biology ¢ Ecology at the
University of Maine in Orono, Maine. Jonathan L. Carrivick, is affiliated with
the School of Geography at the University of Leeds in Leeds, UK. Rachel A.
Fowler, is affiliated with the School of Biology & Ecology at the University of
Maine in Orono, Maine. Anthony D. Fox is affiliated with the Department
of Bioscience, at Aarhus University in Ronde, Denmark. Sherilyn C. Fritz
is affiliated with the Department of Earth and Atmospheric Sciences at the

http://bioscience.oxfordjournals.org

e Overview Articles

University of Nebraska in Lincoln, Nebraska. Madeleine E. Giles, is affiliated
with the School of Biological Sciences at the University of Essex in Colchester,
UK. Ladislav Hamerlik, was affiliated with the Department of Biology and
Ecology at Matthias Belius University in Banska Bystrica, Slovakia. He is
presently affiliated with the Institute of Geological Sciences, Polish Academy
of Sciences, Warsaw, Poland Thomas Ingeman-Nielsen is affiliated with the
Department of Civil Engineering at the Technical University of Denmark in
Kongens Lyngby, Denmark. Antonia C. Law is affiliated with the Department
of Geography, Geology and the Environment at Keele University in Keele,
UK. Sebastian H. Mernild is affiliated with the Nansen Environmental
and Remote Sensing Center, Bergen, Norway. He also has positions at
Faculty of Engineering and Science, Sogn og Fjordane University College,
Sogndal, Norway and Antarctic and Sub-Antarctic Program, Universidad de
Magallanes, Punta Arenas, Chile. Faculty of Engineering and Science at Sogn
og Fjordane University College in Sogndal, Norway. Robert M. Northington is
affiliated with the School of Biology & Ecology at the University of Maine in
Orono, Maine. Christopher L. Osburn is affiliated with the School of Marine,
Earth, and Atmospheric Sciences at NC State University, Raleigh, North
Carolina. Sergi Pla-Rabés is affiliated with the Centre de Recerca Ecologica
i Aplications Forestals in Cerdanyola del Vallés, Spain. Eric Post is affili-
ated with the Department of Wildlife, Fish, & Conservation Biology at the
University of California in Davis, California. Jon Telling was affiliated with
the School of Geographical Sciences at the University of Bristol in Bristol, UK.
He is presently affiliated with the School of Civil Engineering and Geosciences,
Newcastle University, UK. David A. Stroud is affiliated with the UK Joint
Nature Conservation Committee in Peterborough, UK. Erika ]. Whiteford is
affiliated with the Department of Geography at Loughborough University in
Loughborough, UK. Marian L. Yallop is affiliated with the School of Biological
Science, at University of Bristol in Bristol, UK. Jacob C. Yde is affiliated with the
Faculty of Engineering and Science at Sogn og Fjordane University College in
Sogndal, Norway.

February 2017/ Vol. 67 No. 2 « BioScience 133





