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Abstract:

Over the next century, near-surface permafrost across the circumpolar Arctic is expected to degrade significantly, particularly
for land areas south of 70°N. This is likely to cause widespread impacts on arctic hydrology, ecology, and trace gas emissions.
Here, we present a review of recent studies investigating linkages between permafrost dynamics and river biogeochemistry in
the Arctic, including consideration of likely impacts that warming-induced changes in permafrost may be having (or will have
in the future) on the delivery of organic matter, inorganic nutrients, and major ions to the Arctic Ocean. These interacting
processes can be highly complex and undoubtedly exhibit spatial and temporal variabilities associated with current permafrost
conditions, sensitivity to permafrost thaw, mode of permafrost degradation (overall permafrost thaw, active layer deepening,
and/or thermokarst processes), and environmental characteristics of watersheds (e.g. land cover, soil type, and topography).
One of the most profound consequences of permafrost thaw projected for the future is that the arctic terrestrial freshwater
system is likely to experience a transition from a surface water-dominated system to a groundwater-dominated system. Along
with many other cascading impacts from this transition, mineral-rich groundwater may become an important contributor to
streamflow, in addition to the currently dominant contribution from mineral-poor surface water. Most studies observe or predict
an increase in major ion, phosphate, and silicate export with this shift towards greater groundwater contributions. However,
we see conflicting accounts of whether the delivery of inorganic nitrogen and organic matter will increase or decrease with
warming and permafrost thaw. It is important to note that uncertainties in the predictions of the total flux of biogeochemical
constituents are tightly linked to future uncertainties in discharge of rivers. Nonetheless, it is clear that over the next century
there will be important shifts in the river transport of organic matter, inorganic nutrients, and major ions, which may in
turn have critical implications for primary production and carbon cycling on arctic shelves and in the Arctic Ocean basin
interior. Copyright  2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Average annual surface air temperatures in the Arc-
tic have increased at almost twice the global rate over
recent decades and are predicted to increase by an addi-
tional 4–7 °C over the next century (e.g. Arctic Climate
Impact Assessment, 2005). Continued climate change
will likely have profound consequences for many systems
throughout the region, including two significant terrestrial
impacts: an increase in river discharge (Peterson et al.,
2002; Manabe et al., 2004a,b; Wu et al., 2005; Pavelsky
and Smith, 2006; Smith et al., 2007) as well as permafrost
degradation and a reduction in permafrost extent (Stendel
and Christensen, 2002; Lawrence and Slater, 2005). Both
of these changes have already initiated over the past sev-
eral decades (Arctic Climate Impact Assessment, 2005)
and with further climate change, should combine to sig-
nificantly impact river biogeochemistry across the Pan-
Arctic region and the river transport of organic matter,
inorganic nutrients, and major ions to the Arctic Ocean.
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Many studies have already observed significant biogeo-
chemical impacts of warming in Arctic watersheds, as
will be discussed here.

Previous reviews have focused on the general current
state of knowledge and recent impacts of climate change
on the arctic freshwater system (e.g. Hobbie et al., 1999;
Dittmar and Kattner, 2003; Prowse et al., 2006a; White
et al., 2007) as well as future predictions of the impacts
of continued warming (e.g. Rouse et al., 1997; Prowse
et al., 2006b; Wrona et al., 2006). Furthermore, recent
studies have illuminated uncertainties surrounding the
future discharge of arctic rivers (e.g. Peterson et al.,
2002; Manabe et al., 2004a,b; Wu et al., 2005), which
compounds further uncertainties in predictions of the
total flux of biogeochemical constituents. The aim of this
paper is to review recent studies investigating impacts
of climate warming on arctic river biogeochemistry as
it relates to permafrost degradation specifically. To this
end, we will highlight and discuss recent literature for
arctic watersheds as it relates to: (a) recent trends and
future predictions of permafrost degradation; (b) impacts
of permafrost degradation on organic matter; (c) impacts
of permafrost degradation on inorganic nutrients; and
(d) impacts of permafrost degradation on major ions.
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PERMAFROST DEGRADATION: RECENT TRENDS
AND FUTURE PREDICTIONS

Permafrost covers ¾25% of the Northern Hemisphere
land surface and ¾80% of the Arctic drainage basin,
and is defined as any subsurface material that remains
below 0 °C for at least two consecutive years (Brown
et al., 1998; Zhang et al., 1999). Permafrost can be par-
titioned by aerial extent and is typically defined as con-
tinuous (90–100%), discontinuous (50–90%), sporadic
(10–50%), or isolated patches (0–10%). The thickness
of permafrost can be quite variable and generally ranges
from 100–800 m in continuous permafrost, 25–100 m
in discontinuous permafrost, and 10–50 m in sporadic
permafrost (Anisimov and Reneva, 2006), yet there is
always a seasonally thawed active layer at the surface
that can vary from centimetres to metres in thickness.
Warming air temperatures lead to permafrost thaw and
degradation (e.g. Hinkel and Nelson, 2003; Demchenko
et al., 2006), which can include thickening of the active
layer, talik formation, thermokarst development, expan-
sion or creation of thaw lakes, lateral permafrost thawing,
and a northward migration of the southern permafrost
boundary (e.g. Zhang et al., 2005). These changes can
have significant impacts on hydrology, ecosystems, and
biogeochemical cycling (e.g. Nelson, 2003; Smith et al.,
2005). Permafrost warming and degradation may in turn
be accelerated by positive feedbacks to include car-
bon release from freshly thawed soils (Zimov et al.,
2006a,b; Schuur et al., 2008), projected expansion of
shrub cover (Sturm et al., 2001a,b), and wildfire occur-
rence (Yoshikawa et al., 2003).

Permafrost currently underlies significant portions of
the six largest Arctic watersheds (Ob’, Yenisey, Lena,
Kolyma, Mackenzie and Yukon; Figure 1) in addition to
many other smaller streams and rivers entering the Arc-
tic Ocean. As such, profound impacts will occur here
with permafrost degradation, to include biogeochemical
cycling within these watersheds and resulting delivery of
organic matter, inorganic nutrients, and major ions to the
Arctic Ocean. Studies investigating permafrost dynamics
in the Arctic show observed and modelled variability in
permafrost extent, permafrost temperatures, active layer
depths, and freezing/thawing indices. Here, we focus on
three major types of permafrost degradation: (a) overall
permafrost thaw resulting in large-scale reductions of
permafrost extent (which will likely take place over
relatively long time scales and influence deep ground-
water contributions to streams and rivers); (b) active
layer deepening (which will likely increase mid- to late-
season interaction between surface water and soils); and
(c) thermokarst processes and surface thawing of ice-rich
ground (which will likely have more localized, yet poten-
tially more dramatic hydrological and biogeochemical
impacts).

First, overall ‘wholesale’ permafrost thaw and thermal
degradation result in widespread reductions in permafrost
extent, allowing connection between deep groundwa-
ters and surface water pathways. As opposed to active

Figure 1. Drainage basins of the six largest arctic rivers and the extent
of permafrost currently found within them. Delineations of continuous
(90–100%), discontinuous (50–90%), sporadic (10–50%), and isolated

patches of permafrost (0–10%) are from Brown et al. (1998)

layer and thermokarst processes, time lags involved with
wholesale permafrost thaw can be significantly longer,
where temperature changes at the ground surface may
take from a few years to millennia to reach the bot-
tom of permafrost layers (Osterkamp and Gosink, 1991).
Not only can permafrost warm and degrade from the sur-
face as well as from the bottom, but permafrost may also
degrade internally if it contains unfrozen water, as seen in
some areas of Alaska (Osterkamp, 2007). Although direct
measurements of long-term permafrost dynamics are rel-
atively rare and no real widespread pan-arctic wholesale
permafrost thaw has been observed, some studies have
in fact shown some substantial permafrost degradation
through field observations. For example, rapid permafrost
thaw has been observed to occur near the Hudson Bay in
Canada, where permafrost extent began at ¾82% in 1957
and declined to ¾13% by 2003 (Payette et al., 2004). Per-
mafrost thaw has also accelerated significantly since 1950
across northern Manitoba, Canada (Camill, 2005). Addi-
tionally in Alaska, permafrost was observed to warm by
3–4 °C in the Arctic Coastal Plain, 1–2 °C in the Brooks
Range, and 0Ð3–1 °C south of the Yukon River over
the past several decades (Osterkamp, 2005, 2007). Many
studies have also projected future overall permafrost
degradation for the coming century. There have been
two main approaches to modelling soil temperatures and
permafrost dynamics, which include (a) utilizing climate
variables determined through global climate models as
input parameters for stand-alone permafrost models (e.g.
Sazonova et al., 2004); and (b) simulation of permafrost
dynamics within a coupled global climate model that
integrates the relationships between permafrost, hydrol-
ogy, and climate (e.g. Stendel and Christensen, 2002;
Lawrence and Slater, 2005; Anisimov and Reneva, 2006;
Nicolsky et al., 2007; Zhang et al., 2008a). In terms
of permafrost extent, more severe projections predict
that pan-arctic continuous permafrost will decrease by
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60–90% in the ‘near surface’ (when considering only the
uppermost 3Ð43 m of the soil column) by 2100 (Lawrence
and Slater, 2005). However, this has raised some con-
cerns as to the accuracy and interpretation of models
used (e.g. Burn and Nelson, 2006; Lawrence and Slater,
2006; Delisle, 2007), where criticisms of Lawrence and
Slater (2005) centre around issues such as their consid-
eration of continuous permafrost only, their neglect of
thaw consolidation and the latent heat effects associated
with near-surface ice-rich layers, and limitation of their
model to the near surface only (<3Ð43 m) [i.e. tempera-
ture changes at the ground surface could take a few years
up to millennia to propagate to the much deeper bot-
tom extent of permafrost (Osterkamp and Gosink, 1991)].
More conservative models, such as Anisimov and Reneva
(2006) project that by 2080, total near surface permafrost
may be reduced by 19–24% (or 26–44% for continu-
ous permafrost only). In addition, Delisle (2007) shows
that permafrost may persist in areas north of 70°N (the
approximate current continuous permafrost zone), but
perhaps only at depth between 60 and 70°N (the approx-
imate current discontinuous permafrost zone) (Delisle,
2007). It is important to note that the impacts of warm-
ing air temperatures on permafrost may have significant
time lags (Zhang et al., 2008a). For instance, models for
Canada specifically show that forced with a 2Ð8–7Ð0 °C
increase in temperatures over the next century, reductions
in permafrost extent fall within a relatively narrow range
(20Ð5–24Ð4%) because the impacts on permafrost are not
fully realized by the year 2100 and would continue even
if air temperatures were to cease warming (Zhang et al.,
2008b). Recent advances in permafrost modelling (e.g.
Riseborough et al., 2008) have helped to define new,
slower, and more reasonable predictions of future pan-
arctic near-surface and deep permafrost degradation rates
over the coming century (e.g. Lawrence et al., 2008)
(Figure 2).

Second, active layer thaw depths are highly responsive
to warming air temperatures (Hinkel and Nelson, 2003)
and can be important indicators of permafrost stability.
Deepening active layers may increase interaction between
surface waters and soils within the newly thawed portions

of the active layer, as well as liberate soluble biogeo-
chemical constituents previously sequestered within the
near-surface permafrost. Studies such as Frauenfeld et al.
(2004) have shown that active layers across Russia deep-
ened by ¾20 cm over the period from 1956 to 1990.
Because direct measurements of permafrost and active
layer depths are not always available, proxies such as
freezing and thawing indices (i.e. the cumulative num-
ber of degree days for a given time period) can be
modelled to evaluate permafrost distribution and active
layer thickness (e.g. Oelke et al., 2003; Frauenfeld et al.,
2007). Over recent decades for areas north of 50°N, the
freezing index has decreased by 85Ð6 °C-days decade�1

and the thawing index has increased by 44Ð4 °C-days
decade�1, indicating significant impacts on frozen ground
conditions (Frauenfeld et al., 2007). Recent warming of
soils has also been modelled and investigated over the
pan-arctic region, separated by major drainage basin
to more fully gauge the overall hydrological impacts
of permafrost degradation. Oelke et al. (2004) show
that from 1980 to 2002, the active layer deepened by
¾0Ð81 cm/year in the Yenisey basin, 0Ð47 cm/year in
the Mackenzie basin, 0Ð35 cm/year in the Lena basin,
whereas the Ob’ basin showed no significant trends
(Figure 2). Other models have corroborated increased
thaw depths in the Lena basin, where active layers have
increased by ¾32 cm from 1956 to 1990 (Zhang et al.,
2005). Recent models predicting permafrost dynamics
over the coming century have not only focused on over-
all permafrost extent, but also on active layer depths. For
example, simulations of active layer depths indicate that
thicknesses may increase by 30–40% for most permafrost
areas in the Northern Hemisphere (Stendel and Chris-
tensen, 2002) and by as much as 41–104% in Canada
(Zhang et al., 2008a) by the year 2100.

Third, it is important to address thermokarst processes
in the context of permafrost degradation. Thermokarst
development is the surface thawing of ice-rich ground,
loss of volume from melting ice, and subsequent creation
of depressions in the land surface from thaw slump-
ing (e.g. Czudek and Demek, 1970). Compared with
wholesale permafrost thaw and active layer deepening,

Figure 2. (a) Modelled active layer depth trends from 1980 to 2002 (adapted from Oelke et al., 2004). (b) Modelled extent of deep permafrost at the
end of the 20th and 21st centuries (adapted from Lawrence et al., 2008)
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thermokarst processes are likely to cause more localized,
yet more dramatic influences on hydrological and biogeo-
chemical systems. Although thermokarst processes are
thought to be more localized, they cannot be neglected
and have even been shown to be linked with globally
significant emissions of methane from associated thaw
lakes (e.g. Walter et al., 2006, 2007). Thermokarst is
associated with warming air temperatures in discontin-
uous and sporadic zones of permafrost extent, but it
can also occur in regions of continuous permafrost and
may not be directly tied to wholesale permafrost thaw.
For instance, Jorgenson et al. (2006) found abrupt, large
degradation of continuous permafrost in northern Alaska
since ¾1982, where massive ice wedges previously sta-
ble for thousands of years have thawed. Furthermore,
both Osterkamp (2007) and Lantz and Kokelj (2008) con-
firm the presence of recently developed thermokarst ter-
rain across interior/northern Alaska and northern Canada,
respectively, over the past several decades. As these stud-
ies directly relate the acceleration of thermokarst pro-
cesses with warming suface air temperatures, it is pre-
dicted that rates of thaw slump activity will increase with
expected continued climate warming.

Although there is some variability and uncertainty in
permafrost model outputs (e.g., Anisimov et al., 2007),
it is clear that significant reductions in permafrost extent,
increases in active layer depths, and acceleration of
thermokarst processes will likely transpire over the com-
ing decades as a result of expected continued warming
air temperatures. As impacts of permafrost degradation
on organic matter, inorganic nutrients, and major ions
in arctic rivers are discussed in the following sections,
it is important to bear in mind that interacting seasonal
dynamics of permafrost and hydrology have a major
influence on the timing and quantity of all constituents
exported from watersheds. To give greater insight into
these issues, Bowling et al. (2000) offer an important
review of hydroclimatology in the pan-arctic drainage
basin. In high-latitude watersheds, a large proportion (up
to 80–90%) of total annual river discharge may occur
during a confined 2–3 week period when snow melt
dominates at spring freshet (Linell and Tedrow, 1981).
This effect does not necessarily manifest itself at small
scales, but becomes increasingly apparent with water-
shed size (McNamara et al., 1998). During the spring
freshet, melt water is restricted to shallow flow paths
regardless of whether areas are underlain by permafrost
or seasonally frozen ground. Only later, as the summer
progresses, do permafrost characteristics (e.g. active layer
depth, the presence vs. absence of permafrost) strongly
influence the depth of water flow through soils. A shal-
low active layer keeps water flow relatively near the
soil surface, increasing interaction with organic-rich soils,
whereas a deeper (or absent) active layer allows greater
water flow through underlying mineral soils. These dif-
ferences in flow paths influence water biogeochemistry
through water–soil exchange reactions as well as micro-
bial processes that vary with soil depth and water resi-
dence time. As such, throughout this review, it is critical

to note that impacts of warming and permafrost degra-
dation on river biogeochemistry are highly dependent
not only on watershed environmental characteristics (e.g.
land cover, soil type, and topography), but also on current
permafrost conditions, sensitivity to thawing, and mode
of permafrost degradation (wholesale permafrost thaw,
active layer deepening, and/or thermokarst processes).

IMPACTS OF PERMAFROST DEGRADATION ON
ORGANIC MATTER IN ARCTIC RIVERS

Although the Arctic Ocean constitutes only 1% of the
global ocean volume, it receives more than 10% of global
river discharge and river transported terrestrial dissolved
organic matter (DOM) (Opsahl et al., 1999; Dittmar and
Kattner, 2003). Organic matter concentrations in arctic
rivers are some of the highest among rivers globally
(Dittmar and Kattner, 2003) and draw from carbon-rich
drainage areas of the Arctic, which may contain up to half
of the organic carbon (OC) stored globally in soils (e.g.
Gorham, 1991; Dixon et al., 1994; Smith et al., 2004;
MacDonald et al., 2006). Owing to cool temperatures and
waterlogged, anaerobic conditions, permafrost soils in
particular have accumulated vast stores of OC (¾400 Pg
C) since the Last Glacial Maximum (Davidson and
Janssens, 2006; Schuur et al., 2008), representing one-
fifth of global soil C and approximately equivalent to
two-thirds of atmospheric CO2 (Gruber et al., 2004).

These large stocks of high-latitude carbon currently
stored in permafrost are precariously situated with respect
to future climate warming; carbon previously locked
up in frozen permafrost soils for thousands of years
(but still potentially highly labile) may become part
of contemporary carbon-cycling processes from both
land to atmosphere and land to ocean (e.g. Davidson
and Janssens, 2006; Dutta et al., 2006; Zimov et al.,
2006a,b; Bockheim and Hinkel, 2007; Khvorostyanov
et al., 2008a,b; Schuur et al., 2008) that could ultimately
contribute to significant positive feedbacks to climate
warming (e.g. Field et al., 2007). Here, we focus on
DOM as both dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON).

Early assessments of how DOM may respond to cli-
mate warming in northern watersheds suggested that there
may be overall increases in DOC export from soils and
peatlands owing to drivers such as increased plant pro-
duction (e.g. Rouse et al., 1997; Moore et al., 1998).
However, it is clear that adding the consideration of
permafrost dynamics causes these projections to be less
straightforward, as a variety of recent studies predict both
increases and decreases in DOM export with climate
warming and subsequent permafrost degradation. Many
of these changes are due to direct hydrological impacts,
but studies also make note of indirect effects of per-
mafrost degradation causing shifts in vegetation such as
increasing shrub abundance (Sturm et al., 2001a,b; Sturm
et al., 2005), which can in turn impact the character
and concentrations of DOM (e.g. Wickland et al., 2007).
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Many studies investigating biogeochemical impacts of
climate warming compare watersheds with varying per-
mafrost extent to infer potential overall changes should
there be widespread degradation of permafrost through-
out that study region. For instance, in Alaska (MacLean
et al., 1999; Striegl et al., 2005, 2007; Petrone et al.,
2006, 2007), the Yukon Territory (Carey, 2003), and cen-
tral Siberia (Kawahigashi et al., 2004; Prokushkin et al.,
2007), the export of DOM from these watersheds is
expected to decline with permafrost degradation owing
to increased adsorption of DOM through new exposure
to underlying mineral soils, although in some cases these
long-term decreases are projected to occur only after an
initial brief period of higher DOM concentrations result-
ing from permafrost meltwater (e.g. Striegl et al., 2007).
Petrone et al. (2006), as many other studies, show both
(i) positive correlations between DOC concentrations and
discharge; and (ii) relatively high DOC concentrations
in areas of more extensive permafrost and lower DOC
concentrations in areas of less extensive low permafrost
(Figure 3). In these cases, high DOC concentrations in
areas underlain by permafrost are attributed to shallow
flow paths of water in organic-rich soil layers. How-
ever, not all observed or predicted decreases in DOM and
DOC can be attributable to permafrost dynamics; recently
observed decreases in DOC export in the upper Kuparuk
River (North Slope, Alaska) were primarily attributed to
decreases in discharge rather than permafrost thaw and
increases in active layer depths, which show no overall
trend throughout North Slope region (McClelland et al.,
2007).

Contrary to these predictions of reduced DOM and
DOC with permafrost degradation in Alaska, the Yukon
Territory, and central Siberia are projections of sig-
nificant increases in DOC export from West Siberia
with expected permafrost thaw over the next century.
In the West Siberian Lowland, which contains the
most extensive peatlands in the world (Sheng et al.,
2004; Smith et al., 2004), current observations show that

Figure 3. Time series of dissolved organic carbon (DOC) for high
permafrost (53Ð2% permafrost extent, open circles), medium permafrost
(18Ð5% permafrost extent, closed triangles), and low permafrost (3Ð5%
permafrost extent, grey squares) for watersheds in Alaska (from Petrone

et al., 2006)

permafrost-influenced watersheds contain low concen-
trations of DOC and permafrost-free watersheds con-
tain significantly higher concentrations of DOC that rise
sharply as a function of peatland cover (Frey and Smith,
2005) (Figure 4). Utilizing a space-for-time substitution
approach, these data show that up to ¾700% increases in
DOC concentrations for individual watersheds and up to
¾46% increases in annual DOC export from the entire
West Siberian region are possible by the year 2100 (Frey
and Smith, 2005). Variations in DOC and DON concen-
trations are highly correlated across watersheds in West
Siberia, leading to predictions of concomitant (¾53%)
increases in DON export by 2100 (Frey et al., 2007a). As
opposed to the findings for DOC (where DOC concen-
trations and permafrost extent are positively correlated in
Alaska, yet negatively correlated in West Siberia), pat-
terns in river water DON across a wide geographical
range in Alaska were remarkably similar to those found in
the West Siberia region (Figure 5a). This implies that as
permafrost degrades across the Arctic, future changes in
DON may be more uniform (where export to rivers may
show consistent increases) than changes in DOC (where
export to rivers may either increase or decrease).

In permafrost areas of West Siberia, hydrological
transport of DOM from peatlands and organic-rich soils
to their outlet streams may be limited by the presence
of permafrost. High-latitude northern soils have been
shown to export recently fixed DOM of plant and near-
surface soil origin (e.g. Benner et al., 2004), suggesting
little hydrological interaction at depth. This contrasts
with studies of DOC export at lower latitudes, where
radiocarbon dating has shown riverine DOM to be much
older (Raymond and Bauer, 2001). While relatively deep
peat soils in West Siberia are a potential source of
old DOM to streams and rivers (Smith et al., 2004),
permafrost may present a physical barrier to infiltration
and subsurface flow through the older and deeper peat

Figure 4. Dependence of DOC concentration on watershed mean annual
air temperature (MAAT) in West Siberia. A sharp increase in concen-
trations occurs in watersheds not impacted by permafrost. Low concen-
trations in these permafrost-free watersheds are due to sparse peatland

coverage (adapted from Frey and Smith, 2005)
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Figure 5. (a) Stream water nitrate and dissolved organic nitrogen (DON)
concentrations and (b) total dissolved nitrogen (TDN) to chloride ratios
along a latitudinal gradient of varying permafrost extent in interior Alaska

(from Jones et al., 2005)

layers. As observed in Alaska and Siberia, we would
expect flow through organic-rich soils of the shallow
active layer to result in higher DOC concentrations than
flow through deeper mineral soils (e.g. MacLean et al.,
1999; Carey, 2003; Kawahigashi et al., 2004; Striegl
et al., 2005, 2007; Petrone et al., 2006, 2007; Prokushkin
et al., 2007). However, in West Siberia the organic-rich
peat layer averages ¾1–5 m deep (Sheng et al., 2004)
and thus provides a continued (indeed even richer) source
of organic matter as permafrost thaws and flow paths
deepen. Thus, degradation of permafrost and increases in
active layer depths may introduce a new source pool of
organic material for DOM production and cause increases
in delivery of this material to adjacent streams and
rivers. Additionally, the fact that peat has relatively low
hydraulic conductivity may also maintain waters with
long residence times in these organic-rich soils, even
in the complete absence of permafrost. This increased
residence time potentially allows for increases in both
decomposition and leaching/production of DOM, but
low oxygen conditions in waterlogged soils often lead
to anoxic conditions which limit decomposition rates
and thus result in net increases in DOM. Therefore, it
is critical to consider soil substrate when determining
future DOM release to streams and rivers with warming
and permafrost degradation, where deep, anoxic, low
hydraulic conductivity peat soils may result in greater
release of DOM when compared with mineral soils
overlain with only a thin layer of organic-rich material.

In addition to overall concentrations and fluxes, the
lability and age of DOM found in rivers may also be
impacted by the degradation of permafrost. Although it
is difficult to predict the lability of DOM that would be
liberated as a consequence of warming and permafrost
degradation, new evidence suggests that such DOM may
be more labile than previously thought; until recently,

Figure 6. DOC concentration and percent loss of DOC after 3 months of
incubation in the dark at 20 °C. Values in parentheses show loss with
nutrient amendment. DOC lability tends to be high (20–40%) during the
freshet period, declining substantially during summer low-flow conditions

(from Holmes et al., 2008)

DOM exported from arctic rivers was considered to be
largely recalcitrant (Opsahl et al., 1999; Dittmar and
Kattner, 2003; Rachold et al., 2003; Amon and Meon,
2004), but a newer study suggests that ¾30% may be
rapidly processed in the nearshore marine environment
(Cooper et al., 2005). This shift in our understanding may
be partly due to previously restricting sampling to sum-
mer only; a recent study in the Kupark, Sagavanirktok,
and Colville rivers in Alaska shows there is a substan-
tial seasonal variability in the lability of DOC (Holmes
et al., 2008), where DOC associated with spring freshet
is relatively labile and DOC associated with summer
low-flow conditions is relatively refractory (Figure 6).
This may be explained by short residence times and cold
temperatures limiting microbial processing in the spring,
but increased thaw depths in the summer months lim-
iting interaction with shallow organic soils and slowing
movements of water, which allow for more processing
of groundwater DOC (Hobbie et al., 2000; Striegl et al.,
2005; O’Donnell and Jones, 2006; Wickland et al., 2007;
Holmes et al., 2008). This suggests that with permafrost
thaw and degradation, although the source of soil organic
material currently locked up in permafrost may be highly
labile (e.g. Uhlirova et al., 2007), residence times of
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waters may increase and the DOC ultimately delivered to
the Arctic Ocean may become more refractory overall. As
discussed in the previous paragraph, however, this would
be mediated (at least in part) by oxygen conditions of the
soil waters. Further understanding of the processes related
to lability will allow for utilization of this parameter to
monitor hydrological and biogeochemical changes on a
watershed scale. For instance, the lability of DOC has
already been shown to be a predictor of flow paths in the
Caribou Poker Creeks Research Watershed (CPCRW),
where labile DOC that has undergone a low degree of
biological processing indicates that water has been trans-
ported through cracks in bedrock rather than a loess layer
that would have led to biological decomposition of the
organic matter (White et al., 2008).

Given the large amounts of old carbon stored in per-
mafrost soils (e.g. Smith et al., 2004; MacDonald et al.,
2006; Zimov et al., 2006a,b), the age of OC in rivers
may be used as an integrative measure of future changes
in permafrost. If the age of OC found in rivers does not
change with warming temperatures, we cannot necessar-
ily rule out the occurrence of permafrost thaw because
OC production may be limited to surface layers only,
and thus retain the status quo even if permafrost were
to thaw completely. However, if OC in rivers becomes
older, it does imply mobilization of older carbon at depth
in the soil or peat column. While earlier discussion of
old carbon focused on West Siberia, there is also abun-
dant evidence of old carbon stored in permafrost in other
regions of the Arctic (MacDonald et al., 2006; Zimov
et al., 2006a,b). Thus, large quantities of aged, potentially
reactive (e.g. Dutta et al., 2006; Uhlirova et al., 2007)
OC could be released around the pan-arctic domain as
permafrost thaws, including mobilization through river
networks. This premise is supported by seasonal trends
of DOC age in the Kolyma River basin (Figure 7a and
b), where early season DOC is relatively young and
late-season DOC is relatively old as active layer thaw
depths increase through the spring and summer months
(Neff et al., 2006). Raymond et al. (2007) also show
that for five of the largest arctic rivers (Yenisey, Lena,
Ob’, Mackenzie, and Yukon), DOC is generally relatively
young during spring flood and slightly older during win-
ter baseflow periods. However, these patterns are not
always straightforward; many studies of the radiocarbon
age of arctic river DOC show late summer DOC ages
also to be modern [e.g. Amon and Meon, 2004; Benner
et al., 2004; Neff et al., 2006 (Figure 7c)], suggesting a
relatively continuous source of modern DOC throughout
the entire growing season. Furthermore, studies in the
Yukon, Sagavanirkok, and Mackenzie Rivers also show
that while particulate organic carbon (POC) may increase
in age with permafrost thaw and resulting river-bank ero-
sion, future variability in DOC may be more reliant on
altered plant ecology (Guo and MacDonald, 2006; Guo
et al., 2007). Although studies to date are not entirely
consistent, a warming climate, degradation of permafrost,
and increases in active layer depths may in fact result in
a larger proportion of older OC released to rivers and

ultimately to the Arctic Ocean, suggesting a new, large
source pool of potentially reactive soil organic matter
should permafrost thaw from these regions. These issues
may be elucidated with future studies of relatively small,
homogenous watersheds, comparing those with stable
permafrost to those with actively degrading permafrost.
Studies separating the impacts of different modes of per-
mafrost degradation (wholesale permafrost thaw, active
layer deepening, and/or thermokarst processes) would
also give further insight into the implications of future
warming on DOM delivery to arctic streams and rivers.

IMPACTS OF PERMAFROST DEGRADATION ON
INORGANIC NUTRIENTS IN ARCTIC RIVERS

As discussed with respect to organic matter, there is con-
siderable uncertainty about how changes in permafrost
may impact inorganic nitrogen in arctic rivers. Exper-
imental work on organic matter lability and nutrient
cycling in tundra soils demonstrates that nitrogen rem-
ineralization is likely to increase as the Arctic warms
(Shaver et al., 1998; Weintraub and Schimel, 2003;
Uhlirova et al., 2007). However, variations in soil mois-
ture and water flow paths which are tightly linked to

Figure 7. (a) The 14C of DOC in the Kolyma River at Cherskii, Russia,
and two large upstream tributaries; (b) seasonal changes in the 14C
content of DOC in two upland first-order streams that drain permafrost
underlain basins; (c) 14C of DOC in two lowland streams that drain
seasonally flooded, non-permafrost areas around the Kolyma (from Neff

et al., 2006)
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permafrost dynamics have a profound influence on the
concentrations of dissolved inorganic nitrogen (DIN)
that ultimately enter a river from the surrounding land-
scape. Studies comparing river water nitrogen among
catchments with different amounts of permafrost cov-
erage in interior Alaska (MacLean et al., 1999; Jones
et al., 2005; O’Donnell and Jones, 2006; Petrone et al.,
2006) and West Siberia (Frey et al., 2007a) can be used
to investigate how nitrogen export may change in the
future. Results have not been entirely consistent among
these studies, leading to competing hypotheses about the
dominant mechanisms controlling nitrogen export under
different permafrost conditions. Comparisons among sub-
catchments of the CPCRW lead MacLean et al. (1999)
to hypothesize that longer soil water residence time in
areas of less extensive permafrost facilitates greater DIN
removal, whereas later studies in the CPCRW support the
alternative hypothesis that deeper flow paths in areas of
less extensive permafrost facilitate nitrate export (Jones
et al., 2005; Petrone et al., 2006). This second hypothe-
sis is corroborated by a broader comparison of nitrate in
Alaskan rivers between 63°120N and 68°50N (Figure 5).
Nitrate concentrations are, on average, greater at lower
latitude sites with discontinuous permafrost as compared
with higher latitude sites with continuous permafrost
(Figure 5a). Furthermore, elevated total dissolved nitro-
gen (TDN) : Cl in stream water relative to TDN : Cl
of rain water indicates net nitrogen export from many
watersheds with discontinuous permafrost, particularly at
intermediate latitudes (Figure 5b). However, comparison
of 96 rivers in West Siberia over a similarly wide latitu-
dinal range found no differences in nitrate concentrations
linked to variations in permafrost coverage (Frey et al.,
2007a). The difference in findings for West Siberia and
interior Alaska may be explained by greater remineral-
ization (and subsequent nitrification) of organic nitrogen
in the Alaskan watersheds with intermediate permafrost
coverage (i.e. note how nitrate concentrations increase
as DON concentrations decrease towards lower latitudes
in Figure 5a). Remineralization of organic nitrogen in
the Siberian watersheds may be limited by soil water
saturation (i.e. the West Siberian Lowland contains the
most extensive peatlands in the world (Sheng et al., 2004;
Smith et al., 2004)). In addition, denitrification facilitated
by wet conditions may help account for the consistently
low nitrate concentrations in the Siberian study.

Expected impacts of degrading permafrost on dis-
solved silicate and phosphate concentrations in arctic
rivers are more predictable. Mineral weathering is the
primary source of both dissolved silicate and phosphate
in soil waters, and deeper flow paths through previously
frozen mineral soils as permafrost thaws would lead to
an increase in the concentrations of these inorganic nutri-
ents. Increases in dissolved silicate with decreases in
permafrost coverage have been identified through cross-
site comparisons in the CPCRW (MacLean et al., 1999)
as well as the West Siberian watersheds (Frey et al.,
2007b). Very low absolute concentrations of phosphate
(measured as soluble reactive phosphorus) in the CPCRW

and the West Siberian watersheds make it difficult to con-
firm expected differences related to permafrost coverage.
However, Hobbie et al. (1999) do report anomalously
high concentrations of soluble reactive phosphorus in
a stream on the North Slope of Alaska that has been
attributed to permafrost degradation. Although there is
no evidence of widespread permafrost thawing on the
North Slope of Alaska, the catchment of this particular
stream was impacted by excavation work in the 1970s
associated with road development. Furthermore, analyses
of permafrost and active layer soils on the North Slope
of Alaska show that exchangeable phosphorus is greater
in the permafrost soils (Keller et al., 2007). While there
have been many important studies of nutrient chemistry
in active layer soils, Keller et al. (2007) provides a rare
comparison of phosphorus between active layer and per-
mafrost soils. More such studies, including comparisons
of inorganic nitrogen as well as phosphorus would be
very helpful for thinking about future changes in arctic
river biogeochemistry.

Few long-term datasets are available to directly exam-
ine trends in nutrient concentrations and export from
arctic rivers. One rare example comes from the North
Slope of Alaska, where nutrients have been measured
in the upper Kuparuk River since ¾1980 as part of
the Arctic Long Term Ecological Research (ARC LTER,
http://ecosystems.mbl.edu/ARC/default.html) effort. A
recent analysis of these data by McClelland et al. (2007)
identified a major increase in nitrate concentrations and
export beginning in the 1990s (Figure 8) that may be
linked to accelerated warming of permafrost in the
region (Osterkamp and Romanovsky, 1999; Stieglitz
et al., 2003). There is no conclusive evidence of increas-
ing active layer depths in the Kuparuk River basin in
parallel with this warming, but many new thermokarst
features are evident (Bowden et al., 2008). Long-term
data on nutrient concentrations also exist for several
major rivers in the Russian Arctic, but uncertainties about
data quality limit their utility (Holmes et al., 2000, 2001;
Zhulidov et al., 2000). Existing river nutrient data from
Russia and elsewhere around the Arctic are also lim-
ited with respect to seasonal coverage. Although it is
widely recognized that the spring freshet (in response
to snowmelt) accounts for a large percentage of total
annual export from arctic rivers, sampling of these rivers
has occurred primarily during summer. The Pan-Arctic
River Transport of Nutrients, Organic Matter and Sus-
pended Sediments (PARTNERS) project, focusing on the
six largest arctic rivers, has greatly improved our under-
standing and appreciation for the seasonal dynamics of
arctic river biogeochemistry and provided a more robust
baseline for detecting future changes (McClelland et al.,
2008). However, there is still a pressing need to estab-
lish long-term sampling programmes on smaller arctic
rivers, particularly outside of Alaska. Changes in river
export as a consequence of thawing permafrost as well
as other drivers are likely to differ markedly across spatial
scales. Not only must patterns and modes of permafrost
degradation be considered, but also spatial variations in
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Figure 8. Long-term measurements of nitrate concentrations in the upper Kuparuk River, North Slope, Alaska, from the Arctic LTER database (left)
and modelled estimates of annual nitrate export between 1991 and 2001 (right). Concentrations are separated into four discharge (Q) categories to

demonstrate that changes are evident over a wide range of flow conditions (adapted from McClelland et al., 2007)

the chemical composition and soil structure of thawing
permafrost.

IMPACTS OF PERMAFROST DEGRADATION ON
MAJOR IONS IN ARCTIC RIVERS

In addition to organic matter and nutrients, degrada-
tion of permafrost is also expected to have significant
impacts on major ions in rivers, with these changes pro-
jected to be relatively consistent across the pan-arctic
region. However, it is again important to note that the
mode of permafrost degradation (wholesale permafrost
thaw, active layer deepening, and/or thermokarst pro-
cesses) may determine how and where new flow paths
are formed, thus impacting the concentrations and types
of major ions delivered to streams and rivers. In gen-
eral, concentrations of major ions (e.g. Ca2C, Mg2C,
KC, NaC) are predicted to increase markedly with per-
mafrost degradation and lowering of water tables, result-
ing from less interaction with organic shallow soils and
enhanced interaction with deep mineral horizons. For
example, total inorganic solutes (TIS, defined as the
sum of eight solutes: Ca2C C KC C Mg2C C NaC C Si C
Cl� C HCO3

� C SO4
2�) in West Siberian streams and

rivers average ¾289 mg l�1 in permafrost-free water-
sheds in contrast with only ¾48 mg l�1 in permafrost-
influenced watersheds (Frey et al., 2007b) (Figure 9).
This currently observed divergence in solutes may be
driven by permafrost-controlled hydrological processes,
with permafrost forming a confining barrier that inhibits
the infiltration of surface water through deep mineral
horizons (limiting water–rock interaction and weather-
ing) and restricts mineral-rich subpermafrost groundwater
from reaching surface water pathways (e.g. Woo and
Winter, 1993; Michel and van Everdingen, 1994; Woo

et al., 2000). This hypothesis is corroborated by MacLean
et al. (1999), who found that the presence of permafrost
significantly reduces the dissolution and transport of dis-
solved inorganic mineral loads (particularly Ca2C and
Mg2C) in streams of the Alaskan taiga by confining runoff
to upper soil horizons.

Many studies in Alaska show that by investigating
watersheds with variable permafrost extent, permafrost
degradation will likely result in increased delivery of
carbonate and Ca2C (Keller et al., 2007); Ca2C and SO4

2�

(Stottlemyer, 2001); and Ca2C, Mg2C, KC, and NaC

(Petrone et al., 2006, 2007). In some cases, permafrost
thaw and water table lowering may cause oxidation of
the soil itself, which may in turn cause the mobilization

Figure 9. Total inorganic solutes (TIS) as a function of latitude for 94
streams and rivers in West Siberia. TIS rises considerably northward of
¾61 °N, which is approximately coincident with the southern limit of

permafrost (from Frey et al., 2007b)
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and release of major and trace elements accumulated
during soil and peatland development (Chagué-Goff and
Fyfe, 1997). Predictions of future release of major ions
may also be elucidated by direct investigations of the
geochemical characteristics of the current active layer
versus underlying permafrost layers (e.g. Kokelj and
Lewkowicz, 1999; Kokelj et al., 2002; Kokelj and Burn,
2005a,b). Kokelj and Burn (2005a) find near-surface
permafrost to be solute-rich compared with the overlying
active layer (attributed to progressive removal of solutes
from the active layer) and may contribute a pulse of
increased solute delivery to streams and rivers upon
new degradation of permafrost. Thermokarst processes
may cause localized and dramatic release of salts to
streams and rivers from surface salt accumulations in
coastal areas such as those on the Canadian Arctic
Archipelago (Kokelj and Lewkowicz, 1999). If studies
are geographically expansive and incorporate sufficient
variability in permafrost, one may also quantify expected
future increases in solute loads to the Arctic Ocean by
taking a space-for-time substitution approach: TIS export
from the West Siberian region to the Kara Sea and
Arctic Ocean would increase by ¾59% (¾46 Tg year�1

to ¾73 Tg year�1) should permafrost from the region
completely disappear (Frey et al., 2007b).

One of the most profound changes to occur with
future arctic warming may be the transition of the Arctic
System from a surface water-dominated system to a
groundwater-dominated system, with resulting cascading
impacts on hydrology, ecosystems, and biogeochemical
cycling (e.g. Nelson, 2003; Smith et al., 2005). Although
this transition may be difficult to assess over large areas,
the relatively consistent and straightforward relationship
between concentrations of major ions and groundwater
contribution to rivers may allow the geochemistry of
river waters to be utilized as a monitor of watershed-
scale changes in permafrost extent and thaw depth. For
example, Keller et al. (2007) suggest that their 87Sr/86Sr
and Ca/Sr trends in soils and streams on the North
Slope of Alaska may reflect increases in thaw depth,
particularly if the parent material and soil geochemistry
are variable with depth. Furthermore, an end-member
mixing analysis utilizing variability in dissolved major
ion concentrations has enabled the quantitative separation
of relative groundwater versus surface water influences in
watersheds throughout West Siberia (Frey et al., 2007b).
However, it must be noted that although impacts of
permafrost degradation on major ions in streams and
rivers may be relatively simple, predicted concentrations
and fluxes of these major ions may be confounded by
future uncertainties in river discharge. Many studies show
a positive relationship between DOM concentrations
and discharge owing to the flushing of carbon and
organic matter when moist conditions return to previously
aerated soils (Christ and David, 1996; Evans et al.,
2002). However, the opposite is typically the case for
major ions, where discharge is negatively correlated with
concentrations of major ions because of dilution effects
(e.g. MacLean et al., 1999; Petrone et al., 2006, 2007).

Future potential increases in discharge and resulting
dilution effects may therefore somewhat temper potential
increases in major ion concentrations that are expected to
occur from permafrost degradation, lowered water tables,
and enhanced source water interaction with deep mineral
horizons.

SUMMARY AND CONCLUSIONS

Near-surface permafrost is expected to exhibit signifi-
cant degradation over the coming century, although this
process may somewhat lag trends in warming surface
air temperatures. Already, the thawing of near-surface
permafrost and ground ice has been observed in con-
tinuous and discontinuous permafrost zones across the
pan-arctic region over the past several decades. One of
the most important changes to the Arctic System caused
by ongoing and future warming will be the shift from
a surface water-dominated system to a groundwater-
dominated system. As the degradation of permafrost
thaws previously frozen soils and significantly changes
the flow paths of waters through the system, this may
in turn have profound consequences for biogeochemi-
cal cycling in arctic watersheds. These consequences can
be highly complex and undoubtedly exhibit spatial and
temporal variabilities associated with current permafrost
conditions, sensitivity to permafrost thaw, mode of per-
mafrost degradation (wholesale permafrost thaw, active
layer deepening, and/or thermokarst processes), and envi-
ronmental characteristics of watersheds (e.g. land cover,
soil type, topography).

The simplest and most consistent of these conse-
quences across the Arctic region involves impacts of
permafrost degradation on major ions in streams and
rivers. In general, concentrations of major ions (e.g. Ca2C,
Mg2C, KC, NaC) are predicted to increase markedly with
permafrost degradation and lowering of water tables,
resulting from less interaction with organic shallow soils
and enhanced interaction with deep mineral horizons.
Likewise, concentrations of phosphate and silicate in
rivers are expected to increase. In contrast, considerable
uncertainty exists about how DIN and organic matter
in arctic rivers will respond to permafrost degradation.
Deeper flow paths under lower permafrost conditions
seem to facilitate nitrate export for sites in Alaska, but the
presence or absence of permafrost shows little influence
on nitrate export in watersheds in West Siberia. Impacts
of permafrost degradation on organic matter in rivers are
of particular interest because concentrations of organic
matter in arctic rivers are some of the highest among
rivers globally, owing to large-stores of organic-rich soils
in the pan-arctic watershed. While organic matter export
is expected to decrease in Alaskan watersheds with per-
mafrost degradation and increased active layers depths
(largely attributed to increased adsorption of DOM in
mineral soils), the presence of deep, anoxic, organic-rich
peat soils in West Siberia may be the reason for projec-
tions of increased organic matter export in watersheds in
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this region. The lability and age of organic matter found
in rivers are also expected to show marked changes with
permafrost degradation, and may in fact be utilized as
integrative measures of permafrost variability. Regardless
of the uncertainties in future predictions, however, it is
clear that significant impacts on biogeochemical cycling
in rivers will transpire with continued warming and per-
mafrost degradation. All of these changes in the delivery
of organic matter, inorganic nutrients, and major ions to
arctic rivers and ultimately to coastal waters may have
important consequences for primary production and car-
bon cycling on arctic shelves and in the Arctic Ocean
basin interior.

Although the cross-watershed comparisons emphasized
throughout much of this review are helpful for think-
ing about potential changes in organic matter, inor-
ganic nutrient, and major ion concentrations and export
from arctic rivers as a consequence of degrading per-
mafrost, it is important to remember that these studies
may not capture key transitional dynamics. Each water-
shed is in a (quasi) steady state, representing concen-
trations and export of biogeochemical constituents under
current conditions, and we cannot necessarily assume a
linear trajectory between states. Increasing the number
of watersheds representing different conditions (e.g. per-
mafrost extent, topography, land cover, soil type) in a
space-for-time substitution improves the chances of cap-
turing non-linear behaviour, but logistical and analytical
constraints ultimately limit temporal resolution of sam-
pling. Important transient effects may in fact happen on
very short time scales. Continued year-round sampling
of the major arctic rivers as part of the Arctic Observing
Network (McClelland et al., 2008) and establishment of
long-term sampling programmes on smaller arctic rivers
across the pan-arctic domain would greatly facilitate our
ability to detect future changes. Changes in river export
of organic matter, inorganic nutrients, and major ions as
a consequence of degrading permafrost as well as other
drivers are likely to differ markedly across spatial scales
and geographical regions.
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Chagué-Goff C, Fyfe WS. 1997. Effect of permafrost on geochemistry in
a Canadian peat plateau bog. Applied Geochemistry 12(4): 465–472.

Christ MJ, David MB. 1996. Temperature and moisture effects on the
production of dissolved organic carbon in a spodosol. Soil Biology &
Biochemistry 28: 1191–1199.

Cooper LW, Benner R, McClelland JW, Peterson BJ, Holmes RM,
Raymond PA, Hansell DA, Grebmeier JM, Codispoti LA. 2005.
Linkages among runoff, dissolved organic carbon, and the stable
isotope composition of seawater and other water mass indicators in
the Arctic Ocean. Journal of Geophysical Research 110: G02013,
DOI:10Ð1029/2005JG000031.

Czudek T, Demek J. 1970. Thermokarst in Siberia and its influence on
the development of lowland relief. Quaternary Research 1: 103–120.

Davidson EA, Janssens IA. 2006. Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature 440(7081):
165–173.

Delisle G. 2007. Near-surface permafrost degradation: How severe
during the 21st century? Geophysical Research Letters 34: L09503,
DOI:10Ð1029/2007GL029323.
Demchenko PF, Eliseev AV, Arzhanov MM, Mokhov II. 2006. Impact of

global warming rate on permafrost degradation. Izvestiya Atmospheric
and Oceanic Physics 42(1): 32–39.

Dittmar T, Kattner G. 2003. The biogeochemistry of the river and shelf
ecosystem of the Arctic Ocean: A review. Marine Chemistry 83:
103–120.

Dixon RK, Solomon AM, Brown S, Houghton RA, Trexier MC, Wis-
niewski J. 1994. Carbon pools and flux of global forest ecosystems.
Science 263(5144): 185–190.

Dutta K, Schuur EAG, Neff JC, Zimov SA. 2006. Potential carbon
release from permafrost soils of Northeastern Siberia. Global Change
Biology 12(12): 2336–2351.

Evans CD, Freeman C, Monteith DT, Reynolds B, Fenner N. 2002.
Climate change—Terrestrial export of organic carbon—Reply. Nature
415: 861–862.

Field CB, Lobell DB, Peters HA, Chiariello NR. 2007. Feedbacks of
terrestrial ecosystems to climate change. Annual Review of Environment
and Resources 32: 1–29.

Frauenfeld OW, Zhang TJ, Barry RG, Gilichinsky D. 2004. Inter-
decadal changes in seasonal freeze and thaw depths in Rus-
sia. Journal of Geophysical Research-Atmospheres 109: D05101,
DOI:10Ð1029/2003JD004245.

Copyright  2008 John Wiley & Sons, Ltd. Hydrol. Process. 23, 169–182 (2009)
DOI: 10.1002/hyp



180 K. E. FREY AND J. W. MCCLELLAND

Frauenfeld OW, Zhang TJ, McCreight JL. 2007. Northern hemisphere
freezing/thawing index variations over the twentieth century.
International Journal of Climatology 27(1): 47–63.

Frey KE, McClelland JW, Holmes RM, Smith LC. 2007a. Impacts of
climate warming and permafrost thaw on the riverine transport of
nitrogen and phosphorus to the Kara Sea. Journal of Geophysical
Research-Biogeosciences 112: G04S58, DOI:10Ð1029/2006JG000369.

Frey KE, Siegel DI, Smith LC. 2007b. Geochemistry of west Siberian
streams and their potential response to permafrost degradation. Water
Resources Research 43: W03406, DOI:10Ð1029/2006WR004902.

Frey KE, Smith LC. 2005. Amplified carbon release from vast West
Siberian peatlands by 2100. Geophysical Research Letters 32: L09401,
DOI:10Ð1029/2004GL022025.

Gorham E. 1991. Northern peatlands: Role in the carbon cycle and
probable responses to climatic warming. Ecological Applications 1:
182–195.

Gruber N, Friedlingstein P, Field CB, Valentini R, Heimann M, Richey
JE, Romero-Lankao P, Schulze ED, Chen CTA. 2004. The vulnerability
of the carbon cycle in the 21st century: An assessment of carbon-
climate-human interactions. The Global Carbon Cycle: Integrating
Humans, Climate, and the Natural World , SCOPE 62 . Island Press:
Washington, DC; 568.

Guo LD, Macdonald RW. 2006. Source and transport of terrigenous
organic matter in the upper Yukon River: Evidence from isotope
(υ13C, 14C, and υ15N) composition of dissolved, colloidal, and
particulate phases. Global Biogeochemical Cycles 20: GB2011,
DOI:10Ð1029/2005GB002593.

Guo LD, Ping CL, Macdonald RW. 2007. Mobilization pathways
of organic carbon from permafrost to arctic rivers in a
changing climate. Geophysical Research Letters 34: L13603,
DOI:10Ð1029/2007GL030689.

Hinkel KM, Nelson FE. 2003. Spatial and temporal patterns of active
layer thickness at Circumpolar Active Layer Monitoring (CALM) sites
in northern Alaska, 1995–2000. Journal of Geophysical Research-
Atmospheres 108(D2): 8168, DOI:10Ð1029/2001JD000927.

Hobbie JE, Peterson BJ, Bettez N, Deegan L, O’Brien WJ, Kling GW,
Kipphut GW, Bowden WB, Hershey AE. 1999. Impact of global
change on the biogeochemistry and ecology of an Arctic freshwater
system. Polar Research 18(2): 207–214.

Hobbie SE, Schimel JP, Trumbore SE, Randerson JR. 2000. Controls
over carbon storage and turnover in high-latitude soils. Global Change
Biology 6: 196–210.

Holmes RM, McClelland JW, Raymond PA, Frazer BB, Peterson BJ,
Stieglitz M. 2008. Lability of DOC transported by Alaskan rivers
to the arctic ocean. Geophysical Research Letters 35: L03402,
DOI:10Ð1029/2007GL032837.

Holmes RM, Peterson BJ, Gordeev VV, Zhulidov AV, Meybeck M,
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mers RB, Shiklomanov AI, Shiklomanov IA, Rahmstorf S. 2002.
Increasing river discharge to the Arctic Ocean. Science 298:
2171–2173.

Petrone KC, Hinzman LD, Shibata H, Jones JB, Boone RD. 2007. The
influence of fire and permafrost on sub-arctic stream chemistry during
storms. Hydrological Processes 21(4): 423–434.

Petrone KC, Jones JB, Hinzman LD, Boone RD. 2006. Seasonal export
of carbon, nitrogen, and major solutes from Alaskan catchments
with discontinuous permafrost. Journal of Geophysical Research 111:
G02020, DOI:10Ð1029/2005JG000055.

Prokushkin AS, Gleixner G, McDowell WH, Ruehlow S, Schulze ED.
2007. Source- and substrate-specific export of dissolved organic
matter from permafrost-dominated forested watershed in central
Siberia. Global Biogeochemical Cycles 21: GB4003, DOI:10Ð1029/
2007GB002938.

Prowse TD, Wrona FJ, Reist JD, Gibson JJ, Hobbie JE, Levesque LMJ,
Vincent WF. 2006b. Climate change effects on hydroecology of Arctic
freshwater ecosystems. Ambio 35(7): 347–358.

Prowse TD, Wrona FJ, Reist JD, Hobbie JE, Levesque LMJ, Vin-
cent WF. 2006a. General features of the Arctic relevant to climate
change in freshwater ecosystems. Ambio 35(7): 330–338.

Rachold V, Eiken H, Gordeev VV, Grigoriev MN, Hubberten HW,
Lisitzin AP, Shevchenko VP, Schirrmeister L. 2003. Modern terrige-
nous organic carbon input to the Arctic Ocean. In The Organic Carbon
Cycle in the Arctic Ocean, Stein R, Macdonald RW (eds). Springer:
Berlin; 33–55.

Raymond PA, Bauer JE. 2001. Riverine export of aged terrestrial organic
matter to the North Atlantic Ocean. Nature 409: 497–500.

Raymond PA, McClelland JW, Holmes RM, Zhulidov AV, Mull K,
Peterson BJ, Striegl RG, Aiken GR, Gurtovaya TY. 2007. Flux and
age of dissolved organic carbon exported to the Arctic Ocean: A carbon
isotopic study of the five largest arctic rivers. Global Biogeochemical
Cycles 21: GB4011, DOI:10Ð1029/2007GB002934.

Riseborough D, Shiklomanov N, Etzelmüller B, Gruber S, Marchenko S.
2008. Recent advances in permafrost modeling. Permafrost and
Periglacial Processes 19: 137–156.

Rouse WR, Douglas MSV, Hecky RE, Hershey AE, Kling GW, Lesack
L, Marsh P, McDonald M, Nicholson BJ, Roulet NT, Smol JP. 1997.
Effects of climate change on the freshwaters of arctic and subarctic
North America. Hydrological Processes 11(8): 873–902.

Sazonova TS, Romanovsky VE, Walsh JE, Sergueev DO. 2004. Per-
mafrost dynamics in the 20th and 21st centuries along the East
Siberian transect. Journal of Geophysical Research 109: D01108,
DOI:10Ð1029/2003JD003680.

Schuur EAG, Bockheim J, Canadell JG, Eukirchen E, Field CB, Gory-
achkin SV, Hagemann S, Kuhry P, Lafleur PM, Lee H, Mazhitova G,
Nelson FE, Rinke A, Romanovksy VE, Shiklomanov N, Tarnocai C,
Venevsky S, Vogel JG, Zimov SA. 2008. Vulnerability of permafrost
carbon to climate change: Implications for the global carbon cycle.
BioScience 58(8): 701–714.

Shaver GR, Johnson LC, Cades DH, Murray G, Laundre JA, Rastet-
ter EB, Nadelhofer KJ, Giblin AE. 1998. Biomass and CO2 flux in wet

sedge tundras: response to nutrients, temperature, and light. Ecological
Monographs 68: 75–97.

Sheng Y, Smith LC, MacDonald GM, Kremenetski KV, Frey KE,
Velichko AA, Lee M, Beilman DW, Dubinin P. 2004. A high resolu-
tion GIS-based inventory of the west Siberian peat carbon pool. Global
Biogeochemical Cycles 18: GB3004, DOI:10Ð1029/2003GB002190.

Smith LC, MacDonald GM, Velichko AA, Beilman DW, Borisova OK,
Frey KE, Kremenetski KV, Sheng Y. 2004. Siberian peatlands a net
carbon sink and global methane source since the early Holocene.
Science 303: 353–356.

Smith LC, Pavelsky TM, MacDonald GM, Shiklomanov AI, Lam-
mers RB. 2007. Rising minimum daily flows in northern Eurasian
rivers suggest a growing influence of groundwater in the high-latitude
water cycle. Journal of Geophysical Research-Biogeosciences 112:
G04S47, DOI:10Ð1029/2006JG000327.

Smith LC, Sheng Y, MacDonald GM, Hinzman LD. 2005. Disappearing
arctic lakes. Science 308: 1429.

Stendel M, Christensen JH. 2002. Impact of global warming on
permafrost conditions in a coupled GCM. Geophysical Research Letters
29(13): 1632, DOI:10Ð1029/2001GL014345.
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