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Abstract

Purpose of Review Streams and rivers are undergoing rapid change as the Arctic warms and thaws. We review recent observa-
tions in Arctic stream systems to identify ubiquitous changes and the most useful tools for observing change and exploring
the underlying processes.

Recent Findings Recent literature indicates increasingly significant trends in river hydrology and chemistry due to persistent
warming in the Arctic and longer observational records for analysis. However, regional differences in the magnitude and
direction of these trends persist. We also observe thresholds in ground thaw and surface—groundwater interactions that can
impact river hydrology and chemistry.

Summary Warming and thaw are occurring rapidly at high latitudes, resulting in increasing, yet variable responses in
stream systems across regions and scales. These differences highlight the need for long-term records and an interdiscipli-
nary approach to explain trends and predict future states. Stream systems respond to multiple landscape changes related to
hydrology (changing precipitation and subsurface flow), geology (ground thaw dynamics), and ecology (vegetation change).
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Introduction

Stream discharge and chemistry are powerful tools for
understanding watershed dynamics and change because
they integrate processes occurring throughout the water-
shed. In Arctic regions, which we broadly define for this
review as high-latitude regions and those with permafrost
in the Northern Hemisphere, seasonally frozen soils and
permafrost (perennially frozen ground) limit water storage
and infiltration [1, 2]. As a result, runoff may dominate, and
subsurface flow paths are often short and shallow, resulting
in streams responding rapidly to hydrologic perturbations
such as snowmelt and storms. Stream systems in high- lati-
tude regions are undergoing a rapid change due to climate
change [3], which is occurring at a faster rate than the Earth
as a whole [4]. Climate change impacts Arctic streams in
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many ways, including alteration of flow regimes, chemistry
and elemental fluxes, and biology. Further, stream hydrology
and chemistry can be used to characterize and interpret the
magnitude, direction, and rates of change related to warming
and permafrost thaw within high-latitude watersheds [2].
As high latitude regions warm, several hydrologic changes
have been documented: 1) altered precipitation regimes [3],
2) altered snowmelt timing and duration [5], and 3) thaw-
ing of frozen ground [6]. Permafrost thaw is of particular
interest given the unique and disparate ways in which it may
occur, which has implications for its impact on hydrology
[7]. These processes may interact to impact the direction,
magnitude, and timing of discharge and stream water qual-
ity. Considerable advances have been made over the past
five years to expand our understanding of stream hydro-
logic function and response to climate change across the
Arctic. Here, we review these advances, with specific focus
on the effects of changing seasonality and permafrost thaw
on watershed hydrology and stream chemistry. This review
focuses on lotic systems that range from water tracks to large
rivers, thereby allowing us to understand trends and incon-
sistencies that may be scale dependent. We use the term
“streams” to refer to smaller, lower-discharge lotic systems
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and “rivers” for larger, high-discharge systems, recognizing
that there is overlap in the systems described by these terms.

Common Arctic River Water Sources

In high latitudes, streamflow is generated by a combination
of ice melt, snow melt, and rain [8]. In the most extreme
high-latitude environments, cold conditions may limit pre-
cipitation, resulting in stream hydrographs that are domi-
nated by glacier melt in mid summer [9, 10]. At lower
latitudes, snowmelt and rain become more important water
sources, with snowmelt typically dominating the annual
hydrologic flux in many high-latitude systems [11]. River
flows are impacted by freezing conditions and the formation
and melt of aufeis. Aufeis are large sheet-like masses of ice
that form in the winter as groundwater reaches the surface
and freezes [12]. Aufeis melts in the summer, bolstering
river baseflow [13].

With warming, greater heat energy in the atmosphere
may alter both meteorological inputs and runoff potential.
Warming conditions may allow more precipitation to fall [3].
Warmer air temperatures may allow snowmelt to begin ear-
lier in the spring [5]. During the summer months, a warmer
atmosphere increases the potential for glacial melt [14], per-
mafrost thaw [6] and convective storms and heavy rains [15,
16]. Warmer conditions are allowing rivers to flow more
freely in the winter months [17], and altering aufeis forma-
tion and thaw [18, 19]. The impact of these changes on the
discharge of high latitude stream systems depends on the

Fig. 1 Examples of unique
features in high latitude water- A
sheds. A) Ice-rich permafrost
(Joshua Koch, USGS), B) a
perennially-flowing Arctic
spring (Charlie Couvillion,
USGS), C) the Katakturuk
aufeis field in April (Charlie
Couvillion, USGS) and August
(inset; Heather Best, USGS), D)
Emergence of orange streams
characterized by high metal
loads (Joshua Koch, USGS)
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interactions of precipitation with the unique features of the
land surface and subsurface in the Arctic (Fig. 1).

Impacts of Thawing Ground and Subsurface
Connectivity

Arctic rivers and streams are unique due to the presence
of permafrost (Fig. 1A) and seasonally frozen ground,
which enhance runoff by limiting subsurface water storage
and transmission [1]. Frozen ground contributes to distinct
Arctic watershed hydrographs characterized by large snow
melt pulses, flashy hydrographs, and variability in hydro-
logic response with thawing of the seasonally frozen active
layer. In many low-latitude regions, groundwater is a critical
source of water to maintain stream baseflow in the sum-
mer months. In the Arctic, groundwater flow is limited by
permafrost, though increasing river baseflow suggests that
warming may be increasing the storage and transmission
of groundwater in the discontinuous permafrost zone [20].
Taliks are unfrozen soil layers adjacent and within perma-
frost that can transmit groundwater [2]. Taliks have been
observed in limited cases through observations [21] and
airborne geophysical surveys [22]. The increasing potential
for groundwater flow through taliks has been conceptualized
and numerically modeled as subsurface flow moving through
longer and deeper flow paths as the ground thaws [23, 24].
Shallow soils represent a critical supra-permafrost aquifer
that may provide water to streams. In permafrost environ-
ments, the thawed active layer above the permafrost may
be less than a meter thick, yet serves to deliver water and
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solutes to drainage networks [2]. Flow rates may be high
near the organic-mineral boundary, where organic soils
remain saturated, creating complex flow paths through
hummocky or peaty terrain [25, 26]. Deepening flow paths
may fundamentally alter stream systems, given the differ-
ing chemistry of shallow organic and deeper mineral soils
[27, 28].

Thawing ground may also increase surface drainage
network development. Polygonal ground, which is found
throughout ice-rich terrain in continuous permafrost regions,
may become an important conduit of surface flow as perma-
frost degradation connects individual troughs into a drainage
network [29, 30]. Storage and transmission of water through
polygonal networks could greatly alter the magnitude and
timing of river discharge [29]. The development of surface
water drainage networks could also impact riparian evapo-
transpiration, given widespread vegetation increases in per-
mafrost regions [31].

Common Hydrologic and Chemical Monitoring
Metrics

Streams and rivers integrate upstream processes, and can
therefore provide information on water sources, runoff, and
subsurface flow. Discharge and dissolved solutes are critical
tools for determining water sources, observing changes to
stream systems, and considering the implications of change,
especially when monitoring occurs on a regularly repeating
interval. Both the hydrology and water quality of streams
provide information, and often it is useful to combine mul-
tiple hydrological and chemical metrics to understand water-
shed processes and change [32]. Because permafrost thaw
impacts the storage and transmission of water through the
subsurface gradually, studies have focused on long-term
Arctic stream records and change in hydrologic metrics
through time [33].

The impact of permafrost thaw on subsurface flow is
often inferred from stream and river chemistry. For exam-
ple, the Yukon River in Alaska demonstrates decadal-scale
increases in base cations, phosphorus, and sulfate fluxes
[34], consistent with expectations of deepening flow paths
[20]. Other common tracers include specific conductance,
which is an easily measured parameter indicative of the
major ion concentration of the water [35]. Dissolved organic
carbon (DOC) and dissolved organic matter (DOM) age and
composition have also been used as hydrologic tracers, given
their high concentrations in water draining permafrost land-
scapes and shallow organic soils [27, 28, 36, 37] and the
ease of monitoring organic matter fluorescence (fDOM) and
color (cDOM) continuously with optical sensors. Recent
advances in sensor technology allow for continuous moni-
toring of stream water quality, providing high resolution data

for understanding stream hydrology, chemistry, and water
sources [38].

Recent Advances in Observing River Systems
and Understanding the Impacts of Climate
Change on Arctic Surface Water Hydrology
and Chemistry

Arctic river observations have been effective in demonstrat-
ing the impacts of warming and thaw on stream, river, and
catchment hydrology and chemistry. Over the past five years,
the Arctic has experienced some of the warmest years on
record [3, 4]. Recent research advances during this period
of rapid warming have helped to clarify climate impacts to
watershed hydrology and expand our understanding of the
underlying processes driving change. Here, we summarize
these recent advances, with particular focus on changing
seasonality, effects of permafrost thaw, and consequences
for water quality and biogeochemical cycling.

Increasing Evidence of Changing Water Sources
on Broad Scales

As the Arctic warms, scientists have documented changes
in both the form of precipitation (i.e. rain vs. snow) and
hydrologic flow paths through the drainage network. A
broad, space for time approach based on 253 stream and
river hydrographs in Alaska suggests that we may expect
a transition in hydrographs dominated by ice and snow to
dominance of rain [8]. Although this shift in precipitation
form has begun across northern high latitudes, the changes
that occur to stream hydrographs are complicated by myriad
overlapping process of changing inputs and flow paths and
the time scales of glacier melt, ground thaw, and vegeta-
tion change. Autumn rains are increasing in northern high
latitude regions [39-41]. Extreme weather and hydrologic
events are also becoming more common as a result of
increasing heat and relative humidity in the atmosphere of
the Arctic [16, 42].

At the same time, glacier mass loss is accelerating
throughout northern high-latitude regions [14, 43]. In the
short term, melting glaciers may lead to higher flows in
high-latitude rivers [10], but these contributions will decline
with advanced melt and glacier loss [44]. Water may also be
derived from thawing permafrost, although this tends to be
a smaller contribution because in many cases thaw occurs
gradually over time, and permafrost water tends to make up
only a small fraction of the available water relative to runoff
[45]. However, in certain conditions permafrost may thaw
rapidly, even in cold, continuous permafrost regions where
thermokarst and subsidence suggest the release of substan-
tial amounts of water from thawing ice-rich permafrost [46].
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Permafrost thaw water may be a substantial contributor in
very dry regions, such as the High Arctic and Mongolia,
where other water inputs are minimal [47].

Changing Stream and River Hydrographs

A growing body of evidence across the Arctic indicates
increasing discharge during shoulder seasons (spring and
autumn) and winter [48-51]. Trends in mean annual dis-
charge vary by region and analysis method [48-52]. Some
regions are experiencing an earlier freshet pulse and timing
of maximum annual discharge [41, 53]. There is evidence
of increasing discharge in permafrost-dominated catchments
in North America [49, 50], though an analysis of stream-
gages of varying size with greater than 60 years of histori-
cal records in Alaska found no significant trends in total
annual discharge in seven of the nine analyzed basins [48].
In the Lena River basin of Siberia, annual discharge was
found to be increasing in the continuous permafrost zone,
but decreasing in the discontinuous permafrost zone where
enhanced infiltration of precipitation may reduce runoff
and discharge [54], a distinction that could also explain
the variable findings in North America. Studies have pro-
vided new evidence of winter runoff events associated with
warming [55, 56], which may impact the spring freshet tim-
ing, because the refreezing of winter water in the shallow
soils may limit infiltration during snowmelt [56]. Evidence
remains split over whether increasing cold season flows will
lead to an earlier shift in annual discharge [53], or no change
[48]. In some cases, increasing discharge from earlier snow-
melt may be balanced by increasing late-summer rains, lead-
ing to no change in annual flow timing [39, 41].

Springs and Aufeis

Springs and aufeis (Fig. 1B and 1 C) continue to be impor-
tant sources of winter water to rivers, providing evidence
of groundwater flow and shifting water sources to streams
[52, 57]. Springs in northern Alaska maintained consist-
ent discharge and chemistry over the past 30 years despite
warming and thaw, though they also respond to summer
rains with increased discharge [58], a trend that has also
been observed in springs in permafrost regions of Mongolia
[47]. Many springs emanate from mountain fronts, point-
ing to the importance of fracture flow in transmitting water
through the subsurface to springs [52]. However, springs and
aufeis also appear far from the mountain front where geo-
logic controls are less evident. Geophysical investigations
suggest that glacial impacts including rock fracturing and
sedimentation create the necessary aquifer and preferential
flow paths to drive upwelling far from the mountain front
[59], which has also been demonstrated through numerical
modeling [60]. Spring flow paths can vary depending on
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permafrost continuity. In Svalbard, discontinuous permafrost
leads to hydrologic connection of sub- and supra-permafrost
aquifers and water ages up to hundreds of years [61]. Springs
in the continuous permafrost zone of Alaska, including those
emerging from the mountain fronts are generally less than
50 years old, suggesting sources from shallow, near-surface
supra-permafrost aquifers [57].

Springs remain important contributors to the development
of aufeis, and thus to stream and river baseflow as aufeis
melts over the summer months [52]. However, the impact of
aufeis may be changing, given that increasing winter river
flows and warmer stream temperatures [62] may limit aufeis
accumulation, resulting in spring water contributing directly
to river baseflow instead [52]. For aufeis that does form,
evidence shows that warmer air temperatures may lead to
faster seasonal aufeis thaw based on observations [18, 58]
and modeling [63]. Although many aufeis fields are shrink-
ing on decadal timescales, some are increasing and all dem-
onstrate interannual variability [57], pointing to interactive
controls of watershed size, source water availability, perma-
frost extent and thaw, and recent climate [52, 55, 57].

Evidence of Continued Ground Thaw Altering Runoff
Magnitude and Timing

Recent studies support previous evidence that permafrost
thaw may both increase and decrease water budget ele-
ments and hence stream discharge, depending on soil type
and topography [64]. Permafrost thaw may increase surface
runoff and stream discharge, in cases where thermokarst
increases drainage network connectivity [29]. Recent evi-
dence indicates accelerating ice wedge degradation [65] and
connectivity of the shallow, surface drainage network [66].
By contrast, permafrost thaw associated with increased veg-
etation growth and subsequent snow interception can lead to
increased infiltration and evapotranspiration and drying of
small, headwater streams [67—69]. Increasing infiltration and
subsequent stream drying has been observed broadly across
discontinuous permafrost zones [53]. In addition to altering
river hydrology, recent research indicates that permafrost
thaw and increasing subsurface flow can also impact stream
solutes [69] and temperature [70, 71].

Permafrost thaw has been conceptualized as a gradual
thickening of the active layer, before a critical threshold is
reached that allows connectivity of shallow and deep aqui-
fers [24], and recent research provides evidence of the occur-
rence of both processes.

Gradual Active Layer Deepening
Several recent studies have focused on inferring active layer

thickening from stream discharge, typically using discharge
recession analysis [72-76]. In a watershed on the North
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Slope of Alaska, baseflow recession analysis was used to
determine that active layer thaw was accelerating based on
a 38 year record [72]. Active layer thickening in this region
is further supported by increasing major ion concentra-
tions and pH in springs, streams, and rivers between the
1970 s and 2020 s [58]. Slower baseflow recession has also
been linked to increases in active layer thickness in Eurasia
[73-75], though this trend is not apparent outside of the
continuous permafrost zone, which may be attributed to lim-
ited permafrost control on subsurface flow where permafrost
is less continuous [73]. The stream recession-active layer
thickness relationship is also impacted by landscape factors
such as soil type and catchment slope, leading to variable
responses across regions [75, 76].

Increasing Evidence of Widespread Talik Formation

Over the past five years, a growing body of evidence indi-
cates that we have crossed critical thresholds in thaw and
surface—groundwater connectivity based on the widespread
emergence and extent of taliks. Deepening of the active
layer may allow for regional connectivity or taliks in the
subsurface [2]. Taliks have been observed broadly across
the discontinuous permafrost zone of Alaska [77] and have
been the focus of intensive studies at smaller scales [22, 78].
Cryohydrologic models have been used to conceptualize and
describe taliks in discrete locations, occurring as a result of
permafrost thaw [79] and disturbances caused by vegetation-
snow interactions [80] and fire [81].

Lateral taliks may occur in areas with thick permafrost if
a thawed zone forms at the top of the permafrost [81, 82]. A
recent study on the North Slope of Alaska found that ages
of springs are quite young, and that annual aufeis size was
dependent on recent climatology, implying the presence,
growth, and regional connectivity of lateral taliks at the top
of the permafrost [57]. In this same region of Alaska, near-
or sub-river taliks have been demonstrated based on a river
water balance [83] and numerical simulations [84].

Taliks have been invoked to explain broad-scale changes
in Arctic hydrology and chemistry. A vertical, through-
going, or open talik may form on hillsides where vegetation
traps snow, providing water and heat to thaw permafrost
[80]. Talik formation may explain the emergence of acid
seeps on hillslopes in alpine regions of the continuous per-
mafrost zone of Alaska [85]. Questions remain as to the
distribution and connectivity of taliks, and to the potential
for taliks to refreeze given changes in ground hydrological
and thermal properties following talik formation [78].

Effects of Shifting Hydrology on River Water Quality

Monitoring of chemistry in large Arctic rivers provides
compelling evidence of change in Arctic watersheds,

although trends vary by watershed [86], which is unsur-
prising given the diversity of observed hydrologic changes
across Arctic regions (Table 1). Even within a region,
stream chemistry can vary widely, which has been attrib-
uted to differences in state factors such as ice content, per-
mafrost extent, parent material [37, 87], and topographical
slope [87, 88], as well as to disturbances such as fire [89,
90] and thermokarst [90].

Advances in Monitoring Arctic River Chemistry

The interplay of thaw and transport of major ions, carbon,
and nitrogen have been investigated using continuous sen-
sors in various watersheds [91-95], and on broad scales
using remote sensing of water quality [85, 96]. Given the
novelty of continuous chemistry sensors, new metrics and
analytical approaches are still emerging, with most stud-
ies focusing on recession slope and the hysteresis index.
Recession slopes are often positive for DOM (fluorescent or
colored), consistent with transport limitation of the delivery
of organic matter to the stream [94, 95]. However, seasonal
trends in these two studies differ, with positive trends in
time in an Arctic peatland attributed to increasing transport
limitation [94], and negative trends in discontinuous perma-
frost boreal forest attributed to increasing source-limitation
[95]. DOM hysteresis has been used to infer the proximity
of sources to the stream, and in many cases demonstrates a
seasonal shift from near-stream sources during snowmelt to
more distal sources as the summer progresses [91, 94]. Dif-
ferences in solute-discharge trends have been documented
between organic and inorganic material [91, 93, 95], which
is likely related to their disparate sources in stratified Arctic
soils [25, 26, 30]. Nitrate and specific conductance, which
are more associated with mineral soils below the organic
horizon, tend to relate inversely to discharge, showing dilut-
ing trends during storms as a result of source-limitation
[91, 95]. Ubiquitous findings are unclear, given that sol-
ute-discharge trends are strongly influenced by landscape
type [92] and basin size [95]. Although the majority of new
studies have leveraged novel sensor technologies for high-
frequency chemical monitoring, advances have also been
made in synoptic sampling by collecting samples through-
out waterways within a single watershed [97, 98]. Such an
approach provides important information regarding the most
relevant spatial scales for understanding watershed processes
[97] and additionally doesn’t require leaving equipment in
harsh, remote locations. Such approaches have demonstrated
that despite large seasonality in Arctic stream discharge and
solute loads, trends between subcatchments remain similar
throughout the summer [98]. Distributed sampling is vital,
given the abundance of small watersheds and their impor-
tance to overall riverine solute fluxes [99].
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Table 1 Trends and thresholds in stream hydrology and chemistry

Category

Variable

Recent Trend
(* =threshold change)

Region

Stream discharge

Stream baseflow

Stream-groundwater
interactions

Water Quality

Mean annual
Mean annual
Mean annual
Winter discharge
Freshet timing

Autumn rain

recession timescale

Aufeis melt timing
Aufeis size
Losing stream reaches

Alkalinity
DOC

Nitrate
Trace metals
Major ions
Temperature

Increasing

No change
Variable
*Increasing
Earlier
Increasing/earlier

Increasing
Variable

Earlier
Variable

Increasing

Increasing
No change
Decreasing
*Increasing
Increasing

increasing

North America [50], Pan-Arctic [49]
Alaska [48]

Russia [54]

Alaska [48, 51], Canada [52]

Alaska [48], Canada [53], Eurasia [41, 53]
Alaska [39, 48], Eurasia [41]

Alaska [72], Asia [74], Eurasia [73], Europe [75]
Pan-Arctic [76]

Alaska [58]
Alaska [57]
Alaska [67, 69]

Pan-Arctic [86]
Pan-Arctic [86]
Pan-Arctic [86, 87]
Alaska [85], Canada [108]
Alaska [58]

Alaska [125]

Changing Seasonality

In addition to the impacts of shifting seasonality on water-
shed hydrology (Table 1), stream chemistry varies across
seasons, which must be accounted for in order to quantify
fluxes and analyze trends [86]. High-frequency continuous
measurements illustrate that shoulder seasons can account
for large fractions of the annual flux of DOC and nitrate
[92, 95]. As the open-water season lengthens, it is critical to
better understand the relationship between flow and solute
export, and to understand source- versus transport- limi-
tations [92, 94]. Greater precipitation that is occurring in
autumn is altering dissolved organic matter, nutrient and
solute export from both glacial [100, 101] and non-glacial
permafrost catchments [40]. Increasing precipitation inten-
sity in the Arctic [16, 42] may increase particulate material
and carbon fluxes [40, 102]. Further, longer flow seasons are
also linked to increased thawing of catchment soils [69] and
subsequent effects on subsurface flows and the chemistry of
groundwater discharging to streams [87].

Effects of Permafrost Thaw on Water Quality

Because permafrost governs runoff and subsurface hydrol-
ogy, permafrost presence and thaw influence stream water
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chemistry and biogeochemical cycling of various elements
[103, 104]. There are many factors which dictate stream
chemical responses to thaw, including the mode of perma-
frost thaw (e.g., active layer thickening or talik development
vs. thermokarst or thermal erosion), the geological setting,
terrestrial-aquatic linkages, and biogeochemical processes
occurring within the watershed [105-107]. Further, ele-
ments and compounds respond differently to thaw, given
differences in chemical sources, mobility, and reactivity
within watersheds [79, 107, 108]. In this section, we will
discuss recent advances in documenting water quality trends
and underlying processes in Arctic streams, with particular
focus on carbon, nutrients (nitrogen, phosphorus), metals,
and heat.

DOC is a master variable in stream ecosystems, control-
ling nutrient availability, pH, and metal reactivity. Further,
DOC functions as an important component of the Arctic
carbon cycle, both in terms of its lateral flux and as a source
of greenhouse gas emissions to the atmosphere [107]. At
the Pan-Arctic scale, riverine DOC flux has not signifi-
cantly changed over the past 20 years [86], despite wide-
spread thaw across the Arctic during this period of time.
However, at regional to watershed scales, permafrost thaw
can impact both DOC concentration, flux, and also the age
and chemical composition of dissolved organic matter [90,
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109-111]. Recent advances have documented the diversity
of DOC pool size across permafrost soil types [112], high-
lighting differences in the available pool of DOC to streams
across organic- vs. mineral-dominated catchments. Chang-
ing groundwater-surface water connections with thaw can
transport DOC into the stream system [113]. Recent work
from the Mackenzie River basin in western Canada indicates
that permafrost thaw and supra-permafrost talik develop-
ment resulted in the abrupt aging of stream DOC [114].

Inorganic nitrogen and phosphorus can both function as
limiting nutrients for primary productivity in Arctic stream
ecosystems. Recent studies have documented the large pool
of nitrogen currently stored in permafrost [115, 116] that is
subject to transformation and mobilization upon thaw [117].
Inorganic nitrogen species (i.e., nitrate) are sensitive to shift-
ing hydrologic conditions and storm events, as evidenced
by recent work using continuous high-frequency sensors in
Arctic streams (92, 93). At the Pan-Arctic scale, nitrate flux
has been declining over the past 20 years [86], which may
be due to warming effects on nitrogen uptake and immo-
bilization outpacing nitrogen mobilization from enhance
mineralization or release of permafrost nitrogen. Increasing
delivery of carbon and nutrients in high latitude systems
results in an ecosystem response [105, 118], with increased
rates of nutrient uptake in water tracks [119], streams [120],
and rivers [121].

Evidence continues to emerge pointing toward increased
chemical weathering following permafrost thaw and subse-
quent deepening of groundwater flows paths [122, 123]. At
the Pan-Arctic scale, alkalinity flux in large Arctic rivers
has increased over the past 20 years, reflecting thaw-induced
weathering of carbonate lithologies [86]. At regional scales,
sulfide oxidation appears to be increasing based on increased
sulfate concentrations in stream and river networks [34,
122]. In the Brooks Range of northern Alaska, more than 70
streams recently turned from clear to orange color (Fig. 1D),
reflecting increased chemical weathering of sulfide minerals
and mobilization of iron and other trace metals into stream
water [85]. In this particular case, researchers documented
sharp increases in toxic trace metals (e.g., copper, zinc, and
others) and declines in stream biodiversity [85]. The chemi-
cal consequences of permafrost thaw and chemical weather-
ing increases on streams likely vary across watersheds and
geological settings. Further, evidence from the discontinu-
ous permafrost zone indicates that metal and metalloid con-
centrations are tightly linked to seasonal variations in stream
flow [108].

One factor that may impact both aquatic biogeochemical
cycling and reaction rates is stream temperature. Stream
temperature is controlled by many environmental factors
including climate, groundwater contribution, surface water
storage, catchment area, and permafrost extent [62, 70,

71, 124]. Permafrost controls various catchment properties
including residence time and subsurface water storage and
can be particularly important in impacting stream tempera-
ture by limiting groundwater flow to shallow, warm soils
[70]. Models indicate that lotic water temperatures are
increasing throughout Alaska, with some of the warmest
temperatures expected in the most northern rivers [125].
Overall, recent research on Arctic water temperature con-
trols and impact are limited, indicating an opportunity and
need for future research.

Conclusions

Arctic streams and rivers are changing due to climate
change, which is warming the Arctic faster than much of
the rest of the planet. These changes are impacting stream
and river hydrology, biogeochemistry, and ecosystems,
providing an opportunity to understand integrative pro-
cesses by monitoring Arctic lotic systems. The past five
years have witnessed publication of many studies support-
ing expected changes, demonstrating stronger trends due
to both accelerating phenomena and longer records. These
changes include changing discharge timing and magni-
tude, altered stream recession as the subsurface thaws,
and increasing impact of talik formation on hydrographs,
winter flows, and stream chemistry. Additionally, there is
evidence of several threshold changes, such as measurable
winter discharge in rivers that were previously fully frozen
in the winter, and in stream chemistry upon talik forma-
tion and release of solutes to surface waters. New studies
have highlighted high variability in trend direction and
magnitude, related to heterogeneity in landscapes, perma-
frost extent and configuration, slope, and the interactive
effects of multiple, co-occurring changes and disturbances.
Efforts to explain these differences and predict future
changes would benefit from interdisciplinary approaches
to monitor not only the lotic systems themselves, but also
the catchments that they drain.
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