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ARTICLE INFO ABSTRACT

Keywords: This paper discusses the potential response of fluvial processes and landforms to the projected permafrost
Climate change degradation and related hydrological change. Fluvial system structure is presented in the first section of the
Arctic

paper along with permafrost controls over its functioning, which vary across fluvial system compartments. The
distinction is drawn between primarily fluvial landforms that are expected to adjust to future hydrology with less
permafrost constraints, and primarily cryogenic landforms evolving in line with permafrost disturbances. The
influence of permafrost on fluvial action varies across compartments: on hillslopes, permafrost mostly controls
the occurrence of surface runoff, in river valleys and channels, sediment erodibility, while thermal interaction is
essential for growing thermo-erosional gullies. Observed and projected changes in permafrost and hydrology are
outlined, and their relevance for cryo-fluvial evolution of fluvial systems is reviewed. Based on these projections,
future changes in fluvial action in each compartment are discussed. On hillslopes, where permafrost exerts
important controls on hillslope hydrology, fluvial activity of overland flow is expected to decrease following the
active layer deepening and decreased overland flow duration. In erosional networks, controlled by thermal
interaction between runoff and permafrost terrain, higher water temperature is expected to increase the
occurrence and rates of thermo-erosional gully development. In river valleys and channels, where permafrost
controls the erodibility of bed and bank material, the expected fluvial feedbacks vary across scales and stream
orders, and include changes in seasonality of channel deformations, increased retreat rates in lower river banks
and decreased, in higher banks, along with floodplain subsidence, and minor potential for complete destabili-
zation of existing channel patterns. Future collateral effects of fluvial change include alterations of terrestrial
biogeochemical cycles and societal impact that must be accounted for in climate change adaptation and miti-
gation strategies.

Permafrost degradation
Fluvial processes
Fluvial landforms
Permafrost hydrology
Linear thermokarst
Hillslope water tracks

1. Introduction

Ongoing climate change has diverse effects on global ecosystems that
are more pronounced in high latitudes because of the Arctic amplifica-
tion (Serreze and Barry, 2011; Box et al., 2019). Higher air and surface
temperatures and precipitation drive permafrost degradation and alter
water cycle globally (Rowland et al., 2011; Streletsky et al., 2015; Krogh
and Pomeroy, 2018; Oliva and Fritz, 2018). Together, these factors
affect land surface evolution in cold environments, though the
geomorphological response to climate change yields uncertainties
related to differing sensitivity of landscapes (Harrison et al., 2019;
Allaart et al., 2021). Permafrost imposes a strong ‘zonal’ effect on
geomorphic activity, as a particular ecosystem type where a set of spe-
cific interactions is directly related to the frozen state of the ground

(Berthling and Etzelmiiller, 2011; French, 2017).

Cold environments host numerous geomorphic processes related to
flowing water, including soil and gully erosion, river channel evolution
and floodplain development. These processes, as well as associated
landforms, are collectively termed ‘fluvial’ in the literature (Leopold
et al., 1995; Chorley, 2019; Chalov, 2021). Permafrost is an important
factor of fluvial activity in cold environments (Goudie, 2006). Perma-
frost shapes hydrological processes that physically drive fluvial activity
(Woo, 2012, 2019; Tananaev et al., 2020), and affects surface water
interaction with the groundwater domain (Shepelev, 2009; Fotiev,
2013; Walvoord et al., 2012; Walvoord and Kurylyk, 2016; Ma et al.,
2021). Permafrost also directly influences fluvial activity by controlling
the shape of fluvial networks (McNamara et al., 1999), development of
alluvial channels (Zaitsev and Tananaev, 2008; McNamara and Kane,
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2009; Crawford and Stanley, 2014), bank erosion (Scott, 1978; Walker
et al., 1987; Tananaev, 2016; Chassiot et al., 2020), island and flood-
plain dynamics (Crampton, 1979; Lininger and Wohl, 2019; Gautier
etal., 2021). Permafrost acts as an independent landscape-shaping agent
through frost weathering (Matsuoka and Murton, 2008; Hall and Thorn,
2010) and periglacial, or cryogenic processes (Kizyakov and Leibman,
2016; French, 2017; Lafreniere and Lamoureux, 2019). This complexity
led Sukhodrovsky (1979) to a claim that in permafrost, fluvial action is
de facto a cryo-fluvial interaction. Permafrost, hydrology and turbulent
flow forcing together shape resulting landforms, exerting joint control
over fluvial processes across multiple scales.

An inherent complexity of this cryo-fluvial interaction impedes a
holistic vision of potential fluvial responses to climate change and
permafrost degradation. Recent reviews on the subject are scarce. Past
climate impacts on fluvial records during the Pleistocene and Holocene
were a focus of a large-scale review by Macklin et al. (2012), neither
considering the role of permafrost and periglacial processes in shaping
fluvial action, nor assessing the future climate situation. Climate forcing
of fluvial system evolution was a central topic in (Vandenberghe, 2003,
2008), yet again, with strong focus in paleoreconstructions. Potential
effects of climate change on fluvial geomorphology were reviewed by
Goudie (2006), mostly focusing on the predicted hydrological change
and only briefly discussing their geomorphological consequences in
permafrost settings. Geomorphological sensitivity and the impact of
global warming on geomorphological systems were evoked in a synopsis
by Knight and Harrison (2012), exclusively centered on paraglacial
environments. Dixon (2013) overviewed the totality of periglacial pro-
cesses and their response to global change, though the description of
fluvial response is brief and superficial because of highly condensed
narration. Lafreniere and Lamoureux (2019) put an emphasis on the
effect of direct permafrost disturbance, either thermal or physical, on
solute and particulate matter fluxes, yet minor attention is given to the
evolution of fluvial landforms. Fluvial bank erosion processes and
landforms in cold environments were reviewed by Chassiot et al. (2020),
exposing the potential climate change outcomes for frozen river banks
that are one important part of fluvial systems.

The motivation for this review stems from major shortcomings of
previous research of the subject, (1) the lack of holistic, system approach
to the description of fluvial forms and processes in permafrost, and (2)
limited attention given to the potential future climate feedbacks for such
systems. The minor role of geomorphology in the projections of climate
change scenarios and outcomes (Lane, 2013) was another motivation for
our enquiry. Recent suggestion to reorient geomorphology toward
landscape science (Slaymaker et al., 2021) reinvents its utility in the
current climate agenda in the human geography domain. We believe
that fluvial geomorphology, jointly with hydrology and geocryology,
can still be relevant to the field of global change in the context of natural
sciences. Therefore, we put an effort to bridge these gaps, by framing the
assessment of future climate and, particularly, permafrost degradation
effects into an integrated permafrost fluvial system framework. This
holistic approach allows a first in-depth description of cryo-fluvial in-
teractions across multiple spatial and temporal scales and their evolu-
tion under future climate.

This paper reports and discusses the potential effects of permafrost
loss on fluvial systems in cold environments, mostly in the Northern
Hemisphere. We aim at: (1) identifying hydrological changes relevant to
fluvial processes at a scale range from plot to catchment, originating
from permafrost degradation; (2) exploring valley- and reach-scale in-
teractions of permafrost, hydrology and fluvial processes, responsible
for driving future change in fluvial systems related to permafrost
degradation. Chapter 2 provides the theoretical framework for this re-
view, explains the fluvial system structure and permafrost controls over
their functioning. Chapter 3 summarizes existing evidence, both
observed and projected, of permafrost degradation and hydrological
change relevant for the transformation of fluvial systems,. Chapter 4
reviews the potential fluvial effects of permafrost degradation across
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fluvial system compartments. Subsequent expected outcomes for
biogeochemical cycles and societies are discussed in Chapter 5. Future
research needs and perspectives are highlighted in Chapter 6, followed
by general conclusions.

2. Permafrost fluvial systems
2.1. Fluvial system structure

Potential environmental effects of permafrost degradation are ex-
pected to be scale-dependent (Nitzbon et al., 2021). Permafrost controls
over fluvial action also vary across the range of spatial and temporal
scales. System approach is needed to provide integrity and holistic
vision of projected evolution of fluvial forms and processes (Piégay,
2016). Our narration is built upon the fluvial system concept initially
developed for non-permafrost regions (Alekseevskiy et al., 2008; Cha-
lov, 2021). This system is hierarchical: it incorporates four compart-
ments interconnected by water and sediment fluxes, transpiercing the
system as a conveyor belt (Ferguson, 1981). Each compartment hosts a
unique association of water runoff type, dominant fluvial process and
landform assemblage (Chalov, 2021). In the hillslope compartment,
diffuse overland flow over the hillslope surface controls sheet erosion
and accumulation in hollows, converges to linear rills and accumulates
colluvial aprons and hilltoe deposits at toeslopes (Miller and Juilleret,
2020). In the erosional network compartment, overland flow reaches
critical thickness and converges to intermittent first-order gully streams
that carve incipient channels and develop alluvial fans and cones (Patton
and Schumm, 1979; Valentin et al., 2005; Ventra and Clarke, 2018). In
the river valley compartment, internal forcing, i.e., structure of turbulent
flow, acts along with external forcing, i.e., water runoff and sediment
supply from adjacent hillslopes, tributaries and river banks, or human
impact, that has to be integrated into the fluvial regime (Brierley and
Fryirs, 2016). River valley is a major resulting fluvial form, but within
the valley limits, an hierarchy of floodplain levels and bedforms de-
velops as a function of hydrological regime, structure of turbulent flow
and overall river style (Gioia and Bombardelli, 2002; Richards et al.,
2002; Brierley and Fryirs, 2005). The coastal compartment is a marginal
low-energy depositional environment, where rivers construct complex
deltaic floodplains and channel networks, and mouth bars at the
seaward margin. Strong marine influence places deltas and coastal areas
outside fluvial domain in strict sense (Orton and Reading, 1993;
Polonsky, 1996), so only limited attention is given here to this subject.

2.2. Permafrost controls in fluvial systems

Permafrost interferes with fluvial action by influencing its two major
interacting agents: water cycling through watersheds, and ground sur-
face, including catchment surface, channels and banks, and by exten-
sion, any contact surface where fluvial action may occur. Besides, the
frozen state of sediments invokes heat exchange between running water
and underlying sediments as a driving force of thermal erosion (Scott,
1978; Dupeyrat et al., 2011). Hydrological effects of permafrost include:
(1) occurrence of a migrating frozen aquiclude, controlling water table
depth and saturated layer thickness; (2) water migration in the soil
matrix driven by phase transitions in the active layer; (3) transient water
storage in both surface and subsurface compartments, redistributing
water runoff over different timescales (Tananaev et al., 2020). Over the
catchment surface, and in channels, frost weathering produces fine-
grained cryoeluvium and shattered coarse alluvium subject to rapid
downstream attrition (Shumilov, 1986; Konishchev and Rogov, 1993;
Attal and Lavé, 2009; Weckwerth and Pisarska-Jamrozy, 2015).
Permafrost disturbance resulting from cryogenic processes influences
fluvial action via: (1) pre-conditioning hillslopes for erosion through
protective vegetation mat removal and open soil exposure (Aalto et al.,
2021); (2) direct sediment supply to streams through mass movement
(Kokelj et al., 2013; Lafreniere and Lamoureux, 2019); (3) creating
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quasi-linear landforms further reoccupied by running water and
conveying water and sediment fluxes (Bowden et al., 2008; Godin et al.,
2014; Morgenstern et al., 2021). Fluvial fluxes in disturbed permafrost
terrain are significantly higher, and remain so during several years after
disturbance has occurred (Lafreniere and Lamoureux, 2019; Beel et al.,
2020).

Permafrost introduces ablation component into the particle detach-
ment process during fluvial erosion on hillslopes, in alluvial channels
and river banks (Scott, 1978; Poznanin, 1995; Lawson, 1983; Ran-
driamazaoro et al., 2007; Dupeyrat et al., 2011). In alluvial channels,
permafrost significantly limits vertical (channel) erosion. It is also
generally believed to promote lateral (bank) erosion, especially in
higher banks and in ice-rich permafrost (Tananaev, 2013; Kanevskiy
et al., 2016; Stettner et al., 2018; Fuchs et al., 2020; Chalov, 2021),
though direct comparison of frozen vs non-frozen bank retreat rates is
complicated (Gatto, 1984), and concurring opinions exist in regional
studies and modeling efforts (Payne et al., 2018; Lauzon et al., 2019).

Relative importance of permafrost controls over agents of fluvial
action varies across fluvial system compartments (Fig. 1). In the hillslope
compartment, fluvial processes develop mostly within the active layer or
over non-frozen hillslope surfaces, hence thermal interaction has minor
importance. During spring snowmelt period, when hillslope surface is
frozen, heat flux associated with overland flow is insufficient for any
significant thermal erosion to occur. On the intact interfluve hillslopes,
where most of the snow is removed through blowing snow redistribu-
tion, snowmelt runoff is insufficient to produce significant overland
flow, as Kokelj and Lewkowicz (1998) demonstrate for the Ellesmere
Island, Canadian Arctic, and Sukhodrovsky (1979), for central Yakutia
near Yakutsk. Rapidly thawing topsoil, which is usually organic mate-
rial, effectively accommodates meltwater and conveys it downslope.
Vegetation prevents snow removal and allows higher surface runoff
from vegetated hillslopes, but thicker root systems inhibit erosion.

Rainfall erosion occurs in non-frozen/thawed material even in Arctic
and Subarctic environments, and results in mechanical washout.
Organic topsoil is highly permeable which prevents Hortonian flow,
hence saturation excess runoff is dominant and its occurrence is
controlled by the active layer volume. Permafrost impact on surface
runoff is crucial, as its probability of occurrence is related to the position
of the cryogenic aquiclude (Woo and Steer, 1983, 1986; Bogaart et al.,

Agents of fluvial action

thermal
interaction

water ground
runoff surface

hillslopes/
interfluves

—I_F

o 4_

valleys

erosional
network

Fluvial system compartments

estuaries

Relative importance of permafrost controls

Fig. 1. Relative importance of permafrost controls over process agents in
different compartments of permafrost fluvial systems
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2003). Besides, persistence of ephemeral ice lenses and wedges in the
active layer long into the thaw season locally impedes suprapermafrost
groundwater transport (Burt and Williams, 1976; Kjelstrup et al., 2021).

In the erosional network compartment, thermal interaction controls the
development of both thermo-erosional gullies (Poznanin, 1995;
Sidorchuk and Sidorchuk, 1998) and linear thermokarst features in ice
wedge polygonal network, or thermokarst pseudo-gullies (Godin et al.,
2014). Hydrology represents second important factor, since sufficient
amount of water needs to be conveyed through gully thalwegs in order
to induce both mechanical and thermal erosion.

In river valley compartment, permafrost affects sediment erodibility
and directly controls river bank erosion, bed mobility and floodplain
evolution. Stream hydrology generally controls magnitude and fre-
quency of fluvial response (Wolman and Miller, 1960), which is adjusted
by the presence of permafrost within the valley bottom. River flow also
connects to permafrost-affected catchments through water and sediment
fluxes from the first-order streams, and to valley slopes via cryogenic
mass wasting processes (Lipovsky and Huscroft, 2007; Kokelj et al.,
2013).

In deltas and coastal areas, a low energy environment, purely hy-
drological effects are inhibited by antecedent conditions, marine influ-
ence, and ice cover (Piliouras and Rowland, 2020; Piliouras et al., 2021).
Permafrost-affected bed forms exert control over channel planform,
while fluvial thermal erosion is active in river banks (Fuchs et al., 2020;
Juhls et al., 2021). Deposited material is subsequently subject to sea-
sonal and perennial freezing, increasing channel stability (Lauzon et al.,
2019).

2.3. Cryo-fluvial landform development

In permafrost fluvial systems, landform development is driven by
cryo-fluvial interaction (Fig. 1), each landform evolving under a distinct
set of hydrological, sedimentary and cryological controls (Sukho-
drovsky, 1979). Relative importance of these controls varies across
fluvial system compartments, along with stream power, total heat flux,
and landform dimensions. Cryo-fluvial landforms can be regarded, by
major shaping agent, as either: (1) primarily fluvial, that are initiated
through fluvial action, constrained by permafrost, and evolve through
both mechanical and thermal erosion; (2) primarily cryogenic, where
permafrost disturbance creates depressed landforms reoccupied and
transformed by water runoff; (Fig. 2). In primarily cryogenic landforms,
linear scale of permafrost disturbance needs to fit the continuum of
fluvial forms to allow their reoccupation by the flow, otherwise fluvial
activity would be inhibited by insufficient runoff, stream power, and
heat flux.

On hillslopes, rills created by rainfall runoff are primarily fluvial
landforms, but they are scarce on undisturbed hillslopes. Where they
occur, their evolution is mostly unaffected by frozen ground, unless the
hillslope surface has been pre-conditioned by cryogenic processes. Pri-
marily cryogenic landforms include local thermokarst and thermal
denudation features (Jones et al., 2013): retrogressive thaw slumps
(Fig. 3a; Burn and Lewkowicz, 1990; Costard et al., 2021), active layer
detachment slides (Fig. 3b; Lamoureux and Lafreniere, 2008; Gubarkov
et al.,, 2014), and small-scale linear thermokarst in ice-rich deposits
(Fig. 3c; Bowden et al., 2008), These forms enhance fluvial erosion,
exposing mineral soil to rainfall erosion. Occasionally, these distur-
bances may create linear forms suitable for flow accumulation, i.e.,
through tunnel thermokarst, but subsequent edge material slumping is
shown to be effective in smoothening such forms and inhibiting fluvial
erosion (Bowden et al., 2008). We suggest that solifluction may also
participate in suppressing fluvial activity in linear forms through sup-
plying edge material to thalwegs, isolating runoff from ice-rich perma-
frost and thus limiting thermal erosion.

In erosional network compartment, primarily cryogenic landforms
include thermokarst pseudo-gullies, or gullies over active thermokarst
(Fig. 4a; Godin and Fortier, 2010). These features are widely termed
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Fig. 2. Cryo-fluvial landforms in permafrost fluvial systems
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‘thermo-erosion gullies’, but according to published descriptions, only
their headwalls develop through thermal erosion, while the degrading
ice wedges in a polygonal network, inherited by this quasi-linear
feature, mainly lose ice volume through typical thermokarst process
(Godin, 2016; Veillette, 2019; Morgenstern et al., 2021). Original
thermo-erosional gullies in fine sediments are unrelated to ice-wedge
degradation and evolve through thermal interaction and mechanical
erosion, making them primarily fluvial landforms (Fig. 4b; Poznanin,
1995). Existing models suggest that the gullying potential is defined by
contributing area, slope and surface runoff depth duration (Sidorchuk,
2020).

Hillslope water tracks, or dells, are iconic features of periglacial
landscapes (Fig. 5). ‘Water track’ is a generic name for a large variety of
actual landforms representing preferential flow alignment in the sub-
surface compartment (Trochim et al., 2016a, 2016b). Their origin and
functions are still poorly understood and debated.

In Canadian High Arctic, they are argued to result from coarse ma-
terial sorting and fine material outwash (Paquette et al., 2017, 2018). In
the Antarctic McMurdo Dry Valleys, they are believed to evolve as a
subsurface drainage network owing to high permeability of host mate-
rial and active layer depression in the water track zone (Ball and Levy,
2015; Linhardt et al., 2019). In Chukotka, Northeast Russia, each water
track type supposedly has its distinct controlling process, either fluvial
erosion or thermokarst (Tarbeeva et al., 2021). In Alaska, they are
considered as rudimentary fluvial network constrained by permafrost
(McNamara et al., 1999; Evans et al., 2020). Among others, active layer
topography (Curasi et al., 2016), linear thermokarst (Katasonova,
1963), selective thawing of ice wedges on hillslopes (Embleton and
King, 1975), zoological erosion (Hall, 1987), are named responsible for
water track initiation and development.

(b)

Fig. 3. Permafrost disturbance features in Arctic landscapes: (a) retrogressive thaw slump near Amderma, north European Russia; (b) active layer detachment slide
near Vorkuta, north European Russia (camera looking downslope); (¢) minor linear thermokarst forms converging to an incised beaded river valley, Anabar lowlands,
north Eastern Siberia. Photos: (a), N. Belova; (b), (¢), N. Tananaev.
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Fig. 4. Gullies in Arctic landscapes: (a) dry thermokarst pseudo-gully, polygonal tundra, Anabar lowlands, north Eastern Siberia, aerial image from a helicopter; (b)
rapidly incising thermo-erosional gully, north Western Siberia. Photos: N. Tananaev.

VO

Fig. 5. Hillslope water tracks in Anabar lowlands, north Eastern Siberia: (a) dense hair-like water track network; (b) water tracks visible under snow cover, (c) water
track network converging to high-order thermokarst valleys over polygonal tundra. Satellite image: Google Earth, acquisition date 8 August 2013. Photos:

N. Tananaev.

One potential mechanism, proposed here, relies on data and dis-
cussion from (Schramm et al., 2007). In spring, hillslopes are frozen and
remain intact. Throughout summer, saturated zone boundary consis-
tently remains below the ground surface owing to high evapotranspi-
ration and active layer deepening. During rainfall events, surface runoff
is also limited by the transmissivity feedback effect in potential gully
thalwegs (Kendall et al., 1999; Bishop et al., 2011). Toward late autumn,
seasonal rains and declining plant transpiration saturate the soil profile,
but this is the period of the deepest active layer that has to be fully

wetted to initiate excess saturation runoff. Ultimately, overland flow
occurrence and erodibility are reduced in all seasons, and gully erosion
is inhibited. Resulting drainage network supposedly resembles a fully
developed fluvial network in fractal dimensions, but its incision is
inhibited by permafrost and related effects (McNamara et al., 1999).

This lack of understanding prevents us from claiming hillslope water
tracks either cryogenic or fluvial. Based on literature review and own
data, we count them as boundary fluvial landforms at the interface be-
tween hillslope and erosional network compartments.
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In river valleys and estuaries, fluvial impact overrides permafrost ef-
fects and most landforms are primarily fluvial. However, streams are
connected to their permafrost-affected catchments through water and
sediment fluxes, and locally, to the valley slopes where cryogenic pro-
cesses are active. Retrogressive thaw slumps and active layer detach-
ment slides sustain prolonged increase in sediment transport, and can
dam minor rivers affecting their channel pattern in such sections (Lip-
ovsky and Huscroft, 2007; Lamoureux and Lafreniere, 2008; Kokelj
et al., 2013).

Fluvial thermal erosion in river banks often leads to development
and collapse of impressive thermo-erosional niches (Fig. 6; Lawson,
1983; Walker and Hudson, 2003). Higher potential of texture ice abla-
tion corresponds to the ‘effective’ water stage controlled by local hy-
drological regime, while bank height, vertical floodplain structure and
lithology of floodplain deposits represent geomorphic controls (Tana-
naev, 2016). During spring freshet, fluvial thermal erosion mostly occurs
in high floodplain banks, and only sporadically — in medium floodplain,
subject to seasonal thawing early in the season and protected by over-
hanging vegetation mats (cf. Lininger and Wohl, 2019). In the middle
Lena River, central Yakutia, high river banks representing older flood-
plains show higher retreat rates, up to 70 m per year locally, compared
to an average rate between 7.5 and 8.5 m (Chistyakov, 1952; Tananaev,
2016). During summer floods, intense seasonal thawing from sidewall
heating is observed in most bank segments. Bank erosion is mechanical
at the onset of summer floods, and only continues as thermal erosion at
the later stages of floods, mostly in high floodplain banks.

Future evolution of under changing climate and permafrost loss is
expected to relate to the origin of landforms (Fig. 2). Currently,
permafrost is restricting the evolution of primarily fluvial features, while
the evolution of primarily cryogenic landforms is inherently related to
permafrost disturbance (McNamara et al., 1999; Tananaev, 2013;
Sidorchuk, 2020). Permafrost loss under warmer climate will control the
development of primarily cryogenic forms, either promoting or inhib-
iting their development, while primarily fluvial forms will tend to adjust
their shape to future hydrology with less constraints from frozen ground
(see Chapter 4 for discussion).

3. Defrosting northern catchments: observed and projected
changes

3.1. Permafrost degradation

Permafrost degradation is driven by an increase in heat flux pene-
trating soils, and higher ground temperatures (Biskaborn et al., 2019),
though temperature increase at zero annual amplitude depth, from 10 to
15 m, is not instructive in evaluating hydrological or fluvial change.
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Lafreniere and Lamoureux (2019) consider permafrost degradation as
either thermal or physical perturbation of the ground surface, and this
paper coins their approach. Thermal disturbance can relate to perma-
frost extent reduction, higher permafrost discontinuity, increased active
layer volume and better hydrological connectivity in permafrost-
affected catchments (Connon et al., 2014; Tananaev et al., 2021).
Physical disturbance connotes to visible outcomes, such as mass wasting
or higher erosion rates (Lafreniere and Lamoureux, 2019).

3.1.1. Permafrost extent

Historical permafrost extent dynamics shows its high sensitivity to
even temporary air temperature increase, e.g., during the previous
‘warm Arctic’ period, in 1930’s and 1940’s, in all regions except Russia
(Guo and Wang, 2017). Permafrost region extent have decreased by 1.6 -
10% km? from 1969 to 2018 (Li et al., 2022) and permafrost area, by
roughly 1.25 - 10° km? from 1901 to 2010 (Guo and Wang, 2017).
Consistent with projected warming, models suggest further widespread
reduction of both permafrost region and area extent. Globally, modeled
permafrost area drops by 35+15% by 2100 under RCP8.5 scenario
(Yokohata et al., 2020), or from 36.1% under RCP4.5 to 37.6% under
RCP8.5 even earlier, by 2046 (Wang et al., 2019), averaged from mul-
tiple CMIP5 climate models. The most significant permafrost loss is
predicted in northern Mongolia, southern and western Siberia. Locally,
it is expected to shrink by 64% on the Qinghai-Tibet Plateau, China (Lu
et al., 2017), by 76% on the Seward Peninsula, Alaska, USA (Debolskiy
et al., 2020), under same RCP8.5 scenario by the year 2100.

3.1.2. Active layer thickness

Active layer thickness refers generally to the maximum seasonal
thawing depth, but in warmer climate, increased thermal degradation
may promote shift to non-merging permafrost, where seasonally frozen
layer is detached from the top of permafrost by residual thaw layers, or
taliks (Linnel and Kaplar, 1966; Yershov, 1998; Shur and Jorgenson,
2007). Modeled active layer thickness has increased by about 0.2 m from
1901 to 2010, global average (Guo and Wang, 2017), and is expected to
increase further.Different active layer types, identified by Bonnaventure
and Lamoureux (2013): bedrock, debris, mineral, organic and sub-
merged, would respond differently to changing climate and distur-
bances. The frozen soil volume in the upper 2 m of soil profile is
expected to decrease by 10 to 40% with 1°C of global mean ground
surface temperature increase (Burke et al., 2020). On the Alaska North
Slope, by 2100, the seasonally thawed layer thickness will increase by
0.25 to 1.0 m. In the Interior Alaska the seasonal thawing will change to
seasonal freezing with residual thaw layers between 1.25 and 2.00 m
depth. Farther south, reduction in seasonally freezing layer thickness is
expected to vary from 0.5 to 2.0 m (Streletsky et al., 2012).

Fig. 6. Fluvial thermal erosion: (a) thermo-erosional niche in sandy deposits of a medium floodplain bank, middle Lena River, central Yakutia; (b) thermal erosion in
banks containing ice wedges, lower Anabar River, north Eastern Siberia. Photos: N. Tananaev.
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Landscape vulnerability to residual talik development varies with
snow and organic layer thickness, and is affected by forest fires, shrub
expansion and excess water accumulation at the top of permafrost
(Walvoord et al., 2019; Lebedeva et al., 2019; O’Neill et al., 2020).
Hydrological importance of residual thaw layers relates to their capacity
to convey water during winter months, ensuring hydrological connec-
tivity when hydrological processes at the catchment surface are inhibi-
ted (Lamontagne-Hallé et al., 2018; Tananaev et al., 2020).

3.1.3. Physical disturbance

Permafrost physical disturbance involves mass movement and ver-
tical subsidence with visible surface disruption; in cold environments, it
is abundant but highly localized, and leads to significant alteration of
fluvial fluxes (Lafreniere and Lamoureux, 2019; Nitze et al., 2018).
Thermokarst development is already widespread in cold ice-rich
permafrost because of top-down-thaw following above-average sum-
mer warmth (Farquharson et al., 2019). Recent increase in retrogressive
thaw slumping was reported in the Mackenzie Delta region (Lantz and
Kokelj, 2008), in North-West Alaska (Balser et al., 2014), and Banks
Island, Canadian Arctic Archipelago (Lewkowicz and Way, 2019),
driven by higher summer temperatures and earlier snowmelt. Extremely
large ‘mega-slump’ activity in the North-Western territories, Canada, is
unrelated to higher summer air temperatures, but is accelerated by
increased rainfall (Kokelj et al., 2015). Modeled slump initiation rates in
ice-rich permafrost increase by an order of magnitude, over 10 000 cases
per decade, after 2075 under moderate RCP4.5 scenario (Lewkowicz
and Way, 2019). Active layer detachment slides are also expected to
occur more frequently, triggered by forest fires in discontinuous
permafrost, and anticyclonic conditions with high temperatures in
continuous permafrost (Lewkowicz and Harris, 2005). However, in the
long-term, increase in trigger frequency is not expected to increase
detachment rate (Lewkowicz, 1990).

Permafrost disappearance will lead to lower terrain susceptibility to
mass wasting, and land stabilization, once the ground subsidence due to
ice thawing is over (Blais-Stevens et al., 2015). In ice-rich permafrost
with tens of meters of tabular or wedge ice, it is not expected to happen
in the nearest future, hence this system will evolve through a series of
quasi-stable transitional states until a new equilibrium is reached, i.e.,
until permafrost completely melts away.

3.2. Hydrological change

Cold regions hydrology is expected to change under future climate,
but the effect of permafrost degradation is hard to discern from other
drivers, acting simultaneously in the catchments (Connon et al., 2014).
Melting of ice-rich permafrost is one direct water input from thawing
permafrost. Permafrost area reduction enhances hydrological connec-
tivity, but can also impact rates and trajectories of water cycling through
affected catchments, and this influence is not straightforward. Cumu-
latively, altered water fluxes from permafrost hillslopes and catchments
influence river runoff and fluvial activity in river valleys. A simple
‘space-for-time’ approach is still used in hydrological predictions for the
large Russian Arctic rivers, though it has limited, if any, applicability for
the large-scale complex systems.

3.2.1. Ground ice melt

Global importance of direct ground ice meltwater release is probably
insignificant, though may highly depend on the ground ice content and
local conditions (Walvoord and Kurylyk, 2016). Active thermokarst on
ice-rich permafrost supplied from 7.8 mm yr up to 38 mm yr'! to a lake
in central Yakutia disconnected from the fluvial network (Fedorov et al.,
2014). In high-altitude Qinghai-Tibet Plateau, highest estimated input is
5.6 mm yr! for a catchment in discontinuous permafrost with 86%
permafrost coverage (Ma et al., 2019). Higher values, from 7.5 to 8.6
mm yr'}, are reported for ice-rich discontinuous permafrost of Northwest
Territories, Canada (Connon et al., 2014).
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3.2.2. Hydrological connectivity

Permafrost extent decrease implies enhanced hydrological connec-
tivity to groundwater through a system of interconnected taliks, or thaw
layers — vertical, lateral or both (Streletsky et al., 2015). Hydrological
connectivity can be understood as either connection between various
surface compartments through the subsurface (Stieglitz et al., 2003;
O’Connor et al., 2019; Tananaev et al., 2021), or connection to deeper
groundwater sources through taliks (Lamontagne-Hallé et al., 2018).
Potential effects of permafrost loss are diverse, and include: increasing
winter base flow through gradual release of water retained in thaw
zones, notably residual taliks; increasing annual runoff owing to
increasing occurrence of vertical taliks allowing higher upward water
migration and discharge from deeper intra- or subpermafrost ground-
water; decreasing annual runoff following a decrease in excess hydraulic
head, previously maintained by confining effect of permafrost.

Residual thaw layers increase hydrologic connectivity, most notably
during winter and spring, showing stronger winter runoff correlation
with autumn precipitation, and distinct isotopic signature of the heavily
evaporated sources in base flow (Streletsky et al., 2015). This may partly
be an inherited effect of increased subsurface travel times, caused by
active layer deepening and longer percolation toward the top of
permafrost (Frampton and Destouni, 2015). Under RCP8.5 scenario,
annual groundwater discharge from permafrost hillslopes is expected to
significantly increase by 2100. Relative increase owing to higher
groundwater recharge reaches 95% in high-latitude hillslopes, and
229% on warmer high-elevation hillslopes, though this high relative
increase is not expected to equate with high discharge magnitude
because of the ‘low base effect’ (Evans and Ge, 2017). Recent simula-
tions suggest that groundwater discharge increase through newly
developed residual thaw layers is expected to be most pronounced in
spring and autumn (Walvoord et al., 2019).

3.2.3. Groundwater icings

Groundwater icings in permafrost are sentinels of significant deep
groundwater discharge to river valleys (Kane et al., 2003). Therefore,
observed change in icing distribution and parameters would be indica-
tive of altered hydrological connectivity with deeper groundwater flux.
In Arctic Alaska, ephemeral icings are disappearing earlier in melt sea-
son, and persisting icings cover less area at peak thaw (Pavelsky and
Zarnetske, 2017). In North-Eastern Russia, the area of largest icings has
dropped more than twice from late 1950s to mid-2010s (Makarieva
etal., 2019). In the warmer future with milder winters, fewer icings may
develop in subarctic Canada ecoregions underlain by permafrost (Morse
and Wolfe, 2015).

3.2.4. Total water storage

Total water storage in permafrost catchments is expected to increase
with deeper active layer and persistent residual taliks, leading to higher
winter baseflow. This effect depends heavily on local soil lithology and
summer precipitation. Peats and sandy soils with low water holding
capacity and high hydraulic conductivity will show lower increase in
storage, but only slight delay in groundwater delivery to base flow. Clays
and silts have higher water holding capacity, but upon percolation, this
water is locked at the base of the active layer and contributes less to total
runoff (Koch et al., 2013). Therefore, singled out, deeper active layer is
not necessarily an important driver of hydrologic change.

GRACE satellite observations reveal the upward trend in terrestrial
water storage in discontinuous permafrost domain (Velicogna et al.,
2012). In continuous permafrost, downward trend is observed owing to
increased evapotranspiration (Suzuki et al., 2016), or ground ice loss
that exceeds soil moisture gains (Rawlins et al., 2020). Recession curve
analysis was widely used in the two past decades to evaluate the hy-
drological consequences of permafrost degradation in terms of water
storage increase (Sjoberg et al., 2013; Watson et al., 2013; Hinzman
et al., 2020; Yi et al., 2021). Brutsaert and Hiyama (2012) used this
method to backtrack the active layer deepening through recession curve
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analysis, and came up with consistent estimate between 0.3 and 1.0 cm
yr'! for the upper Lena River basin and its major tributaries.

3.2.5. Winter flows and ice

Winter hydrology has geographically variable impact and impor-
tance in shaping geomorphic action. In discontinuous and sporadic
permafrost, winter ice-covered flow is sufficient to produce flow velocity
and shear stress above the bed material transport threshold (Lotsari
etal., 2020). In continuous permafrost, flow cessation is common during
winter even in large rivers, hence no geomorphic action is observed.
However, exposed river channels are subject to seasonal freezing of al-
luvium which may persist to become sub-channel permafrost. Bedfast
ice occurrence promotes seasonal freezing of channel alluvium and
increased channel stability. (Tananaev, 2013; Juhls et al., 2021). River
ice is also an important factor in fluvial dynamics (Chassiot et al., 2020).

Deeper active layer and longer subsurface travel times cumulatively
lead to observed increases in winter runoff. Minimum daily flow is
increasing in the Lena River basin (Tananaev et al., 2016), in the
medium-sized Yana and Indigirka River catchments (Makarieva et al.,
2019), in northern Sweden (Sjoberg et al., 2013), Canadian Northwest
Territories (St. Jacques and Sauchyn, 2009). In northern Alaska, cold
season discharge has been increasing along with increasing fraction of
subsurface runoff in total runoff and deeper active layer (Rawlins et al.,
2020). In the source region of the Yangtze and Yellow Rivers, however,
winter runoff was found to significantly decrease in only one of the 10
studied catchments that was underlain by continuous permafrost (Wang
et al., 2017). Observations show a decrease in ice thickness on five
largest Russian Arctic rivers (Shiklomanov and Lammers, 2014),
reproduced also for terrestrial Arctic rivers with modeling (Park et al.,
2016). The decrease in ice cover thickness increases water transport
capacity of river channels and allows better hydrological connectivity
with groundwater runoff (Gurevich, 2009).

3.2.6. Maximum flows

Maximum flows in permafrost rivers, as elsewhere, are responsible
for major geomorphic action, though constrained by the presence of
permafrost in river banks and channel beds. The observed change in
maximum flows is inconsistent across the northern catchments. In North
America, a decreasing trend in maximum daily flow was found in the
Mackenzie River (Yang et al., 2015), and in northern Yukon, maximum
flows were also decreasing in discontinuous permafrost as greater
meltwater runoff is expected to enter groundwater owing to permafrost
loss (Janowicz, 2011). In high alpine catchment in Austrian Alps,
modeled permafrost disappearance has led to flood peak reduction by 7
to 17% because of unconstrained water percolation (Rogger et al.,
2017).

In Northern Eurasia, the observed trends were found to be
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insignificant in six largest Russian Arctic basins (Shiklomanov et al.,
2007). In the Lena River basin, only nine of the 105 gauging stations
showed significant long-term trends, of them three negative and six
positive (Tananaev et al., 2016). In North-Eastern Russia, no significant
changes in maximum flow were found on 22 gauging stations in the
Yana and Indigirka River basins (Makarieva et al., 2019).

4. Fluvial action in the future climate
4.1. Interfluves and hillslope compartment

Fluvial processes at the hillslope scale are driven by snowmelt and
rainfall erosion, and their future evolution will be driven by climate
forcing and permafrost disturbance (Fig. 7).On undisturbed hillslopes,
significant changes to snowmelt erosion from thermal permafrost
degradation are not expected. Rainfall erosivity will be affected by
higher evapotranspiration, lower saturated zone boundary and major
soil drying in the upper 20 cm of the profile, caused by deeper active
layer or complete permafrost thaw by year 2299 (Andresen et al., 2020).
Rainfall intensity is expected to increase across the Arctic (Kusunoki
etal., 2015), along with probability of extreme precipitation events (Liu
et al., 2021).,

On disturbed hillslopes, this trend will coincide with surface pre-
conditioning by physical permafrost disturbance (Lafreniere and
Lamoureux, 2019). Retrogressive thaw slumps and active layer
detachment slides expose unprotected sediments to thawing and
removal. In ice-rich permafrost and over the Ice Complex terrain, ice
melt supplies a reasonable runoff during the thawing season and pro-
mote fluvial erosion in absence of the protective root mat and negligible
plant transpiration (Rudy et al., 2017). Higher evaporation from topsoil
in the future climate can offset this effect.

Physical disturbance acts in the hillslope compartment but its in-
fluence can transfix the fluvial system and promote fluvial adjustment
downstream from disturbance zone, especially where fluvial pathways
are short (Kokelj et al., 2020). Frozen soil blocks and thawed material
overload rivers with sediments and transform their channel pattern both
upstream and downstream from disturbance (Shur et al., 2021).
Increased sediment supply to streams under stable hydrology exceeds
their transport capacity and leads to widespread floodplain aggradation,
as reflected in the alluvial record of medium rivers of the North Slope,
Alaska (Mann et al., 2010). Ecological effect can also propagate up-
stream from disturbances (Pringle, 1997).

In high altitude permafrost with bedrock active layer, frost weath-
ering increases particulate fluxes from hillslopes. Frost weathering in-
tensity increases with number of freeze-thaw cycles and in presence of
persistent snow patches promoting nivation (Thorn and Hall, 2002;
Anderson et al., 2013; Deprez et al., 2020). Milder climates are projected
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Fig. 7. Potential outcomes of climate change and permafrost degradation on soil erosion on hillslopes in cold environments
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to see a decrease in annual freeze-thaw transitions, and colder climates,
an increase is expected, followed by intensified frost weathering and
associated, respectively, with higher particulate and chemical fluxes
(Henry, 2008; Peng et al., 2016).

Primarily fluvial landforms, i.e., rills, are expected to evolve with
changes in precipitation and evapotranspiration, and adjust to drier
topsoil, that will reduce their activity and lead to a future decrease in soil
erosion on both disturbed and undisturbed hillslopes. Physical degra-
dation features are primarily cryogenic, their future initiation rate will
be controlled by direct permafrost thaw, trends in air temperature and
precipitation, forest fires and other feedbacks. Particulate fluxes will
increase along shorter fluvial pathways with higher initiation rates pro-
jected for the late 21% century, and remain stable along distant
connections.

4.2. Gullies and erosional network compartment

Permafrost constrains the initiation and evolution of erosional net-
works, though exact mechanism is still poorly understood (McNamara
et al., 1999). Tipping point in thermo-erosional gully evolution is the
inception of an ephemeral stream with direct contact between running
water and frozen ground, and this point is rarely met under common
Arctic tundra conditions.

Thermo-erosional gullies are widely observed in regions with non-
cohesive sandy frozen soils with low ice content, e.g., north Western
Siberia, where surficial deposits are highly susceptible to ‘regular’
fluvial erosion (Poznanin, 1995). Total heat flux of ephemeral streams
and resulting conductive heat transfer to the underlying permafrost are
sufficient to initiate and maintain a linear erosional feature. Hillslope
steepness and contributing area will remain time-invariant, while
above-critical surface runoff depth duration will decrease because of
drier topsoil and longer subsurface transfer through deepening active
layer. However, raising air and surface temperatures, higher precipita-
tion and warmer rain water, and increased potential particle detachment
rate due to thermal impact suggest an overall increase in linear thermal
erosion activity in future climate (Sidorchuk, 2020).

Physical disturbance creates primarily cryogenic landforms which
evolve through active thermokarst, but also accommodate streams
promoting their thermal decay. The relative role of thermokarst appears
to be most important in loess and organic soils, less important in
colluvial soils and insignificant in aeolian deposits (Godin, 2016). In
Alaska, it results in overall polygonal landscape wetting as the number
of wet troughs is increasing (Liljedahl et al., 2016; Jorgenson et al.,
2018). Currently, thermokarst plays an important role in development
of pseudo-gullies in polygonal tundra with abundant ice wedges, as
described in (Godin and Fortier, 2010, 2012; Godin et al., 2014; Veil-
lette, 2019; Morgenstern et al., 2021). A conceptual model of ice wedge
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degradation developed by Kanevskiy et al. (2017) suggests high poten-
tial of post-disturbance terrain stabilization. Thermokarst lake devel-
opment and their subsequent drainage are most probable terrain
evolution scenario, so no change in fluvial activity of thermokarst pseu-
do-gullies is expected in the future.

In central Yakutia, ice wedge degradation creates ‘bubbling’ terrain
with round-shaped polygons, locally known as ‘byllar’, and mostly dry
inter-polygonal troughs (Fig. 8). Byllars are mostly associated with
disturbed and abandoned terrain, i.e., arable lands or airfields (Saito
et al., 2018), but are also widespread on the south- and south-west
facing slopes of thermokarst lake valleys (alas), where their initiation
is promoted by insolation (Séjourné et al., 2015). In otherwise smooth
relief of central Yakutia, these forms convey water downslope, they can
host minor ephemeral streams and produce alluvial fans at toeslope.
Both over flat terrain and on slopes, byllars are expected to increase in
occurrence over time, but only on slopes this may presumably promote
fluvial action and lateral material transfer, with increased hilltoe deposi-
tion. However, most affected slopes in alas valleys are disconnected
from fluvial networks, and this effect will not propagate across the
fluvial system.

Tunnel thermo-erosion described in the High Arctic by Bowden et al.
(2008) and Docherty et al. (2017) attracts particular attention in the
scope of climate change. In fine deposits with high ice content, tunnel
thermo-erosion is related to ice volume loss owing to deeper active layer
along the subsurface preferential flow path, de facto, linear thermokarst
(Bowden et al., 2008). In river valleys, such tunnels can be attributed to
preferential filtration through coarse-grained floodplain material
(Docherty et al., 2017; Ushakov and Ukhov, 2020). In both cases, higher
water temperature under future climate is expected to promote tunnel
thermo-erosion, other factors held equal. Important consequences
include increase in sediment, major element and dissolved organic carbon
fluxes. Interestingly, warmer water on hillslopes, intensified heat ex-
change with surrounding soils and moisture transfer in deeper horizons
are argued to reduce water temperature in headwater channels of
permafrost-free catchments and thus, in permafrost-free future (Sjoberg
et al., 2021), though we can argue that ‘space for time’ approach is not
necessarily accurate in cold environments.

4.3. Hillslope water tracks

Water tracks are rarely developing as erosional features, though fine
material deposition was observed in some water track thalwegs in
Chukotka underlain by highly erodible volcanic deposits (Tarbeeva
etal., 2021). In High Arctic environment, the eluviation of fines from the
sorted coarse material stripes may emulate erosional environment
(Paquette et al., 2017).

The active layer deepening and increased precipitation will highly

Fig. 8. Byllars, widespread thermokarst landforms of central Yakutia produced by ice wedge degradation: (a) byllars over alas valley slope; (b) byllars at the flat
drained lake bottom. Satellite image: Google Earth, acquisition time: August 2020. Photo: N. Tananaev.
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likely have a set of diverse consequences for water tracks. Shrub
expansion toward water track thalwegs will result in higher snow
retention capacity, warmer permafrost and talik development, increased
soil moisture content and higher rates of organic accumulation (Hastings
et al., 1989), but also higher plant transpiration. Hydrologic connec-
tivity, already high in presence of water tracks, will be further enhanced
(Evans et al., 2020). Higher heat content and total heat flux might not
necessarily produce rapid thermal erosion and incision, but instead
promote lateral water track expansion, increase in width, merging and
avulsion of subsurface flow paths on low-energy organic hillslopes
(Trochim et al., 2016a). On the other hand, longer subsurface flowpaths
increase runoff duration in water track thalwegs and thermal loading on
underlying permafrost, promoting thermokarst and thaw subsidence.
Water tracks are primarily fluvial features; however, under changing
climate, it is unclear which drivers would dominate in their evolution.
One potential future trajectory is sparce water track network where
individual landforms are wider and deeper incised in their downstream
sections, and develop better inter-track connections through the sub-
surface (Tananaev et al., 2021). North European Russia is one model
region in discontinuous permafrost, showcasing this trajectory. The
alternative is rapid water track development into a full-scale erosional
network after the constraints imposed by permafrost are lifted. Surficial
geology might ultimately control future evolution of hillslope water
tracks in warmer climate. Coarse highly permeable moraine deposits,
ice-rich permafrost and bedrock will suppress incision and promote
lateral expansion, while active incision might occur in loose sediments.

4.4. River valleys

In river valleys, permafrost underlies floodplains, and is exposed in
the riverbed and in river banks, thus only the sub-channel talik zone
remains non-frozen. Catchment-scale permafrost disturbance connects
to rivers through increased particulate fluxes, and their impact is more
expressed in smaller streams with shorter fluvial pathways. Since most
landforms in river valleys are primarily fluvial, their evolution in future
climate will adjust to future hydrology with lifted permafrost
constraints.

4.4.1. Floodplain development

Contemporary (Holocene) floodplains are depositional environ-
ments, and floodplain permafrost is aggrading even under current
climate. Overbank deposits are subject to syngenetic ‘bottom-up’
freezing, so that long-term annual average permafrost aggradation at the
active layer base equals the thickness of freshly deposited floodplain
alluvium (Shur and Jorgenson, 1998). Under meandering channels,
permafrost recovery rates during the refreezing of sub-riverine talik are
as high as 1.0 m yr! during the first decade, and declined to values
between 0.4 and 0.6 m yr! with frozen layer thickening (Crampton,
1979; Stephani et al., 2020). In discontinuous permafrost, floodplain
was freezing during low runoff periods with less snow cover and heat
insulation during the last millennium (Payette and Delwaide, 2000).
Upon freezing, floodplain surface experiences additional uplift propor-
tional to water/ice content in freshly frozen material. This process in-
creases floodplain height and prevents its inundation. Floodplain
consolidation progresses, followed by flow cessation in secondary
branches during off-peak flows and development of fluvial pattern
typical for incised channels in non-permafrost environments (Tananaev,
2018).

Floodplain permafrost thawing induces overall terrain subsidence,
with increased inundation probability and duration, and higher fluvial
activity in secondary channels. Hydrological change alone can directly
lead to floodplain permafrost loss. Longer inundation can cause the
active layer deepening by more than 1 m in homogenous sand and gravel
deposits (Zheng et al., 2019). Large periglacial anabranching rivers react
rapidly to changing climate and hydrology, including an increase in the
number of major islands and a decrease in island area (Gautier et al.,
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2021). Subsiding floodplain is a sediment sink with growing storage
capacity.

In migrating alluvial channels, reduced permafrost aggradation rate
is expected in the future, which can potentially lead to longer period of
non-frozen point bar development at inner meander banks, leading to
higher erosion rate at the outer banks. Increased overbank deposition
will increase transport capacity downstream the aggrading floodplain
section, generally leading to increased riverbed and bank erosion
(Alekseevskiy et al., 2008). In smaller rivers with shorter fluvial path-
ways, increased sediment fluxes from physical permafrost disturbance
will promote floodplain aggradation (Mann et al., 2010). This effect will
be damped in larger catchments with high storage capacity, as was
previously shown for the impact of human activities (Trimble, 2012).
Future changes in river hydrology are expected to alter the effective
discharge values, both above and below the bankfull line, which are
responsible for the development of floodplain levels and bank and bed
topography, respectively (Tananaev, 2016; Lininger and Wohl, 2019).

4.4.2. Riverbed (channel) erosion

In permafrost regions, river bed material is subject to seasonal
freezing, especially in alluvial river channels with fine-grained alluvium.
Repeated seasonal freezing and incomplete thawing owing to thermal
offset effect produce perennially frozen cores over the sub-riverine taliks
in large alluvial bars and under secondary channels (Tananaev, 2013).
Relict permafrost may persist at depths down to 30 m below the average
annual water stage in point bars adjacent to floodplains (Stogniy, 2003).
Field evidence is inconclusive on the extent of contemporary sub-
riverine permafrost and controlling factors (Tolstov, 1966; Zernov,
1987; Arcone et al., 1998; Zaitsev and Tananaev, 2008).

Frozen riverbed surface area is related to channel pattern and cold
period hydrology. In braided and anabranching rivers, over 70% of
channel area below bankfull stage is subject to seasonal freezing and,
possibly, permafrost core development, while under 50% in meandering
rivers, and from 25 to 30% in relatively straight channels (Tananaev,
2013). Seasonal freezing occurs annually in exposed channel sections,
and where bedfast ice is present.

Winter runoff increase associated with permafrost degradation,
along with a decrease in ice cover thickness, would greatly reduce the
channel area exposed to seasonal freezing. Even without significant
change in maximum daily flows, lesser areal extent of seasonal freezing
will lead to higher sediment availability during spring freshet. This
change may be accompanied by an increase in heat flux during open
water period, as already observed in the Lena River outlet (Tananaev
et al., 2019) and modeled for the Pan-Arctic domain (Park et al., 2017).
Loss of sub-channel permafrost and reduced extent of seasonal freezing
would promote bedform mobility and increase total bed material load. A
minor decrease in maximum bed scouring depth during spring freshet can
be expected, since riverbed erosion will become less spatially con-
strained by frozen alluvium and less confined to deeper channel
sections.

Ice cover in northern rivers increases near-bed velocity and shear
stress at the expense of surface velocity, which is limited by high
roughness and flow resistance of the ice cover bottom (Fig. 10; Ettema
and Daly, 2004; Knack and Shen, 2015; Lotsari et al., 2017, 2019).
Excess hydraulic head driven by ‘piston effect’ from ice growth can also
increase bed shear stress, thus promoting sediment movement under
water discharges under critical values for open channels (Turcotte et al.,
2011). A projected increase in winter discharge will be counter-balanced
by a decrease in ice thickness, but only partially, thus leading to
increased sediment fluxes under the ice cover.

Ice processes affect channel morphology (Turcotte et al., 2011, and
references therein), most notably through ice jams and associated bed
deformations. Numerous evidences from the repeated bathymetric sur-
veys, performed by Tananaev in early 2000s on the middle Lena River
(unpublished), show that ice jams are responsible for massive sediment
deposition close to the ice lock, and flow redistribution via the
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secondary branches with limited local scouring, as described by Kel-
lerhals and Church (1980). Thinner ice cover is likely to result in reduced
ice jam occurrence and associated fluvial change (Beltaos and Bonsal,
2021).

Seasonal patterns of bed topography evolution are expected to
change in largest permafrost rivers with fine-grained alluvium, i.e., all
major rivers of Northern Eurasia in their lower reaches. In permafrost-
affected rivers, river bed erosion during spring freshet is only confined
to non-frozen areas, including deepest submerged sections of large
longitudinal and transverse bars and pools between bars, so these sec-
tions are generally over-deepened at high runoff, and heavily siltated
under low-flow conditions. Permafrost loss will invert this seasonal
pattern: deposition will occur on transverse bars during spring freshet,
and erosion, during low flow periods, which is a regular pattern for non-
permafrost rivers (Chalov, 2021). In the future, this might affect navi-
gability of the largest Russian Arctic alluvial rivers and induce addi-
tional maintenance costs.

4.4.3. Fluvial thermal erosion
Thermal erosion of river banks is jointly controlled by fluvial activ-
ity, thermal interaction and cryogenic processes, and anticipated change
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owing to permafrost degradation is hard to decrypt (Fig. 9). Among
other factors, stream size, relative bank height and presence of perma-
frost in banks have highest importance.

In permafrost rivers, higher erosion rates are observed in higher
banks where thermal erosion prevails over mechanical washout (Tana-
naev, 2016; Gautier et al., 2021). Floodplain subsidence, as shown in
Section 4.4.1, controls relative bank height along with maximum daily
flow (hydrological control) and active permafrost disturbance (cryo-
genic controls).

Thermo-erosional niches are incepted around water stage with
higher probability of occurrence (duration) during warm period, in
direct analogy with effective discharge (Tananaev, 2016). Maximum
daily flow in Arctic rivers is either stable or slightly decreasing, but no
direct evidence exists whether these trends affect frequency distribution
of daily water stage and discharge. The projected water temperature
increase in northern rivers, by 1.4 to 2.1°C for 2071-2100 compared to
1971-2000 (Van Vliet et al., 2013), can effectively promote ice ablation
and increase bank erosion rates, but this may be mostly relevant for higher
banks. Polygonal floodplains will be particularly vulnerable to bank
erosion in future climate, with exposed wedge ice in bluffs subject to
preferential melt and subsequent collapse of the whole inter-wedge

)
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Fig. 9. Potential outcomes of climate change and permafrost degradation on fluvial thermal erosion of cold climate riverbanks

11



N. Tananaev and E. Lotsari

polygon material, creating a scalloped bank typical for the region.

Cryogenic processes independently in shaping river banks (Fig. 10),
through mass wasting and massive ground ice melt (Stettner et al.,
2018). Mass wasting processes, i.e., thermal denudation, can reduce
bank height and, hence, decrease the bank retreat rate, providing yet
another example of cryo-fluvial interaction. Observations show a 60%
decline in sediment release from an ice-rich bank section from 2011 to
2019, resulting from bank retreat rate decrease from 8.7-10 m/yr to 4.5-
5.8 m/yr at the bank top, and from 4.7-7.5 to 1.3-1.7 m at its base in one
well-studied meander bend of the Itkillik River, northern Alaska. Bluff
section in the studied reach was smoothed to lower bluff height by
thermal denudation, and later stabilized by vegetation (Shur et al.,
2021).

Groundwater seepage is an important mechanism of bank erosion
and retreat (Fox et al., 2007). In subarctic rivers with sporadic perma-
frost in their valleys and temporarily freezing banks, this mechanism
was proved to be effective during the open-water period, and clayey
bank segments were shown to be most affected (Lotsari et al., 2020). In
permafrost-affected rivers, this mechanism currently has limited
competence in eroding banks because groundwater availability is
limited, and water volume in the soil matrix is insufficient to create
substantial negative pore pressure. With increased sidewall heating,
deeper seasonal thaw in bank material and higher seepage potential, this
factor will grow in importance in the warmer future.

Position of an eroded bank segment in relation to the flow, or angle
of attack, is important. Similar to non-permafrost areas, retreat rate is
highest at meander apex zones and along the downstream outer banks.
In large alluvial Lena River channel, island heads are eroded faster in the
changing climate because of increasing heat content of the spring
meltwater peak (Costard et al., 2014). This effect, as we suggest here, is
temporary and niche, and only observed in largest alluvial rivers. It
corresponds to a lag period between rapid increase in water temperature
and subsequent increase in suspended sediment supply and bed mobility
due to permafrost loss. After this lag period, rapid sediment accumula-
tion upstream from island heads owing to backwater effect may lead to
merging of these head bars with existing islands, and retrogressive
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(upstream) island movement, which is typical for depositional condi-
tions in river channels.

4.4.4. Channel pattern & hydraulic geometry

Stream hydraulic geometry of periglacial rivers is expected to reflect
permafrost controls over channel adjustment, yet they are substantially
understudied. Previous studies report disproportionally wide channels
and valleys in permafrost, explained by active solifluction over the
slopes of minor tundra valleys (Molchanov, 1972). Unconventional hy-
draulic geometry relationships were obtained for upper Yukon River
catchments, and attributed to permafrost controls over channel depth to
width ratio (Crawford and Stanley, 2014). A two-stage channel adjust-
ment process was described, where in headwater streams, higher runoff
was associated with channel deepening and not widening, while in high
order river sections, vice versa, widening without significant deepening
was observed.

One possible explanation, in line with the preceding discussion, is
that first order streams in the headwaters were developing rather
through thermal erosion, while farther downstream, less thermal
interaction and permafrost-constrained incision, along with increased
sediment supply from the incising headwaters, have led to channel
widening. Permafrost loss is expected to invert this two-stage adjust-
ment pattern, through less constrained lateral channel shifts, but also
decreased sediment supply in the headwaters, and subsequent incision
in the downstream sections, but this conclusion is highly uncertain.
However, in streams with larger drainage areas, over 300 km?, channel
depth again increased more rapidly than width (McNamara and Kane,
2009). This threshold behavior is explained by the presence of bedfast
ice, which limits channel scour in smaller streams (Priesnitz and
Schunke, 2002), but leaves significant portions of the river bed exposed
to fluvial erosion in larger streams. In this scope, higher water temper-
atures and decreased ice thickness are expected to act jointly in pro-
moting vertical deformations in larger channels. As noted by McNamara
and Kane (2009), datasets containing hydraulic geometry data for
permafrost regions are scarce, and present analysis is incomplete.

None of the major channel patterns is uniquely typical for cold

Fig. 10. Non-fluvial river bank retreat processes: collapse of a 30m high river bank section related to massive ground ice melt, Maly Anuy River, Western Chukotka,

Russia. Photo: N. Tananaev.

12



N. Tananaev and E. Lotsari

climate conditions (Huisink et al., 2002), though in certain periglacial
and paraglacial environments, braided rivers prevail (Pin’kovskiy,
1965; Mikhaylov, 2011; French, 2017), Unconstrained braiding in
permafrost rivers can be promoted by higher width-to-depth ratio and
widespread freezing of channel alluvium. Other controls over the
development of braided/anabranching channels, i.e., bed material load
in relation to stream transport capacity, bank strength and riparian
vegetation, might be not less important (Huisink et al., 2002; Candel
et al., 2021; Chalov, 2021). Channel pattern and area exposed to bed
material freezing are closely related, see Section 4.4.2. In this regard,
seasonal and perennial freezing of bed material assures channel pattern
stability even where the channel itself is relatively unstable, with active
bed deformations and bank erosion (Tananaev, 2013). Increasing air
temperatures and higher riverine heat fluxes are expected to increase
bed material load, and potentially drive pattern shift from meandering to
braided. Inversely, a substantial decrease in maximum flows or effective
discharge may lead to a gradual transition from braided channel to
meandering with secondary branches (Alabyan and Chalov, 1998).

Higher bank retreat rates in braided rivers, see Section 4.4.3, are
expected to further increase width-to-depth ratio, promote in-channel
accumulation and reoccupation of bedforms by vegetation, and ulti-
mately drive their transition to anastomosing channel. In single-thread
channels with cohesionless floodplains, we expect gradual transition
toward pseudomeandering pattern (Visconti et al., 2010), more pro-
nounced in smaller rivers with higher discharge variability. These pro-
cesses will also be relevant for icing glades where icing fields are
expected to experience significant decrease in both ice extent and
duration.

Numerous geomorphological models relate contemporary channel
patterns to various hydrologic metrics, but their efficiency in predicting
future change is debated (Anisimov et al., 2008). The application of
classical ‘slope-discharge’ relations, adjusted for grain size, to a set of 12
North-European river sections, partially affected by permafrost, have
shown that only four sections are projected to experience fluvial pattern
shift from a single-thread, either straight or meandering, to a multi-
thread braided channel, under projected annual runoff increase by
10% to 20% (Anisimov et al., 2008). Expected sediment flux increase
along with higher discharge may produce additional fluvial effects,
though this question is substantially understudied (Chalov and Erma-
kova, 2011).

Changes in ice regime may affect the geomorphic effectiveness of
bankfull stage in permafrost rivers (McNamara and Kane, 2009).
Otherwise, hydrological change, shift from nival to pluvial regime (Beel
et al., 2020), would significantly affect frequency distribution of daily
and maximum discharges, change effective discharge and lead to the
adaptation of hydraulic geometry to new hydrological conditions.

River icings, widespread in northern catchments, are independent
geomorphic agents, transforming the river valley bottom. Icing glade is a
typical anabranching channel pattern with underdeveloped floodplain
and quasi-absence of woody vegetation (Ensom et al., 2020). Icing
response to projected climate change is still debated, but recent obser-
vations support further decline in icing occurrence and extent (Pavelsky
and Zarnetske, 2017; Crites et al., 2020). Reduced icing extent and
accumulated ice layer thickness might lead to partial revegetation of
icing glades, increased braidplain stability, siltation and abandonment
of the former secondary channels, and their transformation to low
floodplain.

4.5. Estuarine compartment

River deltas and estuaries are interfaces between the riverine and the
marine environments, dominated by ice and permafrost which provide
increased stability to deltaic channels. Low-gradient deltaic environ-
ments are dominated by thermal interaction between river water and
surrounding alluvial deposits. Future change associated with higher air
and water temperatures, permafrost degradation and reduction in ice
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thickness, will lead to higher channel mobility, less overbank deposition
and increased rates of delta shoreline propagation (Piliouras et al.,
2021).

Larger amplitudes in water stage during ice-free period are expected,
since marine ice retreat and later sea refreezing might increase the
probability of windblown backwater conditions and related water stage
fluctuations (Isaev et al., 2019). This may lead to intensified thermal
bank abrasion and coastal erosion during summer storm events (Cunliffe
et al.,, 2019; Lim et al., 2020), putting at risk numerous communities
along the Arctic Ocean coast.

5. Projected effects of fluvial change
5.1. Fluvial change and biogeochemical cycles

Cryo-fluvial interaction exposes substantial stock of organic material
currently stored in permafrost (Van Huissteden, 2020). Permafrost
physical disturbance displaces organic material downslope, and
removes protective vegetation mat from frozen deposits, promoting
localized permafrost degradation. At interfluves, local thermokarst de-
pressions are expected to increase in size and subside owing to an
increased ground ice loss with higher temperatures, abruptly increasing
permafrost carbon emissions and associated radiative forcing (Walter
Anthony et al., 2016). Accounting for thermokarst effects increases
modeled carbon release from thawing permafrost up to 12 times under
RCP8.5 by 2100 (Nitzbon et al., 2020). In minor river valleys, fluvial
thermal erosion supplies eroded bank material directly to the streams,
and exposes massive ground ice which is also an important and
vulnerable stock of organic carbon, though still insufficiently quantified
(Fritz et al., 2015).

The effects of permafrost degradation on DOC fluxes are variable and
non-uniform across the northern environment (Frey and McClelland,
2009). Increase in active layer thickness in mineral soils leads to higher
DOM adsorption on soil particles, decreasing DOM export, especially
where higher DOM fluxes were associated with shallow subsurface
runoff through the organic layer. In organic soils, and in regions with
abundant peatlands, deeper summer thawing and potential residual
thaw layer development increase hydrological connectivity through the
active layer, and lead to an increase in DOM export (Frey and McClel-
land, 2009; Walvoord et al., 2019; Tananaev et al., 2021). Physical
permafrost disturbance is also reported either to increase or decrease the
downstream DOC concentrations (Abbott et al., 2015; Lafreniere and
Lamoureux, 2019).

Dissolved organic carbon (DOC) in largest Arctic rivers is modern
(Raymond et al., 2007). This is in part related to the dominance of fresh
leachate DOC in Arctic streams, and in part, affected by active prefer-
ential microbial degradation of old, but highly labile permafrost DOC
(Mann et al., 2015). Signals of the DOC aging were recently observed in
the northern Mackenzie River (Schwab et al., 2020), potentially
reflecting changes in subsurface throughflow, occurrence of mass-
wasting processes or tapping the transient layer DOC sources. Particu-
late organic carbon (POC) is generally older than DOC, since particulate
material is supplied by floodplains and adjacent hillslopes, and
collapsing peatlands (McClelland et al., 2016; Wild et al., 2019).
Increased occurrence of physical permafrost disturbance, including
thaw slumps and detachment slides, may lead to increased POC supply,
but this POC was recently shown to be predominantly recalcitrant
(Keskitalo et al., 2021). Northern rivers are also shown to be major
pathways of mercury transport to the Arctic Ocean (Sonke et al., 2018).

5.2. Fluvial changes, ecosystems and societies

Northern societies rely heavily on permafrost environments, rivers
and associated landforms, and numerous ecosystem services they pro-
vide, which are now endangered (Miner et al., 2021). Extensive tundra
areas and forested hillslopes across permafrost regions are traditionally
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used for reindeer herding, and fluvial disturbance related to climate
change may reduce pasture capacity and foraging sustainability (Istomin
and Habeck, 2016). Industrial development in reindeer herding regions,
in its turn, leads to wide appearance of off-road tracks, which are known
to promote linear thermal erosion and subsequent gullying (Kumpula
et al., 2011; Kevan et al., 1995). A comparable loss of Arctic tundra
biodiversity may come from prolonged tundra flooding associated with
projected shift to pluvial regime, as was observed recently in the lower
Indigirka River, North-Eastern Russia (Beel et al., 2020; Tei et al., 2020).

Soil erosion and sediment dynamics affect global water security
globally (Owens, 2020). Northern communities rely heavily on water
supply from rivers and lakes, since deeper permafrost groundwaters are
unavailable or lack drinking water quality, i.e., are saline. Higher sus-
pended sediment concentration associated with permafrost loss, either
through increased soil loss to hillslope and gully erosion, or active river
channel and bank erosion, increases pressure on water supply facilities.
This increase in suspended sediment concentration is not confined to a
certain season or water regime phase.

Permafrost loss may lead to an increase in bed material fluxes. In the
Lena River main channel, 120 km upstream from Yakutsk, in-channel
permafrost degradation caused by a period of increased water runoff
have increased large bedform migration rate, which resulted in the sub-
channel water intake blockage by bedload and disruptions in water
supply to several communities (Tananaev, 2007). Here, higher bed
mobility will lead to an increase in maintenance costs of sub-channel
water intake facilities.

Fluvial thermal erosion is expected to intensify in the coming de-
cades, an effect from raising water temperature and heat flux, putting at
risk rural communities along permafrost rivers. In North-Eastern Russia,
numerous communities have already reported damage from thermal
bank erosion in two previous decades. A system of protective spur dikes
was constructed between 2005 and 2007 in Zyryanka, middle Kolyma
River, after a spectacular property loss during 2003 spring freshet,
resulting from frozen bank failure. Similar dikes already protect com-
munities on the middle Lena River, and on Viluy River, western Yakutia,
and some settlements are currently at risk

In large periglacial rivers, navigable passages in longitudinal and
transverse bars are naturally eroded, even over-deepened, during spring
freshets, and are subject to sediment deposition under low-flow (Tana-
naev, 2013; Chalov, 2012), in contrary to non-permafrost rivers.
Permafrost loss and an increase in sediment mobility are expected to
revert this evolution sequence, with channel bar deposition in spring
and erosion during low-flow. During spring freshet, this will have a
negligible effect on river transportation, since water stage is high and
not limiting the navigable passage. However, under low-flow conditions,
erosion in natural navigable passages will be retarded by higher bed
mobility, and disruptions in riverine navigation are expected to become
more frequent in the nearest future. Overall channel instability will lead
to increased waterways maintenance costs and higher probability of
navigating staff errors, leading to ship blockage in shallow waters.

6. Future research perspectives
6.1. Permafrost hydrology

Permafrost hydrology concerns water migration in both surface and
subsurface compartments driven by gravity and phase-state change.
Hydrological research is not falling by default into permafrost hydrology
domain if conducted in permafrost-affected region, but only if cryo-
hydrological interaction is directly concerned (Tananaev et al., 2020).
This approach requires the development of methodologies and research
protocols proper to permafrost hydrology, and interpretation of instru-
mental observations.

Active layer hosts abundant elementary forms of ground ice, which
are poorly quantified. In geocryology, these ice features are regarded as
ephemeral as they never survive the summer season, conceding to the
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active layer development. Their influence on hillslope hydrology is
disproportionate to the amount of attention drawn. Horizontal segre-
gation ice lenses lower the rate of thawing front propagation in the early
summer because of the high latent heat of fusion of the pure ice, limit
infiltration rate and capacity, and locally promote saturation excess
overland flow. Vertical elementary ice wedges, or vein ice, are probably
less common in the active layer, but their presence can impede sub-
surface drainage through local damming effect.

Residual thaw layers are emerging features, growing in abundance
with the progression of permafrost degradation. Their hydrological role
was recently discussed in several review papers and modeling studies
(Lamontagne-Hallé et al., 2018; Walvoord et al., 2019; O’Neill et al.,
2020). Field data are needed to explain their origin, quantify excess
hydraulic head during the freezing season, evaluate average residence
time and their role in maintaining hydrological connectivity in river
basins losing permafrost.

River icings capture and store a significant amount of winter runoff
otherwise available as base flow. A recent review of Ensom et al. (2020)
provides a brief statement on icing research objectives, and concludes on
the region-specific response of icings to future climate change. However,
only limited field observations on icing volume and its evolution
throughout both accumulation and meltdown seasons exist, and field
procedures yield significant uncertainties (Gagarin et al., 2020). Icing
connection to groundwater sources is long assumed and described
qualitatively, but lacks detailed quantification.

6.2. Permafrost and fluvial geomorphology

Advancing future research in fluvial geomorphology in periglacial
environments require the clear distinction between geomorphic pro-
cesses, driven purely by climate and hydrology, i.e., controlled by pre-
cipitation, evapotranspiration and runoff, and processes, occurring in
direct contact with frozen ground. Even fluvial thermal erosion is only
observed during limited time in the open-channel season (Tananaev,
2016), otherwise performing as a regular mechanical erosion of non-
frozen bank deposits. It is important to distinguish between cases
where permafrost has either direct or indirect influence on fluvial ac-
tivity, or no influence at all.

Water tracks represent important subsurface drainage pathways in
permafrost regions, their place in hydrological system is well estab-
lished, but the trajectories of their future development rest uncon-
strained. Hillslope erosional features are projected to produce one-third
of carbon losses associated with abrupt permafrost thaw by year 2300
(Turetsky et al., 2020), and water tracks may play significant role in
these losses — or not. Whether water tracks will develop as thermo-
erosional features which belong to natural fluvial networks con-
strained by permafrost, and scorch the thawing tundra to erosional
badlands after the constraint is removed, or other processes from
permafrost, hydrology or biology domain will interfere and promote
slow thermal permafrost disturbance under water tracks?

Permafrost distribution under large river channels is currently
understudied, and the field material from largest rivers is particularly
lacking. In minor channels, the temporal evolution of permafrost table
was studied in detail, and showed only a minor interaction of water flow
with permafrost during open water period (Brosten et al., 2009). Bed
evolution in such streams is not directly controlled by permafrost.
Inversely, on larger alluvial rivers with highly developed bed topog-
raphy, seasonally and perennially frozen alluvium is frequently exposed
to streamflow (Scott, 1978; Wankiewicz, 1984; Tananaev, 2013).

Recurrent freeze-thaw cycles of surficial sediments leads to their
frost weathering and sequential fining. This process is documented in
literature for surficial deposits, but is less understood for alluvial ma-
terial within bankfull limits, subject to intermittent submergence, fluvial
transport, redeposition and exposure to low negative temperatures.
Existing field evidence, as mentioned earlier, is scarce and incomplete
(Shumilov, 1986), but suggests intense frost shattering and substantially
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finer fractions in exposed alluvial material. Cold regions are projected to
experience more freeze-thaw cycles and intensified frost weathering of
surficial alluvial deposits.

Future projections of river channel response to climate change need
both hydrological and geomorphological input data, and the complexity
of this input is defined by the spatial and temporal resolution of a
particular forecasting or modeling effort (Lotsari et al., 2015). From
hydrological perspective, relevant data include bankfull discharge re-
turn intervals for both ice and ice-free regimes, and effective (channel-
forming) discharge values and distributions. Our review has shown that,
while effective discharge is a useful metrics defining river valley style
and channel pattern, we are lacking knowledge on its actual values,
return intervals and distributions. Previously published data, e.g.,
(Berkovich et al., 1990), are outdated and need revision because of
recently observed hydrological trends in the Arctic domain. Re-
evaluation of effective discharge values, comparative analysis with
historical data and hydrological modeling using future climate scenarios
might allow more accurate predictions of fluvial change in permafrost-
affected regions, including floodplain development and channel
pattern evolution.

Cryo-fluvial interaction appears to be a useful concept helping to
decrypt the relative roles of its components in shaping fluvial landforms
across permafrost catchments. The field of geomorphology was once
divided between land-shaping agents, and this was ‘first geo-
morphology’, where fluvial, aeolian or glacial geomorphology have
their origin. Climatic geomorphology stems from the idea of climate as
an overarching land-shaping agent, and periglacial geomorphology was
long seen as its derivative. ‘Second geomorphology’ was geomorphology
of land-shaping processes, i.e., creating bonds with periglacial processes
and permafrost (Summerfield, 2005; Church, 2017). In permafrost
domain, as we discuss in this review, landforms are developing in
interaction between shaping agents, processes from different domains;
such interaction varies across spatial scales and physiographical con-
texts. Systematic analysis of the interactions between different ‘geo-
morphologies’ (cf. Marks et al., 2006; Ostercamp et al., 2012; Liu and
Coulthard, 2015; Beach et al., 2019) is important for the evolution to-
ward the geomorphology of interactions.

7. Conclusions

Permafrost is exerting control on fluvial action through interference
with major agents of fluvial processes. This interference is scale-
dependent, and is reviewed in the present paper using the fluvial sys-
tem framework. Relative importance of permafrost-related effects is
differentiated by compartments. Future evolutionary trajectories of
fluvial landforms upon permafrost loss, as we suggest here, are related to
a dominant process shaping these landforms under cryo-fluvial inter-
action. This research considers them as either primarily fluvial or pri-
marily cryogenic. Under warmer climate without permafrost, the former
will tend to adjust their shape to future hydrology with less or no con-
straints from frozen ground, while the latter will respond to direct
permafrost loss and physical terrain disturbance, i.e., thermokarst and
thermal denudation. Complete permafrost thawing will bring the eco-
systems to a new stable state, but the time scale of this future stability is
still unconstrained.

Deeper active layer, or complete permafrost disappearance, are ex-
pected to reduce fluvial activity and soil erosion on both undisturbed
and disturbed hillslopes through topsoil drying, lower surface flow po-
tential and less overland flow with above-critical runoff depth.
Increasing water temperature and higher total heat content of streams
will lead to intensified ice ablation and thermal erosion in valley thal-
wegs, promoting thermo-erosional gullying and linear thermokarst
development in soils susceptible to fluvial erosion. Physical disturbance
will intensify rapidly following permafrost thawing, but end with terrain
stabilization after a threshold permafrost loss, though in ice-rich
permafrost, it can take substantial time. Catchment particulate fluxes
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will increase along shorter fluvial pathways with higher initiation rates
projected for the late 21% century, and remain stable along distant
connections. Future evolution of hillslope water tracks attracts partic-
ular attention, as defreezing northern catchments might lead to rapid
thermal erosion over their thalwegs ending with cryo-fluvial badland.
In river valleys and estuaries permafrost loss will lift constraints
imposed on primarily fluvial landforms, and they will gradually adjust
to future hydrology which is expected to change in the following de-
cades. Small rivers with shorter fluvial pathways will be put in dis-
equilibrium state by increasing sediment fluxes, while in large rivers
with high storage capacity this signal will be damped. Permafrost loss in
floodplains will reduce bank retreat rates, and in river banks, retreat
rates will increase in lower banks and decrease, in higher banks. This
effect will concur with higher water temperatures during flood events,
and more rainfall floods on rivers with nival regime. Channel erosion
patterns will change with less seasonal and perennial freezing of bed
material and higher fluvial fluxes even in ice-covered channels.
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