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ABSTRACT

Although there have been studies on changes to hydrology in permafrost regions and exports of nutrients and organic matter to the Arctic Ocean, little is known about
how geomorphic dynamics of rivers in permafrost regions will change in the future under a warming climate and the effects of those changes on floodplains. We focus
on river dynamics in the context of channel-floodplain interactions and the implications for organic carbon storage in floodplains. As sites of nutrient processing and
storage of sediments and organic matter, changes in channel and floodplain form and process will impact sediment yields, nutrient and organic matter export to the
Arctic Ocean, aquatic and riparian habitat, and infrastructure. We present a review of the factors influencing reach-scale river dynamics, using the framework of
factors affecting erosive force and erosional resistance of banks and floodplain surfaces, which will change due to a warming climate. We summarize studies
indicating how observed and modeled trends in these factors will affect erosive force and erosional resistance in the future. We then hypothesize the net effects that
these changes will have on the ratio of erosive force to erosional resistance, and the cascading effects on channel and floodplain form and process. We describe two
scenarios that could occur under different conditions in the form of conceptual models, one in which the ratio of erosive force and erosional resistance decreases, and
one in which the ratio increases. An increase in the ratio of erosive force to erosional resistance due to a reduction in permafrost extent and depth and an overall
increase in discharge would increase bank erosion, bank failures, sediment supply, and lateral channel migration rates, decreasing floodplain turnover time and the
age of riparian vegetation. A decrease in the ratio of erosive force to erosional resistance due to a reduction in erosive force relative to sediment supply would cause
enhanced deposition within the river corridor. Regardless of which scenario may occur, changes in channel process and form will influence the ratio of lateral to

vertical accretion, change the nature and stored amount of floodplain sediment, and change the sources and storage of organic carbon within floodplains.

1. Introduction
1.1. Permafrost degradation under a warming climate

The Arctic and Subarctic, which on the North American mainland
extend from ~55 to 72°N, are warming faster than other regions in the
world (IPCC, 2014; U.S. Environmental Protection Agency, 2016).
Warming climate will cause diverse changes in factors that influence
channel and floodplain process and form, such as changes in pre-
cipitation regimes (Rawlins et al., 2010). One of the most important
effects of warming climate at high latitudes is the degradation and loss
of permafrost (Fig. 1) (ACIA, 2005; IPCC, 2014; Jorgenson et al., 2006),
which is predicted to be severe during the 21st century (IPCC, 2014;
Lawrence and Slater, 2005). Permafrost is lithospheric material that has
a temperature at or below 0 °C for at least two successive years (Wright
et al., 2009). Based on its areal extent, permafrost can be designated as
continuous (> 90% coverage), discontinuous (50%-90% coverage), or
sporadic (10%-50% coverage). The Arctic is sometimes defined by the
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limit of continuous permafrost and the Subarctic by the limit of dis-
continuous permafrost (Woo and Winter, 1993). Permafrost underlies
approximately 24% of the land in the northern hemisphere (Zhang
et al., 2003) and contains substantial quantities of organic carbon and
water in the form of ice (Hugelius et al., 2014). Permafrost is overlain
by a seasonally thawing active layer that can vary from a few cen-
timeters to > 1 m in thickness. Near-surface permafrost within 1 m of
the surface, which is particularly susceptible to a warming climate,
underlies approximately 46% of the Alaskan Yukon River basin (Pastick
et al., 2014), highlighting the potential vulnerability of major rivers
basins to changes associated with permafrost degradation. The extent of
near surface permafrost will likely decrease by the year 2100 (IPCC,
2014; Pastick et al., 2015).

Thawing permafrost will cause many geomorphic changes across
the landscape (Rowland et al., 2010). Permafrost degradation and cli-
matic changes are causing, and will continue to cause, changes in:
hillslope erosion and thermokarst development and resulting sediment
yield to rivers (Gooseff et al., 2009; Lamoureux and Lafreniere, 2009);
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Fig. 1. Map showing the extents of continuous (> 90%), discontinuous (50-90%), sporadic (10-50%), and isolated (< 10%) permafrost in the Arctic and Subarctic
(from Brown et al., 2002). Major rivers of the region are also shown, with relative sizes indicated by shading. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

vegetation communities and distributions within watersheds (Danby
and Hik, 2007; Osterkamp et al., 2009); runoff, sediment, and organic
matter delivered to streams and rivers (Walvoord and Kurylyk, 2016;
Walvoord and Striegl, 2007); river hydrology (Overeem and Syvitski,
2010; Woo et al., 2008b) and sediment transport (Dugan et al., 2009;
Kokelj et al., 2013); nutrient delivery to the oceans via rivers (Frey and
McClelland, 2009; Guo et al., 2007); and organic carbon oxidation,
erosion, and riverine transport (Schuur et al., 2015; Vonk and
Gustafsson, 2013).

1.2. River dynamics as a mediator of permafrost—carbon fluxes

Geomorphic changes to the landscape caused by permafrost de-
gradation will impact sediment and carbon dynamics within channels
and floodplains. Soil carbon is the largest terrestrial organic carbon
stock, and permafrost regions contain an estimated 1300Pg
(1 Petagram = 10'°g) of carbon in the subsurface (Hugelius et al.,
2014; Jobbagy and Jackson, 2000). Thawing permafrost could release
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large amounts of currently frozen carbon into the atmosphere through
microbial decomposition and outgassing (Schuur et al., 2015; Schuur
et al., 2008), and these releases could cause a positive carbon feedback
and further warming of global temperatures (Koven et al., 2011; Schuur
et al., 2015). In addition, carbon from previously frozen ground can
enter surface runoff, groundwater, and rivers, becoming available for
microbial respiration and/or storage in floodplains and deltas before
being deposited in the ocean (Hilton et al., 2015; Vonk and Gustafsson,
2013). Thus, it is of vital importance to understand the details of how
carbon released from thawed ground is likely to move through fresh-
water networks along with sediment, as well as the geomorphic changes
to potential transient storage areas for sediment and carbon, such as
floodplains.

Despite numerous papers addressing the likely effects of warming
climate and permafrost thaw on hydrologic cycles (Walvoord and
Striegl, 2007) and riverine transport of dissolved and particulate matter
in permafrost regions (Frey and McClelland, 2009; Hilton et al., 2015;
Raymond et al., 2007; Syvitski, 2002), little work has been done on how
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channel and floodplain geomorphic dynamics might change (but see
Ashmore and Church (2001)). The great rivers of the high latitudes in
the northern hemisphere — the Yukon, Ob-Irtysh, Lena, and others —
have extensive floodplains underlain by permafrost. Estimates based on
Digital Elevation Models (1 km resolution), drainage networks, and a
flooding algorithm suggest that deltas and floodplains comprise
~7 %= 4% of the land area in circumpolar permafrost regions (Shelef,
2019, personal communication, February 21, 2019). These permafrost-
rich floodplains are topped by an active layer that also contains sub-
stantial organic carbon stocks in part because of the extensive wetlands
facilitated by the underlying permafrost and associated limited in-
filtration capacity (Lininger et al., 2019). Warming-induced changes in
hydrologic processes, sediment movement, and vegetation will result in
altered riverine fluxes to the ocean, but these altered fluxes will be
mediated by changes in channel-floodplain interactions.

We define a floodplain as the alluvial landform adjacent to a
channel, separated from the channel by banks, and built of sediment
that has been primarily transported by the present flow regime, al-
though past conditions may have created older floodplain surfaces
(Nanson and Croke, 1992). We focus on changing floodplain dynamics,
but floodplains are created as a result of channel processes, and thus
much of this review discusses relevant channel processes. Floodplains
are built by lateral and vertical accretion of sediment carried by rivers
and reflect the balance between a river's ability to erode its floodplain
and transport incoming sediment (erosive force) and the resistance of
the banks and floodplain surface to erosion or mass bank failure (ero-
sional resistance) (Nanson and Croke, 1992; Simon et al., 2000;
Wolman and Leopold, 1957). Although bank and bed process and form
are inter-related, we focus on banks as the interface between channels
and floodplains and consider them as boundaries of the floodplain
surface.

Floodplains are important regions of nutrient and water exchanges
(Appling et al., 2014; Junk et al., 1989; Lininger et al., 2018; Mertes,
1997) and contain significant organic carbon (OC) stocks in sediment
and downed wood (Cierjacks et al., 2010; Lininger et al., 2019; Lininger
et al., 2017; Sutfin et al., 2016; Wohl et al., 2012). Floodplains also
reduce flood peaks thr ough storage of water associated with attenua-
tion and storage of flood waves (Lininger and Latrubesse, 2016; Sholtes
and Doyle, 2011). Floodplains, particularly on large rivers, can store
sediment within a river network for long periods of time
(10%-10® years), and a significant portion of sediment delivered to river
outlets can be sourced from the floodplain as opposed to headwaters
(Aalto et al., 2008; Dunne et al., 1998; Mertes et al., 1996). Floodplains
provide habitat for aquatic and terrestrial species and can increase
biodiversity by increasing spatial diversity of habitats (Bellmore et al.,
2012; Ward et al., 2002). As floodplain dynamics change due to per-
mafrost thaw and altered bank erosion, there will likely be changes in
sediment dynamics and nutrient cycling within river systems (Frey and
McClelland, 2009; Lewis and Lamoureux, 2010), resulting in changed
exports to estuaries and near-shore ocean environments (Raymond
et al., 2007; Syvitski, 2002). In addition, there will likely be substantial
negative impacts on infrastructure within floodplains as permafrost
thaws.

1.3. River dynamics during past climatic changes

Studies of past warming episodes in regions of permafrost have
provided insight into potential changes that may occur due to current
warming. As drainage basins in southern England underlain by per-
mafrost during the Pleistocene transitioned to a warmer Holocene cli-
mate with more extensive woody vegetation, they went through a phase
of greater sediment production that increased lateral channel move-
ment and floodplain aggradation (Murton and Belshaw, 2011). Within
permafrost regions, warming during the Pleistocene-Holocene transi-
tion corresponded to increased sediment inputs, expansion of wood-
lands, peatlands, and thermokarst, and floodplain alluviation (Mann
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et al.,, 2010). Mann et al. (2010) describe rapid floodplain alluviation
and aggradation on rivers along the northern slope of Alaska's Brooks
Range during this warming period. They attribute this change to excess
sediment supply resulting from thermokarst and mass failures on hill-
slopes. In addition, records of channel response from different regions
suggest that changes in river dynamics due to climate may be mediated
by variations in soil cohesion and peak discharges, which are related to
vegetation and permafrost characteristics (Vandenberghe, 2008;
Vandenberghe, 2002). These studies of past climatic changes indicate
that dramatic changes are likely to occur with climate warming, and
there is a need for a generalized framework applicable to many river
systems that will be testable as changes occur.

1.4. Objectives and structure of this paper

Our primary objective in this paper is to build on contemporary
understanding of (i) channel and floodplain processes in North
American rivers underlain by permafrost and (ii) predicted changes in
high latitude climate and hydrology in North America to develop con-
ceptual models of changes in river and floodplain dynamics and the
resulting changes in OC dynamics. We do not intend these conceptual
models to be site-specific predictions, but rather syntheses of potential
scenarios of change based on past climatic alterations, observations of
response to ongoing climate warming, and extrapolations based on
knowledge of floodplain and organic carbon dynamics in permafrost
regions.

Many of the processes that we discuss and the inferences that we
make are also applicable to rivers in permafrost regions of Eurasia. We
focus on North American rivers because we have direct experience with
the diversity of rivers in North American permafrost regions. Within the
North American permafrost region, the Yukon and Mackenzie are the
largest rivers, covering 854,700 and 1,810,000 km?, respectively. Each
of these enormous river drainages includes substantial diversity of river
process and form, and we focus on these drainage basins, while also
drawing on the literature describing river dynamics in regions such as
the Brooks Range and coastal plain on the North Slope of Alaska and the
low-relief terrain of far northeastern Canada.

We first discuss the distinctive characteristics of rivers in northern
permafrost regions, including ice within channels and the presence of
permafrost. Working within the framework of understanding river dy-
namics as erosive driving forces (water, sediment, ice) versus erosional
resistance of the floodplain (including floodplain surfaces and channel
banks), we review the main factors influencing erosive force and ero-
sional resistance, focusing on factors that will likely change with in-
creasing temperatures in regions with permafrost (Fig. 1). Next, we
review the changes in these main factors that are occurring and will
occur in the future due to global warming and examine the potential
effects on erosive force and erosional resistance. We present two sce-
narios of how warming will influence channel and floodplain process
and form through changes to the ratio of erosive force to erosional
resistance, and then describe regional variations that influence the ef-
fects of these changes. Finally, we discuss the implications of changes in
river dynamics, highlighting impacts to sediment yields, OC cycling,
aquatic and riparian habitat, and infrastructure.

2. Distinctive characteristics of rivers in northern permafrost
regions

Rivers in regions underlain by permafrost exhibit diverse mor-
phology and processes (Vandenberghe and Woo, 2002), but they
commonly have distinctive characteristics relative to rivers at lower
latitudes because of the presence of permafrost and seasonal ice cover
on the rivers. Although there may also be variations in precipitation
regimes, vegetation, and other characteristics within river basins in
permafrost regions, we focus on the presence of permafrost and river ice
because these distinctions are likely the most different compared to
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regions that are permafrost-free. Changes in the characteristics of both
permafrost and seasonal ice cover as climate warms will likely create
complex, nonlinear interactions among precipitation and runoff to
streams, bank stability, river erosion, and channel and floodplain
morphology (Phillips, 2003). In this section, we review general hy-
droclimatic patterns in North American permafrost regions, the effects
of permafrost and seasonal ice cover on river process and form, and
organic carbon dynamics of rivers in permafrost regions.

2.1. Hydroclimatic patterns of North American permafrost regions

North American permafrost regions are primarily characterized by
short, moderately warm, and moist summers and long, extremely cold,
and dry winters (Bonan and Shugart, 1989). Except for the western
coastal fringe, mean annual precipitation in the North American Arctic
and Subarctic is mostly < 800 mm. Arctic precipitation contains a
mixture of water originating from evaporation of local sources and
remote sources: the ratio between these local and remote sources
fluctuates seasonally (Bintanja and Selten, 2014).

Hydrologic regimes in permafrost regions are varied depending on
sources and runoff characteristics. Although different classifications
exist, hydrograph regimes can be generally classified as nival (Arctic or
Subarctic), in which large flows are generated by snowmelt and river
ice break-up; proglacial, in which high flows last into summer as a
result of glacial melt; wetland, in which rivers draining wetlands have
prominent snowmelt peaks because the wetlands have low storage ca-
pacity while frozen, but can retain water and retard summer flows later
in the warm season; and prolacustrine, in which rivers below large lakes
have a fairly even runoff throughout the year (Prowse, 1994; Woo and
Thorne, 2003). In this paper, we focus on rivers with nival and wetland
regimes because proglacial and prolacustrine regimes have distinctive
hydrologic and geomorphic characteristics and would require a more
extensive review. However, some of the concepts reviewed in this paper
could also apply to these regimes, such as the factors influencing ero-
sive force and erosional resistance.

2.2. The influence of permafrost on hydrology, sediment loads, and bank
resistance

One of the primary distinctive characteristics of rivers in permafrost
regions is that the impacts of precipitation on spatial and temporal
variations in runoff to rivers are uniquely mediated by permafrost ex-
tent and thawing in the active layer (Wang et al., 2009; Woo et al.,
2008a). Permafrost limits infiltration from rainfall, snowmelt, and
melting ice within the active layer, which occurs during warmer
months. This results in greater water yield and larger direct runoff ra-
tios for rain and snowmelt relative to non-frozen or temperate regions
(Hayashi et al., 2003; Woo et al., 2008a). Most rivers in permafrost
regions experience highest flows during snowmelt and tend to have
little to no baseflow during winter, when frozen conditions limit the
delivery of water into river networks (Woo et al., 2008a).

Permafrost and variations in active layer characteristics influence
the spatial patterns and proportions of overland and subsurface flow.
Subsurface flow in areas of permafrost can occur above or below per-
mafrost and within unfrozen zones (taliks) (Walvoord and Kurylyk,
2016). Permafrost can support a high riparian water table that leads to
substantial overland flow during precipitation or snowmelt and limits
inputs of upland groundwater to channels (Dingman, 1973). This re-
sults in a flashy hydrologic response relative to basins without perma-
frost (Woo, 1986). In contrast, overland flow is not common on hill-
slopes that contain permeable moss and peat (Dingman, 1973; Wright
et al., 2009). On this type of slope, runoff occurs primarily as subsurface
flow in the seasonally thawed, saturated layer above the permafrost.
The depth of this layer changes during the thaw season (Woo, 1986),
creating temporal changes in surface infiltration and soil water-reten-
tion capacity. The direct runoff ratio and the rate of hydrograph
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recession can decrease with time during the melt season as the thick-
ness of the thawed portion of the active layer progressively increases
(Yamazaki et al., 2005). In areas with discontinuous permafrost, spa-
tially variable storage within the active layer dictates the location and
extent of subsurface flow because thawed areas have to be filled before
water can spill and generate downslope flow (Wright et al., 2009). As
Wright et al. (2009) demonstrate, the feedbacks between thawing and
subsurface flow in discontinuous permafrost regions are particularly
complex because of spatial and temporal variability in active layer
depths and the heat transfer involving water.

The presence of permafrost also supports extensive floodplain wet-
lands even in regions where precipitation totals are relatively low; more
than half of all wetlands are located in permafrost-influenced regions of
northern high latitudes (Avis et al., 2011). Because of the confining
permafrost layer, subsurface flow in wetlands is restricted to a shallow
layer where permafrost is present, but in discontinuous permafrost
wetlands may interact with deeper groundwater (Woo and Winter,
1993).

Relative to other climatic regions, Arctic and Subarctic rivers dis-
charge less sediment to the ocean, although there are variations in this
general trend (Syvitski, 2002). This is likely due to many factors, in-
cluding the presence of frozen ground and the high proportion of lakes
in high latitude regions, which can filter out sediment (Syvitski, 2002).
However, the Yukon and Mackenzie contribute about one-fifth of the
yearly water discharge of the world's eight largest Arctic rivers, but
contribute almost three-fourths of the suspended sediments, likely be-
cause they drain tectonically-active and glaciated landscapes relative to
other large Arctic rivers (Holmes et al., 2002).

The presence of permafrost can influence sediment load within high
latitude rivers due to thermokarst development, in which ice-rich per-
mafrost thaws and causes surface depressions in the landscape (Olefeldt
et al., 2016). Mega slumps, which can cover up to 40 ha and develop
headwalls up to 25m in height, are associated with debris flows and
distinct patterns of river discharge, solute flux, and sediment con-
centrations across a range of watershed scales (Kokelj et al., 2013).
Many of the papers describing thermokarst focus on field areas on the
North Slope of Alaska, where thick alluvial deposits facilitate extensive
thermokarst (Farquharson et al., 2016; Gooseff et al., 2009), but ther-
mokarst landscapes occur across northern North America (Olefeldt
et al., 2016).

Permafrost also strongly influences the erosional resistance of banks
and the processes by which banks are eroded (Costard et al., 2003;
Scott, 1978). Thermal erosion, in particular, is a distinctive aspect of
river dynamics in permafrost regions. During thermal erosion, heat
transfer from the flow of water through the frozen ground thaws the
ground, allowing banks to collapse or be abraded more easily (Costard
et al., 2003). Higher water and ice temperature, as well as increased
discharge, accelerate thermal erosion, whereas greater ice content in
the bank sediment retards thermal erosion (Randriamazaoro et al.,
2007). Laboratory experiments examining the effect of bank sediment
texture and ice content indicate that greater ice content can either in-
crease or decrease thermal erosion, depending on the ice content and
the interactions among ice content and spatial distribution, bank sedi-
ment texture, and stream flow velocity and turbulence (Dupeyrat et al.,
2011). Of the parameters influencing thermal erosion, the effects of
water temperature and high discharges are particularly important
(Costard et al., 2003; Randriamazaoro et al., 2007). Thermal erosion
occurs predominantly during a few weeks in spring when discharge is
high and more of the bank is in contact with water. Randriamazaoro
et al. (2007) describe an initial acceleration phase with an increasing
thermal erosion rate that commonly lasts for a few days when the water
temperature is close to the melting point.

The greatest rates of thermal bank erosion occur in non-cohesive
sediments, particularly at concave river banks and the head of islands
(Costard et al., 2003). If detached bank sediment accumulates at the
base of the eroding bank, as can occur along very gently sloped banks or
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in low-velocity portions of the channel margins, the accumulated se-
diment can limit or prevent further erosion (Costard et al., 2003).
Thermal erosion is thus not spatially or temporally uniform, but instead
varies with factors such as timing within the hydrograph (water tem-
perature, discharge), bank composition, bank height and angle, and
bank exposure to hydraulic forces (Costard et al., 2003).

In summary, the effects of permafrost on infiltration, runoff, ri-
parian water table, sediment loading, and erosional resistance of banks
are spatially and temporally variable. These effects are characterized by
nonlinear interactions with processes such as precipitation inputs and
river flow.

2.3. Hydrologic and geomorphic effects of river ice

A second distinctive characteristic of rivers in permafrost regions is
the presence of seasonal ice cover on the active channel. Just as the
presence of permafrost and an active layer can complicate rainfall-
runoff relations and river stage, the presence of ice cover can compli-
cate river stage-discharge relations. A river-ice season of > 100 days
duration between autumn freeze-over and spring breakup characterizes
many rivers of permafrost regions (Prowse and Beltaos, 2002).

River ice can directly modify the quantity of river flow via: (1)
anchor ice frozen to the bed of the channel that cuts off groundwater
inflow; (2) direct storage of water in river ice, which commonly in-
volves slower removal during freeze-over and rapid resupply during
breakup; and (3) hydraulic storage in the channel when hydraulic re-
sistance associated with ice cover increases river stage, especially when
the ice cover is hydraulically roughest during freeze-over and breakup
and when ice jams form during breakup (Ettema and Kempema, 2012;
Prowse and Beltaos, 2002). Reduction in river flow created by these
three mechanisms can be equivalent to nearly 30% of the flow that
would otherwise occur, and release of stored water during breakup can
account for nearly 20% of the spring peak flow (Prowse and Carter,
2002). Ice effects can result in the lowest discharge of the year during
winter freeze-over due to storage of water in ice, even though runoff is
lowest during late winter. Annual maximum river levels commonly
occur during ice breakup, even though maximum discharge is more
likely to result from spring snowmelt or summer rainfall later in the
season (Prowse and Ferrick, 2002).

Icings or aufeis form a distinctive subset of river ice. These sheet-
like masses of layered ice form during the winter via freezing of suc-
cessive flows of water on top of river ice (Morse and Wolfe, 2015). The
water that creates icings originates from groundwater springs, which
can be important components of water storage in unglaciated basins
(Morse and Wolfe, 2015). Icings are spatially recurrent and can be >
10 km? in area and > 10 m thick (Pavelsky and Zarnetske, 2017), but
do not necessarily occur every year or cover the same spatial extent.
Like other forms of river ice, icings create flow barriers during the
spring freshet and increase flooding potential.

Break-up of river ice can be thermal or mechanical events (Beltaos
and Prowse, 2009). Thermal events occur when river ice has been
weakened due to warming, and these events cause less flooding along
with ice break-up. In contrast, mechanical events occur when thick,
strong ice is broken by strong hydraulic force and can cause ice jam
floods and greater geomorphic impacts (Beltaos and Prowse, 2009).

River ice moving downstream can also influence channel mor-
phology through mechanical erosion of banks and alteration of bank
vegetation. An extensive literature documents freeze-thaw cycles as an
effective mechanism for weakening the cohesion and erosional re-
sistance of banks and for detaching individual sediment grains or ag-
gregates of sediment (Lawler, 1992; Leopold, 1973; Pizzuto, 2009;
Wolman, 1959; Wynn et al., 2008; Yumoto et al., 2006). Ice abrading
the banks while in transport can also be very effective. The effectiveness
of this abrasion can vary in a nonlinear manner during a single peak
flow season. Costard et al. (2014) describe accumulation of ice along
river banks and islands during the initial stage of breakup. These
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accumulations protect the underlying feature from abrasion for a few
days, followed by a period of highly effective erosion after the ice has
melted. Smith (1979) describes channel enlargement associated with
scour during ice breakup and transport. When ice jams recur with
sufficient frequency, ice scour can produce a two-level bank mor-
phology with a much wider upper channel at the level of ice scour
(Boucher et al., 2012, 2009). By severely abrading or destroying bank
vegetation, river ice jams can reset the vegetation succession to the
initial point (Uunila and Church, 2015), thus limiting the above- and
below-ground effects of vegetation on hydraulic force and bank ero-
sional resistance.

Ice jams within the channel during breakup can reroute flow across
floodplains and cause channel avulsion (Burge and Lapointe, 2005; Gay
et al., 1998; Hicks, 1993) or headward gully erosion where flow returns
to the channel. Smith and Pearce (2002) infer this process to be a
precursor to the formation of the oxbow lakes and multiple channels
that are common in many northern rivers. Ice blocks can also be carried
onto floodplains and grounded, facilitating the formation of water
vortices beneath and between the blocks and erosion of scour holes by
the vortices (Smith and Pearce, 2002). The Mackenzie River at Fort
Providence may experience avulsions as a result of ice jams (Hicks,
1993).

In summary, the presence of seasonal ice cover can strongly influ-
ence river stage during various seasons of the year. Breakup of the ice
cover and ice abrasion can create substantial erosive forces directed
against the banks and floodplain surface.

2.4. Organic carbon dynamics in North American rivers with permafrost

Rivers in permafrost regions transport large amounts of dissolved
organic carbon (DOC) relative to rivers in lower latitudes. Comparisons
of watersheds in discontinuous permafrost regions indicate that those
with higher percentages of permafrost have higher concentrations of
DOC of terrestrial origin within the river network (Balcarczyk et al.,
2009). Fluxes of DOC in rivers with permafrost predominantly occur
within a relatively short period after spring ice break-up and are much
greater than fluxes from equivalently sized rivers of temperate latitudes
(Raymond et al., 2007). Relative to DOC, large rivers in the high lati-
tudes discharge less particulate organic carbon (POC) to the Arctic
Ocean (McClelland et al., 2016). Although understudied, floodplains in
permafrost regions may store more OC in floodplain soils and downed
large wood relative to upland environments (Lininger et al., 2019,
2017).

The age of POC being transported to the Arctic Ocean, which can be
tens of thousands of years old (Hilton et al., 2015; Schreiner et al.,
2014), suggests that POC may be sourced from river banks containing
old permafrost. DOC, although it can be old when first released from
permafrost, is rapidly lost through microbial respiration in both upland
(Zimov et al., 2006) and riverine (Spencer et al., 2015) environments,
resulting in relatively young DOC exported to the Arctic Ocean (Aiken
et al., 2014; Raymond et al., 2007). Modern DOC may also be flushed
directly from surface vegetation and peatlands into high latitude rivers
and exported to the Arctic Ocean (Raymond et al., 2007).

3. Erosive forces and erosional resistance of banks and floodplain
surfaces

Erosive forces exerted against the channel banks and floodplain
surface in association with river flow include shear stress, thermal
erosion, and abrasion by ice blocks. Shear stress and thermal erosion
increase with increasing discharge. Ice abrasion, as explained in section
2.3, can increase with increasing discharge, but does not necessarily do
so, especially during the early stages of breakup or ice-jam floods.

Erosional resistance of banks, i.e., shear strength, results from the
frictional properties of sediments, the effective normal stress of the
bank, and effective cohesion (Simon et al., 2000). Effective normal
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stress is the normal stress of a bank, which acts to hold the bank in
place, minus the pore water pressure, which acts to push apart sediment
grains. Effective cohesion results from cohesion added from the roots of
riparian vegetation, matric suction in unsaturated sediment, and co-
hesive forces (Eaton, 2006), including those associated with the pre-
sence of permafrost. Bank erosion occurs via detachment of individual
grains or via mass failure. Erosional resistance of floodplain surfaces
results from the frictional properties of the sediment and from effective
cohesion, but it is also influenced by the flow resistance created by
living vegetation (Jarveld, 2004), downed, dead wood (Wohl, 2013),
and local floodplain topographic relief (Giineralp and Rhoads, 2011).
As with channel banks, the roots of floodplain vegetation can also in-
crease erosional resistance of the floodplain surface.

In this section we review the factors that influence the erosive forces
exerted against banks and floodplain surfaces and the erosional re-
sistance of banks and floodplains. We focus on factors that will likely be
influenced by climate change.

3.1. Factors influenced by climate change

3.1.1. Basin-scale factors

Although not the focus of this paper, we recognize the importance of
basin-scale factors that influence floodplain process and form, such as
geologic controls associated with tectonics and relative base level, and
climatic controls such as sea level fluctuations (Dunne and Aalto,
2013). Some of these basin-scale factors will change under a warming
climate. Base-level changes (i.e., sea level fluctuations) can influence
aggradation and degradation within a drainage basin (Schumm, 1993).
For example, sea-level rise during the Holocene promoted large-scale
sediment storage in the lower valley of the Amazon River (Mertes and
Dunne, 2007). Although these large-scale, long-term processes will af-
fect rivers underlain by permafrost, we focus on local-scale factors in-
fluencing erosive force and erosional resistance that will change with a
warming climate, likely at shorter time scales.

3.1.2. Factors influencing erosive force

We identify six main factors influencing the erosive force exerted
against floodplains and floodplain boundaries (banks) in permafrost
regions that are currently changing or will change in the future because
of global warming: magnitude of discharge and duration of peak dis-
charge (Qmag,aur), Water temperature, sediment load (Qs), dispersed
large wood (LW) load (volume of LW per area of channel), the number
and load of LW jams, and frequency and extent of ice jams (1J). Table 1
displays the effect of each factor on erosive force. These responses are
meant to be broadly applicable to diverse river geometries. We

Table 1
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recognize that multiple factors will be changing simultaneously and
interacting with each other, but we start by examining relations among
pairs of variables. If other factors remain steady or consistent, for ex-
ample, increasing water discharge creates greater erosive force against
the floodplain boundaries. In addition to magnitude, a longer duration
of high magnitude discharges increases the duration of significant force
that is applied to floodplain boundaries. The magnitude and duration of
peak discharge also influence overbank flooding, and the potential for
stripping of the floodplain surface.

Water temperature strongly influences thermal erosion of channel
banks with permafrost (Costard et al., 2003). We draw on the work of
Randriamazaoro et al. (2007) to hypothesize an increase in erosive
force with increasing water temperature, both during seasonal peak
flow, other flows of the hydrograph, and over a period of years.

Sediment load can have variable impacts on erosive force.
Increasing discharge of bed-material load (grain sizes found in appre-
ciable quantities on the bed) can cause increased deposition on point
bars in the inner bank of meander bends, deflecting flow towards the
outer banks and increasing bank erosion (Dunne et al., 2010). Mean-
dering rivers with greater sediment supply have been shown to have
faster channel migration rates and more frequent meander cutoffs from
increased bank erosion (Constantine et al., 2014), indicating greater
erosive force exerted against the floodplain boundary. Increasing bed-
material fluxes can also be associated with braiding and enhanced bank
erosion (Ashmore, 2013). Wash load concentrations (silts and clays
traveling only in suspension) are relatively low in northern rivers
(Syvitski, 2002). Thus, although wash load requires energy for sediment
transport, increases viscosity, and may dampen turbulent fluctuations
that can result in shearing force directed at the channel boundaries at
high concentrations (Kuhnle, 2013), the influence of wash load on
erosive force in permafrost rivers will likely be negligible. We recognize
that changes in wash load can have indirect effects on bank erosion: for
example, increasing suspended sediment concentration can enhance
transport of bedload (Simons et al., 1963).

Sediment load can also influence erosive force by overwhelming the
capacity of the river flow to transport sediment, causing aggradation
and effectively reducing erosive force relative to sediment load
(Leopold et al., 1964). Increases in sediment supply, for example due to
past thermokarst activity during Pleistocene-Holocene transitional
warming periods, can cause increased sedimentation within valleys
(Mann et al., 2010).

Dispersed pieces of large wood within the bankfull channel can
increase hydraulic roughness and thus reduce velocity and erosive force
exerted against the banks (Brooks et al., 2003; Manga and Kirchner,
2000). Large wood that falls into a channel while remaining attached to

Factors influencing erosive force, showing the directional change in erosive force with an increase in the factor.

Factor Change in erosive force with increase in factor
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Water temperature
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Fig. 2. Examples from the Yukon River drainage basin of interior Alaska of large wood falling from banks and reducing hydraulic force exerted against banks.

the top of the bank via the roots (Fig. 2) can be particularly effective at
increasing hydraulic roughness along the bank and reducing erosive
force (Daniels and Rhoads, 2004).

Concentrations of large wood in the form of jams can have varied
localized effects on erosive force upstream, at, or downstream of the
jam, and the effects depend on whether the jam is mobile or stable. A
jam can (i) create a backwater that substantially reduces velocity and
bank erosion upstream (Le Lay et al., 2013; Triska, 1984), (ii) deflect
flow towards the bank, promote bar growth and lateral channel
movement (Collins et al., 2012; Martin-Vide et al., 2014; O'Connor
et al., 2003), or move as congested transport (Braudrick et al., 1997)
with the potential for substantial bank erosion at the jam or down-
stream of the jam (Piegay, 1993), or (iii) remain stable over longer time
periods and cause sufficient flow obstruction to promote overbank flow
and dissipate flow energy (Triska, 1984). The influence of jams on
geomorphic processes can depend, however, on whether the jams are
channel-spanning or located on channel margins. Channel-spanning
jams are more likely to deflect flow overbank or create backwater ef-
fects (Jeffries et al., 2003). LW in transport can physically abrade
floodplain surfaces and living vegetation (Johnson et al., 2000). LW can
direct and concentrate overbank flow across specific portions of the
floodplain and initiate splays or avulsion channels (Collins et al., 2012).

The frequency of ice jams over multiple years and the spatial extent
of these jams can substantially influence hydrology and hydraulics on
rivers with continuous ice cover (Hicks and Beltaos, 2008; Prowse and
Ferrick, 2002). Ice jams develop when ice cover breaks up and dis-
charge rises in the spring, and less commonly develop during freeze-up
(Hicks, 2009). Although other river ice processes, such as the formation
of frazil ice (granular ice transported within rivers) or anchor ice (ice
attached to a channel bed) (Hicks, 2009) impact erosive force to some
degree, we focus on ice jams as the most important way in which ice
exerts erosive force against channel banks. Similarly, resistance added
by a stable ice cover elevates water levels in a channel, particularly

when the ice cover is hydraulically most rough during freeze-over and
break-up (Prowse and Beltaos, 2002), but ice jams likely have the most
important influence on erosive force.

Ice jamming can increase peak water levels and cause accelerated
bank erosion by gouging the banks, at times promoting meander cutoffs
and avulsions (Burge and Lapointe, 2005; Ettema, 2006; Ettema and
Daly, 2004; Ettema and Kempema, 2012; Turcotte et al., 2011). Ice
jams can direct and concentrate overbank flow and cause erosion into
the floodplain surface due to scour around ice blocks (Smith and
Pearce, 2002), but ice can also protect banks and reduce the erosive
force exerted again them (Costard et al., 2014). Ice jams can also create
backwaters, reducing velocities and upstream force upstream (Hicks,
2009; Prowse and Culp, 2003). The surge resulting from break up of an
ice jam can enhance overbank flooding and flood wave velocity
downstream and this, along with the mechanical effects of large chunks
of mobile ice, can enhance bank erosion and force channel avulsion
(Beltaos, 2002; Ettema and Kempema, 2012; Prowse and Culp, 2003;
Turcotte et al., 2011).

3.1.3. Factors influencing erosional resistance

The factors that are most likely to change due to global warming
and that influence erosional resistance include the density, rooting
depth, and type of riparian vegetation; logjams buried within the
floodplain; the lateral extent and depth of permafrost; the character-
istics of flood hydrographs; the frequency of freeze/thaw cycling; and
grain size of banks. Table 2 summarizes the influence of these factors on
erosional resistance.

Riparian vegetation has diverse and sometimes contrasting effects
on bank resistance to erosion, but the net effect is likely to be greater
bank resistance with increasing spatial density and rooting depth of
vegetation (Table 2) (Merritt, 2013). Plants can increase the mass of
stream banks, for example, which can promote failure, but this is likely
to be counteracted by: (i) increased flow resistance created by the

Table 2
Factors influencing erosional resistance, showing the directional change in erosional resistance with an increase in the factor.
Factor Change in erosional resistance with increase in factor
\Vegetation +
Buried floodplain logjams +
Permafrost +
Discharge (Duration, Magnitude,
Variation)
Freeze/Thaw -
Grain size variable
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above-ground portion of the plants, along with reduced near-bank ve-
locity and shear stress (Gorrick and Rodriguez, 2012; Griffin et al.,
2005); and (ii) plant roots that increase resistance of bank sediment to
shearing (Pollen and Simon, 2005). The type (woody, herbaceous,
grasses) and age of vegetation matter as these plant characteristics
determine size, stem flexibility, and spatial density of above-ground
portions of the plant and the depth, lateral extent, and tensile strength
of plant roots (David et al., 2009; Polvi et al., 2014). Small streams with
grassy vegetation can be narrower than forested streams because the
rooting depth of the densely growing grass roots is similar to that of
bank height and the channel migrates laterally relatively quickly but
vegetation also regrows quickly (Allmendinger et al., 2005; Hession
et al., 2003). In general, woody vegetation results in greater bank re-
sistance compared to non-woody vegetation (Polvi et al., 2014).

One aspect of vegetation that may be unique to large rivers in
continuous permafrost zones is the inability of plant roots to penetrate
permafrost. Consequently, relatively shallow rooting depths can limit
the effectiveness of riparian plants in stabilizing tall banks along large
rivers. In this scenario, the collapse of the vegetated active layer once
the underlying permafrost is eroded (e.g., via thermal erosion) can
create a layer of downed trees resting on or along the bank that may
protect the bank from erosive force (see section 3.1.2).

Buried logjams can locally increase floodplain erosional resistance,
as described for temperate zone rivers (Collins et al., 2012). Although
little information exists on buried logjams in rivers underlain by per-
mafrost, we have observed such jams in the Yukon Flats region of in-
terior Alaska (Fig. 3), indicating that they are present and may influ-
ence floodplain erosional resistance.

Permafrost substantially increases bank cohesion, so the lateral ex-
tent and depth of permafrost exert a strong control on erosional re-
sistance (Fig. 4) (Costard et al., 2014, 2007; Scott, 1978). When bank
permafrost melts via fluvio-thermal erosion or exposure to air, the rate
of bank failure and floodplain erosion greatly increases (Costard et al.,
2007; Scott, 1978). In addition, melting permafrost could increase pore
water pressure, which reduces erosional resistance (Simon et al., 2000).

Discharge magnitude, the duration of peak discharges, and dis-
charge fluctuations during floods also influence erosional resistance.
Infiltration into the banks during peak discharges can increase pore
water content of the banks (Rinaldi et al., 2004), although this effect
may be limited in continuous permafrost regions due to impermeable
permafrost within banks. During the falling limb of a flood, the pressure
exerted against the banks at the highest stage is removed, promoting
bank collapse (Alvarez and Schmeeckle, 2013; Rinaldi et al., 2004). In
addition, longer duration floods with multiple peaks (i.e., more

Fig. 3. A large buried logjam along the Yukon River that was previously pre-
served in permafrost. Bank is approximately 5 m high.
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complex and varied flood hydrographs) cause greater reduction in
erosional resistance because of fluctuations in moisture content within
banks and lateral support of banks by water within the channel (Rinaldi
et al., 2008, 2004).

Freeze-thaw cycles can substantially decrease erosional resistance
by reducing frictional forces between sediment particles and increasing
pore water content during melting (Gatto, 1995; Lawler, 1993; Pizzuto,
2009; Wynn et al., 2008; Yumoto et al., 2006). Bank sediments sub-
jected to multiple freeze/thaw cycles can become cohesionless, creating
macro-cracks (Kimiaghalam et al., 2015). Consequently, increasing
frequency of freeze-thaw cycles is likely to decrease erosional re-
sistance.

Grain size variations are also well documented influences on cohe-
sion of banks and the floodplain surface (Rinaldi and Darby, 2007).
Clays and silts are difficult to erode due to their cohesion, while sand
requires lower velocities for entrainment; larger grain sizes are difficult
to entrain due to their larger mass (Hjulstrom, 1935).

3.1.4. Interactions between factors

We have described the direct influences of individual factors on
erosive force and erosional resistance, but most of the factors described
above also have indirect effects. For example, the presence and extent
of ice cover modifies erosive force by influencing the magnitude of
discharge during winter and spring. Spring peak flow magnitude can be
substantially increased by release of water stored upstream from ice-
covered river segments and by release of water within the ice (Prowse
and Carter, 2002), thus increasing erosive force. In addition, water
stored in ice during the winter reduces base flows (Prowse and Carter,
2002), decreasing erosive force. Ice can also damage or remove riparian
vegetation and reduce the ability of vegetation to grow on banks
(Fig. 5) (Ettema and Daly, 2004; Nilsson et al., 2012; Uunila, 1997),
which then reduces bank resistance.

Discharge magnitude and duration influence permafrost extent and
location because high flows of long duration can cause thermal erosion
(Costard et al., 2014). Thus, higher magnitude and longer duration of
peak discharges not only increase erosive force but also decrease ero-
sional resistance via a reduction in permafrost extent. Decreased per-
mafrost extent can lead to more large wood delivery to the channel via
bank collapse (Ott et al., 2001), resulting in decreased erosive force if
the wood is dispersed and various effects on erosive force if the wood is
in jams. Bank collapse due to permafrost reduction can also increase the
bed-material load and wash load within a reach, with subsequent ef-
fects on erosive force.

The spatial distribution of woody vegetation on within-channel bars
and islands can indirectly influence bank erosion by forming deposi-
tional sites during bedload-transporting flows. The obstructions to flow
created by vegetated bars and islands can exacerbate the erosive force
exerted against channel banks, enhancing bank erosion and lateral
channel migration (McKenney et al., 1995).

Although these indirect effects and interactions among individual
factors are likely to substantially influence erosive force and bank re-
sistance, the nature and magnitude of these influences may be more
site-specific and thus are difficult to describe in terms of the general
trends that are the focus of this paper.

4. Observed and predicted environmental changes in northern
permafrost regions

As noted earlier, the greatest warming observed during recent
decades and predicted for the next few decades is occurring at the
highest latitudes in the northern hemisphere (IPCC, 2014; Kirtman
et al.,, 2013; Serreze et al., 2000). Observed trends during the 20th
century include reduced snow cover extent but increased annual pre-
cipitation; pronounced winter and spring warming; degradation of
permafrost; and increased plant growth, greater abundance of shrubs,
and northward migration of the tree line (IPCC, 2014; Min et al., 2008;
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Fig. 4. The presence of permafrost along these cutbanks in the central Yukon River basin of Alaska increases bank resistance, as expressed in vertical banks between
the overhanging mat of vegetation and roots in the active layer (top of bank) and the sloping bank toe where failure blocks accumulate. Banks in left and right views

are approximately 3 and 4 m tall, respectively.

Peterson et al., 2002; Rawlins et al., 2010; Serreze et al., 2000). Al-
though the magnitude of predicted changes varies among different
warming scenarios, the common trends are: (1) increased precipitation
and evaporation at high latitudes, with a net result of greater pre-
cipitation at 60 to 90°N; (2) warmer sea-surface temperatures in high
latitudes and increased amounts of snow, but with a smaller fraction of
precipitation falling as snow; (3) decreasing springtime snow cover
extent; (4) greater mean surface warming over the Arctic during winter
than global mean warming; (5) degradation of the upper 2-3m of
permafrost with a deepening of the active layer; and (6) increased
runoff (Bintanja and Selten, 2014; Kirtman et al., 2013). In addition,
models calibrated to contemporary conditions predict that Arctic rivers,
which historically have had low suspended sediment loads but large
interannual variations (Holmes et al., 2002), will likely have much
greater suspended sediment fluxes to the ocean as climate warms
(Gordeev, 2006; Syvitski, 2002). In this section, we describe changes
that are occurring or will likely occur in the future in the factors that
contribute to erosive force and erosional resistance. The factors that
influence erosive force and erosional resistance operate over differing
timescales, and timescales of change are partly dependent on the spe-
cific river segment under consideration. The climatic changes that are
affecting and will affect these factors are also occurring over differing
timescales. In the following discussion, we focus on the direction of
change rather than rates of change.

4.1.1. Permafrost

Observed and modeled trends in permafrost characteristics suggest
that erosional resistance will generally decrease along rivers with
floodplain permafrost due to permafrost degradation. Model projections
indicate that temperature will continue to rise at a faster rate in the
high latitudes compared to the global mean temperature (IPCC, 2014).
Permafrost temperatures have risen since the 1980s along with surface
temperatures, and near-surface permafrost (within the top 3.5m) is
projected to decline by 37-81% by the end of the 21st century de-
pending on future emissions (IPCC, 2014; Romanovsky et al., 2013;
Slater and Lawrence, 2013). In some regions, widespread permafrost
degradation is creating thermokarst features, particularly in ice-rich
regions (Jorgenson et al., 2018; Jorgenson et al., 2006; Jorgenson et al.,
2001).

Changes in active layer thickness are not spatially consistent across
permafrost regions (Hinzman et al., 2013). In Eurasia, warming tem-
peratures and increased snow depth, which provides insulation during
the winter season, have resulted in a deepening of the active layer (Park
et al., 2013; Zhang et al., 2005). In North America, decreased snow
depths have exposed soils to colder temperatures in winter months,
reducing active layer thickness in some locations (Park et al., 2013;
Zhang et al., 2005), but there are other areas in North America where
active layers have deepened (Osterkamp, 2005). Although changes in
active-layer thickness are variable, it is clear that permafrost is

Fig. 5. River ice (left photo is from the bank of the Liard River) can gouge banks and topple and scar vegetation, as seen in the photo (right) of a bank of the Yukon

River in interior Alaska. Photo on left taken by Chuck Blyth.
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warming and degrading, and the trend will continue into the future
(Hinzman et al., 2013; IPCC, 2014). This will lead to a decrease in
erosional resistance.

4.1.2. Precipitation, runoff, and discharge

Observed and modeled trends in precipitation, runoff, and river
discharge do not clearly indicate what the potential changes might be to
erosive force exerted against banks and floodplain surfaces, but we
hypothesize that the net effect may be an increase in erosive force and a
decrease in erosional resistance. There has been an increase in fluxes of
the freshwater cycle in the pan-Arctic region since the middle of the
20th century, with increases in river discharge, precipitation, and
evapotranspiration, and these trends will likely continue into the future
(Rawlins et al., 2010). Snow cover areal extent in spring has decreased
since the 1970s in Arctic regions (Derksen et al., 2015), and it is likely
that more precipitation will come as rain instead of snow in the future
(Krasting et al., 2013; Nilsson et al., 2015). In addition, although highly
variable, in general, snow thicknesses have increased (Hinzman et al.,
2013). Discharge in permafrost zones is dominated by snowmelt, with
peak flow corresponding to snowmelt in the spring. Particularly in
boreal regions, secondary peak flows can occur in the summer due to
convective rainstorms (Woo et al., 2008b). Hydrologic changes ob-
served during recent decades include increased discharge from Cana-
dian Arctic rivers (St. Jacques and Sauchyn, 2009) and increased
baseflow in the Yukon River basin (Walvoord and Striegl, 2007). Al-
though variations exist, total annual discharge has increased by an
average of 9.8% since the 1970s across northern North America and
Eurasia, with discharge in the first month of snowmelt increasing and
the month in which peak discharge occurs decreasing slightly (Overeem
and Syvitski, 2010). This increase has been attributed mainly to an
increase in annual net precipitation in the pan-Arctic region forced by
human-caused climate warming, which will likely continue into the
future (Holland et al., 2006; Wu et al., 2005).

Changes in discharge patterns and magnitudes during the snowmelt
period have also been detected. Snowmelt usually begins in April or
May in many high-latitude rivers, with peak discharge in May or June
(Overeem and Syvitski, 2010; Woo et al., 2008b). Trends show that
peak discharge has decreased, snowmelt runoff has been arriving ear-
lier in the year with earlier snowmelt, and the duration of high flows
during snowmelt has increased (Goulding et al., 2009; Overeem and
Syvitski, 2010; Semmens and Ramage, 2013; Woo et al., 2008b). Winter
base flows have increased in most of the pan-Arctic, although a de-
creasing trend in winter-season flow in eastern North America is an
exception (Rennermalm et al., 2010). Increased winter base flows have
been linked to thawing permafrost, creating greater infiltration and
longer subsurface flowpaths in the Yukon River Basin (Walvoord et al.,
2012; Walvoord and Striegl, 2007) and in the Mackenzie River Basin
(St. Jacques and Sauchyn, 2009).

Modeling efforts indicate that as warming increases into the next
century, permafrost thaw will allow for the establishment of deeper
flow pathways and increased groundwater discharge, although the re-
sponse of groundwater discharge will likely be non-linear (Bense et al.,
2009). In addition, there will be many variations in subsurface flow
changes due to local subsurface characteristics (Walvoord and Kurylyk,
2016). Annual precipitation is likely to increase in the future (Koenigk
et al., 2013), and there is the potential for an increase in the frequency
of rainfall leading to flooding outside of the snowmelt period (Nilsson
et al., 2015). In at least some river corridors, such as braided mountain
streams (Mackay et al., 1973), summer storms can cause more sig-
nificant floodplain changes than spring break-up or snowmelt floods.

In sum, trends indicate greater annual discharge, reduction in peak
snowmelt discharge, a potential for longer duration of snowmelt flows,
increasing base flow discharge, and the potential for greater and more
severe flooding outside of snowmelt periods. The influence of these
changes on erosive force is difficult to discern, as the reduction in peak
snowmelt discharge reduces erosive force, but the longer duration of
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snowmelt, greater total annual discharge, increase in base flow dis-
charge, and potential for flooding outside of snowmelt periods all in-
crease erosive force. The influence of changes in discharge on erosional
resistance is also somewhat unclear, but there may be a reduction in
erosional resistance due to longer duration snowmelt and flashier
flooding from rain as opposed to snowmelt.

4.1.3. Water temperature

Although not located in North America, insight into potential
changes in water temperature can be gained through studies on the
Lena River in Siberia. River water temperature has risen since the
1980s, which, along with reduced river ice thickness and an increase in
spring breakup discharge, may explain accelerated erosion of the up-
stream end of vegetated islands during this period (Costard et al.,
2003). In Svalbard, glacial-fed rivers exhibit lower temperature and
lower temperature variations compared to snowmelt-fed and ground-
water-fed systems, highlighting the potential for increased tempera-
tures in Arctic rivers if glaciers recede and the relative contribution of
glacial discharge decreases (Blaen et al., 2013). Although few studies
exist on water temperatures, we expect that temperatures would in-
crease with increasing surface temperatures. This would result in an
increase in erosive force exerted on banks.

4.1.4. Icings and Ice jams

The extent and frequency of river icings are likely to decrease with
warming climate (Pavelsky and Zarnetske, 2017). Morse and Wolfe
(2015) found that winter warming intervals and autumn rainfall ex-
plained 28% of interannual variation in icing in Canada's Great Slave
region during 1985-2014. They infer the potential for regionally dif-
ferent responses in future, with less frequent icings due to decreasing
winter warming intervals in some regions, but increasing icings as a
result of increasing autumn rainfall on the Canadian Shield, where the
fill-and-spill runoff generation described by Spence and Woo (2003)
creates strong threshold effects that favor icings formation. In Arctic
Alaska, Pavelsky and Zarnetske (2017) found that the persistence and
spatial extent of icings declined rapidly during 2000-2015. They at-
tribute observed changes to either earlier and more intense melting or
formation of less total icing volume.

Although somewhat uncertain, observations and predictions suggest
a reduction in ice jam severity and frequency, likely reducing erosive
force. Along with rising surface temperatures, the duration of ice cover
on rivers has decreased, indicating later freeze-up and earlier break-up,
and the thickness of ice cover has been reduced in some rivers (Beltaos
and Prowse, 2009; Prowse et al., 2012). On the Peace River in Canada,
modeling suggests that river ice extent and duration will continue to
decline by the middle of the 21st century (Andrishak and Hicks, 2008).
Higher air temperatures during spring will favor earlier breakup, but
changes in breakup severity will likely vary regionally based on var-
iations in winter precipitation and spring melt patterns: greater and
more rapid snowmelt runoff could increase breakup severity, whereas
smaller snowpacks with more protracted melt could decrease breakup
severity (Prowse et al., 2006). Regions that experience a less dynamic
breakup than previously due to thermal degradation of ice cover will
likely have a smaller flood associated with break-up.

It is somewhat unclear what will happen in the future to the fre-
quency and severity of ice jams due to the complicated nature of ice jam
formation and the simultaneous future changes in snow cover and
thickness and ice duration, thickness, and extent (Prowse et al., 2012).
However, greater warming predicted in the future in permafrost regions
indicates that ice may be thermally melted in place prior to mechanical
break-up, potentially reducing ice-jam flooding (Prowse et al., 2012). In
the Peace-Athabasca Delta, ice-jams have become less frequent since
the 1960s, and modeling suggests that increased mid-winter thaws may
reduce peak spring flows by reducing snowpack in the latter half of the
21st century, which will in turn reduce the frequency of ice-jam floods
(Beltaos et al., 2006). Although the topic is understudied and complex,
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ice jam frequency and severity may be reduced in the future, resulting
in reduced erosive force overall.

4.1.5. Sediment load

Across the Arctic and Subarctic, sediment load of rivers is predicted
to increase as the climate warms (Syvitski, 2002). In the Mackenzie
River Basin, there has been an increase in the delivery of suspended
solids to the Beaufort Sea in the last 10 years, attributed to increased
discharge and erosion within the drainage network (Doxaran et al.,
2015). Degradation of permafrost leading to active-layer detachments
and thaw slumps can extend the drainage network, increase sediment
loads in runoff and in streams, and enhance deposition downstream
(Lamoureux and Lafreniére, 2009; Toniolo et al., 2009). On the North
Slope of Alaska, thermokarst hillslope failures have increased since the
1980s, likely increasing sediment loads to streams (Gooseff et al.,
2009). Thaw slumps in the Mackenzie River watershed in the North-
west Territories of Canada can greatly increase sediment loads within
streams and rivers at a variety of watershed scales compared to streams
unaffected by thaw slumps (Kokelj et al., 2013). With rising tempera-
tures and the potential for longer duration high flows causing greater
fluvio-thermal erosion (Costard et al., 2014), degradation of bank
permafrost may increase, adding to the sediment load of rivers. In-
creases in bed-material load will likely increase erosive force as de-
position of bars causes flow deflection towards bank. However, large-
scale increases in sediment supply may overwhelm the discharge ca-
pacity to transport the sediment, reducing erosive force relative to se-
diment supply. Thus, changes in sediment supply could either increase
erosive force or reduce erosive fore relative to incoming sediment.

4.1.6. Vegetation

Vegetation has also been changing in permafrost regions in a
manner that suggests a net effect of increasing erosional resistance.
Changes in temperature, precipitation, soil moisture, and thawing
depth will likely lead to changes in vegetation cover, with woody ve-
getation likely to be favored as the active layer deepens, particularly on
well-drained sites such as river banks (Lloyd et al., 2003). General
trends in vegetation include an increase in above-ground biomass in the
Arctic over the last 30 years (Epstein et al., 2012), shrub expansion in
both valley bottoms and hillslopes (Tape et al., 2006), and treeline
advance since 1900 at a majority of study locations across the Arctic
region (Harsch et al., 2009). Treeline will likely continue advancing
into the latter half of the 21st century, and there will likely be an ex-
pansion of tall shrubs in the tundra (Zhang et al., 2013). As temperature
has warmed, there has been an increase in woody vegetation along the
transition between the boreal forest biome and the tundra biome in
some places (Urban et al., 2014). Because active-layer depth limits the
growth and rooting depth of plants (Grant, 2015), increasing active-
layer depths could lead to increased root growth and rooting depth.
Advances in treelines, increases in active-layer depths, and an increase
in the extent of woody vegetation will likely increase erosional re-
sistance.

Changes in vegetation cover may also be driven by changes in
wildfire. Using historic fire records for the North American boreal re-
gion during 1959-1999, Kasischke and Turetsky (2006) documented a
doubling of annual burned area and more than a doubling of the fre-
quency of larger fire years, while the proportion of total burned areas
from human-ignited fires decreased.

4.1.7. Freeze/thaw cycles

Trends in the frequency of freeze/thaw cycles are somewhat un-
certain, but it is likely that temperature variations and warming will
result in more frequent crossings of 0 °C within soils, particularly for
lower latitudes within permafrost regions (Henry, 2008; Nilsson et al.,
2015). This would result in more freeze/thaw cycles throughout the
year (Henry, 2008), which will reduce erosional resistance.
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4.1.8. Large wood loads

Past trends in large wood loads have not been studied in permafrost
regions, nor have future trends in wood loads been predicted. Because
wood is recruited to channels through mass movements and bank
erosion (Martin and Benda, 2001; Ott et al., 2001), we infer that wood
loads will increase with increases in hillslope instability and bank in-
stability caused by thermokarst development and permafrost degrada-
tion. Increased dispersed LW loads will likely decrease erosive force and
increased LW jam load and number will have varying effects on erosive
force. The net effect of these combined changes is uncertain.

4.1.9. Grain size

Because grain size is dependent on regional variations in geology,
geomorphic setting, valley geometry, and geologic history, changes in
grain size with climate change cannot be generalized. Site-specific
changes will reflect the combined effects of changes in factors such as
the relative importance of discrete source areas (e.g., hillslopes affected
by thermokarst-induced failure, or channel banks affected by perma-
frost degradation) and sediment transport and marginal and overbank
deposition.

4.1.10. Complexities and summary of potential changes

Table 3 summarizes the factors affecting erosive force and erosional
resistance and the predicted general direction of change in these factors
associated with climate warming. Uncertainties exist, and we ac-
knowledge that multiple factors changing at once will likely have dif-
ferent resulting effects on erosive force and erosional resistance. For
example, changes in vegetation will impact hydrologic and geomorphic
processes. More extensive vegetation cover is likely to reduce upland
erosion rates during snowmelt and rainfall (Forbes and Lamoureux,
2005). Vegetation can modify expected channel planforms. Huisink
et al. (2002) attribute the absence of braided channel planform in the
Usa River catchment of Russia to the presence of dense vegetation cover
that limits sediment supply and prevents braiding, despite the presence
of discontinuous permafrost and locally steep slopes. Vandenbergh
(2001), in classifying channel planform types in periglacial regions, also
notes the absence of braided channels in regions with continuous ve-
getation cover. Where steep uplands supply sediment to continuously
vegetated lowlands, the lowland channels are likely to be stable, high-
energy, anabranching systems (Vandenberghe, 2001). The specific
trajectories of vegetation change matter, however. Permafrost de-
gradation in the Mackenzie River drainage, for example, is changing the
distribution and proportion of the three main cover types of black
spruce (Picea mariana) forest underlain by permafrost, channel fens
with a floating peat mat, and flat bogs, each of which has distinct hy-
drological properties (Quinton et al., 2011). Permafrost thaw can also
transform forests to fens or bogs. Average annual basin runoff correlates
positively with the percentage of the basin covered by fens and nega-
tively with the percentage covered by bogs (Quinton et al., 2011;
Quinton et al., 2009), indicating that the interacting effects of vegeta-
tion and runoff changes depend on trajectories of change. In terrain
with higher relief, characteristics such as elevation and aspect create
local spatial heterogeneity in vegetation change (Buma and Barrett,
2015).

The effects of these predicted changes will likely vary between
specific sites depending on the magnitude of change in processes and
feedbacks that arrest or enhance changes. For example, thinner snow
packs could reduce insulation of permafrost during winter and limit
increases in thaw depth (Walvoord and Kurylyk, 2016). Change from
continuous to discontinuous or sporadic permafrost and increases in the
formation of taliks could increase soil moisture storage capacity and
change runoff and groundwater processes in complex ways (Walvoord
and Kurylyk, 2016). Changes in storm intensity and precipitation could
shift peak flows from spring snowmelt to summer rainfall. Dugan et al.
(2009) report a case study from a small Arctic watershed in which
exceptional summer temperatures during July 2007 caused early, deep
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Summary of the factors affecting erosive force and erosional resistance and the predicted general direction of change associated with climate warming.

Change in erosive
force with increase

Erosive force

Likely effect of
warming on erosive
force due to change in

Direction of
change in factor

in factor due to warming
factor

Discharge (Duration,
Magnitude) * * *
Water temperature + +
Sediment load + +
Dispersed Large Wood

Stationary - -

In transport + + +
Large Wood Jams

Upstream - -

At + +

Downstream + +
Ice Jams

Upstream - - +

At + - -

Downstream + - -

Change in erosional

resistance with

increase in factor

Erosional resistance

Likely e ffect of
warming on erosional
resistance due to
change in factor

Direction of
change in factor
due to warming

Vegetation
Buried logjams
Permafrost

Discharge (Duration,
Magnitude, Variation)
Freeze/Thaw -

Grain size variable

+ Unknown
Unknown Unknown
+ -

+ -
Variable Variable

permafrost thaw, which in turn resulted in substantially elevated
rainfall runoff and suspended sediment load during a rainfall event of
average magnitude and intensity. Obviously, the detailed effects of
climate warming will vary between specific sites and through time.
Permafrost degradation or persistence will likely depend on site-spe-
cifics characteristics. For example, permafrost underlying rocky up-
lands degrades after wildfire and soils become well drained over a
period of decades, but permafrost persists after fire in silty uplands
(Jorgenson et al., 2013).

In addition, we recognize that thresholds of change exist within
geomorphic systems, and that responses to climatic changes may be
non-linear and complex (Church, 2002; Schumm, 1979). Knowledge of
contemporary hydrologic processes in permafrost regions (Forbes and
Lamoureux, 2005); Loisel et al., 2017; Myers-Smith et al., 2008; Prowse
et al., 2006; Vandenberghe, 2001) suggests that thresholds are likely to
characterize upland and river responses to changing temperature and
precipitation patterns. For example, Avis et al. (2011) predict that,
following an initial increase in wetland area within permafrost zones as
a result of the lengthening of the thaw season and greater surface
moisture, the number of wetland-conducive days and the extent of
wetlands will decline dramatically as the active layer deepens and
subsurface drainage develops.

The magnitude and rates of change, as well as the details of inter-
actions among diverse factors, will undoubtedly vary between specific
river segments and river networks. However, providing general pre-
dictions for how changing factors will influence erosive force and ero-
sional resistance allows us to hypothesize a net effect of climate change
on channel and floodplain form and process.
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5. Conceptual models of predicted changes in floodplain process
and form

Although it is difficult to determine the cumulative effects of the
changes in factors described in Section 4 on erosive force and erosional
resistance, we present hypotheses regarding the cumulative effects in
the form of conceptual models. We provide these conceptual models as
frameworks that may apply to different river corridors in North
American permafrost regions. We present two contrasting scenarios, in
which the ratio of erosive force to erosional resistance either increases
or decreases, and then discuss the net effects of these two scenarios on
channel process and form and floodplain process and form. We then
discuss regional differences that may influence the effects of changing
erosive force and erosional resistance.

Although we discuss two scenarios below in which the ratio of
erosive force and erosional resistance changes directionally, we ac-
knowledge that some river corridors may not experience any change in
the ratio of erosive force and erosional resistance as a result of climate
warming. This could result from lack of modifications of erosive force
and erosional resistance, or relatively equal changes in erosive force
and erosional resistance (both increase, or both decrease). Although
these options are possible, the greatest modifications to process and
form in river corridors will likely result from changes in the ratio of
erosive force and erosional resistance. Thus, we focus on the two sce-
narios in which the ratio changes.

5.1. Increase of erosive force relative to erosional resistance

The first scenario that we discuss is the potential for an increase in
the ratio of erosive force to erosional resistance. This scenario proposes
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Fig. 6. Conceptual model predicting one scenario for climate change effects on
channel form and process and floodplain form and process for rivers in per-
mafrost regions. The ratio of erosive force to bank resistance could increase due
to increasing discharge and a reduction in permafrost extent, resulting in in-
creased lateral migration rate, bank erosion, and bank failure. The changes
would also result in changes in floodplain form and process. Schematic of
planform types within channel process and form section is after Nanson and
Knighton (1996).

that, although the cumulative impact on erosive force is somewhat
uncertain due to the many factors influencing erosive force, the net
effect could be increased erosive force as a result of increased discharge.
The reduction of the ratio of erosive force to erosional resistance could
also result from the loss of near-surface permafrost and reduction in
areal permafrost extent. Because permafrost strongly increases bank
cohesion, permafrost thaw will likely have the greatest impact on
erosional resistance relative to the other factors. The increase in the
ratio of erosive force to erosional resistance would result in cascading
effects for channel process and form and thus floodplain process and
form (Fig. 6).

The reduction in erosional resistance relative to erosive force would
likely change channel process and form by some combination of bank
erosion, bank failure, lateral migration, channel width, and sediment
recruitment. This would affect channel type, with all channel types
becoming wider and/or more laterally active. The potential also exists
for some channel types to shift towards more laterally active planform
types. One end member of a spectrum of river types in terms of lateral
activity is a straight or, more commonly, a stable-sinuous river (Nanson
and Knighton, 1996). At the other end of the spectrum is a braided
channel, which can be highly laterally active. This spectrum exists for
both single-channel rivers and anabranching rivers (Nanson and
Knighton, 1996). Thus, in this scenario, straight or stable-sinuous rivers
would meander more, potentially becoming fully meandering. Mean-
dering rivers could become more braided, and braided rivers may have
higher rates of avulsions or the development of more channels within
the braid plane.

Warming and resulting changes would also be reflected in flood-
plain form and process. It is important to note that floodplains along
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many river segments reflect past conditions of formation (Dunne and
Aalto, 2013), and thus the time scale for adjustment in floodplain form
to climate change may be longer than the time scale for channel ad-
justment. However, increases in lateral migration rate and bank erosion
would likely result in a decreased floodplain turnover time, which is the
average time it takes for a channel to occupy the entirety of its geologic
floodplain. With a decrease in floodplain turnover time, the average age
of riparian vegetation could decrease. If channel erosion and deposition
are more quickly re-working previously stable surfaces, riparian vege-
tation will be disturbed more frequently, although age of riparian ve-
getation also reflects other disturbances such as wildfire. There is also
the potential for an increased rate of meander and chute cutoffs and an
increased rate of oxbow lake formation with increased lateral channel
mobility.

The relative amounts of lateral and vertical accretion in floodplains
would also be affected, with resulting changes in the character and
storage of floodplain sediment. Increased lateral migration could result
in more lateral accretion, which would be compounded by increased
sediment supply due to bank collapse and upland sediment delivery and
even more lateral accretion. Because lateral accretion deposits are
coarser than vertical accretion deposits (Wolman and Leopold, 1957),
greater lateral accretion could result in coarsening of portions of the
floodplain. However, if bank resistance is reduced over the long term
due to permafrost melt, there could potentially be a reduction in bank
heights, allowing for the ability of lower flows to access floodplain
farther from the river and promoting increased vertical accretion. An
increased rate of oxbow lake formation provides backwater areas
available for filling via vertical accretion, potentially resulting in a
greater proportion of the floodplain being composed of finer sediment.

The storage capacity of organic carbon (OC) within floodplains
would also change, as well as the source of OC within floodplains. If the
source of floodplain OC is primarily downed wood from the floodplain
forest, leaf litter, and organic layers developed on stable floodplain
surfaces (autochthonous organic carbon), a faster lateral migration rate
could result in lower floodplain OC storage. Limited studies of flood-
plain OC storage suggest that autochthonous material is the dominant
source of OC on floodplains (Lininger et al., 2018; Sutfin et al., 2016).

If the source of floodplain OC is primarily from river deposition of
particulate OC along with sediments or OC adsorbed onto fine sedi-
ments (allochthonous organic carbon), changes in lateral and vertical
accretion will also influence the amount of floodplain OC. The greatest
effect is likely to result from increased lateral migration rates that affect
OC stored as wood within the channel and floodplain. Greater bank
erosion would result in greater recruitment of wood, and the increase in
lateral mobility could increase the amount of wood buried in sediments
within the floodplain as the actively meandering or avulsing channel
leaves dispersed or concentrated wood on bars that become attached to
the floodplain (Collins et al., 2012; O'Connor et al., 2003).

Changes in floodplain organic carbon storage are also likely as a
direct result of permafrost thaw. For example, floodplains could become
less saturated as the impermeable permafrost layer degrades, sub-sur-
face flow paths increase, and infiltration increases. Decreased satura-
tion could lead to more oxidation of organic carbon because saturated
conditions inhibit microbial decomposition and processing of organic
matter (Trumbore and Czimczik, 2008). Decomposition of previously
frozen organic matter that was unavailable to microbes within perma-
frost may reduce floodplain carbon storage overall (Drake et al., 2015;
Schuur et al., 2008). The combined effect of release of OC from melting
permafrost and drier floodplains and declining storage of auto-
chthonous floodplain OC could decrease floodplain OC storage. How-
ever, many uncertainties exist. Plant macrofossil records of change
during the past century at a floodplain site in Alaska indicate the dif-
ficulty of exactly predicting the direction of future change: future
warming and/or increased wildfire disturbance at this site could pro-
mote permafrost degradation, expansion of peatland at the expense of
black spruce forest, and increased carbon storage, or increased drought
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Fig. 7. Conceptual model predicting one scenario for climate change effects on
channel form and process and floodplain form and process for rivers in per-
mafrost regions. The ratio of erosive force to bank resistance could decrease due
to reduction in erosive force relative to increased sediment supply from en-
hanced thermokarst activity and bank failure. The changes would also result in
changes in floodplain form and process.

could reduce the growth of both black spruce and peatland, leading to
decreased carbon storage (Myers-Smith et al., 2008).

5.2. Decrease in erosive force relative to erosional resistance

Another possible outcome of warming on river and floodplain dy-
namics is a decrease in the ratio of erosive force to erosional resistance,
with cascading effects for channel and floodplain process and form
(Fig. 7). This change could occur in part due to the reduction in erosive
force relative to sediment supply. Sediment supply could increase due
to increased bank failure from loss of near-surface permafrost and re-
duction in permafrost extent and increased inputs from thermokarst
activity such as slumps (Section 4.1.5). Some of the effects of the de-
crease in the ratio of erosive force to erosional resistance are the same
as described in the above scenario (Section 5.1), so this section focuses
on the effects that differ from the above scenario. However, common
changes that will likely occur in both scenarios are briefly described in
Section 5.3.

The reduction in the ratio of erosive force to erosional resistance
would affect channel form and process by primarily increasing de-
position within the channel. This would result in aggradation within the
channel and floodplain, although the type and location of sediment
deposited would likely vary depending on specific locations. For ex-
ample, if sediment characteristics are primarily fine-grained, there
could be increased vertical accretion of fines, but if sediment within a
river corridor is coarser, there could be increased lateral accretion. In
general, aggradation, changes in the ratio of lateral to vertical accre-
tion, and changes in the storage and character of sediment would result
from enhanced sediment supply and a reduction in the ratio of erosive
force to erosional resistance.

Similar to the first scenario presented, a reduction in the ratio of
erosive force to erosional resistance would likely cause changes in the
storage and source of OC within the floodplain. Increased deposition
and burial of OC could enhance floodplain OC storage within both soil
and large wood, since burial can protect OC from decomposition
(Doetterl et al., 2016). Increased deposition and delivery of fines to
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floodplains could also enhance floodplain soil OC storage, since fines
are associated with higher OC concentrations (Pinay et al., 1992).
However, because soil OC in floodplains is controlled by multiple
geomorphic influences, such as grain size, soil moisture, and geo-
morphic unit (e.g., bar, backwater wetland, swales, etc.) (Lininger
et al., 2018), an increase in floodplain aggradation may not result in an
overall increase in floodplain OC storage.

5.3. Common likely changes in both scenarios

Although the origins and mechanisms of the two scenarios pre-
sented above are different, there are similarities in the resulting
changes in channel and floodplain process and form. Both scenarios
would enhance sediment supply and thus deposition in the river cor-
ridor, with resulting changes to floodplain OC storage. These inferences
are supported by changes that occurred to rivers and floodplains at
diverse sites during the Pleistocene-Holocene transition in regions now
well south of permafrost zones and by past river responses in perma-
frost regions during periods of warming (Mann et al., 2010; Murton and
Belshaw, 2011), in which aggradation occurred.

5.4. Regional differences

The effects of climate change on river corridor dynamics depend on
regional characteristics (Ashmore and Church, 2001) not explicitly
addressed in the general scenarios discussed in Sections 5.1 and 5.2.
Exceptionally high sediment yields can follow major rainfall in some
Arctic catchments (Cogley and McCann, 1976), for example, whereas
suspended sediment transport only occurs during snowmelt in other
catchments (Forbes and Lamoureux, 2005). In this section, we discuss
regional differences in valley geometry, catchment relief, bedrock to-
pography, thermokarst activity, climate, vegetation cover, and dis-
turbance regime (e.g., wildfires).

5.4.1. Valley geometry

Valley geometry here refers to the extent to which a floodplain is
developed, as well as the valley gradient and the lateral coupling be-
tween uplands and the active channel. These characteristics tend to be
correlated in that channels with extensive floodplains are likely to be of
lower gradient and less coupled to the adjacent uplands because of the
buffering created by the presence of a floodplain (Church, 2002).
Drainage area can influence valley geometry, with smaller basins
tending to have smaller floodplain extents and closer coupling with
hillslopes. An example of differences in river dynamics between chan-
nels with differing valley geometry comes from watersheds in the Ku-
paruk River basin on the North Slope of Alaska (Kane et al., 2008). The
smaller, higher gradient channels are most affected by summer rainfall-
generated floods, which can have peak flows three to four times greater
than snowmelt peak flows. In contrast, larger, lower gradient channels
on the coastal plain are most affected by snowmelt peak flows, not least
because the largest summer rainfall floods are only about a quarter of
the magnitude of the snowmelt peak flows (Kane et al., 2008). Although
continuous permafrost and associated limitations on near-surface sto-
rage in the shallow active layer contribute to the response of the small
catchments to rainfall, this pattern of smaller catchments being more
geomorphically responsive to localized summer rainfall than larger
catchments is also well documented for drainage basins in temperate
latitudes (O'Connor et al., 2002). In addition, changes in ice jam flood
timing have been more extreme in small river basins compared to large
river basins, indicating that small river basins may be more sensitive to
changes in ice jam floods (Rokaya et al., 2018). Glacial history can also
influence valley geometry, with wider U-shaped valleys with poten-
tially larger floodplains in glaciated mountain valleys when compared
to unglaciated valleys (Montgomery, 2002).

Valley geometry can also influence permafrost distribution. As dis-
cussed in Section 2.2, the presence of permafrost can increase
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hydrological responsiveness to precipitation inputs, although the de-
tails of this responsiveness vary substantially in relation to small-scale
(sub-meter) surface topography, vegetation cover, and permafrost ex-
tent. Floodplains on Arctic and Subarctic rivers can be underlain by
permafrost, although floodplain wetlands and secondary or recently
abandoned channels are likely to contain thicker active layers or be
underlain by unfrozen zones. For example, taliks (unfrozen zones
within permafrost) many times forms beneath surface water bodies
(Walvoord and Kurylyk, 2016), thus the presence of negative relief and
floodplain water bodies in extensive floodplains can influence the dis-
tribution of permafrost and subsurface flows. Unfrozen zones can also
occur below rivers, such as the Yukon River (Minsley et al., 2012). The
details of floodplain stratigraphy, permafrost spatial extent and active
layer depth, and surface topography are likely to create differences in
contemporary river process and form among diverse river segments, as
well as differences in response to warming climate.

The presence of an extensive floodplain can influence the relative
importance of upland versus river corridor sources of sediment and
organic carbon and sediment concentration and yields. The Yukon has
extensive floodplain wetlands, whereas those along the Mackenzie are
restricted to limited segments of the river's course. As floodplain extent
increases, river corridor sources of sediment, as opposed to upland
sources, can become progressively more important (Meade, 2007), even
if the floodplain acts as a long-term sediment sink (Mertes et al., 1996).
Floodplains and the lateral coupling of river corridors and uplands also
influence hydrologic flow paths to the active channel, which can be
surface or subsurface pathways in both uplands and the river corridor.
Large river floodplains can be geomorphically complex with variable
topography, which can influence the preferential movement of water
through the subsurface and surface (Dunne and Aalto, 2013; Lewin and
Ashworth, 2014).

Extensive alluvial floodplains on large rivers with high banks may
respond differently to near-surface permafrost degradation compared to
smaller rivers with less overall sediment storage and shorter banks. On
large rivers with high banks, permafrost degradation in the top 1-3m
may not influence erosional resistance as much as along rivers in which
the entire bank height is degraded and thawed.

The presence of a wide valley and extensive floodplain can influence
channel planform by facilitating greater sinuosity and a wider belt of
anastomosing or braiding in multithread channels. The characteristics
of the channel planform will govern the length of channel bank per unit
length of valley, as well as the manner in which floods and floating ice
shape the channel boundaries. Channels with islands and bars or other
irregularities that preferentially accumulate ice, for example, can be
protected by accumulation of ice during the initial stage of breakup but
subsequently experience enhanced erosive forces during seasonal peak
flows (Costard et al., 2014).

5.4.2. Catchment relief, bedrock topography, and potential for thermokarst

Relief can influence characteristics such as type and size of slope
instability associated with permafrost degradation (Fischer et al.,
2006). Bedrock topography refers the characteristics of underlying
bedrock within the river corridor and connected uplands. Bedrock to-
pography is important as it controls the depth of the active layer and
permafrost. Where bedrock is close to the surface, the effects of
warming climate may be less pronounced because the bedrock may be
able to continue to create a mostly impermeable underlying layer
(Devito et al., 1996). Depth to bedrock varies regionally across the
Canadian Shield, creating spatial variations in permafrost and asso-
ciated groundwater storage and runoff generation (Morse and Wolfe,
2015; Spence and Woo, 2003) that influence contemporary river pro-
cess and form and will influence responses to warming climate.

One of the more important regional differences is the presence of
thermokarst and retrogressive thaw slumps in areas with thick sediment
deposits and substantial ground ice, which causes thermokarst features
when thawed (Olefeldt et al., 2016). In addition, rivers in higher relief
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terrain containing thermokarst are more connected to the sediment
source provided by thermokarst. Sites with slumps exhibit diurnal
fluctuations in water, solute, and sediment flux, as well as suspended
sediment and solute concentrations several orders of magnitude higher
than rivers in regions not affected by slumps (Kokelj et al., 2013).

5.4.3. Climate

Climate is mentioned here in acknowledgement of the differences in
mean annual temperature and associated permafrost characteristics, as
well as differences in precipitation amount, type, and temporal dis-
tribution within the North American permafrost region. Mean annual
temperature is zoned broadly by latitude in the North American per-
mafrost region, with coldest temperatures farthest north. Sporadic and
discontinuous permafrost along the southern boundaries of the region is
likely to disappear most rapidly, so that changes in factors that affect
river dynamics will be time transgressive from south to north. At more
local scales, elevation- and aspect-related spatial heterogeneity in
temperature will undoubtedly create differences in the rate of perma-
frost degradation and accompanying changes.

5.4.4. Vegetation cover

As with climate, contemporary vegetation cover varies substantially
across the North American permafrost region, both within a relatively
small watershed of a few tens of kilometers, and across the region as a
whole. Basic categories of vegetation include dry, moist, and wet tundra
(grasses, sedges, lichens, woody shrubs) and boreal forest (Picea spp.,
Pinus spp., Populus spp., Betula spp.) (Bailey, 1995). Spatial character-
istics of vegetation can influence surface runoff (Young et al., 1997),
susceptibility to wildfire (see Section 5.3.5), and the erosional re-
sistance of the floodplain surface and channel banks (section 4.1.3).
Consequently, as with many of the other factors discussed in this paper,
the details of vegetation cover influence contemporary river process
and form and ongoing responses to warming climate.

5.4.5. Wildfire regime

Wildfires can alter soil moisture and temperature, organic matter
accumulation, and vegetation communities and thus thermal char-
acteristics of the ground surface and shallow subsurface. Natural fire
recurrence intervals in boreal forest range from 50 to 200 years, to a
high of 500 years in moist regions of eastern Canada (Bonan and
Shugart, 1989). Regions with low precipitation and high summer
temperatures, such as the Yukon Flats region of the Yukon River drai-
nage, have frequent fire disturbance, with recurrence intervals of 37 to
166 years (Drury and Grissom, 2008).

Most tree species of the boreal forest except for pines are not fire
resistant, so fires result in the death and regeneration of forest stands,
but no single sequence of revegetation follows fire (Bonan and Shugart,
1989). In boreal forests, fire can result in increases in the thermal
conductivity of the ground and decrease surface albedo, allowing for
greater absorption of insolation, but these effects depending on the
extent of burning of the surficial organic layer (Yoshikawa et al., 2002).
If the organic layer thickness is reduced by the fire, thickness of the
active layer increases in subsequent years and this change may persist
for more than a decade (O'Donnell et al., 2011; Yoshikawa et al., 2002).
Changes in fire regimes will likely influence vegetation, permafrost, and
large wood loads along North American permafrost rivers.

6. Broader implications

The changes in floodplain form and process hypothesized above
have implications for sediment yields, nutrient and OC export to the
Arctic, aquatic and riparian habitat, and infrastructure in permafrost
regions. Because floodplains are sites of deposition, erosion, and pro-
cessing of nutrients, changes in floodplains will directly impact the
exports of sediment, OC, inorganic nutrients, and dissolved ions to the
Arctic Ocean. Sediment flux is predicted to increase in high latitude
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rivers as climate warms (Syvitski, 2002). The timing, form, and
amounts of nutrients and OC exported to the Arctic Ocean will also be
altered (Frey and McClelland, 2009; Guo et al., 2007; Holmes et al.,
2013), although trajectories of change may differ among rivers (Holmes
et al., 2012).

In Alaska and the Yukon Territory, watersheds with permafrost
export more DOC compared to similar watersheds that are permafrost-
free (Frey and McClelland, 2009; Petrone et al., 2006; Walvoord and
Striegl, 2007). This is attributed to leaching of organic matter from the
organic-rich surface layer in the surface-runoff dominated permafrost
zones. A reduction in DOC export to the Arctic Ocean is predicted in
these regions as infiltration increases and more DOC adsorbs onto mi-
neral grains (Frey and McClelland, 2009; Walvoord and Striegl, 2007).
There also may be an increase in POC export as bank erosion increases
along with permafrost thaw (Guo et al., 2007).

Degradation of permafrost via thermokarst development can also
directly influence DOC fluxes. Thermokarst features can preferentially
form on channel banks and lakeshores on Alaska's North Slope region
(Abbott et al., 2014). Abbott et al. (2015) distinguish slides, thaw
slumps, and gullies resulting from thermokarst. DOC concentrations in
river flow increase substantially where thermokarst is present, but the
persistence of these increases varies. Slides form suddenly and stabilize
within the same season. Large thaw slumps commonly remain active for
a few decades and gullies can remain active for a decade, so slumps and
gullies have the most persistent effects on DOC fluxes (Abbott et al.,
2015).

The Arctic Ocean comprises only 1% of global ocean volume, but
receives approximately 11% of global freshwater discharge (McClelland
et al., 2012). Terrestrial exports of organic matter provide an integral
input to food webs in near-shore Arctic environments, supporting
benthic organisms and thus many fish and bird species (Dunton et al.,
2012). Changes in the exports of nutrients and organic matter, and the
timing of those exports, will likely have broad effects on productivity
within the Arctic Ocean (McClelland et al., 2012).

Floodplains will mediate changes in sediments and nutrients as
these materials move through the drainage network. Globally, estimates
for the amount of carbon buried in sediments in freshwaters ranges
from 0.2 to 1.6 Pg C yr~!; this large range in estimates demonstrates
the lack of information available on the burial of carbon within flood-
plains, lakes, and reservoirs (Regnier et al., 2013), highlighting the
need to incorporate floodplain dynamics into estimates of nutrient and
organic matter fluxes.

Changes in the export of sediment to the Arctic Ocean are important
in their own right and because of the nutrients and contaminants that
can travel adsorbed to silt and clay. Fine sediment and adsorbed ma-
terials are incorporated into Arctic Ocean sea ice when fine sediment
remains suspended in the water column, a common occurrence in the
shallow shelf zone where wave dynamics keep the sea bottom agitated
(Pfirman et al., 1995). The sediment can travel with the sea ice
throughout the Arctic basin and into the North Atlantic Ocean through
the Fram Strait. River transport contributes a major proportion of the
sedimentary and geochemical budgets for the Arctic Ocean (Standring
et al., 2008).

The changes in floodplain process and form with warming will alter
physical structure and nutrient cycling in floodplain environments,
impacting aquatic and riparian habitat provided by floodplains.
Secondary channels within floodplains and floodplain lakes can provide
important rearing areas for juvenile fish species (Bellmore et al., 2012).
Canada's boreal forest, much of which lies within the Mackenzie River
drainage, supports an estimated three to five billion migratory birds,
from warblers to whooping cranes, and a higher diversity of breeding
birds than anywhere else in North America (Dyke, 2000). A majority of
the world's wetlands occur between 50 and 70°N, and many of these are
on floodplains. Floodplain lakes with differing amounts of river inflow
have different water chemistry and aquatic communities. In the
Mackenzie drainage, turbid water in frequently flooded lakes limits the
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growth of rooted macrophytes and algae, whereas lakes with less river
connectivity have clear water and total biomass comparable to tem-
perate and tropical floodplain lakes, despite cold temperatures and a
short growing season (Brunskill et al., 1973). Similarly, naturally turbid
rivers support less abundant and diverse invertebrate fauna than
clearwater rivers in the Mackenzie (Brunskill et al., 1973). The ac-
celerated hydrologic cycle and floodplain turnover that could poten-
tially occur as climate continues to warm will thus alter not only river
corridor morphology, but also nutrient retention, habitat, and biodi-
versity and abundance for aquatic and riparian environments in ways
not yet understood.

Changes in channel form and process and associated changes in
floodplain form and process will also influence infrastructure and the
ability of people to travel in the Arctic and Subarctic. Floodplains un-
derlain by permafrost in North America are primarily characterized by
widely dispersed infrastructure in the form of roads and bridges and
relatively small settlements. However, many settlements are along
rivers and located within floodplains, and permafrost thaw and de-
gradation can create extensive damage to infrastructure built along
river banks (Nelson et al., 2002). In addition, infrastructure that cross
channels and floodplains, such as pipelines, could be affected by per-
mafrost degradation and changing channel and floodplain processes. A
reduction in ice cover on rivers and in permafrost extent would reduce
the availability and use of winter roadways, because transportation and
travel commonly occurs on frozen water bodies, frozen rivers, and
frozen ground during the winter months (Stephenson et al., 2011).

7. Conclusion

We have provided hypothesized conceptual models for changes in
floodplain form and process in permafrost regions as climate change
continues to alter permafrost extent, precipitation patterns, runoff, and
other factors that influence erosive force and erosional resistance. The
specific hypotheses and conceptual models presented here will be tes-
table with time within diverse river corridors. However, there are
reasons to start thinking now about potential impacts of warming on
floodplains in permafrost regions, ranging from global-scale influences
on OC dynamics to regional effects on terrestrial and riparian wildlife,
nearshore biota, and human communities and infrastructure.

We present two scenarios, one in which the ratio of erosive force to
erosional resistance will increase, and one in which the ratio will de-
crease. If the ratio of erosive force to erosional resistance increases,
resulting changes could include more bank erosion and failure, lateral
migration, and sediment supply. This could cause a shift in river types,
with stable channels, such as stable-sinuous, moving towards more
active channel types, such as meandering or braided channels. These
changes would have cascading effects on floodplain form and process,
including causing decreased floodplain turnover time, decreased ri-
parian vegetation age, changes in the relative importance of lateral and
vertical accretion, increased rate of meander cutoffs, changes in the
nature and storage of sediment, and changes in the source and storage
of OC within floodplains. If the ratio of erosive force to erosional re-
sistance decreases, resulting changes could include increased deposition
within river corridors, causing aggradation, changes in the proportion
of vertical to lateral accretion, and changes in the source and storage of
OC within floodplains.

Many rivers in North American permafrost regions are still rela-
tively un-altered by humans. However, with the continued emissions of
fossil fuels and increased warming that will ensue, we will significantly
alter floodplain form and process in permafrost regions. There are many
studies describing changes in exports to the Arctic Ocean and hydro-
logic changes as a result of climate warming, but very little attention
has been paid to changes in floodplains and the resulting effects of those
changes. Rivers are far from the ‘neutral pipes’ conceptualized in early
studies of global carbon dynamics (Cole et al., 2007). Because flood-
plains are sites of sediment and organic matter storage and nutrient
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processing, they affect the movement and behavior of water and dis-
solved and particulate nutrients in ways that influence both the river
corridor and downstream areas, including delta and marine environ-
ments. Warming climate is already causing documented changes in
hydrological processes in regions underlain by permafrost, but con-
ceptual and numerical models of these changes have not yet effectively
incorporated channel-floodplain connectivity and lateral fluxes, despite
the significant influence of such connectivity in rivers with extensive
floodplains. This underscores the need to document and interpret
floodplain dynamics in permafrost regions as we continue to alter
global climate.
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