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Abstract Permafrost influences 25% of land in the Northern Hemisphere, where it stabilizes the ground
beneath communities and infrastructure and sequesters carbon. However, the coevolution of permafrost, river
dynamics, and vegetation in Arctic environments remains poorly understood. As rivers meander, they erode the
floodplain at cutbanks and build new land through bar deposition, creating sequences of landforms with distinct
formation ages. Here we mapped these sequences along the Koyukuk River floodplain, Alaska, analyzing
permafrost occurrence, and landform and vegetation types. We used radiocarbon and optically stimulated
luminescence (OSL) dating to develop a floodplain age map. Deposit ages ranged from modern to 10 ka, with
more younger deposits near the modern channel. Permafrost rapidly reached 50% areal extent in all deposits
older than 200 years then gradually increased up to ~85% extent for deposits greater than 4 Kyr old. Permafrost
extent correlated with increases in black spruce and wetland abundance, as well as increases in permafrost extent
within wetland, and shrub and scrub vegetation classes. We developed an inverse model to constrain permafrost
formation rate as a function of air temperature. Permafrost extent initially increased by ~25% per century, in
pace with vegetation succession, before decelerating to <10% per millennia as insulating overbank mud and
moss slowly accumulated. Modern permafrost extent on the Koyukuk floodplain therefore reflects a dynamic
balance between widespread, time-varying permafrost formation and rapid, localized degradation due to
cutbank erosion that might trigger a rapid loss of permafrost with climatic warming.

Plain Language Summary Arctic rivers rework their floodplains, eroding permafrost from one
riverbank while depositing unfrozen sediment on the opposite bank, where permafrost may eventually form.
While permafrost is often considered a stable reservoir for carbon or platform for construction, permafrost
extent in river floodplains is continually changing. To better understand the fate of permafrost in a warming
world, we mapped and dated floodplain deposits, determined permafrost extent, and characterized vegetation
types along the Koyukuk River in Alaska. Permafrost was present in floodplain deposits of all ages but was most
abundant in older areas of the floodplain, where thick mosses and muddy flood deposits insulated the ground
from warm summer air temperatures. Younger areas of the floodplain initially had patchy permafrost but rapidly
formed permafrost in 50% of their area within 200 years. Permafrost formation then slowed and reached a
maximum extent about 85% of deposit area after 4,000 years. We propose that early, rapid permafrost
generation is driven by vegetation growth and succession while the later, slow rate of permafrost generation is
determined by the rates at which muddy flood deposits and moss accumulate, providing insulation to the ground.
Under a warming climate, our modeling shows that permafrost generation in new river deposits will be even
slower or cease entirely, making river floodplains susceptible to rapid loss of permafrost via river erosion.

1. Introduction

Much of the Northern Hemisphere is underlain by permafrost—ground that has remained below 0°C for at least
two consecutive years—but its age and material properties vary widely (French & Shur, 2010; Obu et al., 2019;
van Everdingen, 2005). Permafrost is vulnerable to collapse and erosion upon thaw, so understanding the extent
of frozen ground is critical for hazard prediction and mitigation in the Arctic (Karjalainen et al., 2019). In
addition, permafrost in sedimentary deposits and soils is especially rich in organic carbon (OC); the thaw and
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mobilization of this sediment might result in oxidation of OC and generate a positive feedback on the warming
climate (Schwab et al., 2020; Turetsky et al., 2020; Wild et al., 2019). Thus, the fate of permafrost is linked to
global climate change (Chadburn et al., 2017; Smith et al., 2022).

Permafrost loss is typically thought to occur from the top down; that is, warmer mean annual temperatures allow
the seasonal thaw layer (active layer) to penetrate deeper into the permafrost (Biskaborn et al., 2019; Isaksen
etal., 2016). In this view, the ground nearest to the land surface (e.g., in the top meter) is most vulnerable to thaw.
However, in river corridors the dynamics of permafrost development and thaw play out much deeper due to
channel dynamics (Roux et al., 2017; Stephani et al., 2020). Rivers such as the Yukon can meander or laterally
migrate at several meters per year (Rowland, Crosby, et al., 2023; Rowland, Schwenk, et al., 2023), eroding older
floodplain deposits that typically contain discontinuous permafrost (Douglas et al., 2022; Mann et al., 1995). The
river can thaw permafrost far below the thickness of the active layer to the depth of the river or deeper
(Crampton, 1979; Minsley et al., 2012). In a warming climate, there is concern that the rates of riverbank erosion
will accelerate (Costard et al., 2003; Douglas et al., 2023). Thus, in addition to top-down thaw, river corridors are
susceptible to rapid loss of deep permafrost due to bank erosion.

However, the loss of deep permafrost by bank erosion can be partially or completely offset by permafrost
generation in new river deposits. Rivers tend to maintain a constant channel width, such that erosion on the
cutbank side is in approximate balance with bar deposition on the opposite riverbank (Leopold & Wol-
man, 1957; Parker et al., 2011). If permafrost can rapidly form in new bar deposits, it could offset permafrost
loss from bank erosion, resulting in a stable areal permafrost extent despite bank erosion. Alternatively, if
permafrost formation is slow compared to permafrost loss from bank erosion, there would be a net decline in
permafrost extent as a result of river meandering. Thus, determining the rate of permafrost formation in river
deposits is essential to predict the fate of permafrost in river floodplains. While substantial progress has been
made in understanding riverbank erosion in permafrost (e.g., Douglas et al., 2023; Gautier et al., 2021;
Kanevskiy et al., 2016), comparatively less is known about the rates and mechanisms of permafrost formation
in new river deposits, which is our focus here.

Meandering rivers preferentially rework deposits near the active channel, generating a decline in the fraction of
deposits preserved as a function of their age, with older deposits located further from the modern river (Bradley &
Tucker, 2013; Lauer & Willenbring, 2010; Torres et al., 2017). These differences in deposit ages across the
floodplain can be used to understand permafrost formation in time. Discontinuous permafrost formation on North
American floodplains is typically described in concert with vegetation succession. Pioneer willows (Salix
alaxensis) first colonize new point bars, giving way to poplars (Populus balsamifera) within 10-15 years and then
white spruce (Picea glauca) becoming dominant within 200 years (Drury, 1956; Yarie et al., 1998). At this point,
moss (Sphagnum) can grow, since deciduous trees no longer cover the forest floor with leaves; the moss provides
insulation and significantly reduces ground temperatures (Viereck, 1970). Permafrost growth prevents ground-
water infiltration, gradually increasing the surface water content and creating conditions favorable for further
moss and black spruce (Picea mariana) growth (Drury, 1956; Jorgenson et al., 1998). Eventually, the active layer
is too saturated for white spruce to grow and the oldest floodplain deposits transition to organic-rich peat bogs
with sparse black spruce with high permafrost extent (Kreig & Reger, 1982; Shur & Jorgenson, 2007).

In addition to vegetation succession, landform type, deposit grain size, and proximity to the river might influence
permafrost formation as deposits age. Point bars tend to be coarse-grained (e.g., sand or gravel), have thicknesses
that scale with the river depth, and are thawed when initially formed. While near the river, bar deposits remain
thawed at depth owing to heat provided by the river water, forming a talik (Crampton, 1979; Minsley et al., 2012).
As the river migrates away from the deposit, heat is lost from the deposit to the atmosphere, allowing epigenetic
permafrost formation from the base of the active layer downwards (Gill, 1975; Kreig & Reger, 1982). Overbank
floods bring fine sediment that builds the floodplain on top of the bar deposits and form sandy levees, which
produce a sequence of scroll ridges with muddy swales in between when these deposits are abandoned
(Miall, 2006). This is important because finer sediment tends to have a lower thermal diffusivity and higher water
retention and therefore may promote permafrost formation (Shur & Jorgenson, 2007). In addition to changes in
grainsize, ground elevation could play a role in permafrost formation. Abandoned levees are comparatively high
ground, and floodplain elevation tends to increase in time due to overbank accretion (Lauer & Parker, 2008). On
one hand, both high elevations and greater distance from river decrease the likelihood of inundation by warm
flood water that can cause rapid ground thaw (Zheng et al., 2019). On the other hand, these floods provide the
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Figure 1. Field photos of the Koyukuk River, Alaska. (a) Map of Alaska with the Yukon River system shown in light blue and
the Koyukuk River in dark blue. (b) Aerial image showing scroll bar complexes outlined by vegetation across the Koyukuk
River floodplain near Huslia, Alaska. Boat for scale (white circle) is the same boat depicted in (d). (c) Seasonally frozen bank
with large white spruce and willow trees tipping into the river as the bank erodes. (d) Cutbank containing permafrost and ice
wedges overlain by a thick layer of peat and mosses with few trees.

overbank mud that insulates and builds the floodplain, and therefore may ultimately promote permafrost for-
mation in the long run (Jorgenson et al., 1998; Stephani et al., 2020).

While the early stages of vegetation succession on river bars and the initiation of permafrost formation are known
to happen in ~200 years (Viereck, 1970), it is unclear whether this newly formed permafrost is patchy or
extensive. Beyond 200 years, the areal extent of permafrost and its rate of formation are poorly constrained. These
older deposits are particularly important because these have the greatest permafrost extents and contain ice- and
organic-rich strata that are vulnerable to ground collapse and carbon release upon thaw. White spruce forest can
persist on floodplains for at least 500 years (Mann et al., 1995), implying that later stages of permafrost formation
might occur gradually. Radiocarbon dating of basal peat layers in the oldest deposits in the Colville Delta of
Alaska ranged from 3 to 4 Kyr (Jorgenson et al., 1998), but these ages provide a lower bound on the timescale
required to reach a maximum permafrost extent since they indicate the time since moss began to accumulate rather
than the time since sediment was deposited. Radiocarbon dating of wood deposited in sandy bar indicated that
locations currently occupied by black spruce and peat in the Tanana floodplain were occupied by the river over
3,000 BP (Mann et al., 1995). These studies suggest that permafrost begins forming in newly deposited floodplain
within centuries, but it could take thousands of years for permafrost to reach its full areal extent.

Here we built on this previous work by measuring permafrost extent, vegetation type, and landforms in the
discontinuous permafrost floodplain of the Koyukuk River, located in central Alaska. Our goal was to quantify
permafrost extents and rates of permafrost generation, and to evaluate whether those extents and rates were
affected by floodplain landform type, vegetation type, and deposit age. We took advantage of the sequences of
scroll bars formed by former paths of the meandering river to map floodplain chronosequences, and we used
radiocarbon and optically stimulated luminescence (OSL) to quantify ages. We used permafrost probe mea-
surements and remote sensing products to measure permafrost extent, and landform and vegetation types. Finally,
we formulated an inverse problem to constrain potential permafrost growth and degradation histories over time
with a simplified numerical model and ran it to match permafrost extent at present day, taking advantage of the
shared climatic conditions experienced across the floodplain.

2. Field Site: Koyukuk River, Alaska

The Koyukuk River flows south from its headwaters in the Brooks Range through lowlands containing
discontinuous permafrost to join the Yukon River (Figure 1a). The Koyukuk contributes 12% of the mean annual
water and sediment discharge and makes up 11% of the catchment area of the Yukon River as measured at Pilot
Station (Brabets et al., 2000). We conducted field work on a 30 km long reach of the river near the village of
Huslia, Alaska in June to early July of 2018, and in May and late September in 2022. From 1981 to 2010, Huslia
had a mean annual air temperature of —3.6°C and mean annual precipitation of 31 cm/year (Daly et al., 2018). The
ground temperature in the well-drained eolian deposits beneath the town was 1.8°C at 3.7 m depth below the
surface (Laxton & Coates, 2010) and the ground temperature in an exposed permafrost riverbank was —0.4°C at
2.4 m depth below the surface (Rowland, Crosby, et al., 2023; Rowland, Schwenk, et al., 2023). The edges of the
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Figure 2. Permafrost occurrence and bank erosion along the Koyukuk River. (a) Floodplain sampling locations from summer
2018 field campaign near the village of Huslia, Alaska. Channel migration masks show areas of erosion and deposition
calculated using SCREAM (Rowland et al., 2016) based on 1978-2012 and 2012-2018 Alaska High-Altitude Photography
and Worldview imagery (Rowland & Stauffer, 2019). Basemap satellite imagery ©Maxar 2018. (b) Pastick et al. (2015)
30 m-resolution near-surface (within upper 1 m of soil column) permafrost probability map for the Koyukuk River
floodplain. Radiocarbon and OSL sample sites from this study are labeled. No Data values shown in white include rivers,
lakes, and infrastructure within the town of Huslia.

Koyukuk floodplain are defined by eolian deposits from sand dunes that covered the region during the last ice age,
predecessors to the present-day Nogahabara dunes, that ceased being active 15,350-25,850 cal BP (Farquharson
etal.,2011). Climate reconstructions indicate that the region experienced an interval of colder air temperatures from
~13 to 11.5 ka during the Younger Dryas, then air temperatures stabilized at modern values at ~8 ka (Alley, 2004;
Meyer et al., 2010). Today, the Koyukuk River primarily reworks sediment from its own fluvial deposits.

The Koyukuk River transits the floodplain near Huslia as a single-threaded, meandering channel (Figure 2a). The
much smaller Huslia River is the only tributary to the Koyukuk within our 80 km river length study reach, and we
assumed the Koyukuk has a similar water discharge, sediment supply, and grain size throughout this river reach.
Borehole data indicates that permafrost in the Koyukuk floodplain is up to 31 m thick (Jorgenson et al., 2008). The
Koyukuk rarely experiences ice jams (White & Eames, 1999), but portions of the floodplain are frequently
inundated (Pekel et al., 2016), most likely due to sheet flooding when the river exceeds bankfull stage or pref-
erential routing of flow through secondary channels.

Vegetation in the Koyukuk floodplain is closely tied to surface morphology. Trees commonly grow on the ridges
of scroll bars, contrasting with grasses filling frequently inundated scroll swales, making scroll bars visible in
drone and remote sensing imagery (Figure 1b). Floodplain areas with near-surface permafrost tend to contain
sparse white spruce, black spruce, and thick layers of moss and peat at the ground surface as well as thermokarst
lakes (Nowacki et al., 2003). Riverbanks containing permafrost are frequently overhung, where peat slumps down
over thermoerosional niches thawed back at the water line (Figure 1d). In contrast, floodplain regions without
permafrost contain willows, poplars, white spruce, and sparse black spruce (Figure 1c). In these respects, the
Koyukuk shares similar features with other well-studied floodplains in central Alaska, including the Kuskokwin
(e.g., Drury, 1956) and Tanana (e.g., Viereck, 1970) Rivers.

3. Methods

To understand the interplay between permafrost, vegetation, and geomorphology in the Koyukuk floodplain, we
measured permafrost presence and extent (Section 3.1) and dated deposit age using radiocarbon and OSL
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(Section 3.2). Based on field observations and remote sensing data sets, we mapped the relative age, geo-
morphology, vegetation, and permafrost areal extent of floodplain deposits (Section 3.3). We then combined the
relative age map with the radiocarbon and OSL dating results to determine the age of deposits across the
floodplain (Section 3.4). Using the deposit age and permafrost extent, we developed a simplified inversion model
for permafrost areal extent through time as a function of air temperature (Section 3.5).

3.1. Permafrost Measurements

Measurements of the seasonal thaw depth in the floodplain were obtained using a 1-m (in summer 2018) or 2-m
(in fall 2022) long permafrost probe. With practice, it was possible to distinguish permafrost from other ob-
structions, such as tree roots, cohesive mud, and pebbles. In this study, we defined permafrost operationally as
frozen sediment with sufficient pore or ground ice to resist probing, consistent with ground control data sets for
large-scale permafrost mapping (Pastick et al., 2015). All other locations are described as seasonally frozen. In
total, we made 141 vertical and 146 horizontal (into the side of eroding riverbanks) permafrost probe mea-
surements, which were validated against visual observations of pore and ground ice in locations where we dug pits
or took cores for sampling (Section 3.2). The 141 vertical measurements include two permafrost depth surveys
(n = 14, 16) taken in 2018 with a 1-m probe in a random walk to characterize local variability in active layer
thickness.

3.2. Field Sampling and Analysis

Field samples were taken across a range of erosional and depositional environments on the floodplain (Figures 2a
and 2¢). Methods are summarized here with details in Texts S1 and S2 of the Supporting Information S1, and
some results from these analyses were previously reported (Douglas et al., 2021, 2022).

We collected samples of wood, peat, and plant material for radiocarbon analysis to infer deposit ages, prioritizing
sticks that were imbricated (deposited parallel to bedding or bedforms). We used hand trowels to sample riv-
erbanks and shallow bars, a hand auger for deep unfrozen sediment, and a snow, ice and permafrost research
establishment (SIPRE) corer for permafrost. Samples were kept cool in the field and transported frozen back to
Caltech, where they were stored at —15°C. Samples were then rinsed with MiliQ water and stored in combusted
glass vials before being shipped to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS)
facility in Woods Hole (fall 2018 samples) or UC Irvine (UCI) (spring 2022 (HS22) and fall 2022 (HF22)
samples) for radiocarbon dating. Results were reported as fraction modern (Fm) and uncalibrated radiocarbon
years (BP) with uncertainties reported as £1SD (Table S1 in Supporting Information S1). We then used CAL-
[Bomb (R. W. Reimer & Reimer, 2023) to convert from Fm to calibrated ages (cal BP, defined as years before
1950). We used the Intcal20 curve for pre-bomb samples and the unsmoothed Northern Hemisphere Zone 1 curve
for post-bomb samples (P. J. Reimer et al., 2004, 2020) and reported the most probable midpoint age with 1SD
variation (Table S2 in Supporting Information S1) (del Valle et al., 2014).

Optically stimulated luminescence (OSL) samples were collected to measure the burial duration of floodplain
sediment. To collect these samples, we used a mallet to pound in opaque PVC pipe to sandy bank sediment under
an opaque tarp to avoid exposure to sunlight. Quartz grains were analyzed using OSL and K-feldspar grains were
analyzed using post-infrared infrared stimulated luminescence (IRSL). Both measurements agreed within error,
though the K-feldspar grains had slightly lower ages, possibly indicating incomplete bleaching. Detailed
analytical procedures and results for these samples are described in Text S2 of the Supporting Information S1, and
subsequent analyses and interpretations used only quartz OSL data.

3.3. Mapping and Remote Sensing

We compared field measurements of permafrost occurrence and active layer thickness with a previously pub-
lished map of near-surface permafrost probability produced using decision and regression tree modeling
(Figure 2b) (Pastick et al., 2015). The map training data set contained over 17,000 permafrost probe measure-
ments, though none within our study site, and cross-validation tests indicated 85% accuracy (Pastick et al., 2015).
We classified each field measurement site as having or not having permafrost, combining multiple measurements
per stratigraphic column or map pixel. We then selected a threshold probability to distinguish permafrost and non-
permafrost from the intersection of the true positives and true negatives curves of our field measurements
(Figure 4a).
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We used satellite imagery to map floodplain deposit relative age in QGIS 3.4. We inferred relative age from cross-
cutting scroll bar complexes, since one scroll bar truncated by a second scroll bar must be older than the second,
truncating deposit. We selected the youngest possible age class for each depositional surface that maintained
mapping internal consistency. Relative age relationships are inferred in some cases (e.g., across the Koyukuk
River) because scroll bar truncation surfaces are not observed. In addition, gaps between scroll bar complexes are
present where the Huslia River enters the main channel of the Koyukuk and eolian deposits are eroded by the river
(Figure 2a). Thus, there could be differences in the depositional age of scroll bars mapped to have the same
relative age.

Based on field observations of correlations between vegetation and floodplain landforms, we used the shape and
extent of optically identifiable vegetation types in satellite imagery to map floodplain geomorphic units. Mapping
was done manually on Maxar imagery (2 m, ©2018), Landsat imagery (30 m), and the National Land Cover
Dataset (Wickham et al., 2021). The landscape was classified into the following units: eolian deposits, the town of
Huslia, floodplain ridges, floodplain swales, lakes (both thermokarst and oxbow lakes) and secondary channels,
overbank deposits (levee and channel splay deposits from the Koyukuk River and secondary floodplain channels),
unvegetated bars, Huslia River deposits, and undifferentiated floodplain (river deposits that lack distinct scroll
bars). We cross-checked our geomorphic unit mapping against the 2016 National Landcover Dataset (NLCD)
produced by spectral classification of Landsat imagery (30 m) combined with ecological surveys (Wickham
et al., 2021). We mapped the surficial extent of geomorphic units but did not attempt to estimate their thickness.

Using the relative age and geomorphic maps, we inferred previous locations of the Koyukuk River. Oxbow lakes
must have been connected by channels that did not cut across older floodplain deposits due to the law of su-
perposition. The dimensions of oxbow lakes also imply that the Koyukuk River has maintained a roughly similar
width and sinuosity through time. In some cases, we were able to infer prior connections between recent (young
relative age) oxbow lakes that appear consistent with the modern channel bend wavelength and curvature, and we
included these connecting segments in our map.

3.4. Floodplain Deposit Ages

We used radiocarbon and OSL measurements from across the floodplain to calibrate a relation between deposit
relative and absolute age (see Texts S1 and S2 in Supporting Information S1). To produce this relation, we
excluded 4 of 36 radiocarbon measurements and 1 of 8 OSL measurements because they were inconsistent with
scroll bar cross-cutting relations or other radiocarbon or OSL measurements in the same stratigraphic column.
Potential outliers for each relative age bin were not excluded because we expect some variability due to gaps
between cross-cutting scrolls. The excluded OSL sample, K'Y 18-Bank4-OSL-260 cm, was removed since it was
6.4 Kyr older than an OSL and 7.1 Kyr older than radiocarbon samples taken at the same sampling site, indicating
that this sediment was incompletely bleached during its last transport event. Excluded radiocarbon samples
consisted of very young (<200 years cal BP) KY18 radiocarbon samples from <1 m depth when these contra-
dicted dates from the same or cross-cutting deposits, since these shallow samples were likely within the active
layer. We also excluded 2 HF22 samples taken from the same relatively young point bar, which had very low OC
content (<1 wt%) and very old ages (~1 and 14 kBP). These samples likely contained a mix of organics with
sediment containing radiocarbon-dead petrogenic OC and therefore do not reflect the age of the deposit. For
stratigraphic columns with multiple measurements of woody debris '“C content that were similar (within hun-
dreds of years), we selected the youngest age as most representative of the time of deposition and burial. Using the
remaining samples, we used a moving mean fit with a trailing 2 relative age bin window of deposit age versus
relative age and reported uncertainty as the 25%-75% range for samples within each window. This fit was used to
assign absolute ages to each floodplain deposit in the relative age map. Although no radiocarbon or OSL samples
were taken with a relative age of 8, we estimated its corresponding absolute age using the same trailing moving
mean window spanning relative ages 7 and 8.

3.5. Permafrost Formation and Degradation Model

To constrain the rates of permafrost formation and degradation following bar formation, we developed a
simplified numerical model to evaluate scenarios that could reproduce modern permafrost extents. To estimate
permafrost formation rates, we posed the spatial extent of permafrost as an inverse problem based on the data for
deposit age and permafrost content. Since the floodplain deposits are located next to each other, we assumed that
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they have experienced the same climatic history and should have the same function for permafrost formation and
degradation through time. We expected that the rate of vegetation succession and other floodplain processes that
alter permafrost extent (e.g., silt deposition by overbank floods) are spatially uniform and depend on deposit age.
To model the fraction of the deposit area with permafrost (,, dimensionless fraction between 0 and 1), we
defined a permafrost growth function G (fraction of floodplain area/yr) as:

d'/’pf

G
dt

: (1

We assumed a functional form for G such that the permafrost growth rate increases linearly with colder air
; °C) (e.g., Delisle, 1998), and decreases with deposit age (; years):

temperatures (7,;,;

Cl Tair
G=- s 2
t/ty + 1 @)

in where C, (fraction of floodplain area/°C/yr) and timescale #, (years) are empirical constants. We propose
Equation 2 for the cases where T,;. < 0°C (i.e., G > 0). For the case of constant air temperature, integrating
Equations 1 and 2 yields

t
V() = —=CitoT i, 1ﬂ<£ + 1) + Gy, (3)

where the integration constant C, = 0 using the boundary condition of y,,= 0 at = 0 years. The logarithmic form
of Equation 3 is justified based on our forthcoming observations (Section 4.4) of rapid initial formation of
permafrost in the first 200 years and slower subsequent formation.

Numerous factors—the amplitude of annual air temperature variations, deposit grain size, vegetation cover, and
snow cover—are known to affect permafrost occurrence and active layer thickness (Anisimov et al., 1997).
However, our main purpose was to evaluate possible trajectories of permafrost formation and degradation over
centuries to millennia, and we consider mean annual air temperature to provide a first-order control (Obu
et al., 2019). We evaluated Equation 2 using 7, estimates obtained from a compilation of pollen temperature
anomaly estimates across North America and Europe and observed temperature anomalies for recent decades
(Marsicek et al., 2018), which was linearly interpolated for model runs then shifted so that the temperatures at
present reproduce mean values from 1981 to 2010 (—3.6°C at Huslia) (Daly et al., 2018). This temperature record
shows similar trends to local records of temperature anomalies obtained from midges and lake cores in interior
Alaska (Kaufman et al., 2016) and includes the dramatic increase of air temperatures in recent decades due to
polar amplification of climate change (England et al., 2021).

We calculated y, from the time of the oldest floodplain deposits onwards using Equations 1 and 2 in a forward
model. We used Euler's method, so that at timestep i + 1, the permafrost extent for a given deposit was:

Woriv1 = Wy + Gdt (@)

where dt = 1 year and y,,= 0 at 7 = 0 years. We used absolute deposit ages and tracked permafrost formation and
degradation at each timestep for portions of the floodplain that had been deposited. To determine best-fit pa-
rameters for C; and f, we ran the model iteratively using Matlab nonlinear optimizer fmincon.m to find values
with the highest R* with the fractional area of each deposit age containing permafrost in the present day. Using
these best-fit values, we ran the model to evaluate the most likely history for permafrost formation and degra-
dation in the Koyukuk floodplain.

4. Results
4.1. Permafrost Field Measurements

Permafrost probe surveys revealed significant local variability in active layer thickness (Figure 3). The mea-
surements (n = 35) near Core 4 converged to a bimodal distribution of active layer depth, with one mode at 65 cm
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Figure 3. Field observations of permafrost occurrence, with site locations
shown in Figure 2b. (a and b) Histograms of permafrost depth surveys
measured using a 1-m permafrost probe near (a) Core 4 (1 July 2018) and
(b) Core 8 (6 July 2018). Measurements of >100 cm were recorded when the
1-m probe could be pushed flush with the ground surface. (c) Box & whisker
plot of probability of permafrost for 1-m probe sites from Pastick

et al. (2015) mapping, grouped by whether we observed permafrost or not.
(d) Permafrost occurrence (measured with 2-m probe) plotted as depth below
the top of river cutbanks versus distance along the top of the eroding cutbank
at four different locations in September 2022. The edge of the bank is plotted
as a black line, and the location of permafrost within each bank as colored
lines, with the distance between the black and colored lines showing the
thickness of the thawed layer along the eroding bank face or from the top of
the floodplain downwards.

depth and another mode for locations where permafrost may have been at
depths greater than 1 m or absent altogether (Figure 3a). The depths measured
near Core 8 also did not generate a centralized unimodal distribution
(Figure 3b), though fewer measurements were made at this site (n = 18 vs.
n = 35). Measurements from both sites showed a minimum thaw depth of
~40 cm and a tail of the distribution extending beyond 1 m depth.

We compared our field observations to the modeled probability of near-
surface permafrost by Pastick et al. (2015) at each sampling location. Our
probe surveys found near-surface permafrost in 69% and 78% of measure-
ments at the Core 4 and Core 8 sites, respectively (Figure 3b), in comparison
to predicted probabilities of 72% and 50% for the 1-2 pixels (pixel
size = 30 m) that contained each survey (Pastick et al., 2015). Overall, sites
that lacked permafrost but were seasonally frozen (n = 16) exhibited a much
lower modeled probability of near-surface permafrost than sites with
permafrost (n = 14; Figure 3c). The 25th—75th percentiles of the distributions
of probabilities for frozen and unfrozen did not overlap, which supported
using the published permafrost map to extrapolate our field measurements
across floodplain deposits.

In addition to comparing the spatial distribution of permafrost at single lo-
cations, we measured thaw layer thickness in transects along the face and top
of eroding cutbanks in fall 2022 (Figure 3d). We found that the bank had
thawed back horizontally at least 40 cm from its face at all four sites and this
sediment was thawed but not eroded. The floodplain active layer (measured
top-down) became steadily thinner over 5-10 m distance back from the edge
of the bank. Beyond that distance, the active layer thickness varied more with
the rise and fall of scroll ridges (visible at Site 1) and was no longer mono-
tonically decreasing (as at Site 3).

4.2. Permafrost Mapping

We used field observations of permafrost occurrence and found that a 40%
probability cutoff for the probability map from Pastick et al. (2015) produced
a reasonable map of floodplain permafrost extent (Figure 2). Since Pastick
et al. (2015) generated their map using remote sensing products predating our
field work, some of our sampling locations were mapped as open water or
barren ground and were assumed to lack permafrost (“NoData” in Figure 2b).
Overall, the map misclassified a total of 10 non-permafrost sites and 8
permafrost sites out of 84, giving 79% accuracy. Most misclassified sites had
active layer thicknesses greater than 1 m, likely because the training data set
included mostly 1-m permafrost probe measurements (Pastick et al., 2015).
Other misclassifications were due to the 30-m spatial resolution of the data
set, since fine-scale topographic variability from overbank deposits and
Pastick
et al. (2015) misclassified permafrost locations next to water bodies,

channel levees accounted for 4 misclassifications. Finally,

including 3 on a sandy riverbank next to the Koyukuk and 1 permafrost site misclassified as a floodplain lake.
Therefore, using a 40% probability threshold for the Pastick et al. (2015) allowed us to classify locations with

active layer thicknesses greater than 1 m and minimized misclassifications.

4.3. Floodplain Geomorphology

We observed abundant scroll bars that revealed the spatial and temporal pattern of the Koyukuk River and its

secondary channels re-surfacing the floodplain (Figure 5). The relative age map shows the spatial distribution of

scroll bars, with 8 generations of deposits visible (Figure 5a). In general, older deposits and older channel cutoffs
were preserved farther from the modern river channel (Figure 5a). Abundant lakes and secondary channels
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Figure 4. Comparison of permafrost field observations with Pastick et al. (2015) map of permafrost probability.

(a) Observations of permafrost using 1- and 2-m permafrost probe measurements, floodplain cores, and observations and
lateral permafrost probing on exposed cutbanks plotted versus the mapped probability of permafrost in each location. (b) The
number of true positives and true negatives in field data for selected probability thresholds. (c) Map of the probability of
permafrost in the top 1 m of the soil column for the Koyukuk River floodplain near Huslia, AK (Pastick et al., 2015). Areas
shaded white contain near-surface permafrost (>40% probability) and areas shaded in black do not contain near-surface
permafrost (<40% probability), overlain with field observations of permafrost (blue circles) and non-permafrost (yellow
triangles) displayed in (a).

connected the main river to distant parts of the floodplain. Some secondary channels had meandered, generating
their own scroll bars, while others located in oxbow lakes and grassy swales were sinuous but showed little
evidence of lateral migration (Figure 5c).

In addition, we observed consistent differences in the behavior and types of geomorphic units generated by Koyukuk
River bends with low versus high curvature (Figure 5b). High-curvature bends, such as where the Huslia River
enters the Koyukuk, rapidly translated downstream and primarily eroded into the deposits of previous translating
bends (Figure 5b). These left a record of frequent cutoffs, with oxbows linked by secondary channels that extend
perpendicularly to the meander translating downstream (Figure 5c). Translating meanders primarily generated
evergreen or wetland forests without clear vegetation alternation or scroll ridges and troughs, and these were
bisected by overbank deposits extending from secondary channels. In contrast, expanding bends, such as the one
eroding into the village of Huslia, migrated more slowly and generated well-ordered alternating forested ridges with
intervening grassy swales (Figure 5c). These deposits contained some internal discontinuities that likely originated
from changes in the direction of maximum meandering which eroded a portion of the point bar (Figure 5a).

The geomorphic units making up the Koyukuk floodplain changed with the relative age of the deposits
(Figure 5c). Forested scrolls comprised the majority of new floodplain deposits, and their proportion of floodplain
area decreased roughly linearly with relative age (Figure 5c). Younger forested scroll deposits contained ever-
green forest (Figure 5d), and we interpreted that the raised elevation of scroll ridges prevents flooding and allows
white spruce forests to establish. Grassy swales (generally formed by expanding meanders) were moderately
abundant on young deposits and then decreased for older deposits. These corresponded roughly to the mixed
forest classification on younger deposits and herbaceous wetlands on older deposits in the NLCD map
(Figure 5d). The swales of younger scroll bars contained grasses and deciduous trees, and swales in older deposits
transitioned to mixed forest and then herbaceous wetlands. Translating meanders made up a slightly lower
proportion of the scroll bar area than expanding meanders in young floodplain deposits (Figure 6a). However,
translating meanders were preferentially erased on older areas of the floodplain. Selective erosion and/or burial of
deposits from translating bends accounted for the decrease in forested scroll and increase in overbank deposit
fractional area while other geomorphic units had a relatively constant fractional area for young floodplain de-
posits (Figure 6b).
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Figure 5. Hand-drawn geomorphic map of the Koyukuk River floodplain from satellite imagery. (a) Map of the relative age
of floodplain deposits produced from cross-cutting relationships of scroll bars. (b) Inferred (and undated) previous locations
of the Koyukuk River with satellite imagery basemap ©Maxar 2018. (c) Geomorphic map of Koyukuk River floodplain
surrounding the village of Huslia, Alaska. (d) National Land Cover Dataset for the floodplain near Huslia, Alaska.

The fraction of overbank deposits peaked at moderate relative floodplain ages, while the area of undifferentiated
floodplain unit dominated older floodplain deposits (Figure 6b). This undifferentiated unit, in which clear scroll
bar sequences had been mostly erased but evidence of lateral migration remained, corresponded to forested and
herbaceous wetlands in the NLCD and high probabilities of near-surface permafrost (Figure 6¢). Overbank de-
posits and moss growth likely gradually buried and decreased the area occupied by distinct scroll bars. The area of
floodplain covered by lakes remained roughly constant with deposit relative age (Figure 6b). Lakes comprised
approximately 10% of the floodplain for all relative ages, though younger deposits contained oxbow lakes while
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Figure 6. Floodplain properties versus ranked relative deposit age. Plots of the area of (a) translating versus expanding bends,
(b) geomorphic units, and (¢) NLCD vegetation classification.

older deposits contained rounder thermokarst lakes. We observed oxbows being filled in over time by overbank
deposits and static secondary channels but did not observe secondary channels in thermokarst lakes.

4.4. Permafrost Occurrence in the Floodplain Through Time

The combination of OSL and radiocarbon ages indicated that Koyukuk floodplain deposits post-date the Last
Glacial Maximum (~20 ka). In total, woody debris ages from 2018 to 2022 ranged from modern to
13.6 cal Kyr BP (Tables S1 and S2 in Supporting Information S1). OSL results, which directly date the time since
exposure to sunlight of floodplain sands, gave ages up to 11.7 £ 1.7 Kyr (see Tables S3 and S4 in Supporting
Information S1). Floodplain deposits closer to the modern channel tended to have younger ages, and most of the
area of the floodplain was below 4 ka (Figure 7a). The oldest floodplain deposits, greater than 6 Kyr old, were a
small, distal fraction of the floodplain area but contained woody debris and OSL ages three times the median age
of floodplain deposits. Therefore, the Koyukuk River reworked all sampled locations and the majority of its
floodplain since 14 ka, producing a wide distribution of ages with significantly older deposits located far from the
modern river.

We compared patterns in floodplain geomorphology and permafrost occurrence versus floodplain deposit age
calculated from radiocarbon and OSL measurements (Figure 7a; Table S5 in Supporting Information S1).
Permafrost was most abundant on older deposits further from the modern channel (Figures 7b and 7¢) though it
was still present on younger areas of the floodplain. Deposits that were hundreds of years old (1st and 2nd relative
age deposits) had patchy near-surface permafrost underlying less than 30% of the ground surface. The age of
floodplain deposits did not increase linearly with relative age, and instead there were multiple generations of very
young deposits and long gaps between older deposition ages (Figure 7b). The youngest floodplain deposits
contained sporadic permafrost (Figure 7c), excluding the possibility that permafrost formed syngenetically as
sediment aggraded on point bars. In contrast, older deposits had a much higher fraction of area containing near-
surface permafrost. We observed ice-rich permafrost in deposits dated to ~4 ka or older. Permafrost extent was
patchy on deposits <0.18 ka and became prevalent for deposits >1 ka. The oldest deposits, which date to 10 Kyr,
had ubiquitous permafrost and thermokarst features.

Most floodplain deposits were relatively young, with more than 50% of the floodplain consisting of bars deposited
less than 3 ka (Figure 8a). Approximately 20% of the floodplain had been reworked in the last 700 years, while
less than 10% of floodplain area consists of deposits from 5 to 10 ka. There was significant uncertainty in the
fraction of deposits aged 2—4 ka, which comprised approximately 70% of floodplain area (Figure 8a). Overall, the
river appeared to rework younger deposits rapidly while simultaneously preserving a small area of very old
deposits (Bradley & Tucker, 2013; Ielpi, Viero, et al., 2023; Torres et al., 2017). However, our results showed a
jump in floodplain preservation between deposits less than 200 years old and moderately aged deposits. This was
not observed in prior work but might indicate that permafrost rivers are more likely to revisit younger deposits
(which typically contain less permafrost) versus older deposits when compared to meandering rivers without
permafrost.
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To compare permafrost formation and forest succession, we determined the fraction of land classified as ever-
green forest, mixed or deciduous forest, wetlands, and shrubs and scrub that contained permafrost for each deposit
age (Figure 8b). This NCLD classification does not correspond directly with the successional communities in this
setting—specifically, the evergreen forest classification includes locations observed in the field to have both
black and white spruce. The shrubs and scrub class corresponded to pioneering willows as well as wetland
vegetation that may have included stunted black spruce trees. Acknowledging this uncertainty, we found that
increased permafrost extent coincided with changes in vegetation type as well as increases in permafrost extent
within each vegetation type. Prior to 3.4 ka, much of the floodplain is covered by evergreen forest, with lower
proportions of mixed forest, wetlands, and shrubs and scrub. Following 4 ka, there was sparse mixed forest and
~30% of the floodplain was occupied by evergreens, wetlands, and shrubs and scrub (Figure 8b). Except for
coniferous forests, all vegetation types experienced gradually increasing permafrost extent through 4 Kka,
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Figure 8. Floodplain permafrost, vegetation, and deposit preservation as a function of time since deposits were formed.
(a) The fraction of floodplain area occupied by deposits of each age (black line) and the cumulative distribution of deposit
ages (pink dashed line). (b) The fraction of floodplain containing vegetation classes from the National Land Cover Dataset.
We plot four main vegetation classes: evergreen forest, deciduous and mixed forest, woody and herbaceous wetlands, and
shrubs and scrub (including dwarf scrub, scrub/shrub, grassland/herbaceous). Legend in panel (c). (c) The fraction of
floodplain area for each vegetation class that contains permafrost plotted versus deposit age. (d) The fraction of floodplain
area for each geomorphic unit that consists of permafrost plotted versus deposit age. Horizontal error bars encompass 25%—
75% age distribution.

regardless of NLCD classification (Figure 8c). All vegetation types in deposits older than 4 ka had the same
permafrost extent, except for mixed and deciduous forests, which contained notably less permafrost (Figure 8c).
These results are consistent with prior work that found vegetation succession to an evergreen forest with
discontinuous permafrost taking place over approximately 200 years, though this progression was not resolved in
detail due to most of the floodplain being much older than 200 years (e.g., Jorgenson et al., 1998; Viereck, 1970;
see Section 1). Instead, our results indicate that a steady increase in permafrost extent within wetlands and shrub/
scrub accompanied the replacement of permafrost-poor mixed and deciduous forest with evergreen forests,
gradually producing more continuous permafrost on a 4 Kyr timescale.

Permafrost extent across all geomorphic units increased rapidly for the first ~200 years before increasing more
slowly to values of 85% (Figure 8d). Total permafrost extent (black line in Figure 8d) was ~25% for the youngest
floodplain deposits, increased rapidly to approximately 50% for deposits 680 years old, then increased linearly
and at a slower pace up to ~85% for deposits greater than 4 Kyr old. The initial increase (G ~ 50% of deposit area/
680 years) in permafrost extent corresponds to vegetation succession-driven permafrost formation, while other
floodplain processes must drive the subsequent gradual increase in permafrost extent from ~700 to 4,000 years
(G ~ 35% of deposit area/3,300 years). While deposit age had the strongest correlation with permafrost extent,
there were slight variations in permafrost extent with deposit geomorphology with overbank flood deposits and
undifferentiated floodplain having a higher permafrost extent for similar age deposits. For a given deposit age,
scroll ridges had a greater permafrost extent than scroll troughs, and neither geomorphic unit was visible in the
oldest floodplain deposits potentially due to burial by moss growth and fine overbank sediment (Figure 8d). These
oldest deposits contained primarily permafrost-rich undifferentiated units vegetated by evergreens, wetlands, and
shrub/scrub and correspond to black spruce bogs. Together, spatial patterns of permafrost, vegetation, and
geomorphology imply that rapid, early permafrost formation is primarily driven by vegetation, while later, slower
permafrost formation rates are set by the formation rate of undifferentiated floodplain units, which can be
approximated by deposit age.
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Figure 9. (a) Estimated mean annual air temperatures with 1SD shaded uncertainty for Huslia, AK based on values from
Marsicek et al. (2018). Horizontal blue lines denote temperature ranges for continuous, discontinuous, and no permafrost for
alluvial deposits from Jorgenson et al. (2008). (b) The fraction of sedimentary deposits of different ages that are predicted to
be underlain by permafrost through time. Model results for deposits of different ages are shown as solid or dashed lines, and
points on y axis are modern fraction permafrost from mapping. (c) The model-predicted rate of permafrost growth (G;
fraction of deposit area/yr) through time. (d) Modeled versus measured permafrost extent for each deposit age, with

R* = 0.81. The symbols and coloring for each point are the same as in panel (b).

4.5. Permafrost Model Results

To understand the temporal evolution of floodplain permafrost extent during this second period of slower
permafrost formation, we used model runs to evaluate the history of permafrost growth and degradation through
the present day (see Section 3.5). We used observations of floodplain deposit ages and permafrost occurrence to
frame an inverse problem to determine when and how rapidly permafrost had formed through time as a function of
mean annual air temperature. This model differs from previous efforts (e.g., Anisimov et al., 1997) because it
accounts for the spatial and temporal heterogeneity in permafrost growth rather than looking at a single vertical
section. Thus, it provides insight into early permafrost formation due to vegetation succession as well as the
distinctive changes in vegetation and floodplain hydrology that occur thousands of years after sediment is
deposited.

The Koyukuk floodplain near Huslia has experienced gradual warming over thousands of years and a recent, rapid
increase in air temperature (Marsicek et al., 2018). Mean annual air temperatures were much colder, approxi-
mately —10°C, prior to 10 ka (Figure 9a). Then, temperatures warmed to —7°C until 8 ka before rising to
approximately —5°C until warming in recent decades. Comparing the air temperature record with the modern
extent of permafrost in fluvial deposits (Jorgenson et al., 2008) indicates that the Koyukuk likely had continuous
permafrost in its floodplain until 10 ka when air temperatures rose and the floodplain likely transitioned to
discontinuous permafrost (Figure 9a).

Fitting the permafrost growth model to deposit age and permafrost extent for the Koyukuk River floodplain
produced best-fit parameters of C; = 2.1 X 10> fraction of floodplain area/°C/yr and t, = 6.1 years (Figures 9b
and 9c). The small value of C, indicated that permafrost growth increased with decreasing annual temperatures.
The short timescale value 7, indicates that permafrost formation began at a rapid pace when ¢ = 0 then declined by
to 50% of its initial value within 6.1 years, ~10% in 61 years, and ~1% after 610 years. The model produced the
initially rapid permafrost formation rates that we observed in the Koyukuk floodplain, with permafrost forming in
~30%-35% of the floodplain within the first 200 years. Older deposits experienced even more rapid permafrost
formation, with permafrost extending over 50%-55% of the ground within 200 years when temperatures were
colder prior to 8 ka. However, permafrost extent in the model was lower in the oldest deposits compared to the
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second-oldest (model results of 97% vs. 89%, respectively), similar to the measurements (86% vs. 78%), because
the temperature at 9.30 ka was slightly warmer than at 8.09 ka. Our method of grouping the floodplain into
discrete age classes likely produced more abrupt increases in permafrost formation rates (Figure 9¢) than actually
occurred. However, some spikes in floodplain-averaged permafrost formation rate should be expected when
cutoffs cause large deposits to be abandoned simultaneously.

Permafrost extent increased very slowly for deposits greater than 1 Kyr old. In reality, these deposits were likely
continuously experiencing local permafrost formation and degradation due to differences in snowfall, vegetation,
fires, flooding, and groundwater flow, producing slow net rates that may have tended toward a dynamic equi-
librium. The timing of permafrost growing from 50% to 80% of floodplain extent coincided with a significant
change in floodplain hydrology, that promotes formation of a black spruce bog which gradually erases
geomorphic evidence of channel migration (Figure 8).

Model results agreed with observations that permafrost has been actively forming on the floodplain through the
present day—particularly since field observations revealed permafrost in recent deposits (Figure 5). The model
predicted permafrost extent for each age bin within 10% of the observed value (Figure 9d). This error could be due
to uncertainty in the model as well as the observed 21% inaccuracy in the permafrost map. Floodplain deposits
<1 ka contained discontinuous permafrost based both on field observations and the permafrost map (Figure 7),
and we observed permafrost in deposits that were decades old and wooded. Model results indicated recent cli-
matic warming had slowed permafrost formation and mean annual air temperatures were approaching values
where new permafrost would not form (i.e., where G < 0; Figure 9).

5. Discussion
5.1. Floodplain Permafrost Occurrence and Relationship With Vegetation Succession

Our results agree with the canonical view that vegetation succession enables rapid permafrost formation when
spruce trees have grown on new bars, which typically takes 200 years for interior Alaskan rivers (e.g., Shur &
Jorgenson, 2007; Viereck, 1970). We found that permafrost formation in Koyukuk floodplain deposits began soon
after their deposition, with permafrost extents of ~50% of the deposit area developing within ~200 years. This
was consistent with observations from discontinuous permafrost floodplains elsewhere in interior Alaska (e.g.,
Shur & Jorgenson, 2007; Viereck, 1970; Yarie et al., 1998). While we were not able to quantify decadal-to-
centennial rates of permafrost formation in detail due to the floodplain deposit age fidelity, our modeling re-
sults required including this rapid initial permafrost formation via a logarithmic function to match our obser-
vations for permafrost extent and vegetation in the youngest deposits.

Focusing on permafrost formation from 200 to 10,000 years, our model predicts that rates gradually declined
following sediment deposition as a logarithmic function (Figure 9). This culminates in a relatively stable
permafrost extent that varies based on the range of air temperatures that the floodplain has been exposed to since it
was deposited, with older floodplain deposits experiencing more rapid early permafrost formation that produced
slightly greater permafrost extent in the present. During the period of rapid permafrost formation, deciduous trees
with sparse permafrost are replaced by spruce with abundant permafrost, while permafrost extent within wetland
and scrub/shrub vegetation increases (Figure 8). All geomorphic units experienced an increase in permafrost
extent prior to 4 ka, with slightly higher permafrost extent on scroll bar ridges (typically occupied by evergreen
forest) versus troughs. Koyukuk floodplain deposits with the greatest permafrost extent were >4 ka and
comprised of a distinctive, undifferentiated geomorphic unit in which scroll bar sequences have been buried or
reworked and vegetation consists of black spruce and herbaceous wetlands. These deposits are similar to
“abandoned floodplain” terraces of the Colville River delta, which were dated to 3—4 ka using radiocarbon ages of
basal peat layers (Jorgenson et al., 1998), as well as others in floodplains across interior Alaska (e.g., Mann
et al., 1995). There was not a significant corresponding increase in air temperature at 4 ka (Marsicek et al., 2018),
which could have altered the rate of permafrost formation (Figure 9). Therefore, we expect that processes that led
to a lack of geomorphic features in undifferentiated units are slow-acting and occur to this day, such as overbank
floods depositing fine sediment, sediment compaction, growth of mosses, and cryoturbation (Drury, 1956;
Kanevskiy et al., 2014). These slow-acting processes produced an abrupt change in floodplain vegetation and
geomorphology for deposits greater than 4 Kyr old, likely due to high permafrost extents and thick silt deposits
reducing infiltration rates (e.g., Kurylyk et al., 2016) and ensuring soils remained saturated for much of the year
(Viereck, 1970). Wet soils are favorable conditions for black spruce and moss growth, and developing a thick
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layer of moss further insulates the ground and reduces active layer thickness (Shur & Jorgenson, 2007). Thus, the
development of extensive permafrost in these older deposits appears to drive the pace of ecological succession,
rather than be controlled by it.

5.2. Conceptual Model for Slow Permafrost Formation

After ~200 years, permafrost occupies around 50% of the floodplain while the remaining deposits lacks
permafrost. Permafrost formation in these deposits appears to have been very slow, occurring at a rate of <10% of
floodplain area per millennia (Figure 9). These slow rates of permafrost formation are puzzling as epigenetic
freezing is expected to occur over years to decades, not millennia, for mean annual temperatures sufficiently
below 0°C (Shur & Jorgenson, 2007). Instead, we propose that permafrost may actually be in the land pixels
where the Pastick map predicts no permafrost (Figure 4), but it has little influence on above-ground vegetation
due to a thick active layer.

Consider a representative lengthscale (L; m) for thermal diffusion as a function of the soil thermal conductivity («;
J/kg/K), temperature oscillation timescale (75 s), specific heat (c,; J/kg/K), and dry density (p; kg/m3) so that
L =\/kT/c,p (Anisimov et al., 1997; Wang et al., 2020). We used values for unfrozen, drained sand, silt, and clay
from Anisimov et al. (1997) such that x is 1.05, 1.05, and 0.90 J/kg/K; [on is 690, 730, and 900 J/kg/K; and p is
1,300, 1,400, and 1,500 kg/m3 respectively. Using T = 6 months, we found that silt and clay had characteristic
lengthscales 6% and 25% less than sand, respectively. Using thermal diffusivities for dry peat and vegetation from
Anisimov et al. (1997) produces lengthscales ranging from 78% less to 215% greater than that of sand. Since new
point bar deposits are comprised primarily of sand and gradually develop a layer of fine-grained, organic-rich
overbank deposits through repeated flood deposits, the decrease in lengthscale of thermal diffusion for silt and
clay indicates that the active layer thickness should decrease for older deposits. In addition, silt and clay have
higher water retention than sand, leading to a higher latent heat of fusion and making them more likely to remain
frozen during subsequent summers. Therefore, we propose that permafrost might start forming in sandy point bar
deposits relatively quickly, perhaps within decades. But it forms at depths where it may not substantially impact
vegetation growth, promote peat formation, and be detected by permafrost probing due to active layer thicknesses
that substantially exceed 1 m. Similar to the conceptual model of Shur and Jorgenson (2007), we suggest that
overbank accumulation of mud over thousands of years provides an insulating layer that causes the active layer to
gradually thin. As the active layer thins, permafrost eventually affects vegetation succession and becomes
apparent in measurements that probe the top 1 m. Thus, the rates of overbank mud accretion, along with organic
litter accumulation, might pace the rate of permafrost formation in the upper few meters of floodplain sediment.

Field observations support that permafrost extent can be driven by the thickening of fine-grained overbank de-
posits, linking river sediment loads and flood frequencies to groundwater connectivity and floodplain OC storage.
While overbank floods can cause top-down thawing of permafrost due to transport of warm water across the
landscape (Y. Zhang et al., 2023; Zheng et al., 2019), overbank deposits had some of the highest predicted
permafrost extents for each deposit age on the Koyukuk floodplain (Figure 8). Therefore, while overbank floods
produced short-term thawing, particularly when water ponds in scroll bar troughs, they also deposited insulating
mud that ultimately led to a thinner active layer (Mann et al., 1995). Older floodplain deposits contain an upper
layer of insulating peat, but the peat is underlain by thick layers of ice-rich silt that predates significant peat
formation (Douglas et al., 2022). Similar deposits in the Colville (Jorgenson et al., 1998; Stephani et al., 2020),
Tanana (Mann et al., 1995), and Chena (Viereck, 1970) River floodplains indicate that thick silt deposits grad-
ually grade to peat. This implies that rivers with high sediment loads, frequent floods, and rapid aggradation rates
should rapidly deposit mud on their floodplains and promote more extensive permafrost formation and peat
accumulation.

5.3. Future of the Koyukuk River Floodplain

Our observations indicate that permafrost continues to form on the Koyukuk floodplain, maintaining the same
pattern of rapid formation rates in young deposits and slower formation rates in older deposits (Figure 9). This
trend might be complicated by further changes in air temperature decreasing formation rate (G), as well as
additional climatic changes that were not considered in our simple model that promote or impede permafrost
formation. For example, changes in snowfall might help to insulate the ground in the winter and impede
permafrost formation (Ling & Zhang, 2003; Park et al., 2015; T. Zhang, 2005). Variations in snowfall and
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redistribution of fallen snow by wind could also account for the high spatial variability in permafrost extent across
all ages of floodplain deposits (Jafarov et al., 2018). Climatic warming is also causing river discharge to increase,
potentially increasing flood frequency (Brabets & Walvoord, 2009; Peterson et al., 2002). More frequent floods
would inhibit the establishment of white spruce forests necessary for permafrost to form in new deposits (Yarie
et al., 1998), though increasing overbank deposition rates would promote permafrost growth and organic carbon
storage in peat in locations where permafrost remains stable. Within these limitations, our model provides a
framework for quantifying and making predictions for discontinuous permafrost formation rates driven by
riverine sediment deposition and moss growth.

Both permafrost extent and overbank deposit thickness might affect rates of river migration (Figure 7). The
Koyukuk River is much deeper (12.4 m) than the floodplain active layer (~0.4-2 m) but shallower than the
estimated thickness of permafrost (31 m) (Jorgenson et al., 2008), so permafrost might significantly impact rates
of channel migration. For instance, bank migration is expected to be limited by the rate at which ice-rich
permafrost can be thawed (Costard et al., 2003; Douglas & Lamb, 2024), causing permafrost to slow channel
migration (Rowland, Crosby, et al., 2023; Rowland, Schwenk, et al., 2023). Older floodplain deposits contain
permafrost as well as thick overbank deposits with fine sediment and abundant moss, which can require high
stresses to erode and might further slow erosion even when these deposits are partially thawed during summer
months (Figure 3d; Douglas et al., 2023). While shrubification might decrease rates of riverbank erosion by
increasing root cohesion (Ielpi, Lapdtre, et al., 2023), it seems unlikely that shrubification will have a major effect
on the Koyukuk since the river cutbanks are already forested, the river is much deeper than typical shrub rooting
depths, and a thicker active layer due to changes in snow accumulation would remain much less than the channel
depth. Therefore, if the climate continues to warm and permafrost begins thawing across the Koyukuk floodplain
(Figure 8), we expect that channel migration rates will increase.

Increasing river migration rates and decreasing permafrost formation rates both threaten to decrease permafrost
extent in river floodplains. Since cutbank erosion and heat transfer through river banks and beds can cause
permafrost thaw and mobilization tens of meters below the surface, floodplains are vulnerable to rapid thaw and
abrupt release of carbon (Turetsky et al., 2020). Our model provides insight into possible future scenarios for the
Koyukuk and other permafrost floodplains. For example, consider a simple estimate based on mass balance of
permafrost in the floodplain:

dz/;—tw ~ G [EL/Ap, ®)
where f,is the dimensionless fraction of cutbank length eroded that contains permafrost, E (m/yr) is the river
erosion rate, L, (m) is the downstream river length, and A, (m?) is the total floodplain area. Equation 5 states that
the areal extent of permafrost changes in time based on the imbalance between permafrost formation in new bars
(G) and permafrost loss through bank erosion (E). Here we neglect top-down deepening of the active layer to
better illustrate the importance of river lateral migration in dictating the fate of deep permafrost.

With a warming climate, we expect G to decrease following Equation 2 (Figure 9). In fact, the low value of G that
we found on the modern Koyukuk and expect on other discontinuous permafrost floodplains indicated that small
increases in air temperature may result in G approaching zero. In addition, more rapid channel migration, longer
open-water seasons, and thawing permafrost would increase E (Douglas & Lamb, 2024; Gautier et al., 2021;
Rowland, Crosby, et al., 2023; Rowland, Schwenk, et al., 2023). River erosion preferentially reworks younger
deposits close to the modern channel, which have a low f,,, but would eventually rework older deposits containing
relict permafrost (high f,) far from the Koyukuk's present course (Bradley & Tucker, 2013; Ielpi, Viero,

et al., 2023; Torres et al., 2017). Therefore, as shown by Equation 5, both increased bank erosion rates (E) and

dy,,

decreased permafrost formation rates (G) could cause rapid decline permafrost areal extent (—;

<0), leaving
isolated permafrost to persist only in old deposits far from the modern channel.

6. Conclusions

Arctic floodplains experience continual permafrost thaw and erosion due to river migration that can be balanced
by permafrost formation in new bar deposits. While physical models exist for permafrost riverbank erosion, the
rate and extent of permafrost formation in newly deposited bars remains poorly quantified. Prior studies found
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that vegetation succession enables permafrost formation by insulating the ground during the summer so that
permafrost does not form until a white spruce forest with mossy ground cover grows. However, older floodplain
deposits have been observed to contain much higher ground ice content and have a distinctive vegetation con-
sisting of peat and black spruce bogs. The nature and timing of this transition remains enigmatic, yet it is critical to
understanding the formation of permafrost- and peat-rich deposits that characterize much of Arctic floodplains,
which may be destabilized during climatic warming.

This study focused on the Koyukuk River, which meanders across its floodplain. Radiocarbon and OSL dating
indicate that floodplain deposits are up to 10 ka, and the spatial distribution of deposit ages illustrates how the river
preferentially reworks nearby deposits with lower permafrost extents. Patterns of river migration and point bar
deposition were the primary controls on permafrost presence within the floodplain, with older deposits containing
more extensive permafrost and thermokarst landforms while younger deposits contained patchy permafrost. Using
a calibrated permafrost map and the NLCD vegetation classifications, we examined whether vegetation drove
permafrost formation or vice-versa over millennial timescales. We found that the growth of white spruce over
200 years only explains a portion (~50%) of permafrost areal extent. A later landscape change from white spruce
forest to peat bog with sparse black spruce took place along the Koyukuk as deposits aged from 3.44 to 4.27 Kyr and
was accompanied with more extensive permafrost formation up to 85% of the floodplain area. We attributed this
change to gradual deposition of silt by overbank floods insulating the ground, leading to the formation extensive
that inhibited groundwater infiltration and drove a transition in vegetation to peat, shrubs, and black spruce trees.

Model results and measurements indicated that discontinuous permafrost has been re-forming on the Koyukuk
River floodplain for the last 10 Kyr. While permafrost has continued to form over the last century, our results
highlight that it takes thousands of years to form permafrost-rich deposits (with >50% areal extent) that char-
acterize ~25% of the floodplain. In recent years, warming air temperatures have likely slowed permafrost for-
mation in the Koyukuk floodplain and increased rates of bank erosion (Rowland, Crosby, et al., 2023; Rowland,
Schwenk, et al., 2023). The slow rates of permafrost formation combined with the susceptibility to bank erosion of
older deposits containing extensive permafrost, excess ground ice, and carbon-rich peat would significantly
decrease the carbon storage capacity and ground stability of the floodplain. Our results highlight the vulnerability
of the Koyukuk floodplain to rapid landscape transformation, while our simplified model offers a framework to
assess the vulnerability of other Arctic floodplains to permafrost loss.
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