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Abstract: Beavers have established themselves as a key component of low arctic ecosystems over
the past several decades. Beavers are widely recognized as ecosystem engineers, but their effects
on permafrost-dominated landscapes in the Arctic remain unclear. In this study, we document the
occurrence, reconstruct the timing, and highlight the effects of beaver activity on a small creek valley
confined by ice-rich permafrost on the Seward Peninsula, Alaska using multi-dimensional remote
sensing analysis of satellite (Landsat-8, Sentinel-2, Planet CubeSat, and DigitalGlobe Inc./MAXAR)
and unmanned aircraft systems (UAS) imagery. Beaver activity along the study reach of Swan Lake
Creek appeared between 2006 and 2011 with the construction of three dams. Between 2011 and 2017,
beaver dam numbers increased, with the peak occurring in 2017 (n = 9). Between 2017 and 2019,
the number of dams decreased (1 = 6), while the average length of the dams increased from 20 to
33 m. Between 4 and 20 August 2019, following a nine-day period of record rainfall (>125 mm),
the well-established dam system failed, triggering the formation of a beaver-induced permafrost
degradation feature. During the decade of beaver occupation between 2011 and 2021, the creek
valley widened from 33 to 180 m (~450% increase) and the length of the stream channel network
increased from ~0.6 km to more than 1.9 km (220% increase) as a result of beaver engineering and
beaver-induced permafrost degradation. Comparing vegetation (NDVI) and snow (NDSI) derived
indices from Sentinel-2 time-series data acquired between 2017 and 2021 for the beaver-induced
permafrost degradation feature and a nearby unaffected control site, showed that peak growing
season NDVI was lowered by 23% and that it extended the length of the snow-cover period by
19 days following the permafrost disturbance. Our analysis of multi-dimensional remote sensing data
highlights several unique aspects of beaver engineering impacts on ice-rich permafrost landscapes.
Our detailed reconstruction of the beaver-induced permafrost degradation event may also prove
useful for identifying degradation of ice-rich permafrost in optical time-series datasets across regional
scales. Future field- and remote sensing-based observations of this site, and others like it, will provide
valuable information for the NSF-funded Arctic Beaver Observation Network (A-BON) and the third
phase of the NASA Arctic-Boreal Vulnerability Experiment (ABoVE) Field Campaign.

Keywords: arctic; beavers; geomorphology; permafrost; remote sensing; thermokarst; tundra

1. Introduction

Rapid environmental change in the Arctic is being driven by warming air tempera-
tures [1,2], increases in summer and winter precipitation [3-5], and feedbacks associated

Remote Sens. 2021, 13, 4863. https:/ /doi.org/10.3390/1s13234863

https:/ /www.mdpi.com/journal/remotesensing


https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-1517-4711
https://orcid.org/0000-0002-4810-5261
https://orcid.org/0000-0002-3401-2515
https://orcid.org/0000-0002-9380-4838
https://doi.org/10.3390/rs13234863
https://doi.org/10.3390/rs13234863
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13234863
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13234863?type=check_update&version=2

Remote Sens. 2021, 13, 4863

2 of 20

with sea-ice loss [6] and degrading near-surface permafrost [7,8]. Changes in vegeta-
tion [9-12], hydrology [13,14], fire regimes [15,16], and an increase in thermokarst and
other thaw-related activity [17-19] have been widely observed in Arctic and Boreal regions
during the last two decades. Recent and widespread environmental change in the Arctic
is affecting ecosystems [13,20-22], the carbon cycle [23-25], infrastructure [26-28], socio-
ecological systems that subsist on the numerous resources provided by Arctic lands and
waters [29-32], and leading to a host of permafrost-region hazards [33]. However, feed-
backs associated with the cumulative effects of changes occurring in physical, ecological,
and social systems are difficult to quantify and remain an active field of study [34-36].

Beavers (Castor canadensis) and beaver engineering are at the intersection of ecological,
physical, and social system changes in Arctic and Boreal regions over at least the last
two centuries [37]. Rising demand for pelts increased trapping pressure in the late 1800s,
nearly causing beavers to become extirpated in northern regions [38,39]. The increase of
beaver populations following a cessation in over trapping is well documented, as they
reoccupy their native lands and waters with both positive and negative effects [40—-42].
Superimposed on this human-caused beaver population swing are climate driven changes
in summer and winter habitats that are likely allowing beavers to extend their range into
lowland Arctic regions (Figure 1); the only previous documented range extension since
the Late Glacial occurred during the Early Holocene Warm Period [43,44], though there
is scattered evidence of beavers in arctic tundra archeological sites in Alaska [45]. Tape
et al. [46] recently presented the first comprehensive map of beaver ponds in Arctic Alaska
based on very high resolution satellite (VHRS) imagery from ca. 2010 to ca. 2020, which
indicated the presence of nearly 12,000 individual beaver ponds. A doubling of beaver
ponds between 2000 and 2020 indicates the active pace at which beavers are occupying
lowland arctic tundra landscapes (Figure 1). In regions with ice-rich permafrost, beavers
have been shown to interact with the terrain to create a suite of landscape responses
that may cause lake expansion and drainage, thaw slump initiation, thermoerosional
gully formation, ice wedge degradation, thermokarst shore fen development, and likely
development of taliks associated with water impoundment [44,47,48]. In a recent remote
sensing study focused on the Baldwin Peninsula in northwestern Alaska, beavers were
shown to be the dominant control in the surface water area changes of thermokarst lakes
and drained lake basins between 2002 and 2019 [47].

Remote sensing is an important resource for observing, documenting, and better
understanding landscape change from local, to regional, to Pan-Arctic scales [48,49]. In
particular, remote sensing has emerged as one of the primary tools for advancing the
field of thermokarst research, which is focused on the processes and landforms involving
collapse of the land surface as a result of ground ice melt [50]. Rowland et al. [51] noted
that, with the scale of questions and facets of landscape change in the Arctic today, “a
particular focus must be placed on identifying existing and developing new remote-sensing
technologies to detect near-surface and subsurface changes in the Arctic”. However, no one
remote-sensing tool is particularly suited for detecting and observing the suite of landscape
change scenarios associated with thawing permafrost landscapes [52]. The spatial and
temporal rate at which permafrost degradation manifests itself; the spectral response of
the land surface to thaw-induced perturbations; and the observationally limiting condi-
tions caused by cloud-cover, short northern latitude summers, and variable ecological
conditions requires the use of multiple remote-sensing platforms and novel image analysis
techniques [49,53-56].

In this study, we reconstruct a beaver-induced permafrost degradation feature in the
Swan Lake Creek drainage on the Seward Peninsula, Alaska using multi-dimensional
remote sensing imagery and datasets (Figure 1). During pre-fieldwork planning in the
summer of 2021, we discovered what we interpreted as a beaver-induced permafrost
degradation feature in VHRS imagery. We visited the site on foot in early August 2021
and confirmed the presence of failed beaver dams, beaver chewed wood along strandlines
released during a catastrophic flood, beaver lodges, and topographic relief indicative of



Remote Sens. 2021, 13, 4863

30f20

ice-rich permafrost degradation (Figure 2). Our initial remote sensing observations and
subsequent field reconnaissance to the site led to our interest in reconstructing the timing
and events that led to the development of the beaver-induced permafrost degradation
feature using multi-dimensional remote sensing analyses with varying spatial, temporal,
and spectral characteristics as well as incorporation of digital surface model data. We
combined data from remote sensing platforms with varying spatial and temporal resolu-
tions that include Landsat-8, Sentinel-2, PlanetLabs Cubesats, ArcticDEM, DigitalGlobe
Inc./MAXAR imagery, and a UAS to pinpoint the timing of the disturbance, assess the im-
pact on multispectral indices, understand the impact on ice-rich permafrost terrain, and the
likely processes involved in the formation of the fluvio-thermal erosion and thermokarst
feature. We show that beaver engineering between 2006 and 2021 caused a systems-level
response to a small tundra stream that promoted lateral expansion of the creek valley into
an ice-rich permafrost hillslope and development of a diffuse network of stream channels
expanding the area of potential beaver engineering in the future.

Swan Lake
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Figure 1. The Seward Peninsula in northwestern Alaska showing (a) the location of tundra beaver ponds (red dots)

that have been mapped in the region since 2010, (b) Worldview-2 satellite image (Image copyright DigitalGlobe, Inc.,

Longmont, CO, USA) of Swan Lake and Swan Lake Creek from 8 June 2020, showing the stream study site (yellow box)

with beaver ponds (red dots), and (c) an oblique aerial photograph from an unmanned aircraft system (UAS) acquired on

6 August 2021 showing beaver-induced permafrost degradation and the focus of this study.
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Beaver-induced permafrost Swan Lake Creek Study Site

Beaver Lodge

Exposed Ice-
rich permafrost
and wedge ice .

Figure 2. Field observations of the beaver-induced permafrost degradation feature at the Swan
Lake Creek site in early August 2021. Vertical aerial image in the center derived from the UAS data
collected on 6 August 2021. The location and view angle of the field photos shown in (a-d) are
indicated with the corresponding letter and arrow. Field photos showing (a) thermokarst mounds
and degraded ice wedges (photo K.D. Tape), (b) exposed ice-rich permafrost and wedge ice (photo
K.D. Tape), (c) shrub vegetation in the creek valley with the beaver lodge in the middle of the image
(photo A.C. Bondurant), and (d) the creek and beaver lodge looking downstream from just south of
the beaver-induced permafrost degradation feature (photo K.D. Tape).

2. Materials and Methods
2.1. Study Area

The Seward Peninsula in northwestern Alaska covers a land area of approximately
65,000 km?. The mean annual air temperature ranges from —3 °C to —6 °C and the
region typically receives between 200 and 500 mm of precipitation annually [57]. The
Seward Peninsula primarily consists of tundra vegetation types that include erect dwarf-
shrub and low-shrub tundra; tussock-sedge, dwarf-shrub, moss tundra; and sedge, moss,
low-shrub wetland complexes [58]. The eastern and southcentral parts of the Seward
Peninsula also contain scattered boreal forest tree stands and geothermal springs in the
region [59]. The northern two-thirds of the region is within the continuous permafrost zone
and the southern one-third represents the discontinuous permafrost zone [60]. There is
high variability in the type of permafrost present on the Seward Peninsula with ice-rich
permafrost terrain more common in the north and in the low-lying areas throughout the
region [60]. The variability in permafrost ground-ice and local and regional topographic
differences result in different vulnerabilities to lake, wetland, and hillslope permafrost
degradation processes [61]. Nearly 5000 beaver ponds have been recently mapped in
VHRS imagery from ca. 2010 to ca. 2020 on the entire Seward Peninsula, including a
doubling of beaver ponds since 2000 (Figure 1a; [46]). The highest density of beaver ponds
(~0.5 ponds/km?) occurs in the southcentral region of the Seward Peninsula [46].

The Swan Lake and Swan Lake Creek study area are centrally located in the dense
and expanding footprint of beaver engineering on the Seward Peninsula (Figure 1). The
site (65.194° N, 164.797° W) is adjacent to Kougarok Road which runs from the coast near
Nome, Alaska, inland to the north for ~140 km. Prior to beaver arrival between 2006 and
2011, the Swan Lake Creek was a small, incised tundra stream draining an area of ~20 km?.
The watershed contains a prominent drained lake basin, with several remnant lakes, and a
moderate to steeply sloping hillside in its upper reaches.
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2.2. Remote Sensing Observational Datasets
2.2.1. Multi-Resolution Optical Image Observations

Time series remote sensing data archives provide a valuable resource for reconstruct-
ing the timing of landscape disturbances. Our efforts focused on data derived from optical
remote sensing resources with a spatial resolution of 30 m and finer for the time period
of 2017-2021 (Table 1). We mined the entire archive of Landsat OLI (30 m) and Sentinel-2
(10 m) from 2017 to 2021 to reconstruct the formation of the beaver-induced permafrost
degradation feature. Analysis of the 10-30 m resolution imagery provided a means of
bracketing the formation of the feature based on the repeat cycle of the remote sensing
platform and the presence of cloud-free conditions to constrain the timing in temporal bins
of years to months. Visual observations based on the PlanetLabs, Inc. CubeSats archive
was then used to further refine the timing of the disturbance event on time scales of days
to weeks.

Table 1. Multi-dimensional remote sensing image platforms, spatial resolution, temporal resolution, spectral resolution,

radiometric resolution, temporal range of images used, number of images in the time series analysis, and the application for

detecting and quantifying beaver-induced permafrost degradation at the Swan Lake Creek study site, Seward Peninsula, Alaska.

Spatial Temporal Spectral Radiometric Temporal Range [mages in Remote Sensing
Image Platform Resolution (m) Resolution Resolution Resolution of Images Used Time Series Application
(Bands) (Bit Depth) Analysis (n)
General
Landsat OLI 30 8-16 days 8 16 2017-2021 17 Obier"a“"“s of
andcover
Change
Multi-Spectral
Sentinel-2 10 1-5 days 4 12 2017-2021 152 Index Trend
Analysis
PlanetLabs, Inc . 2019 Object Feature
Cubesats 35 Daily 4 12 (July/August) 15 Detection Timing
Arctic DEM 2 Infrequent N/A N/A 2017-2020 3 DSM/dD.SM
Generation
DigitalGlobe, Object Feature
Inc./MAXAR 0.5 Infrequent 1 11 2006-2021 8 Detection
VHRS Impacts
UAS 0.15 Infrequent 3 16 2021 1 DSM Generation

2.2.2. Reconstructing Beaver Activity

Beaver dams and the evolution of the stream channel network were mapped in the
time series of commercial VHRS images from 2006 to 2021. Panchromatic imagery ranging
from 0.5 to 1.0 m spatial resolution were acquired from the years 2006, 2011, 2014, 2015,
2017,2019, 2020, and 2021. The imagery was orthorectified using the 2 arc-second resolution
U.S. Geologic Survey National Elevation Dataset for Alaska and independent checks on the
horizontal alignment of the image time series showed that the data were within +/— 4 m
horizontally. This bias was removed by further rectifying each image to the 2021 image
and then beaver dams and stream channels were manually mapped at a scale of 1:500 as
vector line features in a GIS framework for each image in the time series [62].

2.2.3. Measuring Topographic Change

We used a time series of digital surface model (DSM) data derived from the ArcticDEM
project to assess the impact of beaver engineering on land surface elevation changes. Arc-
ticDEM is a National Geospatial-Intelligence Agency (NGA)-National Science Foundation
(NSF) public—private initiative to automatically produce a high-resolution, high quality,
digital surface model (DSM) of the Arctic using optical stereo imagery, high-performance
computing, and open-source photogrammetry software [63]. Suitable images were avail-
able for the Swan Lake Creek study site from 14 July 2017, 11 July 2019, and 8 June 2020.
The data were provided with a vertical and horizontal accuracy of 6 and 4 m, respectively.
To account for the vertical and horizontal differences in the datasets, identifiable landscape
features were used to align the 2017 and 2019 images to the 2020 data with a horizon-
tal accuracy of ~1.0 m and a vertical accuracy of ~0.5 m. The spatial resolution of the



Remote Sens. 2021, 13, 4863

6 0f 20

DSM products are 2 m and they allowed for the quantification of land surface elevation
changes and the lateral expansion of the creek valley as a result of beaver engineering and
permafrost degradation.

2.2.4. Multispectral Indices

Remote sensing data is a valuable tool for quantifying changes in vegetation and
snow-cover over time [64,65]. Sentinel-2 imagery was used to create time series multi-
spectral indices of NDVI and NDSI for a pixel located inside the disturbed area and an
adjacent undisturbed pixel from 2017 to 2021. The Sentinel Hub EO Browser was used to
search for cloud-free images available from 2017 to 2021 [66]. The “mark point of interest”
function and the statistical info extractor was used in the browser to extract the time series
of NDVI and NDSI data on a per-pixel-basis for the two locations. The data were further
investigated manually to remove any cloud and shadow affected pixels. All cloud-free
data points were plotted on an annual and seasonal basis and time-integrated data curves
were developed using locally weighted regression in SigmaPlot13.

2.2.5. UAS Data Collection

A DJI PARTK quadcopter and a DJI D-RTK 2 Mobile Station were used to acquire
759 images of the Swan Lake Creek study site on 6 August 2021. The UAS was flown at
100 m agl and flight speeds varied from 7-8 m/s. The frontlap and sidelap of the mission
were set at 80% and 70%, respectively. All images were processed in the software Pix4D
Mapper to produce an orthophoto mosaic and a digital surface model at spatial resolutions
of 5 and 15 c¢m, respectively [62]. A Leica Viva differential GPS system provided ground
control for the mission and the data were post-processed to WGS84 UTM Zone 3 North in
Ellipsoid Heights. The data provide a more detailed assessment of the topographic relief
associated with the beaver-induced permafrost degradation and a baseline with which to
measure future change.

2.2.6. Summer Precipitation Data

We accessed daily precipitation data from the US National Weather Service station
(USW00026617) in Nome, AK for the period 2006-2020 to represent the timing associated
with beavers occupying the Swan Lake Creek drainage [67]. We analyzed daily precip-
itation data during the 2019 summer months of July and August and aggregated daily
precipitation into weekly temporal bins for the entire 15-year record. We assessed the
conditions in 2019 relative to the 15-year record and plotted data relative to the mean
and standard deviation in weekly precipitation (2006-2020) to assess the occurrence of
extreme precipitation events as a potential trigger for the beaver-induced permafrost
degradation feature.

3. Results
3.1. Timing of Beaver Activities

Analysis of multi-dimensional remote sensing data allowed for the detailed recon-
struction of the timing and extent of beaver engineering and beaver-induced permafrost
degradation in Swan Lake Creek, AK. The major disturbance event was bracketed to be-
tween 2017 and 2020 across four remote sensing platforms with varying spatial resolutions
(Figure 3). Landsat OLI imagery provided a glimpse of the disturbance event but better
refining the timing and extent of the disturbance was limited by long repeat acquisition in-
tervals, pervasive cloud cover, and the relatively coarse resolution (30 m). The 17 cloud-free
and snow-free Landsat OLI images between 2017 and 2020 bracketed the disturbance event
to sometime after 9 July 2019 and before 2 June 2020. The increased spatial resolution and
more frequent image acquisition repeat cycle of Sentinel-2 provided a more in-depth time
series of observations for the permafrost degradation feature. There were 152 cloud-free
and snow-free Sentinel-2 images available for the site between 2017 and 2020 that allowed
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us to better bracket the primary disturbance event to sometime during July and August
of 2019.

2017 2020 2017 2020

Landsat (30m)
Planet (3 m)

Sentinel-2 (10 m)
Worldview (2 m)

Figure 3. Multi-scale remote sensing image pairs bracketing the development of the beaver-
induced permafrost degradation feature in the Swan Lake Creek drainage between 2017 and 2020.
(a) Landsat-8, (b) Sentinel-2, (c) PlanetLabs, Inc. CubeSat Imagery, and (d) Worldview-2 imagery
(Images copyright DigitalGlobe, Inc., Oakland, CA, USA). The feature is visible in all 2020 images,
but it is best resolved at spatial resolutions of 10 m and finer. The yellow pixels highlighted in the
2020 Sentinel-2 image represent the locations of the disturbed and control sites for the multi-spectral
indices time series analysis.

Combining the higher spatial and temporal resolution observations from PlanetLabs
Inc. imagery allowed for a more precise accounting of the event. The 3 m resolution
PlanetLabs, Inc. imagery pinpointed the permafrost disturbance event to the roughly
two-week period between 4 August 2019 and 20 August 2019 (Figure 4). The addition of
the VHRS imagery from the DigitalGlobe, Inc. (Oakland, CA, USA)/Maxar constellation of
satellites did not offer any further insight into the timing of the disturbance but it provided
a detailed time series to reconstruct the beaver engineering that led to the disruptive event
in 2019.

The more infrequent VHRS imagery, at ~0.5 m spatial resolution, provided the level
of detail necessary for tracking beaver dam formation and disappearance between 2006
and 2021 (Figure 5). The first available image for the Swan Lake Creek study area is from
27 August 2006 and it showed that beavers had not yet begun to build dams in this portion
of the drainage. Between 27 August 2006 and 27 July 2011, three beaver dams (mean
length = 14.9 m) are visible in the VHRS imagery, representing the initial establishment
of beavers in the stream reach (Figure 5). Between 27 July 2011 and 5 August 2014, the
number of beaver dams increased to four (mean length = 21.9 m) and the location of
the active beaver dams shifted along the stream corridor. Between 5 August 2014 and
23 June 2015, the number of dams increased by one and the previously existing dams
were primarily extended (mean length = 24.4 m). The largest increase in the number of
dams occurred between 23 June 2015 and 14 July 2017. Dam numbers nearly doubled from
five to nine (mean length = 20 m) and a new dam located along the southwestern portion
of the stream reach was constructed. Between 14 July 2017 and 8 July 2019, the number
of dams decreased by three; however, the average length of each dam increased (mean
length = 32.5 m). The image from 8 July 2019 preceded the failure of the dam complex
by approximately one month. Following the failure of the dam complex system in 2019
the number of dams decreased to three (mean length = 20 m) by 8 June 2020, but again
increased to nine small dams (mean length = 11.9 m) by 5 August 2021 as beavers began
to re-engineer the diffuse stream network that they had developed through their beaver
engineering and permafrost degradation.
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12 July 2019 04 August 2019

14 September 2019

Figure 4. PlanetLabs, Inc. CubeSat false-color infrared image time series of the beaver-induced
permafrost degradation feature at the Swan Lake Creek study site. The high temporal resolution
offered by the PlanetLabs, Inc. constellation of CubeSats provides critical information on the timing
of events associated with the beaver-induced permafrost degradation feature. An initial disturbance
to the near-surface permafrost terrain is evident in the image from 4 August 2019 (yellow arrow).
The image from 20 August 2019 shows that the majority of the disturbance occurred between
4 August and 20 August 2019. Images acquired later in 2019 and in early 2020 indicate that
thermokarst processes are likely increasing the area of the permafrost degradation feature at a
slower rate since its rapid development.

Figure 5. VHRS time series of imagery from the DigitalGlobe, Inc./MAXAR constellation of satellites
showing the establishment of beavers in the Swan Lake Creek drainage after 2006. Dam building
activity increased through 2017 when the main stream channel was routed to the northwest to-
wards an ice-rich permafrost hillslope. The dam system ultimately failed between 2019 and 2020
and the catastrophic flood led to the development of a permafrost degradation feature formed by
processes of fluvio-thermal erosion, thermal erosion, and subsequent thermokarst. Images are from
27 August 2006 (Quickbird-2), 27 July 2011 (Worldview-1), 5 August 2014 (GeoEye-1), 23 June 2015
(Worldview-1), 14 July 2017 (Worldview-2), 8 July 2019 (Worldview-1), 8 June 2020 (Worldview-2),
and 5 August 2021 (Worldview-3). The red lines indicate the location of beaver dams in each image
frame. All images are copyright DigitalGlobe, Inc.
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3.2. Fluvial Geomorphology

The width of the valley increased between 2006 and 2020 as dam building diverted wa-
ter and beaver-induced degradation of permafrost formed a new valley bottom (Figure 6).
Between 2017 and 2019, beaver engineering and permafrost degradation widened the
creek valley from 33 to 110 m, while 0.48 m of subsidence occurred on average. Between
2019 and 2020, continued beaver engineering and a catastrophic flood event resulted in
fluvio-thermal erosion, thermal erosion, and thermokarst that widened the creek valley
from 110 to 180 m, while 0.78 m of subsidence occurred on average. Between 2017 and
2020, the Swan Lake Creek valley widened by ~450%, a ~35,000 m? area was affected
by subsidence that averaged 1.68 m, with more than 2.25 m occurring locally between
2017 and 2020. The total volume of material (soil, ice, and vegetation) lost through beaver
activities and beaver-induced permafrost degradation was ~59,000 m?>.

Elevation (m)
346

27.3

2020 valley

2019 valley
32

Elevation (m)
2

[
o

N
©

0 50 100 150 200

Distance (m)

Figure 6. ArcticDEM data from 2017, 2019, and 2020 showing removal of shrub vegetation, beaver-
induced fluvio-thermal erosion, and thermokarst at the Swan Lake Creek study site. Analysis of
repeat observations in ArcticDEM data show that the Swan Lake Creek valley widened from 33 m in
2017, to 110 m in 2019, to 180 m wide in 2020 primarily as a result of thaw subsidence and lateral
erosion into ice-rich permafrost terrain caused by beaver engineering activity. The yellow polygon in
2020 depicts the 35,000 m? disturbed area. There was 59,000 m? of material lost between 2017 and
2020 due to beaver engineering and permafrost degradation.

Beaver-induced permafrost degradation and dam building also increased the length
of the stream network in the Swan Lake Creek study area. Prior to the arrival of beavers
in the study stream reach, the length of the creek was 0.6 km and confined to a single
incised channel (Figure 7). There was no measurable change in the length of the stream
network between 2006 and 2011 associated with the initial development of three beaver
dams along the study reach. However, with the addition of four beaver dams between
2011 and 2014 and an additional dam in 2015, the stream channel network increased by
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an additional 9.6% and 4.4%, respectively. Between 2015 and 2017, the number of dams
initially increased but between 2017 and 2019 the number of dams decreased while the
mean length increased. This indicator of beavers better establishing their presence in the
study area corresponded to a 13.7% increase in the length of the stream network between
2015 and 2017, which was followed by an additional 85.7% increase in the stream network
length between 2017 and 2019 as lateral connectivity increased. The catastrophic failure of
the beaver dam complex network during August 2019 created the permafrost degradation
feature that further increased the length of the stream channel network by 27.8% by 2020.
Between 2006 and 2021, the length of the stream channel network increased from ~0.6 km
to more than 1.9 km, or a ~220% increase as a result of the combined effects of beaver
engineering and permafrost degradation.

2006 2011 2014 2015
____ Beaver
Dam
Stream
" Channel
50
I
2017 2019 ; 2020 z 2021 ;

Figure 7. Delineation of beaver dams and stream channels along the study section of Swan Lake Creek

between 2006 and 2021 that were digitized in VHRS imagery. Beavers began establishing dams in the
study area between 2006 and 2011. Between the decade from 2011 to 2021, dam numbers fluctuated
with the peak occurring in 2017 (n = 9), prior to the failure of the dam system and development of the
beaver-induced permafrost degradation between 2019 and 2020. Between 2006 and 2021, the length
of the stream channel network increased from ~0.6 km to more than 1.9 km, or a 220% increase as a
result of the combined effects of beaver engineering and permafrost degradation.

3.3. Changes in Vegetation and Snow

Formation of the beaver-induced permafrost degradation feature caused a decrease
and delay in the timing of the peak NDVI the year following the disturbance. Pixel-based,
Sentinel-2-derived, NDVI time-series extracted from the beaver-disturbed area relative to
an adjacent control site that was unaffected by permafrost degradation showed that NDVI
at the two sites tracked one another up until August 2019 (Figure 8). The beaver induced
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permafrost degradation feature is evident in the rapid decline in NDVI that started in
August 2019 relative to the control site. NDVI values at the disturbed area were 14% lower
a month after the disturbance relative to the control site. In the first full growing season
following the disturbance, early season NDVI was 36% lower, the peak was 23% lower, the
peak occurred 8 days later, but the end of season NDVI was roughly the same.

Control Site Disturbed Site
0712017 ° .
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[a]
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S
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Figure 8. NDVI data derived from a time series of Sentinel-2 satellite imagery acquired between
2017 and 2020 for a control site and a site within the beaver-induced permafrost degradation feature
area. The black dots indicate single-pixel, individual NDVI values from a particular Sentinel-2 image,
while the black curves represent the time integrated NDVI value for each site for each year based on
LOESS smoothing using a 3rd order polynomial. The beaver induced permafrost degradation feature
is evident in the rapid decline in NDVI that started in August 2019 and also reflected in the reduction
in NDVI values during the entire 2020 growing season.

The beaver-induced permafrost degradation feature also resulted in a difference in the
timing of snowmelt relative to an adjacent unaffected control site (Figure 9). Pixel-based
NDSI data were extracted from the same locations used for the NDVI analysis. The snow
melted at both sites on the same day in 2018 (5 May) and within two days of one another
in 2019 (4 May and 6 May), the spring before the disturbance. The abrupt increase in the
time that snow lingers as a result of the beaver-induced permafrost degradation feature
becomes evident in 2020 and 2021. The spring following permafrost degradation, the snow
lasted eight days longer at the disturbed site (22 April 2020) relative to the control site
(13 April 2020). Two years after the initial disturbance the snow at the disturbed site
(14 May 2021) lingered 19 days longer than at the control site (25 April 2021).
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Figure 9. NDSI data derived from a time series of Sentinel-2 satellite imagery acquired between 2018
and 2021 for a control site (blue dots and lines) and a site within the beaver-induced permafrost
degradation feature area (red dots and lines). The color-coded dots indicate single-pixel, individual
NDSI values from a particular Sentinel-2 image (location shown in Figure 3), while the color-coded
lines represent the time integrated NDSI value for each site for each year based on LOESS smoothing
using a 1st order polynomial. Blowing and drifting snow now accumulates in a thaw-affected
depression during the winter, increasing the snow depth relative to the control site, and resulting in a
longer snow-melt period for areas affected by permafrost degradation. The difference in snow-melt
date between the control and disturbed site was 19 days in 2021, compared to 0 in 2018, prior to the
beaver-induced fluvio-thermal erosion and thermokarst feature development.

4. Discussion

We were able to reconstruct the development of a beaver-induced permafrost degrada-
tion feature based on detailed spatial and temporal analysis of multi-dimensional remote
sensing imagery. No one remote sensing tool is particularly suited for quantifying and char-
acterizing the way in which permafrost regions are changing in response to disturbances,
owing to the varying spatial and temporal scales of change [52]. In this study, we used
imagery that ranged in spatial resolution from 30 to 0.05 m and with infrequent temporal
coverage to near daily observations. The use of multi-dimensional remote sensing data
and the combination of manual and automated image analysis techniques allowed us to
reconstruct (1) the timing of beaver engineering on permafrost degradation, (2) widening
of the creek valley, (3) an increase in the stream channel network, (4) lowering of peak
growing season NDVI, and (5) a prolonging of the spring snowmelt period associated with
the beaver-induced permafrost degradation feature. In particular, the observations made in
this study using time series remote sensing imagery that document the coupled response of
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a decrease in the magnitude and timing of peak NDVI and a shift towards a later snow-off
date in the permafrost disturbed area could be combined to potentially identify other
disturbances to permafrost at regional to pan-Arctic scales using Sentinel-2 imagery.

The catastrophic dam failure that promoted formation of the beaver-induced per-
mafrost degradation feature likely occurred in response to high stream flow caused by a
multi-day record rainfall event (Figure 10). Analysis of the daily rainfall data from the
weather station in Nome, AK showed that there was more than 50 mm of rain on 2 August
2019 (Figure 10a) and that the nine days prior to the period that bracketed formation of
the beaver-induced permafrost degradation feature were the highest on record for the
15-year observation period between 2006 and 2020. In particular, rainfall during the week
prior to 5 August 2019 was five times higher than the average weekly rainfall during the
period of beaver occupation in the Swan Lake Creek drainage (Figure 10b). Observations
of failure of the dam complex and initiation of the beaver-induced permafrost degrada-
tion feature following record rainfall has implications for the ongoing rapid expansion
of beavers [37,44,47] in an Arctic that is experiencing hydrologic intensification [68,69].
With the more than doubling in beaver ponds on the Seward Peninsula between 2000 and
2020 [46], the likelihood of more widespread beaver-induced permafrost degradation asso-
ciated with dam failures due to an increase in extreme precipitation events has increased
in the 21st Century [70]. The combination of increasing beaver dams and rainfall will
likely result in an increase in lateral erosion and downstream effects in lowland permafrost
regions in the future.
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Figure 10. Precipitation data plots based on the US National Weather Service station located in Nome, Alaska. (a) Plot

of daily rainfall (mm/day) from July and August 2019 showing the extreme precipitation event on 2 August 2019, two

days before initial failure of the beaver dam complex was noticed in the PlantLabs, Inc. (Pleasant Grove, CA, USA) satellite

imagery (Figure 4). (b) Daily precipitation data aggregated into weekly bins showing the weekly summer rainfall during

2019 (dark grey bars), the mean weekly rainfall (black line) and the standard deviation (light grey shaded area) in weekly
rainfall for the 15-year period from 2006 to 2020. The nine days prior to the failure of the beaver dam complex and initiation
of the permafrost degradation feature were the highest on record during the period of beaver occurrence in the Swan Lake

Creek study area.

The results presented in this study are an example of pronounced lateral bank erosion
associated with beaver dam failure in ice-rich permafrost (Figure 11). Beaver dams are
known to breach centrally or laterally [71]. In temperate regions of North America, dam
breaches have been shown to easily erode deposited pond sediments but with minimal
lateral bank erosion [72]. Our observations highlight the effects of more than a decade of
beaver engineering in a creek confined in ice-rich permafrost that ultimately resulted in a
breach and a catastrophic failure of the dam complex system during a two week period
in August 2019, over which time the creek valley widened by 150 m through permafrost
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degradation. The widening of the creek valley also increased lateral hydrologic connectivity
in the system. Beaver damming has been shown to increase lateral connectivity and
decrease longitudinal connectivity in stream channel networks [73,74]. However, in river
and stream corridors in temperate systems that are incised or contain smaller floodplains,
the ability of beavers to increase lateral connectivity is limited [73]. In the case of our Swan
Lake Creek study reach, the initial confinement was modified as beaver engineering re-
routed water to increase the width of stream channel valley through degradation of ice-rich
permafrost, ultimately increasing lateral connectivity in the system, further highlighting
the unique interaction of beavers and permafrost landscapes [43,47].

32 { Tussock |  Melted Ice Wedges, Thermokarst

| Tall | Low
Tundra | Mounds, and Diffuse Creek Channel |

I

'

| Tussock
|Shrubs|  Shrubs

|
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27 T
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Distance (m)

Figure 11. A 15 cm resolution, colorized digital surface model derived from the UAS survey data
(top) and extracted elevation profile (bottom) for the portion of Swan Lake Creek most heavily
disturbed by the beaver-induced permafrost degradation. Numerous features are evident in the
elevation profile data, from left to right—gently sloping tussock tundra that is underlain by ice
rich permafrost; the area of beaver-induced permafrost degradation showing melted ice wedges,
intervening thermokarst mounds, and the now diffuse creek channel; tall shrubs; low shrubs; and
gently sloping tussock tundra.

The beaver-induced permafrost degradation feature in Swan Lake Creek adds a new
permafrost degradation mode to previously characterized mechanisms in Arctic and Boreal
regions [75,76]. In the case of our feature, the re-routing of an increasing water level
laterally into an ice-rich hillslope, followed by the catastrophic failure of the interconnected
waterways, likely led to both lateral (fluvio) [77,78] and top-down thermal erosion [79,80]
that occurred preferentially along ice wedge networks. The unique nature of the combined
effects of both lateral and top-down thermal erosion is what makes the beaver-induced
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permafrost degradation feature appear to be unique. This process created an amphitheater-
shaped feature that increased the width of the valley by ~150 m, where subsidence of the
terrain was as high as 2.25 m (Figure 11). Based on the VHRS imagery, it appears that
the majority of thaw subsidence occurred as a result of the fluvio-thermal and thermal
erosional processes, but that continued degradation is being driven by thermokarst. The
unique setting and processes involved with the initial development of the beaver-induced
permafrost degradation feature require further field study to more fully understand the
operative processes but there are likely few instances where this type of feature could be
generated without the influence of beaver engineering. Other factors that could lead to
similar conditions would be a human-built dam along a stream reach or a landslide or
thaw slump that blocks the flow of water in a river or creek valley [81]. The combination
of fluvio-thermal erosion, thermal erosion, and subsequent thermokarst processes add a
unique disruptive event in permafrost regions and warrants inclusion of beaver-induced
permafrost degradation as an emerging arctic landscape change mechanism (Figure 12).

100 m

Figure 12. VHRS imagery showing examples of similar landscape settings where the combined actions of beaver-induced

permafrost degradation processes (fluvio-thermal erosion, thermal erosion, and subsequent thermokarst processes) are

likely responsible for the development of the landform. Beaver-induced permafrost degradation features at (a) the Swan
Lake Creek site, Seward Peninsula, Alaska (6 June 2020), (b) Ptarmigan Creek, Seward Peninsula, Alaska (6 July 2019), and
(c) an unnamed creek near Noatak, Alaska (6 September 2018). Recognition of the potential role of beaver engineering on

permafrost degradation may help to characterize similar features across low Arctic and Boreal landscapes. All images are

copyright DigitalGlobe, Inc.

The role of beaver engineering on permafrost terrain changes is gaining recognition in
Arctic and Boreal landscapes [43,47]. Previous work has shown that beaver engineering can
degrade permafrost through water impoundment and inundation of permafrost [44,47,48].
Studies such as this case study provide local insights clarifying the timing of beaver ar-
rival and the multi-faceted impacts to permafrost systems. This study adds the role of
failed beaver engineering as an important component of lateral and downstream degra-
dation of ice-rich permafrost. In general, however, the effects of beavers as a key aspect
of permafrost degradation in lowland permafrost regions remains largely unaccounted
for [43,46]. Adding beaver disturbance to the changing permafrost landscape and the
positive feedbacks to permafrost degradation associated with ponding water, thaw subsi-
dence, lateral and downstream effects, and increased snow accumulation is the focus of a
recent project funded by the US National Science Foundation, Arctic Beaver Observation
Network (A-BON): Tracking a new disturbance regime. A-BON is focused on observations
of beaver engineering across circumarctic treeline and tundra environments during the last
half-century by mapping and tracking beaver ponds using satellite imagery, field studies,
and co-production of knowledge with remote Indigenous communities. Detailed remote
sensing observations provided by this study across a range of spatial and temporal scales
also provide valuable insights for Phase III of the NASA ABoVE field campaign. While
our study focused solely on optical remote sensing datasets, future efforts would benefit
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from the inclusion of radar-based remote sensing data, such as those available through
the NASA ABoVE campaign, to characterize the effects of beavers on ice-rich permafrost
terrain [82-84].

5. Conclusions

In this study, we used multi-dimensional remote sensing observations to document
the occurrence, reconstruct the timing, and highlight the effects of beaver activity on a small
creek valley confined by ice-rich permafrost on the Seward Peninsula, Alaska. Beavers
initially occupied the creek drainage between 2006 and 2011 and progressively engineered
the system to create a complex mosaic of beaver dams that re-routed the stream channel
network through 2019, when a catastrophic failure in the system led to the development of
a beaver-induced permafrost degradation feature during a roughly two-week period in
August 2019. The abrupt thaw event has subsequently been modified by thermokarst pro-
cesses. As a result of beaver engineering and its subsequent impact on ice-rich permafrost
soils the creek valley widened by ~450% and the length of the stream channel network
increased by ~220%. Analysis of multi-spectral indices (NDVI and NDSI) showed that the
beaver-induced permafrost degradation resulted in a 23% reduction in peak growing sea-
son NDVI the summer after the disturbance and a lengthening of the snow-melt period by
nearly 20 days. Our detailed remote sensing observations provide the most comprehensive
assessment of beaver engineering and its potential role in degrading ice-rich permafrost
landscapes in the Arctic. In addition, this study adds to the growing set of observations
that have highlighted the need to consider beavers and their activities on models of future
landscape change in Arctic and Boreal regions. Efforts such as the NSF-Funded Arctic
Boreal Observation Network (A-BON) and the third phase of the NASA ABoVE field
campaign provide the foundation for more holistically understanding the interactions of
physical, ecological, and social systems as they relate to beavers and permafrost.
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