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Abstract
Beavers are starting to colonize low arctic tundra regions in Alaska and Canada, which has
implications for surface water changes and ice-rich permafrost degradation. In this study, we
assessed the spatial and temporal dynamics of beaver dam building in relation to surface water
dynamics and thermokarst landforms using sub-meter resolution satellite imagery acquired
between 2002 and 2019 for two tundra areas in northwestern Alaska. In a 100 km2 study area near
Kotzebue, the number of dams increased markedly from 2 to 98 between 2002 and 2019. In a
430 km 2 study area encompassing the entire northern Baldwin Peninsula, the number of dams
increased from 94 to 409 between 2010 and 2019, indicating a regional trend. Correlating data on
beaver dam numbers with surface water area mapped for 12 individual years between 2002 and
2019 for the Kotzebue study area showed a significant positive correlation (R2 = 0.61; p < .003).
Beaver-influenced waterbodies accounted for two-thirds of the 8.3% increase in total surface water
area in the Kotzebue study area during the 17 year period. Beavers specifically targeted thermokarst
landforms in their dam building activities. Flooding of drained thermokarst lake basins accounted
for 68% of beaver-influenced surface water increases, damming of lake outlets accounted for 26%,
and damming of beaded streams accounted for 6%. Surface water increases resulting from beaver
dam building likely exacerbated permafrost degradation in the region, but dam failure also
factored into the drainage of several thermokarst lakes in the northern Baldwin Peninsula study
region, which could promote local permafrost aggradation in freshly exposed lake sediments. Our
findings highlight that beaver-driven ecosystem engineering must be carefully considered when
accounting for changes occurring in some permafrost regions, and in particular, regional surface
water dynamics in low Arctic and Boreal landscapes.

1. Introduction

Arctic landscapes are in a state of transition due
to changes in climate (Hinzmanet al 2005, Row-
land et al 2010, Vincentet al 2017). In the summer,
increased warmth and longer growing seasons have
been linked to increases in tundra productivity and
shrub-dominated vegetation over the last three dec-
ades (Tapeet al 2006, Myers-Smithet al 2011, Berner
et al 2018, Bonney et al 2018). Summertime arctic

lake area dynamics have been linked to long-term
climate driven changes and permafrost degradation
(Yoshikawa and Hinzman 2003, Smith et al 2005,
Jones et al 2011, Nitzeet al 2018), as well as to
short-term weather events and annual patterns of
precipitation and evaporation (Riordanet al 2006 ,
Cooley et al 2019, Swanson 2019). Near-surface per-
mafrost degradation in the form of melting ice wedges
(Jorgensonet al 2006, Liljedahlet al 2016), forma-
tion of retrogressive thaw slumps (Ward Joneset al
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Figure 3.Mapping beaver dams in high-resolution satellite imagery available for the northern Baldwin Peninsula, Alaska. The
location of individual dams indicated with red arrow and the flow direction with a light blue arrow. (a) A series of four dams at
the outlet of a lake, (b) a ~60 m long dam built in a drained lake basin, (c) a series of dams at the outlet of a lake near a confluence
with a beaded stream, (d) a series of dams in a channel running through the middle of a drained lake basin, (e) five dams
progressing down the outlet channel of a thermokarst lake, and (f) a series of dams in a beaded stream gulch. Examples shown
here taken from 2019 images; note differences in scale across image frames. All dams were constructed after 2002. Imagery
(104001004E669400—©2019 DigitalGlobe) copyright DigitalGlobe, Inc.

Table 1.High resolution remote sensing time series imagery used for mapping beaver dams and surface water area in the 100 km2

Kotzebue study area from 2002 to 2019.

Year Image date
Image
source

Spatial
resolution
(m)

Beaver
dams (n)

New dams
(n/yr)

New dam
complexes
(n/yr)

Surface
water area
(ha)

2002 22 August QB2 0.7 2 — — 594
2007 4 July QB2 0.7 6 0.8 0.6 610
2008 3 July WV1 0.6 7 1.0 4.0 623
2009 16 August WV1 0.6 10 2.7 1.8 600
2010 4 August WV2 0.5 15 5.2 4.1 618
2011 9 July WV2 0.6 31 17.2 6.5 625
2012 22 July WV2 0.5 34 2.9 3.9 610
2013 11 July WV1 0.5 42 8.2 10.3 611
2014 25 June WV2 0.5 55 13.6 13.6 630
2017 26 July WV3 0.4 79 7.8 3.6 627
2018 1 July WV3 0.5 93 15.0 4.3 630
2019 8 July WV3 0.4 98 4.9 3.9 644

was orthorectified using the 2 arc-second resolution
U.S. Geologic Survey National Elevation Dataset for
Alaska and corrected to top-of-atmosphere reflect-
ance to facilitate time series analysis. Beaver dam
mapping positions were based on the orthorectifica-
tion results from the 2019 images to account for subtle
differences in image geolocation in prior years.

Based on suitable and available imagery, the
Kotzebue study area (100 km2) was mapped each
year in 2002, 2007–14, and 2017–2019 (in total 12
individual years) and the entire northern Baldwin
Peninsula (430 km2) was mapped in 2010, 2013,
and 2019 (3 individual years). This hybrid approach
was designed to optimize our spatial and temporal

perspective and to assess whether the changes being
observed near Kotzebue were reflective of changes
occurring in the surrounding region. Beaver dams
were manually mapped in each image in both study
areas at a scale of 1:1000. All individual, appar-
ently active dams were designated as a point fea-
ture in a GIS database in each image. If a dam
failed or was abandoned in a subsequent year it
was not counted in the latter time series unless it
was re-established. Dams were also grouped as com-
plexes to track the inhabitation of new dam building
sites over time in the study region. The location of
dams relative to permafrost-region landforms (ther-
mokarst lakes, drained thermokarst lake basins, and
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Figure 4.Increase in beaver dams on the northern Baldwin Peninsula in northwestern Alaska between 2002 and 2019. The
detailed temporal analysis study area located near Kotzebue is shown in the four frames on the left representing a subset of the
time series of beaver dams from 2002 (n= 2), 2008 (n= 7), 2012 (n= 34), and 2019 (n= 98). The northern Baldwin Peninsula
study region is shown on the right with two of the three time stamps plotted (2010 and 2019) representing an increase from 94 to
409 beaver dams.

tundra/beaded streams) was also determined manu-
ally. Surface water area change between 2002 and
2019 was then compared at beaver-influenced versus
non-beaver-influenced waterbodies that were classi-
fied as either thermokarst lake, drained thermokarst
lake basin, or tundra/beaded stream to assess whether
there was a preference for dam building relative to
thermokarst landforms and their potential connec-
tion to surface water changes.

We analyzed changes in surface water extent in
the Kotzebue study area using the best available high-
resolution panchromatic images available for a partic-
ular year. Image selection focused on cloud-free, ice-
free, and calm surface water conditions with images
being acquired between late-June and mid-August in
a given year. All images were resampled to a spa-
tial resolution of 70 cm to match the lowest res-
olution image in the time series prior to analysis.
Within year image dates range from 25 June to 22
August with the average date of image acquisition
being 17 July (table1). Object-based image analysis
was conducted in eCognition Essentials 1.3. Image
pixels were grouped into objects using the multiresol-
ution segmentation algorithm with a scale of 20, a
color to shape parameter of 0.1, and a smoothness
to compactness factor of 0.4. A supervised classific-
ation scheme was developed for each image by select-
ing water and non-water object samples. At least 500
samples were manually selected for each class in each
image. Objects were classified using the object-based
k-Nearest Neighbor (KNN) classifier with a k value of

1. The KNN is a simple machine learning algorithm
where an object is classified by a majority vote of its
neighbors, with the object being assigned to the class
most common amongst its k nearest neighbors. Using
a k value of 1 emphasizes stark contrasts between dis-
parate object class types. An accuracy assessment was
conducted using the eCognition workflow for each
image object classification using the input training
samples. The user and producer accuracy of surface
water classification was >96% in each case. Classified
objects were then merged and only those objects clas-
sified as water were extracted for further analysis in a
GIS database. All objects smaller than 250 m2 were
removed from the surface water inventory, objects
that fell outside of the overlapping extent of all images
were removed from further analysis, and stable water
feature centroids were used to reposition lake poly-
gon files from prior years to match the orthorectific-
ation positioning of the 2019 images. Surface water
area was summed in each time step and its changes
were compared against the number of beaver dams
mapped in the Kotzebue study area and their relation
to thermokarst landforms between 2002 and 2019.

3. Results

3.1.?b^sbo a^j fk`ob^pbpÆ/--/ ql /-.6
The number of beaver dams in the Kotzebue study
area increased from 2 in 2002 to 98 in 2019, or
~5000% (figure 4 and table1). The rate of increase
followed that of a 2nd order polynomial regression
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Figure 5.Increase in beaver dams on the northern Baldwin Peninsula since 2002. Twelve images were available for the 100 km2

Kotzebue study area and three mosaics were possible with available and suitable imagery for the 430 km2 northern Baldwin
Peninsula study region. The increasing pattern in the number of dams overtime in the study area around Kotzebue (green circles)
is mirrored across the entire northern Baldwin Peninsula (blue squares). Data plotted as the number of beaver dams per 100 km2.

(R2 = 0.99), with the years 2011 (+17.2), 2014
(+13.6), and 2018 (+15) exhibiting the largest annu-
alized increase in dam numbers (figure5). The area-
weighted rate of dam increases for the Kotzebue study
area based on the 17 year period was 5.6 dams per
year per 100 km2. The number of dams in the lar-
ger northern Baldwin Peninsula study area followed
a similar trajectory between 2010 and 2019, increas-
ing from 94 (2010), to 174 (2013), to 409 (2019) in
the 430 km 2 study area (figures4 and 5). The rate
of increase also followed that of a 2nd order polyno-
mial regression, and the area-weighted rate of dam
increases was 8.1 dams per year per 100 km2 over the
shorter and more recent time interval. Over this same
period, the area-weighted rate of dam increases was
9.2 dams per year per 100 km2 for the Kotzebue study
area.

As of 2019, there are now 42 distinct beaver
dam/pond complexes in the Kotzebue study area. On
average, 2.5 new beaver dam sites, or the initiation

of new beaver dam complexes, were established per
year over the 17 year period; however, there was sub-
stantial interannual variation (range of 13.0). In par-
ticular, 10.3 new sites were established between 2012
and 2013, and 13.6 new sites were established between
2013 and 2014, and less than one new site per year
was established between 2002 and 2007. Analyzing
the increase in the number of new dams relative to
the number of new dam complexes shows periods
of localized building versus expansion into new sites.
The year 2011 and period 2014–2018 experienced a
ratio of more than 2:1 new dams relative to new com-
plexes in the study area, indicating development of
existing dam complexes. In contrast, the years 2008
and 2013 experienced the opposite pattern, with more
new sites being established relative to dam build-
ing at pre-existing complex sites. Between 2012 and
2013, the number of dams at existing sites and the
establishment of new complexes were equally high
at 13.6.
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Figure 6.The role of beavers in affecting surface water variability near Kotzebue. (a) The number of beaver dams mapped in high
resolution satellite imagery in the Kotzebue study area increased from 2 in 2002 to 98 in 2019. (b) Surface water area mapped in
70 cm resolution satellite imagery fluctuated but in general increased in the Kotzebue study area between 2002 and 2019. (c)
Correlating surface water extent with the increase in the number of beaver dams for the Kotzebue study area shows a positive and
statistically significant relationship (R2 = 0.61; p < .003).

3.2. Beaver dam impacts on surface water dynamics
Total surface water area mapped in the Kotzebue
study area showed a variable but increasing trend
between 2002 and 2019 (figure6 and table 1).
Total surface water area increased from 594 ha in
2002 to 643 ha in 2019, or 8.3%. The mapped
surface water area increase was significantly cor-
related with the increase in beaver dams over the
17 year period (R2 = 0.61; p < .003). We further
investigated the 8.3% increase in surface water area
between 2002 and 2019 at beaver-influenced versus
non-beaver-influenced waterbodies. Partitioning the
49 ha increase in surface water area between 2002
and 2019 into beaver influenced (+33 ha) versus
non-beaver influenced (+16 ha) waterbodies estab-
lishes the role of beavers on controlling surface water
area increases. Beaver-influenced waterbody areas
increased by 14.3% over this period, whereas non-
beaver influenced waterbody areas increased 4.6%
(figure7(a)). Thus, beaver-influenced waterbodies
accounted for the majority (66%) of the increase in
surface water area in the Kotzebue study area between
2002 and 2019.

3.3. Beaver damming of thermokarst landforms
All but one beaver dam was associated with at
least one of three thermokarst landforms in the
study region: thermokarst lakes, drained ther-
mokarst lake basins, or tundra/beaded streams
(figure7(b)). Beaver damming of drained lake basin
outlets accounted for 68% of the increase in beaver-
influenced waterbody area increases since 2002. In
some cases, beaver dams led to more than a doub-
ling in surface water area in specific drained lake

basins over the study period. Damming of lake out-
lets accounted for 26% of the increase in surface
water area. Damming at lake outlets tended to amp-
lify natural expansion occurring along thermokarst
lake margins due to permafrost degradation. Dam-
ming of beaded stream courses, though representing
only a small fraction of total beaver influenced sur-
face water area, increased in area by more than 150%
(1.1–2.7 ha) between 2002 and 2019.

4. Discussion

4.1. Beaver dams—surface water—permafrost
interactions
Our analysis adds the Baldwin Peninsula in north-
western Alaska to the scattered recent evidence that
beavers are establishing themselves as a key disturb-
ance agent in low arctic tundra regions (Junget al
2017, Tape et al 2018). In the Kotzebue study area,
we found an 8.3% increase in surface water extent
between 2002 and 2019, with short term annual vari-
ation on the order of−0.2 to+3.7%. Over the twelve
years of images analyzed, only three (2009, 2012, and
2017) experienced a reduction in total surface water
based on the previous year, with one of the years
being influenced by a partial lake drainage event. The
4.6% increase in non-beaver-influenced waterbod-
ies likely results from natural thermokarst processes
associated with expanding lakes in ice-rich perma-
frost terrain as well as annual variability in surface
water area to some degree. The 14.3% increase in
surface water area in beaver-influenced waterbodies
likely results from the cumulative effects of beaver
damming and inundation of low-lying areas, as well
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Figure 7.The impacts of beaver dams on changes in surface water extent in the Kotzebue study area. (a) Comparing surface water
area mapped in high resolution satellite imagery from 2002 and 2019 relative to the presence of beaver dams in 2019 shows that
beavers likely accounted for 66% of the increase in surface water area over this time period. (b) Beaver-influenced surface water
area increases were dominated by damming of drained thermokarst lake basins (68%) relative to thermokarst lakes (26%) and
beaded streams (6%).

as the degradation of permafrost and expansion of
waterbodies through thermokarst processes. Surface
waterbodies in the Arctic are known to fluctuate sea-
sonally and annually, but also to interact with perma-
frost through thermokarst processes that may cause
both increases and decreases in surface water area
(Bowlinget al 2003, Smithet al 2005, Joneset al 2011,
Cooley et al 2019, Nitzeet al 2018). While it is diffi-
cult to separate the combined effects of seasonal and
annual variability and geomorphic factors when ana-
lyzing regional surface water dynamics using remote
sensing snapshots in time, the general trend over the
17 year study period for the Kotzebue study area was
increasing surface water area resulting primarily from
an increase in beaver dams (R2 = 0.61, p < .003).

Few studies have directly addressed beaver-
permafrost interactions (Lewkowicz and Coultish
2004, Joneset al 2018, Tape et al 2018). In this study,
which represents a typical ice-rich permafrost land-
scape in the Arctic interspersed with thermokarst
lakes, drained thermokarst lake basins, and beaded
streams, we showed that beavers preferentially build
dams and facilitate inundation of thermokarst land-
forms, which likely promotes permafrost degrada-
tion. Water impoundment on the landscape is known
to drive permafrost degradation (Lachenbruchet al
1962, Jorgensonet al 2010, Arp et al 2016). Surface
water inundation more readily conducts heat and
therefore impacts the ground thermal regime almost
instantaneously (Langeret al 2016). If the water depth
is sufficient such that the mean annual water bot-
tom temperature exceeds 0◦C (Burn 2002), perma-
frost thaw commences and in the case of ice-rich
permafrost, thermokarst occurs (Grosseet al 2013).
Several studies have highlighted the prominent role

of permafrost degradation, and in particular abrupt
permafrost thaw and thermokarst development on
mobilizing carbon previously stored in permafrost
(Schuur et al 2015, Walter Anthonyet al 2018, Turet-
sky et al 2020). Future research should focus on the
potential role of beavers on altering the carbon cycle
in Arctic and Boreal regions (Gattiet al 2018, Nummi
et al 2018).

Beaver colonization and dam building has sub-
stantial implications for the short-term dynamics
and long-term evolution of permafrost lowlands
(figure8). On the Baldwin Peninsula, northwestern
Alaska, fossil beaver dams and beaver-gnawed wood
dating to the early Holocene (10 kya) have been found
in association with pond sediments and in ice wedge
casts below the pond sediments, which were inferred
to represent ice wedge melting as a result of beaver
dam building (McCulloch and Hopkins 1966). We
likewise found that damming of drained thermokarst
lake basin outlets accounted for the largest increase in
surface water area. Presumably this extensive inunda-
tion due to beavers is accompanied by extensive per-
mafrost degradation in the inundated basin floors
and adjacent tundra slopes (figure8(a)). Beaver dam-
ming of existing lake outlets was also observed to
increase lake surface area, similarly promoting sub-
aqueous and lateral degradation of permafrost (fig-
ure 8(b)). Lake drainage was also observed through
dam failure, abandonment, or bank overtopping (fig-
ure 8(c)). While bank overtopping is a commonly
attributed lake drainage mechanism (Hinkelet al
2007, Joneset al 2011,2020), the ability of beavers
to exacerbate this process has only been recognized
once before (Lewkowicz and Coultish2004) and at
least for sites like the Baldwin Peninsula it could help
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