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A Remote Sensing Approach for Identifying Beaver Activity Using Aerial Imagery
Abstract: Beavers (Castor canadensis) are the quintessential ecosystem engineer. Beaver dams
and resulting impoundments can persist on the landscape for more than 150 years, even after site
abandonment. A common method for quantifying beavers on the landscape uses aerial surveys
to identify location and activity status of colonies based on food cache presence. Aerial surveys
are both expensive and dangerous prompting management agencies to seek alternative
monitoring approaches. Remotely sensed imagery such as aerial imagery collected by The
National Agriculture Imagery Program (NAIP) is freely available and potentially useful for
beaver monitoring efforts. Using NAIP imagery, I developed a supervised classification using
2011 and 2014 beaver aerial survey data provided by the Wisconsin Department of Natural
Resources (WDNR) and defined a suite of aerial visual cues to aid in identification of beaver
features on the landscape. Using these tools, I surveyed 84 watersheds and identified 921 areas
of beaver features. The mean density estimate of features (x̄ = 0.119 features/km2) was
significantly lower than the unadjusted estimate (x̄ = 0.154) reported by the WDNR, potentially
indicating sampling bias. Additionally, I evaluated the efficacy of my remote sensing tools using
accuracy assessments and observed a 23.6% increase to producer’s accuracy (P < 0.001).
Implementation of remote sensing-based approaches to natural resources monitoring and
management may provide a cost-effective alternative to current techniques, while simultaneously
providing temporal “snapshots” of habitat use, beaver landscape alteration, and beaver feature
persistence.
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Introduction
Beavers (Castor canadensis) are semi-aquatic mammal, trapped game species, and the
largest native extant rodents in North America. Beavers are pervasive, occurring throughout the
northern hemisphere and areas outside of their historical range including Europe, and the
southern-most islands of South America (Lizarralde et al. 2007). Beavers are well-known for
their ecosystem engineering capabilities and resultant impacts on the landscape; they build a
variety of structures including dams, bank dens, lodges, and food caches. Beavers are unique in
their ability to modify the landscape to accommodate their biological requirements, which can
create favorable or unfavorable habitat for other species (Law et al. 2016). Beaver dam-building
behavior is innate and their habitat alteration has a disproportionate effect on the landscape
compared to allospecific organisms, so much so that they are considered an indicator species for
monitoring ecological communities and forest management impacts (McLaren et al. 1998).
Beavers increase landscape heterogeneity through their foraging behavior and creation of
structures, especially dams (Broschart et al. 1989). Beavers influence the successional stage of
forests by selecting for early successional species such as aspen (Populus sp.) but refraining from
consuming regenerating woody material (likely due to secreted toxins) after initial consumption
of the parent stem. This behavior alters the understory composition to reflect an earlier
successional stage (Baker and Hill 2003). Additionally, by felling adult trees, beavers reduce
canopy cover and increase light penetration to the understory and adjacent water bodies (Crisler
and Russell 2010).
The size and number of dams is dependent on-site fidelity, topography, substrate, stream
flow rate, and other abiotic variables (Baker and Hill 2003). In riverine systems, beavers
construct and inhabit both lodges and bank dens. During the fall and winter, water levels can
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fluctuate considerably; hence, having multiple lodges and dens is advantageous to account for
this variability and reduce mortality (Bloomquist et al. 2012). Multiple lodges near or within an
impoundment are not uncommon, and active lodges can be identified by the presence of food
caches. In northern latitudes where winters can be long and severe, beavers will construct food
caches accessible from beneath the ice. Food caches are often comprised of aspen, willow (Salix
sp.), and water lilies (Nymphaea sp.; Jenkins and Busher 1979). Species such as willow are
highly proteinaceous (Baker and Hill 2003), and consumption of water lily may be related to
sodium availability (Wilson et al. 2016). Beaver structures, especially dams, are often visible in
aerial imagery as bifurcated areas of land and can persist on the landscape for decades, even after
site abandonment. For example, Johnston (2015) examined 64 beaver ponds mapped in the
1860’s, 72% of which were still discernable in 2014. Of the 64 ponds, 18 (28%) were no longer
detectable due to anthropogenic development (mining and residential housing construction),
while 23 (36%) had been abandoned and become riparian wetlands. The transition of beaver
ponds to riparian wetlands is facilitated by nutrient-rich bottoms that once drained become
accessible to emergent aquatic vegetation. These wetlands are an invaluable resource that are
very expensive to create and the quality of which is almost impossible for humans to replicate
(Willby et al. 2018).
Because beavers have disproportionate effects on the flora and fauna, understanding and
managing their distribution is critical; however, monitoring beavers can be challenging as their
habitats are often inaccessible, and visually obstructed by tall macrophytes. Population estimates
of beavers are typically expressed as densities, but a lack of local population biological and
demographic data can result in low precision (Baker and Hill 2003). One method to estimate
beaver abundance is estimating cache density. This method uses number of caches within a
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given area and generates a population index based on mean number of individuals per colony.
An understanding of average local colony sizes and assumption that only one cache is
constructed per year is required for cache density to be a good predictor of beaver abundance
(Winfree 2008). Alternatively, cache size has also been used as an index of beaver colony size
and has been examined by multiple studies (Easter-Pilcher 1990, Osmundson and Buskirk 1993).
These studies found cache size was neither a consistent nor accurate index for beaver colony
size.
Current beaver population monitoring efforts by the Wisconsin Department of Natural
Resources (WDNR) consist of periodic aerial surveys, but only in the northern third of the state.
Aerial surveys document food caches and use these data to estimate density and population
trends from which management implications and harvest levels are determined (WDNR 2015).
Surveys in Wisconsin are conducted using helicopters exclusively, although other jurisdictions
conduct surveys using fixed-wing aircraft at low altitudes (Woolf et al. 2003). Aerial survey
validity and feasibility as a continued monitoring approach has been questioned recently as
flights are increasingly expensive and potentially dangerous (WDNR 2015); aircraft crashes are
the most common cause of mortality for field biologists (Linchant 2015). Additional studies
have attempted to evaluate the efficacy of flights using ground surveys, generation of habitat
models to better allocate survey efforts, and collection of local data on mean colony size and
demographics, but few studies have been specific to the Midwest, and there have been none
specific to Wisconsin (WI).
In situ data collection techniques such as field surveys can be arduous and timeconsuming. Remote sensing techniques could provide a suitable ex situ alternative for data
collection. Remote sensing can be defined as the measurement or acquisition of information
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about an object, phenomenon, or environment by a non-contact sensor system (Jensen 2007).
The most commonly used types of remote sensing data are satellite and aerial imagery. Wildlife
scientists have adapted remote sensing techniques to improve and discover novel research and
monitoring approaches. For example, in some cases, using spectral characteristics of aerial
imagery provides a viable alternative to defining landcover and habitat types when national or
state-level, spatially explicit landcover data are unavailable (McDermid et al. 2009). Habitat
assessment is one primary application of remote sensing; when used in supplement with radiotelemetry data, spatio-temporal trends of habitat use and conditions may be more apparent
(Merkle et al. 2016). Raizman et al. (2013) used radio-tracking and remote sensing science to
demonstrate feasibility of tracking cattle and understanding disease transmission dynamics.
Similar techniques could be used to document dispersal and habitat interactions for other species
including beavers. Remote sensing approaches, such as spectral classification, can be applied to
not only standard aerial imagery but also to other remotely sensed data such as thermal imagery.
For example, Barber et al. (1991) used thermal infrared imagery to estimate walrus (Odobenus
rosmarus) populations in Northwest Canada, further exemplifying the diversity of remote
sensing applications to wildlife studies.
Aerial photographs have been used to study wetland creation and modification by beavers
(Cunningham et al. 2006), quantify various habitat and landscape metrics including plant
composition (Hyvönen and Nummi 2008), estimate surface water volume of impoundments
(Karran et al. 2016), and developing occupancy models for assessing beaver recovery (Pearl et
al. 2015). A unique advantage of using satellite imagery or historical aerial imagery is its utility
for quantifying temporal variation of the landscape. These types of imagery have been used to
describe spatio-temporal dynamics of how beavers affect the landscape over extended periods of
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time (Johnston and Naiman 1990) ranging from 40 (Snodgrass 1997) to 150 years (Johnston
2015). Remote sensing data are not exclusively limited to ex situ techniques; in fact, remote
sensing data can be improved upon and evaluated when combined with in situ practices such as
the use of unmanned aerial vehicles (UAVs, Puttock et al. 2015) and the application of statistical
analysis and modeling (Pearl et al. 2015). Although aerial and satellite imagery have previously
been used to identify beaver activity on the landscape (e.g. Pearl et al. 2015), to date no studies
have attempted to utilize these data in conjunction with remote sensing techniques for
monitoring beavers despite the potential advantages. Therefore, the objectives of this study were
to 1) develop a remote sensing approach for monitoring beaver activity on the landscape, 2)
determine if the number of beaver features detected using my remote sensing technique differed
from traditional WDNR methods.
Methods
Study Area
Wisconsin was divided into four beaver harvest zones with harvest zones A and B
comprising the northern third of the state (Figure 1). Harvest zones A and B represented
approximately 51,841 km2 (WDNR 2015). My study focused on harvest zones A and B, as the
most recent aerial survey data (2011 and 2014) were limited to these two zones. The northern
third of Wisconsin was characterized by substantial forest cover and an abundance of aquatic
habitat. Forest composition was described as mesic mixed northern hardwoods and softwoods
including maple (Acer sp.), oak (Quercus sp.), aspen (Populus sp.), pine (Pinus sp.), spruce
(Picea sp.), and tamarack (Larix laricina) (Ribic et al. 2017). Average annual temperature for
northern Wisconsin was approximately 4.4○C. During the winter, temperatures could reach 40○C; summer temperatures rarely exceeded 32.2○C. Mean annual rainfall was 12.6 cm and
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mean annual snowfall was 164 cm. Due to recent climate change and warming, the majority of
rainfall has shifted from summer to fall (Ribic et al. 2017). Geomorphology of the landscape
was characterized as flat to rolling topography with hummocks (Savery et al. 2001) due to
erosion and repeated glaciation cycles (Ribic et al. 2017); elevation ranged from 259 to 580 m.
Soils were predominantly sandy gravel outwash plains, peat and muck in depressed areas, silt
and loam in glacial till areas, and lacustrine clay deposits along Lake Superior (Savery et al.
2001).
Due to the expansiveness of the area, rather than attempting to assess the entirety of
harvest zones A and B, this study focused on Hydrologic Unit Code 12 (HUC12) watersheds (n
= 84, Figure 1) that included datapoints from the 2011 and 2014 WDNR aerial surveys (n = 329).
HUC12 is a local sub-watershed level encompassing tributary systems for the conterminous
United States (Seaber et al. 1987). Total area of the HUC12 watersheds in my defined study area
was 8,299.65 km2 with an average area of 98.81 km2 (min = 22.76 km2, max = 158.34 km2).
Aerial Imagery
I used 2013 NAIP county-level imagery (1 m resolution, 4-band) to create an
orthomosaic (a series of joined aerial photographs corrected for distortion due to the camera’s
lens, tilt, and perspective, Lillesand et al. 2004) covering the focal HUC12 watersheds.
Important defining features of beaver activity, specifically lodges, were more easily visible when
using fine-scale imagery (1 m resolution) compared to coarser imagery such as LANDSAT (30
m resolution). Before creating large orthomosaics, I evaluated the individual images to ensure
there were none with nonuniform coloration relative to the suite of focal imagery. Imagery was
inspected for noticeable irregularities due to scattering, cloud obstruction, or areas of unusually
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high reflectance (Jensen 2007). Watershed imagery that extended beyond the Wisconsin state
boundary was clipped to align with the extent of beaver monitoring by WDNR.
Aerial Survey Data
Helicopter survey data collected in 2011 and 2014 for beaver density estimates were
provided by the WDNR. The WDNR aerial beaver surveys were conducted in the fall after
leaves had fallen and before the first snow. Two observers and the helicopter pilot identified the
activity status of colonies (as defined by WDNR) based on the presence of food caches, beaver
structures containing fresh mud, and fresh vegetation cuttings (Rolley et al. 2014). Active
beaver colonies in 2011 were identified and counted in 42 and 43 survey blocks (block size
ranges from 8.55 km2 to 22.01 km2, x̄ = 14.24 km2) in beaver management zones A and B,
respectively. The total area surveyed was 592.33 km2 and 617.97 km2 for zones A and B,
respectively (Rolley et al. 2011). Active beaver colonies in 2014 were identified and counted in
41 and 43 survey blocks in beaver management zones A and B, respectively. The total area
surveyed was 581.19 km2 and 617.97 km2 for zones A and B, respectively. Combined 2011 and
2014 WDNR survey data were used to digitize point locations of active beaver sites (n = 329).
Supervised Classification
I created a supervised classification derived from NAIP imagery using ERDAS Imagine
(ERDAS inc., Atlanta, GA 2016). Supervised classifications rely on user-defined training
polygons of objects or areas of interest, the spectral characteristics of which are algorithmically
applied to a swath of imagery as distinct classes to identify areas with similar spectral
characteristics (Lillesand et al. 2004). My supervised classification method was limited to
identifying visible beaver features from the aerial imagery. For my purposes, I define beaver
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features as any discernable beaver-produced construct or impoundment (Figure 2). Beaver
activity within river systems is difficult to identify given the obstruction of canopy cover and
lack of visible beaver features. Distinct structures including dams and lodges were used to
identify beaver features; large obvious lodges are a quick and reliable indicator, and dams are
especially visible as they create a distinct linear feature on the landscape. The supervised
classification highlighted spectrally distinct areas that in combination with pattern recognition,
texture, knowledge of beaver biology, and practice enabled us to identify beaver features beyond
those clearly identifiable from the raw aerial imagery or those identified from the aerial survey
data.
Before creating the supervised classification, it was important to remember that the
process of creating mosaics smooths the imagery to some extent. Training polygons were
created for various active beaver locations identified from WDNR surveys. To account for the
potential spectral variation within the study area, I designated sections based on location and
spectral similarity (Northwest, Northcenter, Northeast, Southwest, Southcenter, and Southeast)
for which I created multiple training polygons of features and distinctive vegetation patterns
within or near known beaver features (referencing aerial survey data) including: beaver lodges,
bank-adjacent emergent vegetation, pond open water, and pond emergent vegetation. The initial
supervised classification image was created and subsequently panned over to select a color
scheme that best accentuated training polygon classes of beaver features (classes may be
accentuated differently depending on their section location). Different schemas (a logical
classification of data) for each section may have been useful; however, for my purposes, the
patterns created by the classification were distinguishable enough and only one schema was
needed. Classes were consolidated as needed to improve image clarity and to avoid graininess
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associated with the creation of too many classes (Lillesand et al. 2004). Although replicable, the
supervised classification process is meant to be somewhat dynamic and varies among individuals
classifying the imagery.
Aerial Visual Cues
In addition to the supervised classification, I identified and defined a series of aerial
visual cues (AVC) to assist in locating features associated with beavers on the aerial imagery
(Figure 3). The AVCs were common visual patterns associated with beaver activity that I
hypothesized would assist in identifying areas of activity from imagery or a supervised
classification if formally defined. Aerial visual cues that were defined for identifying beaver
activity included: the comet, crescent ladder, starburst, and kiwi (Figure 2). The comet
represented an area of emergent aquatic vegetation that had been cleared by beavers (sometimes
around a visible lodge) followed by a taper leading into denser emergent vegetation. Crescent
ladders were a result of beavers sequentially constructing multiple dams along a waterway. The
visible pattern of this AVC may have multiple “rungs” or existed by itself as a singular dam.
Crescent ladders were often large and clearly visible from large extents but were also present as
smaller features on the landscape depending on the size of dams and the associated
impoundments. The center of the starburst represented a beaver lodge with extending rays into
the surrounding vegetation that were paths created by beavers as they left and returned to the
lodge. Not all lodges exhibited this pattern; it was dependent on the presence and abundance of
aquatic vegetation and recent beaver foraging activity. The kiwi’s pattern represented standing
and fallen dead trees that had been inundated by water or felled by beavers. The shape and
extent of the area could vary greatly and was not necessarily circular. Many areas exhibited a
similar texture, therefore this pattern by itself was not necessarily indicative of beaver activity.
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Kiwis were used to help identify other, more definitive beaver landscape features in close
proximity. These visual cues served to help draw the eye to areas of beaver activity; there was
marked variability between areas and not all areas exactly resembled the examples provided.
Application of Remote Sensing Tools
I systematically panned over the orthomosaic image and supervised classification in each
watershed using parallel “pseudo-transects” to maintain a consistent surveillance pattern
throughout the watershed, alternating between the raw and classified image to identify and
confirm areas of interest. I panned at scales ranging from 1/4,000 to 1/15,000 depending on the
ease of which features could be identified (see Appendix 1). Larger features including crescent
ladders were more visible at greater extents and vice versa for smaller features such as starbursts.
I attempted to identify every feature within the selected HUC12 watersheds but refrained from
spending more than a few seconds in-between panning to simulate an efficient application of this
method as a potential survey tool for wildlife managers.
Evaluation of Remote Sensing Tools
I evaluated the utility of my remote sensing tools using accuracy assessments performed
by volunteers. Volunteers’ prior experience with aerial identification of beaver features ranged
from none to moderate (one person had previously participated in an aerial survey for beavers).
Volunteers were assigned three images from my study area, with each image representing
approximately 4.3 km2 and asked them to identify all beaver features within each image without
the aid of my remote sensing tools. Each volunteer was given a different set of three images and
one or both of my remote sensing tools (AVCs, classified image) and were again asked to
identify all beaver features within each image. In each case I asked volunteers to spend no
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longer than three minutes identifying features in a given image. I calculated user’s accuracy
(true positives / (true positives + false negatives)) and producer’s accuracy (true positives / (true
positives + false positives)) for beaver feature identification from the volunteer surveys with and
without the remote sensing tools. Beaver features within the images were identified by the
authors prior to distribution to volunteers. User’s and producer’s accuracies were compared
between treatment groups using a Z-test. I estimated density of beaver features (WDNR 2014)
per square kilometer for each surveyed watershed. I compared my density estimate to the
unadjusted density estimate from the combined 2011 and 2014 aerial surveys (Rolley et al. 2011,
2014) using a t-test. All statistical analyses were conducted in program R with α = 0.05 (R Core
Development Team 2018).
Results
My supervised classification consistently highlighted instances of beaver features (e.g.
Figure 2). AVCs were useful in identifying areas of beaver features that were not apparent in the
supervised classification. Additionally, AVCs aided in the verification of beaver features in
areas that were highlighted in the supervised classification (e.g. Figure 3).
Volunteers without the aid of remote sensing tools, correctly identified a total of 102 of
198 instances of previously identified beaver features and incorrectly identified a total of 22
locations as beaver features. This resulted in a user’s accuracy and producer’s accuracy of
82.3% and 51.5%, respectively. Volunteers with the aid of remote sensing tools, correctly
identified a total of 151 of 201 instances of previously identified beaver features and incorrectly
identified a total of 37 locations as beaver features. This resulted in a user’s accuracy and
producer’s accuracy of 80.3% and 75.1%, respectively. I did not observe a significant change in
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user’s accuracy (χ2 = 0.079, df = 1, P = 0.779). Conversely, I observed a 23.6% increase in
producer’s accuracy which was significant (χ2 = 22.96, df = 1, P < 0.001).
I identified 921 beaver features across all 84 watersheds using my remote sensing
approach (min = 0, max = 44, x̄ = 11). My mean density estimate (x̄ = 0.119 features/km2) was
significantly lower than the WDNR density estimate (x̄ = 0.154, t = 3.28, df = 85.02, P = 0.001).
Discussion
Using remote sensing and aerial imagery I was able to monitor beaver density in
Northern Wisconsin in an inexpensive and efficient manner. The combined cost of flights for the
2011 and 2014 WDNR surveys was $108,800 and required a total of 159 hours of flight time;
resulting in 1199 km2 surveyed (Rolley et al. 2011, 2014). Comparatively, my ex situ remote
sensing approach enabled us to survey 8,300 km2 for approximately 80 hours of labor.
Additionally, there were no direct costs associated with imagery acquisition, as I used publicly
available imagery. However, my beaver density estimate was significantly lower that the
unadjusted WDNR estimate; I postulate several potential causes for this. The first potential
reason my density estimates were lower than those of WDNR is related to sampling bias. Given
the expense of flights, it is reasonable that surveyors would optimize surveys by selectively
flying over areas with relatively more beaver activity in lieu of randomly selected areas, which
was the case for the WDNR surveys (N. Roberts, pers com); however, this introduces an element
of bias such that resulting density estimates may be artificially inflated. Because I used aerial
imagery with a broad spatial coverage, I were able to survey more area in less time than was
possible with aerial surveys. Additionally, I were able to survey the entirety of my selected
watersheds, presumably removing any sampling bias associated with only surveying areas of
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presumed high levels of beaver activity. Thus, my resulting density estimates are less likely to
be biased high than estimates derived from non-random sampling.
The second potential reason my density estimates were lower than WDNR was related to
that quality of remotely sensed imagery. Image quality is weather dependent, images may be
obstructed by clouds, haze, or scattering (Lillesand et al. 2004), and may further be affected due
to issues related to spatial and temporal resolution. NAIP imagery was collected during the leafon period and as a result, canopy cover along streams and rivers made it impossible to identify
bank dens and hence these were not accounted for in my data. The aerial surveys conducted by
WDNR are designed to occur when visibility is maximized (e.g. clear conditions, leaf-off),
which presumably allowed for the detection of beaver features that could not be detected in
aerial imagery as they were obscured. Additionally, the limited spatial resolution of my imagery
(1 m) may have precluded the identification of smaller beaver features or features partially
obscured due to canopy cover or low clarity. Such issues of resolution would presumably not
affect helicopter-based aerial surveys, as surveyors could hover over areas at a sufficiently low
altitude to identify features less than 1 m in size. Manned aerial flight flexibility is advantageous
in this respect; by flying at low altitudes during optimal leaf-off conditions, surveyors are able to
identify river-adjacent bank dens and determine their activity status, possibly contributing to
higher density estimates. NAIP imagery is not available for every year, and dissemination of
imagery is sometimes belated, therefore it is possible that annual estimates would be contingent
on the availability of annual imagery. While some satellite imagery is free to the public, higher
resolution images can be expensive and cannot be reproduced at all times due to fixed orbits.
GeoEye-1 50 cm 3 or 4-band satellite imagery for example, has a temporal resolution of < 3 days
and costs $17.50 / km2 (LAND INFO Worldwide Mapping, Littleton, CO). It is important to
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note however that the use of fine-scale imagery may result in a more confused or “grainy”
classification schema, dependent on training polygon development.
The most notable limitation of my method was my inability to determine current activity
status. Beaver mortality due to ecological factors including stochastic events or harsh winters
are not perceivable from aerial imagery, therefore many areas identified in aerial imagery or
through a supervised classification may in fact be absent of beavers. In addition to imagery
collection not occurring during leaf-off (food caches only present in fall), the imagery resolution
was not fine enough to discern whether structures have been recently maintained, which may be
necessary to develop subsequent supervised classifications. Again, manned aerial flights can
circumvent this issue due to the ability to readily characterize activity status either by the
presence of food caches, or the ability to identify smaller features such as recent lodge
maintenance. It would be feasible to compare imagery between subsequent years to identify
newly established beaver features; new features presumed to be active could then be used to
develop the supervised classification without in situ operations. Furthermore, consistent use of
this method would provide temporal insight of new colony establishment.
It is possible that the need to identify bank dens may be circumvented by an agency goal
to report relative beaver abundance, and an ability to maintain reflective population trends. If it
is assumed that the proportion of beavers residing in bank dens remains constant, the need to
include them in surveys is diminished, although to my knowledge no such data currently exist.
This of course assumes that general population trends are detectable by visible beaver features
alone, regardless of activity status. Referring to the issue of temporal resolution associated with
NAIP imagery, beaver structures can persist on the landscape for extended periods of time and
abrupt landscape changes associated with beavers are uncommon (Johnston 2015), with the
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exception of nuisance animal removal, and subsequent demolition of dams. Degradation of
dams is a slow process and, unless removed, will persist in the absence of beavers (longer if the
site is re-occupied by transient individuals (Johnston 2015). Furthermore, new technology is
constantly innovated, and satellite imagery is no exception with constant improvements in
quality, frequency, and accessibility. Landsat data for example, has a temporal resolution of 16
days, but is currently available only at a 30 m resolution. Commercial sources of imagery may
provide even further specification to individual research and monitoring needs at a fraction of the
cost of manned aerial surveys but are still relatively expensive. An additional benefit to routine
satellite or aerial imagery-based surveys is providing a record of not only animal density, but
also of landscape change, persistence of features, and assessment of resultant impacts, wildlifecreated or otherwise. Development of the supervised classification relies on activity status
knowledge in the form of previously collected data; however, as long as there are prior data for
at least one year, subsequent supervised classifications can be derived from resultant surveys
herein and after, provided that there is a way to at least estimate proportion of identified beaver
features that have an “active” activity status.
Given the aforementioned limitations, I offer some potential solutions to these problems.
In the absence of previously recorded data, other sources, such as angler or trapper harvest data
may be used to bypass the initial need for survey data to develop the supervised classification.
To accommodate the need to determine activity status of beaver locations, I suggest the utility of
Unmanned Aerial Vehicles (UAVs). UAVs may be used to collect high resolution imagery to a
limited extent, or to survey a selection of identified beaver features for activity status and scale
the results to the entire sample (e.g. Puttock et al. 2015). UAVs have marked utility for wildlife
managers and scientists and could provide a supplementary source of in situ information to
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improve ex situ survey methods such as ours. Lastly, the overall utility of this method can be
improved upon through the incorporation of additional empirical data, as users gain experience,
and develop an understanding of user and producer accuracies. Many natural resources agencies
have experienced reduced budgets in recent years, necessitating the development of costeffective survey methods. Innovation of new monitoring approaches is invaluable to maintaining
an understanding of game species population trends and landscape alteration, especially in the
midst of our changing climate and anthropogenic expansion.
Conclusions
Long-term species monitoring is invaluable for effective resource management.
Managers are often tasked with monitoring a variety of species with limited resources. Due to
these limitations, managers are forced to prioritize certain species or systems for allocation of
monitoring efforts. Beavers are a somewhat elusive species in that their structures can persist for
extended periods of time, however the existence of these structures by themselves is not
necessarily indicative of current occupancy (Johnston 2015). Per these limitations, ground
surveys can be logistically difficult and arguably insufficient by themselves. Remote sensing
tools and technology have the potential to alleviate some of the challenges associated with
current monitoring efforts. My study is only one example of remote sensing data applied to
natural resource monitoring. Although some studies have explored the utility of remote sensingbased methods for assessing habitat conditions (Kushwaha and Roy 2002, Macander et al. 2020),
there are relatively few and to the best of my knowledge, none that have used image
interpolation to quantify population status for terrestrial animals. Remote sensing data and tools
are under-used resources for monitoring and their utility will increase as managers and
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researchers apply these resources in creative ways in response to increasing management
constraints.
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Figure 1: Study area including surveyed HUC12 watersheds in northern Wisconsin. Inset
includes harvest zones A and B.

Figure 2: Example of aerial imagery and corresponding supervised classification. Sites A, B,
and F represented beaver ponds that were easily identified from raw imagery. Site C represented
a crescent ladder absent of visible open water. Site D represented an isolated feature that was
less visible in the raw imagery but more readily identifiable in the supervised classification. Site
E represented a crescent ladder somewhat challenging to identify at the current extent, and
lacking distinctive color in the supervised classification, this feature warranted investigation at a
smaller extent. Site G represented a crescent ladder, well-distinguished by the supervised
classification.

Figure 3: Aerial visual cues (AVC) to aid in identification of beaver activity from aerial imagery.
Top row represents general depiction of AVC, second row represents AVC as seen in raw
imagery, third row represents AVC as seen in supervised classification. AVC categories are A.
starburst, B. kiwi, C. comet, and D. crescent ladder.
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A Multi-scale Habitat Selection Model for Beavers
Abstract: Beaver (Castor canadensis) habitat use has been extensively studied, but rarely at
multiple ecological scales. In fact, fewer than 25% of habitat-models evaluate habitat use at
multiple scales. Beavers are unique in that they have a disproportionate effect on the landscape
relative to allospecific species. They are capable of drastically altering both their immediate
vicinity and surrounding landscape through creation of multiple dams, lodges, and felling
behavior. To adequately understand an ecosystem engineer such as beavers, it is imperative to
evaluate habitat use at relevant ecological scales. Here I present a modeling framework that
examines beaver habitat use at a localized-scale (100-m and 200-m buffers) and watershed-scale
using both agency-collected, and image-interpolated data. My models suggested that beaver
habitat use was not dependent on ecological scale, but rather that my ability to discern beaver
response to specified vegetative composition and structure was dependent on sampling scale.
My results corroborated prior studies’ findings; beaver occurrence was negatively correlated
with anthropogenic, rangeland, buckthorn and honeysuckle, central hardwood, and coniferous
landcover classes, and was positively correlated with stream density, proximity to known beaver
locations, aspen, and wetland landcover classes. To my knowledge, this is the first study to
examine beaver habitat use at multiple relevant ecological scales.
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Introduction
Beavers (Castor canadensis) are a keystone species well-known for their capability of
marked landscape alteration and status as a furbearer (WDNR 2015). The pursuit of beavers for
their pelts facilitated westward exploration by European trappers during the 1700’s and 1800’s.
Extensive unregulated harvest led to the decimation of beaver populations; pre-European
settlement population estimates range from 60-400 million (Baker and Hill 2003) and have since
been reduced to 6-12 million (Naiman et al. 1988). In addition to unregulated harvest, by the
mid-19th century approximately 260,000 km2 of wetlands were drained and converted to
agriculture, resulting in habitat loss and degradation (Baker and Hill 2003). Despite the
irreplaceable loss of natural wetlands, beavers have proven to be highly adaptable, persisting in a
variety of habitats and utilizing anthropogenically altered landscapes (Baker and Hill 2003). For
example, despite statewide population declines since the mid-1990’s, beavers still occur in all
counties of Wisconsin and populations have increased in abundance along the Mississippi River
in recent years (WDNR 2015).
Beavers are quintessential ecosystem engineers (Johnston 2015). They are unique in
their ability to modify the landscape to accommodate their biological requirements, as well as
improve and create favorable habitat for other species. Beaver habitat alteration has a
disproportionate effect on the landscape compared to allospecific organisms, so much so that
they are considered an indicator species for monitoring ecological communities and forest
management impacts (McLaren et al. 1998). Beavers fell trees for both dietary and construction
needs (ensuring structural integrity of food caches, dams, and lodges). It has even been
hypothesized that directional tree felling by beavers is non-random (Samways et al. 2004).
Beavers increase landscape heterogeneity through their creation of structures, especially dams,
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and foraging preference, which can alter forest successional stages (Broschart et al. 1989, Baker
and Hill 2003). Beavers are xylophagic and will consume bark, cambium, and branches, as well
as herbaceous vegetation such as leaves and aquatic plants making them primary consumers
within the food web (Baker and Hill 2003). By selecting for early successional species such as
aspen (Populus sp.) but refraining from consuming regenerating woody material (likely due to
secreted toxins) after initial consumption of the parent stem, beavers alter the understory
composition to reflect an earlier successional stage (Baker and Hill 2003). Additionally, by
felling adult trees, beavers reduce canopy cover and increase light penetration to the understory
(Crisler and Russell 2010). Beaver dam-building behavior is innate and resulting structures have
been reported to impound up to 7,500 m3 of water (Hillman 1998) and persist on the landscape
for up to 150 years or more (Johnston 2015). Beavers often exhibit central place foraging around
lodges, which can exceed 73 m3 in size, to reduce energy expenditure and risk of predation (Hay
1958; McClintic et al. 2014). Constructed food caches, which can exceed 7 m in diameter
(Easter-Pilcher 1990), provide an accessible food source during winter and are often comprised
of aspen, willow (Salix sp.), and water lilies (Nymphaea sp.; Jenkins and Busher 1979).
Numerous habitat studies have provided evidence that the most important cover types for
beavers are riparian, wetland, forest, and open water (see Baker and Hill 2003 for historical
references). More recent studies have found similar results, such as Mumma et al. (2018), which
found that beaver occurrence increased in areas with a greater proportion of open water, nutrientrich fen, and deciduous forested wetland. Zwolicki et al. (2019) found that beavers were
positively associated with high availability of woody vegetation and avoided anthropogenic
habitats; they further stated that beaver habitat selection was affected by scale-related factors
associated with central-place foraging behavior and population density. Although beavers are

30

widely associated with forest cover, they tend to avoid conifer species (Bhat et al. 1993) while
concomitantly selecting for species including aspen and willow (Scrafford et al. 2018). Steep
topography can inhibit beaver movement as well as the transportation of food and construction
materials (Allen 1983, Ritter et al 2020). Dieter and McCabe (1989) found riverbank slope to be
one of the most important physical factors when determining lodge-site selection. Additionally,
Dubuc et al. (1990) found that higher order streams characterized by steep gradients were less
likely to be occupied by beavers. Knudson and Hale (1965) found that beavers move more
easily across open water and streams, especially downstream, suggesting a positive relationship
between stream density and beaver presence. Trout streams are typically characterized by cold
and fast-flowing water, the sound of which can trigger innate damming behavior by beavers
(Baker and Hill 2003). In cases of trout stream occupation, beavers are often considered a
nuisance and are targeted for removal, despite the possibility of perpetual recolonization (WDNR
2015). Roads can serve as both access points for trappers and ecological barriers for beavers.
Although wolves (Canis lupus) are known to be a major predator of beavers (Gable et al. 2016)
and have been shown to strongly avoid roads (Mladenoff et al. 1995), Mumma et al. (2018)
found no evidence that proximity to roads affected beaver occupancy. However, it remains
unclear if road density affects beaver occurrence at large ecological scales.
Two commonly cited habitat analyses of beavers include those produced by Howard and
Larson (1985) and Allen (1983). Howard and Larson (1985) provided a framework whereby
habitat variables were selected based on prior literature and ease of interpretation from maps and
aerial imagery. Results were based on occupied colony sites and assessed habitat variables at
both 100 m and 200 m localized scales. Allen’s (1983) Habitat Suitability Index (HSI) while
comprehensive, has been criticized for lacking some considerations such as agricultural impacts
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and the narrow applicability of the HSI outside of its developed range (Robel et al. 1993). Hood
(2020) examined habitat variables at multiple localized scales including 30, 50 and 100-m
(similar to Howard and Larson 1985) and found pond area, percent grassland, distance to other
active ponds, and standard deviation of slope were important variables.
Habitat selection is a nested process, with selection at one spatial scale contingent upon
selection at a higher scale (e.g. DeCesare et al. 2012). Hence, single scale habitat models often
suffer from narrow representation both temporally and spatially, with fewer than 25% of studies
assessing habitat selection at multiple scales (McGarigal et al. 2016). Moreover, when
discussing localized habitat analyses of beavers specifically, ample consideration must be given
to the fact that beavers drastically alter their immediate vicinity; habitat models may reflect the
landscape as it has been modified rather than as it was selected for (Hood 2020). This point
presents a potential need to evaluate habitat at a larger scale. Beck et al. (2010) used watersheds
to designate sampling units for monitoring beavers in South Dakota but did not assess habitat
factors related to beaver occurrence at the watershed scale. Hyvönen and Nummi (2008)
evaluated habitat dynamics of beaver ponds at two spatial scales in Finland; however, they did
not assess any habitat characteristics associated with beaver abundance beyond the scale of
individual ponds.
Despite the ecological importance of beavers and their status as a harvested species, there
has been relatively little work identifying factors associated with beaver habitat in the Great
Lakes region of North America. Although several studies have claimed to assess beaver habitat
selection at multiple scales (e.g. Hood 2020), these studies have all used scale to mean spatial
resolution of habitat measurements rather than a true ecological scale of habitat selection itself as
originally defined (Johnson 1980). To my knowledge no previous studies have assessed habitat
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selection for beavers at multiple ecological scales. The objective of this study was to determine
which variables predict beaver habitat selection at both a watershed-scale and a localized-scale.
Methods
Study Area
Wisconsin was divided into four beaver management zones (A, B, C, and D). Zones C
and D comprised the southern two-thirds of the state; zones A and B represented the remaining
northern one-third (approximately 51,841 km2, Figure 1). Recent beaver surveys conducted by
the Wisconsin Department of Natural Resources (WDNR) have only occurred for zones A and
B, therefore, my study focused on these northern two zones (WDNR 2015). Rather than
attempting to assess the entirety of harvest zones A and B, my study focused on Hydrologic Unit
Code 12 (HUC12) watersheds (n = 84) that contained datapoints from the 2011 and 2014 WDNR
aerial surveys (n = 329). HUC12 is a local sub-watershed level encompassing tributary systems
for the conterminous United States (Seaber et al. 1987). Total area of the watersheds in my
study area was 8,299.65 km2 with an average of 98.81 km2 (min = 22.76 km2, max = 158.34
km2). The northern third of Wisconsin was characterized by substantial forest cover and an
abundance of aquatic habitat. Forest composition was described as mesic mixed northern
hardwoods and softwoods including maple (Acer sp.), oak (Quercus sp.), aspen (Populus sp.),
pine (Pinus sp.), spruce (Picea sp.), and tamarack (Larix laricina) (Ribic et al. 2017). Average
annual temperature for northern Wisconsin was approximately 4.4○C. During the winter
temperatures could reach -40○C; summer temperatures rarely exceeded 32.2○C. Mean annual
rainfall was 12.6 cm; mean annual snowfall was 164 cm. Due to progressive climate change and
warming, the majority of rainfall has shifted from summer to fall (Ribic et al. 2017).
Geomorphology of the landscape was characterized as flat to rolling topography with hummocks
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(Savery et al. 2001) due to erosion and repeated glaciation cycles (Ribic et al. 2017); elevation
ranged from 259 to 580 m. Soils were predominantly sandy gravel outwash plains, peat and
muck in depressed areas, silt and loam in glacial till areas, and lacustrine clay deposits along
Lake Superior (Savery et al. 2001).
Watershed-scale Habitat Model
I sought to quantify the effects of watershed characteristics on the estimated number of
beaver features (any discernable beaver-produced construct or impoundment) in each watershed,
as identified in Chapter 1. I evaluated characteristics that I hypothesized would influence the
density or abundance of beaver features within a watershed. Proportional coverage of landcover
classes in each watershed was estimated using the 2016 Wiscland 2 dataset (1 m resolution,
WDNR 2016). To elucidate potential trends associated with more specified landcover classes, I
primarily used Wiscland level-4 classifications to define my forest and wetland habitat covariates
but evaluated relevant landcover classes at all four levels. Urban landcover, agricultural, and
barren landcover classes were consolidated into a single anthropogenic class (LC1). Similarly, I
consolidated shrubland and rangeland into a single non-forested non-wetland class, separated
from anthropogenically altered areas (LC2). In addition to the landcover covariates, I evaluated
and quantified a suite of other factors. I calculated mean (±SD) and range of Topographic Relief
Index (TRI, a measure of terrain ruggedness) values using a 10-m Digital Elevation Model
(DEM) and a 3x3 window. I calculated mean (±SD) and range of values in percent canopy
cover, using the National Land Cover Dataset (Homer et al. 2011). Road density was calculated
using both primary and secondary road classifications (United States Census Bureau 2019).
Stream density (USGS 24k Hydro Flowlines) and trout stream density were calculated separately
(WDNR GIS Data Portal).

34

Prior to model development I scaled and centered the data by subtracting the mean of
each covariate and dividing by the standard deviation to aid in model convergence and to allow
for direct comparison of effect sizes. Due to the large number of initial covariates (n = 60,
Appendix 2), I sought to reduce the number of variables. First, I screened each landcover class
at each of the four levels for accuracy and removed any with reported Area Under the Curve
(AUC) values < 0.70 (Fielding and Bell 1997). Second, for the remaining covariates I developed
a suite of univariate models related to the number of beaver colonies in each watershed using a
generalized linear model with a Poisson link. I eliminated any potential covariates whose
univariate model failed to produce a lower AIC score than a null model (Burnham and Anderson
2002). Third, I systemically eliminated covariates which I hypothesized to be least informative
until I were able to achieve convergence of a global model. For covariates measured at multiple
classification levels (e.g. forest and wetland), I eliminated covariates from coarsest (level-1) to
finest (level-4). This process left us with a suite of 24 potential covariates. Using the remaining
covariates, I followed an all-subsets model selection approach based on minimization of BIC
scores (Doherty et al. 2012, Aho et al. 2014) using a generalized linear model with a Poisson
link, with the constraint that the maximum number of parameters in a given model could not
exceed eight. This parameter constraint was included to avoid over-fitting, given my sample of
84 watersheds (Harrell 2001). I evaluated the fit of the watershed-level model by fitting a linear
regression between my observed and predicted counts of beaver features.
Localized-scale Habitat Model
I developed a resource selection function under a use/availability framework of Johnson
et al. (2006). To develop the resource selection function, aerial survey data from the Wisconsin
Department of Natural Resources (Rolley et al. 2011, 2014) was used to define “used” point
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locations. Once the used points were identified, the points were digitized in ArcMap 10.7.1 A
total of 329 beaver colonies were digitized from across northern Wisconsin. Next, to estimate
available habitat, I generated random locations by overlaying a systematic grid of random points
across my study area at a spacing of 4.1 km, the approximate mean dispersal distance of beavers
(McNew and Woolf 2005). I excluded any points that did not occur within a forest, wetland, or
water landcover class. I also removed any points that did not occur within 30 m of the shoreline
to ensure that any random points occurring in the middle of large waterbodies were excluded.
This selective random sampling method provided a biologically supported comparative dataset
(n = 457) from which I evaluated fine-scale habitat characteristics (Taylor et al. 2020) and were
able to compare selected (used) to unselected (unused) sites.
At the localized-scale, the covariates I measured were based on beaver tendencies for
territoriality, central place foraging, and inter and intraspecific interactions (Zwolicki et al.
2019). Using nested buffers (similar objects of graduated size contained within the larger object)
centered around both used point locations and random points, I quantified habitat covariates at
distances of 100 m (Wilson et al. 2016), and 200 m (Allen 1983). Within each buffer, I
calculated the same habitat metrics used for my watershed-scale model (landcover proportions,
road, stream, and trout stream density, TRI metrics, and canopy cover metrics). Additionally, to
account for intraspecific interactions with beavers in other colonies, I calculated Euclidian
distance to the nearest used point location. To account for trapper accessibility and potential
predation risk by wolves, I calculated Euclidian distance to roads (Mladenoff et al. 1995).
I developed my resource selection function using a sequential model-building approach
(Appendix 3). Prior to model development, I scaled and centered all covariates. As above, I
developed a suite of univariate models for each covariate, this time using a generalized linear
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model with a logit link. All potential covariates whose univariate model failed to produce a
lower AIC score than a null model were eliminated from consideration. From the remaining
covariates, I created functional groups of related covariates (forest level-2, level-3, level-4,
wetland level-2, level-3, level-4, anthropogenic, TRI, and canopy) to identify the most
parsimonious (i.e., global model convergence) functional group structure. I achieved this by
building resource selection functions from each functional group and subsequently removed
individual covariates from the group that were not statistically significant (P > 0.05). This
resulted in my global model containing 38 remaining potential covariates. A backward-stepwise
model selection framework was then applied, sequentially removing covariates from my global
model until I observed no improvement in AIC scores. I evaluated the fit of the localized-level
model by calculating the AUC score. All models were developed and evaluated in Program R (R
Core Development Team 2018).
Results
My final watershed-level habitat model was limited to eight covariates (Table 1). I found
a significant relationship between observed and predicted counts with my fitted linear model (P
< 0.001, R2 = 0.43). The model included a positive effect for stream density, mean canopy
cover, aspen forest, and other broad-leaved deciduous scrub and shrub. The model included a
negative effect for central hardwoods, northern pin oak (Quercus ellipsoidalis) and black oak
(Quercus velutina), buckthorn (Rhamnus sp.) and honeysuckle (Lonicera sp.), and white cedar
(Thuja ocidentalis). Central hardwoods and northern pin oak had the largest effect sizes, with
parameter estimates approximately twice that of the other covariates (Table 1).
My final localized-level habitat model retained 13 of the 38 covariates from my global
model. The AUC score calculated for the localized-level model was 0.96. All landcover
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covariates in my model were retained at the 100-m scale. My model included positive effects for
canopy cover range, TRI range, stream density, aspen and paper birch (Betula papyrifera),
emergent wet meadow, lowland scrub and shrub, and forested wetland. My model included a
negative effect for Euclidian distance to nearest used point location, my consolidated
anthropogenic class (LC1), my consolidated rangeland class (LC2), total forest cover, coniferous
forest, and total wetland cover. LC1, total forest, and total wetland had substantially larger effect
sizes than the other covariates (with scaled parameter estimates more than double that of the
other covariates). Of the covariates with a positive influence, the three level-2 wetland classes
had the largest positive effect sizes (Table 2).
Discussion
At the watershed-scale, aspen forest, stream density and mean canopy cover were
positively associated with beaver presence; these results concur with those found by previous
studies that focused on more localized conditions (Mumma et al. 2018, Scrafford et al. 2018).
These findings also support the notion that aspen stands, stream density and canopy cover are
relevant habitat characteristics irrespective of scale. My results further supported previous
findings in that hardwoods including northern pin oak, black oak, and other central hardwoods
were negatively associated with beaver occurrence (Baker and Hill 2003). Additionally, there
was an inverse relationship between buckthorn and honeysuckle prevalence and beaver
occurrence. This result has not been commonly observed in other beaver habitat-specific studies;
however, studies including Hughes and Cass (1997) and Deardorff and Gorchov (2020)
documented beaver avoidance for buckthorn and honeysuckle, respectively. Both of the
aforementioned studies evaluated vegetation communities at relatively localized scales, further
supporting the notion that selected habitats are compositionally similar at both localized and
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watershed-scales. Buckthorn and honeysuckle have become increasingly pervasive in Wisconsin
(Rooney and Rogers 2017) and the continued spread may ultimately result in a loss of habitat for
not only beavers, but other herbivorous species including white-tailed deer (Odocoileus
virginianus). Furthermore, buckthorn is shade-tolerant, but exhibits greater growth rates in areas
with more light (Knight et al. 2007). Aspen stands, both regenerating and established, are
susceptible to buckthorn infestation (Miller 2005), which may be detrimental to beaver habitat
suitability.
At the local-scale beaver occurrence was negatively related to the distance to the nearest
recorded used point location. This finding was most likely due to the fact that colonies often
construct multiple lodges within close proximity and may belong to the same familial unit (Baker
and Hill 2003). Another potential cause for this relationship may be a result of dispersing
individuals establishing new territories with shared borders to their original familial unit.
Reported beaver dispersal estimates vary, with average dispersal distances ranging from 4.1 km
(McNew and Woolf 2005) to 12.2 km (Havens 2006). VanDeelen and Pletscher (1996) and
McNew and Woolf (2005) both reported minimum dispersal distances of < 0.5 km, which could
explain the observed negative relationship. I found a positive relationship of canopy range
within 100 m of locations used by beavers. This was supported by the watershed-scale model as
beaver occupancy was positively related to mean canopy cover. However, at the localized-scale,
proximal forest habitat may exhibit high mean canopy cover, but may also exhibit reduced
canopy cover in sections per the result of felling by beavers. This effect may be a result of
beaver’s alteration to their immediate surroundings. Additionally, similar to the watershed-scale
model, stream density within 100 m and the TRI range within 200 m of used point locations were
both positively related to the presence of beavers. This result may have been caused by beaver
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selection for banks that facilitate bank-den construction (Dieter and McCabe 1989). Conversely,
Dubuc et al. (1990) found that steeper gradients were negatively associated with beaver
occupancy but specified that these streams were of a higher order, and likely consisted of soil
types less conducive to bank den construction (Howard and Larson 1985).
LC1and LC2 were both negatively associated with beaver occurrence. This again
concurs with prior beaver habitat literature, indicating beaver occupancy is inversely related to
anthropogenic (Zwolicki et al. 2019) and rangeland landcover types (Dieter and McCabe 1989).
Total forest and total wetland cover were negatively associated with beaver occurrence. At this
level (level-1) of landcover classification, selection may be obscured by coarse generalization.
Forest and wetland classifications at this scale encompass all species compositions including
those both selected for and against by beavers. Within 100 m, increases in total coverage of
forest and wetland may be indicative of homogeneous proximal habitat, and thus a negative
association, given beaver’s semi-aquatic nature and dietary requirements (xylophagy and
macrophyte consumption). Concurrent with prior studies, coniferous forest had a negative effect
while aspen and paper birch stands, emergent wet-meadow and forested wetland landcover
classes had a positive effect on beaver occurrence (Zwolicki et al. 2019). Lowland scrub and
shrub was a level-2 classification that had a positive effect on beaver occurrence. My watershedscale model contained two significant level-4 covariates nested within this broader classification
(buckthorn/honeysuckle and other broad-leaved deciduous scrub/shrub) and were differentiated
by the amount of buckthorn and honeysuckle cover (> 50% and < 50%, respectively). This
suggests that although I found a positive association with this broadly defined cover type, I
would expect that there is still avoidance of specific areas reflected within this cover type.
Conversely, selection for lowland scrub and shrub may have been dependent on standing tree
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composition (e.g. willow vs tamarack) and buckthorn and honeysuckle prevalence rather than
selection for lowland scrub and shrub habitats as a whole.
My ability to infer the results of my models was somewhat limited by the necessity to
exclude landcover classes with inadequate classification accuracies. It is possible that my
models missed relationships that would have otherwise been observed. For example, my results
indicated positive relationships for forested wetland (localized-scale), aspen and paper birch
stands (localized-scale), and aspen stands (watershed-scale); that stated, it would be reasonable
to predict a positive relationship between beaver occurrence and aspen forested wetland.
However, this landcover class was excluded due to low accuracy and therefore I were unable to
assess it in the models.
The watershed-scale analysis was somewhat limited given the relatively low sample size
(n = 84) available to evaluate such a large suite of covariates. To retain more specified classes, I
removed coarser landcover classes until my model was able to converge. It is possible that
coarser landcover classes would have been selected for over more specified classes; I reasoned
that there were potentially more novel relationships worth exploring in specified classes in lieu
of broader covariates. Despite this potential flaw, I observed a distinct difference in landcover
class levels between my two models. The watershed model contained one level-3 landcover
class and five level-4 classes. Conversely, the localized model contained four level-1, four level2, and one level-3 landcover class(es). Generally, I saw that my localized-scale model contained
more coarser-scale landcover classes despite my ability to evaluate classes at all levels due to a
larger sample size than in my watershed-scale model. One reason for this may be due to a lack
of spatial data relative to my watershed-model. My watershed model quantified landcover
characteristics across approximately 8,300 km2 while my localized model quantified landcover
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characteristics across approximately 41 km2 (329 used point locations, 200 m buffers). The
smaller spatial scale potentially reduced my ability to detect the effects of finer-scale habitat
composition in my localized model. Thus, it is possible that the prevalence of coarsely defined
landcover classes in my local model is simply a reflection such classes being comparatively rare
in my sampling area.
While my results are likely useful at the population level, caution should be used to not
over-interpret the results with regards to individual resource selection. The models developed in
this study relied on established colonial data (localized) or previously colonized data (watershed)
to infer population-level resource selection patterns (Manly et al. 2002). The areas of beaver
activity identified for watersheds were done so without knowledge of current activity status or
colony size, which typically range from one to eight individuals (Easter-Pilcher 1990,
Osmundson and Buskirk 1993). Hence, these data reflect emergent properties of beaver colony
activity but did not consider individuals including the floating population (a portion of the
population that remains transient for extended time periods and is not part of an established
colony, Clements 1991). Furthermore, I cannot formally relate my results to predictive (future)
habitat selection by colonizing beavers. Beavers are known to have substantial impacts on
landscape structure and vegetative composition; thus, localized habitat conditions may reflect
such modifications more so than habitat at the time of colony establishment.
Conclusions
Understanding beaver habitat use is critical to understanding both current and future
beaver population trends. My results are consistent with most previous beaver habitat studies;
however, to my knowledge my study is the first to assess beaver habitat selection at multiple
ecological scales. Habitat models can be useful tools to guide resource, land, and wildlife
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research and management. Depending on agency goals, habitat models can be used to focus
monitoring and sampling efforts for elusive game species including beavers. Additionally,
habitat models can provide a temporal “snapshot” of a species’ habitat use; periodic recursive
models then provide insight to habitat use trends which is becoming increasingly important in the
wake of climate change, anthropogenic expansion, and unmitigated expansion of invasive
species. Habitat analyses at multiple ecological scales may elucidate patterns that would
otherwise remain unnoticed at localized-scales. My study supports this notion, as finer-scale
landcover classifications were significant for my watershed- scale model. My results indicated
that important habitat classes were not scale-dependent, rather, it appears the resolution to which
I were able to specify habitat metrics was scale-dependent. This highlights the need for further
investigation of scale-dependent habitat use relationships for beavers, and pervasive species in
general.
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Table 1: Model structure of final watershed-level model of beaver colony abundance in northern
Wisconsin. Parameter coefficients (β) are from scaled and centered covariates.
Covariate

β

Std. Err.

Z value

P

Intercept

2.221

0.041

54.289

< 0.001

Mean canopy cover

0.136

0.035

3.847

< 0.001

Stream density

0.218

0.052

4.239

< 0.001

Central hardwoods

-0.299

0.096

-3.108

0.002

Aspen forest

0.161

0.036

4.429

< 0.001

Northern pin oak

-0.315

0.071

-4.418

< 0.001

Buckthorn/honeysuckle

-0.132

0.041

-3.225

0.001

Other broad-leaf deciduous scrub/shrub

0.139

0.033

4.263

< 0.001

White cedar

-0.158

0.049

-3.208

0.001
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Table 2: Model structure of final localized-level resource selection function for beavers in
northern Wisconsin. Parameter coefficients (β) are from scaled and centered covariates. With
the exception of distance to nearest used location and TRI range, all landcover covariates were
measured at the 100m buffer scale.
Covariate

β

Std. Err.

Z value

P

Intercept

-1.809

0.380

-4.756

< 0.001

Distance to nearest used location

-0.544

0.141

-3.868

< 0.001

Canopy range

0.629

0.160

3.930

< 0.001

TRI range

0.666

0.154

4.323

< 0.001

Stream density

0.949

0.149

6.368

< 0.001

LC1

-5.770

1.455

-3.965

< 0.001

LC2

-1.059

0.204

-5.185

< 0.001

Forest

-3.347

0.363

-9.215

< 0.001

Coniferous forest

-1.563

0.200

-7.827

< 0.001

Aspen/paper birch

0.389

0.178

2.182

0.029

Wetland

-3.710

0.819

-4.531

< 0.001

Emergent/wet meadow

1.693

0.525

3.225

0.001

Lowland scrub/shrub

1.501

0.456

3.300

< 0.001

Forested wetland

1.531

0.622

2.463

0.014
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Figure 1: Study area including surveyed HUC12 watersheds in northern Wisconsin. Inset
includes harvest zones A and B.
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Appendix I: Examples of raw imagery and supervised classification for identifying areas of
beaver activity in northern Wisconsin. First set of images is shown at 1:4000 scale, second set is
shown at 1:9500 scale, and third set is shown at 1:15,000 scale.
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Appendix II: Variables considered for inclusion in watershed-level model of beaver abundance
in northern Wisconsin. Variables with an ‘X’ were retained following variable/model selection
steps. Step 1 – landcover classification accuracy > 0.7; Step 2 – univariate model comparison to
null model; Step 3 – removal of covariates from related groups hypothesized to be least
informative and from coarsest landcover classes, Step 4 – all subsets model selection (Kmax = 8).
Landcover class include four-digit code and name from Wiscland 2.0 Users Guide. Four digit
codes ending in three zeroes represent level-1 classifications, codes ending in two zeroes
represent level-2 classifications, codes ending in one zero represent level-3 classifications, and
codes not ending in a zero represent level-4 classifications.
Variable

Step 1

Step 2

Step 3

Road Density

X

X

X

Stream Density

X

X

X

X

Trout Stream Density

X

Mean % canopy cover

X

X

X

X

% canopy cover std. dev.

X

X

% canopy cover range

X

Mean topographic relief index

X

Topographic relief index std. dev

X

Topographic relief index range

X

LC1

X

X

LC2

X

X

Open Water

X

X

4000/Forest

X

X

4100/Coniferous Forest

X

X

4110/Fir Spruce

X

X

4120/Pine

X

X

X

X

Step 4
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4121/Jack Pine

X

X

X

4122/Red Pine

X

X

X

4123/White Pine

X

X

X

4130/Hemlock Hardwoods

X

X

X

4200/Broad-leaved Deciduous Forest

X

X

4210/Aspen/Paper Birch

X

X

4211/Aspen Forest

X

X

4230/Oak

X

X

4231/Northern Pin Oak, Black Oak

X

4232/Red Oak

X

X

X

X

X

X

X

X

4240/Central Hardwoods

X

X

X

4250/Northern Hardwoods

X

X

4251/Sugar Maple

X

X

X

4252/Other Northern Hardwoods

X

X

X

6000/Wetland

X

X

6100/Floating Aquatic Herbaceous Vegetation

X

6200/Emergent/Wet Meadow

X

X

6210/Cattails

X

X

X

6220/Reed Canary Grass

X

6230/Other Emergent/Wet Meadow

X

X

X

6300/Lowland Scrub/Shrub

X

X

6310/Broad-leaved Deciduous Scrub/Shrub

X

X

6311/Buckthorn/Honeysuckle

X

X

X

X

6312/Other Broad-leaved Deciduous Scrub/Shrub

X

X

X

X

*4212/Paper Birch
*4220/Red Maple

*4233/White Oak, Burr Oak
X

*4300/Mixed Deciduous/Coniferous Forest
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6320/Broad-leaved Evergreen Scrub/Shrub

X

*6330/Needle-leaved Scrub/Shrub
6400/Forested Wetland

X

6410/Coniferous Forested Wetland

X

6411/White Cedar

X

X

X

X

X

*6412/Black Spruce
6413/Tamarack

X

6414/Other Coniferous Forested Wetland

X

X

6430/Bottomland Hardwoods

X

X

6431/Silver Maple

X

6432/Other Bottomland Hardwoods

X

X

6440/Swamp Hardwoods

X

X

6441/Black Ash

X

X

X

X

*6420/Aspen Forested Wetland

*6442/Other Swamp Hardwoods
6450/Mixed Deciduous/Coniferous Forested Wetland

X

X
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Appendix III: Variables considered for inclusion in localized-scale model of beaver habitat in
northern Wisconsin. Variables with an ‘X’ were retained following variable/model selection
steps. Step 1 – landcover classification accuracy > 0.7; Step 2 – univariate model comparison to
null model; Step 3 – identification of most parsimonious covariate structure from groups of
related variables, Step 4 – backward stepwise variable selection. Road density at the 100 meter
scale was not included due to all zeroes. Landcover class include four-digit code and name from
Wiscland 2.0 Users Guide. Four digit codes ending in three zeroes represent level-1
classifications, codes ending in two zeroes represent level-2 classifications, codes ending in one
zero represent level-3 classifications, and codes not ending in a zero represent level-4
classifications.
Variable

Step 1

Step 2

Step 3

Step 4

Distance to Nearest Used Point Location

X

X

X

X

Distance to Nearest Road

X

X

Stream Density

X

X

X

Trout Stream Density

X

X

X

Mean % canopy cover

X

X

X

% canopy cover std. dev.

X

X

X

% canopy cover range

X

X

X

Mean topographic relief index

X

X

X

Topographic relief index std. dev

X

Topographic relief index range

X

LC1

X

X

X

X

LC2

X

X

X

X

Open Water

X

X

X

4000/Forest

X

X

X

100 meter scale

X

X
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4100/Coniferous Forest

X

X

X

4110/Fir Spruce

X

4120/Pine

X

X

X

4121/Jack Pine

X

4122/Red Pine

X

X

X

4123/White Pine

X

X

X

4130/Hemlock Hardwoods

X

X

X

4200/Broad-leaved Deciduous Forest

X

X

X

4210/Aspen/Paper Birch

X

X

X

4211/Aspen Forest

X

X

X

4230/Oak

X

X

X

4231/Northern Pin Oak, Black Oak

X

X

X

4232/Red Oak

X

X

X

X

X

*4212/Paper Birch
*4220/Red Maple

*4233/White Oak, Burr Oak
4240/Central Hardwoods

X

4250/Northern Hardwoods

X

X

X

4251/Sugar Maple
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