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Abstract

Tree cavities are keystone habitat resources used by many a
species. Artificial den boxes can provide habitat for

nimal

cavity-dependent wildlife where natural cavities are rare and have

been used to address a variety of conservation, research, an

d

management objectives. Accurate, cost-effective methods are
needed to monitor den boxes to meet research and management

objectives. Recent studies have used temperature loggers to
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monitor den box use, often using the warming effect of animal
presence to detect presence of animals in den boxes. While
effective, these studies have been unable to distinguish different
species using den boxes from temperature data. Here, we describe
a novel method for monitoring den boxes using internal
temperature loggers that relies on temperature rate of change
values.

Abstract photo. A fisher at a fisher den box in Minnesota, USA.
Photo credit: Ryan Pennesi.

Our objectives were to describe the pattern of temperature rate of
change corresponding to uses of den boxes by American martens,
fishers, and tree squirrels; evaluate how effectively temperature
rate of change could detect uses by these species; and evaluate
whether temperature rate of change could be used to identify the
species using den boxes. We built and installed 86 fisher den boxes
in northern Minnesota, USA and monitored each box year-round
for 3 years after installation using remote cameras and internal
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temperature loggers. We found that temperature rate of change
showed a consistent pattern when animals entered, remained in,
and then left the den box. Using temperature loggers, we were
able to successfully identify all instances in which remote cameras
documented fishers and martens using den boxes, but we rarely
detected use by tree squirrels. The rate of change pattern when
fishers used den boxes was statistically different from the pattern
when martens used den boxes, demonstrating that species
identification from temperature data is possible. Temperature
loggers are an accurate, cost-effective method for monitoring den
boxes to aid wildlife conservation, research, and management.

Keywords: artificial cavity, Glaucomys sabrinus, Glaucomys volans,
Martes americana, nest box, Pekania pennanti, Sciurus carolinensis,
Tamiasciurus hudsonicus, temperature rate of change

Introduction

Tree cavities are keystone habitat resources that are used by many birds,
mammals, insects, and other animals (Remm and L6hmus 2011,
Lindenmayer et al. 2012a). Cavity-dependent species rely on cavities for
shelter from predators and weather, and rearing young (Bull 1997,
Gibbons and Lindenmayer 2002, Goldingay 2009, Rueegger et al. 2012,
Matthews et al. 2019). Cavity availability has been hypothesized to limit
population density for many species (Burger 1969, Cockle et al. 2010,
Wiebe 2011). Over the last several decades forests across the world have
experienced rapid loss of large trees, including those with cavities
(Laurance et al. 2000, Jonsson et al. 2009, Lutz et al. 2009, Laurance 2012,
Lindenmayer et al. 2012a,b). In many forests, loss of mature trees with
cavities outpaces recruitment due to forest management practices and
changing natural disturbance patterns (Lindenmayer et al. 1997, Cockle et
al. 2011, McDowell et al. 2020, Patacca et al. 2023), raising concerns for the
conservation of cavity-dependent wildlife.
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Artificial cavities (often referred to as nest boxes or den boxes; hereafter,
den boxes) have been used to provide or enhance habitat for
cavity-dependent wildlife where natural cavities have become rare (Harper
et al. 2005, Goldingay 2017, Croose et al. 2016). Additionally, den boxes
have been used to detect or monitor species (Ford et al. 2015, Smaal and
van Manen 2017), investigate various den box designs to evaluate species
preference (Moore et al. 2010, Rueegger et al. 2012), evaluate
spatio-temporal factors influencing den box use by target and non-target
species (Beyer and Goldingay 2006, Lindenmayer et al. 2009, Rueegger et
al. 2012), enhance habitat prior to reintroductions (Moore et al. 2010), and
aid live-capture and tagging of wildlife (Taulman 1999, Diggins et al. 2017).
Further, because den boxes can be deployed in varying habitats and at
varying densities, they can be used to evaluate responses of
cavity-dependent wildlife to forest management (Taulman et al. 1998) or to
evaluate whether cavities are limiting resources (Cockle et al. 2010, Elias
and Stoleson 2021).

Accurate, cost-effective methods to monitor den box use by wildlife are
needed to evaluate the success of den box programs, understand factors
influencing den box use, and incorporate data on den box use into
population and habitat monitoring. Methods previously used to monitor
den boxes include visiting and inspecting den boxes to search for animals
using boxes or sign of their use (e.g., feathers, eggs, scats; Semel and
Sherman 1995, Ruegger et al. 2012, Croose et al. 2016), hair snares
positioned at den box openings (Moore et al. 2010, Davis and Horley 2015),
and remote cameras to monitor the outside of boxes or fiber optic
cameras to monitor the inside of den boxes (Davis and Horley 2015,
Delheimer et al. 2018, Zarybnicka et al. 2016). Methods vary in the type of
information they provide and their time and cost efficiency. For example,
visiting den boxes to search for signs of use and collect hair snares can be
cost-effective if boxes are visited infrequently, but may not provide
complete information on when or how den boxes were used. Frequent
visits could also discourage target species from using boxes (but see Utsey
and Hepp 1997). Conversely, remote cameras can provide detailed
information on species visiting or using boxes and when and how boxes
are used by various species but analyzing image or video data is
time-consuming and expensive.
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More recently, temperature loggers have been used to monitor den boxes
(Moore et al. 2010, Smaal and van Manen 2017) and natural cavities
(Cawthen et al. 2009). When endotherms enter a closed space like a den
box, body heat lost through conduction, convection, and radiation will
warm the den box, leading to an increase in internal box temperature
(Kendeigh 1961, Moore et al. 2010, Smaal and van Manen 2017). In
contrast, unoccupied den boxes follow natural oscillations in temperature
in response to fluctuations in ambient temperature (Coombs et al. 2010,
Velander et al. 2023). Previous studies using temperature loggers to
monitor den box use have commonly used a pair of temperature loggers
to simultaneously monitor internal and ambient temperature.
Temperature of unoccupied den boxes changes slowly compared to the
relatively rapid temperature change when an animal enters and remains in
a den box (Kendeigh 1961, Cawthen et al. 2009, Moore et al. 2010). The
rate of temperature change should vary with the size of the animal
present, assuming heat loss is proportional to body size (Smaal and van
Manen 2017). If the rate of temperature change accurately indicates when
animals are using den boxes, it should be possible to monitor den boxes
by placing a single temperature logger within each box rather than using a
pair of temperature loggers to simultaneously monitor den box and
ambient temperatures.

Our goal was to evaluate whether temperature rate of change data
recorded by temperature loggers could be used to monitor den box use.
For this study, we used fishers (Pekania pennanti), American martens
(Martes americana), and four species of tree squirrels (eastern gray
squirrels, Sciurus carolinensis; American red squirrels, Tamiasciurus
hudsonicus; northern flying squirrels, Glaucomys sabrinus; and southern
flying squirrels, G. volans) as model species for evaluating patterns of
temperature change and temperature rate of change during den box use.
All six species use tree cavities for resting and reproductive purposes (e.g.,
Koprowski 1994, Steele 1998, Holloway and Malcom 2007, Weir et al. 2012,
Joyce et al. 2017, Matthews et al. 2019). Additionally, den box programs
have been implemented for these and related species with a focus on
conservation, habitat improvement, and species monitoring (Burger 1969,
Althoff and Althoff 2001, Carey 2002, Wisconsin Dept. of Natural Resources
2014, Davis and Horley 2015, Croose et al. 2016, Delheimer et al. 2018,
Joyce et al. 2022). We had three specific objectives: 1) Analyze temperature
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patterns: describe temperature change and temperature rate of change
patterns during a subset of known den box use events documented with
remote camera data; 2) Assess temperature logger data: evaluate the
ability of temperature logger data to identify den box uses by fishers,
martens, and squirrels using our complete set of temperature and remote
camera data; and 3) Determine species identification: evaluate whether
temperature rate of change can be used to identify the species using the
den box.

Methods and Materials

Study area

We installed fisher den boxes in Carlton County (N = 4 boxes, 46°39'N,
92°35'W), the Chippewa National Forest and nearby Cass County and state
forest land (N = 40; 46°57'N, 94°2'W), Cloquet Forestry Center (N = 4;
46°41'N, 92°33'W), and the Superior National Forest (N = 48; 47°30'N,
91°53'W) in northern Minnesota, USA. Forest type and climate varied
slightly between study sites, but all areas were comprised of forests typical
of the Laurentian Mixed Forest Province (Hanson and Hargrave 1996,
Aaseng et al. 2011). Dominant forest types included lowland conifer forests
composed of black spruce (Picea mariana), white cedar (Thuja occidentalis),
and tamarack (Larix laricina) and upland forests composed of aspen
(Populus spp.), birch (Betula spp.), balsam fir (Abies balsamea), white spruce
(P. glauca), white pine (Pinus strobus), red pine (P. resinosa), jack pine (P.
banksiana), red oak (Quercus rubra), and sugar maple (Acer saccharum). The
region encompassing the study area is relatively flat, with elevations
ranging from 200 m to 625 m asl. The climate in the area is continental
with short summers and long, cold winters, with average July temperatures
of 18.6°C and average January temperatures of -14.7°C (Berg et al. 2020).
Average daily fluctuations in temperatures (average high temperatures
minus average low temperatures) were 14.7°Cin July and 12.2°Cin January
(NOAA). American martens were only present in the Superior National
Forest study site, while fishers and squirrels were present in all study
areas.
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Den box installation and monitoring

The fisher den boxes we used for this study were built and installed for a
project evaluating fisher den boxes as a habitat management tool (Joyce et
al. 2022). We adapted the den box design developed by Davis and Horley
(2015) to make boxes slightly smaller and lighter (Joyce and Moen 2022).
The boxes were constructed with plywood on the interior and exterior
surface and extruded polystyrene insulation between the plywood layers.

We monitored animal activity at den boxes using both remote cameras
and temperature loggers. At each den box we placed a remote camera
(Bushnell Core DS 30 MP No-glow; Browning Spec Ops Advantage;
Browning Spec Ops Elite HP5) on a tree <3.3 m from the den box, facing
the side of the box with the entrance hole. Cameras were set to take 3-5
images with the minimum delay setting between triggers (typically 1 s or
less). We manually inspected remote camera photos from each den box
and identified instances where animals visited or used den boxes.

We categorized animal activity at den boxes as either a use or a visit. We
defined a use as any instance when an animal entered and remained in
the box for at least 30 minutes (Delheimer et al. 2018). Instances where an
animal was detected outside the box or when an animal entered the box
but did not remain inside for 30 minutes were considered visits. We
focused primarily on photo events of fishers and American martens but
also analyzed events of red squirrels, gray squirrels, and flying squirrels to
consider all species known to use our den boxes.

Each den box had an internal temperature logger (HOBO® UA-001-64
pendant logger or MX2201, Onset Computer Corporation, Massachusetts,
USA) that was screwed to an inside wall roughly 5 cm from the top of the
wood chip bedding material. Most of the temperature data used for this
study came from HOBO® MX2201 temperature loggers that allow users to
program, launch, and download data via Bluetooth, allowing users to
communicate with the device without opening den boxes. We placed
temperature loggers close to the bottom of boxes so that animals resting
in den boxes would be more likely to passively heat the air around
temperature loggers. Additionally, we predicted that fishers would make
direct contact with temperature loggers while resting, which would likely
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lead to more rapid heating by conduction and a more prominent
temperature signal than smaller-bodied animals using den boxes.

Temperature loggers were programmed to record temperatures at
5-minute intervals. While past studies using temperature loggers to
evaluate den box use compared internal temperature to ambient
temperature (e.g., Moore et al. 2010), our goal was to evaluate whether
den box uses could be detected using temperature rate of change, which
does not require data on ambient temperature. By reducing the need to
collect ambient temperature data, researchers could rely on less
equipment to achieve the same goal.

Remote cameras and temperature loggers were installed during box
deployment, and monitoring occurred continuously and year-round after
box installation for 2-3 years. We visited each den box once every 4
months to check boxes, change remote camera and temperature logger
batteries, download temperature data and collect camera memory cards.
Temperature logger data was downloaded remotely via Bluetooth, but den
boxes had to be opened once every two years to replace temperature
logger batteries. The only exceptions to continuous monitoring occurred if
remote camera or temperature logger batteries died or memory filled up
in between monitoring visits.

Identifying temperature changes in den boxes

Normal daily oscillations in den box and cavity temperature caused by
changes in ambient weather occur relatively slowly, while changes in
temperature from animal occupancy should occur rapidly (Coombs et al.
2010, Velander et al. 2023). Sudden directional shifts in temperature would
result in a distinguishably high rate of change over time relative to normal
daily oscillations. We used two rate of change equations to help distinguish
sudden changes in internal temperature from normal daily oscillations in
temperature. Equation 1 calculates the difference in temperature over
time:
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where R, is the rate of change in cavity temperature with respect to time
(T/t) at time step i, T is the temperature at the next time step, T s the
temperature at the previous time step, t., is the time at the next time
interval and ¢,__ is the time at the previous time interval. R is the first

derivative of temperature (T) with respect to time.

Equation 2 calculates the difference in R over time:

where Zl, is the second derivative of temperature (T) and the first derivative
of the rate of change (R) with respect to time (7/t%), at time step i. Ri+1 is the

rate at the next time step, R,__ is the rate at the previous time step, t,,is

the time at the next time interval and t__ is the time at the previous time

interval. Equation 2 minimizes variability in R over time, which further
helps distinguish sudden changes in temperature.

Using measured temperatures from each den box, we calculated R (Eq. 1,
difference in temperature over time) and Z (Eq. 2, difference in R over time)
values at each time step. Our initial temperature dataset was large (52,885
days), so manually identifying sudden changes in temperature was time
consuming. We used a threshold of Z to identify time steps that showed a
potential use by an animal to save time by focusing on periods likely to
have corresponded to animal uses. We summarized the maximum
absolute Z-value for periods that did not include any apparent uses by
animals. We then multiplied this value by two to establish a threshold that
would be used to define Z-values that were higher or lower than expected
and flagged any Z-values with an absolute value above this threshold as
potential uses that required manual inspection. Manual inspection of these
flagged time steps and preliminary analysis revealed that this method
tended to overestimate the number of occurrences where a sudden
change in temperature was caused by an animal. Specifically, this method
flagged 404 potential temperature change events. However, only 224
appeared to have legitimate changes in temperature and temperature rate
of change after manual inspection. Although these false positives added
time to our evaluation, this filtering method reduced the effort required to
manually inspect temperature and temperature rate of change data.

© Joyce et al., (2025), Stacks Journal, DOI 10.60102/stacks-25003 Page 9 of 31



Data analysis

We performed three separate sets of analyses to address our objectives.
We performed all analyses in R (R Core Team 2021; Version 4.1.1). First, we
described the overall patterns in temperature and temperature rate of
change (R and Z values) when an animal uses a den box. Second, we
compared temperature and remote camera data to test whether
temperature data could distinguish known uses identified by remote
cameras. For all potential uses identified by our threshold-based filter, we
visually evaluated the overall pattern to determine whether it matched the
pattern we described using known uses. Additionally, we determined
whether camera data demonstrated presence of an animal at or within the
den box during periods of abnormal temperature fluctuation identified by
our threshold-based filter. After evaluating all potential uses, we calculated
what proportion of camera-detected fisher and marten den box uses and
known squirrel events were detected using temperature data and rates of
change. Further, we evaluated whether there were instances where
remote cameras failed to detect a den box use based on temperature and
rates of change. We were also interested in evaluating whether time of
year influenced temperature-based detection of animals within den boxes.
Preliminary analyses demonstrated that fisher, marten, and squirrel uses
were not distributed evenly across time, limiting our ability to rigorously
test for month- or season-based variation in temperature-based
detections. Consequently, we simply described the number of uses
detected by species, month, and detection method (camera, temperature
logger, or both).

Third, we tested whether temperature logger data could be used to
distinguish uses by fishers from uses by martens. For this analysis, we
calculated the maximum amplitude, which we defined as the maximum
absolute value of Z-values calculated during each known fisher and marten
use. We tested for differences in amplitude between the two species using
Student's t-test. Our data did not meet normality assumptions, so we
conducted a t-test using both log-transformed and non-transformed data.
Tests using transformed and non-transformed had the same statistical
significance, so we reported the results of the t-test using non-transformed
data. We also fit a simple logistic model to determine how maximum

© Joyce et al., (2025), Stacks Journal, DOI 10.60102/stacks-25003 Page 10 of 31



amplitude influenced the probability that the animal using the den box
was a fisher (y = 1) with marten uses as the null result (y = 0). We used
z-scores to determine whether the effect of maximum amplitude was
statistically significant. We evaluated how well our logistic regression
model distinguished between fisher and marten den box uses by
calculating the area under the curve (AUC) for the receiver operating
characteristic (ROC) curve using the ‘ROCR’ package (Sing et al., 2005) in
Program R.

There was an unequal amount of sampling days for cameras (133,126 days
sampled) and temperature loggers (52,885 days sampled), largely caused
by temperature logger batteries failing before they were replaced. For our
analyses, we only used data from days when both cameras and
temperature loggers were operating.

Results

We installed den boxes between March 2018 and February 2020, with
monitoring occurring continuously through November 2023. Of the 96 den
boxes that were installed, 86 had sufficient data for analysis.

Patterns of temperature and temperature rate of change
during animal uses

Fishers and martens entering and occupying den boxes caused
characteristic changes in internal den box temperature and temperature
rate of change (R and Z values) that were consistent and distinguishable
from background den box temperature patterns (Figures 1 and 2). Prior to
use by an animal, den box temperature followed a pattern of smooth
oscillations (Figures 1a and 2a) with R and Z values being relatively stable
and close to 0 (Figures 1b,c and 2b,c). Z-values were less variable than
R-values (Figures 1c and 2c). Upon entering and presumably laying down in
the den box, body heat from fishers and martens caused a sudden
increase in temperature that resulted in a positive spike in R and Z. While
an animal remained in the box, temperature stabilized at a warmer
temperature than if the box was unoccupied; however, temperatures did
occasionally fluctuate due to apparent movements of the animal while
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using the den box. The stabilization of den box temperature with animal
presence resulted in R- and Z-values approaching zero, while the
occasional fluctuations in den box temperature from apparent movement
of resting animals caused R- and Z-values to display rapid directional shifts
(Figures 1 and 2). When a fisher or marten left the den box, the
temperature inside would return to its normal pattern of smooth
oscillations, and R and Z values demonstrated a relatively large, negative
spike which would return to zero as the temperature of the box
approached its normal pattern of temperature fluctuations. The pattern of
1) initial positive spikes in R- and Z-values, 2) temperature variability,
fluctuations, 3) sign changes of R- and Z-values, and 4) events ending with a
terminal negative spike was consistent for all fisher and marten uses
detected from photographs.
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Figure 1. An example of den box temperature (a) and its first (R-value; b) and second (Z-value; c) derivative with
respect to time before, during, and after a known fisher use. Dashed vertical lines represent the beginning and
end of the fisher use based on remote camera images. Data displayed are from 27-28 January 2021.
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Figure 2. Den box temperature (a) and its first (R-value; b) and second (Z-value; c) derivative with respect to
time before, during, and after a known marten use. Dashed vertical lines represent the beginning and end of the
marten use based on remote camera images. Data displayed are from 22-23 November 2020.
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Evaluating how well temperature loggers documented
den box use

Remote cameras captured a total of 329 uses or visits by fishers (20 uses,
87 visits) and American martens (13 uses, 209 visits) across all den boxes
(Tables 1 and 2). All the den box uses by fishers and martens detected by
remote cameras followed the temperature pattern described above
(Figures 1 and 2) and were, therefore, detected using temperature data
(Table 1). Of the 87 fisher visits and 209 marten visits identified by
cameras, most (56 fisher visits, 185 marten visits; Table 2) did not have any
temperature pattern associated with them. For the majority of
camera-detected visits, animals were not observed entering boxes (e.g.,
they were only seen on or near the box), so no temperature change was
expected. We observed sudden den box temperature changes for 31
camera-detected fisher visits and 24 camera-detected marten visits (Table
2). For most of these camera-detected visits (23 fisher visits and 19 marten
visits), changes in den box temperature and rate of temperature change
lasted for less than 30 minutes, indicating short-term occupation of den
boxes (Table 2). These often corresponded to instances of animals clearly
entering den boxes on camera images, as well as instances of them
carrying prey into den boxes. For a small number of camera-identified
visits (8 fisher events, 5 marten events), den box temperature change data
documented presence for 30 minutes or longer, indicating that these
camera-identified visits corresponded to fishers and martens using den
boxes (Table 2). In total, we identified 28 fisher uses and 18 marten uses
from a combination of remote cameras and temperature loggers (Table 1).

Den box uses by fishers and martens occurred in multiple months but uses
were not distributed evenly across the year (Figure 3). Because we
detected all known fisher and marten den box uses using the temperature
rate of change method, temporal variation appears to have resulted from
variation in den box use patterns. Fisher uses occurred most frequently in
September and January, but also occurred in 6 other months (Figure 3).
American marten uses occurred most frequently in March, April, and
September, but also occurred in 5 other months (Figure 3). Collectively, we
detected uses by these species in 11 of 12 months, suggesting that
seasonal variation in ambient temperature conditions did not affect our
ability to identify den box uses with temperature loggers.
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Table 1. Comparison of detection of den box uses by fishers and American martens using remote
cameras only, temperature loggers only, and both methods. Uses correspond to animals entering and

remaining in den boxes for at least 30 minutes.

Temperature

Species Camera only data only Both methods Total
Fisher 0 8 (29%) 28
Marten 0 5 (28%) 18
Total 0 13 (28%) 46

Table 2. Summary of temperature change patterns detected for fisher and American marten den box
visits identified from remote camera data. Camera visits is the number of visits identified by remote
cameras. Temperature logger detections were classified as visits (<30 minute) or uses (230 minutes)

depending on how long temperature patterns indicating occupancy persisted.

Temperature Logger Result

Species Camera visits Not detected Visit detected Use detected
Fisher 87 56 (64%) 8 (9%)

Marten 209 185 (89%) 5(2%)

Total 296 241 (81%) 13 (4%)

Cameras also captured a total of 5399 events from red squirrels (1604
events), gray squirrels (762 events), and flying squirrels (2782 events).
There was a change in den box temperature, consistent with patterns
identified for martens and fishers, for 0.3%, 3.5%, and 1.2% of red squirrel,
gray squirrel, and flying squirrel events, respectively (Figure 4). It was
difficult to distinguish visits and uses of squirrels from camera data (i.e., it
was easy to detect squirrels but difficult to determine whether they
entered and remained in den boxes; most images showed these species
on top of the box, even when we independently confirmed use during
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monitoring visits), making it impractical to evaluate how frequently
temperature loggers identified squirrel uses. Consequently, we were
unable to compare uses detected by cameras to those detected by
temperature loggers.

10
M Fisher

9 O Marten

Number of Uses

&

[§%]

LB ﬂﬂh ﬂﬂl

Jan Feb Mar Apr  May Jun Jul Aug Sep Oct Nov  Dec
Month

Figure 3. Histogram showing the distribution of den box uses by fishers (black bars) and American martens
(gray bars) by month. The graph shows all uses detected using temperature loggers, including those that were
not detected using remote camera data alone. Collectively, uses were detected in 11 out of 12 months of the
year.
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Figure 4. Den box temperature (a) and its first (R-value; b) and second (Z-value; c) derivative with respect to
time before, during, and after a known flying squirrel event detected by a remote camera. Data displayed are
from 26-27 October 2020.
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We also identified 83 instances where there was a sudden change in
temperature, R, and Z, indicating the presence of an animal inside the den
box, but no camera images were taken of an animal entering or leaving the
box. Sometimes, this occurred when snow was covering the camera lens,
and the camera was triggered to take images at the beginning and end of
the putative animal use. In other cases, no images were taken despite
there being no clear reason why the camera would not have functioned. As
an example of when temperature change data and camera data were not
consistent, at one den box with two camera-verified uses by a fisher, there
were two putative uses that were not documented by cameras (Figure 5).
In this box, there were no images taken of an animal using the box during
the first period of temperature change, the second and third periods were
classified correctly as fisher uses with camera data, and the fourth period
was classified as a visit based on images of fishers outside of the box, but
there was a temperature change that lasted for 45 minutes (Figure 5).
Although these temperature patterns all strongly suggest use by fishers
and martens, we did not classify them as such here unless we could
independently verify fisher or marten presence at the den box using
cameras.

Distinguishing species using temperature rate of change

The maximum amplitude of Z during known fisher uses (mean = 0.04, SD =
0.03, range = 0.01 to 0.10) was significantly higher (t;,= 2.8, p = 0.01) than
marten uses (mean = 0.01, SD = 0.02, range = 0.004 to 0.07), although the
variability and range of amplitude values was higher for fisher uses than
for marten uses (Figure 6a).

The probability that the animal using the box was a fisher increased with
increasing amplitude (Figure 6b, Log-odds ratio = 84.8, Z=2.08, P = 0.037;
the log-odds is large because of the scale of the explanatory variable).
When amplitude was greater than 0.05, there was a =90% probability that
the animal using the box was a fisher (Figure 6b). When amplitude was less
than 0.015, there was a >50% chance that the animal using the box was a
marten (Figure 6b). AUC for the logistic regression model was 0.90,
indicating good discrimination.
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Discussion

Our results demonstrated that temperature rate of change was able to
accurately identify den box use by American martens and fishers. We
found that uses followed a consistent pattern of temperature rate of
change over time that could also be used to distinguish uses by fishers
from uses by martens with a high degree of certainty. Additionally, our
results show that the metric of temperature rate of change improves the
ability to detect use by animals compared to temperature alone. Equations
1 and 2 provide a more consistently detectable signal because values are
close to zero when den boxes are unoccupied, masking the background
daily oscillations in den box temperature.

Our results are consistent with past studies and highlight the value of
using temperature loggers to monitor den box use as part of den box
programs aimed at conservation and research on cavity-dependent wildlife
(Cawthen et al. 2009, Moore et al. 2010, Smaal and van Manen 2017).
Although den boxes can be used for multiple research and management
goals, evaluating the success of objectives typically relies on some measure
of den box use or visits by target and non-target wildlife (Harper et al.
2005, Lindenmayer et al. 2009, Moore et al. 2010, Goldingay 2017). We
found that temperature loggers were more sensitive than remote cameras,
identifying den box uses that were not apparent from remote cameras
alone. The inability of remote cameras to document these uses was due to
imperfect detection by remote cameras, which was likely caused by
distance between the camera and box, misalighment between the sensor
and animal location, and other confounding factors (e.g., snow obscuring
the lens or sensors). Temperature data also allowed us to occasionally
identify the presence of fishers and martens within den boxes even when
they did not remain in the box for 30 minutes (e.g., when caching or
consuming prey). Similarly, Smaal and van Manen (2017) observed short
term fluctuations in den box temperature of a smaller magnitude than
those corresponding to uses by weasels. They hypothesized that smaller
temperature fluctuations could have indicated the presence of mice, voles,
or weasels, but were unable to verify this. The sensitivity of temperature
loggers to animal presence is of particular value for documenting whether
den boxes are used, as well as for characterizing temporal patterns and
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intensity of use. Nonetheless, in some cases den boxes are used to
monitor for species presence (e.g., Ford et al. 2015), and temperature
loggers alone will not be able to identify presence of animals that do not
enter the den box.

Other studies using temperature loggers to monitor den box use have
typically relied on pairs of temperature loggers to simultaneously monitor
internal and ambient temperatures and developed methods that compare
den box temperature to ambient temperature to identify animal uses
(Cawthen et al. 2009, Moore et al. 2010). By using temperature rate of
change, we were able to identify den box uses with a single temperature
logger per den box, reducing monitoring costs by requiring half as many
temperature loggers. Alternatively, if an external temperature logger was
used at a den box, comparing the difference in R and Z values between the
two temperature loggers might be a more sensitive test of den box
occupancy. This method could be used on previously collected data sets to
evaluate past box use (Cawthen et al. 2009, Moore et al. 2010).

Den box temperature changed more rapidly when occupied by fishers
than when occupied by martens, suggesting that temperature rate of
change is a useful metric for identifying the species corresponding to a use
event. Past studies have not attempted to identify species from
temperature loggers alone (Cawthen et al. 2009, Moore et al. 2010, Smaal
and van Manen 2017), making this result an important improvement for
the type of data that temperature loggers could provide to researchers.
Species identification from temperature logger data alone may be possible
if two conditions are met. First, species-specific temperature patterns
would need to be determined using remote cameras or other
observational methods to link temperature change patterns to individual
species. Second, different species need to have distinct temperature
change patterns. The temperature rate of change pattern from individual
species likely depends on placement of the temperature logger, and the
body size of animals that could potentially use (i.e., fit inside of) den boxes,
both in absolute terms and relative to the size of the den box interior. We
intentionally placed internal temperature loggers on the side of den boxes
above bedding material so that martens and squirrels using den boxes
would not make direct contact with temperature loggers, while fishers
would. Additionally, fishers are larger and lose a greater absolute amount
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of heat, and both temperature logger placement and total heat loss likely
contribute to the differences in temperature change patterns that we
observed. When potential den box users are small relative to den box
interiors or there are many species that could occupy den boxes, species
identification may not be possible from temperature rate of change data
alone. In our study area, there were few species that could have fit inside
and used den boxes, which likely aided our ability to distinguish fishers
and martens using den boxes. Nonetheless, fisher and marten body size
varies across their range (e.g., Green et al. 2018), and this method may not
distinguish fisher and marten uses as well in areas where their relative size
differences are reduced.

Although our method was successful at identifying uses by fishers and
martens, we were unable to reliably identify uses by tree squirrels. In
several instances, we detected similar temperature patterns seen with
fisher and marten use from squirrel use, which demonstrates the
consistency of the temperature pattern corresponding to den box use.
Flying squirrels and red squirrels are smaller than martens and give off less
heat, which could limit their detection from temperature loggers unless
multiple individuals huddled in a box at the same time. Gray squirrels,
however, are similar in size to martens, suggesting that body size alone
does not explain the low detectability of tree squirrels. Instead, the lack of
detection may relate to the behavior of animals using den boxes. Flying
squirrels tended to nest within the bedding material when using den
boxes, which would have reduced the rate of heat loss to the den box
environment and temperature logger. Gray squirrels and red squirrels
often brought additional nesting material (e.g., leaves, sticks) into the den
boxes. Nesting material partially covered and insulated temperature
loggers, likely preventing the rapid temperature change characteristic of
fisher and marten uses, both of which do not bring additional bedding
material to the den box. Box size and configuration likely influences the
ability to detect species, and projects specifically interested in identifying
use by smaller species such as squirrels would likely benefit from smaller
boxes where the heat of these smaller species could accumulate and allow
for their detection from temperature data.

We were able to detect fisher and marten use in most months of the year
using temperature loggers, demonstrating that our method was not
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affected by seasonal changes in the thermal environment or animal
pelage. During winter, mammals have characteristic changes to their pelts
that improve insulation and reduce heat loss (e.g., growing longer hair;
Marchand 2014), thereby reducing heat transfer to the den box interior. At
the same time, the temperature differential between the den box and
animal body would increase, which would increase heat loss (Marchand
2014). During summer, insulation from the pelage and temperature
differential are both lower. Our ability to detect fisher and marten
occupancy in both seasons suggests that these changing effects offset.
Whether this remains true in tropical or subtropical climates requires
further investigation.

One critical objective in many den box projects is providing reproductive
habitat for species that rely heavily on tree cavities for parturition and
rearing of young, as well as using den boxes to estimate critical
reproductive parameters (e.g., Davis and Horley 2015, Croose et al. 2016,
Goldingay 2017, Fay et al. 2019). Although we did not observe fisher or
marten parturition in any den boxes, temperature loggers should detect
initial occupancy and provide information on date and time of
reproductive den establishment. Further, neonates are small and may thus
add relatively limited heat to den boxes right after parturition, which could
allow temperature loggers to detect den attendance patterns as the
female leaves and returns to the den box. As offspring grow, with large
litter sizes, or for species in which both parents take turns incubating eggs
or tending to neonates, the constant heat from box occupants could
obscure temperature patterns related to adult den attendance patterns
but may still accurately document the period of den box occupancy.
Additional data are needed to evaluate temperature change patterns in
den boxes used for reproduction.

Temperature loggers have several benefits that make them a valuable tool
for monitoring den boxes. Temperature loggers are cheaper to purchase
and maintain than remote cameras. For example, the temperature loggers
we used cost ~$50 USD per logger compared to $150 USD per camera.
When recording temperatures every 5 minutes, the temperature loggers
we used took ~13 months to fill available memory, while a single battery
lasted ~2 years. Our remote cameras had to be checked 3 or more times a
year to change memory cards and replace batteries to keep them
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operational. Analysis time for temperature data is also substantially less,
as manual inspection often took about 30 minutes or less to analyze an
entire year of temperature data compared to several hours to several days
to analyze camera images recorded over an entire year from a single box
depending on the number of images recorded. Thus, using temperature
loggers as the primary means of monitoring den boxes could save
considerable time and money. Although not tested here, temperature
loggers and temperature rate of change could likely also provide accurate,
cost-effective monitoring of natural cavities (Cawthen et al. 2009).

Choice of den box monitoring methods should ultimately depend on
project objectives. Temperature loggers alone may be sufficient for
monitoring den boxes when researchers are primarily interested in
occupancy rates irrespective of species or when species identification is
possible from temperature logger data. Alternatively, pairing temperature
loggers with remote cameras or other methods (e.g., hair snares; Davis
and Horley 2015) would provide more complete data when researchers are
interested in documenting presence outside of boxes, when species
identification is not possible from temperature data alone, or when
researchers are interested in further evaluating the methods presented in
this paper. When cameras are only available to monitor a subset of den
boxes, temperature loggers could be used to prioritize which boxes receive
camera monitoring. Additionally, pairing both methods could reduce
overall analysis time if temperature data were used to identify times
corresponding to uses, thereby allowing researchers to focus their analysis
of remote camera images to times when den boxes were known to be
used.

Our results highlight several important avenues for future research on den
box monitoring methods. Future studies could evaluate how temperature
logging interval affects the ability to detect den box use or species
identification. We primarily used a 5-minute temperature logging interval,
which appeared to be sufficient for detecting uses by fishers and martens.
Less frequent sample intervals could make it more challenging to detect
animal presence and reduce how precisely the duration of den box use
could be estimated. Further studies are also needed to test how
generalizable our methods are by evaluating factors influencing detection
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(e.g., temperature logger placement) and species identification of animals
using den boxes from temperature logger data.
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